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ABSTRACT: In order to investigate the role of the electrostatic
interactions in stabilizing various phases of ionic liquids, especially
smectic ionic liquid crystals, we have employed a coarse-grained model
of 1-hexadecyl-3-methylimidazolium nitrate, [C16mim][NO3], to per-
form molecular dynamics simulations with the partial charges artificially
rescaled by a factor from 0.7 to 1.2. The simulated systems have been
characterized by means of orientational and translational order
parameters and by distribution functions. We have found that increasing
the total charge of the ions strongly stabilizes the ionic smectic phase by
shifting the clearing point (melting into the isotropic liquid phase) to
higher temperatures, while a smaller effect is observed on the stability of
the crystal phase. Our results highlight the importance of the
electrostatic interactions in promoting the formation of ionic liquid
crystals through microphase segregation. Moreover, as the total charge of
the model is increased, we observe a transformation from a homogeneous to a nanosegregated isotropic structure typical of ionic
liquids. Therefore, a connection can be established between the degree of nanosegregation of ILs and the stability of ILC phases.
All the above can be understood by the competition among electrostatic interactions between charged groups (cationic head
groups and anions), van der Waals interactions between nonpolar cationic tail groups, and thermal fluctuations.

1. INTRODUCTION

Ionic liquid crystals (ILCs) are thermotropic liquid crystals
(LC) materials formed by the same kind of organic
cations and inorganic anions as typically found in ionic
liquids (ILs). ILs are usually composed of quaternized
nitrogen cations, such as imidazolium, pyridinium, guanidinium,
pyrrolidinium, and inorganic anions such as halides, PF6

−, BF4
−,

(CF3SO2)2N
−.1−3 When one or more alkyl chains are

sufficiently long, the isotropic liquid undergoes one or more
transitions into a mesophase before crystallization, thus forming
ILCs. The subject has been thoroughly reviewed in the very
recent publication of Goossens et al.4 which covers the last 10
years while a comprehensive account of the previous literature
can be found in the 2005 review of Binnemans.1

Microphase segregation between the ionic parts and the long
alkyl chains is responsible for the formation of smectic (that is
layered) mesophases. For imidazolium salts, a smetic A (SmA)
phase is observed for chains of at least 12 carbon atoms;5,6

similarly, silver alkanoates exhibit several smectic phases for
chains longer than ten carbon atoms.7 Viologen dimers have
been found to exhibit a SmA phase for lateral chains of 12
carbon atoms or more.8

Applications of ILCs in the field of nonlinear optics have
been recently reviewed.9 Other interesting examples of ILC
applications concern solar cells,10,11 membranes for water
desalination,12 battery materials,13 electrochemical sensors,14,15

and electrofluorescence switches.16,17 A more recent example
concerning ILCs confined in porous membranes can be found
in ref 18. In all these cases, the ordered nature of ILCs is the
key property behind the improved performance compared to
isotropic ILs, often at the cost, however, of an increased
viscosity. It is, therefore, of fundamental importance to
investigate the many factors that contribute to the stabilization
of ionic mesophases and their properties.
Molecular dynamics (MD) simulations based on fully

atomistic (FA) force fields (FF) are a very efficient tool to
study the structural and dynamic properties of ILs19−28 and
ILCs29,30 in a well-defined phase (e.g., the isotropic phase of
ILs and the smectic phase for ILCs). FA simulations have also
been successfully used to investigate liquid crystals (LCs) in a
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wide temperature and phase range,31−33 and continuing efforts
are devoted to the development of improved FAFF for LCs.34

However, ILCs usually have a rather large viscosity, since they
combine the long-range order of LCs with the strong
intermolecular interactions of ILs, and the simulation of their
properties is better accomplished using coarse-grained (CG)
models, especially if several phases and a wide temperature
range are considered.
CG models largely simplify the molecular structure while

keeping the essential ingredients (molecular topology, flexi-
bility, and charge distribution) that are responsible for the
structural and dynamic properties of the ionic fluid. Although
specific interactions are not explicitly included in the CG
model, such as hydrogen bonds, these are not essential in
determining the phase sequence (crystal-smectic-isotropic)
since the same phase behavior is observed with a large variety
of salts, as mentioned above, encompassing different kinds of
cations and anions. This is further justified by the fact that CG
MD simulations were successful in reproducing different
phases: in fact, insights on the properties of the ionic smectic
phase of a representative compound, [C16mim][NO3], have
been recently reported using MD simulations with a coarse-
grained force field (CGFF).35,36 We have also investigated the
effect of varying the alkyl chain length in the homologous series
of [Cnmim][NO3]

