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We have investigated the phase behaviour of mixtures of soft disks (Gay-Berne oblate ellipsoids, GB)
and soft spheres (Lennard-Jones, LJ) with opposite charge as a model of ionic liquid crystals and
colloidal suspensions. We have used constant volume Molecular Dynamics simulations and fixed the
stoichiometry of the mixture in order to have electroneutrality; three systems have been selected
GB:LJ =1:2, GB:LJ = 1:1 and GB:LJ = 2:1 For each system we have selected three values of the
scaled point charge g* of the GB particles, namely 0.5, 1.0 and 2.0 (and a corresponding negative scaled
charge of the LJ particles that depends on the stoichiometric ratio). We have found a very rich
mesomorphism with the formation, as a function of the scaled temperature, of the isotropic phase, the
discotic nematic phase, the hexagonal columnar phase and crystal phases. While the structure of the
high temperature phases was similar in all systems, the hexagonal columnar phases exhibited a highly
variable morphology depending on the scaled charge and stoichiometry. On the one hand, GB:LJ =
1:2 systems form lamellar structures, akin to smectic phases, with an alternation of layers of disks
(exhibiting an hexagonal columnar phase) and layers of LJ particles (in the isotropic phase). On the other
hand, for the 2:1 stoichiometry we observe the formation of a frustrated hexagonal columnar phase
with an alternating tilt direction of the molecular axis. We rationalize these findings based on the
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Introduction

Ionic Liquid Crystals (ILCs) are materials composed of ions,
typically organic cations and inorganic anions as normally
observed in Ionic Liquids (ILs), and exhibiting Liquid Crystal
(LC) phases as a function of the temperature.'” They combine
together the solvent properties of ILs with the partially ordered
and anisotropic conductive properties of LCs, making them
attractive materials wherever charge/mass transport is sought,
e.g. as electrolyte for Li-ion batteries,® dye-sensitized solar cells*
and/or membranes for selective ion/water transport.>® In particu-
lar, discotic ILCs based on derivatives of gallic acid, have been
used to make polymeric membranes exploiting the nano-sized
channels formed in columnar (Col) and cubic phases.””
Computer simulations of ILCs are a useful complementary
tool to investigate the structural and dynamic properties of
these materials. Typically, fully atomistic (FA) simulations are
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structure of the neutral ion pair dominating the behaviour at low temperature and high charge.

used to study details of the molecular organization at a given
temperature and a given phase.””'® The complexity of the
systems, however, makes difficult to explore the whole phase
diagram using FA force fields. Moreover, several important
aspects of ILCs do not depend on the details of the chemical
structure, rather on more general parameters such as the
molecular size and shape and the charge position within the
molecule, as well as its magnitude. To this end, interesting
results on the factors stabilizing ionic nematic (Nem) phases vs
smectic phases of rod-like molecules have been obtained using
highly coarse-grained models of ILCs, e.g. mixtures of charged
hard spherocylinders and hard spheres'’ or mixtures of soft
Gay-Berne ellipsoids and Lennard-Jones spheres.'>™’

On the other hand, ionic discotic systems have been less
studied, using highly coarse-grained models, with some nota-
ble exceptions of colloidal suspensions of platelet particles
using Monte Carlo simulations."®'® However, to the best of
our knowledge, there are no reports in the literature of simula-
tions of mixtures of oppositely charged discotic and spherical
soft particles as models of discotic ILCs. Recently we presented
a detailed analysis of the structural properties of mixtures
of non-charged soft particles made of Gay-Berne (GB) disks
and Lennard-Jones (L) spheres.”® The phase behaviour of
the mixtures at various compositions was dominated by the
excluded volume interactions leading to phase separation.
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Table 1 Parameters defining the simulated systems: the stoichiometric
ratio, GB:LJ, the number of GB and LJ particles, Ngg: N3 the scaled
charges, g;g and gi;, and the scaled densities, p*. Packing fraction n =
0.5023

GB:1J Ngp: Ny (Ntot) p* q*c,B§ qiy
1:2 2197:4394 (6591) 6.738 0.5; —0.25
1.0; —0.5
2.0; —1.0
1:1 2744:2744 (5488) 4.970 0.5; —0.5
1.0; —1.0
2.0; —2.0
2:1 4394:2197 (6591) 3.937 0.5; —1.0
1.0; —2.0
2.0; —4.0

At high temperature the systems were in an isotropic (Iso),
homogeneous mixed phase; by lowering the temperature,
a phase separation took place resulting in an isotropic phase
rich in LJ particles with some GB disks, and a liquid-crystalline
phase almost exclusively composed by GB disks exhibiting
nematic and hexagonal columnar phases at different tempera-
tures. Depending on the mixture composition, the phase
separation could take place at the transition between the high
temperature isotropic mixed phase and the discotic nematic
phase (for mixtures rich in LJ particles) or at lower tempera-
tures when the GB disks formed a hexagonal columnar phase
(for mixtures rich in GB particles). In the latter case, a homo-
geneous discotic nematic phase with the L] particles dissolved
in the GB “solvent” was observed.””

