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ABSTRACT

A new defect-forming mechanism is predicted for liquid crystals undergoing an isotropic-to-nematic phase transition. A continuum theory
characterizes how +1/2 defects ( D < 30 nm) evolve within and then shed from the interface (cross section ∼ 100 nm) of a growing 5CB
(4-n-4′-pentyl-4-cyanobiphenyl) nanodroplet (20 nm < D < 2000 nm). Free energy density, defect core shapes, and the evolving defect core
structure are presented at the nanoscale to better understand liquid crystal anisotropy and orientation during interfacial defect shedding.

Liquid crystals have recently been used in nanotechnologies
as templates for nanomaterial fabrication,1,2 for the assembly
of nanoparticles into larger structures with engineered order,3

to levitate nickel nanowires,4 to control droplet location and
size in nano- and microemulsions,5 and to control plasmonic
response using an arrayed gold nanodot-liquid crystalline
composite for better color tuning.6 In addition, new research
is being undertaken to understand the interactions of synthetic
liquid crystals and viruses to design materials that incorporate
viruses.7 The distinctive features of liquid crystals arise from
their orientational ordering at the nano- and micrometer scale
when observed within a temperature range intermediate
between the solid and liquid phase (thermotropic liquid
crystals) or at particular concentrations within a mixture
(lyotropic liquid crystals).8 Because of this anisotropy, liquid
crystalline materials have many important technological
applications because they exhibit specific optical, electrical,
and mechanical properties9 and their orientation can be
influenced by external fields such as electric10 or magnetic
fields,11 polarized laser light,12 shear during processing,13 and
contact with a structured surface or interface.14

In many nanotechnologies, a uniform aligned liquid crystal
orientation is desired.1,4,6,15This is achieved by applying an
external force to change the orientation of an already
established liquid crystal phase or by aligning the liquid
crystal material as the phase forms. To achieve the former,
liquid crystals are often put in contact with nanoscale-
patterned surfaces or subjected to external fields.5,6,13,15,16To
achieve alignment during a phase transition, small quantities
of single-walled carbon nanotubes have recently been used
as seeds for oriented liquid crystal polymer domain growth
from the isotropic melt.17 Homogeneous domains of 10-

100 µm on a side were achieved, with the orientation
determined by the nanoscale seeds.17 Alternatively, treated
flat surfaces with nanoscale roughness have been used to
align a nematic liquid crystal from its isotropic melt.18-20

Distorted orientations and the presence of topological
defects in liquid crystal orientation also have potential uses
for nanoscale devices. For example, emulsions formed from
liquid crystals are considered particularly promising candi-
dates for the creation of liquid crystal-based sensors because
they have a high surface area, are mobile, and the frustrated
distorted states assumed by liquid crystals within droplets
provide an additional opportunity to tune the response of
liquid crystals to interfacial events.16 Abbott has shown that
liquid crystals can be used to amplify and report the presence
of a range of biological species at surfaces according to the
degree of distortion and topological defects present when
the liquid crystals are in contact with the biological spe-
cies.14,18Distortions and topological defects appear in liquid
crystal orientation due to competing external fields, surface
anchoring, and/or the geometry of interfaces surrounding the
liquid crystal phase.20 Although many studies have been
dedicated to these elastic distortions and defects,21,22 the
purpose of this work is to present the nanoscale events of a
newly predicted defect-forming mechanism23 during an
isotropic-nematic liquid crystal phase transition. A con-
tinuum theory allows us to magnify the details along a 200
nm length of interface to characterize how a defect core (D
< 30 nm) forms and is then deposited into the bulk nematic
phase from the advancing isotropic-nematic interface (cross
section∼ 100 nm) of a growing thermotropic liquid crystal
nanodroplet (20 nm< D < 2000 nm). Investigating this
interfacial defect-shedding mechanism is part of the ongoing
scientific challenge to understand and control liquid crystal
anisotropy and orientation at the nanoscale.* Corresponding author. E-mail: alejandro.rey@mcgill.ca.
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For a temperature-driven phase transition of a thermotropic
liquid crystal, the nematic phase initially appears in the
unstable isotropic phase as nucleating regions with a length
scale of 100 nm or less.24 Nucleated regions that are too small
disappear due to their excessively high interfacial energy.24

However, a nucleated nematic region that is large enough
to be stable expands, and its moving isotropic-nematic
interface converts more of the isotropic phase into the stable
nematic phase.25 Figure 1 displays numerical results that
show the movement of an isotropic-nematic interface at 10,
30, 50, 70, and 90µs after the nucleation of a circular nematic
nanodroplet from the isotropic phase. These numerical results
are for the liquid crystal 5CB (4-n-4′-pentyl-4-cyanobiphenyl)
undergoing an isotropic-to-nematic phase transition at 34°C,
which is below the material’s clearing point temperature
(34.2°C). 5CB, a well-studied nematic liquid crystal, is often
used to investigate and create new nanotechnologies.3-5,7,16

