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Confinement twists achiral liquid crystals and
causes chiral liquid crystals to twist in the
opposite handedness: cases in and around sessile
dropletsT
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We study the chiral symmetry breaking and metastability of confined nematic lyotropic chromonic liquid
crystals (LCLCs) with and without chiral dopants. The isotropic—nematic coexistence phase of the LCLC
renders two confining geometries: sessile isotropic (I) droplets surrounded by the nematic (N) phase and
sessile nematic droplets immersed in the isotropic background. In the achiral system with no dopants,
LCLC's elastic anisotropy and topological defects induce a spontaneous twist deformation to lower the
energetic penalty of splay deformation, resulting in spiral optical textures under crossed polarizers both
in the 1-in-N and N-in-| systems. While the achiral system exhibits both handednesses with an equal
probability, a small amount of the chiral dopant breaks the balance. Notably, in contrast to the
homochiral configuration of a chirally doped LCLC in the bulk, the spiral texture of the disfavored
handedness appears with a finite probability both in the I-in-N and N-in-I systems. We propose director
field models explaining how chiral symmetry breaking arises by the energetics and the opposite-twist
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configurations exist as meta-stable structures in the energy landscape. These findings help us create and
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Chiral structures are ubiquitous, ranging from molecules to
astrophysical phenomena. Understanding the mechanism
underlying this mirror symmetry breaking is an active field of
investigation. Simultaneously, the control and separation of
chiral structures are crucial in diverse applications."” For
instance, chiral molecules can be toxic in unwanted enantio-
meric forms,® and these chiral objects as building blocks or
dopants can determine their assembled structures’ chirality.
Additionally, external fields, including shear and confinement,
are often employed to control chiral structures.”

Liquid crystals (LCs) are the quintessential model system for
studying chiral structures.""™” In particular, chiral nematic LCs,
also known as the cholesteric phase, have been studied exten-
sively. They are omnipresent in nature and deployed in various
applications.'®>* In the cholesteric phase, LC mesogens twist
along the helical axis, defining its handedness - right- or left-
handed - and helical pitch, which are often determined by the
intrinsic chirality of the mesogen or dopants. Thus, one may
design chiral structures by choosing mesogens or the dopant’s
type and concentration at a given temperature.
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control chiral structures using confined LCs with large elastic anisotropy.

The boundary conditions and elasticity of confined LCs also
play a vital role in determining their chiral structures.®™%>>"*!
The confining geometry and LC surface anchoring at the inter-
face between LC and the surrounding phase can result in
unexpected structures that differ from the ones in the bulk.
For example, confinement may lead to an apparent helical
pitch different from the bulk pitch.*>** Furthermore, achiral
LCs under confinement, e.g., droplets and cylinders, can form
chiral structures®*%*73244°8 and vice versa.**

Confinements may afford multiple meta-stable structures,
often resulting in chiral structures having the opposite handedness
to their bulk ones, of which the handednesses and helical pitch are
determined by the chirality of the mesogens and dopants. For
example, the twist handedness can be reversed locally,51'53 or
domains of different handedness coexist,>*>° resulting in hetero-
chiral structures despite their energetic penalty. These confinement
effects involving surface anchoring, elastic anisotropy, saddle-splay
elasticity, topological defects, and metastability, have advanced our
understanding of the partially ordered matter and its applications.

Here, we report cases in and around sessile droplets where
chiral nematic LC can exhibit a meta-stable structure of the
disfavored handedness, i.e., opposite to the handedness in
bulk, because of boundary conditions. We use achiral and
chiral nematic lyotropic chromonic LCs to study their director
configuration in and around sessile droplets on an anchoring-
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controlled substrate. Our experiments and numerical calculations
demonstrate the roles of confinement and elastic anisotropy in the
chiral symmetry breaking of achiral LC. Moreover, we elucidate
how chiral LC can afford chiral structures of the opposite handed-
ness as meta-stable states, thanks to confinements.

Materials and methods

Materials

Sunset Yellow FCF (SSY, a purity of 90%) was purchased from
Sigma-Aldrich, and purified using the conventional method®”
because impurities matter for the phase behavior’® and, pre-
sumably, elastic properties. Brucine sulfate heptahydrate (BSH)
as a chiral dopant for SSY was purchased from Sigma-Aldrich
and used without purification. Mixing deionized water, SSY,
and BSH, we prepared an aqueous solution of 30.0% (wt/wt)
SSY with 0 to 0.4% (wt/wt) of BSH as an achiral (without BSH) or
chiral nematic LC solution at room temperature.

