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ABSTRACT: We report on the homeotropic alignment of 
lyotropic chromonic liquid crystals (LCLCs). Homeotropic 
anchoring of LCLCs is difficult to achieve, and this challenge has 
limited development of applications for LCLCs. In this work, 
homeotropic alignment is achieved using noncovalent interactions 
between the LCLC molecules and various alignment layers 
including graphene, parylene films, poly(methyl methacrylate) 
films, and fluoropolymer films. The LCLC molecules are unique 
in that they self-assemble via noncovalent interactions in water into 
elongated aggregates which, in turn, form nematic and columnar 
liquid crystal (LC) phases. Here we exploit these same noncovalent interactions to induce homeotropic anchoring of the nematic 
LCLC. Homeotropic alignment is confirmed by polarized optical microscopy and conoscopy. We also report on novel transient 
stripe textures that occur when an initial flow-induced planar alignment transforms into the equilibrium homeotropic alignment 
required by boundary conditions. An understanding of this behavior could be important for switching applications. 

■ INTRODUCTION 

Lyotropic chromonic liquid crystals (LCLCs) are composed of 
molecules in water that self-assemble into elongated aggregates, 
and these aggregates, in turn, form nematic or columnar LC 
phases that depend on temperature and chromophile 
concentration.1−5 Such aqueous LCLC phases arise in solutions 
of dyes, drugs, nucleotides, and DNA, and they are under 
investigation for a variety of water-based applications.6−23 Most 
LCLC molecules have a plank-like shape composed of 
polyaromatic cores and peripheral polar groups that are usually 
ionic. Thus, noncovalent intermolecular interactions, including 
electrostatic forces between ionized polar groups, π−π stacking, 
van der Waals interaction, and hydrophobic interactions 
between aromatic cores, cause the molecules to stack like 
poker chips and make elongated aggregates. The aggregates are 
flexible, typically with scission energies in the 7−11 kBT 
range.10,24,25 The aggregates also interact to form nematic and 
columnar phases via excluded-volume, electrostatic, and 
hydration interaggregate forces. Together, these intra- and 
interaggregate interactions determine LCLC phase behavior, 
elasticity,26,27 and other properties whose potential applications 
are actively investigated.21,28,29 

Generally, the director configuration of a LC sample is 
determined by a balance between bulk elasticity and surface 
anchoring. Surface anchoring, in particular, plays a crucial role 
in the applications of thermotropic LCs.30 However, little is 
known about the surface anchoring of LCLCs and how to 
control it,5,31−36 especially homeotropic anchoring at interfaces 
wherein the LC director is perpendicular to the surface. It is 

known that homeotropic anchoring of LCLCs is difficult to 
achieve; most surfaces, including glass, give rise to planar 
anchoring, and the usual surface treatments for homeotropic 
anchoring of thermotropic LCs do not work for LCLCs.35,36 In 
fact, many suggested applications of LCLCs that utilize their 
anisotropic optical and electric properties are limited by a lack 
of control of surface anchoring. 
In this investigation, we utilize noncovalent interactions 

between the nematic LCLCs and alignment layers to achieve 
homeotropic anchoring. Specifically, we develop alignment 
layers based on graphene, parylene films, poly(methyl 
methacrylate) (PMMA) films, and fluoropolymer films for 
homeotropic anchoring of two well-known LCLCs: disodium 
cromoglycate (DSCG) and Sunset Yellow FCF (SSY). 
Exploration of hydrophobic fluoropolymer films was inspired 
by previously reported experiments employing PDMS 
films.35,36 Following this work, we also tested moderately 
hydrophobic films such as PMMA. Finally, our use of graphene 
layers and paralyene films was based on expectations about the 
potential for π−π stacking of organic molecules with aromatic 
rings. This newfound ability to create homeotropic alignment 
also enables us to initiate and investigate some novel dynamic 
LCLC phenomenology. In particular, we report on transient 
stripe textures that develop when an initial flow-induced planar 
alignment transforms into the equilibrium homeotropic align-
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ment required by the boundary conditions of the sample cell 
surfaces. This remarkable texture appears to be a metastable 
configuration in which large stresses, resulting from the initial 
alignment and the boundary condition, are relaxed by twist 
deformations. Ultimately, these texture dynamics could be 
important in switching applications of LCLCs using homeo-
tropic alignment layers. 

