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Abstract: We demonstrate an efficient technique to align lyotropic chromonic liquid crystals
(LCLCs) using secondary sputtering lithography (SSL). Monodomains of LCLCs prepared
using SSL maintained their stable alignment for days. A generalization of Berreman’s theory was
employed to determine the anchoring strength of LCLCs on the tessellated surface patterns. The
anchoring energy initially increases with the amplitude (4) of the grooves and excellent
alignment of LCLCs was observed when the amplitude of the grooves is equal to half its
wavelength (4). We also note that the anchoring energy levels off above g4~3 (where g =21/1) ,
which suggests that increasing g4 beyond a certain value does not provide any further advantage
for the alignment of LCLCs. This finding provides a useful optimization criterion for the
fabrication of the patterned cells to achieve stable monodomain alignment of LCLCs. Our

analysis also explains why good alignment of LCLCs has been a difficult task.
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Lyotropic chromonic liquid crystals (LCLCs) are fundamentally different from thermotropic
liquid crystals in the sense that the aspect ratio of the constituent units is dependent both on
temperature and concentration (1-7). The constituent units of LCLCs have flat aromatic cores
with water-soluble peripheral groups that enable them to spontaneously assemble into long
anisotropic structures in aqueous solutions. LCLCs have the added appeal of being water
soluble, hence avoiding the complications of using volatile solvents for processing (8, 9).
Further, aligned LCLCs have many interesting properties like dichroism due to their anisotropy
of molecular structure. Monodomains of LCLCs on patterned surfaces can preserve their defect
free structure when dried from the solution state, opening up many applications like use as
polarizing sheets, water based organic electronics and bio sensing applications (8-12).

For using LCLCs in the aforementioned applications, it is essential that there exists a reliable
way to obtain defect free monodomains over large areas. In addition, monodomains of LCLCs
are essential to carry out fundamental studies for measuring the physical properties of ordered
phases such as order parameters, elastic constants, and the anisotropic viscosities (7, 11, 13).
Aligning lyotropic systems and polymeric nematics has historically been rather difficult, thus
limiting studies aimed at elucidating fundamental properties. Most conventional methods used
for aligning small molecule thermotropic materials are not as effective in aligning these systems.
There are a few examples, however, in the literature of polymeric systems that have been aligned
using non-traditional methods (14-16). Pressure driven extensional flow was used to align
solutions of poly(1,4- phenylene-2,6-benzobisthiazole) in methane sulfonic acid. The extruding
flow produces alignment of the nematic at the bounding surfaces, which in this case was a
rectangular capillary. The alignment can be rationalized with the argument that the velocity of

the front at the center of capillary is much greater than at the edges, resulting in the so-called
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“fountain flow” where the fluid at the center spills out to the edges of the capillary (16, 17).
Solutions of poly-y-benzyl glutamates have also been aligned to produce monodomains and the
elastic constants, various viscosities could be determined (14).

LCLCs bear similarity with polymeric nematics in the sense that the structural units leading
to the formation of the nematic phase are long semiflexible rods. Curiously both LCLCs and
polymeric nematics are notoriously hard to align using conventional techniques (18, 19). A
possible explanation for this is that the anchoring energy (W) provided by conventional rubbing
techniques is not sufficiently high for aligning LCLCs and polymeric nematics. Another curious
aspect about both polymeric nematics and LCLCs is that the value of the twist elastic constant is
significantly lower than the bend and splay elastic constants (7). We believe that the lower
energy of twist deformation becomes very relevant in the anchoring energy calculations of
LCLCs and polymeric nematics on grooved surfaces because it is possible that the bend and
splay deformations relieve some of the energy cost via a twist mode, thus resulting in a lower
effective anchoring energy. Hence there is a need for developing techniques that can provide for
anchoring energies that are significantly higher than those that are used to align thermotropic
materials.

Despite the fact that LCLCs have been studied for over a decade or two, reliable methods for
forming stable monodomains are few. Homogeneous alignment of chromonic liquid crystals has
been obtained by using an azo-polymer thin film that was irradiated with linearly polarized light
(20, 21), by the normal rubbing process as well as evaporating a SiOy layer (19) has been
repoted. Superfine abrasive has been used to rub glass substrates and achieve planar anchoring
of LCLCs providing weak anchoring (7, 22). Rubbed layer of polyamide has also been used to

align LCLCs (23). Very recently alignment of LCLCs has been demonstrated using rubbing and
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topographic patterns using nanoimprinting (24, 25) . Interestingly when molecular grooves are
small enough, LCLCs align perpendicular to the rubbing direction (24). Nanoimprinting is used
to generate micro-channels which align LCLCs along the direction of the channels (25). Further,
several interesting features in the biphasic regime are reported by the same authors when LCLCs
are confined in these tessellated patterns.

