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ABSTRACT: Achiral building blocks forming achiral structures is a
common occurrence in nature, while chirality emerging spontaneously
from an achiral system is usually associated with important scientific
phenomena. We report on the spontaneous chiral symmetry-breaking
phenomena upon the topographic confinement of achiral lyotropic
chromonic liquid crystals in periodically arranged micrometer scale air
pillars. The anisotropic fluid arranges into chiral domains that depend
on the arrangement and spacing of the pillars. We characterize the
resulting domains by polarized optical microscopy, support their
reconstruction by numerical calculations, and extend the findings with
experiments, which include chiral dopants. Well-controlled and
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addressed chiral structures will be useful in potential applications like programmable scaffolds for living liquid crystals and as

sensors for detecting chirality at the molecular level.

B INTRODUCTION

Since Pasteur studied the optical activity of tartaric acid,' chiral
objects in chemistry and material sciences have been of keen
interest in supramolecular assembly,” catalysis,” and optics.”
Chiral characteristics result from chiral moieties in mole-
cules”™* or axial chirality of different molecular planes,” which
have been massively studied. However, the chiral symmetry
breaking of supramolecular assemblies is not clearly under-
stood; however, it is important for the purposes of practicality
and as a clue to solve the evolution of life.’

In terms of this viewpoint, liquid crystals (LCs) that are
sensitive to external fields such as geometrical confinement and
electrical, mechanical, and chemical perturbations are fascinat-
ing materials, which have been extensively studied in the past
decades.”™'° For instance, chiral symmetry breaking happens
when LC molecules have bent shapes'' ™" or are placed in
confined geometries.m_]7 Among the various kinds of LC
types, lyotropic chromonic LCs (LCLCs), dissolved in water,
are frequently used to explore spontaneous chiral symmetry
breaking."*~** LCLC molecules have rigid planar shapes due
to polyaromatic cores, which spontaneously aggregate “face-to-
face” through 7m—r stacking interaction to form columns when
they are dissolved in an aqueous medium. At a low
concentration, the LCLC aggregates are short and oriented
randomly, which is the isotropic (Iso) state. As the
concentration increases, the length of the columns increases,
and the nematic (N) phase with long-range orientational order
appears.”* Due to the semiflexible polymer-like behaviors, this
type of nematic LC (NLC) has an order of magnitude lower
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twist elastic constant (K,) when compared to splay (K;) and
bend (K;) elastic constants.”™*° Precise control of the elastic
deformation of NLCs and the surface anchoring of confined
geometries are essential to induce chiral symmetry breaking
and to command the orientational patterns on templated
surface topographies.”’>° However, in previous studies,'®™>
the handedness of twisted domains and specific locations, in
which chiral domains were formed, has not been well-
controlled and scaled to large areas, and only the spontaneous
emergence of domains was observed. In order to use the chiral
structures of LCLC materials for sensor’*” or optical®™*
applications fabricated by conventional chiral LC materials or
solitonic structures in chiral nematic phases,”> > precise
control of the handedness and microscopic placement of chiral
domains is essential. In this study, we adopt micropatterned
silicon wafers to induce periodically well-addressed air pillars,*®
which can induce a complete degenerate anchoring condition
and periodic confinement effects on a millimeter scale. In
addition, a diamond lagping scratch method was introduced to
fabricate nanogrooves”’ on the wafers, which can control the
orientation of conventional LCLC materials, disodium
cromoglycate (DSCG) in this case. Spontaneously generated
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chiral domains from achiral DSCG molecules are well-
controlled by a competitive interaction between the surface
anchoring condition of confined geometries and the elasticity
of LCLC. These periodically generated domains are directly
investigated by polarized optical microscopy (POM) and
analyzed using theoretical interpretation and numerical
calculations. The behavior is verified by experimentally
comparing the homochiral structures generated with specific
chiral additives, which suggests a way to control the
handedness of chiral domains both in our system and similar
systems in biophysics.

