
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 14 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Molecular Simulation
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713644482

Faceted nanoparticles in a nematic liquid crystal: defect structures and
potentials of mean force
Francisco R. Hunga; Shivkumar Balea

a Cain Department of Chemical Engineering, Louisiana State University, Baton Rouge, LA, USA

To cite this Article Hung, Francisco R. and Bale, Shivkumar(2009) 'Faceted nanoparticles in a nematic liquid crystal: defect
structures and potentials of mean force', Molecular Simulation, 35: 10, 822 — 834
To link to this Article: DOI: 10.1080/08927020902801563
URL: http://dx.doi.org/10.1080/08927020902801563

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713644482
http://dx.doi.org/10.1080/08927020902801563
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Faceted nanoparticles in a nematic liquid crystal: defect structures and potentials of mean force

Francisco R. Hung* and Shivkumar Bale

Cain Department of Chemical Engineering, Louisiana State University, Baton Rouge, LA 70803, USA

(Received 23 December 2008; final version received 30 January 2009 )

We investigate the defect structures and the potentials of mean force (PMF) that arise when faceted nanoparticles, namely
cubes and triangular prisms, are immersed in a nematic liquid crystal (NLC). Using a mesoscale theory for the tensor order
parameter Q of the nematic, we have determined the thermodynamic stability of different orientations of one nanoparticle
with respect to the far-field director n(r). A nanocube with perpendicular anchoring of the nematic at its surfaces tends to
align in such a way that none of its faces is parallel or perpendicular to n(r); the most stable defect structure consists of a
distorted Saturn ring with sharp bends, which covers six of the edges of the cubic particle. In contrast, a triangular nanoprism
with homeotropic anchoring of the nematic at its surfaces tends to align with its long axis perpendicular to the far-field
director n(r), and with one of its rectangular faces perpendicular to n(r). For such a configuration, the defect structure
consists of two large disclination regions covering the two triangular faces of the prism, and two narrow disclination regions
surrounding two of the rounded edges of the prism. We also studied the thermodynamic stability of different arrays of two
particles, finding that for two nanocubes that approach each other keeping their orientations fixed, the nematic forms a
distorted ‘entangled hyperbolic’ defect structure around the particles, in analogy to what was observed for pairs of spherical
and spherocylindrical nanoparticles in close proximity. The NLC-mediated interactions between the nanocubes in this case
are of the order of 285kBT, which are weaker than those observed for spherical nanoparticles of comparable diameter
(, 2110kBT). For systems of two nanoprisms having their long axes perpendicular to the far-field director, we considered
three particle arrays: linear (the long axes of the particles are collinear and the particles have the same orientation), parallel
(the long axes of the particles are parallel and the particles have the same orientation) and inverted parallel (the long axes of
the particles are parallel, and one of the prisms is inverted with respect to the other one). Our results suggest that inverted
parallel arrays are thermodynamically more stable than linear arrays, which in turn are more stable than parallel arrays. The
minima observed in the PMF curves for the inverted parallel (, 21050kBT) and linear arrays (, 2525kBT) are
significantly deeper than that observed for the parallel array (, 2150kBT). In comparison, a pair of nanospheres with a
diameter comparable to the size of the triangular faces of our nanoprisms has a PMF minimum of ,73kBTwhen the spheres
are in close proximity. These NLC-mediated, anisotropic interparticle interactions can make the particles bind together at
specific locations, and thus could be used to assemble the particles into ordered structures with different morphologies.

Keywords: nanocubes; nanoprisms; nematic liquid crystal; mesoscale theory; simulation

1. Introduction

Systems of particles dispersed in liquid crystals (LCs)

have recently attracted attention for the development of

novel materials. The inclusion of the particles in the LC

produces a distortion in its director field. As a result, the

LC and the particles will rearrange as to minimise the

elastic perturbations, giving rise to long-range interparticle

interactions that can induce the formation of a number of

ordered colloid structures [1–6]. The LC-mediated

interparticle interactions are anisotropic and can reach

up to several thousands of kBT, according to recent

experiments [1,3,4,6,7] and calculations [4,6,8–10]. These

LC-mediated interactions depend on the size and shape of

the particles, the local anchoring of the LC at the particles’

surfaces, the alignment of the director field far away from

the particles, and the geometry of the surroundings (i.e.

presence of walls, channels and other confining elements).

Although most of the experimental work mentioned above

has focused on systems of spherical, micron-sized colloids

in LCs, a number of experimental studies [11] have

considered systems of nanoparticles in LCs. LCs have

been used to manipulate and organise spherical [12–16],

as well as rod-like nanoparticles such as nickel nanowires

and carbon nanotubes [17–20]. These systems have

potential applications in light-scattering devices, electro-

optical switches, photonics, nanoscale electronics and LC

displays. Systems of nanoparticles in LCs are also relevant

for the development of optical sensors. Recent experi-

ments [21–24] and calculations [25–27] have demons-

trated that the binding of chemicals, biomolecules and

viruses at solid-LC and liquid-LC functionalised interfaces

perturbs the local ordering of the LC, and triggers the

formation of inhomogeneous textures. These inhomogene-

ities can then be amplified by the LC over several length

scales, and thus be detected using polarised optical

microscopy.
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The behaviour of a dispersion of particles in LCs is

dictated by the formation of defects by the LC around the

particles. The uniform alignment of an LC is distorted by

the inclusion of particles, due to the constraints imposed

by the anchoring of the LC at the surfaces of the particles.

