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1 Introduction

Hierarchical assembly of smectic liquid crystal defects
at undulated interfaces

Ryan S. Preusse, Elizabeth R. George,* S. Ali Aghvami,” Timothy M. Otchy,© and Mo-
hamed Amine Gharbi*“

The assembly of topological defects in liquid crystals has drawn significant interest in the last
decade due to their ability to trap colloidal objects and direct their arrangements. They have
also brought about a high impact in modern technologies, in particular in optics, e.g., microlens
arrays, soft lithography templates, and optically selective masks. Here we study the formation
of defects in smectic A liquid crystal with hybrid texture at undulated surfaces. We investigate
the role of surface topography on the organization of focal conic domains (FCDs) in smectic
films. We demonstrate new methods for assembling FCDs and disclinations into hierarchical
structures. When the liquid crystal is heated to the nematic phase, we observe stable defect lines
forming at specific locations. These defects are created to satisfy anchoring conditions and the
geometry of confinement imposed by the boundaries. Once the liquid crystal is cooled to the
smectic A phase, the disclinations maintain their positions, but periodic structures of reversible
FCDs facing opposite directions arise between them. We report the correlation between the size
of these FCDs and their eccentricities with the morphology of the interface. This work paves the
way for creating new procedures to control the assembly of functional nanomaterials into tunable
assemblies that may find relevance in the field of energy technology including in optoelectronic
and photonic applications.

tial arrangement is of great interest. The properties of defects

The technique of self-assembly is an essential tool for the creation
of novel materials in the field of soft matter’2, Many examples
of self-assembly exist both in nature and technological applica-
3. Given its fundamental importance and its utility in in-
dustry, there is an increasing interest in developing a better un-
derstanding of the parameters that control self-assembly#Z, Re-
cently, liquid crystals (LCs) have been of interest because of their
potential to direct the assembly of their topological defects and
colloidal particles into different patterns®12, These structures
are significant to the advancement of many industries1®18, In
most materials, scientists and engineers strive to develop meth-
ods that prevent the formation of defects because they usually
inhibit the performance of devices. However, it has been shown
that the creation of defects in LCs and the control of their spa-
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can be exploited and utilized in different applications, including
within the field of optics122¥ and the study of directed assembly
of colloids and nanoparticles21-24,

An important mesophase of thermotropic liquid crystals is the
Smectic-A (SmA). This class of matter is characterized by the ar-
rangement of their rod-like molecules in parallel layers, while
their long axis is perpendicular to the planes of the layers. Un-
der particular anchoring conditions, the hybrid texture, defects
known as focal conic domains (FCDs) form in the SmA. These de-
fects consist of molecular layers “wrapping” around two curves,
an ellipse and a hyperbola, which contain all singular points. The
eccentricity and the size of FCDs depend strongly on the thickness
of the SmA and the curvature of the film at the boundaries2>'2°,

The ability to control the assembly of FCDs into reconfigurable
structures paves the way to create new devices with tunable prop-
erties?7"22. When the SmA film with hybrid texture is uniform,
FCDs form arrays with hexagonal symmetry. The spatial arrange-
ment of these defects can be controlled via the thickness of the
film, the anchoring conditions, the temperature of the system, or
the application of an external field. It has been shown that these
regular hexagonal patterns can be used to create many appli-
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cations, including particle manipulation systems=%3l, templates
for lithography2, photonic and lasing applications=2, and vortex
beam generators®4. Different techniques are employed to con-
trol the size and the arrangement of FCDs that include the con-
finement within a 1D channels®> or micropost arrays=, the use
of curvature2226 the use of microwrinkle grooves=Z, the con-
trol of anchoring using different surface chemistries=8 and treat-
ments224% or the creation of defects that arise from another
phase upon crossing a phase transition*42, However, little is
known about how the control of the phase transition combined
with the control of the interface morphology can lead to exciting
assemblies of FCDs.