B RESULTS AND DISCUSSION

Generation of Periodic Chiral Domains Using Surface
Anchoring Anisotropy. To generate periodic chiral domains,
first, the cylindrical holes with a 20 ym diameter, a S ym depth,
and a 20 pm spacing arranged in a square lattice (Figure la

DSCG molecule h
a = [©) O
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without nanogrooves
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e nematic %?é_, i ’

Patterned silicon wafer
with nanogrooves

Figure 1. Substrate patterns and the resulting nematic textures. (a)
Schematic illustration of a patterned silicon wafer, LC cell design with
dimensions, and DSCG molecule. (b) Optical microscope image of
the patterned silicon wafer with cylindrical hole pattern, which has a
20 ym diameter, a S ym height, and a 20 ym spacing. (c and d) POM
images (without and with the 4 wave plate) of a 15 wt % DSCG water
solution in the cell with a patterned silicon wafer. (e) Schematic
illustration of a patterned silicon wafer with nanogrooves, cell design,
and columns of the DSCG molecules. (f) Optical microscope image
of the patterned silicon wafer with nanogrooves and with the same
pattern as in panel b. (g and h) POM images (without and with the 4
wave plate) of a 15 wt % DSCG water solution in the cell with a
patterned silicon wafer with nanogrooves. (i) Corresponding POM
texture, simulated by the Jones matrix formalism. (j—1) Average in-
plane director configuration in the (j) xy plane, followed by cross-
section director configurations in the (k) yz and (1) xz planes. White
crossed arrows indicate the polarizer and analyzer direction, the red
arrow indicates the slow axis of the A wave plate, and the green arrow
indicates the direction of nanogrooves throughout the paper. Scale
bars = 30 pm.

and b) were fabricated on a silicon wafer using conventional
lithographic techniques. The micropatterned wafer was
sandwiched with a pristine glass substrate, and the assembled
LC cell gap was fixed with 2 ym diameter silica microspheres.
Then, DSCG, dissolved in deionized water at 15 wt %, was
injected slowly at room temperature. Capillary action took
place inside the LC cell, but the DSCG solution did not fill the
patterned area where pillar-like air cavities were spontaneously

generated above the intaglio holes (Figure lc and d). After
injecting the DSCG solution, the LC cell was heated to the Iso
state at 45 °C and slowly cooled down to 25 °C, which is the
N phase temperature, to erase the shear-aligning effect of the
injection process. The colorful texture of the thin DSCG layer
was observed by POM with a 530 nm (4) wave plate, inserted
at 45° with respect to the polarizers (red line in Figure 1d).
When the long axis of DSCG columns, the director n, is
parallel or perpendicular to either of the crossed polarizers or
when the sample is in the Iso state, a magenta color is
observed. When n is parallel or perpendicular to the slow axis
of the 4 wave plate, the samg)le shows a yellow or blue
interference color, respectively.‘8 In Figure 1d, the DSCG
texture shows randomly oriented n because neither the glass
nor silicon substrate could induce the preferred orientation.
The unidirectional orientation of n can be achieved with
nanogrooves formed by the diamond scratching method®” on a
micropatterned wafer (green arrow in Figure le—g), in which
the top glass substrate retains degenerate planar anchoring.
The conventional rubbed polymer alignment layer does not
work well in our system due to the wetting groblem and the
low surface anchoring energy of DSCG.” Following the
procedure above, a new cell was filled with the DSCG solution
and thermally treated. Now, a dramatic change of the textures
in the POM images (Figure 1g and h, Video 1) was observed.
Most of the sample aligned unidirectionally along the
nanogrooves, only the director field near the air pillars showed
distortions. According to the POM image analysis in Figure 1h,
the LCLC oriented tangentially around the surface of the air,
showing that the air imposes a planar anchoring condition on
the DSCG columns; however, air gives conventional
thermotropic LCs a homeotropic alignment.’® The resultant
textures are similar to distortions around spherical colloids in
previous research,'”*’ but here, chiral tails are not present in
the N state (Figure 1g and h).

