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ABSTRACT
LIQUID CRYSTAL ANCHORING CONTROL AND ITS APPLICATIONS IN
RESPONSIVE MATERIALS
Yu Xia
Shu Yang

Liquid crystals (LCs), owing to their anisotropy in molecular ordering, are of
interests not only in the display industry, but also in the soft matter community, e.g., to
direct colloidal assembly and phase separation of surfactants, and to actuate two-
dimensional (2D) sheets into three-dimension (3D). The functionality and performance of
LC materials extensively rely on the molecular ordering and alignment of LCs, which are
dictated by LC anchoring at various boundaries. Therefore, this thesis focuses on the
study of LC anchoring from both small molecule LCs and liquid crystal monomers
(LCMs), which in turn guides my design of surface topography and surface chemistry to
control formation of uniform LC defect structures over cm’ samples under complex
boundary conditions. The ability to precisely embed defect structures in a LC material
also allows me to exploit the responsiveness of LCs to create actuators and scaffolds to
(dis)assemble nano- and micro-objects. Specifically, by exploiting the bulk disclinations
formed in the nematic phase of 4-octyl-4’-cyanobiphenyl (8CB) surrounding the
micropillar arrays, we demonstrate (dis)assembly of gold nano-rods (AuNRs) for
dynamic tuning of surface plasmon resonance (SPR). Due to the highly temperature-
sensitive elastic anisotropy of 8CB, the bulk disclinations and consequently the AuNR
assemblies and SPR properties can be altered reversibly by heating and cooling the LC

system. Then we design and synthesize a new type of nematic LCMs with a very large
\'%



nematic window. Therefore, they can be faithfully aligned at various boundary
conditions, analogous to that of small molecule LCs. After crosslinking LCMs into liquid
crystal polymers (LCPs), we are able to study the LC assembly, director field, and
topological defects using scanning electronic microscopy (SEM) at the 100 nm
resolution. We then turn our attention to direct LCM alignment through controlling of
surface chemistry and topography. We demonstrate the essential role of surface chemistry
in the fabrication of liquid crystal elastomer (LCE) micropillar arrays during soft
lithography. A monodomain LCM alignment is achieved in a poly(2-hydroxyethyl
methacrylate) coated polydimethylsiloxane (PDMS) mold. After crosslinking, the
resultant LCE micropillars display a large radial strain (~30%) when heated across the
nematic-isotropic phase transition temperature (Tni). The understanding of surface
alignment in LCMs is then transferred to LCEs with embedded topological defects. On
micron-sized one-dimensional channels with planar surface chemistry, LCMs can be
faithfully oriented along the local channel direction. After crosslinking, the 2D LCE
sheets show pre-programmed shape transformation to complex 3D structures through
bending and stretching of local directors when heated above Ty;. Last, we control LC
alignment and defect formation on a flat surface simply by using chemical patterns.
Planar anchored SU8 is photopatterned on  homoetropically  anchored
dimethyloctadecyl[3-(trimethoxysilyl)propyl] ammonium chloride (DMOAP) coated
glass. By exploiting the pattern geometry, thus, boundary conditions, in combination with
anisotropy of LC elasticity, we show that LC orientation can be precisely controlled over
a large area and various types of topological defects are generated. Such defect structures

can be further used to trap micro- and nanoparticles.
Vi
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CHAPTER 1: Introduction of Liquid Crystals and Liquid Crystal Polymers

1.1 Liquid Crystals
1.1.1 History of Liquid Crystals

Liquid crystal displays (LCDs) are ubiquitous in our daily life. However, few
know that liquid crystal (LC) phases were first discovered back in 1888, much earlier
than the recognition of most nano-materials nowadays and the development of
electronics. In the late 1800’s, Friedrich Reinitzer first observed a liquid crystalline phase
in cholesteryl benzoate that showed two melting points and a cloudy fluid phase while
heated on a hot stage towards clearing temperature'. Later in 1888, Otto Lehmann, a
Germen physicist, concluded that the cloudy fluid phase discovered by Friedrich
Reinitzer was indeed a new phase of matter, and designed it as liquid crystal.
Nonetheless, research of LCs in the first decades after discovery was slow, in part
because the new material was not well understood and characterized. Little interest was
paid to the new LC material until the 1960’s when the stable cyanobiphenyl LCs were
discovered and the first optical LCDs were demonstrated’. The application of LCs in
LCDs soon led to research in both the fundamental physics of LCs and the chemical
synthesis of new types of LCs. Because of their anisotropy in geometric, thermal, optical,
electrical, and magnetic properties, LCs have not only become the basis of a $100 billion
industry each year, but also intrigued great interests by physicists, chemists, and material
scientists to create ever complex structures, to direct assembly of colloidal particles,

quantum dots, and metallic nanorods,”® to create smart materials such as artificial
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muscles and sensors -, and to advance optoelectronic devices
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1.1.2 Types of Liquid Crystals and Liquid Crystal Phases

LCs can be considered anisotropic fluids made of rod-like mesogens aligned with
long-range orientational orders. In general, LCs can be categorized as thermotropic and
lyotropic LCs. The phase transition of lyotropic LCs is induced by the change of both
concentration and temperature of LCs in a solvent (typically water), whereas that of
thermotropic LCs is only dependent on temperature. Most contemporary LCDs use
thermotropic LCs’. Figure 1.1 shows several typical LC phases depending on the
ordering of the common orientational direction, called the director n. In the isotropic
phase, LC molecules are randomly orientated without positional order or orientational
order. In the nematic phase, LC molecules exhibit one dimensional ordering but no
positional order, that is LC molecules can translate in any direction without additional
free energy penalty as long as the long axis of LC molecules are roughly aligned parallel
to the local director n. A commonly used nematic LC, 4-cyano-4'-pentylbiphenyl (5CB),
is shown in Figure 1.2. Smectic and cholesteric phases have higher packing symmetries
(see Figure 1.1c-d). LCs in a smectic phase have positional order with a well-defined
layer structure. A classical smectic LC is 4-cyano-4'-octylbiphenyl (8CB). The cholesteric
phase, also referred as the twisted nematic phase, has a continuous twisting of molecules
perpendicular to n between layers. Chirality can be obtained by adding a small amount of

chiral dopants into a normal nematic LC phase.
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Figure 1.1 Schematic representation of different LC phases. (a) Isotropic. (b) Nematic. (c)
Smectic.(d) Cholesteric. The arrows indicate the local LC director.

The degree of ordering of LC molecules is usually represented by a dimensionless

factor, the so-called order parameter as
S ==(3cos20 — 1) (1-1)

where S is the order parameter, and ¢ is the angle between the orientation of LC

molecule and the local director n. From Eq. (1-1), one can see for arbitrary orientated
molecules in isotropic phase, $=0, and for perfect alignment in crystals, S=1. In LC
phases, 0 < § < 1, with typical S in between 0.5-0.7 for low symmetry nematic LC phase,

and 0.7-0.9 for high symmetry smectic phases.

a b

Figure 1.2 Chemical structures of two commonly used LCs. (a) 5CB. (b) 8CB.



1.2 Physical properties of liquid crystals
1.2.1 Anisotropy

Anisotropy is the most important and intrinsic properties of LCs. The chemical
structures of LC molecules result in anisotropic intermolecular interactions, leading to LC
phases of different ordering. For instance, the rod-like biphenyl group in 5CB (Figure
1.2) contributes to the shape anisotropy of the molecule. The biphenyl groups are
energetically favored to align in parallel to maximize the translational entropy as a
compensation of the loss of rotational entropy'’. The short hydrocarbon tails in the 5CB
disorder the packed biphenyl groups between molecules, thus, lowering the symmetry of
the LC phase and preventing crystallization. The polar cyano group and biphenyl group
in 5CB provide the anisotropic polarizability measured from the ordinary direction versus
the extraordinary direction. Control of LC alignment or their anisotropy plays important
roles in many LC applications. For example, anisotropic dielectric susceptibility of LCs
makes them oriented under an electric field, a phenomenon that underlies the $100 billion
per year LCD industry’. Other anisotropic properties of LCs include birefringence,
anisotropic magnetic susceptibility, anisotropic mechanical properties, viscosity, diffusion
coefficients, and thermal expansion coefficients, leading to applications such as sensors,
actuators, and optical devices'®.
1.2.2 Elastic distortion and elastic energy

Naturally, when LC molecules assemble together, they align parallel to maximize
the translational entropy. However, under many circumstances, it requires distortions in
LC alignment to accommodate boundary conditions at interfaces, where LCs interact

with a surface. There are three basic modes of elastic distortions in LC: splay, twist, and
4



bend as shown in Figure 1.3. The elastic energy associated with the elastic distortions is

described as Frank-Oseen elastic energy density'”

f =2 {K (V- 1)? + K (- Vxn)? + K3[(n - V)n]?} (1-2)
where K;, K,, and K3 are the splay, twist, and bend elastic constants, respectively. The
free energy of local deformation of the director field is proportional to the Frank elastic

constants and to the quadratic order of the appropriate spatial gradient of n. Therefore,

the free energy density of the director field can be described in a more fundamental way

f == Ki(dny/ 85y)? (1-3)

where i=1, 2, 3 for three elastic constants, respectively, and j and k& are integers ranging

from 1 to 3 for expression of the director # in three dimensions.

Figure 1.3 Schematic illustration of elastic distortions in a nematic LC. (a) Splay. (b)
Twist. (c) Bend. Reproduced by permission from literature™.



1.2.3 Topological defects and core energy

Topological defects occur when alignment of LC molecules come to a singularity,
as shown in Figure 1.4. Within the topological defects, LC orientation is undefined and
the phase is isotropic. The free energy associated with the topological defects is called
core energy, which is introduced by Landau-de Gennes theory”'. The mathematical

expression of core energy in nematic LCs from ¢ tensor Landau theory is

Feore = [ dV {[5 Atr(Q?) + = Btr(Q®) + C(tr(Q*)*} (1-4)

where F.. 1s the core energy of defect, 4, B and C are constants, and Q is a symmetric
and traceless tensor representing LC molecule orientation. Core energy in the nematic
phase is the free energy that stabilizes the nematic phase against the isotropic phase. So
the physical meaning of core energy indicates the stability of nematic phase; with larger
core energy, the nematic LC phase is more stable.

In a typical LC phase, such as the nematic phase of 5CB, the defect core is ~ 10
nm, comparable with the dimension of many nanomaterials, making it interesting, for

6-9, 22
%2, There are

example, to assemble nanoparticles and amphiphiles in the defect core
two major categories of topological defects in the form of points and lines (or
disclinations) shown in Figure 1.4. Depending on the different organizations of LC
molecules surrounding the defect, defects can be divided into different types and

characterized by a pseudo-topological charge number, the winding number. The winding

number of a LC defect (W) is defined by the total number of times that LC director



travels counterclockwise around the defect
W= — (1-5)

where 0 is the angle that the local director turns around the defect. There are four

classical topological defects in LCs, including +1, -1, +% and —': defects shown in Figure

X<
A€E”™

Figure 1.4 Schematic of topological defects in a nematic LC. (a-d) Point defects: (a) +1,
(b) -1, (c) =4, (d) +%. (e) —2 line defect. The blue lines represent LC director and the red
dots and lines represent LC defects.

1.4.

1.2.4 Surface anchoring and surface anchoring energy
When LCs align on a surface, there is always a specific direction near the surface
that the LC director n follows, which propagates into the bulk to a certain distance,

ranging from tens of nanometers to micrometers™. As seen in Figure 1.5, there are three
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types of alignment for the LC director on a surface: 1) homeotropic anchoring where LC
director is perpendicular to the surface, 2) planar anchoring where LC director is parallel
to the surface, and 3) tilted anchoring where LC director is titled with a zenithal angle ¢
between 0° and 90°. The surface that contacts with the LC is usually considered flat at the
microscopic scale, and the orientation of LC on the surface is defined by the azimuthal
angle ¢ and zenithal angle 0 (Figure 1.5). In the case of homeotropic anchoring, ¢ =
90°. For planar anchoring, there are homogenous alignment and heterogeneous (random
or degenerated) alignment. Homogenous alignment is achieved when LC molecules

orient uniformly in the plane of the surface with a fixed angle ¢. Heterogeneous
alignment occurs when LC orientation is not uniformly defined and angle ¢ has different
values at different points on the surface. In a tilted anchoring, angle 0 is constant and
angle ¢ is arbitrary. The minimum free energy orientation direction of LC on a surface is

usually called the “easy axis” of LC alignment. The surface anchoring energy that

deviates from the minimum free energy state is expressed by >

fs =5 [We,sin*(0 — 8o) + Wy, sin® (9 — ¢)] (1-6)

N |-

where f; is the surface anchoring energy, 0,and ¢, are the zenithal angle and azimuthal
angle of the “easy axis”, respectively, and W,y and W,y are zenithal and azimuthal

anchoring coefficients, respectively, that represent the free energy required for the

maximal deviation of LC director from the “easy axis”. The surface anchoring strength is



normally considered strong when f; is on the order of 107°-10™* J/m?, and weak for f; ~ 10°
>-10° J/m®. The alignment of LC molecules in a material is an energetic consequence of
the competition between surface anchoring energy and elastic distortion energy.

Extrapolation length A is an important parameter to characterize the competition

between surface anchoring energy and elastic energy for a LC confined on a surface,

(1-7)

=

where K is the average elastic constant of LC, and W is the surface anchoring coefficient.
The physical meaning of extrapolation length is the distance from the surface where LC
director maintains orientation along the “easy axis” >. In the case of strong anchoring, A
is typically in the range of 1-10 nm, indicating that LC director coincides with the “easy

axis” close to the anchoring surface.

N —= T

Figure 1.5 Schematic illustration of LC anchoring on a surface. (a) Homeotropic. (b)
Planar. (c) Tilted. (d) Representation of LC anchoring on a surface determined by an
azimuthal angle ¢ and a zenithal angle 0.



1.3 Anchoring control in nematic liquid crystals

As illustrated above, the molecular orientation and assembly of LC molecules
plays a key role to control its function. For small molecule LCs (e.g. 5CB), the anchoring
can be successfully regulated through various boundary conditions, including surface
chemistry, topology, and topography. In this thesis, anchoring control of nematic LCs will
be discussed in detail.
1.3.1 Surface chemistry

As discussed in Section 1.2.4, when LCs are brought in contact with a surface, the
orientation of LC director near the surface can be aligned homeotropically, planarly or
tilted, driven by the tendency to minimize the energy at the interface. The different
orientational angle is dependent on the surface chemistry or the surface tension of the
substrate, and the anisotropy of the surface tension of the LC**. Simplified surface
anchoring rules are summarized in Table (1-1).

Table (1-1) Dependence of LC orientation on surface tensions

Surface tension LC orientation

1 Ay >0,7s< Y. Homeotropic

Ay <0, Vs> Y1

2 Ay >0,Ys>7Y1; Planar

Ay <0, vs<7Yu;

3 YsE[A Y] Tilted

* v and Yy . are surface tensions of LC parallel and perpendicular to the director,
respectively. A vy = v -v . is the anisotropy of the surface tension of LC. And 7 is
the surface tension of the substrate. Reproduced by permission from literature*.

10




Since different LCs have different surface tensions (Y y and Y ,) and surface

tension anisotropy, LC anchoring on substrates of the same surface tension varies. In the
case of 5CB, it aligns homeotropically on surfaces with low surface tensions, such as
poly(dimethylsiloxane) (PDMS) and dimethyloctadecyl[3-(trimethoxysilyl)propyl]
ammonium chloride (DMOAP) coated surfaces. Planar anchoring of 5CB is usually
obtained on high surface tension substrates, for instance, silica and surfaces coated by
poly(vinyl alcohol) (PVA). Nevertheless, the impact of surface chemistry on the
anchoring of LCs at interfaces is much more complicated than the simplified rules
summarized in Table (1-1). Anisotropic molecular interactions between the LC molecules
and the molecules at the substrate surface is the main driving force to aligning LCs, and
surface tension is simply an apparent parameter to control experimentally. Van de Waals

force, electrostatic interaction, hydrogen bonding, and & - 7 interaction at the interface

can all contribute to the orientation of LC alignment on a substrate™. So far, due to the
complexity of LC system and the difficulty to precisely measure molecular interactions at
the microscopic scale, only a few LC systems have clearly elucidated mechanisms on the
role of surface chemistry to LC alignment®.

Nevertheless, surface tension and textures are the most commonly used
parameters to direct LC anchoring, and a few methods have been developed to control the

“easy axis” of LCs at interfaces for fine-tuning both ¢ and ¢. For example, rubbing a

velvet cloth on a polymer surface (e.g. polyimide) produces 1D microgrooves to align

10, 11, 25
d). 5 B

LCs with constant The polymer chains at the surface can be dragged and

orientated along the rubbing direction, while the 7 - 7 interactions between the aromatic
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mesogens and the aromatic groups in polyimide further enhance anisotropic molecular
interactions between LCs and the substrate. Scratching the surface using an atomic force
microscopy (AFM) tip*®, mimicking the rubbing process, can also locally align LCs in
microscale with arbitrary directions.

Photoalignment is another powerful technique to orient LC at interfaces'®*" %", A
thin photoalignment layer (typically consisting of azobenzene groups) is coated on the
substrate, followed by exposure to the polarized UV light. Thus, the photosensitive
groups in the photoalignment layer are reoriented either parallel or perpendicularly to the
polarization direction of the UV light. When LCs of interests are cast on the
photoalignment layer, their orientation follows the local orientation of the photoalignment
layer.

Patterning surface chemistry with alternating homeotropic and planar anchoring

regions is another effective method to align LCs*™'!