These constraints impose conflicting orientations to the

LC, resulting in the formation of topological defects.

These defects are characterised by discontinuities in the

director field n(r) and a pronounced decrease in the scalar

order parameter S(r), reflecting the fact that the LC melts

at the core of the defects [28]. For the simplest case of a

single spherical particle in a nematic LC, three types of

defects have been observed experimentally: the dipole

configuration (where the nematic forms a point defect

known as hyperbolic hedgehog) [1,29]; the Saturn ring

configuration (where the particle is surrounded by a

disclination loop) [29–31]; and the surface ring configur-

ation (where the nematic forms a disclination ring sitting at

the surface of the particle) [1,29]. These defect structures

have been the focus of several theoretical and compu-

tational studies [29,32–38]. The dipole configuration is

stable for strong surface anchoring and micron-sized

spherical particles. The Saturn ring configuration was

predicted to become stable upon reduction of particle size,

which was confirmed experimentally very recently [39].

Magnetic and electric fields [40], and confinement

conditions [31,36,41] were also found to stabilise a Saturn

ring configuration. A surface ring defect is observed upon

reduction of the surface anchoring strength [29,34].

Systems involving two spherical particles exhibiting

dipole [42] and Saturn ring [8] configurations have been

recently examined using a mesoscale theory where the

nematic is described using the tensor order parameter

Q(r). The predictions of the mesoscale theory were

satisfactorily compared with those from molecular

simulations [8], providing a measure of the validity of

the theory at nm-length scales. As a result, the mesoscale

theory, which is computationally less expensive than

molecular simulations, was used to study the stability of

arrays of several spherical nanoparticles in a nematic in the

bulk [8] and inside nanochannels [10], as well as the

stability of arrays of spherocylindrical nanoparticles in a

nematic [9]. Classical density functional theory has been

used recently to study the structure of an LC around a

cylindrical particle of infinite length, to calculate the

forces between two of these particles, and to study the

interactions of such particles with structured substrates

[43]. Very recently, several groups have performed

dynamical simulations in 2D and 3D systems, where

disks or spherical particles are free to move due to the

many-body forces mediated by the LC [44–47]. Very

recently, Hung [48] investigated the effects of particle

shape and size on the defect structures and the interparticle

interactions in systems of nm- and mm-sized spherical and

spherocylindrical particles immersed in a nematic.

Most of the studies mentioned above have concen-

trated on spherical and spherocylindrical particles

immersed in a nematic LC. Novel chemical, physical

and biological-inspired methods have resulted in the

synthesis of particles with unique shapes and anisotropic

interactions [49,50], which can exhibit unique physical

and chemical properties. These anisotropic particles can

also be used as building blocks in the development of

ordered structures with unique properties. In particular,

LC-mediated interactions can be used to assemble and

hold the anisotropic particles together in organised

structures. Due to the large variety of particle shapes and

anisotropies available, computer simulations are well

suited to systematically explore and quickly predict the

behaviour of systems of non-spherical particles in LCs.

These studies could influence and possibly even guide

future experimental efforts in the area.

The objective of this paper is to determine the nature of

the defect structures formed around nm-sized faceted

particles, namely cubic particles [51,52] and triangular

prisms [53,54]. In all cases, the stability of the systems will

be determined by calculating their free energies. The

formation of defect structures around groups of particles in

a nematic is important since strong, anisotropic inter-

particle interactions usually develop. Furthermore, the

strength and degree of anisotropy in the interparticle

interactions is expected to vary when particles of shape

other than spherical are considered. These interparticle

interactions can thus be used to assemble and hold together

non-spherical particles into ordered arrays with mor-

phologies different from the hexagonal, close-packed

structures formed by spherical particles. Such a subject has

attracted a great deal of attention recently [49,55]. The

paper is organised as follows. In Section 2 we present a

description of our model systems and details of the

computational methodology. Section 3 contains our results

and discussion, and our concluding remarks are presented

in Section 4.

2. Models and methods

2.1 Details of the model systems

The model system considered in this work consists of a

rectangular box (nematic cell) of dimensions Lx, Ly and Lz,

containing one or two particles immersed in a nematic LC.

A schematic of the nematic cell containing one cubic

nanoparticle is shown in Figure 1(a). We have imposed

periodic boundary conditions in the x and y directions of the

nematic cell, and we have placed walls at the top and bottom

faces of the nematic cell, which impose homeotropic

anchoring to the nematic. Homeotropic anchoring is also

imposed to the nematic at the surfaces of the particles. Such

conditions can be easily achieved experimentally, e.g. by

coating the surfaces with self-assembled monolayers of
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alkanethiols [56]. When particles are not present in the

system, the nematic in the cell exhibits a homogeneous

texture in which its director field n(r) is aligned parallel to

the z-axis. The insertion of particles produces strong

variations in the director field and in the scalar order

parameter S(r), giving rise to the formation of topological

defects around the particles due to the conflicting

orientations imposed to the nematic by the homeotropic

anchoring conditions at the surfaces.