During this shallow quench, Figure 1 indicates that the
nucleated nanodroplet develops into an ellipsoid (30µs) and
then cusps appear along the isotropic-nematic interface (70
µs). Exactly at these cusps, interfacial defect shedding is
expected to occur. The purpose of this letter is to explore,
through numerical computations, the details around the
interfacial cusp at the nano length scale to characterize the
energy, defect core shape, and structure during interfacial
defect shedding. The region of interest is shown in Figure 1
enclosed in a 500 nm× 500 nm box.

The kinetics of the isotropic-nematic transition is de-
scribed using the gradient energy equation:26

where the rotational coefficientâ ) γ1/2Qeq
2 is assumed

constant and given in terms of the rotational viscosityγ1 of
a uniaxial nematic,Q is the tensor order parameter that
describes the ordering of the liquid crystal material,9 t is time,
[s] identifies that the matrices are symmetric and traceless,
andfh andfg are, respectively, the homogeneous and gradient
contributions to the free energy density of the system.9 The
free energy density of the isotropic phase,fis, is used as the

reference (fis ) 0 J/m3) and therefore does not appear in eq
1. On the basis of the classical Landau-de Gennes con-
tinuum theory for nematic liquid crystals,9,27 the total free
energy densityf of the system can be expressed in terms of
the tensor order parameterQ and its gradients:

whereT is the quench temperature,T* is the clearing point
temperature, i.e., the spinodal temperature below which the
isotropic state is unstable,28 and the experimentally measured
material parameters areao, b, andc (Landau coefficients)
and L1, L2, L3 (Landau elastic constants). The following
constant material parameters and temperatures were used:
29-33 a0 ) 0.14× 106 J/m3K, T ) 34 °C, T* ) 34.2 °C, b
) 1.8 × 106 J/m3, c ) 3.6 × 106 J/m3, L1 ) 3.0 × 10-12

J/m,L2 ) 3.1 × 10-12 J/m,L3 ) 1.5 × 10-12 J/m, andâ )
0.055 Ns/m2. The order in each phase is characterized by
the symmetric traceless tensor order parameter:9

where the isotropic state corresponds to zero eigenvalues (µn

) µm ) µl ) 0), the nematic uniaxial state to two equal
eigenvalues, and the nematic biaxial state to eigenvalues
that are different.34 The orientation is defined by the
orthogonal director triad (n, m, l). The uniaxial and biaxial
scalar order parameters that measure molecular alignment
are, respectively:35

The tensor order parameter is initially (t ) 0) set to:

where ¥ is a symmetric traceless tensor that represents
infinitesimal thermal noise, andQe(T) is set to 0.184, i.e.,
the nematic equilibrium scalar order parameter at temperature
T ) 34 °C, the director (n) is initially along thex-axis, and
I is the unit tensor. Neumann boundary conditions (∂Q/∂x
) 0, ∂Q/∂y ) 0) were applied around the two-dimensional
(x,y) computational domain. The finite element method
software package COMSOL was used to solve eq 1 using
adaptive finite elements and biquadratic basis functions with
the direct UMFPACK solver method and a time-dependent

Figure 1. Numerical results for the isotropic-nematic interface
of a growing 5CB nanodroplet at 10, 30, 50, 70, and 90µs after
nucleation.T ) 34 °C. The box identifies where interfacial defect
shedding will occur.
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backward Euler method. All time steps taken were smaller
than 100 ns. Convergence, mesh-independence, and stability
were confirmed for each simulation result.

The computed free energy density surrounding the moving
isotropic-nematic cusplike interface is shown in Figure 2.
At the cusp, a high-energy region forms within the isotropic-
nematic interface. This high-energy region is then shed from
the interface into the bulk nematic phase within 2µs as the
nanodroplet grows. Within 10µs, this high energy is
concentrated into a symmetric circular space. Defining the
border of the nematic interface to have a homogeneous free
energy density between-1180 and-1150 J/ m2, knowing
that the computed homogeneous free energy density for the
stable nematic phase is very close to-1200 J/m2, Figure 3
identifies the exact shape relaxation process that occurs as
the high-energy region is shed from the isotropic-nematic
interface. First, the nematic interface dips down and forms
a saclike container, ready to envelope the high-energy region
(76 µs). Next, the nematic interface experiences a pinching
process, where the top edges of the saclike container are
brought together (77µs). Very quickly after pinching begins,
the high-energy region remains attached to the isotropic-
nematic interface through just a “thread” of nematic interface