■ EXPERIMENTAL SECTION 
Preparation of Alignment Layers. Graphene grown by chemical 

vapor deposition (CVD) on a copper foil was transferred to a glass 
substrate. The copper foil (Alfa Aesar, 46365) was placed in a tube 
furnace (4 in. diameter) heated to 1020 °C with 80 sccm of H2 gas 
(600 mTorr, temperature increasing rate is 17 °C/min). For graphene 
growth, 45 sccm of CH4 gas was added (1000 mTorr) for 65 min. 
After the cooling process, the graphene/copper foil was cut into pieces 
(20 × 20 mm), and the graphene was transferred by a bubbling 
transfer technique with 0.1 M KOH solution onto a glass substrate.37 

To prevent delamination of graphene from the glass in contact with 
aqueous LCLC, the surface of the glass substrate was treated by 
hexamethyldisilazane (HMDS) vapor for 30 min before transferring 
the graphene. 
Parylene-N films were directly deposited on glass substrates by 

CVD using a commercially available parylene coater (PDS2010, 
Specialty Coating Systems). 0.5−2 g of [2.2]paracyclophane was 
deposited under vacuum conditions (∼55 mTorr) onto precleaned 
glass slides and glass capillaries without any surface treatment. 
Temperatures used for vaporization, pyrolysis, and deposition of 
parylene-N were 160 °C, 650 °C, and room temperature, respectively. 
For fluoropolymer films, 100 μL of coating solution (Novec 1700, 

3M) was spin-cast onto a precleaned glass coverslip (25 × 25 mm) at 
5000 rpm for 1 min. For poly(methyl methacrylate) (PMMA) films, 1 
mL of coating solution (950PMMA C2, MicroChem) was spin-cast 
onto a precleaned glass slide at 3000 rpm for 1 min. Then, PMMA 
films were baked at 150 °C for 2 min on a hot plate. 
Preparation of Sample Cells. Disodium cromoglycate (DSCG) 

and Sunset Yellow FCF (SSY) were purchased from Sigma-Aldrich at 
purities of >95% and 90%, respectively. DSCG was used as received, 

method.10,15,24and SSY was purified using a precipitation We 
dissolved each compound into deionized water (18.2 MΩ·cm) to 
make DSCG (15.0 wt %) and SSY (31.0 wt %) solutions in the 
nematic phase. The vacuum suction method was performed to fill the 
interior of parylene-coated capillaries. A drop of the nematic LC was 
sandwiched with 20 μm spacers by two substrates on which the 
alignment layers were coated. LCLC samples were sealed with epoxy 
glue to prevent evaporation of water. Then, all samples were observed 
immediately after preparation at an ambient temperature of 23 °C 
without temperature change. 
Optical Microscopy. We collected bright-field, polarized optical 

microscopy (POM) images using an inverted microscope (DM IRB, 
Leica) with a 10× dry objective. For the conoscopy image, we 
employed a 63× (N.A. = 0.7) dry objective with a coverslip-thickness 
correction. The samples were rotated on a circular stage located 
between a polarizer and an analyzer. Most images were taken with a 
color CCD camera (UC-1800DS-CL, UNIQ Vision Inc.) under 
polychromatic illumination derived from a halogen lamp. For the 
quasi-monochromatic illumination measurements (center wavelength 
= 650 nm, fwhm = 10 nm), we employed a black-and-white CCD 
camera (UP-680CL, UNIQ Vision Inc.) and a bandpass filter (P10-
650, Orion). 
Contact Angle Measurement. Static contact angles of sessile 

water or LCLC droplets on alignment layers were measured using an 
optical tensiometer (Attension Theta, Biolin Scientific). Briefly, 0.5−1 
μL of a solution was placed by a pipet onto a substrate on which an 
alignment layer was coated. Drop shapes were fit to the Laplace− 
Young equation by image analysis software (CAM Series Software, 
KSV Instruments Ltd.), and the shape symmetry of the sessile droplets 
was confirmed in all measurements. In order to minimize droplet 

evaporation, all measurements were conducted at ambient temperature 
and within 30 s after placing the droplets on the alignment layer. 