37 and what are the microscopic structural
changes that accompany the transition from the locally
nanosegregated isotropic phase into the layered smectic
phase.38 In these two latter papers the role of the van der
Waals (VDW) interactions in stabilizing the layered ionic
smectic phase was investigated in detail.
On the other hand, in the isotropic phase of ionic liquids the

nanosegregation between charged and hydrophobic domains
has been first predicted by computer simulations39−41 then
confirmed experimentally.42 The role of electrostatic interaction
in creating a continuum polar network that favors the
nanosegregation of the hydrophobic chains has also been
clearly highlighted.43 Moreover, by increasing the temperature,
an additional liquid−liquid phase transition, from the nano-
segregated structure to a uniform structure was observed by
computer simulations.44

It is, however, not obvious which should be the best charge
to set for a classical description of ionic fluid systems, either ILs
or ILCs, when using fully atomistic FFs. The apparently
obvious choice of constraining the total charge of cations and
anions to integer values may be questioned for several reasons.
On one hand, polarizability effects reduce the effective charge
on the ions since induced dipoles (and higher multipoles)
counteract the electrostatic field from which they stem; thus a
simple way to introduce the effect of polarizability in classical
MD simulations is to use reduced charges, scaled by a factor
around 0.8.45 On the other hand, it has been found that charge
transfer may occur in IL pairs so that the real average charge of
the ions in an ionic fluid may be less than unity;46 in fact, the
use of reduced charges to mimic the effect of polarizability and
charge-transfer provides diffusion coefficients in better agree-
ment with experiments.47

Together with the physically based reasons for investigating
ionic systems with a reduced or scaled total charge, it is also of
interest, from a purely theoretical viewpoint, to study systems
with a larger charge compared to the ±1 values typical of
imidazolium salts. There are examples of dicationic systems
(therefore with +2 charge) where the two charges are localized
on a relatively small moiety of the molecule such as the

DABCO derivatives investigated by Nogami and co-work-
ers.48,49 Similarly, bistriflimide salts of nonsymmetric viologens
are another example of dicationic systems with the two charges
on the same unit exhibiting a rich polymorphism with an
ordered SmX phase50,51 and, for dimers, a SmA phase.8,52,53

Examples can also be found concerning ionic liquids with
compact dianionic counterions, such as the closo-B12Cl12
dianion54 or zinc tetrahalide complexes.55 Moreover, from the
thermodynamic point of view, different IL and ILC phases
result from the competition between the electrostatic
interactions between charged groups (cationic head groups
and anions) and from the VDW interactions between nonpolar
cationic tail groups at a finite temperature. Therefore, artificially
tuning the charge unit from less than 1 to more than 1 allows
one to conveniently study how varying the relative weights of
the two kinds of interactions leads to different phases. This is
important for understanding the thermodynamics of ILs and
ILCs and paves the road for further systematic studies of their
phase transitions.
The influence of charges on the stabilization of ionic

mesophases was also recently reviewed by Goossens et al. in ref
4. Some experimental observations concerning such effect are
the ones by Deschenaux et al. reporting a neutral ferrocene
system that was not mesomorphic while the ferrocenium
tosylate analogue exhibited a SmA phase;56 Jankowiak et al.
investigated isosteric ionic and nonionic systems and observed
a stronger mesomorphism for the ionic ones;57 Piechocki et al.
found qualitatively similar results of larger thermal range of
stability of the mesophase in a charged lanthanide derivative
compared to its reduced neutral form.58

In contrast to real systems, where charges are fixed to
formally integer values, computer simulation models offer the
invaluable opportunity to scale the charges continuously in
order to highlight and isolate the contribution of the magnitude
of the charge itself to the stabilization of ionic smectic phases.
Therefore, in this work we have used the CGFF model
developed by Voth and Wang for the isotropic phase of short-
chain imidazolium salts59,60 and successfully applied by us also
to ionic mesophases, as mentioned above, to build several
models that differ only in the total charge of the cation and
anion, from a minimum of 0.7 to a maximum of 1.2 times the
original +1 charge.