In this work we wish to extend our studies by investigating
how the presence of opposite charges on the soft GB disks and
L] spheres affects the phase behaviour of the mixtures. Because
of the presence of a fixed charge, the cation : anion ratio of the
mixture is also fixed to guarantee electroneutrality, therefore
the systems should be considered as pure ionic liquid com-
pounds made by a stoichiometric amount of GB and LJ parti-
cles, rather than mixtures, since the composition cannot be
varied freely. We selected three GB:LJ stoichiometries: 1:2,
1:1 and 2:1 that could be considered as representing ILCs
with, respectively a doubly charged cation and a singly charged
anion; a cation/anion pair with the same charge (in magni-
tude); a singly charged cation and a doubly charged anion.

Computational details

MD simulations

We used the software package LAMMPS*! for the Molecular
Dynamics (MD) simulations. These were run in the NVT
ensemble using a cut-off distance of 1.6 scaled units for the
van der Waals interaction, and 4.0 scaled units for the Coulomb
interactions and a Nosé-Hoover thermostat®*** to control the
temperature. The total number of particles (Ny) in all the
systems were above 5000 to achieve a negligible size effect, as
demonstrated in our previous work."® Three GB:LJ stoichio-
metries were simulated with cation : anion ratioof 1:2,1:1 and
2:1; the corresponding scaled charges, g*, were set to proper
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values to guarantee electroneutrality, that is +g*/—1/2g*, +q*/
—q* and +q*/—2g*, respectively, see Table 1. The scaled point
charges are at the center of mass of the two particles and the
electrostatic interactions were computed using the Coulomb
potential with particle-particle particle-mesh solver (pppm)>*
for long range interaction setting an accuracy on the forces of 10°.
Errors on the forces are calculated in LAMMPS following ref. 25
and 26. The cutoff and accuracy determine the size of the grid for
the pppm calculations. Typical grids for our systems are in the
range 48 x 48 x 48 for 1:2, g5z = 0.5 to a maximum of 144 X
144 x 144 for the 2:1, g5z = 2.0. All the systems have the same
packing fraction () equal to 0.5023, which is the same used in our
previous work with mixtures of uncharged particles.*® Simulations
were run in cascade starting from a high-temperature isotropic
mixed phase. Cooling runs were followed by heating runs to assess
the presence of hysteresis. Each simulation at a given temperature
consisted of at least 1 M timesteps of which the last 500 k
timesteps were used for production. Temperatures closer to transi-
tion points needed longer simulations, up to 3 M timesteps, to be
properly equilibrated. In some cases, however, hysteresis could not
be removed. The timestep was set to 0.0005 scaled units.

Gay-Berne model potential

We have used the Gay-Berne potential implementation for the
disks as described by Bates and Luckhurst in ref. 27 and therein
called GBDIL This parametrization of the GB potential features
the ratio of the face-to-face vs. the edge-to-edge contact dis-
tance, a¢/o. equal to 0.345; the ratio of the face-to-face vs edge-
to-edge well depth, &f/e., equal to 5.0; and the additional two
parameters of the GB potential, y, and v (see ref. 27 for more
details) equal to 1 and 2, respectively. Moreover, the selected
parametrization adopts an interaction potential which is
shifted and scaled with respect to gr. With this choice of the
parameters, the GB disks have the three diameters, ., ge, o¢
equal to 1.0, 1.0, 0.345 g, units, respectively. The L] spheres in
our mixtures have a diameter of 0.345 ¢, units. The mixed GB-
L] interaction potential is based on the work of Berardi et al.*®
as implemented in LAMMPS.>® Both particles are treated as
special cases of biaxial GB particles with two (for the disks) and
three (for the spheres) equal diameters. Therefore, care must
be exercised to remove the unphysical rotational degrees of
freedom for a proper equilibration of the rotational
temperatures.'>'* The scaled quantities are defined as follows:
the scaled potential energy, U* = U/e; the scaled distance, r* =
r/ae; the scaled volume, V* = V/g,*; the scaled number density,
p* = Nyoo/V*; the scaled temperature, T* = kgT/eo; the scaled
pressure, p* = pao’leo; the scaled moment of inertia, I, * =
I,/may’; the scaled time, t* = +/g9/mo; the scaled charge
q* = q/\/3ncoegao, where ¢, is the vacuum permittivity, while
the packing fraction is given by n = NV,,*/V*, where V,,* is the
scaled molecular volume. Though we are dealing with soft
particles, the volume is calculated taking the contact distance
defined above.

The mass, m, the potential well depth, &, and the contact
distance, o, = 0., are the parameters (all set to 1) used to scale

This journal is © The Royal Society of Chemistry 2023
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all quantities. Please note that g, is used to scale the quantities
above while, as mentioned already, o is used to shift and scale
the Gay-Berne potential, see ref. 27 for more details. Although
the mass of typical cations in real systems is expected to be
larger than the mass of typical anions, our choice to set both to
1 reduces the number of variable parameters and does not
impact on the structural properties and phase behaviour since
the space of coordinates and momenta are independent, that is
the mass only affects the dynamic properties, which are not
considered here.

