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Abstract

A mean field continuum free energy model of chiral liquid crystals (LCs) is used to consider the self-
assembly of colloids and nanoparticles on the surface of a confined Blue Phase I (BPI) with planar anchoring.
It is shown that the crystalline defect structure of the blue phase produces intricate, two-dimensional lattices
of particles. There are hexagonal and Kagome structures among such arrangements, with lattice parameters
that depend on the type of anchoring of the liquid crystal at the colloidal particle’s surface. These parameters
can be tuned via the chirality of the material, thereby offering intriguing possibilities for the creation of
hierarchical materials based on the directed assembly of particles in fluid media.
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Resumen

Se emplea un modelo de campo medio de la energía libre de cristales líquidos quirales para estudiar el
auto-ensamblaje de coloides y nanopartículas sobre la superficie de un cristal líquido quiral de Fase Azul I
confinado con anclaje planar. Se muestra que la estructura cristalina de defectos de la fase azul produce
arreglos bidimensionales intrincados de partículas. Hay estructuras hexagonales y tipo Kagome entre tales
arreglos, con parámetros de red que dependen del tipo de anclaje de las moléculas del cristal líquido sobre
la superficie de las partículas coloidales. Estos parámetros pueden modificarse mediante la quiralidad del
material, ofreciendo posibilidades peculiares para el desarrollo de materiales con estructuras jerárquicas
basadas en el auto-ensamblaje dirigido de partículas en medios fluidos.

Palabras clave— Auto-ensamblaje dirigido, Cristales Líquidos, Landau-de Gennes

I. Introduction

T here is considerable interest in achieving precise
control over the position of nanoparticles or col-
loids for creation of functional materials. In this

regard, liquid crystals (LCs) offer unique opportunities.
LCs are state of matter that share properties of liquids
and crystals. In these phases the molecules can flowwhile

*Autor de correspondencia

exhibiting order that can be orientational and/or posi-
tional. The average molecular orientation of a LC can
be described in terms of a vector called nematic direc-
tor; however, there can be regions where is not possible
to define a preferred molecular orientation and those
correspond to the so-called topological defects.
Recent experiments and simulations of confined liq-

uid crystals have shown that nanoparticles exhibit a pro-
nounced tendency to segregate to the core of topolog-
ical defects, thereby minimizing the free energy of the
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composite system [1, 2, 3, 4, 5, 6, 7, 8, 9, 10]. Such
demonstrations suggest that liquid crystals could become
a viable platform for hierarchical materials assembly. Liq-
uid crystalline blue phases (BP’s) represent a morphol-
ogy where the local director vector field forms double
twist cylinders, organized into cubic periodic structures
of disclination lines [11, 12]. The question that we ad-
dress here is whether blue phases can be used to direct
the positioning of nanoparticles, and whether the result-
ing structures have any features that might be difficult to
achieve by other means.

Experimental evidence that nanoparticles enhance the
thermal stability of blue phases was obtained by Yoshida
et al. [13]. They showed that nanoparticle-stabilized
blue phases have a texture similar to that of conventional
cubic blue phases. Such an increment of stability could
be attributed to the fact that nanoparticles move towards
the line defects, where they get trapped. How colloidal
nanoparticles can assemble into blue phases in bulk and
channels have been studied using a mean field Landau-de
Gennes approach. These studies show that nanoparticles
might very well either aggregate and form clusters along
the disclinations lines [9] or assemble in ordered struc-
tures [10, 14]. However, to the best of our knowledge,
there are not experimental studies about what structures
actually emerge. Another concern that arises from past
computational studies of colloidal particles in blue phases
is the extent to which particles can in fact be solubilized,
in the laboratory, in the corresponding liquid crystal. Ad-
ditionally, the role of the kind of the nanoparticles an-
choring in the nanoparticles self-assembly has not been
fully addressed. For instance, past studies focused on
nanoparticles with homeotropic anchoring and, by con-
sidering the intricate behavior of the director field of blue
phases, nanoparticles with planar anchoring may respond
in a different way; the stable or metastable positions of
hometropic particles may not be the same for the planar
ones.