2. COMPUTATIONAL DETAILS
The basic ingredients of the CGFF model system have been
described in refs 59 and 60. Briefly, one ion pair of 1-hexadecyl-
3-methylimidazolium nitrate, [C16mim][NO3], 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 Figure 1).
These are the imidazolium ring (A); the methyl group on
nitrogen 3 (B); the methylene group on 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). Partial charge values
for each site are listed in Table 1. All the partial charges on the
CG sites have been rescaled by a factor of 0.7, 0.8, 0.9, 1.0 (the
original model), 1.1, or 1.2. For each system, labeled as Q0.7,
Q0.8, Q0.9, Q1.0, Q1.1, and Q1.2, respectively, the charge of
the anion has been rescaled accordingly in order to have a
neutral ion pair.
Simulations of 512 CG ion pairs were run in the NPT

ensemble, using isotropic box fluctuations, with the software
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DL_POLY Classic.61 The size of the system allows the
formation of two bilayers in the crystal and SmA phases
(within each layer molecules can be arranged with their
imidazolium head pointing either up or down). Simulations
were run as follows, similarly to the protocol already described
in refs 35, 36, and 38. For each model system, we started from
the crystal structure at 375 K and we equilibrated the system for
several nanoseconds, up to 100−300 ns depending on the
system (see Table 2). The configuration obtained after 50 ns at
375 K was used to start another run at 400 K, which also lasted
for several nanoseconds. Again the configuration obtained after
50 ns at 400 K was used to start the run at 425 K and so on,
with a temperature step of 25 K, until we reached the isotropic
phase and the heating sequence of that system was stopped. For
the analysis of average properties we have saved the last 25 ns
of simulation, at each temperature, every 25 ps for a total of
1000 configurations.

3. RESULTS AND DISCUSSION
3.1. Phase Behavior. We briefly recall here the phase

behavior of the model system with a total charge of 1.0 (Q1.0).
This has been thoroughly investigated in refs 35 and 36 as a
model of [C16mim][NO3]. It exhibits three phases: a crystal
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. For this system (total charge 1.0, Q1.0) the
stability of the three phases was also checked by running, after
the first heating sequence, selected cooling runs to confirm the
presence of the SmA and crystal (Cr) phases starting from an
isotropic and SmA phase, respectively. For the other systems
studied here, we only consider the results of the heating runs. It
should be noted that the transition temperatures of the model
system are not in agreement with the real transition
temperatures of [C16mim][NO3]. This has been discussed in

ref 35 and 36 and can be related to the fact that the FF has been
coarse-grained for the isotropic liquid phase of ILs rather than
for the smectic phase of ILCs. Therefore, a quantitative
agreement cannot be expected. Nevertheless, using the model
system as a tool to modulate the electrostatic interaction, as we
do here, will provide valuable insights on the phase behavior.
The identification of the phases (either crystal, smectic or

isotropic) was performed by calculating three main properties
which quantitatively reveals the structural details of a system:
(i) the density profile ρ(z) along the director (here the z axis)
of a given molecular site, which is expected to be highly
modulated for the ordered crystal phase; modulated, though
with less features, for the layered smectic phase; and constant
for the isotropic phase (it would also be constant for the case of
a nematic phase, which is very rarely encountered in ionic
systems). (ii) the orientational and (iii) the translational order
parameters, ⟨P2(cos β)⟩ and ⟨τ⟩, respectively. These latter
properties will be described in more details in the following.
Qualitatively, an isotropic phase is characterized by ⟨P2⟩ = 0
and ⟨τ⟩ = 0, while for a smectic phase both ⟨P2⟩ ≠ 0 and ⟨τ⟩ ≠
0 (for a nematic phase it would be ⟨P2⟩ ≠ 0 and ⟨τ⟩ = 0).
Therefore, these properties allow an unambiguous identifica-
tion of the phases exhibited.