Structural analysis

The assignment of the phase type has been done by visual
inspection of the snapshots, by the analysis of the isotropic
radial distribution functions (RDF) of the distance between
GB-GB, LJ-LJ and GB-L] pairs as well as using the RDF resolved
along the parallel and perpendicular direction with respect to
the director of the phase. To this end, we have selected GB
particle pairs as follows, according to the procedure by Bates
and Luckhurst:*” for the parallel RDF, g(rj), we consider only

those pairs whose perpendicular component of the distance,
1, is less than 0.60,, while for the perpendicular RDF, g(r, ), we
consider only those pairs whose parallel component of the
distance, r‘*‘, is less than 0.60,. This guarantees that we are

exploring the RDF in a relatively thin cylinder parallel to the
director and in a relatively thin plane perpendicular to the
director, respectively. In addition to the RDF, we have calcu-
lated the orientational and the hexatic order parameters. The
second rank orientational order parameter, (P,), for the GB
disks only, is obtained from the Q tensor, eqn (1), as the
maximum eigenvalue of

Qup = < <Z (Buup) = 515) /2> 1)
1

where i, is the projection of the i-th component of the
molecular vector onto the o-th laboratory axis, and d,; is the
Kronecker’s delta. The molecular axis is the one corresponding
to the short axis of the oblate ellipsoid (disk). The hexatic order
parameter (%) is defined as the ensemble average of the
particle hexatic order parameter for the i-th disk calculated as
in eqn (2)

i _ I\
Wazzzew (2)

where 7 is the number of disks in a volume around the particle i
and 0 is the angle, projected on the plane perpendicular to the
director, between the vector connecting particle i with its
neighbor and a reference axis. This order parameter has been
introduced by Nelson and Halperin®® for a bidimensional
lattice but it can be conveniently adapted to a tridimensional
system by taking the volume surrounding the reference particle
as a thin cylinder with a thickness and radius slightly larger
than the size of a GB disk. In our case we have used 0.35 and
1.20 for the size parallel and perpendicular to the director,
respectively. This choice guarantees to count only the particles
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surrounding the reference particle in the same plane perpendi-
cular to the director.

The Iso-to-Nem transition temperatures were estimated as
follows: the system is in the isotropic phase when the orienta-
tional order parameter is lower than 0.2; it is in the nematic
phase when the orientational order parameter is higher than
0.4. For intermediate values, we note a possible coexistence of
domains of nematic phase still not uniformly oriented because
of a residual short-range microphase segregation between
particles of different shape. This definition is slightly different
from what we used in ref. 20 for the non-charged systems.
There, we observed two different situations: for GB-rich mix-
tures, the Iso-to-Nem transition appeared almost second order
and we assumed the phase to be nematic already at tempera-
tures where (P,) was higher than 0.2, thus neglecting the small
intermediate range. For LJ-rich systems, the Iso-to-Nem transi-
tion occurred together with a macroscopic phase separation,
requiring the calculation of the order parameters separately for
the two phases, the GB phase and the L] phase. Here, since the
charged systems do not show a macroscopic phase separation,
due to the electrostatic interaction, we prefer to use for all
systems a consistent definition of isotropic and nematic phase,
as defined above: nematic phase for (P,) > 0.4 (and for (V) =
0.0), isotropic phase for (P,) < 0.2, intermediate phase in the
other cases. Moreover, the (P,) values are nicely reproduced
during the heating and cooling run and no hysteresis is
detected at the Iso-to-Nem transition, therefore the intermedi-
ate phase is not a metastable state, rather the transition is, in
those cases, a very weak first order one.

In contrast, for some Nem-to-Col transitions, some hyster-
esis is present. In such cases we estimated the temperature of
the phase transition as an average between the highest tem-
perature of the heating run, before the transition (T }’;) and the
lowest of the cooling run, also before the transition, (77) using
eqn (3):**

Tp=T + Ty - VI Ty (3)
All the snapshots of the boxes reported here have been gener-
ated with the software package QMGA.*? Color of the disks
indicates the orientation with respect to the director: from dark
blue to light blue, green, yellow, and finally red as the orienta-
tion changes from parallel to perpendicular to the director.

Results and discussion

We will discuss in the following the results for the three
stoichiometries selected (GB:LJ = 1:2, 1:1 and 2:1) as a
function of temperature and scaled charge through the analysis
of the order parameters, the radial distribution functions, and
some selected snapshots. For the sake of comparison, we will
include in the discussion also some of the results of our
previous work,”® where mixtures of uncharged particles
(g* = 0.0) were simulated.

Soft Matter, 2023,19, 3311-3324 | 3313
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Fig. 1 Order parameters (P,) (top) and (y6) (bottom) as a function of T*,
calculated for the GB:LJ = 1:2 systems with different charges as a
function of the scaled temperature. Filled markers connected by dashed
lines are for cooling runs, empty markers connected by solid lines are for
heating runs.

GB:LJ1:2

The phase behaviour of the systems with stoichiometry GB: L] =
1:2 (modelling an ionic liquid crystal with a discotic divalent
cation and a spherical monovalent anion) is shown in Fig. 1 for
the various scaled charges used, where we report the (P,) and
(W) order parameters as a function of the scaled temperature.
Representative snapshots can be found in Fig. 2. The trend of
the short-range potential energy and electrostatic term can be
found in ESI,{ Fig. S4, S8 and S12.}

The system with ¢gz = 0.0 has been already described in
details in ref. 20. The charged systems with g5g = 0.5 and
g5 = 1.0 have a similar qualitative behaviour. At high reduced
temperatures they are in an isotropic and homogeneously
mixed phase, see Fig. 2a, for g5, = 1.0, (additional snapshots
for the other systems can be found in ESIt) and the order
parameters (P,) and (%) are close to zero. By lowering T* we
observe an increase in the orientational order of the disks,
while (V) remains close to zero, therefore the phase observed
is a nematic discotic, see Fig. 2b. As mentioned already, when
the orientational order parameter is above 0.4 the phase is
considered nematic, while for (P,) < 0.2 it is considered