Building on the idea that blue phases can be used to
template particle assembly, and based on recent experi-
ments showing that particles segregate to the aqueous-
liquid crystal interface, in this work we consider the as-
sembly of nanoparticles at the BPI interface. To this end,
we rely on a continuum representation of the material,
which in a recent study has been shown to provide quan-
titative agreement with experiment [15]. In a departure
from past work, the BPI is confined into a channel whose
thickness is sufficiently large as to avoid breaking of sym-
metry by confinement. We consider nanoparticles with
homeotropic and planar anchoring and, in accordance
with experiments [16, 17], the BPI is oriented with the
(110) plane parallel to the interface.

II. Methods

The liquid crystals considered here were described
in terms of a continuum mean field Landau-de Gennes
(LdG) free energy model, which is a fundamental and
widely-used theoretical framework in the study of LCs
and is particularly powerful in describing their phase
transitions and it provides also a quantitative framework
for understanding how these materials respond to ex-
ternal perturbations. It considers the LCs system as a
continuous and spatially diverse field of order parame-
ters. This order parameter represents the local alignment
of the liquid crystal molecules.
In LdG theory the direction of a given molecule and

the local average molecular orientation are represented
as a and n, respectively. The scalar order parameter is
defined as S =

〈

3
2
cos2 θ − 1

2

〉

, with cos θ = a · n; the
brackets <> denote a spatial average. The tensor order
parameter, Q, is defined by Qij = S(ninj −

1
3
δij) and is

used to express the total free energy Ftotal as

Ftotal =

∫

bulk

(Fphase + Fel) dV +

∫

surf

FChannSurf dS

+

∫

NpSurf

Fsurf dS.

(1)

Fphase accounts for the short-range interactions, it is
given by

Fphase =
A

2

(

1−
U

3

)

QijQji

+
AU

3
QijQjkQki +

AU

4
(QijQji)

2,

(2)

whereA is a constant and U is a dimensionless parame-
ter related to the reduced temperature by τ = 9(3−U)/U .
In Equation (1), Fel represents the long-range elastic free
energy,

Fel =
L

2

∂Qij

∂xk

∂Qij

∂xk
+ 2q0LϵiklQij

∂Qlj

∂xk
, (3)

where L is the elastic constant, and q0 = 2π
p0

is the
inverse of the pitch that measures the chirality of the
system (and vanishes for non-chiral systems). Here ϵikl
is the Levi-Civita tensor. The channel surface free energy
FChannSurf is given by a Fournier-Galatola [18] expression
of the form

FChannSurf = W
(

Q̃ij − Q̃⊥

ij

)2

(4)

where W is the degenerate planar anchoring strength.
The Q tensor satisfies Q̃ij = Qij +

1
3
Seqδij , with Seq =
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1
4

(

1 + 3
√

1− 8
3U

)

. Note that Q̃⊥

ij denotes the projection

of Q̃ij on the surface, defined with surface normal νi as
Q̃⊥

ij = PikQ̃klPlj , where Pij = δij −νiνj is the projection
operator. A similar expression, gives the surface free
energy for PNp’s, while for HNp, it takes the form:

FNpSurf =
1

2
WNp

(

Qij −Q0
ij

)2
(5)

whereWNp is the nanoparticle anchoring strength and
Q0

ij is the surface-preferred tensorial order parameter
[19].

The following values, which are well in the range ex-
pected for common chiral liquid crystals, were used for
all calculations: L = 2.5× 10−11 N, A = 1.02× 105 J/m3

[11, 19, 20]. A lattice array with mesh size of 10 nm was
used to perform all simulations. The minimization of the
free energy was achieved by means of the Euler-Lagrange
equation with appropriate boundary conditions [19, 20,
21, 22, 23].