Figure 1. (Top) structural formula and (bottom) coarse-grained
model of 1-hexadecyl-3-methylimidazolium nitrate with site label-
ing.59,60

Table 1. Partial Charges of the CG Sites of the Model Systems Investigated

site\Q Q0.7 Q0.8 Q0.9 Q1.0a Q1.1 Q1.2

A 0.32718 0.37392 0.42066 0.46740 0.51414 0.56088
B 0.17934 0.20496 0.23058 0.25620 0.28182 0.30744
M1 0.11774 0.13456 0.15138 0.16820 0.18502 0.20184
M2 0.04515 0.05160 0.05805 0.06450 0.07095 0.07740
M3 0.02037 0.02328 0.02619 0.02910 0.03201 0.03492
M4 0.01022 0.01168 0.01314 0.01460 0.01606 0.01752
C 0.00000 0.00000 0.00000 0.00000 0.0000 0.00000
E 0.00000 0.00000 0.00000 0.00000 0.0000 0.00000
D −0.70000 −0.80000 −0.90000 −1.0000 −1.1000 −1.2000

aModel system investigated in refs 35, 36, and 38.

Table 2. Total Simulation Length (ns) of the Various MD
Runs at Temperatures T (K) for Different Model Systems

T/Q Q0.7 Q0.8 Q0.9 Q1.0a Q1.1 Q1.2

375 100 55 76 121b 50 75
400 75 125 105 124 75 75
425 175 125 130 135 75 125
450 300 150 275 135 125 100
475 50 300 300 216 200 300
500 50 50 75 459c 200 300
525 265 200 300
550 211 200 300
575 135 200 275
600 131 200 300
625 200 300
650 200 150
675 100 175
700 200
725 250
750 175
775 75

aModel system investigated in refs 35, 36, and 38. bThis point was at T
= 385 K. cThis point was at T = 505 K.
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In Figure 2 we report the density profile for the system Q0.8.
The phase at 400 K is very ordered with a clear arrangement of

the cations and anions. The ionic layer roughly in the middle of
the box shows two peaks of the cation heads (red line), while
the anion’s profile (black line) has maxima at shifted positions
indicating an ordered lattice in the ionic layer. The blue line
represents the cation’s tail, site E, and it also appears well
ordered. The arrangement of the molecules in the crystal phase
of the system Q0.8 is shown in Figure 3.

At the transition point, that is between 475 and 500 K, the
system melts and the phase becomes isotropic, as indicated by
the constant profile of ρ(z) in the bottom panel of Figure 2.
The profiles for the other two systems, Q0.7 and Q0.9, which
do not exhibit a smectic phase, are qualitatively similar, at low
and high temperature, and they will not be reported here.
In Figure 4 we show the density profiles along the director

for the system Q1.1. The phase at 400 K (top panel) appears
similar to the one observed for the system Q0.8 at the same
temperature, despite the fact that the higher charge makes the
peaks sharper and higher in intensity. The phase at 675 K is

clearly assigned as the isotropic phase since it lacks any
translational order and it has a constant profile of ρ(z).
However, for this system, similarly to what is observed for the
original Q1.0 system,35,36 we find a new phase between the
crystal and the isotropic liquid. The density profile at 600 K is
strongly modulated but featureless, as expected for a liquid
crystal phase of the smectic type. Moreover, the cation head
profile and the anion profile are now perfectly overlapped,
indicating the lack of translational order within the ionic layer.
Consistently, the cation tails, site E, are now preferentially
located roughly in the middle of the hydrophobic layer, as
expected for a system with molten alkyl chains undergoing
several gauche/trans transitions. The arrangement of the
molecules in the SmA phase of the system Q1.1 is shown in
Figure 5. A similar sequence of phases is also found for the
system Q1.2.

3.2. Order Parameters. The orientational order parameter,
⟨P2⟩, is the ensemble average of the second Legendre
polynomial of the angle β between the director of the phase

Figure 2. Density modulation, ρ(z), along the director for the system
Q0.8 at (top) 400 K, crystal phase; and (bottom) 500 K, isotropic
phase. Traces refer to (red) site A; (black) site D; (blue) site E.

Figure 3. Snapshot of the crystal phase of system Q0.8 at 400 K with a
few selected molecules highlighted, showing the molecular arrange-
ment. The director is aligned along the indicated z-axis.

Figure 4. Density modulation, ρ(z), along the director for the system
Q1.1 at (top) 400 K, crystal phase; (middle) 600 K, smectic A phase;
and (bottom) 675 K, isotropic phase. Traces refer to (red) site A;
(black) site D; (blue) site E.