In this study we considered two kinds of faceted

nanoparticles, namely cubes and triangular prisms

with rounded edges. The cubic particles have sides of

length L ¼ 40 nm with rounded edges of size f ¼ 5 nm

(Figure 1(b)). Equilateral triangular prisms were con-

sidered in this study; their rectangular faces have length

L ¼ 150 nm, their triangular faces have sides of length

l ¼ 68.7 nm (Figure 1(c)), and their rounded edges have

size f ¼ 5 nm. In this work we considered systems of one

and two particles. For the case of a system with one cubic

particle, the nanocube had its centre of mass placed in the

centre of the simulation box. We rotated the particle

around five of its 13 rotational symmetry axes, namely: (a)

the x axis; (b) the axis x ¼ y ¼ z; (c) the axis x ¼ 0, y ¼ z;

(d) the axis y ¼ 0, x ¼ z; and (e) the axis z ¼ 0, x ¼ y

(Figure 2(a)). For one non-spherical particle in a nematic,

the most important variable determining the value of the

free energy of the system is the relative orientation of the

particle with respect to the director field n(r) far away

from the particle. Based on the octahedral symmetry of a

cube and how this symmetry is broken by the presence of a

distinguished direction (i.e. the far-field director n(r),

which is parallel to the z-axis), rotations of the cubic

particle around the other eight rotational symmetry axes

will lead to configurations similar to those found for the

five rotations described above. For systems with two cubic

particles, we have limited our analysis to particles where

they approach each other keeping a fixed orientation equal

to the most stable configuration found for the uniparticle

systems. In consequence, when the two cubic particles are

close to each other, two of their rounded edges are parallel

to each other (Figure 5(a)). For the systems containing one

cubic particle, a nematic cell with Lx ¼ Ly ¼ Lz ¼ 100 nm

was used; the dimensions of the nematic cell were

Lx ¼ 130 nm, Ly ¼ 190 nm and Lz ¼ 120 nm for systems

containing two nanocubes.

For systems with triangular prisms, the centres of the

particles were always placed in the centre of the simulation

box, in the plane z ¼ 0. For systems with one equilateral

triangular prism, we rotated the particle around the

following two symmetry axes: (a) the x-axis; and (b) the

axis that passes through two diagonal vertices of the two

triangular faces (Figure 2(b)). All these rotations keep

the long axis of the triangular prisms perpendicular to the

director field n(r), which is parallel to the z-axis. We did

not rotate our triangular prisms around the y-axis (which

would eventually lead to an orientation where the long axis

of the particle would be parallel to n(r)), based on previous

results for a system of one spherocylindrical particle

with homeotropic anchoring at its surfaces immersed in

a nematic [9]. In those studies it was found that a

spherocylinder will adopt an orientation where its long

axis is perpendicular to the director field n(r); a

configuration where the spherocylinder has its long axis

parallel to n(r) would suffer a large free energy penalty.

On the other hand, rotations of the triangular prisms

around other symmetry axes different from the ones

considered here are expected to lead to results similar to

those found for the rotations described above, since the far-

field director n(r) is parallel to the z-axis. For systems with

two triangular prisms, we limited our analysis to particles

approaching each other keeping their orientations fixed

and equal to the stable configurations found for the

Figure 1. Schematic of (a) nematic cell, (b) cubic nanoparticle,
and (c) equilateral triangular nanoprism.

Figure 2. (Colour online). (a) A cubic nanoparticle immersed in
a nematic was rotated around the five rotational symmetry axes
indicated in the figure. (b) An equilateral triangular nanoprism in
a nematic was rotated around the two rotational symmetry axes
indicated in the figure. In all cases, the director field far away
from the particle is parallel to the z-axis.
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uniparticle systems. Based on this premise and on the

results obtained for one-particle systems, for the case of

systems containing two triangular prisms we considered

several particle arrays where the nanoprisms have their

long axis oriented along the x-direction, but their centres

are placed in different ways and the particle’ orientations

also differ. Specifically, for the case of systems with two

equilateral triangular prisms we considered the following

three particle arrays (Figure 9): (a) centres are on the x-axis

and both particles have the same orientation (linear array);

(b) centres are on the y-axis and both particles have the

same orientation (parallel array); and (c) centres are on

the y-axis, with one of the triangular prisms inverted

with respect to the other one (inverted parallel array, see

Figure 9(c)). For the systems containing one nanoprism, a

nematic cell with Lx ¼ Lz ¼ 1000 nm, Ly ¼ 500 nm was

used. For systems containing two nanoprisms, the

dimensions of the nematic cell were Lx ¼ 400 nm,

Ly ¼ 1200 nm and Lz ¼ 300 nm (parallel and inverted

parallel arrays), and Lx ¼ 1200 nm, Ly ¼ 400 nm and

Lz ¼ 300 nm (linear array).

2.2 Mesoscale theory for the nematic LC

The behaviour of the nematic was modelled using a

mesoscale theory for the tensor order parameter Q(r); in

contrast to the director field n(r), Q is free of

discontinuities even at the LC defect cores. The scalar

order parameter S(r) and the director n(r) can be obtained

from Q through its largest eigenvalue 2S/3 and its

associated eigenvector [28]. In previous studies of

spherical nanoparticles in a nematic [8], results for the

potentials of mean force (PMF) and the defect structures

from the theory were compared with those from molecular

simulations, where the nematic LC was modelled using

Gay–Berne ellipsoids. Good agreement was found

between both simulation procedures, down to nm-length

scales comparable to the size of an LC molecule. Such a

comparison provides a measure of the validity of the

mesoscale theory even at nm-length scales. The theory

corresponds to a particular case of the Beris–Edwards

formulation of the thermodynamics of fluids with internal

microstructure [57]. In this formulation, the evolution of

the tensor order parameter Q as a function of position r

and time t is determined by the functional derivative of the

free energy F of the LC with respect to Q:

›Q

›t
¼ 2

1

g

dF

dQ
2

1

3
Tr

dF

dQ

� �
I

� �
; ð1Þ

where g is a kinetic coefficient associated with the

rotational viscosity of the nematic LC, and for simplicity it

is assumed to be a constant. In Equation (1) it is assumed

that dF/dQ has been symmetrised. The free energy F of the

LC includes three contributions:

F ¼

ð
drf LdG rð Þ þ

ð
drf e rð Þ þ

þ
dSf s rð Þ: ð2Þ

The first term, fLdG, represents a Landau–de Gennes

expansion [28] describing the short-range interactions that

drive the bulk isotropic–nematic phase transition:

f LdG ¼
A

2
12

U

3

� �
Tr Q2
� �

2
AU

3
Tr Q3
� �

þ
AU

4
Tr Q2
� �� �2

:

ð3Þ

The phenomenological coefficients A and U usually

depend on the LC of interest. A controls the energy scale of

the model, whereas U controls the value of the bulk scalar

order parameter S:

Sbulk ¼
1

4
1 þ 3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 2

8

3U

r !
: ð4Þ

In this model, the system is isotropic for 0 , U , 2.7,

and nematic for U . 2.7. The limits of metastability for

the isotropic and nematic phases are U ¼ 3 and 8/3,

respectively. The third term in Equation (2) represents the

surface contribution to the free energy, and accounts for

the LC anchoring at the surfaces. We only consider the

limit of infinitely strong homeotropic anchoring at all

surfaces. In this limiting case, the prescribed perpendicular

orientation of the LC at every surface must be satisfied, lest

fs diverges. In our calculations, the homeotropic anchoring

of the LC at every surface is enforced through the

boundary conditions.

The second term in Equation (2) describes the long-

range elastic forces of the LC, and introduces a free energy

penalty associated with gradients of the tensor order

parameter field. For simplicity, in our calculations we have

used the one-elastic-constant approximation [28], where

the splay, twist and bend elastic constants K11, K22 and K33

have a common value. In a previous simulation study

considering spherocylindrical nanoparticles in a nematic

LC [9], we obtained similar results for the defect structures

and PMF when we used the one-elastic-constant

approximation and a three-constant expression that is

cubic in Q and its gradients [57–59]. The elastic free

energy in the one-elastic-constant approximation takes the

following form:

f e ¼
L1

2

›Qij

›xk

›Qij

›xk
: ð5Þ

In Equation (5), i; j; k [ x; y; z, and the Einstein

summation convention over repeated indexes is used.

When the functional derivatives in Equation (1) are

evaluated with Equations (2), (3) and (5), the following
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system of partial differential equations for Q is obtained:

›Qij

›t
¼ 2

1

g
A 1 2

U

3

� �
Qij




2AU QikQkj 2
dij

3
QklQkl 2 Qij QklQklð Þ

� �

2L1

›

›xk

›Qij

›xk

� ��
: ð6Þ

The system of partial differential equations given by

Equation (6) was solved numerically for all the 3D systems

considered in this study. The values of the dimensionless

parameters are A ¼ 1, U ¼ 6, g ¼ 400 and L1 ¼ 1,

corresponding to Sbulk ¼ 0.81. Using suitable scaling factors

for pressure (105 Pa), length (10 nm) and time (1 ns), these

parameters correspond to a material having an elastic

constant K ¼ 5 pN (within the one-elastic-constant approxi-

mation), and an orientational viscosity of 0.04 Pa s. These

values are representative of a low molecular-weight LC, such

as 5CB (4-cyano-40-pentylbiphenyl, CAS Registry Number

40817-08-1). In addition, from a dimensional analysis one

can obtain a characteristic length scale, or nematic coherence

length, for spatial variations of Q [60], which corresponds

to j ¼ 17.3 nm for our numerical parameters:

j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
18L1=AU

p
: ð7Þ

Equation (6) was solved for the five independent

components of Q (Qxx, Qyy, Qxy, Qxz and Qyz, since Q is

traceless) using finite elements and the COMSOL

Multiphysicse package [61]. In order to solve the

equations, we used the time-dependent algorithm

DASPK, combined with the linear system solver

GMRES and the incomplete LU preconditioner [61].

Equation (6) was solved for a sufficiently long time in

order to observe negligible variations in the numerical

solution with respect to time (i.e. a variation of ,0.2% in

the components of Q between successive time steps).

Such a procedure corresponds to finding the solution

that minimises the free energy (the right-hand side of

Equation (6)). Following our previous studies [9,10,48],

we performed 3D simulations using unstructured meshes

containing tetrahedral, linear Lagrange elements auto-

matically generated by COMSOL Multiphysicse [62].

Different grid densities were used, and it was found that up

to 51,865 finite elements were required for the numerical

solutions to be independent of further mesh refinements.

The mesh was significantly finer in the immediate vicinity

of the walls and the nanoparticles, where important

curvature effects and strong variations in Q are present.

The minimum length of the finite elements in our finest

grid size is ,1.1 £ 1024 l (for the case of cubic particles),

which is comparable to those reported by Fukuda et al.