(see Figure 1.6). It allows for more
complex director field patterns. The patterns can be created by top-down methods,
including photo-patterning®, micro-contact printing of self-assembled monolayers

(SAMs)** *! | and nanoimprint lithography®> **

. The director of LCs on the patterned
surface follows the local surface chemistry and is also controlled by the boundary
conditions created at the border between homeotropic and planar anchoring regions. This
technique largely relies on spatially inhomogeneous surfaces in combination with LC
elastic anisotropy to control the alignment of LCs. At the local region, patterned surfaces

can be either isotropic, which provides an arbitrary ¢ for LC alignment®” *', or

anisotropic with a locally fixed ¢°°. It should be noted that LCs on an isotropic surface
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with patterned surface chemistry can still be aligned uniformly, due to the confinement at
the boundaries and elastic anisotropy of LCs**'. As a result of elastic anisotropy in most
nematic LCs, they prefer twist configurations at the boundary between the homeotropic
and planar regions. Within each micro-scale domains, LC molecules are uniformly
aligned. Since fabrication of micropatterns is readily accessible nowadays, chemical
patterning has been considered a promising technique to be applied in practical

applications, e.g., wide-viewing angle LCDs and hybrid diffractive-refractive devices™

Figure 1.6 Schematic illustration of LCs on a chemically patterned surface. The blue
region indicates homeotropic anchoring for LC, and the green area is random planar
anchoring.

31

1.3.2 Topology and topography

Topology of an object is the intrinsic property of the object that is independent of
its size or geometry. It can be preserved under continuous deformation of the object. Two
objects can be considered as topologically equivalent when there is a way to transform
from one to another without cutting or changing the number of holes and handles. For
example, a coffee mug and a donut are topologically equivalent. Colloids in nematic LCs
have been demonstrated to generate three-dimensional (3D) director fields of LCs,

leading to different types of topological defects dictated by the topology of the colloids™
13



3% Spherical colloids with homeotropic anchoring boundary condition are the most
widely studied systems in nematic LC to introduce either “hedgehog” point defects or
“Saturn ring” line defects surrounding the colloids. The resulting dipole and quadruple
interactions are in turn used to assemble colloids.* > Other types of topological colloids of
different genus have also been designed and investigated in nematic LCs to test the

37-39

Gauss—Bonnet and Poincaré-Hopf index theorems Theoretically predicted

topological charges carried by the topological defects that are induced by colloids have
been experimentally confirmed as a function of the genus of the topological colloids® .
As opposed to topology, topography of an object comprises surface shape and
features related to size and geometry. It is certainly true that LC anchoring in the near
field on a flat surface has been well understood and LC director field and topological
defects induced by colloid topology have been extensively exploited in recent years. A
comprehensive description of the LC anchoring behaviors on topographical surfaces
remains a complicated matter, especially when the pattern size decreases to nanoscale.*’
Although rubbing to control LC alignment has been well adopted since 1960s, the
fundamental mechanism remained unclear for decades®. Berreman®' first established a
theoretical model on LC anchoring on a topographical grooved surface and presented the
resultant elastic distortion energy in 1972. Berreman’s work has since become the
benchmark study of LC alignment guided by the underlying geometrical patterns. For a
long time in experiments, micro- and nano-grooves have been found to show geometrical

. . . 10, 11, 25, 40
constraints on the alignment of nematic LCs ™ ™

. LCs confined within the planar
anchored grooves align parallel with the groove direction to minimize elastic distortion,

and smaller sized grooves offer stronger alignment for LCs. Researchers have intended to
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relate the observed LC anchoring to the microscopic topography of the interface and to
understand the energetic origin responsible for the orientation of LC alignment. The
surface anchoring energy density for a nematic LC on sinusoidal grooves is sensitive to

both the size and geometry of the groove as *'

2K A?

Pmax = 13 (1-8)

where 0,4 1S the maximum free energy density for LCs aligned perpendicular to the
groove direction, K is the average elastic constant of the LC, and 4 and A are the

amplitude and wavelength of the groove, respectively. Similarly, Eq. (1-8) can be used to
estimate the free energy density of LCs on one-dimensional (1D) channels fabricated by
top-down techniques.

Different from planar anchoring on a topographical surface, on a surface

&«

topography with homeotropic boundaries, LCs are guided by a “ 7 -like interaction”,

and an anchoring flip of nematic LCs from homeotropic to planar anchoring on 1D nano-
channels has been reported”**. The anchoring flip* of LCs is induced by the
competition between surface topography and chemistry in the alignment regions. When
surface corrugation is small, surface chemistry effect is dominant, leading to homeotropic
anchoring of LCs on the 1D channel. At a large surface corrugation, surface topography
becomes dominant, leading to planar anchoring.

Nematic LCs in micro-pillar arrays with homeotropic anchoring have also been

studied*. Attributed to the topography of the micropillars, stable bulk disclination rings
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encircling the pillars are observed with their size and shape dictated by the micropillars.
Notably, the formation of bulk disclination rings in the homeotropic pillar array is slightly
energetically unfavorable in numerical simulation when compared to the states without
bulk defects. Though the multistability in the micropillar system has not been clearly
documented, those bulk defects have been demonstrated to remotely assemble
microparticles at the LC-air interface through the balance of elastic energy and capillary

energy”.

1.4 Anchoring control for nematic liquid crystal monomers/polymers
Nematic liquid crystal polymers (LCPs) polymerized from liquid crystal
monomers (LCMs) bearing acrylate/methacrylate, alkene, or epoxy*’ are of interests for

high-strength fibers, LC optical devices, actuators and sensors'® > *

. The functionality
of LCPs is closely related to their internal structures, thus the alignment of LC mesogens.
LCMs often have weaker anchoring strength on surface in comparison with small
molecule LCs. Here, we briefly discuss common techniques to align LCMs, many of
which are different from that to align small molecule LCs.
1.4.1 Rubbing

Rubbing on a polymer surface, typically polyimide, is a classical approach to
align nematic LCMs into monodomains '*''. Similar to the concept of aligning small
molecule LCs on the rubbed polymer surface, the molecular orientation of LCMs follows

the rubbing direction. However, this method is much more limited to align nematic LCMs

since the driving force for the orientation is limited near the surface with a typical
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distance smaller than 50um.
1.4.2 Mechanical stretching or shearing
Mechanical stretching or shearing is commonly used to align LCMs

. 47-50
macroscopically”’

. Mechanical stretching is typically accomplished in two steps. First,
LCMs are slightly polymerized into LC oligomers or weakly crosslinked LCPs so that the
sample is mechanically stable or highly viscous. Next, the bulk sample is mechanically
stretched, typically uniaxially, to align the polymer chains against conformational
entropy, followed by crosslinking to lock the alignment. Alternatively, LC fibers are

drawn from a polymer melt’" >

, or through a more sophisticated electrospinning
process” >, followed by immediate crosslinking. It should be noted, however, that LCPs
fabricated by these methods often contain high residual internal stress since LCMs are
partially polymerized in the first step. Consequently, the polymer chains in these LCPs
cannot be interpreted as Gaussian chains, and the macroscopic shape of the crosslinked
LCPs cannot be maintained over a long period of time. To solve the internal stress
problem, a novel approach has been developed by taking advantage of exchangeable
covalent bonds>. In that particular system, the internal stress generated from the change
of the conformational entropy of the polymer chains can be gradually reduced during the
second step stretching, through the reformation of the crosslinking network with a new
polymer chain conformation.

Mechanical shearing of LCMs using confined channels is another way to align
LCMs since the early 1980s°**’. In the method of micro-molding in capillaries melted

LCMs are drawn to 1D microchannels (5-20 pm) by capillarity’®, generating mechanical

shearing force at the LCM-channel interface, thus orienting LCMs in the flow direction.
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Shortly after, LCMs are photocrosslinked under UV light. Likewise, LCMs can be
aligned in a micro-fluidic device’”. By controlling the flow rate and channel size, a wide
range of LCP particles with variable size and shape can be created, while LCPs made
from a 1D channel are simply fibers. The major advantage of mechanical shearing
methods, compared to mechanical stretching, is that the final LCPs have negligible
internal stress, since pre-polymerization is no longer required, and LCMs can be directly
crosslinked into LCPs.
1.4.3 Electric and magnetic fields

While mechanical stretching and shearing provide anisotropic environments for
LCM alignment, they do not directly orient individual LC molecules. Electric and
magnetic fields, however, can be sued to explicitly align LC mesogens in the direction of
the applied field by taking advantage of the electric and magnetic anisotropy of LC
molecules.

Electric fields are primarily used for LCMs with strong dipole moments, such as

ferroelectric LCs®*%?

. Typically, LCMs with crosslinking groups are sandwiched between
two indium tin oxide (ITO) glasses, separated by a spacer with a typical thickness of tens
of micrometers. An alternating electric field is then applied to the ITO electrodes to align
LCs until formation of a monodomain. Subsequently, they are UV crosslinked to lock the
LC alignment while maintaining the electric filed.

Strong magnetic field generated by an electromagnet or a rare-earth permanent
magnet, however, is more commonly used to align nematic LCMs, especially in a

microstructured mold®*® due to their strong diamagnetism. The effect of a magnetic field
g g g

can be quantified by the magnetic coherence length, ¢ 5, the length scale over which the
18



LC director can orient and reorient along the field direction, given by

Su = (1-9)

AyH?

where K3 is the bend elastic constant of LC, A x is the anisotropy of magnetic

susceptibility, and H is the magnetic field strength. For a commonly used small molecule

nematic LC such as 5CB, K; is on the order of 10" N and A x is typically on the order

107" So with H~10°A/m (~1 Tesla), 5CB with any boundary conditions can be

reoriented on a length scale ¢y ~10 nm. Therefore, a strong magnetic field could be

quite effective in aligning SCB molecules into monodomains within a mold used in soft
lithography. However, a much larger magnetic field is required to fully orient LCMs

within a confinement, which could be due to larger K; of LCMs or smaller A x. Though

the fundamental origin of this phenomenon has not been well-understood, LCPs with

partial monodomain LC orientation have been successfully fabricated by aligning LCMs

in the magnetic fields®®.

1.4.4 Photoalignment
Though the photoalignment technique was developed in the early 1980s and it has

since been successfully adopted by the LCD industry, its application to LCMs was

66-68

realized only recently” . The manipulation of LCM alignment using photoalignment

materials is non-trivial, and requires specific LCM systems to satisfy the sensitivity of

material chemistry to the surface alignment layer. Hence, only a few LCM systems have

been demonstrated to faithfully orient along with the photoalignment layer®®,
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Nevertheless, within the scope of the successful examples, LCPs have been programed
with desired shape change and actuation through the monolithic control of LCM director

profiles with a variety of complexity®®®®

. To prepare spatially heterogeneous LCPs, a
special optical setup needs to be established to control the local surface alignment of the
photoalignment layer, from spot to spot with a pixel dimension in the range of 100 um.
After filling LCMs onto the alignment layer, LCMs follow the surface alignment layer
and orient locally. Arbitrary and spatially complex patterns can be generated in LCMs,
and the director field profile can be transferred into LCPs by in sifu photocrosslinking.
Besides expensive and specialized optical setups, and the photoaligning process is usually

time-consuming, e.g. it takes 1-2 hours for a sample with an area ~4 cm?’, thus its

application has been limited®®.

1.5 Liquid crystal polymers
1.5.1 Types of liquid crystal polymer networks

A liquid crystal polymer network combines the elasticity of polymer network and
the anisotropy of LCs. Depend on their architectures, LCPs can be categorized into three
types: main-chain LCPs in which the mesogens are part of the polymer backbones, side-
chain LCPs in which mesogens are attached to the polymer backbones via a flexible
spacer, and mixed type LCPs in which mesogens are in both main- and side- part of the
polymer (see Figure 1.7). Remarkably, main-chain LCPs can exhibit an actuation strain
up to 400%'* % in response to external stimuli. But such materials usually have a rather

high phase transition temperature, typically 150-200 °C, thus, limits their fabrication and
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application as actuators. In contrast, side-chain LCPs usually possess a strain of 10%-
50%'°. However, they have lower transition temperatures, due to the decoupling of the

mesogenic characteristic of the LC from the motion of the polymer chains.

a — A <—
b M_/\—/-

/ / ‘/’ "‘ "’ (
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Figure 1.7 Schematic of different types of liquid crystal polymers. (a) Main-chain LCP.
(b) Side-chain LCP. (c¢) Mixed type. The purple rods represent LC mesogens.

LCPs can also be categorized by their thermodynamic signatures. Rubbery LCPs
are usually called liquid crystal elastomers (LCEs), while glassy LCPs are known as
liquid crystal glasses (LCGs). LCEs are soft and more responsive to external stimuli,
while LCGs are more mechanically stable but less responsive. Both LCEs and LCGs
have been investigated for their applications in actuators, which will be discussed in the
following section.

LCPs can also be identified based on their responsiveness to external stimuli.
There are three major types of stimuli that have been used to trigger the deformation of
LCPs: heat, light, and electric field. Accordingly, LCPs can be divided into thermo-

10, 11, 69, 70

responsive, light-responsive, and electro-responsive ones (see Figure 1.8). Most
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LCPs are thermo-responsive due to the fact that LCPs still possess the same mesophase
characteristics of ordinary LCs after cross-linking, thereby retaining LC phase transitions
in the polymer network. As shown in Figure 1.8a, heating across the phase transition
temperature, e.g. the nematic-isotropic transition (Txi), the reorientation of LC mesogens
leads to a macroscopic shape change of the LCP, where the material contracts along the
director and elongates perpendicular to the director. Since mesogens are confined by the
crosslinked polymer network, the shape change of the LCP network is reversible.
Light-sensitive LCPs typically consist of light-sensitive functional groups®, e.g.
azobenzenes, as shown in Figure 1.8b. Isomerization of cis- and trans-azobenzenes
occurs when the system is exposed to either UV light (¢rans- to cis-) or visible light (cis-
to trans-). The molecule isomerization also induces the macroscopic shape change similar
to that of the thermo-sensitive LCPs. In this case, the azobenzene moieties can either be
covalently bonded to the LCP network, or physically absorbed into the network. It should
be noted, however, that in the case of light-sensitive LCPs, light penetration depth is
typically on the order of tens of micron. Thus, light-sensitive LCPs are usually thin, and
the extent of isomerization gradually decreases along the sample thickness, leading to

anisotropic bending toward the light (Figure 1.8b).
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Figure 1.8 Illustration of different responsive LCPs. (a) Thermo-sensitive LCP. A
rectangular shaped nematic LCP changes dimensions from x x y to x’ X y’, when heating
above nematic-isotropic phase transition temperature. (b) Light-sensitive LCP. Left panel
shows the isomerization reaction of azobenzene, and right panel demonstrates the shape
transformation of a thin LCP membrane under light irradiation. (c) Electro-sensitive LCP.
The schematic demonstrates the shape transformation of a LCP film when switching the

electric field.

23




Electro-sensitive LCPs (Figure 1.8c)’° are rather rare and most of them are
swollen LC gels. When a strong electric field (~1V/um) is applied to an electro-
responsive LCP, the mesogens reorient along the electric field due to their dielectric
constant anisotropy, resulting in a shape change of the material. But the swollen LC gels
are usually mechanically unstable and the electric field strength required to induce a
deformation is typically high. Therefore, the study on electro-sensitive LCPs is very
limited.

1.5.2 Stimuli responsiveness of liquid crystal polymers

Comparing to other responsive polymeric materials, such as hydrogels’' ™,

77'79, LCPs behave similarly in

semicrystalline polymers,” "® and electroactive polymers
many aspects, for instance shape-fixity and shape-recovery (or shape memory effect) at
the molecular level®™ °* %" %! Due to internal strain in LCPs, the shape memory effect is
two-way shape memory effect, that is it can reversibly change the shape between the
original state and the temporary, deformed state while most of the shape memory
polymers are one-way shape memory, which only remember the temporary shape. The
reversible shape memory effect of LCPs has many potential applications, including soft

468283 Here, 1 will

robotics, biomedical devices, tunable optics, and surface morphing
briefly review the actuation of LCPs from simple formats (e.g. thin films and fibers) to
complex structures pre-programmed with embedded topological defects.

First, let me discuss approaches to trigger the actuation of LCPs in device
applications other than direct heating, UV exposure, or application of an electric field to

reorient LC mesogens. Although it is challenging to induce large deformation in non-

swollen LCPs using an electric field, electricity can be alternatively used by transferring
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electric energy into thermal energy and locally heat the LCP sample® ®. A successful
approach is to incorporate thermoelectric materials, including conductive wires® and
carbon nanoparticles®, in LCP films to induce thermo-actuation. In this case, a relatively
large longitudinal strain, ~20%, has been achieved in thin LCE films (50-100 pm thick)

585 Likewise, carbon nanotubes (CNTs) have been integrated

through resistive heating
into the matrix of materials at a concentration as low as 0.1 wt%, which can induce a
strain up to ~30% in LCE by irradiation in infrared (IR)*. Magnetic actuation of LCPs
has also been harnessed in both rubbery and glassy LCPs by incorporating magnetic
nanoparticles®’ that vibrate and dissipate thermal energy through an electromagnetic field
to heat the sample. Another aspect of CNTs is its dielectric anisotropy. Therefore,
applying an electric field to the CNT/ LCE nanocomposite can reorient the CNTs and
thus the LC mesogens, leading to mechanical deformation of the composite film®.