■ RESULTS AND DISCUSSION 
Homeotropic Alignment of LCLCs. Homeotropic align-

ment of the LCLCs on the alignment layers was confirmed by
35,36 polarized optical microscopy (POM) and conoscopy. 

Figure 1a shows the top view of the nematic DSCG sandwiched 

Figure 1. Polarized optical microscopy images of (a) DSCG 
sandwiched between two graphene-coated glass surfaces and (b) 
SSY sandwiched between two parylene-coated glass surfaces. The 
white arrows indicate pass axis directions of the input polarizer (P) 
and the analyzer (A). The blue arrows represent the x-axis (y-axis) of 
each sample which is rotated. Scale bar is 200 μm. In the bright 
regions, the bare glass substrates are exposed; in the dark regions, the 
LCLC is sandwiched by the alignment layer-coated glass substrates. 
The insets at the right bottom of each figure show conoscopy images 
of the dark regions; their patterns were constant as a function of 
rotation angle. (c) A schematic diagram of the anchoring of LCLCs on 
a glass slide and an alignment layer. Stacks of plank-like molecules 
represent LCLC aggregates, and double-headed arrows indicate LC 
directors (n).̂ The LCLCs show homeotropic anchoring on the 
alignment layer and planar anchoring on the bare glass slide. 

between two graphene-coated glass surfaces. Figure 1b was 
taken with nematic SSY sandwiched between two parylene-
coated glass surfaces. This configuration of LCLCs sandwiched 
between two alignment layers (graphene layers or parylene 
films) showed no transmission under crossed polarizers 
(polarizer directions are shown as white arrows). As sketched 
on the left side of Figure 1c, this behavior arises because the 
director (n ̂) of the LCLC aggregates is oriented perpendicular 
to the substrates. In other words, the nematic LCLCs have 
homeotropic anchoring on the alignment layers. By contrast, in 
the bright regions of Figure 1a,b wherein nematic LCLCs are in 
contact with bare glass substrates, the LC directors have 
nonzero components parallel to the substrates owing to 
degenerate planar anchoring (see right side of Figure 1c). 
Thus, the transmittance of these regions varies as the sample is 
rotated. In Figure 1a, cracks and holes of graphene appear as 
bright regions because they expose glass substrates. 
The insets in Figure 1a,b show conoscopic images of each 

homeotropic region. This cross shape is observed in the 
conoscopy of a uniaxial crystal along the crystal axis and 
indicates homeotropic alignment. The same procedure was 
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employed to confirm that nematic SSY has homeotropic 
alignment on fluoropolymer and PMMA films. Interestingly, 
only graphene induced homeotropic alignment of both DSCG 
and SSY; the other films did not induce homeotropic alignment 
of DSCG. 
The stability of the homeotropic alignment as a function of 

temperature and time was also checked. The samples recovered 
their homeotropic alignment after they were heated through 
the isotropic−nematic transition and then cooled to ambient 
temperature. When significant evaporation of water from the 
samples occurred, the resultant samples exhibited a phase 
transition from the nematic to the columnar phase. In the 
process, the samples lost their homeotropic alignment and 
exhibited characteristic textures of the columnar LCLC phase.35 

We did not observe substantial changes in homeotropic 
alignment except when this nematic−columnar phase transition 
occurred. 
In the case of parylene and PMMA films, we observed a slow 

anchoring transition.33 Although uniform homeotropic align-
ment was achieved initially over a large area, some regions of 
planar alignment appeared on the films slowly, over a period of 
several weeks. 
The molecular forces responsible for homeotropic anchoring 

of LCLCs on alignment layers are noncovalent interactions 
which can vary depending on the alignment layer surface 
chemistry. For example, the homeotropic alignment of LCLCs 
has been reported on very hydrophobic surfaces.35,36 Indeed, in 
our experiments with SSY on fluoropolymer and parylene 
alignment layers, a hydrophobic interaction appears to facilitate 
homeotropic anchoring. The fluoropolymer and the parylene 
films are clearly hydrophobic; the contact angles of deionized 
water on these films were ∼105° and ∼90°, respectively. 
Further, the LCLC SSY exhibited homeotropic anchoring even 
on moderately hydrophobic alignment layers such as the 
PMMA film and the graphene layer, on which the contact 
angles of deionized water were ∼70° and ∼80°, respectively. 
In the case of DSCG, however, even the highly hydrophobic 

