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ABSTRACT

We have investigated the effect of adding polar rodlike nanoparticles (NPs) to a
liquid crystal using Monte Carlo simulations. The mesogens (Ms) are represented
with Gay-Berne elongated ellipsoids endowed with a central axial electric dipole.
A NP is instead modelled by a overall rod-like set of rigidly assembled Lennard-
Jones spherical beads [S. Orlandi et al., PCCP 18, 2428 (2016)] that are either
non-polar or endowed with a central axial dipole of different strengths. We con-
sider two cases: one of strong NP-M affinity and weak NP-NP interactions (case 1)
and the opposite one of weak NP-M affinity and strong NP-NP interactions (case
2). We find that for case 1 adding polar NPs slightly lowers the nematic-isotropic
transition temperature Tn; which instead, for case 2, is essentially unaffected.
Having strongly polar, instead of non-polar NPs reduces the T difference with
the pristine one, while significantly increasing the dielectric anisotropy in the ne-
matic phase, which could be useful in applications.

KEYWORDS
Nanoparticles, liquid crystals, electric dipole effects, Monte Carlo simulations,
Gay-Berne

1. Introduction

One of the fascinating aspects of liquid crystals (LCs) [1,2] is the variety of
phases and physical properties they can exhibit by suitably changing the molec-
ular structure of the constituent mesogens. Among the many ways of changing
molecular organization in a controlled way, an important one is the introduction
of an electric dipole moment at a chosen position and orientation of the mesogen
molecular structure [3—6] by a suitable chemical substitution (or more than one
of course). The technique is a powerful one, but presents unavoidable difficulties
related to the mesogen synthesis and to the ability to control the changes in the
macroscopic properties obtained, e.g. the dielectric constant or phase behaviour.
An alternative, or just complementary, strategy for modifying L.C properties, is
based on adding and dispersing nanoparticles (NPs) to the mesophases [7-10].
This proves particularly effective since the resulting suspensions can exhibit

" dedicated to the memory of Professor Luis F. Rull, a pioneer of the computer simulations of liquid crystals,
and to Professor José Luis Fernandez Abascal on the occasion of his 70th birthday.
Contact: C. Zannoni. Email: claudio.zannoni@unibo.it; S. Orlandi. Email: s.orlandi@unibo.it



properties significantly different from those of the pure materials, while main-
taining the optical transparency of key importance in optical applications, e.g. for
LC displays (LCD), in view of the NPs size being much smaller than the visible
light wavelength. A particularly interesting opening has been the possibility of
forming regular self assembled suspensions of metallic (e.g. gold) nanoparticles
to tailor the optical response, achieving metamaterials with very high or very low
and negative values of refractive index, permittivity and/or permeability [11,12].
Adding semiconductor NPs, or quantum dots (QDs) is also of great technological
importance [13]. In view of these and other applications, the field has been rapidly
developing [10] but, while many experimental studies have appeared dealing with
NP dispersions in LCs, as we can see from the numerous reviews [8,9,14-17] and
recent papers [18,19], much less has been offered in terms of understanding the
relation between NP properties and phase organizations, although with signifi-
cant exceptions from theory [20—22] and computer simulations [23,24].

Two particularly interesting cases are that of NPs of different shape that we
examined using computer simulations in [23] and that of polar NPs that we wish
to treat here.

At the experimental level polar, paraelectric or ferroelectric nanoparticles
have been added to LC [19,25-30]. The results are difficult to compare, as they
refer to nanoparticles that can be of different size, shape, chemical nature and
possibly with different stabilizing surfactant coating layers as well as different
liquid crystals, pure or mixtures of different composition. Indeed, it is fair to say
that the relation between a certain type of doping and the resulting changes in
properties is far from clear. Modelling and computer simulations could be useful
in this respect, by choosing a simple, but hopefully significative model system,
both in terms of mesogen and nanoparticle shape and polarity and assessing the
changes in phase transition and dielectric anisotropy, amongst the key target
physical properties. Here we intend to proceed in this direction and explore the
effects of the addition of polar NPs to a well studied model liquid crystal based
on the Gay-Berne intermolecular potential [3] that presents nematic and smectic
phases and examine the changes in phase behaviour and orientational order
induced by the NPs as well as their dielectric.