Since De Gennes suggested the application of nematic LCEs as artificial muscles
in 1975,* a variety of LCP devices with different compositions and shapes have been
designed to couple the orientational order of LCs with the mechanical strain generated
during phase transition, and to transduce chemical energy into mechanical energy. Simple

. . 10, 11, 69, 90
mechanical deformation > "

was first realized in cilia-like fibers and flat thin films,
in which mesogens are uniformly oriented. Actuation of such materials by heat or light
usually results in a bending deformation of the fiber and flat film. Even though these
mechanical deformations are macroscopic and simple, they can intrigue further
miniaturization of LCP actuators. Bio-mimicking artificial cilia micro-actuators (~100

um in diameter)’’ have been fabricated by inkjet printing of LCMs to mimic the structure

and motion of natural cilia. In this study, an array of cilia-like fibers composed with light-
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sensitive LCPs are “printed” on a flat surface with one end of the cilia tightly bonded to
the substrate while the rest keeps free-standing. When exposed to UV and visible light
alternatively, the light-sensitive LCP cilia display fast bending and unbending movements
in the time scale of a few seconds. It is envisioned that such micro-actuators can be used
to create effective flow and mixing in an aqueous environment, similar to the behavior of
natural microorganisms, e.g. paramecia. Thin films, on the other hand, have been used to
construct light-sensitive LCE motors’” that can transfer light energy into continuous
motion. In that case, a LCE ribbon (thickness ~18 pum) is placed encircling two pullers
with one end of the puller exposed to an UV light, which contracts the ribbon, while the
other end is irradiated by a visible light, leading to expansion of the ribbon. The
contraction and expansion of the ribbon thus generate a constant rotational motion of the
pullers, making them a LCE motor.

Micro-patterned LCE structures can also be fabricated by soft lithography
techniques, such as micro-molding in capillaries™ and replica molding using a PDMS

d®%> % LC orientation in these systems can be controlled either by shear induced

mol
alignment of LCMs in the 1D micro-channels for LCE fibers, or by applying a strong
magnetic field across the PDMS mold, e.g. in the case of LCE micropillars. The resulting
LCE microstructures usually display radial expansion and longitudinal contraction when
triggered by an external stimulus. Change of surface contact area and thus water contact
angle have been demonstrated during actuation of the LCE micropillar arrays, offering
potential applications as tunable dry adhesives® and self-cleaning surfaces”.

LCP actuators can also be applied to micro-electromechanical systems (MEMS)”*

due to their excellent electric isolation at high frequencies, mechanical flexibility, low
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permeability to moisture and gases, low cost, and high dielectric constants. Typically, in
the preparation of MEMS, LCEs are directly integrated into the fabrication process of the
metal filaments to facilitate the contact between different materials. One successful
example of LCE MEMS is a LCE-driven silicon gripper’*. The movement of the soft
pincer jaw is triggered by the deformation of LCE components heated by the metal
filaments.

Self-propulsion of LCEs, inspired by nature, has also been developed” *°. A dye-
doped LCE thin film that responds to light illumination is studied for swimming on a
water surface™. Triggered by UV light, the NLCE film bends at the water-air interface
against capillary force, and move away from the light source, allowing them to be guided
towards a desired direction. Inchworm-like motion of a LCE film is demonstrated®, in
which one edge of the film is made sharp while the other is round. Under irradiation of
alternating UV and visible light, the two edges alternatively work as stationary points and
the film exhibits forward movement.

Spatially more complex shape changes and surface variations have been realized
in LCPs prepared with embedded complex LC director profile. The generation of

complex shape transformation are of great interests in applications, including

81,91 97-99

microfluidics®"*', solar-energy harvesting’”’, and haptic displays®”'**'°'. The ability of

pre-programming local anisotropy with embedding topological defects makes this
approach very attractive to control the actuation.
One approach to generate spatially oriented LC orientation in LCP is to pattern

67,72,102, 103 Th

electrodes and applying alternating electric fields during LCM alignment e

resulting LCP materials, owing to the periodic variation of their director fields, have been
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reported to tune surface roughness and create accordion-like actuation™. Motivated

by theoretical investigations'**'%®

, LCPs with embedded topological defects have been
fabricated through photoalignment with topological charges of +1, -1, +2 and —', as well
as high winding numbers up to +10 and -10°"*. Diverse surface features are generated
upon heating above Txi. Photoalignment has been recently extended to program LCEs
with spatially controlled LC director field®®. With careful design of the director profile,
giant strokes with conical deformations are shown in LCE membranes embedded with
“+1” defects. Furth, shape deployment is exploited with precisely controlled local
director field, and a self-folding Miura-ori origami transformation is exhibited®®. The
reconfigurability of the shape-programmable LCPs with locally controlled magnitude and

directionality of the mechanical strain could extend our design of LCP actuators for a

wide range of applications.

1.6 Thesis outline

The main focus of this thesis is to control LC anchoring and thus the formation of
topological defects for both small molecule LCs and LCMs/LC polymers under a variety
of boundary conditions. We then explore the use of topological defects to tailor
assemblies of nano- and microparticles.

In Chapter 2, we exploit the bulk disclination rings formed in micro-pillar arrays
to assemble gold nano-rods (AuNRs) for dynamic tuning of surface plasmon resonance.
Directed by the homeotropic surface alignment and the topography of the pillars,

topological defects encircling each micro-pillar can be formed precisely in the nematic
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phase of 8CB. The size of the disclination ring can be fine-tuned by simply varying the
temperature of the system. When AuNRs are present in the LC, they energetically favor
migration to the LC defects. The assembly of the AuNRs and consequently the surface
plasmon resonance peaks can thus be dynamically and reversibly tuned by varying the
dimension of the disclination rings through heating and cooling the sample system across
phase transitions. By carefully optimizing LC anchoring conditions with various surface
chemistry and pillar dimension, the plasmon peak shift can be maximized. For
homeotropic pillar arrays with pillar aspect ratio=1.3, the transverse and longitudinal
plasmon peak shifts are ~100 and ~153 nm, respectively.

In Chapter 3, we introduce a new type of nematic LCM that can be faithfully
aligned by surface alignment techniques, including surface chemistry, topography and
topology, analogous to non-reactive LCs, e.g. SCB. We design our LCMs based on strong
intermolecular dipole-dipole interactions to increase the stability of nematic phase, and
thus enhance the core energy of the nematic LC. Predicted from theory, higher core
energy nematic LCs can more efficiently suppress spurious defects in the alignment, and
more effectively lead to the energy ground state of LC anchoring. Our newly designed
LCMs show alignment properties analogous to those of 5CB in various topographical
patterns. With faithful control of LCM alignment, the system is then crosslinked into LCP
via cationic polymerization. Upon photocrosslinking, the orientational order of mesogens
is effectively locked, allowing for direct visualization of the LC director field and defect
structures by Scanning Electronic Microscopy (SEM). We show our method is effective
to study LC anchoring in a variety of settings from escaping LC configuration in 1D

channels, pores and between micro-pillars, to complex director field with topological
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defects and even metastable configurations. Our method affords a resolution of 100nm,
which is much smaller compared to that of typical polarized optical microscopy. Further,
we use SEM imaging to calculate the extrapolation length of the LCM for planar and
homeotropic anchoring.

In Chapter 4, we show LCM anchoring control in a micro-pillar actuator system
of nematic LCEs (NLCEs) fabricated from replica molding by PDMS molds. LCM
alignment control in micro-pillars plays a vital role in manipulating the actuation
behavior of NLCE npillars. Specifically, monodomain alignment of LCMs with vertical
orientation is desired to maximize the shape change and mechanical strain of the NLCE
actuator. Such anchoring configuration is first illustrated by Landau-De Gennes
numerical modeling in the cylindrical pores with planar anchoring. Following the
simulation, we achieve planar anchoring of LCM by coating a thin layer of poly(2-
hydroxyethyl methacrylate) (PHEMA) to the surface of the PDMS mold, prior to the
replica molding process of LCMs. After crosslinking, the resulting NLCE pillars show a
large radial strain (~30%) upon actuation by heating the sample across the nematic-
isotropic phase transition, which is reversible upon cooling.

In Chapter 5, We develop a new technique to direct LCM alignment on patterned
1D channels and to program LCE actuation. Complex LCM director profiles embedded
with topological defects are essential to realize controllable and programmable shape
change of LCEs. By exploiting the confinement of the topographical 1D channels,
nematic LCMs can be faithfully oriented with the local channel direction. Strong
anchoring at the surface can be achieved by optimizing the surface chemistry and surface

topography of the channel. We demonstrate that epoxy 1D channels with channel width
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2um, spacing 2um and depth 1.5um can provide faithful alignment of complex LCM
director profiles, while affording simplicity, low cost and easy access for the fabrication
process. The resulting LCE membranes show shape transformation from 2D flat-sheets to
complex 3D objects through controllable bending and stretching. LCE membrane
embedded with “+1” and “-1” defect arrays displays a 3D “cone” array when actuated by
heating. And the sample with “+)2” and “-'4” defect arrays shows a 3D “wrinkle-like”
deformation upon actuation.

In Chapter 6, we further explore nematic LC anchoring control and defect
formation on chemically patterned surfaces. We prepare planar anchoring SUS
micropatterns on homeotropic DMOAP coated glass substrates. By exploiting the
geometry of the boundaries of the chemical patterns in combination with anisotropic LC
elasticity, we show that LC orientation can be precisely controlled and various
topological defects can be formed. On the isolated SU8 patterns, including circles,
squares, triplelet and quadruplet of circles, “+1” defects are formed regardless of the
pattern geometry. On the connecting patterns, including squared checkerboard and arrays
of touching rings, LC anchoring is highly dependent on the pattern geometry: no
topological defect is observed on the checkerboard pattern while the “-'%” defect array is
observed on the array of rings. Furthermore, we demonstrate preliminary results of
trapping silica colloidal particles by topological defects generated from the chemical
patterns of a circular array. Further studies will be carried out using silica colloids with
different surface treatments and sizes.

In Chapter 7, I summarize the dissertation and discuss the outlook and extensions

of the work presented in this thesis.
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2.1 Introduction

Control over the assembly of functional, nanostructured materials is an essential
ingredient in creating novel, responsive nanodevices. Efforts have focused on the
assembly of metal nanoparticles due to their applications in energy harvesting,' sensing,’
metamaterials,” and catalysis.” However, because of challenges in achieving dynamic
assembly and disassembly of metal nanoparticles on cue through a specific stimulus, the
full potential of responsive metal nanoparticle-based devices has yet to be realized. Here,
we present a method to direct the assembly of gold nanorods (AuNRs) in liquid crystals
(LCs) confined within micropillar arrays by controlling the LC director field to achieve
tunable localized surface plasmon resonance (LSPR) properties. The peak absorbance
wavelength can be reversibly shifted over a range exceeding 100 nm by varying
temperature, an order of magnitude greater than the values reported in literature for
AuNR/LC systems. The use of ordered LC disclinations to direct the (dis)assembly of
metal nanoparticles, and thus optical properties, offers a new route in the quest for active

and highly sensitive plasmonic devices.
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Collective oscillations of electrons at the surface of metal nanoparticles interact
with light to cause strong resonances in the optical region of the electromagnetic
spectrum, known as LSPR. Owing to their shape, AuNRs have two such absorbance
bands, a transverse mode (TLSPR) and a longitudinal mode (LLSPR) that depend on the
diameter and length of the AuNR, respectively. Furthermore, AuNRs have significantly
enhanced electric fields near their tips, making them attractive for use as a sensing
platform based on surface enhanced Raman spectroscopy.”® However, in order to exploit
these properties in optical devices, it is essential to control the optical properties of
AuNRs, which depend strongly on their assembly. Due to plasmonic coupling, the
absorbance of AuNRs significantly changes when they are close to their neighbors. For
instance, when two AuNRs align side-by-side, the absorbance band undergoes a blue
(hypsochromic) shift, whereas when AuNRs align end-to-end, the absorbance band
undergoes a red (bathochromic) shift.” Prior work has investigated controlled assembly of

% and polymer matrices;'" '> however, these matrices are either

AuNRs in solutions®"
unsuitable for devices or cannot be tuned, respectively. Therefore, a more dynamic
approach, where reversible assembly and disassembly of AuNRs can be triggered by a
specific stimulus, is attractive to realize the full potentials of AuNR-based nanodevices.
LC, an anisotropic soft material, is a promising matrix for the reversible tuning of
the AuNR assemblies. The coupling of the optical properties of AuNRs with the
spontaneous order-disorder transitions of LCs upon application of external stimuli such
as heat, light, and electrical fields will enable the creation of active plasmonic devices.
13-20

While previous studies have addressed the co-assembly of AuNRs and LCs, none

have demonstrated direct manipulation of the optical responses of AuNRs by LC phase
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transitions or the reversible clustering of nanoparticle ensembles to tune the plasmonic
resonance. We have previously shown that stable topological line defects (disclinations)
can be formed in nematic LCs (NLCs), such as 4’-n-pentyl-4-cyano-biphenyl (5CB), and
used to assemble surface colloids.” In this work, we create disclinations in 4’-n-octyl-4-
cyano-biphenyl (8CB) confined between micropillar arrays with tunable size and spacing
by precisely controlling the competition between the bend and splay elastic energy,
which can be fine-tuned by temperature.”” These disclinations are exploited as elastic
scaffolds to sequester AuNRs. The dimensions of the defect structure and consequently,
the nanorod assembly can be altered by heating and cooling the LC system, thereby
modulating the plasmonic resonance peak. Within arrays of epoxy micropillars with
homeotropic anchoring and aspect ratio (AR = height /diameter) = 1.3, the TLSPR and

LLSPR peak shift of PS-functionalized AuNRs (PS-AuNRs) (length = 31 + 4 nm and

diameter = 11.3 = 1.5 nm) in 8CB are ~100 and ~150 nm, respectively.

2.2 Experimental methods

2.2.1 Surface functionalization of gold nanorods with polystyrene

Three 40 mL solutions of cetyltrimethylammonium bromide (CTAB, Sigma Aldrich)
coated AuNRs in deionized (DI) water were synthesized by a seed-mediated growth

. 11, 23, 24
method as outlined elsewhere. =™

Excess CTAB was removed through two washing
cycles consisting of centrifugation (20 min at 8,000 RPM, Eppendorf 5804), followed by
replacement of the supernatant with approximately 40 mL of Milli-Q water. Following

the washing steps, the three AuNR solutions were combined and concentrated in 40 mL

of water, providing a stock solution of concentrated AuNRs.
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The stock solution of AuNRs (9 mL, 0.4 nM) in DI water was centrifuged (20 min at
8,500 RPM, Eppendorf 5804) and the supernatant was removed so that there was only a
small aliquot of concentrated AuNR solution. 30 mg of 5,300 g/mol thiol-terminated
polystyrene (HSPS) (Polymer Source) was added to a solution of 10 mL THF until
dissolved. Next, the AuNR aliquot was added to the THF/HSPS solution under stirring.
The solution was stirred overnight and then solvent exchanged to chloroform twice to
remove free HSPS. Finally, AuNRs were suspended in 1 mL of chloroform.

2.2.2 Micropillar fabrication

The epoxy micropillar array was replica molded from a PDMS membrane. Briefly, epoxy
precursor (D.E.R. 354, Dow Chemical) was mixed with 3 wt% photoinitiator (Cycracure
UVI 6976, Dow Chemical) and cured under UV light (365 nm, Hg lamp) at a dosage of
15,000 mJ/cm*. The PDMS mold was then carefully peeled to obtain the epoxy pillars.
2.2.3 Substrate functionalization

To achieve planar anchoring, the epoxy pillars and glass cover slips were treated with
UV-ozone Jelight, model 144AX) for 1 h and used immediately. For homeotropic
anchoring (i.e., LC molecules vertically aligned to the substrate), silicon tetrachloride
(Sigma Aldrich) was evaporated onto the epoxy pillars and glass cover slips in a vacuum
dessicator for 10 min following a modified procedure from previously reported
literature.” Then, the substrates were placed into a 65 °C oven with water vapor for 10
min, forming a thin silica film of thickness on the order of tens of Angstroms.”” The
substrates were then immersed into a 3 wt% ethanol solution of dimethyloctadecyl[3-
(trimethoxysilyl)propylJammonium chloride (DMOAP, Sigma Aldrich) for 1 h. They

were then washed with DI water 3 times and dried in a 100°C oven.
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2.2.4 Assembly of PS-AuNRs in LCs

4’ -n-octyl-4-cyano-biphenyl (8CB) (Kingston Chemicals) was added to the chloroform

solution of PS-AuNR and ultra-sonicated for dispersion. The chloroform was then
evaporated using a vacuum oven at room temperature. The suspension was heated to
45 °C (above the nematic-isotropic transition temperature, Tny) and drop cast over the
surface-treated epoxy pillars. A surface-treated glass cover slip was used to close the LC
cell with no spacer. The cell thickness is the height of the micropillars (13 um).

2.2.5 Characterization

Transmittance of the AuNR and PS-AuNR suspensions as synthesized were measured
using the Cary 5000 UV-Vis-NIR spectrophotometer (Agilent Technologies). The LC
cell was mounted on a Mettler FP82 hot stage equipped with FP 90 controller and heated
at 45 °C for 5 min to reach the isotropic phase. It is then cooled down to 25°C at a rate of
10 °C min"' to form the smectic-A (SmA) phase. In parallel to the heating and cooling
cycle, the LC textures were observed under the Olympus BX61 motorized optical
microscope with crossed polarizers using CellSens software. Alternatively, the
transmission of the LC cell was measured using a custom-built spectrophotometer with a

fiber-coupled tungsten-halogen light source and a USB4000 detector (Ocean Optics).