Sample preparation

We coated glass slides and coverslips with parylene®® and used
them as substrates for the homeotropically aligned cell. The
substrates were placed in a parylene coating machine (LAVIDA
110; Femto Science) with 500 mg of parylene-N (diX N, Daisan
Kasei), and the temperatures for the vaporizer, pyrolyzer, and
deposition of parylene were 150 °C, 690 °C, and room tempera-
ture, respectively. The estimated thickness of the parylene film
is approximately 400 nm.*° Utilizing Kapton films of 25 pm
thickness on the surface-treated slide as spacers, we dropped
10 pL of LC solution on the parylene-coated slide and quickly
covered the specimen with the coated coverslip. The edges of
the sandwich cell were sealed with epoxy glue to minimize the
drying of the aqueous LC solution. The sandwiched nematic
SSY initially shows a transient stripe texture, but after several
tens of minutes, the stripe texture is replaced by a full home-
otropically aligned domain.”® However, when the dopant
concentration surpasses 0.4% (wt/wt), the sandwiched nematic
SSY no longer exhibits the homeotropic alignment but the
fingerprint texture, not providing the proper initial condition
for our droplet experiments, as shown in Fig. S1 (ESIt).

Optical observation

We observed the sandwich cell with a polarized optical microscope
(Olympus BX53-P) equipped with linear polarizers, a full waveplate
(optical path difference = 550 nm; Olympus), a temperature-
controlled stage (T95-PE120; Linkam Scientific Instruments), a
CCD camera (INFINITY3-6URC; Lumenera), and a LED lamp
(LED4D067; Thorlabs) providing quasi-monochromatic illumina-
tion at 660 nm wavelength (FWHM = 25 nm). We increased the
temperature, 1 °C min ', of the aligned LC cell to make the LC
enter the isotropic-nematic coexistence phase at 45 °C. Repeating
the heating-cooling sequence, we collected multiple polarized
optical microscopy (POM) images from the same location of the
same sample. Note that we employ the slow heating rate to control
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the droplet locations, i.e., only at the bottom, and propose experi-
ments varying the rate as future work.

Numerical calculations

The total elastic free energy F is the volume integral of the
energy density f given by

f= %[Kl (V-m)* + Ky(n -V xn+21/pp)* + K3(n x V x n)?,
1)

where Kj, K, and K; are elastic moduli of splay, twist, and bend
deformations, respectively. Note that we neglect a saddle-splay
elasticity term with K,, because it does not affect the energetics
when the homeotropic anchoring is strong (at the substrates),
and the degenerate planar anchoring is imposed on the surface
with the same principal curvatures (the surface of the hemi-
spherical droplet). p, is the helical pitch of the chiral nematic
phase and is inversely proportional to the concentration of a
chiral dopant. Assuming that the elastic moduli remain similar
in the nematic phase of the coexistence and the moduli do not
depend on the dopant concentration, we use K; : K, : K3 =1:0.1:1
for the 30.0% (wt/wt) SSY®*' and p, = 1/(C x HTP) where C is BSH
concentration in % (wt/wt) and HTP is helical twisting power,
0.123 + 0.007 um ™ * (see Fig. S2 for details, ESIT). Note that we
employ a constant p, with no spatial dependency, assuming a
uniform distribution of the chiral dopant. We believe that this
assumption deserves further investigation, considering the fine
structure of the topological defect cores of LCLCs.®* For a given
director field n, we perform a numerical integration F = [fdv
over domain D to draw the energy landscape such as in Fig. 3(a).
For the I-in-N case, ie., the sessile isotropic droplet surrounded
by the nematic phase, we adopted D = {(x, y, z)|x*> + y* < (5R)?,
0<z<5RX+y"+2 >R, x*+y*+(z— R)> = Ry’} where R is
the radius of the hemispherical droplet. To facilitate the conver-
gence of the numerical integration, we set a cutoff radius Ry
10°R around the point defect at the top of the droplet; Ry =
10 °R corresponds to 10 nm, which is of the same order of the
persistence length of the SSY aggregates® in a droplet of 10 pm
radius. For the N-in-I case, we used D = {(x, , 2)|0 < z, ¥ +
Y +22 <R ¥ +y +(z— R = R4} and Rq = 10 °R. After
identifying the director configurations corresponding to local
minima in the energy landscape of each director fields model,
we simulated their POM textures using Jones calculus'® and
compared the results with experimental observations.