2. Model

Many experiments performed on NP doped LLC employ polar mesogens, like the
very popular n-alkyl cyanobiphenyls or nCBs like 5CB and 8CB or commercial
mixtures based on these systems (see, e.g. Table 1 in ref. [23]). Although pristine
5CB and 8CB have been simulated with atomistic details [31-35] a simulation of
this type including NPs is not currently feasible and we have opted for a generic
coarse grained approach as in [23]. More specifically e have modelled the meso-
gens as attractive-repulsive ellipsoids interacting with an heterogeneous gener-
alization [3] of the Gay-Berne (GB) [2,36] potential, like in [23], but endowed
here with a central axial dipole [37]. The nanoparticles are instead represented
as elongated, rod-like, shaped rigid clusters of Lennard-Jones spheres (S) [23].
Each NP carries a dipole either located at the centre of the rod (see Fig. 1). Since
the LJ spheres are just special cases of the GB ellipsoids, the heterogeneous GB
allowing for different interacting ellipsoids can be used to handle the interaction
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Figure 1.: Models of rod-like nanoparticle (left) formed by 14 LdJ spherical beads
and the ellipsoidal mesogen. The actual dimensionless length and breadth of the
nanoparticle are also indicated. Assuming the mesogen to be similar to the typ-
ical polar mesogen showing a nematic and smectic phase 8CB, the effective di-
mensions of its ellipsoidal representation would be roughly oy ~ 0.6nm (width)
and 1.8nm (length) and then the nanoparticle length ~ 4.8nm.

of the mesogens with each sphere belonging to the NPs.

The interaction between a pair of particles A, B is thus considered to be the
sum of Gay-Berne (GB) and dipole-dipole (DD) interactions. The total interaction
potential can be written as
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where the particle pair types (AB) correspond to mesogen-mesogen (MM),
nanoparticle-nanoparticle (NN), and heterogenous mesogen-nanoparticle (MN) or
rather mesogen-bead (MS); . The generalized anisotropic Gay-Berne potential for
two, possibly dissimilar particles ¢ and j of type A, B (ellipsoids or LJ spheres)
with orientations Q;, ; (irrelevant for the spheres of course) separated by the
centre-centre vector r;; is [3].
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where oaAp(£,§2;,1;;) is a purely geometric pseudo-contact distance vector
dependent on the shape anisotropy of A and B, with each ellipsoidal particle

characterized by its three axes aéA) , U?SA) and agA), with o, an additional well

width parameter, while the dimensionless interaction term e%'g ) (94, Q5,1r55) =
enp (U, Q) el (4, Q;, T45), is related to the attractive energy anisotropy, with the
model exponents 1 and v modifying the detailed form of the potential well [3]. The
explicit expressions for the different contributions oa (€, 2;,1i;), €ip (4, 2;)
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and EX‘B (9;,9Q;,1;;) are given in [2,3,38] and are not reported here for conciseness.

For the homogeneous case, efﬁ'{) is simply related to the potential well depths

along the three molecular principal axis: EECA), q(,A) and agA), while for the het-
erogeneous case a mixing rule introduced in [3] is adopted. The additional term
eap 1s an affinity factor used to rescale the strength of the pair energy between
particles of type A and B, while everything else remains the same [23]. We note
that this is consistent with the rod-sphere form given in Ref. [9]. Properties are
expressed in dimensionless units, labelled by asterisk, obtained by rescaling all
quantities with respect to the characteristic length oy and energy £y. In our spe-
cific case we arbitrarily assume oy = 0.6 nm and g = 1.0kcal/mol.
The interactions between two dipoles i and j are calculated as
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where ry,,, is the vector joining the point dipoles u; and u; on the particles A
and B. In this paper we consider the dipole positioned at the centre of the meso-
gen or of the nanoparticles, thus r,,,, corresponds also to distance vector r. Here,
and in the rest of the paper, we give the dimensionless dipole strength as u*

= (p? /egag’)l/ ? where ¢, and o, are energy and length units prevously defined.
The dipolar energy for particles in the box surrounded by its periodic images has
been computed using the Reaction Field method, with cutoff r},, = 6.0 for the
system of pure mesogen or of the mesogen doped with non-polar NPs and cutoff
rpp = 10.0 for samples doped with polar NPs. In every case the dielectric con-
stant of the surrounding medium was taken as egpr = 1.5. Although this method
is less rigorous than the Ewald summation one, it has previously proven in var-
ious works to be adequate for similar systems and sample sizes [4,39,40] while
allowing significant advantages in terms of computation speed.