III. Results and Discussion

III.1. Structure of the BPI within a planar channel

We present results of simulations for a BPI with chiral
pitch, p = 700 nm confined into a channel of thickness,
H = 2.1µm. The anchoring at the walls is planar de-
generate anchoring with energy W = 1.2× 10−3 J/m2 .
Figure 1a shows a representative structure of the confined
BPI. In this and subsequent figures, the color indicates
the orientation of the local director: it is blue when the
molecules are parallel to planar surfaces (x− y plane),
and red when they are perpendicular to such surfaces
(or parallel to the z axis). We find that strong planar
anchoring at each interface distorts the disclination lines
mainly along the first 300 nm, and a well-formed BPI
is obtained in the central region of the system (see Fig.
1b). Having shown that the BPI can be confined under
these conditions, we can now proceed to examine the
interfaces of the system which, by symmetry, have the
same properties, thereby allowing us to focus on one of
them. Figure 2 shows the upper section of the system,
where one can clearly see the director field at the inter-
face. Although somehow distorted, the λ−

1

2 disclination
lines reach the interface. As a consequence, the director
field on the surfaces has a pattern of λ−

1

2 , as well as λ+1

defects with the symmetry of the (110) plane of the BPI
in bulk (Fig. 2), and a global topological charge of zero.
Moreover, the λ+1 defects form an hexagonal array with
lattice parameters a1 = p and a2 =

√
3p/2.

The BPI is oriented with the (110) plane parallel to the
interface, and this makes a remarkable difference with
respect to previous studies of BPI confined into channels
[24, 25]. If such an orientation is not taken into account,

Figure 1: a) A confined BPI into a channel with planar anchoring.

The color represents the orientation of the local director.

The figure was made slightly transparent to allow the

disclination lines to be seen. b) Different lateral views

of the disclination lines show how the line defects bend

at the proximity of the interface.

Figure 2: Upper and transversal sections of the confined BPI. The

hexagonal array of the λ+1 defects at the interface has

lattice parameter a1 = p and a2 =
√

3p/2. All the

transversal sections have zero topological charge.
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Figure 3: Disclination lines in a BPI with the (100) plane parallel

to the interface. This structure has higher free energy

than the case with the (110) plane parallel to the

channel’s surface.

the planar anchoring at the interface intensifies the strain
on the BPI-unit cells and increases the free energy. As a
consequence, in the case of a BPI with the (100) planes
parallel to the interface [24, 25], the disclination lines
do not reach the interface (Fig.3).

III.2. Nanoparticles deposition

For nanoparticle assembly, we consider particles with
radius, R = 120 nm with planar and homeotropic an-
choring with WP = WH = 2.5 × 10−4 J/m2. First, we
determine the positions on the surface which are most
energetically favorable for deposition of nanoparticles
having planar and homeotropic anchoring, respectively.
Next, we proceed to analyze 50-50% mixtures of home-
tropic (HNp) and planar (PNp) nanoparticles and, lastly,
we consider the particular case of a mixture of 75% HNp
and 25% PNp.
Figure 4 shows a free energy map for a HNp. We can

appreciate from the figure that the sites with lower free
energy correspond to the positions of the λ+1 point de-
fects, which were taken as reference. Interestingly, there
are also metastable states which do not correspond to
the positions of λ−

1

2 defects but a location between them.
Such regions also adopt a hexagonal arrangement, with
the same lattice parameters than those obtained for the
λ+1 defects. This implies that only half of the sites be-
tween the λ−

1

2 defects are metastable. A closer look at
a HNp on a metastable site shows that the disclination

Figure 4: (Left) Section of the top surface of the system. A HNp

was deposited on different positions of the selected re-

gion to obtain the spatial dependence of the free energy

(right). The free energy when the HNp is located on

the λ+1 site was taken as reference. The correspond-

ing metastable position is marked by the X in the left

figure.

lines approach the bottom of the particle. This changes
the symmetry of the system at the interface (Fig. 5).
Based on these observations, we predict that HNp’s de-
posited on a BPI interface with planar anchoring will
primarily assemble following the λ+1-hexagonal array
with lattice parameters a1 = p and a2 =

√
3p/2, but that

metastable positions will also be filled without giving rise
to “crystallographic defects”.