Results and discussion
Sessile isotropic droplets surrounded by nematic phase

We observe chiral symmetry breaking of achiral nematic LC
around sessile isotropic liquid droplets. Fig. 1 shows our lyotropic
chromonic LC, SSY, at its isotropic-nematic coexistence phase
confined between two parallel substrates imposing homeotropic
anchoring. When a homeotropically alignhed nematic SSY enters
the coexistence phase upon a temperature increase, as shown in
Fig. 1(a), sessile droplets of the isotropic phase appear at the
bottom substrate. Because the temperature-controlling Peltier
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Fig. 1 Spiral textures in the isotropic—nematic coexistence phase of
sunset yellow under confinement. (a) Schematic diagram of the sample
from the side view. The isotropic—nematic coexistence phase is sand-
wiched between two parylene-coated substrates. Sessile droplets of the
isotropic (I) phase surrounded by the nematic (N) sit on the heated bottom
substrate. Yellow rods in the nematic phase sketch the directors. (b) Spiral
textures observed with crossed polarizers from the top view. White double
arrows represent the pass axes of the polarizer and analyzer. The scale bar
is 50 um. (c) and (d) Representative spiral textures having different
handedness (c) without chiral dopant and (d) with 0.4% (wt/wt) chiral
dopant. The width and height of the images are 30 um, respectively. (e) and
(f) Spiral textures of (c) and (d) with a full waveplate. (g) Appearance
probability of the spiral textures having different handedness according
to the chiral dopant concentration. As the concentration increases, a
certain handedness becomes dominant, but the other handedness exists
even at the highest dopant concentration investigated.

plate contacts the bottom substrate, the isotropic droplets nucle-
ate from the bottom substrate. We make and observe the droplets
only at the bottom substrate and find that the contact angle at the
three-phase boundary is close to 90 degrees, as shown in ESL¥
We also confirm no memory effect by comparing the location,
size, and handedness of droplets in different images. The sessile
isotropic droplets deform the homeotropically aligned nematic
director field, and the deformed regions exhibit spiral textures
under POM, as shown in Fig. 1(b)-(f). The appearance of the
chiral spiral texture, despite the absence of chirality in SSY, is
notable. Non-deformed nematic regions remain dark under
crossed polarizers because of the homeotropic alignment.

We classify the spiral textures’ handedness, investigate their
appearance probability, and find that each handedness is equally
probable. In the right-handed spiral texture (RS), the dark line
turns right while going from the center to the boundary. In three
independent experiments, each collecting approximately 270
droplets, the average probability of observing the RS texture is
0.509 =+ 0.021, where the error indicates the standard deviation of
the three measurements. This half-and-half probability is con-
sistent with the achiral nature of SSY, ie., no preference for a
specific handedness.

With a chiral dopant is added, the spiral texture prefers a
specific handedness. As we increase the concentration of a
dopant, BSH, the appearance probability of RS increases and
excels left-handed spiral texture (LS)’s, as shown in Fig. 1(g).
For example, with 0.4% (wt/wt) BSH added to 30% (wt/wt) SSY,
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almost 90% of the spiral texture becomes RS. It is unexpected that
10% remains as the energetically unfavorable LS at our maximum
dopant concentration because a chirally doped LC in bulk would
exhibit a homochiral director configuration with a well-defined
helical pitch.****~%” On the other hand, we propose as future work
the investigation of the appearance probability at very low concen-
tration, ie., between 0 and 0.1% (wt/wt), to find the critical
concentration for the chiral symmetry breaking.>®

To elucidate the observed chiral symmetry breaking in achiral
SSY and metastability in chiral SSY, we propose a director field
model of nematic LC around the isotropic droplet. We employ
this ansatz approach instead of the numerical simulation adopted
in a similar geometry® for the following reason. The numerical
simulation using the Q-tensor can find the energy-minimizing
director configurations that better match experimental observa-
tions, although parameter choices for LCLCs require further
studies. The director configurations found by the model with a
finite number of parameters are undoubtedly approximated ones.
However, the model approach often can be useful, enabling us to
map the energy landscape of the problem systematically. Then, we
can not only identify local minima leading to meta-stable config-
urations but also rationalize why and how the minima exist,
which will be the main focus of this paper.