Berreman’s theory predicts that the anchoring energy increases monotonically as a function
of the amplitude (4) of the grooves used to align nematics (26). This was our motivation initially
for creating large amplitude patterns using secondary sputtering lithography (SSL). The failure
of conventional rubbing techniques to align LCLCs seems to suggest that the amplitude of
grooves created by rubbing is not large enough to align LCLCs (27). We have shown in a prior
publication that the most common thermotropic liquid crystal, SCB is well-aligned on surface
patterned bifunctional ITO substrates using SSL (28). In this report we use SSL to fabricate
nano-sized line patterns of high aspect ratio (ca.15), leading to a tessellated surface that provides
sufficiently high anchoring energy for aligning LCLCs. We note that the experimental part is
similar to the previously reported work using nanoimprinting (25). The anchoring strength is
varied by controlling the height and amplitude of the tessellated patterns (varying qA). An
extension of the Berreman theory is used to calculate the anchoring energy. Our study provides a
guideline for future experiments on LCLCs for the range of anchoring energies that can provide
stable and good alignment. With the analysis presented here we contextualize some of the results
present in the literature on aligning LCLCs in terms of the anchoring energy (via qA) and the
quality of alignment.

Fabrication of the template began with spin coating a thin polystyrene (PS) film (8 wt% of

PS (MW=18,000 g/mol, Sigma Aldrich) solution in anhydrous toluene (Sigma Aldrich)) on an
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ITO surface. A pre-patterned poly(dimethylsiloxane) (PDMS) mold with a wavelength (1) of
grooves equal to 500 nm and depth 600 nm was put on the PS coated surface and heated above
the glass transition temperature to drive the PS polymer into the spaces of the mold patterns by
capillary force. After cooling to room temperature, the mold was removed and PS line arrays
were formed on the substrate (Fig. 1a). The PS layer that remained on the bottom of the
imprinted structure was subsequently removed by O,/CF, reactive-ion etching (RIE) operated at
a flow of 40/60 sccm, a chamber pressure of 20 mTorr, and an RF power of 80 W (Fig. 1b). The
target material layer, ITO, exposed at the bottom was etched by Ar' ion milling process using the
PS layer as a mask, thereby generating line wall structures along the PS pattern shape (Fig. 1c¢).
The PS remaining on top of the target material pattern was completely removed by secondary O,
RIE operation at a flow of 100 sccm (Fig. 1d). The line amplitude and the wavelength of the
pattern can be controlled by employing numerous etching conditions to produce high resolution
ITO line patterns over a 5 mm x 5 mm area.

The structural integrity of the patterns was tested using atomic force microscopy (AFM) and
scanning electron microscopy (SEM) imaging. Fig. 2a and Fig. 2b show the 2D images of a
substrate, observed using the noncontact mode of AFM and SEM. In these representative images,
the height of the patterns as measured by AFM was 250 nm and the width of lines is around 20
nm from SEM imaging. Fig. 2c to Fig. 2f show polarized optical microscope (POM) images of
the cells filled with Sunset Yellow FCF (SSY) and disodium cromoglycate (DSCG). After
sealing the cell with UV curable polymer (Norland Optical Adhesive 63), the cells are heated
above the nematic-isotropic transition temperature (Txj) to erase any effects of flow induced
alignment.

Results and Discussion:
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It is clear from Fig. 2 that the cells show a 90° periodicity under crossed polarizers and have
the maximum intensity when the sample makes an angle 45° with the polarizers. This confirms
that the alignment caused by the line patterns is efficient in aligning LCLCs. Further to test the
efficacy of the method, another LCLC, DSCG, was filled into the patterned structures (Fig. 2e
and Fig. 2f). The cell with DSCG is fabricated with substrates having a groove height of 180 nm
and the wavelength of the grooves is 500 nm. The behavior of DSCG is similar to SSY in the
POM images and shows very good alignment on the surface of the periodic patterns.