In this work, we explore the effect of surface morphology on the
assembly of FCDs in SmA films with hybrid texture. We confine
a thermotropic liquid crystal at an undulated surface and study
its texture in the nematic phase, at the nematic-SmA phase tran-
sition, and in the SmA phase. The goal of our study is to under-
stand the relation between FCDs arrangement and the interface
morphology. In particular, we are interested in studying the effect
of surface curvature on the eccentricity of FCDs. Our study con-
firms that eccentricity is correlated with the slope of the interface.
In the nematic phase, we show the formation of stable disclina-
tions, which remain once the system is cooled to the SmA. These
defects are located at precise locations in the film and separate
periodic regions of FCDs facing opposite directions. We demon-
strate that the shape and position of these defects are dictated by
the interface topography.

2 Experimental section

We obtained our studied system by mixing 85% by weight of
4’-Octyl-4-cyanobiphenyl (8CB, purchased from Kingston Chem-
icals Limited that displays a SmA phase between 23 and 33°C)
and 15% by weight of 4-Pentyl-4-cyanobiphenyl (5CB, purchased
from Kingston Chemicals Limited that displays a nematic phase
between 18 and 35°C). The 8CB/5CB mixture presents a nematic
phase at room temperature and a smectic phase below ~ 10°C.
Having a nematic phase at room temperature rather than a smec-
tic helps the preparation of the samples. By utilizing a nematic
phase at room temperature, we avoid potential issues related to
the high viscosity of SmA. The LC mixture is confined between
a base of cross-linked polydimethylsiloxane (PDMS, from Sigma-
Aldrich) and a coverslip treated with polyvinyl alcohol (PVA, pur-
chased from Sigma-Aldrich). To achieve "hybrid" anchoring with
the anchoring being homeotropic (perpendicular) in contact with
the PDMS, we use PVA to impose planar anchoring on the glass
substrate.

The undulated surfaces, both straight and circular, are fabri-
cated using a resonant direct laser writing system3, We start
by 3D printing the designs in acrylic, then we transfer the struc-
tures into PDMS. In this study, the undulated surfaces present
an amplitude around A ~ 25 um and a period around A = 300
um. We study the system under an upright optical polarizing mi-
croscope (Leica DM6 M) in transmission mode equipped with a
fluorescence mode and a temperature controller (Instec TS102-
mK2000A). The temperature of the LC mixture is controlled with
a precision around ~ 0.1°C. Our microscope is capable of collect-
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ing and comparing the data in different modes simultaneously
(bright field, polarized, and fluorescence). Also, it is equipped
with an automated XYZ stage useful for 3D imaging and mea-
surement. The images were recorded with a high-resolution digi-
tal camera (Leica DMC5400).
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Fig. 1 Confinement of a smectic A liquid crystal at an undulated surface.
(a) 3D Model showing the morphology of the interface. The amplitude of
the waves is about A ~ 25 um and the period is about A ~ 300 um. (b)
An image of an undulated structure after it is transferred to a PDMS film
(scale bar: 300 um). (c) Measurement of the PDMS profile with undula-
tions. The solid line represents the fit of profile with the expression given
by equation 1. (d) A schematic showing the confinement of the LC mix-
ture between the flat coverslip and the undulated PDMS. The thickness
of the LC film A* changes as a function of the morphology of the PDMS.