The first assumption of our model is that the isotropic sessile
droplet in the model has a hemispherical shape, as shown in
Fig. 1(a). This assumption is supported by the near 90-degree
contact angle we estimate at the three-phase boundary. It is
surrounded by the nematic phase satisfying the boundary con-
ditions: an infinitely strong homeotropic anchoring both on the
top and bottom substrates and a degenerate planar anchoring on
the hemispherical droplet’s surface. The hemispherical geometry
and anchoring conditions differentiate our work from the chiral
bipolar configuration reported in Nych et al. and Uzunova and
Pergamenshchik.?>®® Additionally, the previous works study only
the nematic phase, but our system investigates both achiral and
chiral nematic phases. We parameterize the director field n with
two spatially varying angles, « and f.

(n, ny, n;) = (sin fcos(¢ + ), sin fsin(¢ + a), cos f).  (2)

The equation describes the Cartesian components (n,, 1, 1,)
of a director n at a position (r, 0, ¢) in the spherical coordinate.
For the angle f between a director and z-axis shown in Fig. 2(a),
we adopt the bipolar planar quadrupole configuration.®®

(r/R)*/*sin 0

(r/R)32cos 0 — 1)
o (r/R)*?*sin 0

~tan ! ((r/R)3/2 cos 0 + 1)'

B=20—tan"" (
(3)

This ansatz adopted eqn (6) from Uzunova and Pergamen-
shchik®® satisfies our boundary conditions, i.e., the homeotro-
pic alignment at the far field and the degenerate planar align-
ment on the hemispherical droplet’s surface, resulting in a
point defect at the droplet’s pole, also known as a boojum. Note
that our sessile-droplet geometry has one pole at the top of the
droplet.
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Fig. 2 Director configurations of a sessile isotropic droplet surrounded by
nematic phase. (a) A coordinate system to represent the director configu-
ration. A yellow rod is the director at the position r, and two black rods are
the projection of the yellow director on the x—y plane and x-z plane,
respectively. o, 8, and ¢ are the angles between the coordinate axes and
the director or the projected directors. (b) Director visualization of the
planar quadrupole configuration. The directors are shown as yellow rods
on the surface of the droplet and on the y—z plane. The black dot at the top
of the droplet is the point defect. (c) One example of the twisted planar
quadrupole configuration. (d) Twist angle § profile of (c) as a function of
the normalized radius p/R in the cylindrical coordinate along the p axis at z/
R=11

We hypothesize that the experimentally observed spiral POM
textures result from a twisted director configuration. We add
twist deformation to the planar quadrupole configuration by
introducing the angle « in eqn (2). As shown in Fig. 2(a), « is the
angle between the radial direction p in the cylindrical coordi-
nate and the director’s projection onto the x—y plane. If o = 0,
the director field becomes the planar quadrupole configuration
with no ¢-component.

Our ansatz adopts o as a power-law decaying function of p,
satisfying the cylindrical symmetry and the far-field boundary
condition. We choose this decaying profile because the splay
cancellation by the twist deformation near a topological defect
is a well-known mechanism for the chiral symmetry breaking in
LCLCs;'° see ESI7 for the detailed rationalization of the ansatz.
Namely, o decreases along the radial direction from the z axis,
i.e., from the boojum, and satisfies o(p —» o) — 0, ie., the
deformation-free homeotropic alignment at infinity.

Two constants a and ¢ determine the decaying o(p)’s profile
and how the twist angle ¢ defined in Fig. 2(a) varies spatially.
Fig. 2(d) is a representative J—p profile for given a and c. A large
a results in the large peak value of ¢, and a large c leads to a fast
decay as p increases.
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The degenerate planar anchoring of the planar quadrupole
configuration at the droplet surface can be violated when we
adopt o # 0 for the twist deformation. Varying the parameters a
and c, we investigate the maximum polar deviation angle of the
surface directors from the tangential plane at the droplet sur-
face. Then, we exclude the parameter regimes having the
maximum deviation angle greater than 20 deg from the region
of interest, only allowing a slight violation of the planar
anchoring condition at the isotropic-nematic interface.