fluoropolymer film did not induce homeotropic alignment. This 
observation suggests that the homeotropic anchoring strength 
of DSCG is weaker than SSY, though it is still large enough to 
facilitate transient and weak homeotropic anchoring on 
hydrophobic silane-treated substrates.33 (Note: at a later time, 
this system exhibited an anchoring transition from homeotropic 
to planar anchoring.33) We hypothesize that the more flexible 
linkage between the aromatic rings of DSCG compared to 
SSY2,9,15 decreases interactions with the alignment layer and 
thus diminishes the chance for homeotropic anchoring on the 
substrates we have studied. 
In the case of the graphene layer, homeotropic alignment of 

the LCLCs may arise from other effects in addition to the 
hydrophobic interaction. The graphene layer, for example, 
induced homeotropic alignment of DSCG while the other more 
hydrophobic films did not. Therefore, π−π stacking is one 
candidate that could play a role facilitating homeotropic 
anchoring of LCLCs on graphene.38,39 Specifically, it is possible 
that π−π stacking10,23 between polyaromatic cores of the 
LCLC molecules and the hexagons of graphene, could initiate 
formation of face-to-face stacks of plank-like LCLC molecules 
on graphene. Over the years, such π−π stacking between 
organic molecules and allotropes of carbon such as fullerenes, 
carbon nanotubes, and graphene has been observed.40−48 

According to this argument, π−π stacking should also be 
present in the parylene films,49 but it appears that such stacking 

effects are not sufficient to induce homeotropic anchoring of 
DSCG. Finally, it is possible that van der Waals interaction 
between the aromatic rings facing one another can also lead to 
homeotropic alignment.38,39 However, these ideas for the 
interactions responsible for homeotropic alignment are not 
resolved in the scientific community; for example, in thread-like 
models18 that assume side-by-side stacking instead of face-to-
face stacking of the molecules, both π−π stacking and the van 
der Waals interactions should not lead to homeotropic 
anchoring. 

Observation of Transient Stripe Textures. The ability to 
achieve homeotropic anchoring of LCLCs enables us to probe 
the dynamical behavior of LCLCs as they evolve toward 
equilibrium configurations imposed by boundary conditions. 
For instance, Figure 2 shows the evolution of nematic SSY 

Figure 2. A time sequence of polarized optical microscopy images of 
initially planar-aligned SSY sandwiched between two parylene-coated 
glasses. The white arrows represent the pass axis directions of the 
input polarizer (P) and the analyzer (A). The 0 s image of the time 
sequence corresponds to when the observations started. Scale bar is 
200 μm. The growing dark region has homeotropic alignment. Notice 
that after 200 s the stripe texture starts to become visible outside the 
top and bottom of the homeotropic domains and becomes more 
apparent thereafter. 

sandwiched between two parylene-coated substrates. These 
evolving textures are unusual, in part as a result of the LCLC’s 
elastic anisotropy, and interesting from a fundamental view-
point; furthermore, transient stripe textures provide useful 
information about the relationship between flow and surface 
anchoring that aids in the characterization of basic LCLC 
properties such as anchoring strength and the magnitude of 
anisotropic viscosities. From an applied perspective, transient 
stripe textures can be a serious time-response issue in 
applications involving alignment and switching of LCLCs; for 
example, since the stripe textures precede homeotropic 
alignment and disappear slowly, the preparation and recovery 
of aligned LCLCs are slow. 
In Figure 2, we show transient stripe textures observed when 

an initial planar alignment induced by flow transforms into 
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homeotropic alignment forced by the alignment layer. Briefly, 
in the course of preparing the cell, in which a nematic sessile 
droplet is sandwiched between substrates, the initial director 
configuration aligns mostly parallel to the substrate due to 
spreading-induced flow. Figure 2 shows a sequence of POM 
images of an SSY sandwich cell as a function of time; at 0 s, we 
see the initial planar alignment, except for a small homeotropic 
domain at the center. After several minutes (200 s in Figure 2), 
the planar alignment starts to develop stripe textures, and after 
several tens of minutes the stripes are replaced by a full 
homeotropically aligned domain. Below, we show a collection 
of clues that lead us to an understanding of the textures. 
First, we observe that the stripes are approximately parallel to 

the direction of the initial planar alignment in the capillary 
whose cross section is shown in Figure 3a. As shown in Figure 