3314 | Soft Matter, 2023, 19, 3311-3324
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Fig. 2 Snapshots representing the three main phases observed for the
GB:LJ 1:2 system, g5 = 1.0. (a): isotropic, T* = 6.00, (P,) = 0.06;
(b): discotic nematic, T* = 4.00, (P,) = 0.51; (c and d): lamellar/hexagonal
columnar, T* = 2.00, (P,) = 0.90, top view (c) and side view (d).

isotropic. When (P,) values are between 0.2 and 0.4 we observe
the formation of nematic domains of GB particles within the
box which, however, do not coherently align all in the same
direction, resulting in a low orientational order parameter. This
is partly due to a short-ranged microphase separation (espe-
cially for the low-charge system ¢&p = 0.5) with the formation
of domains of LJ particles that can also be seen in Fig. 2b. This
explains the stable formation of an intermediate phase
(observed on heating and cooling) with a low orientational
order parameter. With these boundaries set, the transition
) and

intermediate-to-nematic (7}, nem) are determined and their

temperatures isotropic-to-intermediate phase (Tf‘swlnl

values are reported in Table 2 together with the Nem-to-Col
transition temperatures (7%, c,), which will be discussed
later. The systems do not show hysteresis when undergoing Iso-
to-Nem transition as can be seen from the (P,), Fig. 1, since the
results of the cooling and heating run are superimposable.
Further cooling of the g5 = 0.5 and 1.0 systems, enhances
the orientational order, thus increasing (P,) values. Moreover,
they undergo a transition to another phase, as can be seen in
Fig. 2¢ (for g5 = 1.0). The phase transition can be detected by
the small jump in the (P,) values and by the large jump in the

This journal is © The Royal Society of Chemistry 2023
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Table 2 Transition temperatures Ty, 1. Tini—nem @Nd Tem_cor Of all the
simulated systems

GB: L-I an:q*LJ Tl*so—>lm Tfm—»Nem T;Icmﬂ(‘,ol
1:2 0.0:0.0" 8.125 7.25 5.772
0.5:-0.25 6.750 5.626 3.250
1.0: -0.5 4.800 4.500 2.400
2.0: -1.0 2.150 2.100 1.300
1:1 0.0:0.0° 9.025 7.75 4.507
0.5:-0.5 8.000 7.250 2.675
1.0: -1.0 6.750 5.750 2.125
2.0: -2.0 2.000 1.500 1.250
2:1 0.0:0.0% 10.75 9.25 4.127
0.5:-1.0 9.750 9.000 2.775
1.0: -2.0 8.400 7.800 2.250
2.0: -4.0 4.400 4.000 1.900

“ Data from ref. 20.

(W) trends reported in Fig. 1. This indicates a clear first order
transition to a columnar hexagonal phase. As can be seen in
Fig. 2d this is accompanied by a significant micro-phase
segregation between disks and spheres resulting in a
lamellar-like structure. This issue will be discussed more in
details below. The systems show a hysteresis in the Nem-to-Col
transitions when the particles bear no charges. This is due to
the phase separation of GB and L] particles that takes place in
the zero-charge systems and it has been discussed in our
previous paper.”’ In contrast, when g =0.5 and 1.0 they
possess small or negligible hysteresis in the Nem-to-Col transi-
tion due to the electrostatic interactions that oppose the
particle-demixing process. The net jumps in (¥¢) coincide with
the transition temperature nem-to-Col (7%, o) for the sys-
tem with g5z = 0.5 and 1.0. Further cooling shows another
small jump in (P,) values other than the one for Nem-to-Col
transition suggesting the formation of a crystalline phase that
is not further investigated here.

The RDF of the different particle pairs within the system, are
reported in Fig. 3. In panel (a) we note the lack of long-range
correlation typical of an isotropic phase. Similar profiles
are observed for the nematic phase, which also lacks any
positional order. In contrast in Fig. 3c we see a strong correla-
tion for the GB-GB pairs indicating the presence of long-range
positional order.

It is noteworthy, however, that the disks are not perfectly
stacked face-to-face in the columnar hexagonal phase. In fact,
by looking at the GB-GB trace, the first peak is found at r*
greater than 0.345 (which is the diameter of the spheres and the
short axis of the ellipsoids), thus indicating that the disks’
centres do not perfectly stack on top of each other. Moreover,
the columnar hexagonal phase is not characterized by long
columns since these are limited by the layered structure, see
Fig. 2d. This point will be discussed in more details below.

While the systems with ¢gz = 0.5 and 1.0 behave in a
qualitatively similar way and show analogous phase sequence,
the system with ¢ = 2.0 behaves somewhat differently. The
isotropic mixed phase is strongly stabilized by the larger
charge. As the T* is lowered, (P,) shows a net jump, suggesting
a first order transition, but the nematic phase appears to be

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 The radial distribution functions, g(r*), of the different particle pairs,
GB-GB, LJ-LJ and GB-LJ, at selected T* for the system GB:LJ =1:2 and
g5 = 1.0. (@): T = 6.0, isotropic phase; (b): T* = 4.0, nematic discotic
phase; (c): T* = 2.0, hexagonal columnar phase.

stable for a small range of T* before undergoing the Nem-
to-Col transition. Moreover, there is a significant hysteresis

Soft Matter, 2023,19, 3311-3324 | 3315
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between the cooling and heating runs, see Fig. 1. This different
behaviour can be certainly ascribed to a stronger electrostatic
interaction which favours the formation of tightly interacting
ion pairs (which are actually formed by two L] spheres and one
GB disk because of the stoichiometry of the phase).