Numerical simulation, based on the Frank—Oseen free
energy,”’ was conducted to investigate the spontaneous chiral
symmetry breaking and the energetically favorable director
configuration near the air surface (see Experimental Section):

1 1 1
B = fEKl(vn)2 + E1<2(n~v x n)> + E1<3(n X V X n)*dV

= Eppy + Bt + Foena (1)
The simulated image (Figure 1i) is in good agreement with the
experimental result (Figure 1g). The average in-plane director
configuration of the simulated data (Figure 1j) is also in
agreement with the observation in Figure 1h. As shown in the
yz cross-section profile (Figure 1k), n is aligned vertically in
contact with the air surface. The vertical escape points at the
air surface (see the crossing of the green and blue line in Figure
1j) resulted from an interplay of degenerate planar anchoring
at the LC—air interface, cylindrical curvature of the air, and
uniform planar anchoring at the bottom substrate. To the left
and the right of the vertical escape, oppositely handed twisted
domains are observed, as shown in the yz profile of Figure 11
The blue-colored region in Figure 1h and 1 was twisted with
right-handedness, and the yellow region was twisted with left-
handedness along the +z direction. According to previous
research,”® the surface anchoring energy (W) of the bottom
silicon wafer with nanogrooves, which can align LCLC
materials perfectly, is 107° J/m* < Wy yom < 107* J/m% The
extrapolation length (L) of the bottom substrate for DSCG is
Lisitom = Ko/ Wiorom < 107 um, which is smaller than the LC
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cell gap of 2 um; K, is less than K’ =~ 10 pN, which is an
estimated elastic constant for DSCG in the N phase.*’
Therefore, n in the lower part of the cell was aligned uniaxially,
following the direction of the nanogrooves. In contrast, n in the
upper part of the cell obeyed the degenerate planar anchoring
of the air and top glass, which is less restrictive and allows
deviations from the bottom director governed by the
nanogroove direction.

Interaction between Chiral Domains. For microspheres
dispersed in chromonic LC, it was experimentally demon-
strated that colloidal particles induce bipolar director
configurations, attract, and arrange at 30° with respect to the
LC alignment direction.'”*’ To investigate the attractive
interaction between locally formed chiral domains, the square
lattice was changed to the hexagonal lattice with the same hole
size and separation as in Figure 1 (see Figure 2a). Similar to
the elastic colloidal assembly, the interaction between domains
was observed in the space between adjacent air pillars (white
dashed area in Figure 2b). A notable difference from the

Figure 2. Chiral domain formation between the air pillars. (a and b)
POM images (without and with the 4 wave plate) of the DSCG in a
cell with a hexagonal hole pattern on the silicon substrate. In the
domains, the nematic LCLC forms a left- (L) and a right- (R) handed
twist perpendicular to the substrate. (c and d) POM images (without
and with the A wave plate) of the nematic texture, formed on a denser
square hole pattern. Note that the domains between the neighboring
air pillars are different, ie., left- (yellow) or right- (blue) handed,
chosen randomly through spontaneous symmetry breaking. The inset
in panel d shows an image that the sample is reoriented by 45° with
respect to the polarizers. (e) The growth of the domains during the
Iso—N transition. The domains nucleate at the air pillars, and the
symmetry breaking happens when the nematic islands coalesce. (f and
g) Comparison between experimental and simulation images of a
single chiral domain. Observe the black brushes connecting to the
surface where the director does not lie in the plane of the substrate,
which we call vertical escape points (dashed yellow circles). They
deflect from the symmetric central position, breaking the symmetry.
(h) Localization of high deformation energy, splay, twist, bend, and
total, within the outlined region in panel g. (i) A set of analytical
schematics of the deflection angle between the director and the
nanogrooves at the top glass surface, showing that the symmetry
breaking occurs through shifting of the vertical escape point position.
Scale bars = 30 pm.

previous study'”** is that instead of movable spheres, fixed

cylindrical air pillars provide a regular lattice to support the
director pattern. We see that the chiral domains, induced by
the anchoring at the surface of the air pillars (Figure 11),
extend from the air interface toward like-handed domains on
the neighboring pillars and interact with them. The character-
istic length (£) of the domain, and thus the reach of the
interdomain interaction, is set by

h
é omain — — /_ K/I<
RV @

where h is the cell thickness and K = %(K1 + K;). It shows

that a low twist elastic constant is essential for allowing long-
range interactions between domains.