2.3 Optical properties of gold nanorods

The functionalization of the AuNRs with PS is detailed in Figure 2.1. As-
synthesized PS-AuNRs displayed two characteristic extinction bands at 512 nm
(transverse band) and 727 nm (longitudinal band) in water, as can be seen in Figure 2.1b.

The longitudinal band underwent a slight bathochromic (red) shift to 742 nm after
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AuNRs are functionalized with HSPS and solvent exchanged to chloroform, as seen in

Figure 2.1c. Finally, PS-AuNRs were characterized via SEM (Figure 2.1d) with length of

31 4 nm and diameter of 11.3 1.5 nm.
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Figure 2.1 (a) Schematic detailing the functionalization of AuNRs with polystyrene

brushes. (b-c) Extinction spectra of (b) AuNRs in water and (b) PS-AuNRs in chloroform.
(d) SEM image of PS-AuNRs.

2.4 Control of liquid crystal surface anchoring

NLCs in homeotropic anchoring micropillar arrays orientate in a pure splay and
bend configuration with no twist distortions.”' The elastic energy of distortions in an LC

system is given by the Frank-Oseen free energy density:

f =2 {K (V- 1)? + K (- Vxn)? + K3[(n - V)n]?} (2-1)
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where K;, K, and K3 are the splay, twist, and bend elastic constants and n is the LC
director. Therefore, the positions of the defects with respect to the micropillars, i.e. the
defect sizes, are dictated by the elastic energy of the splay and bend configurations, as
quantified by K; and K3, respectively.”” Here, we choose 8CB, which displays a nematic
phase from 33.5°C to 40.5°C and a smectic phase from 21.5°C to 33.5°C, over
conventional NLCs such as 5CB as the LC matrix because its elastic constants are more
temperature sensitive than those of 5CB.* With decreasing temperature, K; of 8CB

increases faster than the K; such that K3/K; approaches © as T approaches the nematic-
smectic phase transition temperature (Tns). Thus, in order to balance the elastic energy of
the system, LC molecules prefer to splay rather than bend at a lower temperature, leading
to a larger defect ring size (Figure 2.2a). The defect radius increased from 6.5 = 0.1 ym
at 38 °C (Figure 2.2b) to a maximum of 11.3 + 0.2 ymat 34 ° C (Figure 2.2f), at which

the neighboring defects compress against each other, forming an array of square rings

surrounding the pillars.
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Figure 2.2 (a) Schematic of the side view of the temperature sensitive disclination ring
confined to a micropillar. The red solid line and blue dotted line represent the LC director
field at high and low temperatures, respectively. The red and blue crosses illustrate the
position of the defect at high and low temperatures, respectively. (b-f) Bright field images
of 8CB in homeotropic pillar arrays in the nematic phase, at temperatures indicated at the
top right corner of each image. The circles surrounding the micropillars originate from
light scattering by LC bulk disclinations. Scale bar applies to all figures.

The disclinations appeared in the form of bright lines encircling the micropillars
when observed under crossed polarizers (Figure 2.3a-f). Outside these bright lines, the
entire region was dark even under sample rotation due to complete homeotropic
anchoring on all surfaces. As the sample was further cooled, 8CB transitioned into the
smectic phase at ~33.5 °C. 8CB appeared dark between the nearest neighboring

micropillars with Maltese cross patterns between the next-nearest neighboring pillars

under polarized optical microscopy (POM) (Figure 2.3g-h).
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Figure 2.3 POM images of 8CB over homeotropic anchoring epoxy pillar arrays at
various temperatures. Pillar dimensions are diameter = 10 pm, spacing = 10 pm, and
aspect ratio (height/diameter) = 1.3. The temperature is indicated in the top right corner
of each image. Scale bar applies to all figures.



2.5 Optical response of AuNRs

Armed with the understanding of the temperature-sensitive disclinations in 8CB,
PS-functionalized AuNRs (PS-AuNRs) were added to the LC system (See Experimental
methods). Homeotropic or planar anchoring was imposed on all surfaces of the fabricated
epoxy micropillars (diameter = 10 u m, pitch =20 u m, AR = 1.3) as well as the glass
cover slip. PS-AuNRs dispersed in 8CB, were sandwiched between the surface-
functionalized pillars and a glass cover slip to form a LC cell (Figure 2.4). The cell was
heated to 45°C, above the clearing temperature 40.5°C, to the isotropic phase and
subsequently cooled to the nematic phase. At least two heating and cooling cycles were

performed to clear the thermal history.

a Epoxy pillars from replica molding

Oxygen Plasma: Planar Anchoring DMOAP: Homeotropic Anchoring

U

8CB/PS-AuNR suspension

b

21.5°C 33.5°C 40.5°C
Crystalline<—> Smectic A <—> Nematic <—> l|sotropic

Surface treated glass cover slip

Figure 2.4 Illustration of LC cell. (a) Schematic of the substrate functionalization; (b)
Chemical structure and phase transition temperature of 8CB.
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Figure 2.5 POM images of functionalized gold nanorods in 8CB over homeotropic
anchoring epoxy pillar arrays at (a) 35°C (nematic) and (b) 30°C (smectic). White arrow
indicates the assembly of gold nanorods. Pillar dimensions are diameter = 10 pm, spacing
= 10 pm, and aspect ratio (height/diameter) = 1.3. Scale bar applies to all figures. (c)
Extinction spectra of gold nanorods in 8CB over homeotropic anchoring epoxy pillars.
The extinction is offset for clarity. Red, blue, and black colors indicate isotropic, nematic,
and smectic phase, respectively. (d) Schematic of the gold nanorods assembled side-by-
side (top) and end-to-end within the LC defect core.

The transmission of PS-AuNRs in 8CB between micropillars with homeotropic
anchoring was measured as the sample was cooled from the isotropic phase. The spectra
were normalized and subtracted from 1 to calculate extinction and offset for visualization
(Figure 2.5c). At ~40 °C, 8CB was in the isotropic phase and an absorbance peak
attributed to the PS-AuNRs could be observed at ~636 nm. We hypothesize that this peak
is the LLSPR, which has blue-shifted (~110 nm) compared to PS-AuNRs in chloroform.
This indicates that the rods are compressed side-to-side by the phase boundaries during

the multiple heating and cooling cycles. Due to their anisotropic shapes, rods under

compression favor side-to-side to maximize translational entropy at the loss of rotational



entropy. Such packing behavior has been theoretically predicted by Onsager’s theory of
nematic ordering®®, and experimentally confirmed in many rod-like systems.® >’

At 38°C, 8CB is in the nematic phase and the LLSPR red shifted to ~683 nm. The
red shifting of plasmon peaks observed in the system is believed to be closely related to
the change of the coupling effect between neighboring PS-AuNRs during the cooling
process. As the system is cooled from the isotropic to the nematic phase, the PS-AuNRs
are swept into the first-order isotropic-nematic phase transition boundaries, which evolve
into defect lines in the nematic system.’® Such sweeping behavior has been previously

. - - 21,30
reported for micro- and nanoparticles in LCs.”

PS-AuNRs in the nematic phase prefer
to migrate to the disclinations to minimize the free energy of the LC system by replacing
the energetically costly regions of the distorted director field and the “melted” isotropic

defect cores in the disclinations.!” The total energy of a -% disclination can be expressed
gy p

as eq. (2-2)
W =ZKLIn(2) +yV, (2-2)
4 Tdc

where K = 10 pN is the average elastic constant, L is the disclination length, R is the
characteristic dimension of the considered system, r;.~ 10 nm is the size of the defect
core, ¥ ~ 10°]/m? is the core energy density, and V, is the volume of the defect core.’’
Accordingly, we estimate the chemical potential of each PS-AuNRs to be ~100 kgT, a
large driving force for PS-AuNR trapping. The PS-AuNR is considered fully trapped in
the defect core since the size of the PS-AuNR is similar to 4 and, once trapped, PS-

AuNRs tend to align with the direction of the disclination to maximize the displaced
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volume of the defect core. However, to determine whether the PS-AuNR ensembles align
end-to-end or side-to side, we need to consider the contribution of elastic energy from the
LCs since the cluster size is much greater than the defect core size.

As mentioned above, the PS-AuNRs are compressed side-to-side in the isotropic
phase. When these compressed clusters are trapped in the disclinations in the nematic
phase, their chemical potential becomes a function of the size of the clusters, i.e. the
number of PS-AuNRs in the cluster, n. If the number of the PS-AuNRs in the cluster is
greater than 2, only one PS-AuNR can be effectively trapped in the defect core, while
others will replace the distorted director field near the defect core (Figure 2.5d, top). The
elastic energy of the distorted field of LC that is replaced by PS-AuNRs, W,;, can be

estimated by

We, ~ nKR,q (2-3)

where R, is the “equivalent” radius of a sphere that has the same volume of a single NR,
~8 nm in our system. Therefore, the replacement energy of the distorted director field is
~20 kgT for each PS-AuNR. This energy is much smaller than the replacement energy of
the defect core (~100 kgT); it will be energetically favorable for the side-to-side aligned
PS-AuNR clusters to disassemble into single rods and align end-to-end in the defect core
to maximize their occupancy in the defect core of the disclination (Figure 2.5d, bottom)
as the system enters the nematic phase. As the defect rings increase in size when
temperature is decreased, more PS-AuNR clusters decompress, resulting in a continuing

red-shift in the plasmon resonance peak (Figure 2.5¢ and 2.6). At 36°C, two peaks could
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be observed at ~414 nm and 712 nm, corresponding to the transverse LSPR (TLSPR) and
longitudinal LSPR (LLSPR), respectively. As the sample was further cooled through the
nematic phase to 33°C, the TLSPR and LLSPR peaks further red shifted to 453 nm and
729 nm, respectively. The latter is close to the LLSPR of the PS-AuNRs in chloroform

(742 nm), indicating a similar loose dispersion within the defect core.
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Figure 2.6 The defect radius of 8CB in the nematic phase and TLSPR wavelength of the
PS-AuNRs over epoxy pillars as a function of temperature.

As the sample transitioned to the smectic phase at 32°C, the plasmon peaks
further red shifted to 483 nm and 789 nm, respectively, but minimal shift was observed as

the sample was cooled through the smectic phase to room temperature. Transitioning
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from the nematic to the smectic, the rods were attracted to and eventually trapped by the
defect cores of the focal conic domains (FCDs) at the center-point between four pillars.
We have reported such interactions of nanoparticles within FCDs previously.”> Cooling
from ~40°C to ~30°C, the overall peak shifts for the TLSPR and LLSPR are 101 and 153
nm, respectively, which is one order of magnitude higher than those reported in literature,
typically on the order of 10 nm based on the refractive index change of LC over metal

. : 13-15, 33
nanoparticle arrays deposited on a surface. ™ >

We attribute the significant plasmonic
peak shift to the dynamic interaction between the PS-AuNRs and the highly ordered LC

defect structures. We note that it is reversible during heating/cooling cycles.
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Figure 2.7 POM images of functionalized gold nanorods in 8CB over planar anchoring
epoxy pillar arrays at (a) 35°C (nematic) and (b) 30°C (smectic). Pillar dimensions are
diameter = 10 um, spacing = 10 um, and aspect ratio (height/diameter) = 1.3. Scale bar
applies to all figures. (c) Extinction spectra of gold nanorods in 8CB over planar
anchoring epoxy pillars. The extinction is offset for clarity. Red, blue, and black colors
indicate isotropic, nematic, and smectic phase, respectively. (d) The transverse (T) and
longitudinal (L) localized surface plasmonic resonance peak (LSPR) position as a
function of temperature for both homeotropic and planar cells.
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Homeotropic anchoring of 8CB on the pillars and on the top and bottom LC cell
surfaces is critical to the LC disclination ring formation and thus, the giant peak shift of
LSPR. Supporting this, we found the defects between micropillar arrays with planar
anchoring were highly disordered in both the nematic and smectic phases (Figure 2.7a-b).
In this setting, when 8CB was in the isotropic phase at 40°C, weak extinction peaks were
observed at ~516 and 887 nm (Figure 2.7¢). These peaks correspond to the TLSPR and
LLSPR of the PS-AuNRs, respectively, which showed insignificant peak shifts upon
cooling to the nematic phase. Since no bulk disclinations are topologically required in the
planar cell, we attribute this weak response to the disordered defect structure of the planar
cell, which can cause random distribution of the PS-AuNRs within the LC structure.
Nanorod aggregation, as evidenced by the broadening of the LSPR peaks, during the
isotropic-nematic phase transition may also play a role. Such aggregation is different
from the clustering in the homeotropic cell, as bulk disclinations in the planar cell are
unstable so they tend to be released and diminished from the NLC. These diminishing
disclinations can sweep nanorods into a higher-density aggregation (Figure 2.7a-b). In the
smectic phase, peaks remained at the same positions with slightly higher intensity, which
could be attributed to the higher order of the smectic phase. These results from the planar
cell were in sharp contrast to those from the homeotropic anchoring cell (Figure 2.7d).
This result underscores the importance of well-controlled anchoring conditions of all the
boundary surfaces of the LC to direct the assembly and optical response of PS-AuNRs in
the LC defect structures.

To further demonstrate the importance of the defect ring structure surrounding the

micropillar array in assembling the PS-AuNRs, we fabricated a LC cell consisting of two

53



flat glass slides treated with homeotropic anchoring. In Figure 2.8, no plasmon peaks
were observed when dispersing PS-AuNRs into the LC cell. In POM images, aggregation
of the rods was observed when cooling the sample from the isotropic phase to the
nematic phase transition, which could again be attributed to the diminishing disclinations

during the isotropic to nematic phase transition.
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Figure 2.8 (a) Extinction spectra of PS-AuNRs in 8CB sandwiched between two glass
slides with homeotropic anchoring. The extinction is offset for clarity. Red, blue, and
black colors indicate isotropic, nematic, and smectic phase, respectively. (b-e) POM
images of PS-AuNRs in 8CB in a homeotropic flat cell; the sample is transitioning from
the nematic to the smectic phase from b to e.

2.6 Conclusions

In summary, PS-AuNRs were trapped into the LC defect cores of 8CB on surface-
treated epoxy pillar arrays. Comparison of different surface treatments showed that
homeotropic anchoring induces a red plasmon peak shift as the sample was cooled and
the LC transitioned from the isotropic to the nematic to the smectic phase sequentially.
We attribute this much enhanced shift to the formation of well-ordered distortions and
defects surrounding the pillars. In contrast, random defect structures were formed
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surrounding planar anchored pillars, resulting in indistinguishable plasmon peaks with no
peak shift as the sample is cooled. Dispersing PS-AuNRs in LCs in a flat homeotropic
cell induced rod aggregation and a suppression of the plasmon resonance response. The
assembly and actuation of PS-AuNRs demonstrated is achieved through several factors,
including 1) the surface functionalization of AuNRs with PS brushes, which allowed for
nanorod dispersion in 8CB without aggregation, 2) the periodic arrangement of the
surface topography at the microscale, 3) the manipulation of LC surface anchoring
through surface functionalization and geometry to form well-ordered defect structures,
and 4) the reversible compression/relaxation of the LC director field tuned by
temperature. Here, we have demonstrated unprecedented, reversible, and dynamic control
over the assembly of AuNRs, leading to very large shift of absorbance peak, an order of
magnitude greater than any previous work with AuNR composites. Importantly, we show
that the LC director field is dynamically tuned in the nanoscale using microscale
confinement through the interplay of elastic energy of the splay and bend configurations
in LC at different temperatures, thus, fine-tuning its core replacement energy to
reversibly sequester nanoscale inclusions at the microscale. We believe the use of an
anisotropic soft matter such as LC and insights into the manipulation of their defect
structures will open doors to direct the (dis)assembly of nano-objects for unique optical

and thermal properties.

2.7 Contributions
E.L., Y.X., and S.Y. conceived the idea of studying AuNR assemblies in the LC defect
rings. Y.X. and M.A.G. designed the experiments and performed simulation of LC

assemblies in micropillar arrays. E.L. and H.K. performed PS-AuNR assemblies in
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LC/micropillar  experiments. R.C.F. performed gold nanorod synthesis and
functionalization. R.D.K, K.J.S., R.J.C., and S.Y. supervised the work. E.L., Y.X., R.C.F.,

R.DK,, K.J.S.,RJ.C., and S.Y. wrote the paper. All the authors commented on the paper.
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CHAPTER 3: Direct Mapping of Local Director Field of Nematic Liquid Crystals at
the Nanoscale

Adapted from:

Xia, Y., Serra, F., Kamien, R. D., Stebe, K. J., and Yang, S., (2015), Direct mapping of

local director field of nematic liquid crystals at the nanoscale. Proc. Nat. Acad. Sci. USA,

PNAS 2015 112 (50) 15291-15296, doi: 10.1073/pnas.1513348112. Reproduced with

permission.

3.1 Introduction

Ubiquitous as they are, it sometimes escapes our attention that liquid crystals
(LCs) are the original nanomaterial. The manipulation of these nanometer-size molecules
into coherent, centimeter-scale structures is now routine. Though we have become adept
at deducing textures indirectly through optical microscopies'™, probing the molecular-
scale organization requires either a glassy material or rapid cooling of samples providing
metastable states that can be directly visualized through scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and atomic force microscopy (AFM) 6-
8. Although these techniques are effective to study a variety of more complex LC phases

6-7.9 cholesteric and blue phases'’, and biological LC polymers'"

including smectic LCs
2 non-glassy, low molecular weight nematic LCs (NLCs) reorient during fast freezing.