To summarize, the introduction of electrostatic interactions
disfavors the phase separation observed in the non-charged
systems.?® Nonetheless, a tendency in the segregation of the GB
and the LJ particles is still present and it is manifested, as
shown above, by the formation of layers of oppositely charged
particles in a similar fashion to lyotropic lamellar phases®® or
smectic phases of rod-like LCs. A similar alternation of layers
was reported also in ref. 34 where a system of oppositely
charged discotic particle was investigated. The Authors
observed the formation of a ‘“smectic” phase where each
alternating layer consisted of disks of the same charge. On
the other hand, charged colloidal spherical particles were also
found to exhibit a fluid layered structure,® as well as the so-
called inverse patchy colloids®® modeled by a sphere with
two charged regions at the poles and an oppositely charged
equatorial belt. These observations point to the charge as the

Fig. 4 Low-temperature snapshots of the systems GB:LJ = 1:2 for
different GB particles charge. (a): g5 = 0.0; (b): g55 = 0.5; (€): g5 = 1.0;
(d): g = 2.0. The temperature, T*, orientational, (P,), and hexatic, (¥e),
order parameters of these systems are respectively (a): 2.00, 0.91, 0.96; (b):
2.00, 0.91, 0.75; (c): 2.00, 0.91, 0.73; (d): 1.00, 0.94, 0.63.
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main ordering mechanism responsible to the layers formation,
while the particle’s shape is likely to play a minor role.
Representative low T* snapshots of GB: L] = 1:2 systems are
reported in Fig. 4 to clearly highlight the effect of the charge.
It appears that increasing the charge has the effect of reducing
the thickness of the lamellae, therefore producing more inter-
calated discotic phases. This effect can be ascribed to the
increased repulsion between like particles (forming a given
layer) for higher charges. We calculated the layers thickness
of the GB and LJ layers by inspection of the density profile
projected along the nematic director, see Fig. 5. The width at
half height of the L] and GB density profile can be taken as a
measure of the thickness of the respective layers; these values
are also reported in Table 3. Finally, in Fig. S3, S7 and S11 in
ESIf we report the RDF of GB-GB distance resolved parallel and
perpendicular to the director, g(rj) and g(r ), respectively. They

confirm the assignment of the phases in agreement with the
isotropic RDF of Fig. 3, while giving some additional informa-
tion concerning the ordered phase. The in-plane correlation is
typical of a hexagonal arrangement: for an ideal case of planar
hexagonal lattice of disks we would observe a peak at 1.00 (the
first shell) and a double peak at 1.732 and 2.00 (the second
shell). These are clearly visible in all the isotropic RDFs and
g(r}), though the peaks are slightly scaled down because of
some degree of interdigitation of the disks. More interesting is
the parallel component: for the g, = 0.5 system, the lack of a
long range structure in the g(rj) (see Fig. S3 in ESI{) clearly
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Fig. 5 (Top) representative box with layered structure (GB:LJ = 1:2;
gsg = 0.5, T = 2.00); (middle) density profile projected along the director;
(bottom) dependence of the layer thickness of the GB and LJ layers on the
scaled charge.
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Table 3 Thickness of the GB and LJ layers for the low-temperature
systems with different g, charges

qsg = 0.5 q5g = 1.0 qGe = 2.0
GB layer 1.42 0.86 0.53
LJ layer 0.68 0.54 0.52

suggests that the short columns existing within each discotic
layer do not correlate with the columns in the next discotic
layer. In contrast, for the thinner layers of the systems with
higher charge the columns are correlated through the whole
box (see Fig. S7 and S11 in ESI¥).

GB:LJ1:1

We now consider the GB:LJ = 1:1 systems. Again, they have
similar trends when ¢y are 0.0, 0.5 or 1.0. These systems do
not possess order at high T* ((P,) and (%) both close to zero,
see Fig. 6), thus being isotropic and homogeneously mixed, e.g.
see Fig. 7a for some representative snapshots. Moreover, the
radial distribution functions, Fig. S14 and S18 in ESL,{ do not
show any long-range order for the different particle pairs, thus
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Fig. 6 Order parameters (P.), top, and (¥¢), bottom, as a function of T*,
calculated for the GB:LJ = 1:1 system and all the different charges as a
function of the scaled temperature. Filled markers connected by dashed
lines are for cooling runs, empty markers connected by solid lines are for
heating runs.
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confirming an isotropic mixed phase. As the T* is lowered all
the systems undergo a transition to a more ordered phase as
can be appreciated by looking again at the relevant snapshot in
Fig. 7b and the radial distribution functions in ESL As for the
GB:LJ = 1:2, the systems show negligible hysteresis in the Iso-
to-Nem transition (transition temperatures are reported in
Table 2.) By continuing to lower T* we bring the systems into
a columnar hexagonal phase (Fig. 7c). The transition Nem-to-
Col is a sharp first order transition, as can be seen for (¥)
trends in Fig. 6. The systems with g5z = 0.5 and 1.0 show
negligible hysteresis in the Nem-to-Col transition, while the
system with zero-charge shows a small hysteresis due to the
demixing process of uncharged particles.>”