The parametrisation of the intermolecular potential and the thermodynamic
conditions have been chosen in order to explore the range of temperatures in
which the liquid crystals shows the transitions phases Isotropic-Nematic and

Nematic-Smectic. We have assumed the mesogen to be uniaxial with a;(UM)

O'?SM) = 1.0 and o™ = 3.0 (see Figure 1) and ™ = sg,M) = 1.0 and e™ = 0.2.
Each NP is modeled as a collection of 14 LdJ spheres in which each sphere has
aés) = 2.0 and different energetic terms 5%) = 0.15 and 2.0. For homogeneous
interaction the affinity parameter egg and ey equal 1.0, while for the heteroge-
neous ones we have considered two different values ey;s = 0.5 and 2.0 (see Figure
1). The GB model exponents have been set to 1 = 2 and v = 1[36,41].

As far as the nanoparticle-nanoparticle interactions are concerned, we see from
the well depth that increasing esg has the effect of making the side-side config-
uration significantly more attractive , which should favour the nanoparticles ag-
gregation.

Lowering the affinity e\;s means that the interaction between nanoparticle and
mesogen is disfavoured; as a consequence nanoparticle aggregation should also
indirectly increase.

We have simulated mixtures of nanoparticles dispersed in a liquid crystal as
detailed in the next section.



3. Systems Studied and Simulation Results

We have performed Monte Carlo simulations in the NPT ensemble with a con-
stant dimensionless pressure P* = o03P/¢y = 8.0, performing cooling down se-
quences of runs starting from equilibrated isotropic configuration (we have ex-
plored a range of temperatures 1.0 < 7% < 1.8 with 7% = kgT'/¢y). We have inves-
tigated samples with a constant number of particles N = Ny + Ny = 5000 with
25 nanoparticles, corresponding to a 14% nanoparticle concentration in volume.

We have chosen an axial dimensionless dipole moment py; = 1.5 for the meso-
gen which, assuming, the parameters mentioned above corresponds to ~ 5.5 De-
bye similar to that of cyanobiphenyls [32,33].

The parameter space for the system studied is very ample, consisting after
the choice of the mesogen and of the nanoparticle shape, of the nanoparticle-
nanoparticle interaction that we express in terms of interaction between the
constituent spherical beads ess , the mesogen-nanoparticle affinity eys and the
nanoparticle dipole strength.

Here we specifically examined two cases for ess and eyg and three nanoparticle
dipoles: apolar (1f, = 0) and polar (x5, = 5) or very strongly polar (x5 = 20) for the
nanoparticle, corresponding to ~ 18 or ~ 73 Debye.

All initial configurations have been prepared by equilibrating at the same tem-
perature and pressure, the e\s was changed for every sample.

3.1. Case 1: Strong NP-mesogen affinity (enis = 2.0) and weak NN
interaction (egs = 0.15).

In Figure 2 we show the pair potential profiles relative to the main interparticle
approach directions (side-side, end-end and perpendicular) for mesogen-mesogen
(MM) and nanoparticle-nanoparticle beads (SS), as well as for the heterogeneous
interaction between nanoparticle and mesogen (NM). For dipolar particles we
also report the curves for antiparallel (or parallel) dipolar orientations which
provide an attractive (or repulsive) contribution to the total interaction energy.
The orientational order parameter is the most distinctive feature of LC and we
are interested in seeing how it is affected by the addition of our NPs. We have
thus computed the average values of the mesogen orientational order parameter

(Pa(cos B))y = <2 cos® B — ;> , 4)

where the angular brackets indicate an average over equilibrium configurations,
while (5 is the angle between mesogen long axis u and director n, obtained set-
ting up and diagonalizing an ordering matrix as described in detail in [2] . The
simulation results are reported in Figure 3.

We see, for this system with bead-mesogen affinity ey = 2.0, and bead-bead
interaction strength g = 0.15, that the addition of NPs does not change the
phase sequence, but generally lowers in all cases the NI phase transition, with
the major shift corresponding to non-polar and the smallest (inside error) devia-
tion to the strongest dipole case.

An estimate of the clearing temperatures is 7%, ~ 1.725 + 0.02 for the pure
mesogen, T, ~ 1.625 & 0.02 for the system with added non-polar nanoparticles,
T3 ~ 1.675£0.02 when the NP dipole is ;3 =5 and T, ~ 1.675+0.02 for pf =20.
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Thus the clearing temperature is lowered in all cases by the addition of these type
of nanoparticles of around 6% for apolar and 3% for both polar and strongly polar
ones.