Polymer nematics can be quenched into metastable states but organization of static

configurations through surface alignment is difficult. Flow alignment can be employed
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but that often precludes complex, molecular scale patterning of the boundary conditions,

13. 14 While an undesired

essential for controlling and manipulating topological defects
nuisance in NLC displays, topological defects mediate many of the rich interactions
between colloids in NLCs'”. The defects, bearing quantized topological charge, resemble
the defects in superconductors'®, soft ferromagnets'’, and even cosmic strings and
monopoles'®. The fluidity of the phase and the weakly first-order nematic-isotropic phase
transition allows for direct visualization of the creation/annihilation of defects via the
Kibble-Zurek mechanism'. Further, defects in a flat sheet of nematic gel or glass can be

2021 1t s

utilized to bend or twist local directors, inducing three-dimensional shapes
therefore critical to be able to characterize the defect structures at the nanoscale in a
variety of settings. Here, we report the design and synthesis of a nematic liquid crystal
monomer (LCM) system that has strong homeotropic anchoring on silica surfaces and
does not reorient its director field during polymerization. Thus, the optical signatures
remain unchanged in the liquid crystal polymers (LCPs), allowing for direct visualization
of the defect structures by SEM in real-space with 100 nm resolution. Using this
technique, we study the nematic textures in more complex LC/colloidal systems and

estimate the ratio between elastic and anchoring constant, i.e. the extrapolation length, of

LCM.

3.2 Experimental methods
3.2.1 Materials
All chemicals were used without further purification. Dimethylformamide (DMF),

dichloromethane (DCM), potassium hydroxide (KOH), sodium thiosulfate pentahydrate,
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and hydrochloric acid (HCI) were purchased from Fisher Scientific. Thionyl chloride
(SOCl,), 4-dimethylaminopyridine (DMAP), 2-nitroterephthalic acid, 4-hydroxybenzoic
acid, meta-chloroperoxybenzoic acid (MCPBA), (3-Aminopropyl) triethoxysilane
(APTES), allyl alcohol and (+)-glycidol were purchased from Sigma Aldrich. 4-Cyano-
4'-pentylbiphenyl (5CB) was purchased from Kingston Chemicals Limited. Polyimide
(Durimide 32A) was purchased from Arch Chemicals, Inc. Liquid crystal monomers, 4-
ethoxy-4’-(6-acryloyloxyhexyloxy) azobenzene (LCM_ AZO) was kindly provided by
U.S. Air Force Research Laboratory, and RM257 was obtained from Merck.

3.2.2 Synthesis of Liquid Crystal Monomers

Chemical structures are illustrated in Figure 3.3, and 'H-NMR spectra are shown in
Figure 3.4.

2-Nitro terephthaloyl dichloride(1). 4.22 g 2-nitroterephthalic acid (20 mmol) was mixed
with 20 mL thionyl chloride under stirring. Two drops of DMF were added as catalyst.
The mixture was heated to 75°C and refluxed until no bubbles were generated from the
solution. The reaction mixture was then cooled down to room temperature, and excess
thionyl chloride was removed in vacuo. The crude 2-nitro terephthaloyl dichloride was
obtained as an orange oil and used in the next step without further purification.

2-Nitro, 1,4-benzenedicarboxylic acid, 1,4-bis(4-carboxyphenyl) ester(2). 3.45 g 4-
hydroxybenzoic acid (25 mmol) was gradually dissolved into 2.8g KOH (50 mmol)
aqueous solution (100 mL), and the solution was cooled in an ice water bath. 2.48 g of (1)
(10 mmol) was dissolved in 15 mL ethyl acetate and added dropwise into the above
prepared aqueous solution under vigorous stirring. After 30 min, the reaction was stopped

and the mixture was neutralized by diluted HCI (5 vol%) aqueous solution to pH=7. The
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resulting precipitate was then filtered off by vacuum filtration, and washed with ethanol
to obtain 4.28 g product (2)(9.5 mmol, 95% yield) as a white solid. '"H-NMR (360MHz,
DMSO-d6): 6 (ppm)=7.41 (m, 4H, ArH of d), 8.02 (m, 4H, ArH of ¢), 8.36 (d, 1H, ArH
of ¢), 8.65 (d, 1H, ArH of'b), 8.79 (s, 1H, ArH of a).

2-Nitro, 1,4-benzenedicarboxylic acid, 1,4-bis[4-(chlorocarbonyl)phenyl] ester(3). 4.06 g
of (2) (9 mmol) was mixed with 15 mL thionyl chloride under stirring. Two drops of
DMF were added as catalyst. The mixture was heated to 75 °C and refluxed until no
bubbles were generated from the solution. The reaction mixture was then cooled down to
room temperature, and the excess thionyl chloride was removed in vacuo. The crude
product (3) was obtained as a white solid and used in the next step without further
purification.

2-Nitro, 1,4-benzenedicarboxylic acid, 1,4-bis[4-[(2-oxiranylmethoxy)carbonyl]phenyl]
ester(4, LCM_X1). 1.3 g (¥)-glycidol (17.6 mmol) and 3.90 g of (3) (8 mmol) were
dissolved in 30 mL DCM, and the solution was cooled in an ice water bath at 0 °C. 2.15 g
DMAP (17.6 mmol) in 20 mL DCM was added dropwise into the above prepared
solution under stirring. The reaction mixture was then gradually warmed up to room
temperature, and kept for another 6 h. The completion of the reaction was monitored with
thin layer chromatography (TLC) until the reactant (3) was completely consumed. The
mixture was then filtered through a celite pad, and the solvent was removed in vacuo.
The resulting oil was purified by column chromatography (silica gel; eluent: DCM,

followed by ethyl acetate: DCM=1:15 v/v. Ry = 0.4) to obtain 3.06 g (4) (68% yield) as a
white solid. "H-NMR (360MHz, CDCls): & (ppm)= 2.75 (dd, 2H, -(O)COCH,CHCH,0),

2.93 (dd, 2H, -(O)COCH,CHCH,0), 3.36 (m, 2H, -(O)COCH,CHCH,0), 4.20 (dd, 2H, -
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(O)COCH,CHCH,0), 4.71 (dd, 2H, -(O)COCH,CHCH,0), 7.38 (m, 4H, ArH of d), 8.04
(d, IH, ArH of ¢), 8.20 (m, 4H, ArH of ¢), 8.59 (d, 1H, ArH of b), 8.88 (s, 1H, ArH of a).
2-Nitro, 1,4-benzenedicarboxylic acid, 1,4-bis[4-[(2-propen-1-yloxy)carbonyl]phenyl]
ester(5, LCM_X2). 1.02 g allyl alcohol (17.6 mmol) and 3.90 g of (3) (8 mmol) were
dissolved in 30 mL DCM, and the solution was cooled in an ice water bath at 0 °C. 2.15 g
DMAP (17.6 mmol) in 20 mL DCM was added dropwise into the above prepared
solution under stirring. The reaction mixture was then gradually warmed up to room
temperature, and kept for another 6 h. The completion of the reaction was monitored with
thin layer chromatography (TLC) until the reactant (3) was completely consumed. The
mixture was then filtered through a celite pad, and the solvent was removed in vacuo.
The resulting oil was purified by column chromatography (silica gel; eluent: DCM,
followed by ethyl acetate: DCM=1:30 v/v) to obtain 2.83 g (5) (66.5% yield) as a white
solid. "H-NMR (360MHz, CDCls): 8 (ppm)= 4.87 (dd, 4H, -(O)COCH,CHCHy,), 5.32 (d,
2H, -(O)COCH,CHCH,), 5.44 (d, 2H, -(O)COCH,CHCH,), 6.06 (m, 2H,

(O)COCH,CHCH,), 7.37 (m, 4H, ArH of d’), 8.04 (d, 1H, ArH of ¢’), 8.20 (m, 4H, ArH

of ¢’), 8.60 (d, 1H, ArH of b*), 8.88 (s, I H, ArH of a").

4-(4-(((Oxiran-2-yl)methoxy)carbonyl)phenyl) 1-(4-((allyloxy)carbonyl)phenyl) ~ 2-
nitrobenzene -1,4-dioate (6, LCM_X3) 6.8g (12.8mmol) was dissolved in 30 mL DCM at
0 °C. 3.31g MCPBA (20mmol) was gradually added to the solution. The reaction mixture
was then warmed up to room temperature and allowed to stir for additional 48 h. After
reaction, the white precipitate was filtered off and the resulting solution was washed

twice with sodium thiosulfate pentahydrate aqueous solution, followed by wash twice
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with brine. The solution was then dried with MgSO, and the solvent was removed in
vacuo. The crude solid was purified by column chromatography (silica gel; eluent, DCM,
followed by ethyl acetate: DCM=1:30 v/v) to obtain 2.1g (6) (30% yield). 'H-NMR
(360MHz, CDCl3): & (ppm)= 2.75 (dd, 1H, -(O)COCH,CHCH,0), 2.93 (dd, 1H, -
(O)COCH,CHCH,0), 3.36 (m, 1H, -(O)COCH,CHCH;O), 4.20 (dd, 1H, -
(O)COCH,CHCH;0), 4.71 (dd, 1H, -(O)COCH,CHCH;O), 4.87 (dd, 2H, -
(O)COCH,CHCH), 5.32 (d, 1H, -(O)COCH,CHCH,), 5.44 (d, 1H, -(O)COCH,CHCH»),
6.06 (m, 1H, -(O)COCH,CHCH,),7.38 (m, 4H, ArH of d’’), 8.04 (d, 1H, ArH of ¢”’),
8.20 (m, 4H, ArH of e”’), 8.59 (d, 1H, ArH of b’"), 8.88 (s, 1H, ArH of a”’).

3.2.3 Preparation of liquid crystal monomer solutions

200 mg liquid crystal monomer (4, LCM X1) and 4 mg Iragcure 261 (2wt%, Ciba
Specialty Chemicals) as photoacid generator (PAG) were dissolved in 10 g DCM, and
kept in a cool and dark place before use.

3.2.4 Fabrication of patterned substrates

All the patterned substrates were fabricated by replica molding from commercially
available epoxy (D.E.R. 354, Dow Chemical) on glass slides using PDMS molds,
following the procedure reported in the literature™.

3.2.5 Preparation of substrates with desired LC anchoring

(1) Homeotropic anchoring of LCs on flat substrates, porous membranes, and square
channels. The anchoring type of the LC (homeotropic or planar) largely depends on the
surface energy of the interface.” For many types of LCMs, hydrophilic surfaces with
high surface energy usually give homeotropic anchoring. In our system, all liquid crystal

monomers, LCM_X1, X2, X3, were found to have homeotropic anchoring on SiO;
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surface. Here, we used pre-cleaned glass slides as the flat substrates or coated patterned
polymer substrates with a thin layer of SiO, through a chemical vapor deposition (CVD)
process according to the literature®®. In brief, patterned substrates kept in a desiccator
under vacuum were first exposed to chemical vapors of silicon tetrachloride (SiCls, 0.2
mL) for 10-15 min. Then the samples were exposed to a humidity chamber (humidity ~
90%) for 10 min, followed by immersion in a pyridine aq. solution (3 vol%) for 5 to 10
min. The final substrates were obtained by washing with ethanol and DI water,
respectively, for three times, followed by drying by an air gun and baking at 100 °C in a
convection oven for 15 min to 1h.

(2) Strong homeotropic anchoring of LCM_X1 on micropillar arrays. To achieve high
homeotropic anchoring energy on micropillar arrays, we first treated pillars based on step
(1), followed by functionalization of the SiO; surface with APTES. Due to the Michael-
addition reactions between the amino groups in APTES and epoxy groups in LCM_X1,
the newly formed surface anchored LCM X1, where the mesogenic groups were
orientated perpendicularly to the interface. As a result, the interaction between the
interface and LCM molecules was substantially increased, showing stronger homeotropic
anchoring than SiO; coated surface. In details, the sample consisting of the micropillar
array was immersed in a solution of 1 vol% APTES in ethanol/water mixture (90:10 v/v)
for ~10 min, followed by rinse with ethanol and DI water three times and dried by air
gun. Finally, the sample was baked in a convection oven at 100 °C for 15 min to 1h.

(3) Planar anchoring. To create planar anchoring for LCMs, a glass substrate was spin-

coated with a thin layer of polyimide from its xylene solution at 5000 rpm for 30s,
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followed by baking at 130 °C for 20 min. A uniform planar anchoring sample was
obtained by rubbing the polyimide coated substrate with a velvet cloth.

3.2.6 Liquid crystal cell preparation

(1) On patterned substrates. ~20-40 uL LCM_X1/DCM solution was placed on the
patterned substrate, and solvent DCM was evaporated at 130 °C for at least 10 min. Then
the LCM_X1 liquid was sandwiched between the substrate and another cover glass (treat
if needed) at 130 °C. The sample was then cooled down to the desired temperature
(cooling rate not critical here) to align LC.

(2) With silica colloids. 5 um diameter silica colloids (Sigma Aldrich) were dispersed in
a LCM_X1/DCM solution (Note, a high concentration of ~20 wt% was preferred), and
the mixture was sonicated for at least 15 min to obtain a homogeneous suspension. To
prepare LC cell with silica colloids, several drops (~20-40 uL) of the suspension were
placed on a clean glass slide, and solvent was evaporated at 130 °C for at least 10 min.
Then another pre-cleaned glass slide was placed on top to make a LC cell. The thickness
of the LC cell was roughly controlled as ~10 um. The sample was then cooled down from
130 °C to the desired temperature (cooling rate not critical here) to align the LC.

3.2.7 UV Crosslinking

To prevent the re-orientation of the directors of LCM_X1 during photopolymerization,
UV curing was carefully performed in three steps, including

(1) Samples were slowly cooling down at 1 °C/min to room temperature (~25°C);

(2) Sample was exposed to a low UV power (~2 mw/cm® at 365 nm, Hg lamp),

overnight.
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(3) After UV exposure, samples were slowly heated up to 100 °C at a ramping rate of
1°C/min on a Mettler FP82 and FP90 thermo-system hot stage in ambient air, followed
by baking at 120 °C for another 1-2 h to completely cure the epoxy groups.

3.2.8 Characterization

Chemical structures of the synthesized chemicals were confirmed with 'H-NMR
performed on a Bruker Advance DMX 360 (360 MHz) spectrometer at 25°C and
analyzed with TOPSPIN software. Thermo analysis of the synthesized LCs was
performed on a differential scanning calorimetry (DSC) Q2000 (TA instrument). Samples
were heated and cooled under nitrogen with a ramping rate of 10°C /min for three cycles.
Data from the 2™ cycle was reported. Liquid crystal phases and alignments were
observed under an Olympus BX61 motorized optical microscope with crossed polarizers
using CellSens software. Liquid crystal polymer samples were manually broken into
pieces or cut with a razor blade. The cross-section was coated with a 4 nm iridium layer
for Scanning Electron Microscopy (SEM). Imaging was performed on a dual beam FEI
Strata DB 235 Focused Ion Beam (FIB)/ SEM instrument with 5KV electron-beam.

3.2.9 Measurement of refractive index and birefringence

We used Snell’s law to estimate the refractive indices of LCM_X1 by comparing the
apparent thickness of LC cell, D; ., with the actual cell thickness without LC, D, that is,
neo= Do/ Drc. We prepared a uniform planar cell in the way same as described earlier. Dy
and D;c were measured before and after LC was infiltrated, respectively. Accordingly,
we obtained the extraordinary refractive index, n, ~1.67+0.02 and ordinary refractive
index, n,~1.5+0.02 of LC when the polarized light was parallel and perpendicular to the

LC director, respectively. The birefringence of LCM_X1 was estimated ~ 0.17. We also
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estimated birefringence of LCM_X1 from a wedge cell using the Michael-Levy chart
before and after UV curing as 0.16+0.02, in good agreement with that measured from
optical microscopy. Again, the consistent birefringence before and after polymerization
as shown in Figure 3D-E clearly indicates that polymerization did not affect the nematic

order parameter.

3.3 Design of stable nematic liquid crystal
Visualization of topological defects has been achieved by dispersing polymer

fibers in pre-aligned, low-molecular weight NLC>" *°

. However, the polymer fibers,
fabricated in situ via polymerization of LCMs, often phase-separate from the nematic
host; thus maintaining the LC director field in a non-glassy nematic host for direct
visualization is thwarted. Moreover the fibers themselves can perturb the nematic phase,
inducing artifacts and spurious defects. Of course, to visualize the native director field
responding to geometric surface cues we must employ molecules that can be aligned
reliably at interfaces of different topology, topography, and surface chemistry. Typically,
the alignment of LCMs is controlled via mechanical rubbing of a polymer layer, use of a
photo-alignment layer’', mechanical stretching, or application of magnetic fields®’ ™",
However, these techniques are limited in their spatial resolution, especially in comparison
to the highly refined ability to impart chemical anchoring on boundaries with complex
topography and topology at the micro- and nanoscales, and which also require high
uniformity across the large sample areas. Though functional LCMs have been employed

27-32

for decades in conjunction with LCPs as actuators and sensors™ ~“. It remains challenging

to achieve faithful anchoring control at the level of the old stalwart, SCB (4-cyano-4’-
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pentylbiphenyl). Meanwhile, slow relaxation of the bulk director field will lead to
spurious defects in LCMs (or polydomain configurations) as shown in Figure 3.1 from
widely used LCM’s in literature; this inherent obstacle becomes increasingly obvious

under complex confinement.
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Figure 3.1 POM images of LCM AZO [4-ethoxy-4’-(6-acryloyloxyhexyloxy)
azobenzene] and RM257 on various patterned epoxy substrates coated with different
surface chemistry. (A) LCM_AZO in PVA coated square array of pores. (B) LCM_AZO
between PVA coated square array of pillars. (C) LCM_AZO in DMOAP coated square
array of pores. (D) LCM_AZO between DMOAP coated square array of pillars. (E)
RM257 in PVA coated square array of pores. (F) RM257 between PVA coated square
array of pillars. (G) RM257 in DMOAP coated square array of pores. (H) RM257
between DMOAP coated square array of pillars. Pores in A, C, E, and G: diameter: 10
pum, pitch: 15 pm, depth: 20 um. Pillar arrays in B, D, F, and H: diameter: 10 um, pitch:
20 um, height: 19 pm. Samples were cooled slowly (1 °C/min) from isotropic phase (100
°C for LCM_AZO and 130 °C for RM257) to nematic phase (94 °C for LCM_AZO and
125 °C for RM257). Scale bar applied to all figures: 20 um.