The system with g5 = 2.0 has, again, a partly different
behaviour compared to the system with g = 0.5and 1.0, none-
theless it behaves similarly to the system with g&p = 2.0 and
GB:LJ = 1:2 stoichiometry. It is isotropic for a broad range of
temperatures, as can be seen from Fig. 6 the (P,) and (¥s) order
parameters are close to 0, down to T* = 2.0. As the T* is lowered
the system undergoes two distinct first order phase transitions
with sharp jumps in (P,) and (¥,) values. The nematic phase
has a small thermal range of existence and it shows
no hysteresis in the Iso-to-Nem transition. On the other hand,
the Nem-to-Col transition shows a small hysteresis (see
Table 2).

The low T* snapshots of GB:LJ = 1:1 and all the different
charges are reported in Fig. 8. The macroscopic phase
separation of uncharged LJ and GB occurs at low 7* and two
distinct phases are found: a columnar hexagonal one and an

Fig. 7 Snapshots representing the three main phases observed for the
GB:LJ 1:1 system, g5z =1.0. (a): isotropic, T* = 8.00, (P,) = 0.06;
(b): nematic discotic, T* = 5.00, (P,) = 0.52; (c): hexagonal columnar,
T* = 2.00, (P,) = 0.87.
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Fig. 8 Snapshots of the systems GB:LJ = 1:1 at different GB particles
charge. The charges of the GB particles are g5z = 0.0 (a), g5z = 0.5 (b),
&g = 1.0 (0), g5 = 2.0 (d). The temperature, T*, orientational, (P;), and
hexatic, (¥¢), order parameters of these systems are respectively: 2.00,
0.94, 0.72 (a); 2.00, 0.91, 0.74 (b); 2.00, 0.87, 0.67 (c), 1.00, 0.83, 0.51 (d).

isotropic one.?® The introduction of charges disfavors the de-
mixing process and the segregation of phases. However, for the
relatively small charge of 0.5, see Fig. 8b, we still observe a clear
short-range microphase segregation between disks and speres,
while increasing the value of g* leads to a more homogeneous
distribution of spheres within the GB matrix.

In contrast to the previous stoichiometry, however, the
amount of spheres is not sufficient to promote the formation
of separate layers of L] particles, rather relatively small domains
with finite size are formed. Moreover, as the GB disks charge
increases (¢S5 =1.0 and ¢z =2.0 in Fig. 8c and d) the
structure of columnar hexagonal phase boxes varies. The elec-
trostatic interactions between GB-GB particles disfavour the
face-to-face configuration and the even distribution of disks
within the box produces columns with some disorder. None-
theless, the GB particles form planes of disks arranged in a
hexagonal fashion (see Fig. 7c) for a top view). These observa-
tions are confirmed by the parallel and perpendicular RDF in
Fig. S15, S19 and S23 in ESIL:{ while for the systems with small
and medium charge (¢5;; = 1.0 and ¢§ = 0.5) there is a clear
long-range structure of g(r}), for the systems with ¢ = 2.0 we
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Fig. 9 Order parameters (P.), top, and (¥s), bottom, as a function of T*,
calculated for the GB:LJ = 2:1 system and all the different charges as a
function of the scaled temperature. Filled markers connected by dashed
lines are for cooling runs, empty markers connected by solid lines are for
heating runs.

note a less clear pattern indicating a loss of correlation for the
face-to-face stacking of disks within a column.

GB:LJ2:1

Finally, we discuss the results for the GB:LJ = 2:1 systems.
A behaviour qualitatively similar to the previous stoichiome-
tries is found for the systems with ¢z = 0.0, 0.5 and 1.0. At
high T*, an isotropic mixed phase is present in all the systems,
as can be seen in Fig. 9 since (P,) and (%) order parameters
are close to 0. A snapshot of the box in Fig. 10a confirms the
assignment as well as the RDFs of the particles’ pairs (Fig. 526
and S30 in ESIT) show no long-range positional order. Cooling
down the temperature results in the discotic nematic phase
followed by a hexagonal columnar phase, see Fig. 10b and c and
Table 2. The systems show negligible hysteresis for the Iso-to-
Nem transitions and small hysteresis in the Nem-to-Col transi-
tion. Low-temperature trends of (P,) suggest the transition to
other liquid crystalline phases which are not further investi-
gated here. For this case with GB:LJ = 2:1, at variance with the
previously discussed stoichiometries, the system with a rela-
tively high charge, g¢;3 = 2.0, appears to behave qualitatively in
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Fig. 10 Snapshots representing the three main phases observed for the
GB:LJ 2:1 system, g5g = 1.0. (a): isotropic, T* = 10.00, (P;) = 0.06;
(b): nematic discotic, T = 6.50, (P,) = 0.52; (c): hexagonal columnar, T*
=160, (P,) = 0.90.

a similar way to its homologues with low-charge, see Fig. 9.
Likely, the abundance of GB particles stabilizes the nematic
phase resulting in a wider T* range of thermal stability of the
discotic nematic phase. Moreover, the onset of a columnar
hexagonal phase occurs at a higher T* compared to the other
stoichiometries. The system shows no hysteresis in the Iso-to-
Nem transition, while a small hysteresis is found when the
system has a Nem-to-Col transition.