[63] in their adaptive mesh refinement scheme. The initial

conditions of Q in our simulations are such that the scalar

order parameter S was initially fixed to the equilibrium

value Sbulk ¼ 0.81 (Equation (4)), and the director n is

initially aligned along the z direction. We repeated some of

our calculations starting from the LC in an isotropic phase,

and we obtained similar results. The scalar order

parameter at the nanoparticles’ surface was also set to

S ¼ Sbulk ¼ 0.81.

Different methods are available to depict the NLC

defect structures (the regions where the nematic director

field becomes discontinuous) [64,65]. In this work, we

follow previous literature studies [8–10,48] and adopt the

contour S ¼ 0.30 to visualise defects in 3D, since it is

approximately the smallest value of scalar order parameter

for a stable bulk nematic in our particular model [57,60].

The free energy values used in the computation of the PMF

were determined by numerical integration of Equations

(2), (3) and (5) over the volume of the system.

3. Results and discussion

3.1 Cubic particles

In this section we present results for systems of one and

two cubic particles. We first present results for the PMF

and defect structures observed when a cubic nanoparticle

immersed in a nematic is rotated around five of its

symmetry axes. The cubic nanoparticle was centred in the

origin (0,0,0), and was rotated an angle u around five of its

13 rotational symmetry axes, namely: (a) the x axis; (b) the

axis x ¼ y ¼ z; (c) the axis x ¼ 0, y ¼ z; (d) the axis y ¼ 0,

x ¼ z; and (e) the axis z ¼ 0, x ¼ y (Figure 2(a)). As

mentioned before, for one non-spherical particle in a

nematic the most important variable determining the value

of the free energy of the system is the relative orientation

of the particle with respect to the far-field director n(r). As

n(r) is parallel to the z-axis far away from the particle,

rotations of the cube around the other eight symmetry axes

should lead to configurations and defect structures similar

to those found for the five rotations mentioned before.

Results for the PMF when the particle rotates around these

symmetry axes are presented in Figure 3. For any given

particle rotation, the PMF was calculated as the difference

in free energy with respect to that for the case of u ¼ 08. In

Figure 4 we present 3D visualisations of the defect structures

formed by the nematic, when the system is in its reference

state (u ¼ 08), and when the system is at a minimum in the

PMF for the rotation axes considered in this work.

At the reference state (u ¼ 08, Figure 3), the defect

structure consists of a distorted Saturn ring that surrounds

most of the area of the four lateral faces of the cube

(Figure 4(a)). The defect core does not cover either the top

and bottom faces, or the rounded corners between these

two faces and the lateral ones. When the particle rotates

around the x axis, it reaches a minimum of , 285kBT in

the PMF at u , 458 (Figure 3). In this state, the defect
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structure is a distorted Saturn ring consisting of four parts:

two narrow sections covering two of the rounded edges of

the cube, and two wide sections covering most of the area

of the two lateral faces of the cube that are perpendicular to

n(r)k z (Figure 4(b)). Rotation of the cubic particle around

the other four symmetry axes considered (i.e., x ¼ y ¼ z;

x ¼ 0, y ¼ z; y ¼ 0, x ¼ z; and z ¼ 0, x ¼ y) leads to PMF

curves that exhibit similar values at their minima

(, 2125kBT), which suggests that these configurations

have similar thermodynamic stability. The defect struc-

tures found at these minima (u , 608 around x ¼ y ¼ z;

u , 908 around x ¼ 0, y ¼ z and y ¼ 0, x ¼ z; and u , 558

and u , 1258 around z ¼ 0, x ¼ y) are indeed very similar,

consisting of a distorted Saturn ring with sharp bends,

covering six of the rounded edges of the cubic nanoparticle

(Figure 4(c)–(g)). The PMF of these four configurations

(, 2125kBT) is significantly lower than the value found at

the minimum of the PMF curve when the particle rotates

around the x axis (, 285kBT). These results are

consistent with the fact that rotations around the three

latter symmetry axes lead to defect structures that exhibit

smaller surface areas (Figure 4(c)–(g)), as compared to

those observed when the particle rotates around the x axis

(Figure 4(b)).

For the two-nanocube systems, we have decided to limit

our analysis to cubic particles that are rotated an angle of

u ¼ 1258 with respect to the axis z ¼ 0, x ¼ y (Figure 4(f)),

which corresponds to the most stable configuration for

rotations around that symmetry axis (Figure 3). Results for

the PMF obtained when two cubic nanoparticles approach

each other while keeping their orientations fixed are

presented in Figure 5(b). In Figure 5(a) we present 3D

visualisations of the defect structures obtained when the

particles are far apart, and when the particles are at the

minimum of the PMF. The particles approach each other in

a direction such that one of the six defect cores formed

around one cube, could be in direct contact with a defect

core from the other cube when the particles are close

together (Figure 5(a)). When the particles are separated by a

small distance d ¼ 4 nm, the nematic forms a defect

structure where a new disclination ring forms in the

interparticle space. A similar defect structure was first

reported for spherical particles in the computational study of

Guzmán et al. [8], and was later observed in other

computational studies for spherical [6c,45] and sphero-

cylindrical [9,48] particles. Such a defect structure was also

observed experimentally for micron-sized spheres by

Ravnik et al. [6c], who termed it an ‘entangled hyperbolic’

defect structure. The distorted ‘entangled hyperbolic’ defect

structure that formed when cubic nanoparticles are close to

each other has a free energy that is , 285kBT more stable

than the free energy exhibited by a configuration where the

cubes are far apart. As a comparison, a pair of nanospheres

with comparable diameter forming an ‘entangled hyper-

bolic’ defect structure exhibits a PMF minimum of

, 2110kBT [8c]; furthermore, spherocylindrical nanopar-

ticles that are close to each other with their long axes

parallel are expected to show even deeper PMF minima

[9,48]. As discussed in [9], the magnitude of the PMF

Figure 3. (Colour online). PMF for a cubic nanoparticle
rotating around the following symmetry axes: (1) the x axis; (2)
the axis x ¼ y ¼ z; (3) the axis x ¼ 0, y ¼ z; (4) the axis y ¼ 0,
x ¼ z; and (5) the axis z ¼ 0, x ¼ y.