By numerically calculating the total elastic free energy F of
the above-mentioned director field model according to a and c, we
find the director configurations at local energy minima, which
agree well with experimental observations. See the Methods sec-
tion for the details of the elastic free energy calculation. Fig. 3(a)
shows the energy landscape of the achiral system, highlighting the
local minima. In this achiral system, the energy landscape is
symmetric about the axis of a = 0, ie., Fla) = F(—a); the sign
change of the angle « means the flipping of the spiral handedness.
We locate (a, ¢) giving the two degenerate global minima of the
energy landscape, simulate the corresponding POM textures using
Jones calculus, and compare them with the experimental results,
as shown in Fig. 3(b). The simulated textures well reproduce the
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-180-120 -60 0 60
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120 180
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-180 120 -60 0 60 120 180
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Fig. 3 Elastic free energy landscape of the I-in-N system according to the
model parameters a and ¢ and their comparison with experimental data. (a)
The color-coded energy landscape of the achiral nematic SSY with no
chiral dopant. Two filled star symbols indicate two degenerate global
minima. The patterned regions at the bottom left and right are excluded
because they violate the boundary conditions considerably. (b) Compar-
ison of experimentally observed spiral textures with Jones-calculus-
simulated POM textures of the director configurations located at two
global minima of the energy landscape shown in (a). (c) The color-coded
energy landscape of the chiral nematic SSY with 0.4% (wt/wt) BSH. The
global minimum is indicated by a filled symbol, and the local minimum at
the top-right region is shown with an empty star. (d) Comparison of
experimental images with simulated POM textures based on the minima
in (c). Left and right columns of POM images represent the global and local
minimum, respectively.
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spiral textures of different handednesses. Additionally, two degen-
erate global minima are consistent with the observation that the
spiral textures of different handedness appear with equal prob-
abilities in the achiral system.

The elastic anisotropy of the nematic SSY is responsible for
two global minima at non-zero a and c, resulting in the two
degenerate twisted ground states. Fig. S3 (ESIt) shows the
energy difference between our twisted ground-state configu-
ration and the twist-free planar quadrupole configuration. It
indicates that the relatively cheap twist deformation cancels out
the splay deformation near the topological defect, resulting in a
net decrease in the total elastic free energy. This scenario is
similar to the cases in the literature, where the achiral SSY
under confinement breaks its chiral symmetry because of the
very small K, compared to other elastic moduli.'®*"**> Com-
parison of the energy landscapes at different K, values corro-
borates the role of elastic anisotropy in the chiral symmetry
breaking. Our close investigation of the energy landscape
reveals that two degenerate global minima exist when k, = K,/
K; < 0.68; see ESIT for the determination of the critical k, for
the chiral symmetry breaking.

With chiral dopants added, as shown in Fig. 3(c), the energy
landscape becomes asymmetric but still retains two minima.
This is consistent with our experimental observation that the
spiral textures of both handednesses appear. Because p, in
eqn (1) is no longer zero, the director configuration energeti-
cally favors a twist deformation of a given helical pitch and
handedness imposed by the chiral dopant, making the energy
landscape asymmetric. Notably, two global minima in the
achiral system shown in Fig. 3(a) become one global minimum
and one local minimum in the chiral system shown in Fig. 3(c).
The director configuration of the preferred handedness has
lower energy and corresponds to the global minimum, which is
a more frequently observed spiral texture in our experiments.
For instance, 0.4% (wt/wt) of chiral dopant gives right-handed
spiral texture handedness with the probability 0.894 + 0.032
out of 794 droplets. Intriguingly, the director configuration of
the disfavored handedness exists with a finite probability, even
though we add the chiral dopant to make the configuration
favor a particular handedness. In fact, in the calculated energy
landscape, there exists a local minimum with higher energy
than the global minimum; see the top-right region of Fig. 3(c).