As for the other two stoichiometries investigated, we check
the morphology of the low-temperature phases. The snapshots
of the boxes with different charge are reported in Fig. 11 and, as
we can appreciate, the hexagonal columnar order is present in
all cases. Moreover, except for the uncharged systems, the
microphase segregation is quite inhibited.

Introducing the charge (¢ = 0.5, Fig. 11b), improves the
dispersion of L] particles within the box. The relatively low
charge on GB particles enables the disks to be stacked face-to-
face, producing highly aligned columns surrounded by
negatively charged LJ particles. When the charge on GB parti-
cles increases (g5 = 1.0, Fig. 11c) the columns tend to be made
of tilted disks, since LJ particles, (gj, = —2.0), act like the
system at GB:LJ = 1:1 and ¢ = 2.0, Fig. 11d). Interestingly,
the g = 2.0 system forms a unique structure at low T* values
with a (P,) that never exceed 0.8 (as indicated by the more green
shades of the particles), suggesting looser stacking of the disks,
as can be seen in Fig. 11d. The LJ particles are evenly distrib-
uted within the simulation box. Moreover, two GB particles
assemble into a “V’ shaped motif with a L] sphere in-between
the “v” formed by two disks.

This journal is © The Royal Society of Chemistry 2023
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Fig. 11 Snapshots of the systems GB:LJ = 2:1 at different GB particles
charge. The charges of the GB particles are g5z = 0.0 (@), g5 = 0.5 (b),
g5 = 1.0 (c), g5 = 2.0 (d). The temperature, T*, orientational, (P), and
hexatic, (¥¢), order parameters of these systems are respectively: 2.00,
0.93, 0.71 (a); 1.50, 0.96, 0.73 (b); 1.25, 0.96, 0.73 (c), 1.20, 0.74, 0.78 (d).

In Fig. 12 we show the same snapshot also presented in
Fig. 11d, but using a different colouring scheme for the disks.

Fig. 12 The "V" motif is represented on the left, while on the right the
same shapshots as in Fig. 11d is shown. The slight deviations from the
nematic director are highlighted in red and green depending on
the direction of the tilt.
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Fig. 13 Diagram of the transition temperatures (see Table 2) of all the
systems studied as a function of GB : LJ stoichiometry and gg5. On the left
GB:LJ =1:2, in the centre GB:LJ = 1:1 and on the right GB:LJ = 2:1
stoichiometries are reported. Each GB:LJ stoichiometry consists of 4
different charges: ¢j;5 = 0.0,%° 0.5, 1.0 and 2.0. Each color represents the
phase in which the system is found: isotropic (yellow), nematic (purple),
columnar (blue). The grey area is the intermediate region with weak
nematic order.

These are now green or red depending on the sign of the tilt of
the disk axis with respect to the director. Using these colours it
appears clear that there is an alternation of layers with a
different tilt in the hexagonal columnar phase.

The parallel RDF in Fig. S35 of ESIf confirms a complex
arrangement of the disks in the frustrated columnar phase of
the 2:1 system with g5 = 2.0 in contrast to the systems with a
lower charge where the columns are well defined (see Fig. S27

and S31 in ESIt). In particular, the peak in g(r‘*‘) at rj ~ 0.6,

which is observed only in this system, corresponds to two disks
arranged as the insert of Fig. 12.

General discussion

To compare the results obtained we group together the impor-
tant information in Fig. 13. The thermal ranges of existence of
the different phases are indicated with different colours for the
various of GB:L]J stoichiometries and ¢ charge. The systems
are all characterized by a high T* isotropic phase and a low T*
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columnar hexagonal phase. In between these two boundaries
the systems develop discotic nematic order. The overall effect of
the introduction of charges is to lower all the transition
temperatures, both 77, Nem and TXen_.co- Moreover, the GB-
rich systems have a nematic phase extending for a broader
range of temperatures compared to the GB-poor ones. This is
reasonable since the GB disks are the nematogenic particles.
On the other hand, the columnar hexagonal order and T\, _,co;
it is somewhat affected by the GB content having all the
transition T* comparable among all the systems. The effect
is, however, to reduce the thermal range of the columnar phase
in the GB-rich systems.

The state points investigated cover a wide range of scaled
pressures, as can be seen in Fig. S37 in ESL.{ Similar values
were found for the non-charged mixtures® as well as for the
pure discotic GB investigated by Bates and Luckhurst.?”

We also report in Table 4 a summary of the type of columnar
mesophases formed, for an easier reference. We focus on the
Col phase since all systems exhibit similar isotropic and
nematic phases, the main differences among them being in
the degree of nano-segregation, which is absent for the highly
charged cases and not-negligible (even though limited in scale)
for the weakly charged ones.