Figure 5. Snapshot of the SmA phase of system Q1.1 at 600 K with a
few selected molecules highlighted, showing the molecular arrange-
ment. The director is aligned along the indicated z-axis.

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.6b04717
J. Phys. Chem. B 2016, 120, 9152−9160

9155

http://dx.doi.org/10.1021/acs.jpcb.6b04717


(here the z-axis) and the vector connecting the head and tail of
the cation,

β⟨ ⟩ = ⟨ ⟩P P (cos )2 2 (1)

Its behavior is shown in Figure 6. We note that for model
systems Q0.7, Q0.8, and Q0.9, there is an abrupt drop of the

orientational order parameter from a high value, around 0.9,
typical of highly ordered phases, to almost zero as expected for
isotropic phases (finite box size and simulation length prevent
the average value to be exactly zero). As discussed already in
refs 35 and 36, a relatively narrow range of the smectic phase is
observed for model system Q1.0 with a low value of the
orientational order parameter between 0.1 and 0.25. The
orientational order parameter is, instead, significantly higher in
the SmA phase of the model systems Q1.1 and Q1.2, reaching
values between 0.3 and 0.5.
The translational order parameter, ⟨τ1⟩, is defined as

τ π⟨ ⟩ = |⟨ ⟩|i z dexp 2 /1 (2)

where z is the position of the molecule along the director and d
the smectic periodicity.
The translational order parameter allows us to identify the

liquid crystal phase as smectic and to differentiate it from a
putative nematic phase where only the orientational order
would be present but no density modulation along the director.
In Figure 7 we show the calculated translational order

parameters as a function of the temperature for the systems
investigated. The values are relatively high (around 0.8) for the
crystal phases and decrease close to zero for the isotropic liquid
phases. In contrast, they have intermediate values for the three
observed smectic phases: between 0.2 and 0.5 for the Q1.0
system; around 0.7 for the Q1.1 system; remaining quite high
for the Q1.2 system. This indicates that the translational order
of the smectic phase is strongly influenced by the total charge
of the ions: a higher charge produces a more defined
alternation of ionic/hydrophobic layers, therefore a larger
value of the translational order parameter.
Another interesting property that confirms the identification

of the phases is the contribution to the total energy coming
from the dihedral angles of the alkyl chains. This is shown in
Figure 8.
We note that in the Cr phase, all systems exhibit a very

similar dihedral energy essentially corresponding to an all-trans
configuration for almost all molecules. The energy increases

monotonically from about 90 kJ/mol at 375 K up to about 150
kJ/mol at 500 K. As the layers melt, either because of the
transition into the isotropic phase (systems Q0.7, Q0.8 and
Q0.9) or because of the transition into the SmA phase (Q1.0,
Q1.1 and Q1.2), the dihedral energy jumps to much higher
values (ca. 200 kJ/mol) corresponding to an increased
conformational freedom of the alkyl chains. The associated
ΔEdihed of about 50 kJ/mol is consistent with the enthalpy of
melting of long chain alkanes, for example ΔHmelt(C16H34) =
51−53 kJ/mol at 291 K.62 The trends shown in Figure 8 are
consistent with the lack of order within the layers of the SmA
phase, which is liquid-like, except for the density modulation
along the director. Remarkably, there is only a very small jump
(hardly visible in Figure 8) in the dihedral energy once the
SmA phase clears into the isotropic phase, consistent with the
nature of the SmA-Iso transition that involves mostly the loss of
the layered structure of the systems (typical ΔH for the SmA-
Iso transitions are of the order of one kJ/mol or less).

3.3. Phase Diagram. Having established the type of phase,
we now turn our attention to the phase diagram. The transition
temperature between phase 1 and phase 2 was estimated as the
midpoint between the highest temperature of the low-
temperature phase 1 and the lowest temperature of the high-
temperature phase 2. In some cases, at a given temperature, we
noticed the presence of a two-phase system, with one layer in
the low-temperature phase and the other in the high-
temperature phase. This occurred for model Q0.7 at T = 450
K; for model Q1.0 at T = 500 K and for mode Q1.2 at T = 500

Figure 6. Orientational order parameter values for the model systems
with different total charges as a function of temperature. Empty
markers correspond to biphasic systems (see text).