Since the surface energy of the boundary determines the anchoring behavior of
liquid crystal molecules (homeotropic or planar)”, we prepared patterned surfaces with
both high (PVA) and low (DMOAP) surface energy. However, as seen from Figure 3.1, it
is clear that both LCM_AZO and RM257 fail to align uniformly on patterned surfaces
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regardless of the surface energy of the coatings and surface geometry. They mostly show
polydomains with disclination lines either in the bulk or pinned to the boundaries.
Although this non-equilibrium alignment can be improved by carefully annealing the
sample through the nematic-isotropic phase transition, it is non-trivial to achieve the ideal

equilibrium state with monodomains.

To address this, we specially designed and synthesized a series of LCMs
(LCM_X1, X2, X3, see Figure 3.2&3.3) with both strong surface anchoring and highly
stable nematic phases. These LCMs suppress spurious defects, leaving only those
required energetically and topologically. The monomers all have the same aromatic ester-
based mesogenic group, both common and inexpensive to synthesize, with an ortho-
substituted nitro group but different terminal groups, epoxy and alkene, both of which are
readily photocrosslinkable at ambient conditions via photoacids and “click” chemistry,
respectively. We confirmed the chemical structures vie '"HNMR (Figure 3.4). Similar
LCMs terminated with epoxy or alkene groups have been reported with nematic phases in
the literature® although they typically have very high phase transition temperatures,
making it difficult to maintain the director field during polymerization due to the
relatively low viscosity of the LCMs in the nematic phase. In addition, their anchoring

properties have not been well characterized.
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Figure 3.2 Schematic illustrations of (A) the chemical structures of various liquid crystal
monomers, LCM_X1, LCM_X2 and LCM_X3 and (B) random intermolecular dipole-
dipole interactions between nitro and carbonyl groups. Different colors represent
different functional groups: red for nitro; blue for carbonyl.
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Figure 3.3 Schematic illustrations of the synthesis of the nematic liquid crystal
Mmonomers.

We introduced a pendant nitro group on the aromatic ring because it has been
suggested that i) LCs with a nitro group at the ortho-position to a linkage ester group
typically form a nematic phase with a relatively low phase transition temperature®* and,
more importantly, ii) the introduction of a polar (e.g., nitro) or polarizable group into the
chemical structure often results in an increase of molecular polarity, affecting molecular

packing and, in turn, the phase stability of LCs®. In particular, aromatic ester-based
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mesogens could achieve a stable nematic phase through strong intermolecular dipole-
dipole interactions between carbonyl groups of adjacent molecules, an effect that

increases with the strength of the molecular interaction®” *°

. In our system, we expect
strong dipole-dipole interactions between carbonyl groups (dipole moment p=2.4D)’’
that are evenly distributed along the molecule and a more polar nitro group (u=4.01D)*’
in the middle of the molecule. Because each nitro group bonds randomly to one of the
four sites from the adjacent LC molecule, crystallization is suppressed, as seen in
analogous systems™ > *®, leading to a highly stable nematic phase (see Figure 3.5) with
strong surface anchoring properties for all LCMs we synthesized (see Figure 3.6&3.7).
Here, we focused our study on LCM_X1 because it has both a large nematic window (>
100K) with the nematic phase starting slightly above its glassy transition temperature
(~10 °C) and the terminal epoxy groups could be rapidly and locally crosslinked by

photoacids without large volume change — effectively locking the orientational order of

mesogens for later SEM imaging.
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Figure 3.4 '"H-NMR spectrum of the liquid crystal monomers (A) LCM XI; (B)
LCM_X2; (C) LCM_X3.
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Figure 3.5 DSC curves of the LCMs. (A) LCM_X1. A nematic phase from 6.5 °C to 132
°C (heating) and 136 °C to 15 °C (cooling), respectively, was observed. (B) LCM_X2. A
nematic phase was only observed upon cooling from 101 °C to 57 °C*. (C) LCM_X3. A
nematic phase was shown from -9 °C to 72 °C (heating) and 77 °C to -4 °C (cooling),
respectively.
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3.4 Liquid crystal anchoring study

We employed patterned substrates that were well-characterized in our labs,
including membranes with cylindrical pores, micropillar arrays, and square-shaped one-
dimensional (1-D) microchannels with strong homeotropic anchoring (see details in
Materials and Methods) to study the alignment of newly synthesized LCMs in
comparison with small molecule NLC, 5CB. As seen from the polarized optical
microscopy (POM) and bright field (BF) images shown in Figure 3.6A-C, both molecules
are readily aligned with nearly identical director configurations on all patterned substrates
despite the difference in surface treatments to align LCM_X1 vs. 5CB. Similar anchoring
configurations are also observed for LCM_X2 and X3 (see Figure 3.7). For LCM_ X1,
homeotropic anchoring was achieved on silica coated surfaces while planar anchoring
was achieved on polyimide treated surfaces. This is in sharp contrast to the behavior of
commonly used LCMs, RM257 and LCM_AZO, which exhibit polydomains on the same

substrates regardless of surface treatment (see Figure 3.1).
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Figure 3.6 POM and BF images of 5CB and LCM_X1. (A-C): POM and BF images of
5CB (top panels) and LCM_X1 (bottom panels) in (A) porous membranes (diameter: 10
pum, pitch: 15 pm, depth: 20 pm), (B) pillar arrays (diameter: 10 pm, pitch: 20 um, height:
19 um), and (C) square channels (width: 10 pm, pitch: 40 pm, depth: 20 um) with
homeotropic anchoring imposed at all surfaces. Insets in A: BF image of LCs in pores
where the dark dots at the center showing possible defects; Insets in B: BF image with
black circles showing possible bulk line defects circumscribing the pillars; Insets in C:
BF image of a single ridge where the gray color indicates a distorted director field but no
defect; (D-E) POM images of the schlieren texture of LCM_X1 before (D) and after (E)
UV curing. The nearly identical nematic schlieren textures indicate that the LC director
field is well-maintained during polymerization. Scale bars, 20 pm applicable to all panels.
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Figure 3.7 POM images of various LCMs on patterned substrates with homeotropic
anchoring at the boundaries. (A) LCM_X2 in the square array of pores. (B) LCM_X2
between the square array of pillars. (C) LCM_X3 in the square array of pores. Scale bars:
40um. Insets: POM images with higher magnification. Scale bars: 10um. Pores in A&C:
diameter: 10 um, pitch: 15 pm, depth: 20 um. Pillar arrays in (B): diameter: 10 pm, pitch:
20 um, height: 19 pm. Samples were fast cooled (~20 °C/min) from isotropic phase
(LCM_X2, 110 °C; LCM_X3, 85 °C) to nematic phase (LCM_X2, 90 °C; LCM_X3, 70
°C).

In cylindrical pores with homeotropic anchoring on all boundaries, the nematic
director either forms a bulk point defect with integer topological charge (1) in the center

or it "escapes into the third dimension"” *

to separate two half-defects on the
boundaries. Likewise, in the pillar arrays, there could be a bulk disclination ring
surrounding the pillars'"> or an escape configuration where the defects are all concentrated
next to the pillar edges. However, neither POM nor BF microscopy can distinguish these
two modalities without further investigation of the director field through the whole

sample, or through the use of a variety of state-of-the-art tools such as confocal polarized

microscopy.
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3.5 Direct mapping of liquid crystal local direct field

To access the director information in these geometries, we crosslinked the LCMs
through cationic polymerization of epoxy, a common reaction in negative-tone
photoresists*” **. Compared to acrylate and methacrylate groups that are often used in
radical polymerization of LCMs, epoxides have several advantages that are key to our
LCM design: 1) They are insensitive to ambient oxygen. 2) They can be crosslinked
efficiently through chemically amplified ring-opening reactions; each photogenerated
acid can initiate hundreds of reactions locally, rendering fast polymerization without
large volume shrinkage seen in (meth)acrylate polymers. 3) The bulky aromatic ester
mesogens limit acid diffusion at room temperature, therefore, photopolymerization
occurs locally. Together with the strong dipole-dipole intermolecular interactions, our LC
molecules can lock in position effectively without altering the field direction during
polymerization. Closely related are earlier studies of cationic photopolymerization of LC

. .1 43,44
diepoxides™

, which show that the NLC phase is maintained in the densely crosslinked
network -- in contrast to that from radical polymerization of diacrylates. It was noted,
however, that unintentional heating by the high intensity UV light could realign the
mesogens, thus, increasing the order parameter after curing™. In order to prepare even
cleaner data, we further suppressed reorientation during crosslinking by performing the
UV curing at room temperature (~ 25 °C) with a low UV light intensity (2 mw/cm?),

keeping the viscous timescales longer than the polymerization timescale (see detailed in

Experimental methods).

From the birefringence of the material (see Experimental methods) and the POM

images of samples before and after polymerization (Figure 3.6D, E), we confirmed that
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on the micron scale the director field was preserved during polymerization. However, it
should be noted here that the LCM-X1 sample appeared somewhat yellowish after
polymerization. The slight change in color can be attributed to the difference in UV-vis

absorption of monomer vs. polymer (Figure 3.8).
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Figure 3.8 UV-Vis spectra of LCM_X1 before and after UV curing.

Once polymerized, we could use SEM to directly visualize the nematic texture
with nanoscale resolution of the director configuration in various cross-sections obtained
by fracturing the sample at room temperature. As shown in Figure 3.9A-C, the local
director field is visible under SEM, represented by the nanofiber-like fracture structures,
the footprints of the director field. We should note that the polymer itself does not form
fibers. Rather, the oriented structures observed in SEM are a consequence of the
anisotropic mechanical properties of LCPs, in which the bulk elastic modulus is usually

much smaller perpendicular to the director’ *

, and in which fractures occur along
surfaces parallel to the director field*™ *’. The same type of fracture pattern can be

observed in a nematic polymer which has some similarity with our LCPs®. Following the
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fracture structures, we directly mapped the LC alignment with 100 nm resolution as
illustrated by the red dotted line in Figure 3.9. From Figure 3.9A and we determine the
angle of molecular alignment at the surface to be 90° inside a wide channel; likewise, we
can see that homeotropic anchoring breaks down when the director field is tightly
confined as shown in Figure 3.9B-C. We can now directly visualize the defect structure
in pores, pillar arrays, and 1-D channels, and observe that the director most often adopts
an escaped configuration, avoiding defects in the bulk. By contrast, in POM the observed
point- and line-like structures could just as well be the sign of a distorted director field or
a defect. Further, from SEM images we can estimate the elastic constants and the

extrapolation length of the LCM *® for planar and homeotropic anchoring (see Section

3.6).

Figure 3.9 SEM images show the fracture structure of LCP after polymerization in a 1-D
microchannel (A), in a pore (B), and between two pillars (C). Escaping director field of
LC can be observed from the orientation of the fracture structures in all three structures;
The red dotted lines in A-C represent local director field of LCM mirrored in the other
half of images. Scale bars: A: 5 um; B and C: 2 um.
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3.6 Estimation of the elastic constants of liquid crystal monomers

The elastic anisotropy of LCM_X1 was estimated by looking at the SEM images
(see Figure 3.10) of the LCM homeotropically anchored on the walls of a cylindrical
pore. The director here “escapes in the third dimension” through a splay/bend
deformation. We look at the angle $ that the nematic director adopts at any point relative
to the axis of the pore (see Figure 3.10 inset), as a function of the radius », which goes
from the center of the pore to its walls. The results are plotted in Figure 3.10. We find

that the data points can be very satisfactorily fit by eq. (3-1).*

9(r) = 2tan"Y(a r/R,) (3-1)

where Ry is the width over which the escape takes place (the radius of the pore), and a is
a parameter that depends on the anchoring angle of the director on the homeotropic wall.
Specifically, a is equal to the cotangent of the anchoring angle ¢, at the homeotropic wall
of the capillary divided by two. Eq. (3-1) is the theoretical prediction for the escape
configuration in a cylindrical channel in the approximation of single elastic constant. It
holds when the splay constant and the bend constant are equal. Figure 3.10 shows a good
agreement between the experimental data and the theoretical prediction, which suggests
that the ratio between splay and bend constant for our monomers is close to one. As

shown in the literature®, elastic anisotropy would lead to deviations from this curve.
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Figure 3.10 Director angle as a function of the radial coordinate . The points are

calculated from the escape configuration shown in the inset (scale bar, 5 um). The line is
calculated from Eq. (3-1).

We do not get information about the twist elastic constant in this configuration,
but the lack of twisted escape configuration (observed, for example, in phases with very
low twist elastic constant), combined with the observed structure of the hedgehogs near
colloids, suggests that the twist elastic constant is of the same order of magnitude as the
other two.

40
[. ™, we can also

From Eq. (3-1) and the model proposed by Crawford et a
estimate the extrapolation length for homeotropic anchoring, i.e. the ratio between the

elastic and the anchoring constant. The anchoring angle ¢, on the homeotropic wall is

expressed in eq. (3-2).

@p = sin" (((RoWy, + Kz4) /K — 1)71) (3-2)
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where W) is the homeotropic anchoring constant, K is the elastic constant (always in the
one elastic constant approximation), and K»4 is the saddle-splay constant. If we make the
common approximation of neglecting K4, we obtain the extrapolation length &, =
K/W, = 1.3pu.

In order to estimate the extrapolation length in the case of weak planar anchoring,
we use a hybrid wedge cell, with one glass untreated (for homeotropic anchoring) and the
other one treated with rubbed polyimide. Following the method in the literature®’, we can
estimate the extrapolation length by directly measuring the angles formed by the liquid
crystals in a hybrid wedge cell with the homeotropic and the planar surfaces, and relating

them as eq. (3-3) and (3-4):

2&(@p — @n) = dsin(2(®, — @p)) (3-3)

2&,(0p — on) = dsin (2(0, — ,,)) (3-4)

Here, the subscript p and /4 represent the planar and the homeotropic surfaces,
respectively, d is the cell thickness, ¢ the extrapolation length, @ the preferred angle with
respect to the normal and the flat surface (that is, @, is zero and @, is /2), ¢ is the angle
that the nematic director forms with the normal to the cell surface (see Figure 3.11). In
writing this formula from reference®’, we already make the approximation that the ratio
of the splay and bend elastic constant is close to unity. The extrapolation length can then
be estimated at various thicknesses of the wedge cell. We could estimate &, from the

study of LCM in the pores with homeotropic anchoring, and that with planar anchoring,

3
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Figure 3.11 SEM image of a hybrid wedge cell (left panel), with highlighted angles at
the planar and homeotropic surface, and the corresponding measurements of the planar
anchoring extrapolation length (right panel) taken from the cell at different cell
thicknesses (indicated next to each data point, in microns). Scale bar in SEM image, 10
pm.

The preferred tilt angle on the planar polyimide surface could be independently
estimated by measuring it directly from the SEM images on a planar cell. The points in
the SEM image shown in Figure 3.11 represent measurements of the extrapolation length
at different thickness of the wedge cell, ranging from 6 p to 30 um, which gives a value
of the planar extrapolation length ~ 10 pum, i.e. ten times longer than the homeotropic
extrapolation length. This clearly shows that the anchoring is weaker on the polyimide
than on the silica surface.

We should remark that the direct visualization of the director profile by SEM
image makes it extremely simple and direct to calculate the relevant parameters for our
newly synthesized LC. A crude estimate of the elastic constants can be obtained simply
by dividing the energy necessary to align the mesogens (i.e. the thermal energy at the
temperature at which the mesogen achieves its alignment, around 370K) by the molecular
size a. K = kgT/a = 1.4%107 *370 K*0.5*10° m™ = 2.6¥10"> N, which is on the order

of a few pico-Newtons, in line with the elastic moduli of other LCs. Consequently, the
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homeotropic anchoring constants can be calculated as the ratio between the elastic
constant and the extrapolation length: W), = 2.6%10"% N / 1.3 um=2*10" N/m and W,=
2.6%10° N/m, indicating relatively weak anchoring for both homeotropic and planar

anchoring.