3 Results and Discussion

To measure the profile of the PDMS film, we use the microscope
to scan the sample along the vertical direction while moving the
stage in the horizontal direction. By detecting the top surface
of the film using a high-magnification objective (x50), we mea-
sure the profile i of the PDMS film as a function of the distance r
along the horizontal axis, as represented in Figure . The mea-
surements indicate the PDMS film is undulated as designed, and
can be fitted to a sine wave given by the equation:

h(r) = hg +Asin(ﬂh;}h0), 6))

where A ~ (22.6 £0.6) um is the amplitude of the sine waves,
w=A4/2~ (147.3+£1.4) um is their half-period, hy =~ (22.5+£0.4)
um is the offset, and h. ~ (274.4 +2) um is a fitting parameter
related to the phase shift of the sine function. The measure of the
PDMS morphology helps to estimate the thickness of the confined
LC h*, as shown in Figure [[d. We evaluate the gap between the
top flat surface of the cell and the peaks of the undulations to be
around 20 ym. Thus we estimate the thickness of the LC mixture
h* to vary between 20 < i* < 60 um.
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Fig. 2 Stabilization of disclinations in the SmA phase. (a) Schematic of
nematic film in the presence of a disclination. The side view shows how
the disclination evolves along a loop from a defect of winding number
m = —1/2 to a defect of winding number m = +1/2. (b) and (c) Bright field
and polarized optical microscopy images of a disclination seperating two
regions of FCDs facing in opposite directions. (d) and (e) Bright field and
polarized optical microscopy images of a defect loop. (Scale bars: 50
pum.)

To verify the quality of anchoring conditions at the boundaries,
we first analyze the texture of the smectic in the regions where
the LC film is flat and uniform. When the system is in the SmA
phase, we observe the formation of FCDs that assemble into or-
dered arrangements over large areas. These structures are rem-
iniscent of what we obtain when a SmA is confined between a
planar substrate and air. They confirm the hybrid texture of the
LC mixture in our system. When the SmA is heated up to the
isotropic phase then cooled down to the nematic phase, we ob-
serve distorted alignments of the director that include topologi-
cal defects. These are disclinations that separate two regions of
opposite orientations, as shown in Figure 2h. The nature of these
disclinations evolves along a loop as described in References 1444,
If the system is left in the nematic phase, the loops tend to shrink
and disappear after a few minutes. They vanish to minimize the
excess of the elastic free energy created by defects in LCs. How-
ever, it is possible to stabilize them and control their shape us-
ing different techniques—for example, the dispersion of colloidal
particles in the bulk®5H46l or at the interface™, the confinement
of the LC around micropost arrays of different geometries13
by cooling the LC below the smectic-to-nematic phase transition
temperature T4y as will be shown in this study.

We first create disclinations in the nematic phase using the
method of heating and cooling between the nematic and isotropic

, or
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phases. Then we stabilize the disclinations by cooling the nematic
to the SmA phase before they vanish. Figures[2b and 2d show
some examples of disclinations stabilized in SmA. The defects are
surrounded by FCDs, facing in opposite directions. We note that
the shape of the disclinations is random in the case of flat and
uniform SmA films. However, our results show that controlling
the morphology of the confining surface can lead to interesting
assemblies of disclinations and FCDs.

When the LC is confined between the PDMS film with undu-
lations and the planar substrate, the disclinations have different
behavior in the nematic phase. They form straight lines separated
by the same distance d equal to the half-period of the PDMS sine
wave d = w ~ 150 um. We investigated the properties of these
disclinations using the techniques of bright field microscopy (Fig-
ure [3p) and fluorescence microscopy (Figure 3p). We found that
the disclinations are stabilized by the crests and troughs of the
PDMS waves. They are located at the same horizontal positions
as the PDMS peaks. However, we noticed that the disclinations
in the regions where LC is thick are more visible than the defects
located in the thin areas. Finally, we remarked that both types of
disclinations are positioned at the same vertical position, near the
flat surface of the coverslip.