To better understand the alignment and to get an estimate of the anchoring strength created
by the patterns, we employed Berreman’s theory as a first approximation. In his seminal work,
Berreman modeled the grooves to be sinusoidal and assumed that the amplitude of the grooves
was much smaller than the period (wavelength) of the grooves (26). Berreman also used a single
constant approximation to estimate the cost of the elastic deformation. None of these
assumptions is strictly valid in our experiments. We note that the Berreman theory gives an
accurate estimate of the energy only when the amplitude of the grooves is comparable to the
wavelength (¢ = 2n/2) of the pattern but overestimates the energy for (g4> 1) (29). The
approximation of g4<<l1 is clearly invalidated in many experimental conditions (for example,
when A= 300 nm and A=500nm). We evaluate the impact of the approximation on the
anchoring energy from the numerical calculations reported by Barbero, et al (29).

The surface profile in our studies can be treated as a two dimensional sinusoidal profile in the
x-z plane given by

zo=A(1 + cos (gx)) (1)
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In a previous study, it has been shown that the bend and splay elastic constants of LCLCs are
quite close to one another, which allows for simplification of the problem with a single constant

approximation (7). The total cost of deformation, F, can then be written as:
F=[}]z §(93+ 0°)dxdz @)

where 6, = d@/dx and 6. = d@/dz and O 1is the angle between the director and the x-axis.
Using the Leibnitz rule, it is straightforward to see that the solution of # which minimizes the

cost of deformation corresponds to the solution of the Laplace equation:

d*6 d*o
+
dx?  dz?

=0 3)

with boundary conditions given by:

lim_, 6=0 and 6= arctan(g4 sin (gx)) 4)

When, gA< 1, the problem reduces to Berreman’s original treatment. However, in our case, that
assumption is clearly invalid. Analytical treatment of the problem becomes untenable when g4~
1, hence one has to resort to numerical methods as was done by Barbero, et al (29). We use their
numerical results to estimate the anchoring energies for our experimental system.

As shown in Fig. 3, the values of the anchoring energies calculated from the Berreman’s

theory are significantly overestimated in the cases where g4>1. A crucial result to note is that
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unlike the Berreman analysis, the anchoring energy obtained by the numerical procedure levels
off at around gA= 3. Hence the anchoring energy cannot be increased indefinitely by just
increasing the height of the patterns. Also the plot in Fig 3 provides a rather convincing picture
of why conventional rubbing techniques do not work well for aligning LCLCs. As can be seen in
Fig.3, with the help of the accompanying POM images, we obtain good alignment when g4 ~ 3.
This result leads us to postulate that LCLCs cannot be aligned by conventional rubbing
techniques as the amplitude of grooves caused by rubbing is much smaller than those used in our
patterns (27, 30). The anchoring energy corresponding to gA~ 3 is 10 N/m. Anchoring energy
around this value appears to be the cut off beyond which one can expect good homogeneous
alignment of LCLCs. Comparing this with our previous results of using SSL to align 5CB, we
note that the amplitude of the patterns needed to align LCLCs (4~250 nm) is much larger than
what is needed to align thermotropic liquid crystals (4~100 nm) (28). This corresponds to the
anchoring energy needed to align LCLCs (10 N/m) is an order of magnitude larger than that
needed to align thermotropic liquid crystals (10 N/m). Further, using the same analysis we can
explain the weak anchoring of LCLCs (~ 10" N/m) obtained by using superfine abrasive (qA
<<1) (22, 30). This result again highlights the importance of the use of SSL to achieve the high
aspect ratio patterns that are essential to achieve anchoring energies large enough to align
LCLCs.

In conclusion, we have successfully demonstrated a way to reliably align LCLCs using SSL.
The SSL technique is utilized to make patterns that impose a sufficiently high anchoring strength
on the LCLCs to enable good and stable alignment. We conclude that the anchoring strength
imposed by this technique (10™* N/m) is higher than what is obtained from conventional rubbing

techniques thus enabling the alignment. We observe with the help of POM that anchoring
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strength of about 10 appears to be a cutoff strength below which perfect alignment of LCLCs is
not possible. The value of 10* N/m would serve as a cut off anchoring energy which future
experiments seeking to align LCLCs should try to attain to achieve good alignment. Also when
the appropriate corrections to the Berreman’s theory are taken into consideration, it is noted that
the anchoring energy using this technique levels off beyond (¢g4=3), suggesting one cannot
achieve higher anchoring strengths just simply by increasing the amplitude of the patterns.
Further we postulate that the higher anchoring energy of LCLCs and polymeric nematics is
related to their twist elastic constant being about an order of magnitude lower than the bend or
splay. Future applications focusing on developing an aligned liquid crystal as a polarizer using
SSL which can cover broad visible wavelength by mixing various LCLCs looks very promising.
The technique of aligning LCLCs with patterns can also be extended to other fields like bio-