At low temperatures a nematic-smectic transition is observed. For the low tem-
perature phase (P») does not change much when changing dipole strength, and it
is useful to plot , as in Figure 4 the pair density along the director, ¢(z),

1
-~ 7R%p

9(2) (0 (2 —212))19- (5)

where 215 = 712 Z is measured with respect to the director frame, R is the radius
of a cylindrical sampling region, p the density and the averages are computed
over all the molecular pairs. We see from figure 4 that increasing the NP dipole
from 5 to 20 increases the smectic character of the phase.

We have also calculated the mean square total dipole moment components par-

allel and perpendicular to the director: <M|TM |T> and (M7} M7), where M* is the

instantaneous total electric dipole vector obtained summing over all polar parti-
cles (mesogens and nanoparticles) normalized to the number of particles

1 N

These mean square components are related to the respective components of
the low frequency dielectric constant tensor € in the director frame. Converting
the standard equation for the dielectric susceptivity [2] to dimensionless units
(kpT/eo = T™), we have for the static dielectric tensor components of a non ferro-
electric system ((M*) = 0) containing only permanent dipoles [37,42,43]

%(5\\ — VT = (M%) (7a)
%(5l VT = (M), (7b)

In Figure 5 we plot the results of the simulations for systems doped with NPs
of different dipole strengths. Since these would correspond to different chemical
systems, shifting the temperature of transition, we compare them plotting the
results with respect to scaled temperature 7 /T7%;;. We see a significant increase
of the dielectric anisotropy resulting from the addition of the strongly polar NPs,
with a relatively small change in the transition temperature.

It is interesting to compare the results with those predicted by Nordio, Rigatti
and Segre [44] for the case of negligible intermolecular correlations ({x;x;) =~ 0).
In such situation, the dielectric constant components should reduce for molecular
dipoles along the long axis to

1 2
(M) = (ugznyz) = ue* <3 + 3<P2>> (8a)
1 1 1
%) = G ek i) =2 (3 - 5P ) (5b)



where we use lower case or upper case subscripts for the vector components
in the molecule or director frame respectively, In figure 6a we compare the two
results. We that they are essentially superimposable indicating that the contri-
bution of intermolecular cross terms is negligible.

We can also compare the total simulated dipole (M*1)) for the suspension, with
single particle counterpart calculated as

1 2 1 2

(M) = amps? <3 +3 <P2>M> + N’ <3 t3 <P2>N> (9a)
1 1 1 1

(M}).%) = aupl” <3 - 3<P2>> + Nl <3 —3 (P2>N> - (9b)

where z); = Ny/N and zy = Ny/N are the mesogen and nanoparticle mole
fractions. The results are shown in figure 6b.

3.2. Case 2: Weak NM affinity (ems = 0.5) and strong NN interaction
(ess = 2.0).

Here we consider only the most interesting case of the strongest NP dipole, u, =
20. In Figure 7 we plot the pair potential for NN and NM interaction for this case.
We see that the change in parameterization from case 1 to case 2 implies a much
stronger NN attraction with the potential well down to nearly 60 units compared
to around 12 for the side - side interactions.

We performed simulations to compare with the previous case for the same
dipole strength. In Figure 8 we show the results for the order parameter as
a function of temperature. From these it is apparent that the choice of weak
nanoparticle-mesogen affinity and strong nanoparticle-nanoparticle interactions
(case 2) brings the () curve to practically coincide with the pristine LC one.

A calculation of the dielectric anisotropy yields the results in Figure 9, where
we also compare them with the previous case of weak NN interaction and with
the pure mesogen.

We see that the improvement on the dielectric anisotropy is similar for case 1
and case 2 for scaled temperatures higher than, say, 0.93, while at lower scaled
temperatures the anistoropy for case 1 appears better.

4. Discussion and Conclusions

We have studied various composite systems formed by a polar mesogen doped
with nanoparticles, formed by an assembly of Lennard-Jones spheres, having
the same elongated shape but endowed with a central axial dipole of different
strengths (0, 5, 20).