Figure 4. (Colour online). 3D visualisations of the defect
structures formed by the nematic around a cubic nanoparticle at
its reference state (u ¼ 08), and at the minimum of the PMF
(Figure 3) for the rotations of the cubic particle around the five
symmetry axes considered in this study.
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minima depends on factors such as curvature effects in the

interparticle region, as well as the size of the ‘hole’ of the

interparticle disclination ring. The interparticle region is

filled by a few layers of molecules of LC in a highly-ordered

nematic that ‘bridges’ the nanoparticles together. The size of

the ‘hole’ in the interparticle disclination ring is

significantly smaller for the case of a pair of cubic

nanoparticles (Figure 5(a)) as compared to those observed

for two spherical and two spherocylindrical particles (see,

e.g. Figures 2 and 6 in [8a,9], respectively). In addition, the

effects of curvature involving the rounded edges of

the two nanocubes (which are in close proximity in the

interparticle region) are more important than the effects

observed for the case of two spheres and two parallel

spherocylinders.

3.2 Triangular prisms

In this section we present results for systems of equilateral

triangular prisms immersed in a nematic. We first present

results for the PMF and defect structures observed when

one triangular prism, placed in the centre of the simulation

box (i.e. the plane z ¼ 0) and with its long axis parallel to

the x-axis, is rotated around the following two symmetry

axes: (a) the x-axis; and (b) the axis that passes through

two of the corners of the equilateral triangular prism

(Figure 2(b)). Results for the PMF as a function of the

angle of rotation u are presented in Figure 6. For any given

particle rotation around any of these two axes, the PMF

was calculated as the difference in free energy with respect

to a common reference state, where the prism has an

orientation such that one of its rectangular faces has a

normal vector equal to (0, 0, 21). This reference state

corresponds to u ¼ 08 for the two rotation axes considered

Figure 5. (Colour online). (a) 3D visualisations of the ‘entangled hyperbolic’ defect structures formed by a nematic around two cubic
nanoparticles when the particles are far apart, and when the particles are separated by a distance d corresponding to the minimum of the
PMF (Figure 5(b)). The two nanoparticles approach each other while keeping their orientations fixed. (b) PMF as a function of the
minimum surface-to-surface interparticle distance d, for two nanocubes approaching each other.

Figure 6. (Colour online). PMF for an equilateral triangular
nanoprism rotating around the x-axis. Results for the rotation of
the nanoprism around the axis that passes through two diagonal
vertices of the two triangular faces Figure 2(b) are not depicted
since they are equivalent to those obtained upon rotation around
the x-axis.
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in this study, and is depicted in Figure 7(a),(b). The free

energy of such a common reference state was arbitrarily

set to zero. As mentioned before, for a non-spherical

particle in a nematic the most important factor determining

the value of the free energy of the system is the relative

orientation of the particle with respect to the far-field

director n(r). In particular, rotations of an equilateral

triangular prism around the two symmetry axes mentioned

above lead to particle configurations that have similar

orientations with respect to the far-field director n(r)k z,

and thus we only show PMF results for rotations of the

triangular nanoprism around the x-axis. Our PMF results

for the rotation of one equilateral triangular nanoprism

suggest that the most stable configuration corresponds to

those with angles u ¼ 08 and u ¼ 608. In fact, these two

configurations are completely equivalent, as it can be seen

in Figure 7(a),(d), where we present contour maps of the

scalar order parameter S in different planes, for u ¼ 08 and

u ¼ 608; the corresponding director fields are super-

imposed to these maps. In Figure 7(b) we also present a 3D

visualisation of the defect structure formed by the nematic

around the particle for the case of u ¼ 08. The defect

structure formed by the nematic in this case consists of two

large disclination regions covering the two triangular faces

of the prism, which are oriented parallel to the far-field

director n(r); the nematic also forms two narrow

disclination regions surrounding two of the rounded

edges of the prism (Figure 7(a),(b)). Defect structures with

smaller surface areas are preferred since they lead to lower

values of free energies. For example, the contour map for

u ¼ 308 (Figure 7(c)) suggests that for this angle, the

defect structure consists of a large disclination region

covering most of the area of one of the rectangular faces of

the prism; as a result the PMF curves exhibit maxima at

u ¼ 308 (Figure 6).