3.7 Direct mapping of liquid crystal defect structures

Armed with our careful study of the local director field of LCs on patterned
surfaces, we turned to more complex director field structures: point defects and line
defects created by colloids with homeotropic anchoring suspended in NLC. POM images
in Figure 3.12 depict typical pictures of hedgehog and Saturn ring defects surrounding
silica colloids. Though numerous studies have focused on these defects in LC systems
with varying colloidal size, geometry, and topology’' ™, direct visualization of the
director structure is difficult, as is measuring the precise position of the induced
topological defects. With fracture and SEM, here, we can determine these features with
100 nm accuracy. Consider, for example, the hedgehog in Figure 3.12A; the defect can be
seen as clearly located 2 um above the colloid. In the same sample, we also found Saturn
ring line defects around other silica colloids — Figure 3.12B shows a typical defect with a
slightly tilted director field. This slight tilting (tilting angle <15°) could not be detected

by POM (Figure 3.12B inset); however, it can be easily read off from SEM.
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Figure 3.12 SEM images of silica colloids suspended in LCP where either a point defect
(A) or a line defect (B) was formed to screen the charge of the colloid. Insets: POM
images of point (A) and line (B) defects circumscribing silica colloids. The director field
of the LC is represented by the red dotted line and the red crosses show the position of
defects. Scale bars: 2 pum

We can use this technique to study the nematic textures in more complex LC
systems. For instance, in Figure 3.13 we show a LC cell treated for homeotropic
alignment that we expect to image as black in POM. Instead, we see the appearance of
blue regions, suggesting planar alignment, separated from the dark regions by
disclination lines. Though such disclination lines are metastable in a neat NLC and relax
very quickly, they can have a much longer lifetime when they are stabilized by colloids
trapped at the disclinations. To observe the structures in Figure 3.13B-E with SEM, we
again cooled down the sample and then crosslinked the LCM_XI1. In Figure 3.13B a
disclination line generated at the boundary of the homeotropic and planar regions is
shown. The disclination line can be identified by the fracture structure below and above
the fracture plane in SEM as shown in Figure 3.13B because of the different mechanical

properties of the defect. Similar line defects can also be found in Figure 3.13C, where
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silica colloids are trapped at the boundary. From the SEM images, we can observe the
merging of the line defect in the bulk of LC and the Saturn ring surrounding the colloid.
Further, it should be noted that bulk disclinations can also be stabilized by pinning to
boundaries of the LC cell, as illustrated in Figure 3.13D. The bending of the director field
can be observed with such clarity that in future work we plan to use this data to study the
bending energy of LCs along the defect line as we move from the bulk towards the
boundary. Figure 3.13E shows the LC orientation inside a planar-like region stabilized by
silica colloids. The escaped configuration is surprising since it requires a large bending of
the director field from the homeotropic boundaries to the center of the LC cell, resulting
in a high elastic energy in the bulk of this 2D LC thin film (~8 um). A clarifying example
of this behavior can be found in the SI Appendix, where we show a SEM image of a
small escape region whose boundaries could be both visualized in the same picture
(Figure 3.14). The SEM images provide us a detailed director configuration in this small
region, where the planar region starts at the surface of a colloid with an associated defect
with charge -1, escapes in the direction determined by the defect structure around the
colloid and finally ends at another colloid surface. These SEM studies thus provide us the
capability to fully explore LC anchoring behaviors inside LC cells featuring complex

topology and also to “lock” and observe metastable states.
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Figure 3.13 Metastable configurations. (A) POM image of silica colloids suspended in
LCM resulting in coexistence of homeotropic and planar-like regions, where the
metastable planar regions (blue color) are stabilized by silica colloids. (B, C, E) SEM
images characterizing the local director field at different positions in (A) as indicated by
the red dotted squares. (B) SEM image taken at the boundary between homeotropic and
planar regions of LC, where a bright line in the middle of the image is shown, indicating
the presence of a disclination line defect. (C) SEM image of a silica colloid sitting at the
boundary. The bright line in the image shows a line defect in the bulk of LC that merged
with the Saturn ring defect encircling the colloid. The silica colloid was trapped in the
middle of the LC cell, and slightly sank downwards. (D) SEM image of fiber-like
structure that shows a bulk disclination line pinned to the bottom surface, as indicated by
the bending white line. (E) SEM image of local LC director field inside an escaped region.
Horizontally aligned fiber-like fractures indicating planar alignment of LC director field
were found in the middle of the image, where the bending fiber-like fractures from top
and bottom boundaries merged. Scale bars: A: 20 pm; B-E: 3 pm.
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Figure 3.14 Escaping behavior of LCs in a planar-like region. SEM images of LCP
inside a planar region in a homeotropic LC cell. (A) The fracture structure shows
stabilization of disclination lines with silica colloids sitting at the two ends of the planar
region, and the escaping behavior of LC director from right to left. (B-C) A close look at
the director field surrounding the colloid. Scale bars: 5 um

3.8 Conclusions

In conclusion, we designed and synthesized a new LCM system with strong
dipole-dipole interactions, resulting in a stable nematic phase and precise control of
molecular anchoring and alignment on different boundary conditions. The director field
can be faithfully “locked” by photocrosslinking, allowing for direct mapping of the LC
director field and defect structures by SEM. In turn, we can calculate the extrapolation
length, and estimate the elastic and anchoring constants of LCs (Figure 3.10 and 3.11).
This molecular design strategy can be extended to other substituents (e.g. to induce
hydrogen bonding) and bridging groups that connect the mesogen and epoxy group in
order to fine-tune the mesomorphic properties. Moreover, our LC monomers are low

cost, e.g. LCM_ X1 can be produced at a cost of approximately 10% that of 5CB, but with
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equal flexibility to be aligned on various boundary conditions. This newfound ability
provides us with new tools to enhance our understanding of anchoring, defects, and
elasticity of short-molecule nematics, which will enable the further control of bulk
structures via nanoscale patterning of the substrate and surface chemistry. We anticipate
that by directly photopatterning a 2-D sheet of NLC elastomer or glass with embedded
defects and elasticity, followed by actuation by heat or light, we could induce folding into

3-D.

3.9 Contributions

Y.X. and S.Y. conceived the ideas and designed the experiments. Y.X. synthesized the
liquid crystal molecules and performed the experiments. F.S. helped the experiments and
interpretation, and estimated the elastic constants. R.D.K, K.J.S. and S.Y. supervised the

work. All the authors wrote the paper.
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CHAPTER 4: Better Actuation Through Chemistry: Using Surface Coatings to
Create Uniform Director Fields in Nematic Liquid Crystal Elastomers
Yu Xia, Elaine Lee, Hao Hu, Mohamed Amine Gharbi, Daniel A. Beller, Eva-Kristina
Fleischmann, Randall D. Kamien, Rudolf Zentel, Shu Yang, manuscript submitted to

Angew. Chem. Int. Ed. 2016 (under review).

4.1 Introduction

Because of their geometrical, mechanical, and electronic anisotropy, liquid crystal
(LC) molecules are not only highly sensitive to external aligning fields but can also
exquisitely control the propagation of electromagnetic phenomena. Consequently, LC
molecules have long been of interest for scientific advancement and technological
applications, including displays, artificial muscles, and actuators that rely upon
anisotropic properties of LC molecules.'™ It is known that nematic liquid crystalline
elastomers (NLCEs) exhibit a spontaneous contraction along the director axis when
heated above their nematic (N) — isotropic (I) phase-transition temperatures (Tni), and the
polymer chain adopts an, on-average, spherical conformation.” Therefore, NLCEs have a
reversible shape memory effect when triggered by external stimuli, including heat, UV

light, and electric fields®"’

. However, the deformation of LCE networks is highly
dependent on the molecular alignment of LC molecules, both globally and locally, on the
boundary conditions imposed at interfaces by topography, topology, and surface
chemistry, as well as on the application of an external field'' ™",

Coupling of responsive materials with patterned surfaces at the micro- and nano-

scale has led to interesting surface properties, including tunable structural color and

20-22 23-25

transparency'*"”, tunable dry adhesion®*??, and switchable wettability” . To achieve a
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large and reversible strain in micro-structured LCE actuators’™, it is critically important
to control LC anchoring within the pattern at the molecular level. The most common
techniques to control LC anchoring include rubbing the substrate and application of a
magnetic field before the LCMs are crosslinked. Rubbing is effective when preparing
non-patterned LCE where the LC molecules align along the formed microgrooves.”***’
However, it is difficult to apply rubbing on a micro- and nano-structured template to align
LCEs. Moreover, the generation of static charge and scratches often interferes with the
LC alignment within the microgrooves.

Keller et al. first demonstrated the fabrication and actuation of NLCE micropillar
arrays using a poly(dimethylsiloxane) (PDMS) mold with cylindrical pores (20 um in
diameter and 100 um in height) by applying a magnetic field (1-1.5Tesla) to align LCs
vertically along the film thickness, although alignment was not confirmed by polarized
optical microscopy (POM) images in those early reports.”® *° A large contraction strain
(~35%) was generated when actuating the pillars above Txy (120°C) for micropillars
made of side-chain NLCEs’. Nevertheless, detailed investigation (both experimentally
and theoretically) of LC anchoring within a soft lithography template such as PDMS
mold remains lacking. In part it is because, compared to a flat substrate, micro-patterned
PDMS molds provide much more complicated surface topographies to control the LC
anchoring uniformly over the entire sample area -- so called monodomain LC anchoring.
When the dimension of the surface topography shrinks to micron size, the surface effect
become increasingly important. Given the wide range of potential applications of
structured NLCEs, it is pressing to understand and eventually precisely control LC

anchoring under confinement of a PDMS mold during soft lithography through surface
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topography and surface chemistry vs. the use of an external field.

Here we prepared NLCE micropillars (diameter of 10 um, pitch of 20 pm, and
height of 40 pm) by polymerizing the NLC monomer, (4"-acryloyloxybutyl)-2,5-di- (4'-
butyloxybenzoyloxy) benzoate (LCM4), pre-aligned in a surface-treated PDMS mold. To
generate a uniform, defect free monodomain nematic configuration of vertically aligned
LCM4 within the pores, it is important to promote planer anchoring of LCM4 inside the
molds. We checked the LC alignment using both small molecule NLC, 4-Cyano-4'-
pentylbiphenyl (5CB) and the unpolymerizered LCM4 under polarized optical
microscopy (POM). We corroborate the POM observations with Landau-de Gennes
numerical modeling, which simulates the LC alignment with both homeotropic and
planar anchoring within the PDMS mold. In all cases, we found that perfect alignment of
the LC director field along the pillar thickness could only be achieved with planar
anchoring surface chemistry. To confirm this experimentally, we coated a thin layer of
poly(2-hydroxyethyl methacrylate) (PHEMA) onto the PDMS mold to create degenerate
planar surface anchoring for both LCM4 and 5CB. In comparison, in untreated PDMS
molds, both NLCs maintained homeotropic anchoring at the interfaces and the director
exhibited radial escape into the third dimension’’. The NLCE pillars with planar
anchoring demonstrated a relatively large radial strain (~30%) during heating across T,
while those created with homeotropic alignment had smaller strains due to the inherent

frustration of the nematic texture within the pillars.
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4.2. Experiment methods

4.2.1 Materials

(4>’ -acryloyloxybutyl)-2,5-di-(4’-butyloxybenzoyloxy)benzoate (LCM4) was synthesized
according to the literature’. N,N-dimethyl-n-octadecyl-3-amino-propyltrimethoxysilyl
chloride (DMOAP), hydroxyethyl methacrylate (HEMA), 1,6-hexane-diol diacrylate and
4-Cyano-4'-pentylbiphenyl (5CB) were purchased from Sigma Aldrich and used as
received. Photoinitiator, Irgacure®184 (1-hydroxy cyclohexyl phenyl ketone), was
obtained from Ciba Specialty Chemicals.

4.2.2 Preparation of PDMS molds

The PDMS porous membrane (diameter of 10 um, pitch, or center-to-center distance of
20 pum, and depth of 40 um) was replicated from the epoxy (D.E.R. 354, Dow Chemical)
pillar master, following the protocol reported earlier’>.

4.2.3 Preparation of PDMS molds with different surface chemistry

The as-cured PDMS porous membranes offered homeotropic anchoring to LCM4 and
5CB, and were used as control substrates. To prepare a planar anchoring surface, the
PDMS mold was immersed into a solution consisting of Irgacure®184 (30 wt%) in
acetone for 30 min, followed by rinsing with acetone three times and drying by air gun.
The PDMS mold was then immersed into neat HEMA liquid and exposed under UV light
(365 nm, Hg lamp) at a dosage of 1000 mJ/cm®. The resulting mold was rinsed by ethanol
three times to remove unreacted HEMA monomers, followed by drying on a hot stage at
95 °C.

4.2.4 Preparation of DMOAP coated glass substrates

Glass slides were pre-cleaned by washing with ethanol and acetone twice, respectively.
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They were then immersed into an aqueous solution of DMOAP (1 vol%) for 30 min,
followed by rinsing with DI water three times and baking at 110 °C in an oven for 1 h.
4.2.5 Preparation of 5CB in the PDMS mold

One drop of 5CB (~ 5 v L) was placed on the pre-cleaned glass slide, and the PDMS

mold (treated or untreated) was applied on top. After filling the mold with 5CB by
capillary force for 1 min, the PDMS mold was lifted and bladed with a razor blade on the
top surface to remove the residual SCB. Then a DMOAP treated glass slide was placed on
top of the PDMS mold, and the sample filled with SCB was characterized by POM.

4.2.6 Fabrication of LCM4 pillars

LCM4 and 1,6-hexanediol diacrylate (as a crosslinker) were first mixed at a molar ratio
of 4:1 in dichloromethane (20 wt%) to obtain a homogeneous solution, followed by

addition of 2 wt% of photoinitiator (Irgacure® 184). 20 1 L of the mixture was drop-cast

on a clean glass slide and dried under vacuum. The mixture was then covered by the
PDMS mold heated to 110 °C on a hot stage for 10 min. After the pores of the mold were
completely filled with LCM4, the glass slide was carefully removed, and a razor blade
was used to scrape off the residual LCs. The PDMS mold filled with LCM4 was then
placed on a DMOAP treated glass substrate, and examined under POM to check LC
anchoring before UV exposure. The PDMS mold along with LC monomers was exposed
to 365 nm UV light (97435 Oriel Flood Exposure Source from Newport, intensity of 54
mW/cm?) at 17, 000 mJ/cm® dosage, followed by removal of the DMOAP coated glass
substrate. The sample was then placed on top of a thin layer of polyurethane acrylate
(PUA) liquid (Minuta Technology) on a clean glass slide, and exposed with another

17,000 mJ/cm” dosage of UV light to bond PUA onto pillars. After the sample was cooled
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to room temperature, the PDMS mold was peeled off to obtain the LCE pillars supported
on a PUA thin film. Here, the PUA supporting layer (more rigid than PDMS) helps to pull
the LCE pillars out of the PDMS mold, much like the use of poly(methyl methacrylate)
(PMMA) layer in the literature™.

4.2.7 Polarized optical microscopy

The LC textures were observed by an Olympus BX61 motorized optical microscope with
crossed polarizers using CellSens software.

4.2.8 Water contact angle measurement

Water contact angle was measured from a 5 uLL water droplet placed on a flat PDMS film
coated with PHEMA polymerized at different UV dosages using a model 200 Ramé-Hart
standard automated goniometer with sessile drop method. For each water contact angle
reported in Figure 4.3, it was averaged over three measurements at different locations of
the sample.

4.2.9 Landau-de Gennes numerical modeling

Numerical modeling of LC alignment within the PDMS mold was performed on 5CB as a
model LC according to literature®* using the Frank elastic constants of SCB at 298K,35 K
= 0.64x10""" N (splay), K» = 0.3x10""" N (twist), and K3 = 1x10""' N (bend). The
simulation box to model 5CB in cylindrical pores was set as diameter 352 nm and height
1408 nm; the size is smaller than experiments due to the calculation time. The aspect

ratio (height/diameter) of the pores is 4, the same as that in the sample.

4.3 Landau-de Gennes numerical modeling

To fabricate monodomain LCE microstructures by soft lithography, researchers

99



mainly rely on magnetic fields to align LCs using a non-treated PDMS mold® " *. The
freshly prepared PDMS surface has a low surface energy (~20 mJ/m?). The commonly
used small molecule NLC, e.g. 5CB, has weak homeotropic anchoring on the PDMS
surface. To understand the effect of surface chemistry in aligning NLCs, we first
simulated the anchoring of 5CB in a PDMS pore using Landau-de Gennes numerical
modeling. As seen in Figure 4.1, 5CB filled in the untreated PDMS mold adopts the
classic radial escape into the third dimension (Figure 4.1a). To achieve full vertical
alignment of the director in the PDMS pore, an external magnetic field has been used.

The effect of a magnetic field can be quantified by the magnetic coherence length, ¢ g,

the lengthscale over which the LC director can orient and reorient along the field

direction,given by:

K3
b= i (4-1)

where K3 is the bend elastic constant of LC, A X is the anisotropic magnetic

susceptibility, and H is the magnetic field strength. In the case of a small molecule LC

such as 5CB, K; is on the order of 10"'N and A x is on the order 107.*" Thus, with a

magnetic field strength H~10°A/m (~1 Tesla), 5CB with any boundary conditions can be

reoriented on a length scale &y ~10 nm. Therefore, a strong magnetic field could be

quite effective in aligning 5CB molecules into monodomains in the PDMS pores.
However, this is not the case for NLC monomers such as LCM4, which often fail to be
fully aligned within the pores by magnetic field. Radially escaping configurations of

LCM4 in PDMS pores under an 1.5 Tesla vertical magnetic field have been reported®:
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however , the exact mechanism remains unclear, since neither the elastic constants of
LCM4 nor its magnetic susceptibility has been precisely measured. Recall that in the
nematic elastomers, there is different shape transformation parallel and perpendicular to
the local director field. Thus, in the escaped configuration, large strains cannot be
achieved because of the radial variation of the LC texture. With our desire to create
pillars with a large strain response when heated across Tni, we seek, instead, a nematic
texture that generates a cooperative shape transformation. However, planar anchoring
alone on the PDMS mold surface presents a potential problem — the bottom of a
cylindrical pore would disfavor a uniform nematic texture parallel to the cylinder axis.
Our numerical modeling, however, finds that this issue is limited to the bottom of the
pore for SCB (Figure 4.1b). If we can create and maintain this nematic texture in LCM4
during photopolymerization, it is possible to achieve a large strain without the use of an

aligning magnetic field — purely through interfacial chemistry!
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Figure 4.1 Landau-de Gennes numerical modeling of 5CB in a PDMS mold with (a)

homeotropic anchoring and (b) planar anchoring.