If the system is cooled towards Ts,,4_y, We observe the forma-
tion of stripe instabilities between the disclinations. These stripes
appear to reduce the bend distortion of the nematic director field,
as discussed in References®1#2 In the nematic phase, the elastic-
free energy associated with the hybrid texture can be determined
using the Frank free energy:

F, elastic

= %/dV{Kl (V.n)?> + K> (n.(V x n))? +K3((n.V)n)?
(2)
—2K24V.[n(V.n) -

(n.V)n]},

where Kj, K;, K3, and K4 represent the elastic constants as-
sociated with the splay, twist, bend, and saddle-splay distortion
modes, respectively, and n is the director field of the nematic LC.
In general, at the SmA-nematic phase transition, the ratio K3/K)
of bend to splay elastic constants diverges. However, when we
approach the phase transition temperature Tg,,4_n from the ne-
matic phase, small sinusoidal undulations of wavelength Agipes
form. These are the stripe instabilities that we observe in Figures
and[3d. They develop to decrease the excess of the total elastic
energy F, i created by the bend distortions of the nematic di-
rector. However, there is a critical value of the elastic constant K3
for which the instabilities form. This constant depends on both
the anchoring strength W at the PDMS surface and the saddle-
splay elastic constant Kyy.

Upon cooling the nematic below the phase transition temper-
ature Ts,,4_n, We observe assemblies of FCDs between the par-
allel disclinations, as shown in Figures 3¢ and [3f and Video S1.
The disclinations and the structures created by the FCDs are sta-
ble and reversible. The same assemblies occur when the SmaA is
heated back and forth to the isotropic phase (see Video S2 and
Video S3). These results show that the fine control of anchor-
ing conditions and the geometry of confinement could lead to the

Journal Name, [year], [vol.], 1ﬂ |3



Soft Matter

Fig. 3 FCDs formation across the nematic-SmA phase transition. (a) and (b) Bright field and fluorescence microscopy images of the disclinations
forming in the nematic phase. The defect lines are found at the same horizontal position of the crests and troughs of the PDMS waves. They are
separated by a distance d ~ 150 um equal to the half-period of the PDMS sine wave w. (c) and (d) Bright field and fluorescence microscopy images
showing the formation of stripe instabilities between the disclinations near the nematic-SmA phase transition. (e) and (f) Bright field and fluorescence
microscopy images showing the creation and assembly of FCDs in the SmA phase. (Scale bars: 100 um.)

stabilization of disclinations and the creation of new defect ar-
rangements. This new process to engineer defects in nematic and
SmA is robust. It paves the way for the development of a new
generation of reconfigurable structures based on LCs. For exam-
ple, it could be useful to create tunable assemblies of functional
nanomaterials that may find relevance in the field of energy tech-

nology“7.

Figure [d] shows the assembly of FCDs in the SmA at a larger
scale. These defects form periodic structures that depend on the
morphology of the PDMS film. Between FCDs, we observe the
presence of disclinations that are more visible in the thick region
of the SmA. They can be seen in the bright field microscopy im-
ages (Figure [4h and the zoomed image in Figure [df). However,
disclinations are less defined near the thin areas of the LC film. To
better investigate the presence of disclinations in thin regions, we
used the technique of fluorescence microscopy. When the inten-
sity of the excitation light is high, the disclinations become more
visible (see Figure E) and Figure EH). These defects are similar
to those near the thick regions. They separate small FCDs facing
opposite directions. Our results reveal the impact of the PDMS
undulations in creating disclinations in the LC. Figure @ shows
the 3D reconstruction of the periodic structure of disclinations
and the hierarchical assembly of FCDs.

The thickness of the SmA film is correlated with the morphol-
ogy of the PDMS film. For this reason, the size of FCDs is changing
with the undulations. The same thing is noted for the eccentricity
of FCDs. The elongation of the ellispses and the off-center dots
marking the termination of the hyperbole confirm our observa-
tions. The hyperbola are oriented outward from the disclinations
at lower peaks of the PDMS sine wave. Then, they switch orien-
tation at the disclinations, near the top peaks. This structure is
periodic, robust, and reversible.