We find that a constraint from the symmetry and the far-
field boundary condition results in the appearance of both
handednesses. As shown in Fig. 2(c), the directors along the
rotational axis, i.e., z-axis, are aligned vertically because of the
symmetry. Starting from this symmetric axis, the directors twist
along the radial direction p to lower the total elastic free energy
in both achiral and chiral cases. However, to satisfy the far-field
boundary condition, ie., the uniform homeotropic alignment,
the director should untwist to be vertical again unless the
centrosymmetric directors twist by 180 degrees. In other words,
as shown in Fig. 2(d), the system should have both twist-
handedness, i.e., the positive and negative slopes in J, regardless
of the favored handedness of the system. This constraint justifies
that, even in highly doped specimens preferring one-handedness
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and paying high energy penalty for the other-handedness, the
disfavored spiral texture can be observed experimentally as a local
minimum in the energy landscape. With different symmetry and
boundary conditions allowing the homochiral twist deformation,
one may expect chiral LCLCs to exhibit the homochiral spiral
texture. We test this idea in the following section with the
inverted system.

Sessile nematic droplets surrounded by isotropic phase

We observe the spiral textures again from sessile nematic LCLC
droplets surrounded by the isotropic phase, i.e., N-in-I, of which
the boundary conditions allow homochiral configurations.
Fig. 4(b) shows the POM textures. In contrast to the Iin-N case
at the temperature just above the nematic-to-coexistence phase
transition temperature, the temperature of the N-in-I sample is
at the one just below the coexistence-to-isotropic phase transi-
tion temperature. The isotropic regions grow and merge during
the heating, and the nematic regions eventually become sessile
droplets surrounded by the isotropic phase. We find that sessile
droplets surrounded by air can implement the same boundary
conditions: the near hemispherical shape and degenerate planar
anchoring at the air-nematic interface. The spiral textures result
from the twist deformation of the nematic phase confined within
the sessile droplets. The absence of the far-field boundary
condition, such as the homeotropic alignment in the I-in-N case,
allows homochiral configurations. This chiral symmetry break-
ing and the energetics are similar to those in the suspended
spherical droplets.’® The LCLC’s cheapest twist deformation
cancels out the high elastic energy penalty around the surface
point defect, i.e., the black dot in Fig. 4(a). As expected, in the
achiral system with no chiral dopant, we observe both handed-
nesses in the spiral texture with equal probabilities: the ratio of
RS to LS is 9 to 8.

To our surprise, the sessile nematic droplets of chirally
doped LCLC do not exhibit homochirality, even though the
geometry and boundary conditions allow homochiral config-
urations. When 0.1% (wt/wt) of BSH is added, 41 out of 43 are
left-handed. Namely, we observe the disfavored handedness
experimentally, even though they are rarely observed. When we
increase the dopant concentration to 0.2% (wt/wt), all droplets
exhibit the homochiral configuration. Please note that we
observe the same metastability in the N-in-air system; the data
is not shown here because the sessile-droplet shapes sur-
rounded by the air are not regular enough to be a well-
defined confinement.

To investigate further the energetics of the meta-stable
configuration having the disfavored handedness, we construct a
parameterized director field model for the hemispherical sessile
droplet, which is inspired by the twisted bipolar director configu-
ration of the spherical droplet.'® As in the I-in-N case, we assume
the hemispherical shape because of the near 90-deg contact
angle, as shown in ESL{ The director n with a parameter y is

N = Npipolar COS Y + Neoncentric SIN Y, (5)

where Npipolar a0d Neoneentric are the director field model of the
bipolar and concentric configurations used in Jeong et al.'® We
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Fig. 4 Schematic, spiral textures, and energy landscape of the N-in-I
system. (a) Director visualization of a representative twisted configuration
in the sessile nematic droplet. The directors are shown as yellow rods on
the y—z plane. The black dot at the top of the droplet is the point defect. (b)
The comparison of experimental POM textures with simulated textures
based on the energy-minimizing configurations of the energy landscape.
(c) The color-coded energy landscape of the achiral nematic SSY accord-
ing to the model parameters a and c at b = 2.51. The symmetry landscape
with the negative a is not shown. The filled symbol indicates one of two
degenerate global minima. (d) and (e) The color-coded energy landscape
of the chiral liquid crystal with 0.1% (wt/wt) BSH. (d) Shows the global
minimum as the filled symbol in the a—c plane at b = 2.09. (e) Shows the
local minimum at b = 2.51.