SENSOrs.
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Fig. 1. Scheme of the fabrication of LC cells using secondary sputtering lithography. (a) Line pattern
s are transferred from PDMS mold to spin-coated PS substrates. (b) Residual PS layer is etched by RIE.
(c) Formation of ITO walls by secondary sputtering lithography. (d) Removal of PS template using O,
plasma, resulting in ITO line pattern. (¢) Control of cell gap with PS micro-beads and NOA 63. (f) Upper

substrate is placed parallel to bottom substrate. NOA 63 is cured by UV rays. (g) The cell is filled with
SSY using capillary force.
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Fig. 2. Alignment of SSY on patterned surfaces. (a) AFM images of the line patterns showing
the periodicity and the amplitude of patterns. (b) An SEM image of the patterns. (c¢) SSY under
crossed polarizers with the director parallel to the polarizer. (d) SSY with the director making
an angle of 45° with the polarizers. (¢) DSCG under crossed polarizers with the director parallel
to the polarizer. (f) DSCG with the director making an angle of 45° with the polarizers.

(g) Schematic of the alignment of the chormonics along the length of the patterns.
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Fig. 3. Calculated values of anchoring energy as a function of gA. Accompanying POM images
show the integrity of alignment at different qA. Notice that when qA < 3, unaligned regions are
present indicating that the alignment is not perfect.
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Supplementary Materials:
Materials and Methods:

Sunset Yellow FCF (SSY, 90%, Sigma Aldrich) was purified twice by dissolving in water
and reprecipitating using ethanol. Precipitates are vacuum filtrated using micro-porous glass
fiber whose pore size is 1 pum. The filtrated powder sample was dried in a vacuum oven over
night and kept in a desiccator to remove any trace moisture until used. The purity of the sample
was estimated by HPLC to be more than 99 %. All solutions of liquid crystals were prepared
with distilled water with a resistivity of 18.2 MQ.cm (Millipore). The concentration of SSY at
room temperature was around 35 wt%. Disodium cromoglycate (DSCG, MP Biomedicals, LLC)
at 16 wt% was also used in the experiments.

Commercial ITO glass substrates (20 mm x 20 mm) were purchased from Dasom RMS
(Korea) with thickness of 180 nm and transmittance of 96 % at 550 nm. The ITO glass was
heated over boiling temperature of isopropyl alcohol (82.5°C) for 10 min, and sonicated in
acetone and subsequently in distilled water to remove impurities. The substrates were dried using
N, blower and then treated by air plasma to functionalize the surface to be hydrophilic.

The LCLCs cells were assembled using two patterned ITO substrates, oriented parallel to
each other, with patterned sides in contact with SSY solutions. The cell thickness was controlled
by coating a mixture of UV curable adhesive (NOA 63, Norland Product Inc. USA) and PS
micro-beads with 10 um radius at the corners on bottom substrate (Fig. 1e). UV radiation (365
nm) was directed on the cell uniformly to harden the photo curable NOA (Fig. 1f). The LCLCs
were loaded by capillary action at room temperature. The cells were immediately sealed with
NOA 63 and cured with the UV lamp to prevent solvent evaporation (Fig. 1g). The cell was

heated to the isotropic phase on a temperature-controlled stage and cooled down to room

16
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temperature before observation. The state of LC alignment was examined using a polarizing

optical microscope (Nikon) under crossed polarizers.
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Fig. S1. Alignment of SSY using patterned surfaces. (a,b) POM images of SSY, under
crossed polarizers (shown as double arrows), filled in the 5 mmx5 mm size of patterned area
having 500 nm wavelength and 170 nm amplitude. The dotted arrow in (a) indicates the
direction of the grooves, and the sample was rotated 45° in (b). (c, f) AFM images of the
patterned substrates with the feature size of (c) 500 nm wavelength and 170 nm amplitude

-4
(W = 1.8446x10 N/m), and (f) 1000 nm wavelength and 170 nm amplitude (W = 2.3058

><10-5N/m). (d,e) POM image of SSY observed as in (a,b), while the patterned area 1is of
1000 nm wavelength and 170 nm. The scale bars in (a,b,d,e) are 1 mm.
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