For systems with two equilateral triangular prisms, as

mentioned before we limited our analysis to particles

approaching each other keeping their orientations fixed and

equal to the stable configurations found for the uniparticle

systems. Therefore, we considered several particle arrays

where the nanoprisms have their long axis oriented along

the x-direction, but their centres are placed in different ways

and the particle’ orientations also differ. Specifically, for the

case of systems with two equilateral triangular prisms we

considered the following three particle arrays (Figure 9): (a)

linear array, where the particles’ centres are on the x-axis

and both particles have the same orientation (corresponding

to u ¼ 08 in Figure 7); (b) parallel array, where the particles’

centres are on the y-axis and both particles have the same

orientation (corresponding to u ¼ 08 in Figure 7); and (c)

inverted parallel array (Figure 9(e)), where the particles’

centres are on the y-axis, and one of the triangular prisms is

inverted with respect to the other one (i.e. one of the

particles has u ¼ 08 and the second has u ¼ 608 in Figure 7).

The PMF was determined as a function of the minimum

surface-to-surface interparticle distance d, and these results

are presented in Figure 8. In this case, the PMF represents

the difference in free energy for any given two-particle

configuration, with respect to a situation where they are

infinitely apart.

Our results for two equilateral triangular prisms in a

parallel array indicate that when the distance d is reduced to

about 60 nm, the PMF first becomes slightly positive,

suggesting that the particles first experience a repulsion as

they approach each other. Such a repulsion was also found

in other experimental [6e] and computational studies

[6e,8,32] considering spherical particles in a nematic. These

Figure 7. (Colour online). Contour maps of the scalar order
parameter S superimposed with the director field in the y–z plane
for (a) u ¼ 08, (c) u ¼ 308, and (d) u ¼ 608. A 3D visualisation of
the defect structure for u ¼ 08 is presented in (b).

Figure 8. (Colour online). PMF as a function of the minimum
surface-to-surface interparticle distance d, for two nanoprisms
approaching each other in a parallel, linear and inverted parallel
array (see Figure 9).
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results also suggest that this initial repulsion decreases in

magnitude as the particle size is reduced. Moreover,

experimental and numerical results [6e] indicate that this

repulsion is observed only when both spherical particles

approach each other along a plane containing both Saturn

rings entirely. This repulsion can be avoided by making one

of the spheres to approach the other via an off-centre

trajectory (i.e. making one of the particles to leave the plane

z ¼ 0 and then come back to this plane at interparticle

distances small enough; see, e.g. Figure 1 in [6e]). The total

PMF for a pair of triangular prisms in a parallel array

becomes negative as d , 20 nm for a parallel array,

reaching a minimum of about 2150kBT at d ¼ 10 nm. At

this distance, the nematic forms a defect structure consisting

of one large disclination ring forming in the interparticle

space, and fused to the original defect structures formed

around each particle (Figure 9(a),(b)). Such a defect

structure resembles the ‘entangled hyperbolic’ defect

structure observed for pairs of particles with spherical

[6c,8,45], spherocylindrical [9,48] and cubic shape (this

work). Our PMF results for the other particle arrays

considered in this study (linear and inverted parallel) follow

the same trends described before for the parallel array: as d

is reduced the PMF first becomes positive, and further

reductions in d makes the PMF to become negative. In these

two arrays the initial repulsion is significantly smaller and is

observed at larger values of d as compared to the parallel

array of nanoprisms. Furthermore, the minima observed in

the PMF curves (Figure 8) for the linear (, 2525kBT) and

inverted parallel arrays (, 21050kBT) are significantly

larger than that observed for the parallel array

(, 2150kBT). Such an observation can be explained by

depicting the defect structures formed by the nematic

around the particles (Figure 9). A linear array of triangular

prisms ‘shares’ a common triangular disclination region in

the interparticle space, and has a size equivalent to the area

of a triangular face of the prisms (Figure 9(b)). On the other

hand, an inverted parallel array exhibits a more compact

defect structure, consisting of two large disclination regions

covering the four triangular faces of the two prisms; there

are also four narrow disclination regions covering four of

the rounded edges of the two prisms (Figure 9(c)). Visual

inspection of the structures shown in Figure 9 suggests that

the total area of the defect structure around a parallel array

of triangular prisms is significantly larger than the area of

the defects formed around linear and inverted parallel arrays

of the same nanoprisms. Defect structures with smaller

areas usually exhibit smaller values of free energy and are

thus more stable from a thermodynamic point of view.

Furthermore, an inverted parallel array exhibits a more

Figure 9. (Colour online). Contour maps of the scalar order parameter S superimposed with the director field in different planes (left)
and 3D visualisations of the defect structures formed by a nematic around two triangular nanoprisms in (a),(b) parallel array; (c),(d) linear
array; and (e),(f) inverted parallel array. These visualisations correspond to points close to the minima in the PMF (Figure 8).
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compact defect structure than a linear array of nanoprisms,

and thus the PMF minimum in the former array is deeper

than in the linear array. Just for comparison purposes, the

minimum in the PMF observed for a pair of nanospheres

with a diameter D ¼ 28 nm (comparable to the size of the

triangular faces of our nanoprisms) is , 273kBT [8c] when

the spheres are in close proximity. The minima observed in

our arrays of nanoprisms are significantly larger than that

observed for nanospheres of similar diameters. There is no

data available for pairs of spherocylinders with similar sizes;

however, for pairs of spherocylinders that are close to each

other with their long axes parallel, the PMF minima are

, 280kBT (D ¼ 12.4 nm, L ¼ 37.2 nm) [9] and

, 25500kBT (D ¼ 100 nm, L ¼ 300 nm) [48]. The PMF

minima observed for our different arrays of triangular

prisms are between these numerical ranges.