To further explore the creation of connected chiral domains
between adjacent pillars, a square lattice with a narrower pillar-
to-pillar spacing was prepared (Figure 2c and d). The
sequential changes in cooling from the Iso state provided an
additional insight into the nucleation of the domains (Figure
2e, Video 2). During the Iso—N phase transition, the N regions
nucleate and grow from the air surface, revealing oval shapes
with a tangentially aligned director configuration (Figure 2e).
When the neighboring domains meet, the elliptical shapes are
merged in a particular direction, along the nanogrooves (green
arrow in Figure 2e). A numerical analysis was conducted to
analyze the director field in the same way as before.*" The
simulated POM image in Figure 2g is in good agreement with
the experimental POM image in Figure 2f. The chiral domains
consist of a twisting director (see the cross-section in Figure
11) from the nanogroove-aligned director at the bottom to an
angled director at the top, which is enforced by the planar
anchoring at the nearby air interface. Larger domains are
formed when domains of the same chirality merge between
neighboring air pillars. In this case, as there was no preferential
direction, the handedness of connected domains was
determined by an uneven cooling at the nucleation and
growth process. Therefore, blue (right-handed) and yellow
(left-handed) domains were connected randomly (colors are
seen in the experimental POM images, e.g., Figure 2d). The
proposed structure is confirmed by simulations in Figure 2g.

The free energy of the region of interest between the pillars
(dashed box in Figure 2g) is visualized in Figure 2h, split into
elastic contributions according to Equation 1. We see that twist
deformation dominates in the middle of the connected
domain, suppressing the more expensive bend and splay
deformation. Regions of high deformation are offset from the
center in opposite directions at both pillars (see positions i and
ii in Figure 2g), indicating repositioning of the vertical escape
points. In a simplified sense, the director angle can be thought
to be parallel to the substrate and changes from 0° with respect
to the nanogrooves at the bottom to the maximum angle ¢(x,
) at the top plate. Neglecting the twist deformation, which has
a much lower elastic constant, we obtain a Laplace equation
V2p = 0 for the angle at the top plate, which is trivially solved
if the boundary conditions are known. Figure 2i shows
solutions for the top angle at different positions where the
director at the surface is not tangential to the substrate. This
simulation shows that symmetry breaking is catalyzed by the
mobility of these vertical escape points, points of nonplanarity.
The defects deflect away from each other on neighboring air
pillars, making room for two like-handed domains to connect.
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Measurements of these angles of deflection are presented in
Figure 3f.
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Figure 3. symmetry-breaking variation with interpillar spacing. (a—d)
The deflection angles of the vertical escape points (black positions at
the surface of the pillar, additionally marked in (c)) increase when the
distance between the pillars is decreased from 20 ym (a) to 15 ym
(b), 10 um (c), and S um (d). (e) Normalized elastic free-energy
contribution of the bend deformation (red) and the twist deformation
(black). As the distance decreases, the free energy of each
deformation increases. (f) The dependence of the deflection angles
with respect to the interpillar spacing. The distribution of the angles is
broader due to the increase of the elastic free energy when the spacing
is smaller.