Finally, we wish to make some attempts to connect the
results of our simulations with available experimental data.
The large majority of thermotropic discotic ionic liquid crystals
only form columnar mesophases.’” Some typical examples
made by a disk-like cation and a small spherical anion are
compounds 1 and 2 in Fig. 14, with 1:2 and 1:1 stoichiometry.
Depending on the alkyl chain length and metal ion, the
metallomesogens 1 have a columnar hexagonal phase between
room temperature and 250 °C.*® Similarly, the 2,4,6-triaryl-
pyrylium tetrafluoroborates 2 have a columnar phase between
room temperature and 200 °C.>° In contrast to the results of the
simulations, discotic nematic phases are very rare in real systems.”
This is likely due to the necessity of having relatively long alkyl
chains on the discotic particles, see Fig. 14, to enhance fluidity; the
chains, however, also promote nano-segregation between the ionic
parts and the hydrophobic tails, similarly to the mechanism of
formation of smectic phase in calamitic ILCs."**! Therefore, the
simulations suggests that in order to favour discotic nematic
phases, short chains are needed so that nano-segregation will
not dominate the phase behaviour.

Table 4 Summary of the columnar phases observed for the systems investigated. Lam indicates lamellar structure, Hex Col a hexagonal columnar
structure. All systems also exhibit a Nem and Iso phase though not indicated in Table

4GB
GB:-LJ 0.5 1.0 2.0
1:2 Thick Lam, Hex Col within GB layers, Medium Lam, columns correlated Thin Lam, columns correlated
: no correlation between different layers through several layers through several layers
1:1 Hex Col, average correlation Hex Col, weak correlation Hex Col, very weak correlation along a
' along a column along a column column
-~ Hex Col, high correlation Hex Col, high correlation Frustrated Hex Col with modulated
: along a column along a column tilt of the director
3320 | Soft Matter, 2023, 19, 3311-3324 This journal is © The Royal Society of Chemistry 2023
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Despite the observation above, concerning the ubiquitous
presence of columnar phases of discotic ILCs, some cases have
been reported in the literature concerning ionic discotic mole-
cules forming lamellar phases, as we have observed in our
simulations. For example, Sgrensen et al.**** have synthesized
and characterized ionic discotic compounds 3 in Fig. 14 and
observed a lamellar structure with alternation of planes of
cations and anions. Camerel et al.*! reported a series of Cu
complexes with 1,10-phenantroline derivatives (4 in Fig. 14)
forming lamellar phases, even though in this case the layering
was promoted by the nano-segregation between the ionic cores
and the alkylic regions.

Finally, it is noteworthy that mixtures of oppositely charged
nanoparticles (NPs) of spherical and discotic shape have been
very recently prepared.”” The system investigated experi-
mentally is somewhat different from our simulations since
the spherical NPs are much larger than the discotic NPs,
nonetheless, the Authors speculate on how the charge of the
NPs is the key factor opposing the aggregation of the same type
of NPs together, thus preventing a phase separation. Moreover,
nowadays it is possible to fabricate NPs of any shape and size,*®"”
therefore we expect that after an appropriate control of the charge,
more and more systems similar to the ones we have investigated in
this work, will be experimentally accessible.

Conclusions

We have investigated the phase behaviour of mixtures of charged
soft oblate ellipsoids (disks) and soft spheres as models of discotic
ionic liquid crystals and possibly colloidal suspensions. The
systems exhibited a rich mesomorphism as a function of the
temperature at fixed packing fraction. We have observed isotropic,
discotic nematic and hexagonal columnar phases, as expected,
but also unusual lamellar phases formed by an alternation of
disks and spheres as well as frustrated columnar phases with an
alternating tilt of the director.

The presence of a opposite charge on the two types of
particles prevents the macroscopic phase separation which is
observed in the non-charged cases studied in our previous
paper.”® However, the excluded volume interactions are still
important when the magnitude of the charge is relatively low
and the volume fraction of spheres is relatively large. This
combined effect leads to a lamellar structure where layers of
disks are alternating with layers of spheres. Although such
arrangement might be difficult to be realized at a molecular
level (that is for common ILC systems), it appears as a reason-
able option for colloidal suspension of mixtures of oppositely
charged nanoparticles, where the magnitude of the electrostatic
interaction can be modulated more freely by a proper design of
the chemical composition of the surface of the nanoparticle
itself.

At low temperature, and for the largest charge studied,
g&p = 2.0 (which, for the three stoichiometries 1:2, 1:1 and
2:1 corresponds to an opposite charge on the LJ particles of
—1.0, 2.0 and 4.0, respectively), the phase structure is strongly
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influenced by structure of the minimum neutral ion pair, which
is a disk paired with two spheres for the 1:2 systems, a disk
paired with one sphere for the 1:1 system and a sphere paired
with two disks for the 2:1 system. The necessity of an efficient
packing of the neutral unit leads to rather different structures.
For the 1:2 system, we have an alternation of layers of disks
and spheres that for the highest charge case have a very low
thickness, almost corresponding to just one particle per layer.
For the 1:1 system, we have a hexagonal columnar phase with a
well-defined hexagonal arrangement of disks in the plane
perpendicular to the director, but the columns appear poorly
defined. Finally, for the case with an excess of GB particles (and
where the volume fraction of spheres is therefore very low), the
2:1 system, we observe a hexagonal columnar phase but where
the tilt of the symmetry axis of the disk is not constant, rather it
varies giving rise to a wave-like pattern.

Finally, the observed dependence of the layer thickness, for
GB:LJ = 1:2 stoichiometries, of the lamellae found in the low-
temperature phases it is indeed an interesting issue that we
plan to investigate in more details in the future in order to
establish a relationship with the charge magnitude. This will
provide a useful tool to “measure” the tendency of phase
separation between particles of different shape as due to
excluded volume effects.
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