(77.2µs). As the isotropic-nematic interface moves further
away, the thread is broken and the nematic phase completely
surrounds the high-energy region or defect core (77.3µs).
After the pinching process is completed, this high-energy
defect core has an elliptic shape and is surrounded by the
nematic phase. Although the isotropic-nematic interface
continues to move upward as the nanodroplet grows, the
isolated defect core remains fixed in space. Its shape then
evolves from an ellipse (major axis) 45 nm, minor axis)
30 nm) to a symmetric circle (D < 30 nm).

Figure 4 shows that, during the pinching process (77µs),
the nematic orientation at the bottom of the cusp is tangential
to the nematic interface, but trending toward a homeotropic
orientation at the interface further away from the cusp. After
pinching, the nematic interface orientation is homeotropic.
By 83 µs, the orientation of the nematic phase shown in
Figure 4 indicates that interfacial defect shedding has
deposited a+1/2 defect21 into the bulk nematic phase. The

Figure 2. Free energy density during interfacial defect shedding from a cusplike interface at 73-83 µs after nucleation.T ) 34 °C. Dark
blue) nematic 5CB phase. Red) high free energy density defect region. Top row of figures uses 100 nm scale bar. The magnified figures
below use the 30 nm scale bar.

Figure 3. Defect core shape during interfacial defect shedding.I
) isotropic phase.N ) nematic phase. DC) defect core. Thick
gray lines indicate a nematic interface. The isotropic-nematic front
moves upward, away from the defect core that is fixed in space. Figure 4. Nematic orientation during interfacial defect shedding.

Short black lines indicate the direction of the directorn in the
nematic phase.I ) isotropic phase. Thick gray lines indicate a
nematic interface. The ellipse and symmetric circle shown sur-
rounded by the nematic phase is the high-energy defect core. The
movement of the isotropic-nematic front is upward, away from
the defect core that is fixed in space.
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high-energy region shed from the interface is the defect core
of this+1/2 bulk defect. While the nematic orientation around
the +1/2 defect is not rotationally symmetric, the shape of
the nanoscale defect core is a symmetric circle.

The evolution of the defect core structure is visualized
through the eigenvalues of the tensor order parameter, which
are calculated in Figure 5 for vertical and horizontal cross
sections through the center of the high-energy region that
originated at the cusp. This figure shows how a moving
isotropic-nematic cusplike interface with a uniaxial structure
(73 µs) develops into the complicated structure of a+1/2
defect core21 that contains axial symmetry, biaxiality, and
crossing eigenvalues (83µs). The eigenvalues along the
vertical cross section at 73µs show a simple uniaxial
structure for the tensor order parameter across the isotropic-
nematic interface at the cusp, i.e., two out of the three
eigenvalues are equal and all eigenvalues are gradually
reduced to zero as the isotropic phase is approached.35 As
pinching of the interface is about to begin (76µs), the vertical
cross section eigenvalues show that: (i) the nematic phase
is uniaxial, i.e., two equal eigenvalues with a scalar order
parameter of 0.184, (ii) within the isotropic-nematic inter-
face, biaxiality and crossed eigenvalues develop in the high-
energy region that is about to be pinched, and (iii) the largest
eigenvalue, i.e., the scalar order parameter, is gradually
reduced to zero as the isotropic phase is approached. Once
the defect has shed from the interface into the bulk (77.5
µs), the vertical cross section shows that the nematic phase
surrounds the defect core and that there is increased biaxiality
and eigenvalue crossing within the high-energy defect core.

In addition, as a consequence of the defect shedding, the
isotropic-nematic interface once again has a simple uniaxial
structure. The horizontal cross section eigenvalues illustrate
the mirror symmetry of the structure that exists within the
high-energy region and the increasing central biaxiality of
the developing defect core. At 83µs, the vertical and
horizontal eigenvalues show that the+1/2 bulk defect core
has a symmetric structure of biaxiality concentrated in a small
region at the defect center and crossed eigenvalues. After
76µs, it is apparent that the horizontal size of the developing
defect core structure remains constant. Therefore, when the
high-energy region is first isolated from the interface, its
minor ellipse axis determines the diameter of the symmetric
defect core.