Figure 7. Translational order parameter of the model systems with
different total charges as a function of temperature. Empty markers
correspond to biphasic systems (see text).

Figure 8. Dihedral energy, Edihed, of the model systems with different
total charges as a function of temperature. Empty markers correspond
to biphasic systems (see text).
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and 525 K. In these cases, the temperature of the biphasic box
was taken as the transition temperature. Error bars are
estimated from the step in temperature of the heating run,
that is ±25 K.
In Figure 9 we show the phase diagram obtained from the

simulation for the model compound under investigation (which

can be, however, taken as a representative of a generic IL
composed of a cation with a charged head and a long alkyl
chain paired with a small anion) as a function of the
temperature T and total charge Q of the system. We note
that by increasing Q from 0.7 up to 1.2 the melting temperature
of the crystal phase (that is the transition temperature from the
crystal phase into the isotropic liquid or smectic liquid crystal
phase) is increased even though the effect is not particularly
large. Within the error bars, the effect appears linear with the
total charge of the ions. More interesting is the observation
that, for a total charge lower than about 0.9, the ionic smectic
phase is absent. This is qualitatively in agreement with the
expectation of no liquid crystal phase for a nonionic fully
flexible system. In fact we note that, based on simple intuitive
understanding, we expect the LC phase to be stabilized either
by the presence of a so-called mesogenic core, a rigid elongated
unit such as cyanobiphenyl, or by microphase segregation of
ionic and hydrophobic parts in amphiphilic non/rigid
molecules. By reducing the amphiphilic nature of a flexible
molecule none of the requirements for a stable LC phase is
satisfied. An ionic liquid crystal phase can only be observed for
a total charge higher than 0.9. Moreover, its thermal range of
stability is very sensitive to the total charge: the clearing point
(that is the transition temperature from the smectic phase into
the isotropic liquid) strongly increases as the total charge grows
to 1.2 times the reference CG model. This qualitatively
confirms the strong effect, in the stabilization of ionic liquid
crystal phases, coming from the microsegregation between
ionic and hydrophobic parts.38 The increase of the total charge
also results in a better agreement with the experimental thermal
range for the stability of the SmA phase (although the
transition temperatures are still not reproduced quantitatively):
in fact the real system exhibits a SmA phase from ca. 325 to 456
K (with some hysteresis between heating and cooling63) for a
total range of smectic phase of ca. 130 K, which is better
reproduced by the model system Q1.1.
3.4. Connection between Smectic Layering and

Nanosegregation in the Isotropic Phase. It is also of
interest to inspect the detailed structures in the isotropic phase
obtained for the various systems with different charges. All

systems in the isotropic phase are characterized by the same
values of the key macroscopic parameters, that is the
orientational and translational order parameters, which are
close to zero (as much as it is allowed by the finite box size and
simulation length) and the distribution function ρ(z) that has a
constant profile.
Nevertheless, it is well-known that the isotropic structure of

ionic liquids is strongly inhomogeneous at the nanoscopic level.
For example, for 1-alkyl-3-methylimidazolium salts, there is
evidence of nanosegregation of hydrophobic chains from the
polar network of ions, from both computer simulations and
scattering experiments, already with butyl chains. The effect
increases with the chain length and has been connected to the
appearance of smectic phases, as already discussed in the
Introduction. Moreover, recent experimental findings have
directly related the emergence of the SmA phase in long-chain
imidazolium salts to the nanosegregation effect.64,65 Although
macroscopic parameters all give the same picture of an isotropic
phase, the heterogeneity order parameter ⟨h⟩ introduced by
Voth and Wang44,66 has been developed exactly with the
purpose to highlight the level of nanosegregation of a given
molecular site in a liquid phase. Its definition is given in eq 3,
where rij is the distance, corrected for periodic boundary
conditions, between two identical sites on different molecules,
while σ is a scale length parameter given by (1/ρ)1/3, with ρ
being the density of sites under consideration.