Parallel particles (PNp’s) only exhibit free energy min-
ima at the λ+1 positions. For this case, the sites between
λ−

1

2 defects correspond to saddle points in the free en-
ergy landscape (Fig. 6). This finding suggests a possible
pathway to study particle assembly in HNp-PNp mixtures
or, more precisely, the deposition of PNp’s followed by
HNp’s. To do so, we first simulate a 50-50 mixture of
HNp and PNp. First, eight PNp’s are positioned on the
λ+1 sites, followed by eight HNp’s placed in what were
their metastable positions (Fig. 7a). For such a nanoparti-
cle distribution, there is enough room to place additional
nanoparticles that could give rise to more compact struc-
tures. In the HNp-free energy surface (Fig. 4), it is
possible to identify regions that, once the preferred sites
are occupied, could be populated without a large ener-
getic cost. By taking into account the nanoparticle’s size,
such regions correspond to the available sites between
λ−

1

2 defects. The resulting compact structure represents
a Kagome-like array (Fig. 7b). We estimate that the free
energy difference between the hexagonal and Kagome
structures is 296 kBT , with the hexagonal array being
more stable. The Kagome lattice, however, can become
more favorable at higher concentrations. We also stud-
ied a system comprising eight PNp’s and twenty-four
HNp’s, which results in an hexagonal array of PNp’s and
a Kagome structure for HNp’s (Fig. 8).
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Figure 5: Top and lateral view of the disclination lines when

a HNp is placed at a metastable site. Such a site is

located between two λ−

1

2 , the disclination lines now

bend toward the particle bottom as they approach at

the interface.

Figure 6: Free energy as a function of the distance for a PNp that

is moving from its minimum energy position, which is

taken as a reference, in the x and y directions respec-

tively. Note that A and B positions are equivalent.

Figure 7: a) A 50-50 mixture of PNp’s (green) and HNp’s (blue).

The PNp’s are placed on the λ+1 defects while the HNp’s

fill out what were their metastable positions. Both kind

of nanoparticles form an hexagonal array of the same

size. b) The same number of nanoparticles but in a

more compact Kagome-like structure.

Experimentally, these colloidal crystalline structures
formed by particles with different anchoring can be
obtained by taking advantage of either nano-particle
sputter-doping method [13] or a combination of forming
particles in-situ [26] and nano-particle sputter-doping
technique. Following Yoshida et al., one could use sputter-
doping to fabricate a highly dispersed nanoparticle-liquid
crystal suspension with target particles [13]. Alterna-
tively, the second colloidal particles could be generated
through the phase separation of chiral liquid crystal from
the second component in a binary mixture by quenching
the blue phase. Since all the lattice parameters of the
structures so far depend on the pitch, the BPI-channel of-
fers a possibility of having a crystalline colloidal assembly
that can be tuned via chirality and particle concentration.
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Figure 8: A 25-75% mixture of PNp and HNp respectively, where

the PNp’s form an hexagonal array while the HNp’s

assemble in a Kagome structure.

IV. Conclusions

At the BPI-planar interface, colloids prefer to localize
in the regions with the highest free energy, which corre-
spond to the cores of λ−1/2-topological defects followed
by the λ+1 defects. Therefore, a hexagonal array of col-
loidal particles can be produced, with a lattice parameter
that depends on the chiral pitch (Fig. 4). Interestingly,
for planar nanoparticles, only the regions with λ−1/2-
topological defects are the preferred while homeotropic
nanoparticles can also localized at regions with λ+1 de-
fects. This fact enables the possibility of directing the
self-assembly of colloids to form different crystalline ar-
rangements. Particularly, a gradual deposition of col-
loids according to their surface anchoring can induce
the formation of hexagonal and kagome lattices. This
study shows how ordered structures of particles can be
achieved on a fluid media, where the morphology of the
lattices can be tuned via chirality and be destroyed and
reproduced in terms of the phase behavior of the liquid
crystal.
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