The above results indicate the critical importance of
interface shape changes, such as cusp formation, to the defect
shedding mechanism. If differential front speeds exist along
the interface, then cusps develop where the normal interface
velocity is significantly slower at a particular point, i.e., the
center of the cusp. An interfacial liquid crystal dynamic shape
equation,36 derived from the Landau-de Gennes model
equations, explains in terms of interface stress load, capillary
forces, friction (viscous dissipation), and surface viscosity
how the normal interface velocity can vary at different points
along the interface:

whereâ⊥ is the surface viscosity,w⊥ is the normal interface
velocity, L ‚k is the net stress loading at the transverse
interface boundaries,∇s is the interfacial gradient tensor,Ts

is the interface stress tensor,k is the interface unit normal,
and Qs is the interface tensor order parameter. Previous
work36 has identified that capillary forces ((∇s‚Ts)‚k) are
responsible for interfacial cusp formation, while the stress
load (due to the isotropic-nematic free energy difference
(eq 2b)) drives the overall growth of the nanodroplet. Away
from where the cusps will develop, capillary forces are
negligible ((∇s‚Ts)‚k ≈ 0). However, where the cusps
develop, interface capillary forces increase to significantly
oppose the stress load, resulting in a large deceleration of
the normal interface velocity. Hence cusp formation is due
to deceleration of the front at an interfacial region where
the net capillary forces (∇s‚Ts)‚k resist growth; the growth-
resisting capillary forces are generated by the orientation
gradients in the interfacial region surrounding the cusp. When
the defect nucleates and sheds, all terms in eq 7 play a role
and the surface viscosity changes transiently so that this part
of the moving interface then experiences a fast acceleration
followed by a relaxing deceleration. For a detailed analysis,
the reader is referred to ref 36.

Considering the above simulation results, interfacial defect
shedding can be explained as follows. We assume that a
symmetric, aligned nanodroplet is nucleated during a tem-
perature quench where the size of the nucleated region
compensates for the high interfacial energy of the droplet.

Figure 5. Defect core structure during interfacial defect shedding.
At 73 (top row), 76 (second row), 77.5 (third row), and 83 (bottom
row) µs, the eigenvalues of the tensor order parameterQ are
computed to show the structure of the developing defect core. All
eigenvalues are between-0.1 and 0.2. The first (second) column
presents the eigenvalues calculated along the dotted vertical
(horizontal) axes from the third column of figures. The third column
figures show the defect core as it sheds from the isotropic-nematic
interface, where the defect core region is placed at the center (0,0)
of each figure, the thick gray lines indicate a nematic interface,
and thex andy axes are shown in nanometers.I ) isotropic phase.
N ) nematic phase.
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In the initially aligned nematic nanodroplet, the orientation
of the nematic phase along the isotropic-nematic interface
is planar (homeotropic) at the top and bottom (left and right)
of the droplet and varies incrementally and gradually around
the droplet. The droplet grows to replace the higher-energy
isotropic phase with a lower-energy nematic phase. However,
the velocity of the growing nematic front depends on the
orientation of the nematic phase at the isotropic-nematic
interface. For a planar anchoring, the interfacial tension is
lower and, therefore, as predicted by the Wulff construc-
tion,37,38 the planar-anchored interface moves more slowly
so that the droplet adapts an elliptical shape. In addition, as
the droplet grows to create more nematic volume, the model
predicts that the structure within the nematic-isotropic
interface region will also change where appropriate to
minimize the free energy of the system. While the homeo-
tropically anchored interface does not undergo any structural
changes, the interface structure associated with planar
anchoring is modified from a simple uniaxial nematic-
isotropic transition to a biaxial transition. Minimization of
the system’s free energy for the growing nanodroplet occurs
due to simultaneous changes in (i) the bulk orientation within
the nematic droplet, (ii) the interfacial shape, and (iii) the
structure of the isotropic-nematic interface. Cusp formation
then takes place where the nematic phase is anchored planar
to the interface as capillary forces at this interface region
grow to oppose the stress load that drives nanodroplet
growth. The result of the differential front speeds, the bulk
nematic distortions, and the mixed interface structures is a
very high-energy region concentrated at two nematic-
isotropic interfacial cusps. Because of their location within
the nematic-isotropic interface, these high-energy regions
not only have a nematic interface but also an isotropic
interface. The defect nucleates as the capillary forces, friction,
and surface viscosity all play a role in changing the speed
of the complicated planar anchored interface that is sur-
rounded on both sides by a simpler constant velocity uniaxial
interface that favors a homeotropic anchoring. At each cusp,
a long narrow capillary-shaped high-energy region that opens
out to the isotropic phase develops. However, the size of
each high-energy region is predetermined by the elasticity
of the nematic phase. When its elastically determined
maximum size is exceeded, each high-energy region is
isolated through a pinching process as its isotropic border is
converted to the nematic phase. This is similar to a classical
defect formation, i.e., where a large nematic orientation
gradient is about to occur, the elasticity of the material
determines whether nematic molecular ordering is still
possible or if, instead, the molecular ordering must change
to reduce the elastic energy in this region. When the
orientation gradient is too large, it is impossible for the
nematic phase to maintain a continuous phase and instead
the system nucleates a region of non-nematic molecular
ordering. Although this defect core of non-nematic molecular
ordering has a relatively high-energy density, its energy
density is still less than that of a nematic phase with a large
orientation gradient. The pinching process to isolate a high-
energy nanometer-size region is reminiscent of similar