Control of Chiral Domains with Confinement
Variation. The bend deformation in the connected domains
is related to the distance between neighboring air pillars. At s =
20 um (Figure 3a), little interaction between the chiral
domains was observed. As s decreased to 1S um (Figure 3b,
Video 3) and 10 pm (Figure 3¢, Video 2), the interaction
between domains became stronger. At s = 5 yum (Figure 3d,
Video 4), the domain spacing became too short, so merged
domains were observed not only parallel to the nanogroove
direction but also perpendicular to it. To quantitatively
compare this scaling with s, Fy.,q and Fr,, were calculated
and normalized with a unit area A at the same position as the
white box in Figure 2g (see Figure 3e). Fy,, was almost
constant in the range of 5 to 25 um, meaning that splay
deformation only occurs around the air surface with relatively
little involvement in the formation of twist domains. In Figure
3e, it could be observed that as s decreased from 25 to § um,
both Fr,/A (black) and Fg4/A (red) increased with the
characteristic length (&), consistent with the analytical estimate
Eiomain ® 5.7 pm (detailed in Experimental Section).

The increase of Fr,/A resulted from some of the bend
deformation relaxing into twist deformation due to the lower
elastic cost of twist compared to bend deformation. This is
achieved through an increase of the deflection angle of vertical
escape point positions. The deflection angles between the
nanogrooves direction and the pillar center, vertically escaped
point lines, were measured for each spacing (5 to 20 um) to
quantify this effect (Figure 3f). The trend of an increasing
deflection angle with a narrowing of the interpillar gap is
consistent with the growth of twist and bend energy (Figure
3e).

Control of Chiral Domains with Chemical Additives.
To confirm whether the resultant structures are chiral or not,
control experiments were carried out, in which chiral dopants
were added to the DSCG solution to make either left- or right-

handed domains. We applied r-alanine and p-alanine, which
are commonly used to make LCLCs homochiral.** As shown
in the results above, domain handedness is reflected in yellow-
and blue-colored regions (Figure 4b, Video 2). In racemic

a % L-Alanine  Right b Racemic mixture of ¢ left  D-Alanine &

handedness 2wt% &

% 2wt% handedness L- and D-Alanine

N

) =
A/

Figure 4. Control of the racemic domain handedness with the
addition of chiral dopants. (a—c) POM images with an inserted 1
wave plate of a LCLC solution with the addition of (a) 2 wt % L-
alanine, (b) a racemic mixture of L-alanine and D-alanine, and (c) 2 wt
9% p-alanine in nanogrooved square lattice patterns. An enantiomeric
excess induced by alanine amplifies a specific handedness of chiral
domains such that only one type of domain is revealed. (d) A
sequence of right-handed domain formation during the Iso—N
transition of a 2 wt % L-alanine-doped DSCG solution. The
amplification of a right-handed domain by an enantiomeric excess
can be observed during the Iso—N transition.

mixtures, the domains are randomly determined during
cooling, as there is no preference for a specific handedness.
However, the optical textures become completely ordered
when homochiral molecules were added to the DSCG
solution. In the LC cell of L-alanine-added DSCG, only blue-
connected domains appeared (Figure 4a, Video S), while only
yellow ones were revealed with p-alanine-doped DSCG
(Figure 4c, Video 6). This outcome experimentally demon-
strated our argument that the surface chirality generated from
surface anisotropy was expanded to the broader area described
above. In contrast to the cooling from the Iso to the N phase of
the achiral mixture (Figure 2e), Figure 4d shows that, for L-
alanine-doped DSCG, germs of right-handed domains grow
larger even before merging, leading to uniformly right-handed
domains.

Safety Statement. No unexpected or unusually high safety
hazards were encountered throughout experimentation.

B CONCLUSION

We successfully fabricated a periodic array of chiral domains
based on anisotropic surface anchoring conditions and the
elasticity of the LCLC. The resultant chiral symmetry-breaking
platform suggests a new route to build a well-controlled three-
dimensional director configuration of supramolecular LCLCs,
which is comparable with the conventional two-dimensional
system.”” " Indeed, this uses topographical patterns fabricated
by well-known lithographic techniques, enabling the employ-
ment of parallel processes to generate the chiral domains on
demand. These findings are closely related to potential
programmable scaffolds, e.g, for controlling living active
materials*® and chiral assemblies of plasmonic particles*® and
investigating chiral fluid behaviors.*”"”
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B EXPERIMENTAL SECTION

Sample Preparation and Characterization. Disodium
cromoglycate (DSCG, > 95%), purchased from Sigma-Aldrich,
was dissolved in deionized water at a 15 wt % concentration
without any further purification. Chiral dopants, p-alanine and
L-alanine, purchased from Alfa Aesar, were added to a 15 wt %
DSCG solution at a 2 wt % concentration without any further
purification.