Our results suggest that the LC-mediated interactions

between pairs of particles are strong and anisotropic, and

vary with the shape and dimensions of the particles. These

interactions can be used to bind the particles together and

assemble them into ordered structures with unconventional

morphologies. As an example, in Figure 10(a) we depict an

ordered structure that could be assembled using cubic

particles immersed in a nematic LC ‘sandwiched’ between

two parallel walls forming a thin cell. The particles would

be held together in such an ordered structure by the defects

formed by the nematic around the cubic particles. Such an

ordered structure could be assembled in principle

following the same ideas of the work presented by

Muševič et al. [6] for the assembly of spherical and

spherocylindrical particles in a nematic. Similarly, ordered

structures formed by a number of triangular nanoprisms

arranged in linear and inverted parallel arrays could also be

assembled (Figure 10(b)). Ordered particle structures with

symmetries different from the hexagonally close-packed

crystals typically formed by spherical colloids could be

relevant for applications in photonics and nanoscale

optoelectronics [49,55].

4. Concluding remarks

We have investigated the defect structures and the PMF

that arise when faceted nanoparticles, namely cubes and

triangular prisms, are immersed in a nematic LC. Using a

mesoscale theory for the tensor order parameter Q of the

nematic, we analysed different configurations with one and

two faceted nanoparticles with strong homeotropic

anchoring at their surfaces. When one nanocube

(L ¼ 40 nm) is rotated around several of its symmetry

axes (Figure 2), the most stable defect structure consists of

a distorted Saturn ring exhibiting six discontinuous

sections, each one covering 6 of the 12 rounded edges of

the cube (Figure 4). We then made two nanocubes approach

each other in a way that two of the discontinuous defect

cores (each belonging to a different particle) could be in

direct contact when the particles are close (Figure 5(a)).

When the two cubic nanoparticles are close to each other,

the nematic forms a distorted ‘entangled hyperbolic’ defect

structure around the particles, corresponding to a PMF

minimum of , 285kBT. In comparison, a PMF minimum

of , 2110kBT has been observed for the case of an

‘entangled hyperbolic’ defect structure around spherical

nanoparticles of comparable size [8c]; and a similar defect

structure formed around spherocylinders of comparable

diameters that are close to each other with their long axes

parallel exhibits even deeper PMF minima [9,48].

Our results for systems of one equilateral triangular

nanoprism (l ¼ 68.7 nm, L ¼ 150 nm) indicate that the most

stable configuration is achieved when the prism is placed

with its long axis perpendicular to the far-field director n(r),

and the normal vector of one of its rectangular faces is

parallel to the far-field director (Figure 7). For such a

configuration, the defect structure formed by the nematic

consists of two large disclination regions covering the two

triangular faces of the prism, and two narrow disclination

regions surrounding two of the rounded edges of the prism

(Figure 7). For systems of two nanoprisms having their long

axes perpendicular to the far-field director, our results

suggest that inverted parallel arrays (Figure 9(e),(f)) are

Figure 10. (Colour online). Representation of ordered
structures that could be assembled using (a) cubic particles,
and (b) equilateral triangular prisms, immersed in a nematic LC.
The particles are held together by the defects formed by the
nematic around the particles.

Molecular Simulation 831

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
1
8
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



thermodynamically more stable than linear arrays

(Figure 9(c),(d)), which in turn are more stable than parallel

arrays (Figure 9(a),(b)). The minima observed in the PMF

curves for the linear (, 2525kBT) and inverted parallel

arrays (, 21050kBT) are significantly deeper than that

observed for the parallel array (, 2150kBT). In compari-

son, a pair of nanospheres with a diameter D ¼ 28 nm

(comparable to the size of the triangular faces of our

nanoprisms) has a PMF minimum of , 273kBT [8c] when

the spheres are in close proximity. Our results also suggest

that defect structures with smaller surface areas tend to

exhibit lower values of free energy and thus are

thermodynamically more stable.

In this work we have only evaluated the changes in the

free energy of the system for different configurations of

faceted nanoparticles immersed in a nematic LC. Due to

the non-spherical shape of the particles, the nematic is

expected to transmit torques to the nanoparticles, which

can induce different effects [28,48,66] not considered in

this work. Although these torques can be estimated using

the models and methods presented in this paper, the

calculation of these torques is beyond the scope of the

work presented here due to its extension, and will be

the subject of our future studies. Our results suggest that

the LC-mediated interactions between pairs of particles

are strong and anisotropic, and vary with the shape and

dimensions of the particles. These interactions can be used

to bind the particles together and assemble them into

ordered structures with unconventional morphologies.

Particles with unique shapes, as well as ‘patterned’

particles (e.g. Janus spheres, gold-platinum rods, etc. see,

e.g. [49b]) are readily available. For the case of particles

with chemical patterns introducing some degree of

chirality, if the different particles’ regions induce a

nematic to anchor in different directions (homeotropic,

planar), in principle one could assemble ordered particle

structures exhibiting some degree of chirality even though

the nematic is achiral. We are currently studying the

physics of particles with non-spherical shapes and surface

patterns when they are immersed in LCs. These studies

could allow us to determine the properties (e.g.,

morphology, type of symmetry, etc.) of the structures

that could be assembled using these types of particles.

These results could be relevant for ongoing research in

light-scattering devices, electro-optical switches, photo-

nics, nanoscale electronics, displays and optical sensors.
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