processes at the micrometer scale, for example, the formation
of a micrometer-sized water droplet from a slow dripping
capillary.39 In both situations, isolation or breakaway of a
region occurs when the size of that region becomes unstable
upon the addition of a further increment of material to the
region. However, it is clear that the forces that cause capillary
pinching and phase isolation at micrometer vs nano length
scales for these two examples occur for very different
reasons. In the formation of micrometer water droplets, new
material is added only to the breakaway phase and a balance
of surface tension and an external force, i.e., gravity,
determines the unstable droplet size.39 In interfacial defect
shedding, material elasticity and an ongoing isotropic-to-
nematic phase transition are responsible for nanoscale
pinching, where during the phase transition, material is added
to both the phase to be isolated and the surrounding pinching
phase. The elasticity forces, which are characteristic of liquid
crystals but not regular isotropic liquids such as water,
determine when a high-energy region becomes too large and,
therefore, isolation or breakaway is initiated.

Finally, we would like to comment on the connection
between the simulation predictions and current experiments.
To our knowledge, there are no available experimental
methods to investigate the nanoscale details of nematic
textures and defects in growing nematic 5CB nanodroplets
surrounded by their own isotropic phase. Experimental
observation of interfacial defect shedding that produces two
+1/2 defects in growing nanodroplets is nontrivial given the
fast time and small length scales involved. Although optical
methods are commonly used to study growing liquid crystal
droplets,40-41 the resolution of these techniques is limited to
the micrometer length scale.42 In contrast, the deuterium
nuclear magnetic resonance (2H NMR) technique has been
used successfully in confined submicrometer geometries.42-44

Experimental observations of nematic 5CB in cylindrical
cavities (R < 400 nm) of Nucleopore membranes surface-
treated with lecithin have identified an equilibrium planar-
polar nematic texture that is very similar to the (nonequi-
librium) nematic texture predicted to occur immediately
before interfacial defect shedding.42 Lecithin as a surface
treatment in these cavities weakens the anchoring interaction
between 5CB and the confining surface while still favoring
homeotropic anchoring. The confinement radius and inter-
facial anchoring of the Nucleopore lecithin experiments are
similar to those predicted here for a growing nematic
nanodroplet just before interfacial defect shedding, so this
experimental result is an important contribution toward model
validation. Finally, it is understood that experimental results,
whether they be from optical methods or more sensitive2H
NMR techniques, will always be interpreted based on an
expectation of what the nematic texture might be. For
example, for confined nematic structures, the characteristic
features of2H NMR line shapes are the width and shape of
the spectral patterns.42 For a spectral pattern that has not been
seen before, predicted nematic textures are required in order
to create a simulated spectral pattern that is then carefully
compared to the newly observed experimental2H NMR
spectrum.42 This process is crucial to interpret experimental
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results. We therefore expect that detailed simulation predic-
tions for liquid crystals in nanoscale nonequilibrium condi-
tions will play a critical role in interpreting results from new
future experimental techniques that will be developed for
liquid crystals in nanotechnology.

In conclusion, the numerical computations presented here
give details at the nano length scale about a newly predicted
mechanism for defect creation in soft matter liquid crystal
materials. This mechanism, called “interfacial defect shed-
ding”,23 occurs during an isotropic-to-nematic phase transi-
tion and predicts that+1/2 bulk nematic defects are generated
from the moving isotropic-nematic interface of an isolated
growing 2-D liquid crystal nanodroplet (20 nm< D < 2000
nm). By computationally focusing on a 200 nm length of
interface, we have calculated the free energy relaxation and
the shapes and ordering associated with the phase transition
to explain how the complicated structure of a+1/2 bulk
nematic defect core21 that contains axial symmetry, biaxiality,
and crossing eigenvalues can evolve from a high-energy
region within the advancing isotropic-nematic interface.
These new results contribute to the emerging nanophysics
of liquid crystals, where it is clear that understanding and/
or controlling the defects, distorted and uniform orientations
of this soft matter phase will dictate its potential as functional
materials for nanoscale applications.
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