Figure 3. SSY confined in a parylene-coated capillary with a 
rectangular cross section. Scale bar is 200 μm. (a) Cross section of 
the capillary. (b) Polarized optical microscopy images of SSY confined 
in the parylene-coated capillary. White arrows correspond to the 
directions of the input polarizer (P) and the analyzer (A). The dark 
region at the sample center is the homeotropic region of SSY, and the 
bright regions are distorted configurations of SSY near the side wall of 
the capillary. (c, d) Polarized optical microscopy images of the 
transient stripe texture observed before homeotropic alignment is 
achieved. Note that the stripes are almost parallel to the capillary axis 
except those in the region around the side wall. 

3b, the parylene-coated capillary induces homeotropic align-
ment of SSY except in the region around the side wall of the 
capillary. Initially, flow-induced planar alignment of the nematic 
LCLC is parallel to the direction of flow, excepting the regions 
near the side wall. Then, as shown in Figure 3c,d, the planar 
alignment develops a stripe texture that is mostly parallel to the 
capillary axis. The stripe texture was also observed in thick 
capillaries up to 100 μm in thickness, and the stripe period 
increased when the cell thickness increased in a wedge cell (see 
Supporting Information). Eventually, the stripe texture is 
replaced by the homeotropic alignment (Figure 3b). 
To better understand the structure of the stripe texture, we 

investigated it further under various polarizer, analyzer, and 
wave plate axis directions. In Figure 4, all images were taken 
from the same region (yellow boxes), and the white arrows 
(polarizer and analyzer) and yellow arrows (the fast axis of 
wave plate) correspond to different axis directions of the optical 
components. Quasi-monochromatic illumination at a wave-
length of 650 nm was used for these images of the middle 

Figure 4. Optical microscopy images of the stripe texture under quasi-
monochromatic illumination (center wavelength = 650 nm) with 
polarizers and a wave plate. The yellow boxes enclose the same region. 
White arrows represent the directions of the input polarizer (P) and 
the analyzer (A), and the yellow arrows represent the direction of the 
wave plate’s fast axis. Scale bar is 50 μm. 

region between top/bottom substrates. Without polarizers, or 
with only one polarizer (analyzer), the stripes were not 
observed. Figure 4a,b shows that bright stripes experienced 
intensity changes due to rotation of the crossed polarizers. But, 
the bright stripes showed no extinction with the crossed 
polarizers, and the dark stripes did not get brighter. On the 
other hand, with the parallel polarizers in Figure 4c−e, dark 
stripes in the crossed polarizer configuration become bright, 
while bright stripes in the crossed polarizer configuration 
become dark. In addition, with the wave plate (2π retardation at 
550 nm) and the crossed polarizers, the stripes exhibited 
various patterns shown in Figure 4f−i. 
On the basis of these observations and the expectation of 

homeotropic anchoring at the boundary, we suggest a LC 
director configuration for these metastable stripes. As shown in 
Figure 5, the key feature in the stripe configuration is a twist 
along the z-direction, which is perpendicular to the sample 
plane. This twist is modulated along the direction perpendicular 
to the stripes. In Figure 4a,b, the bright stripes change their 
intensity, but they are never extinguished under the rotation of 
the crossed polarizer. This implies that the directions of planar 
components of the LC directors in the bright stripes change 
along the z-direction (the second and fourth columns from the 
left in Figure 5). By contrast, the dark stripes hardly change in 
their intensity, which implies that these stripes do not have 
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Figure 5. Schematic diagram of the suggested LC director 
configuration of the stripes. Nematic LCLC is sandwiched between 
top/bottom plates coated by a homeotropic alignment layer. A black 
straight arrow shows a direction perpendicular to stripes. A yellow box 
around the top plate corresponds to the yellow box in Figure 4. Red 
rods represent LC directors that have homeotropic anchoring at top 
and bottom alignment layers. Cones and rotating arrows highlight the 
regions with twists of different handedness. Each double-headed arrow 
represents the pass axis (fast axis) direction of the input/output 
polarizers (wave plate). 