introduce the parameter y to describe the azimuthal compo-
nent of the director experiencing a twist deformation. If y = 0,
the director field becomes the bipolar configuration, n =
Nyipolar; With no twist deformation. Note that we use only the
hemispherical part of the bipolar configuration, resulting in
one pole. With y#0, directors twist as shown in Fig. 4(a).
Assuming 7 = a(z/R)’(p/R)° as a power-law function of z and p
with parameters a, b, and ¢, we numerically calculate total
elastic free energy F according to (a, b, ¢). It is noteworthy that z”
makes the model satisfy the homeotropic anchoring condition
at the bottom substrate. Moreover, the splay cancellation near
the defect inspires the decaying along p. The farther the
director is away from the defect, the less twist deformation is
required to lower the energy.

We find that both achiral and chiral models can have two
minima in the energy landscape of the parameter space (a, b, c).
It is no surprise that the energy landscape of the achiral degen-
erate system with p, = 0 renders the two energy minima with the
same energy, and these two configurations correspond to each
spiral texture of different handedness shown in the experiment.
As shown in Fig. 4(b), the Jones calculus-simulated POM textures
approximately match our experimental observation. However, the
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existence of the local minimum configuration having the dis-
favored handedness, which is experimentally observed, is unex-
pected. It is not straightforward to imagine why the directors
twist in an energetically unfavorable handedness and remain
stable enough to be observed experimentally, although the
boundary conditions afford homochiral configurations.

Our investigation of the energetics reveals that the elastic
anisotropy is responsible for the metastability in the chiral
system, as in the chiral symmetry breaking of the achiral
system. First, the energy landscape assuming the one-constant
approximation, ie., K; = K, = K3, shows only one minimum
exhibiting the twisted director configuration of the favorable
handedness. However, with K; = K; = 10 K,, in addition to the
global minimum, there exists a local minimum having the
opposite handedness. To rationalize the existence of the local
minimum, we investigate the energy landscape in detail. As
shown in Fig. S4 (ESIt), in the vicinity of the local minimum, the
increase in b of y = a(z/R)’(p/R)° results in the increase of the
total splay energy within the droplet. But, both total twist and
bend energy decrease, leading to a local minimum at a finite b.
This trade-off results from the fact that the director configura-
tions should satisfy the boundary conditions imposed by the
confinement. Namely, because of the constraints by the bound-
ary conditions, each deformation cannot change independently,
but changes in a certain deformation affect the other deforma-
tion modes. It is the elastic anisotropy that leads to a local
minimum in the trade-off situation. Notably, with K; = K, = K;
instead of K; = K; = 10K,, ie., the decrease of total twist and
bend energy upon the increase in b dominates over the increase
of total splay, giving no local minimum but a monotonic
decrease. In summary, a confinement-induced energy trade-off
with small K,, or large enough elastic anisotropy in general,
makes this local minimum reside even in the energy-landscape
region of disfavored handedness.

Conclusions

We study the roles of confinement and elastic anisotropy in the
chiral symmetry breaking of achiral LCLCs and the metast-
ability of chiral LCLCs. The broad isotropic-nematic coexis-
tence phase of LCLC enables us to study sessile isotropic
droplets immersed in an aligned nematic phase and vice versa.
Our director field models reproduce the spiral textures
observed by POM and elucidate how their handedness popula-
tion depends on the chiral dopant concentrations. In particu-
lar, energy landscape calculations reveal that the spirals of the
disfavored handedness can exist as a local minimum. Regard-
less of the boundary conditions, i.e., both in I-in-N and N-in-I
cases, the large elastic anisotropy K, « K; = K3 is responsible
for the local minimum.

Looking forward, we should be able to utilize our findings
and models for further studies of confined chiral chromonic
LCs and their applications. We learn that energy-landscape
study can be useful when one wants to create and control chiral
structures, e.g., homochiral bipolar droplets*® or homochiral
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defect-free double-twist configurations,> because meta-stable
configurations may lead to the appearance of unwanted hand-
edness and resultant defects between heterochiral domains.
Self-assembly is a scalable technique to create chiral meta-
materials,*”" and LCs are popular building blocks for
them.”””* Achieving homochirality optimally - from the choice
of materials, dopants, and concentrations to the design of
confining geometries and anchoring conditions - may benefit
from the energy-landscape approach.
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