Various micropatterned silicon wafers were fabricated on
(100) wafers with conventional photolithography and reactive
ion etching techniques. Nanogrooves were fabricated on the
micropatterned wafer by nanoscratching techniques.”” The
surface of the patterned wafers was scratched with 500 nm
diamond lapping films, purchased from Allied High Tech
Products. The applied pressure on the silicon substrate during
scratching was ~1.18 N/cm? and the scratching velocity was
~1.9 cm/s. These wafers and pristine glass were cleaned using
acetone, ethanol, and deionized water, and were finally treated
with O, plasma for 5 min to eliminate organic impurities. The
substrates were sandwiched with 2 pm silica microspheres as
spacers and UV curable adhesives. The 15 wt % DSCG
solution was injected slowly into the sandwich cell by capillary
action. To erase flow-induced alignment, cells were heated to
45 °C with a heating stage (Linkam LTS420) and cooled to 25
°C. Optical textures of the nematic DSCG solution were
measured using POM (Nikon Eclipse LVI00POL) with a 530
nm (4) wave plate and imaged with a charge-coupled device
camera (Nikon DS-Ril). Deflection angles in Figure 3f were
measured based on POM images by using the image process
program Image] (LOCI, University of Wisconsin).

Numerical Simulation. The dimensionless free energy to
be minimized consists of the bulk elastic energy Fi (see
Equation 1) and surface anchoring contributions

E

e = %(W(l — n-n,.)) where n is the Cartesian director
n=(n, ny, n),nt=n’+ ny2 +n,> =1, and n, is the prealigned
direction. K, K,, and K; correspond to splay, twist, and bend
deformations, respectively, which is a method used in previous
research.”’ Elastic constants for the nematic DSCG are K, = 10
pN, K, = 0.7 pN, and K; = 24 pN, respectively.””** Surface
anchoring energies were used for pristine glass, W, = 107 J/
m?* with degenerate planar anchoring conditions and for a
silicon wafer with nanogrooves, Wy yom = 107°—107*J/ m2.>%%
Saddle-splay elasticity was ignored because the LC cell had too
short of a gap, and any textures that have to be shown in a
positive curvature were not observed in experimental data
(Figure 2e). On the basis of this method and constants, the
calculation was conducted on a square lattice with
commercially available software (Techwiz, LCD 3D, Sanayi
System Company). In Figure 1j and k, a three-dimensional
director configuration was extracted from the calculated
results. Simulated POM images in Figure 1i and Figure 2g
were obtained by 2 X 2 Jones matrices.

The free energy in eq 1 can be simplified with an ansatz of a
planar director n = (cos(@z/h), sin(¢z/h), 0), only depending
on x and y, where h is the cell thickness. Assuming K; = K; and
neglecting K, allows us to derive a Euler—Lagrange equation in
the form of a Laplace equation, V?@(x, y) = 0. The Laplace
equation was solved numerically with Mathematica 11
(Wolfram Research), with boundary conditions at the surface
of pillars matching the tangent to the pillar cross-section. The
boundary condition has a 7 jump at the position of the vertical

escape point, which we varied by adjusting the boundary
condition.

If K, is not ignored, we obtain a better approximation of the
free energy per unit of area:

1 _(h , 1 (1) 3
E /A~ —K|—|(Vp) + =K,| —
total/ 2 (3)( (p) 2 2 h 4 (3)

with K = %(K1 + K;), which leads to the characteristic length
. . h
of the chiral domain, &;,,,.., = %JK/K2 ~ 5.7 pm.
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