twist and the directors are mostly perpendicular to the sample 
plane (the first, third, and fifth columns from the left in Figure 
5). This model is also consistent with observations in Figure 
4c−e using parallel polarizers. Lastly, in Figure 4f,g, a wave 
plate reveals the difference between two adjacent bright stripes 
in the yellow box; the handedness of the twist deformation in 
each adjacent stripe is opposite (the cones and rotating arrows 
in Figure 5). Jones matrix-simulated POM images based on the 
configuration shown in Figure 5 exhibited good agreement with 
the experiments shown in Figure 4 (see Supporting 
Information). 
The key to this transient stripe behavior is the ease with 

which LCLCs can twist. The flow-induced planar alignment 
and the homeotropic anchoring at the top and bottom 
substrates lead to large bend and splay deformation, and 
because the elastic modulus of twist deformation is an order of 
magnitude smaller than the moduli of splay and bend 
deformation,26,27 it is natural for the LCLCs to acquire a 
twist deformation that eventually relaxes the large bend and 
splay deformation caused by the boundary conditions. 
Interestingly, the proposed scheme is similar to reports of 
pattern formation resulting from large elastic anisotropy in 
thermotropic nematic LCs.50−57 Especially, in refs 50 and 51, 
although there are external fields and the boundary conditions 
are different, the configuration is quite similar to ours because 
there is twist along the z-direction and the handedness of the 
twist changes periodically. It may be relevant to patterns 
observed in sheared polymeric (thermotropic) nematic LCs, 
which also have a very small twist modulus.55,56 

Lastly, it is worth emphasizing that the stripes always follow 
the flow-induced planar alignment, in which the bulk director is 
mostly planar and form well before the formation of the 
homeotropic state. It should be noted that this transition to 
stripes is different from the transition in ref 54, where the 

stripes appear from an almost homeotropic alignment. The 
texture evolution involving stripes was observed in temperature 
experiments as well as during preparation of the sandwich-cell/ 
capillary samples. During heating the LCLC sample usually 
experiences a thermal expansion-induced flow, probably 
because of nonuniform heating. As a result, the regular stripe 
structure was destroyed by the flow when the sample was 
heated. Cooling to room temperature recovered the stripe 
textures, but the previous pattern was not exactly reproduced 
because the flow direction was different. Clearly, further 
investigation of the possible instability mechanisms is needed. 

■ CONCLUSION 
In summary, we demonstrate homeotropic alignment of two 
well-known nematic LCLCs using graphene, parylene films, 
PMMA films, and fluoropolymer films as alignment layers. It 
has been difficult to achieve homeotropic anchoring of LCLCs, 
and this difficulty in the control of surface anchoring has limited 
many suggested applications of LCLCs. Our experiments 
suggest that this homeotropic anchoring may arise from 
noncovalent interactions, e.g., hydrophobic interactions, π−π 
stacking, and van der Waals interactions between the LCLC 
molecules and the alignment layers. Understanding and 
characterizing the interactions responsible for anchoring of 
nematic/columnar LCLCs will be essential for applications of 
LCLCs. In addition, new applications of LCLCs can now utilize 
the excellent properties of these alignment layers, e.g., the high 
electrical conductivity of graphene and chemical inertness of 
parylene. 
We also report on transient stripe textures that occurred 

while LCLCs having a planar initial alignment transform into 
the equilibrium homeotropic alignment. Based on the optical 
observations and the unusually small twist modulus of LCLCs, 
a fascinating director configuration of the stripe texture is 
proposed with a twist deformation along the z-direction and 
with twist modulation along the direction perpendicular to the 
stripes. Understanding these effects could lead to improved 
usage of LCLCs in switching and alignment applications. For 
instance, by utilizing the negative Δχ (= χ∥ − χ⊥) of LCLCs, 
wherein χ∥ is the diamagnetic susceptibility measured parallel to 
the director and χ⊥ is its orthogonal counterpart, magnetic 
fields can stabilize and control stripe textures for optical 
applications55,58 or expedite homeotropic alignment. 
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