We investigate the size distribution of FCDs as a function of the
undulations to better understand the role of the PDMS morphol-

4| Journal Name, [year], [vol.],1

Fig. 4 Hierarchical assembly of FCDs at undulated surfaces. (a) and (b)
Bright field and fluorescence microscopy images of periodic structures
of FCDs arranged at undulated surfaces and separated by disclinations.
The images indicate the presence of disclinations when the sign of the
slope changes. (Scale bars: 300 um). (c) and (d) Bright field and fluo-
rescence microscopy images of periodic structures of FCDs showing the
non-zero eccentricity of FCDs. (Scale bar: 150 um). (e) 3D reconstruc-
tion of the hierarchical assembly of FCDs. (Scale bars: 150 um in the
horizontal direction).

ogy in the creation and the arrangement of defects in SmA . We
start by measuring the area of the ellipses £ occupied by FCDs
(each FCD in Figures [5a is fitted to an ellipse E£). We then plot
these areas as a function of the distance r in the horizontal di-
rection. We consider a disclination located near the thick region
of SmA to be the origin of our analysis. The data shown in Fig-
ure [3b indicate that the areas of E are fluctuating. This is due
to the presence of small FCDs packed between larger FCDs to fill
the empty space, as discussed in Referencel28, We note here that
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when the thickness of the SmA is thin, near the top peaks of the
undulations, the FCDs are tiny. Unfortunately, the resolution of
the image processing technique used to analyze FCDs is limited.
It is unable to detect the ellipses near these regions. For this rea-
son no data are collected there.
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Fig. 5 Variation of FCDs along PDMS undulations. (a) An optical image
of FCDs arranged at an undulated surface. The vertical lines represent
the limit of the bins. These 50 um bins are used to average the area
of the ellipses E occupied by FCDs. (Scale bar: 150 um). Variation
of the areas of the ellipses E as a function of the distance r, along the
horizontal axis, before (b) and after we average (c). The missing data
near the regions r ~ 170 um and r ~ 450 um, are due to the small size
of FCDs that we are unable to detect. (d) Correlation between the size
of FCDs and the profile of the PDMS surface. The solid lines in (c) and
(d) represent the fit of the areas with the expression given by equation 1.
(Error bars are the standard deviations of the areas of E.)

To better identify the relation between the size of FCDs and
the undulations, we average the areas of the ellipses E in bins of
50 pum. In these regions, we assume FCDs have similar behavior.
This process helps to reduce the noise induced by the presence of
small defects. The results presented in Figures[St an[5d show that
FCD sizes are correlated with the profile of the confining surface,
as well as the thickness of the SmA film. The size distribution is
undulated. It can be fit to the same sine wave given by Equation
1, with the same half period wgrcps = 147.41 + 2 um. More gen-
erally, we illustrate how designed interfaces can provide a way
to raise spatially organized FCDs. The schematic in Figure @a
reveals the difference between the arrangement of FCDs in uni-
form SmA films and their assembly at undulated surfaces. This
model shows that FCDs of nonzero eccentricity can be organized
at curved interfaces without violating the law of corresponding
cones®850, a5 discussed in Referencel®. At the top and lower
peaks of the PDMS wave, the sign of the interface slope changes.
Then, the hyberbolae of FCDs switch from extending inward or
outward. The mismatch in orientation explains the formation of
disclinations near the peaks of the undulations.

We also found that the nonzero eccentricity is correlated with
the profile of the PDMS surface, as shown in Figure [6p. It de-
creases from a maximum at the lower peak of the undulation, and

Soft Matter

increases when the slope’s sign changes. FigureEk shows how the
eccentricity is rising reasonably with the thickness of the smectic
film A*. The FCDs nearest the thicker regions of SmA have the
highest eccentricity, while those near the thin regions have the
lowest eccentricity. However, the value of the eccentricity in the
system is not approaching zero (between 0.45 < ¢ < 0.7). This
could be explained by the high deformation of the smectic layer
at the undulated surfaces, which imposes homeotropic anchor-
ing while the anchoring at the horizontal substrate is degenerate
planar.