We have then considered two different kinds of nanoparticles that we imag-
ine having, e.g. for their chemical nature and/or the type of stabilizing surface
coating, either high nanoparticle-mesogen affinity and weak interaction between
the nanoparticles (that we call case 1) or, viceversa, having weak nanoparticle-
mesogen affinity and strong attractive interaction between nanoparticles (case
2). We have performed Monte Carlo simulations for systems of 25 NPs and 4975



Gay-Berne mesogens (volume concentration ~ 14 %) that show:

i) The system that incorporates non-polar nanoparticles exhibits the greatest de-
pression of the Nematic-Isotropic (N-I) transition temperature (which would cor-
respond to some 20K for a real room temperature nematic) compared to systems
containing dipolar nanoparticles.

ii) Systems with the strongest dipole closely approach the mesogen Ty (within
3%) for case 1 and practically coincident for case 2.

iii) The dielectric anisotropy is significantly improved by the addition of strongly
polar NPs.

It is not easy to compare our findings with real experiments, given the simplic-
ity of our model, but it is interesting to try.

The effect on the T; of adding strongly polar NP has been experimentally
studied for spherical BaTiO3 in a nematic (5CB) and in a ferroelectric SmC by
Dierking and collaborators [30]. Two nanoparticle types were considered: para-
electric (with size ~ 50nm) and ferroelectric (size ~ 240nm). They found that
for the case of 5CB, the clearing point was not appreciably affected, while the
dielectric anisotropy strongly increased for the ferroelectric NPs, in contrast to
the constant values observed for the paraelectric ones. This indicates some simi-
larity with our findings, even if the system is rather different from our one, also
because of the different NP shape and concentrations. It is also interesting, even
allowing for differences in nanoparticle size and concentration, that our findings
are in accord with results of Herrington et al. [45] who found that the addition
of BaTiO3 nanoparticles of size smaller than 50 nm to a nematic liquid crystal
strongly increases the dielectric anisotropy. They showed that this leads in turn
to a reduction of the voltage required for device driving and of the power con-
sumption. This is important in the design of advanced liquid crystal devices uti-
lizing nanoparticle dispersions in liquid crystals, as it points to how nanoparticle
additives can be tailored to optimize these devices.

According to our simulations it appears that a way of obtaining such an
optimized nematic dispersion of elongated strongly polar nanoparticles is to
lower their interaction with the mesogenic host and increase the nanoparticle-
nanoparticle interactions, as could probably be obtained varying and tuning the
nanoparticle coating (often oleic acid derivatives) invariably used to stabilize
the suspension. This optimization should allow an improved dielectric constant
anisotropy while leaving the nematic-isotropic transition essentially unchanged
with respect to the pristine mesogen.
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Figure 2.: On the top line, Gay-Berne (a) and total, Gay-Berne plus dipolar (b)
pair potential energy curves for mesogen-mesogen (MM) interactions. Middle
line shows the total pair potential for nanoparticle-nanoparticle (NN) with the
nanoparticle dipole 1, = 5 (c) and 20 (d). The bottom line shows the analogous
curves for mesogen-nanoparticles (MN) (e), (f). We represent side-side (ss), T-like
(T), end-end (ee) configurations for parallel and antiparallel dipole orientations.
The curves are shown for the choice of bead-mesogen affinity ey = 2.0, and bead-
bead interaction strength esg = 0.15 employed for the simulations.



13

1.0 T T T

0.8

0.6 -

<Py>

0.4

M A

0.2 F M+N (uy=0)
M+N (u'y=5) B

M+N (ury=20) ©

0.0 . . . n
11 1.2 13 1.4 15 1.6 1.7 1.8

Figure 3.: Temperature dependence of the orientational order parameter (P,) of
the mesogen particles for the pure liquid crystal (triangle) and for the system
with added nanoparticles with a dipole ;5 = 0 (diamond), uf; = 5 (squares),
pi = 20 (circles). Here the bead-mesogen affinity is "strong”: eys = 2.0, and the
bead-bead interaction "weak”: egg = 0.15.
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Figure 4.: Pair correlation function along the director g(z*) at a temperature
(T* = 1.15) in the smectic phase showing the onset of better defined layers as
the NP dipole increase from p3; = 5 to 20.
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case 1, as indicated in the inset. To facilitate comparison we plot the results vs
scaled temperatures 77 /T%;;.
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the director and the single molecule mean square ones calculated from Nordio-
Rigatti-Segre theory [44]in Eqgs. 8 (respectively continuous and dashed red lines).
Right: the same for the mean square total dipole moment of the NP suspension
(see Eqgs. 9).
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mesogen affinity eyis = 0.5, and bead-bead interaction strength cgs = 2.0 and the
bead dipole 15, = 20 for NN (a) and NM (b). We represent side-side (ss), T-like (T),
end-end (ee) configurations for parallel and antiparallel dipole orientations.
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