∑ ∑
σ

⟨ ⟩ = −
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟h

N

r1
exp

2i j

ij
2

2
(3)

In Figure 10 we show the calculated ⟨h⟩ obtained in the
isotropic phases of the studied systems. The temperatures are

obviously different since the clearing point depends on the
charge, as we have seen above. However, although the absolute
temperatures are different, the “scaled” temperatures defined as
T/Tm/c, where Tm/c are either the melting or clearing points, are
all very close and comparable. As we can see in Figure 10, the
⟨h⟩ values separate the systems into two groups: the low Q
systems, namely Q0.7 and Q0.8, and the high Q systems,
namely Q0.9, Q1.0, Q1.1, and Q1.2. As we move from low to
high Qs, we observe a sort of “transition”, a finite jump in the
⟨h⟩ values, between Q values of 0.8−0.9, indicating a different
structure of the isotropic phases of the two subsystems. This
observation can be explained as a result of the decreased total
charge of the systems and agrees with the finding of two
different regimes in the isotropic phase of ILs as a function of
temperature:44 a nanosegregated structure at relatively low

Figure 9. Phase diagram of the CG model system as a function of
temperature and total charge.

Figure 10. (Empty squares) Heterogeneity order parameter, ⟨h⟩ in the
isotropic phases of the systems investigated. (Filled circles) Selected
systems after a sudden cooling or heating (see text).
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temperature and a homogeneous system at high temperature.
The reason for the “transition” shown in Figure 10 is not
simply because of the different temperatures: in fact, at higher
temperatures, a lower ⟨h⟩ value would be expected because of
the increased thermal motions. This issue has been confirmed
by suddenly heating up the system Q0.8 from 500 to 600 K and
by cooling down the system Q1.1 from 675 to 500 K and
running the simulation for just 2.5 ns (so to avoid possible
phase transitions and keep the Q1.1 system isotropic). The ⟨h⟩
parameter calculated over the last 1.25 ns of such simulation is
also shown in Figure 10 (filled circles), which clearly shows that
the effect of the temperature is as expected: slightly lower for
Q0.8, which is already in the homogeneous isotropic phase;
very significant in the Q1.1 system which, by cooling,
nanosegregates much more. Therefore, the observed jump in
⟨h⟩ of the isotropic phase as a function of the total charge is
truly and only related to the different total charges that enhance
or quench the nanosegregation of the isotropic phase.
Remarkably the “transition” from a more homogeneous to a

more nanosegregated isotropic liquid phase is almost perfectly
overlapped with the emergence of a SmA phase in the phase
diagram. Therefore, we can establish a direct link between the
nanosegregation in the isotropic phase of ILs and the stability
of an ionic smectic mesophase.

4. CONCLUSIONS

We have investigated the effect of the total charge of cation and
anion on the phase behavior of a model imidazolium ionic
liquid crystal. The results of the simulations clearly indicate that
the microphase segregation, which is responsible for the
existence of ionic smectic phases, is strongly increased by the
total charge of the ions. For charges lower than about 0.9e, the
ionic smectic phase is absent, and the crystal directly melts into
an isotropic phase. For the systems with a larger charge, the
thermal range of stability of the ionic smectic phase is
significantly increased, mostly as a result of a higher clearing
point into the isotropic liquid. By contrast, the melting of the
crystal phase is much less affected. These results consistently
indicate that the ILC phase is stabilized by microphase
segregation between the hydrophobic layers and the ionic
layers. We have also analyzed the structure of the ionic liquid
phase for the models with different charges and observed the
same transition from a homogeneous to a nanosegregated
structure already reported by Wang and Voth for ionic liquids
as a function of temperature.44

If we combine these observations with the results of our
recent work,38 where it was shown that the smectic phase has a
higher degree of nanosegregation, as measured by the ⟨h⟩
parameter, than the isotropic phase at the same temperature,
then the following picture from the viewpoint of thermody-
namics emerges. Both the increase of the alkyl chain length and
the increase of the total charge of the cation head and anion do
intensify the competition between hydrophobic and electro-
static interactions. Such competition leads to microphase
segregation between the alkyl chains and the ionic network of
ions, and such segregation is higher in the smectic phase
compared to the isotropic phase. Therefore, ionic smectic
phases are stabilized either by increasing the length of the alkyl
chain, as well-documented in the literature, and/or by
increasing the total charge in the ionic parts as we have
shown here. In all cases the enthalpy loss due to the mixing of
these two parts of the molecules cannot be easily compensated

by the entropy gain due to the increased disorder, unless one
reaches higher and higher temperatures.
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