We tried to investigate if the tilt grain boundary model con-
forms with the FCD eccentricities e in our system. In this model,
if the homeotropic interface is curved, the eccentricity should in-
crease with the slope of the interface. The relation between the
eccentricity e and the slope of the homeotropic interface dh*/dr

is given by®0
1
oo [y 1 &
L+ (dh* /dr)?

Qualitatively, this model should agree with our experimental
results. We see the eccentricity increasing and decreasing with
the undulations (Figure ). Quantitatively, however, this model
disagrees with the FCD eccentricities e in our system and does
not fit our data. We believe this difference is due to the high
curvature of the designed undulations since the model considers
the homeotropic interface to be a tilted plane.

\ =<
a) Flat surface \_e=y

2w B 2 e B
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Fig. 6 Effect of the PDMS morphology on the eccentricity of FCDs. (a)
3D model describing the difference between the arrangement of FCDs at
flat and at undulated surfaces. (b) Variation of the FCD eccentricity as
a function of the distance r. The undulations represent the normalized
thickness of the SmA. (c) Variation of the eccentricity as a function of
the SmA thickness h*. (Error bars are the standard deviations of the
eccentricity.)

We previously demonstrate how the morphology of the confin-
ing surface dictates the type of defects, their size, their packing,
and how they assemble. To confirm the role of surface morphol-
ogy, we design a new system with circular undulations (Figure
[7). The amplitude of the waves and their period are identical to

Journal Name, [year], [vol.], 1ﬂ |5
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those of the vertical undulations. We observe the formation of
disclinations at the peaks of the waves. These defect lines have
circular structures to mimic the shape of the PDMS surface. They
separate FCDs that form in packings similar to those described in
the first system. This new hierarchical assembly of FCDs with dif-
ferent eccentricity at this novel geometry proves the effect of the
boundaries; geometry and anchoring combined.

Fig. 7 Assembly of disclinations and FCDs at circular waves. (a) 3D
Model showing the morphology of the interface. The amplitude and pe-
riod of the waves are the same as those of the first system (A ~ 25 um
and A ~ 300 um). (b) Bright field image of the LC mixture confined at
the circular waves in the isotropic phase. (c) and (d) Bright field and flu-
orescence microscopy images of periodic structures of FCDs arranged
at undulated surfaces of a different geometry and separated by circular
disclinations. (e) and (f) Bright field and fluorescence microscopy images
of disclinations and FCDs at a higher magnification. (Scale bars: 300

um.)

Our results show that by changing the design of the confining
surface and by preserving careful control of the anchoring con-
ditions at the boundaries, we can guide the assembly of FCDs
and their associated disclinations into reconfigurable structures.
This study reveals that the procedure used here is robust. It will
open the door to crafting novel self-assembled patterns. The de-
velopment of this approach will play an essential role in modern
technological applications based on the assembly of functional
nanomaterials and biomaterials. The most important key feature
here is the clever preparation of the boundaries.

4 Conclusion

We report a novel procedure to direct the assembly of defects in
SmA LC. We detail the role of the geometry at the boundaries
in creating hierarchical structures of FCDs. Near the nematic-
SmA phase transition, we develop disclinations of random shapes.
These disclinations are stabilized in the SmA using an undulated
surface of PDMS. However, to satisfy the hybrid anchoring condi-

6| Journal Name, [year], [voI.],1

tion imposed by the boundaries, the SmA creates FCDs arranged
in periodic structure between the disclinations. The size of these
defects and their eccentricity are correlated with the morphology
of the confining surface. By changing the geometry of the bound-
aries, we can design new means to assemble disclinations and
FCDs. This work paves the way to explore new means to fabricate
novel devices with reconfigurable properties. Moreover, it sug-
gests new strategies to make hierarchical functional structures, as
FCDs and disclinations have been used to organize nanoparticles
within their cores.
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