4.4 Control of 1

Indeed, when we grafted a thin layer of PHEMA on the PDMS mold we induced

is usually achieved by absorbing a thin layer of poly(vinylalcohol) (PVA) or polyimide

planar anchoring of the LCs (Figure 4.2a). While planar anchoring of LCs on a glass slide
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(PI) on the substrate, it is challenging to uniformly coat hydrophilic polymers, i.e. PVA or
PI, on a hydrophobic PDMS mold. To circumvent this we first treated the mold with an
acetone solution of photoinitiator (Irgacure®184), which we expected to be partially
trapped within the mold surface (since PDMS is slightly swollen by acetone with a
swelling ratio ~1.03**). The PDMS mold was then immersed into HEMA monomers that

wet the PDMS surface, followed by UV curing at different dosages.

a. Homeotropic Planar anchoring Replica molding
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Figure 4.2 (a) Schematic illustrations of the preparation of the PDMS molds with
different surface chemistry and the fabrication of LCE pillar array. Pillar dimensions:
diameter, 10 pm, pitch (center-to-center distance), 20 um and height, 40pm. (b) Chemical
structures of LC systems used in the experiments.

To ensure complete coverage of PHEMA on the PDMS mold, we monitored the
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water contact angles of the treated molds prepared at different UV dosages (Figure 4.3).

At low UV dosages (<800 mJ/cm®), the water contact angle of the mold was found

greater than 50°. At 1000 mJ/cm?, the lowest water contact angle (~27°) was achieved,
suggesting sufficient coverage and polymerization of PHEMA on PDMS. At a higher
dosage (1,500 mJ/cm®), the water contact angle increased again, possibly due to
condensation/crosslinking of the hydroxyl groups on PDMS.
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Figure 4.3 Average water contact angles on PHEMA coated PDMS exposed to different
UV dosages.

The cured PHEMA has very similar chemistry to PVA as they both have one
hydroxyl group in each repeat unit. As evident from Figure 4.4, SCB molecules and
LCM4 monomers had planar anchoring in porous mold made of pure PHEMA, where the

directors were nearly all vertically aligned.
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Figure 4.4 POM images of 5CB (a) and LCM4 (b) in a PHEMA porous mold with pore
diameter 10 pm, pitch 15 um, and depth 20 pm. Vertical alignments of LC molecules
were observed in both LC systems. Scale bar: 20 um.

We then investigated the anchoring of 5CB and LCM4 in the PDMS molds under
POM. We used 5CB to establish baseline expectations. As predicted by numerical
modeling (Figure 4.1), 5CB in the PDMS mold attains an escaped configuration under
homeotropic anchoring and vertical alignment under planar alignment. As sketched in
Figure 4.5a, alignment of 5CB should generate two disclination loops at the top edge and
bottom corners of the mold. The escaped configuration has lower energy and will appear
as a =1 planar defect under POM — the standard four-brush texture, as shown in Figure
4.5b. Under planar anchoring, the numeric suggests that SCB molecules will be mostly
vertically aligned with director distortion only occurring at the bottom of the mold but
with no disclination line on the top edge (see Figure 4.5d). Thus, under POM, the image
should be dark with light transmitted only from the texture at the bottom of the mold, in

agreement with the experimental observation (see Figure 4.5¢).
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Figure 4.5 (a) Schematic of the LC disclination line in a mold with homeotropic
anchoring. The red dotted line indicates the escape of the LC director, while the red
shaded region indicates the width of the escaping configuration, where the director field
is uniformly vertical. (b-c) POM images of (b) SCB and (c) LCM4 under homeotropic
anchoring in the PDMS mold. Inset in (b): LC escaping domain indicated by the red
circle under cross polarizers when observing the sample from the top under POM. (d)
Schematic of the disclination line of 5CB in a PDMS mold treated with planar anchoring
chemistry. (e-f) POM images of (e¢) SCB and (f) LCM4 in a planar-anchored PDMS mold.

Figure 4.6 POM image showing polydomain alignment of LCM4 in a non-treated PDMS
porous mold. Scale bar: 20 pm
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We now turn to LCM4 (before polymerization). In the case of homeotropic
anchoring, a polydomain texture lacking a simple cross with each pore was observed
under POM (Figure 4.5¢ & 4.6) as a result of non-uniform light transmittance. It has been
reported that the standard escaped radial structure can be achieved by applying a vertical
magnetic field from a 1.5T permanent magnet®. Fortunately, in the case of planar
anchoring (Figure 4.5f) we achieved the target texture — a match to that of SCB as seen in

Figure 4.5e.

4.5 Actuation of cross-linked LCEs

So do we get the desired effect? We carefully crosslinked LCM4 within the mold
under planar anchoring and POM observation confirmed that mono-domain alignment of
LCM4 within the pillars was maintained. The tops of the extracted pillars now show the
texture on the bottom of the molds, revealing topological defects seen in Figure 4.7a-b.
To better understand the LCM4 alignment within the mold and how these defects were
formed when LCM4 infiltrated the PDMS mold, we performed Landau-de Gennes
numerical modeling of 5CB (Figure 4.8). The observed defects arise from the planar
anchoring of the monomer to the PDMS mold at the bottom of each micro-hole. When
planar anchoring is weak (Figure 4.8a), no defect appears either in the bulk or at the
boundary. When planar anchoring strength is increased (b-d), defects start to arise from
the corner of the pore: the line defect at the corner (Figure 4.8b) gradually shrinks down
to two point defects as seen in Figure 4.8d). From Figure 4.4, we show how 5CB in
planar anchoring shows line defects at the corner, a configuration close to the simulation

result in Figure 4.8b, indicating the two systems have similar surface anchoring
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contributions to the LC director orientation. Therefore, we can estimate the surface
anchoring strength of 5SCB in PHEMA treated PDMS pores from simulation. Since the
simulation box is ~30 times smaller than the actual pore size in experiment, the

experimental data suggests that the planar anchoring strength for 5CB in a PHEMA

: 7.74x107J /' m’ :
treated pore is roughly 30 0% g Here, since 5CB and LCM4

showed similar anchoring configuration in PHEMA treated pores (Figure 4.4), we used
the analogy between 5CB and LCM4 to estimate the relative planar anchoring strength of
LCM4 in PHEMA coated pores as ~ 10™ J/m’, suggesting a relatively weak planar
anchoring.

Finally, across Tni, we find a relatively large strain in the radial direction (~30%)
measured from the diameters in the middle of the pillars at 50°C and 110°C, respectively
(see Figure 4.7c-d). Our result is consistent with that from the strain induced in LCM4
nano-fibers (~300 nm in diameter, 6 um in length) templated from an anodic aluminum
oxide (AAO) membrane with 20 mol% crosslinker’”. Similar to PHEMA, the AAO
surface is rich in hydroxyl groups, providing planar anchoring of LCM4. When the
actuation of the LCM4 pillars was characterized in a top view under the bright field (BF)
microscopy (see Figure 4.7e), a 30% radial strain was measured, similar to that
observation from Figure 4.7b. We note that when heated above Txi, the pillars tilted
slightly at 110°C, which could be attributed to the different thermal expansion

coefficients between the polyurethane (PUA) supporting layer and LCM4 pillars.
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Figure 4.7 (a-b) Cross-sectional views of POM images of LCM4 pillars after UV curing
viewed at (a) 45° and (b) 0° polarization angles. (c-d) Cross-sectional views of BF images
of LCM4 pillars at 50°C (c¢) and 110°C (d). (¢) Top-view BF image of LCM4 pillars
through a heating and cooling cycle. Blue and Red arrows in (c-¢) indicate the position of
pillars for measurement of diameter at 50 °C and 110 °C, respectively. Length of arrow:
blue-8.6 um, red-11.1 um. Scale bar: 20 um.
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Figure 4.8 Landau-de Gennes numerical modeling of SCB in a PDMS mold with planar
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4.6 Conclusions

We successfully prepared LCE micropillars with uniform LC alignment by
manipulating the surface chemistry of the PDMS mold for soft lithography. By coating

mold surface from hydrophobic to
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the mold with PHEMA, we switched the PDMS



hydrophilic, thus altering the LC anchoring from weakly homeotropic to planar for both
5CB and LCM4. In turn, highly uniform mono-domains of LC alignment along the film
thickness were obtained. After crosslinking LCM4 monomers imbibed in the mold, the
LC director in the resulting LCE pillars was maintained, leading to a large radial strain
(~30%) across Txi. Compared to the application of a magnetic field, we believe that the
use of interfacial chemistry of a patterned mold in soft lithography is, in some ways,
much simpler and more elegant to direct LC alignment over a large area, specifically in
the case of more complex systems, such as porous membranes, channels, and 3D. By
combining topography and interfacial chemistry to manipulate the boundary conditions
within the micro- and nanostructures, we expect to induce a rich library of LCE actuation
behaviors for a variety of potential applications, including sensors, tunable wetting and

adhesion, photonic displays, and origami assembly.

4.7 Contributions

Y.X., E.L., and H.H. performed the liquid crystal elastomer experiments and data
analysis. Y.X. performed simulation of LCM4 in pillars using the code developed by
D.AB., and R.D.K., who also provided theoretical insights. M.A.G. participated in
discussion and provided physical insights of experiments. E.F., and R.D.Z. provided
initial LCM4 materials for testing the concept, while Y.X. later synthesized large

quantities of LCM4 to carry out the experiments reported here.
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CHAPTER 5: Pre-programmed Folding of a 2D Nematic Liquid Crystal Elastomer
Sheet into 3D by Directing Liquid Crystal Alignment in 1D Micro-channels

Yu Xia, Gerardo Cedillo, and Shu Yang, manuscript in preparation

5.1 Introduction
Materials that can expand and collapse, fold, and transform into a variety of
shapes in responsive to external stimuli have attracted significant interest for potential

applications in flexible electronics,'™ energy storage devices (e.g. batteries’ and

10 11, 12 14-16

supercapacitors”™), optics,” '* artificial muscles, actuators,” haptic displays'*'°,

17, 18 19-21 22, 23 24-26

smart windows, soft robotics ~°', microfluidics , and solar harvesting

Significant effort has been made to form complex structures through programmable shape
change, for example, transforming two-dimensional (2D) sheets into a specific three-

dimensional (3D) shape (so called Origami) in a variety of responsive soft materials,

27-30 31, 32 33-35

including hydrogels™ ", semicrystalline polymers , electroactive polymers and
liquid crystalline polymers®>>%2®, An essential aspect of the shape change is actuation at
the local regions.

Shape memory polymers (SMPs) are known to be programmable into a temporary
shape upon heating above the melting temperature (7,) or the glass transition

temperature (1) of the polymer®” *°

, which decreases the Young’s modulus by 2 — 3
orders of magnitude. When reheated, the temporary shape recovers to the permanent

shape. Reheating SMP in the temporary shape above the transition temperature (77qns)

triggers the relaxation of the stored elastic energy and the recovery of the permanent
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41-44

shape. Previously, our group*'™** and others'” "> ***" have fabricated SMP microstructures

for tunable optical and surface properties. Despite the advances and recent

4850 it remains difficult to achieve

demonstrations to achieve multiple temporary shapes,
reversible shape changing using off-the-shelf SMPs.

Another major challenge in shape change is miniaturization and realization of
molecular level anisotropy in material design to locally control shape change and
actuation.

Nematic liquid crystal elastomers (NLCEs) that are lightly crosslinked nematic
liquid crystalline polymer networks that exhibit spontaneous phase transition or shape
change’ ** driven by re-orientation of the local directors of the LC mesogens. It is
known that NLCEs exhibit a spontaneous contraction along the director axis and expand
perpendicular to the director when heated above their nematic (N) — isotropic (I) phase-
transition temperatures (Txp), and the polymer chains attain spherical conformations.>

51, 52
d 5

The phase transition can be triggered by heat, light, and electric fiel . Therefore,

control of the director filed or local alignment of LCs in NLCE:s is critical to direct the
actuation behavior of LCEs. Monodomain LC alignment has been primarily achieved

through mechanical methods®* >

, including mechanical stretching and sheering, and use
of magnetic fields’® 7, exhibiting strains of 10%-300%"'. In order to realize more
complex and monolithic shape change, control of spatial orientation of LC director
profile is necessary, and has been achieved by photoalignment method in a series of 2D

liquid crystalline polymer sheets*®

. This technique largely relies on a photosensitive
molecule consisting of, e.g. azobenzene, which orients with the linearly polarized light.

To prepare spatially heterogeneous LCEs, a special optical setup is required to control the
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local surface alignment of the photoalignment layer from spot to spot. After filling liquid
crystal monomers (LCMs) onto the alignment layer in a LC cell, the director of LCMs
aligns to the surface orientation of the photoalignment layer. Arbitrary and spatially
complex patterns can be generated in LCMs, and the director field profile is transferred
into polymer networks after crosslinking. While photoalignment method is an effective
and powerful technique to prepare spatially heterogeneous LCEs, it requires special
optical setups and the photoaligning process is time-consuming. Therefore, it will be
highly desirable to develop a simple, easily accessible, and efficient method that can
spatially control LCM orientation to program LCE actuation.

Application of surface topography, such as microgroves generated by rubbing a
polymer layer, to align LCs has been widely used in research and liquid crystal display

>1:98:59 The topographical cues in the alignment were first revealed in 1972 by

industry
Berreman® who established a theoretical model for the resultant elastic distortion energy
of LC on the one-dimensional (1D) grooves. Berreman’s work has been a benchmark for
the researches of LC alignment by geometrical patterns. More sophisticated LC
alignment patterns with arbitrary rubbing directions were later demonstrated by
scratching using an AFM tip,®' a more elegant rubbing technique. Through this method, a
tri-stable LC device was prepared®’. However, rubbing method often suffers from the
disadvantages such as generation of dusts, scratches, and creation of static charges on the
aligning surface. Here, we fabricate 1D channels using photolithography and replicate to
epoxy substrate by soft-lithography to prepare charge-free and planar anchored surfaces

to precisely control the LCM alignment (Figure 5.1a&c). We show that LCMs can be

aligned faithfully within the patterned 1D micro-channels with exceptional spatial
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resolution, leading to the formation of a variety of 3D structures predicted by theory .
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Figure 5.1 Design of the 1D channels for LCM alignment. (a) Illustration of LCMs
oriented in patterned 1D channels, where LC molecule follows the local orientation of the
channel; (b) Representation of a LC molecule within the 1D channel in a Cartesian
coordinate. Channel direction is along y-axis; (¢) Schematic of the 1D channel fabrication
process. A pattern master is first fabricated by photolithography, and then replicated
twice to PDMS and epoxy resin (D.E.R. 354), respectively, by soft lithography. (d)
Chemical structures of RM82 and epoxy resin (D.E.R. 354).
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5.2 Experimental methods

5.2.1 Materials

N,N-dimethyl-n-octadecyl-3-amino-propyltrimethoxysilyl chloride (DMOAP), propylene
glycol monomethyl ether acetate (PGMEA), n-butylamine, and photoinitiator 2,2-
dimethoxy-2-phenylacetophenone (DMPA) were purchased from Sigma Aldrich and used
as received. 4-Cyano-4'-pentylbiphenyl (5CB) was purchased from Kingston Chemicals
Limited. Hydrochloric acid (HCl) was purchased from Fisher Scientific. Negative-tone
photoresist SU8-2 was purchased from MicroChem Corporation and epoxy resin D.E.R.
354 was purchased from DOW chemical. Poly(dimethylsiloxane) (PDMS) resin and
curing agent were purchased from DOW Corning. Liquid crystal monomer, 1,4-bis-[4-(6-
acryloyloxy-hexyloxy)benzoyloxy]-2-methylbenzene (RMS82), was purchased from
Wilshire technologies and used without further purification.

5.2.2 Characterization

Liquid crystal alignment was characterized by a motorized optical microscope (Olympus
BX61) with crossed polarizers using CellSens software. For thermal anneal and
actuation, samples were heated on a Mettler FP82 and FP90 thermo-system hot stage in
ambient air. SEM imaging was performed on a dual beam FEI Strata DB 235 Focused Ion
Beam (FIB)/ SEM instrument with SKV electron-beam.

5.2.3 Fabrication of 1D channel masters

The 1D channels were fabricated from photoresist SU8 using conventional
photolithography. Glass substrates were pre-cleaned by washing with acetone three times,
followed by drying with an air gun. A thin layer of SU8-2 was spin-coated (2000 rpm for

40s) on a glass substrate with thickness ~1.5 pum, followed by prebaking at 95°C for 1
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min. The SUS layer was then exposed to 365nm UV light (Newport model 97436-1000-1,
Hg source) through a photomask with a dosage of 200 mJ/cm®. After post-baking on
95°C for 1 min, the sample was developed by PGMEA to wash away the uncured SUS,
and obtain the final SUS pattern.

5.2.4 Replica molding of epoxy alignment patterns

First, the PDMS mold was replicated from the above fabricated SU8 master, following
the protocol reported earlier®. To create a planar anchoring 1D channels to align LCMs,
the PDMS mold was replicated to epoxy (D.E.R. 354).

5.2.5 Preparation of DMOAP coated glass substrates.

3 vol% DMOAP solution was prepared in a mixture of water/ethanol (1:9 v/v). The glass
slides were immersed into the solution for 30 min, followed by rinsing with deionized
(DI) water three times and baking at 110 °Cin a convection oven for 1 h.

5.2.6 Preparation of liquid crystal cells

Liquid crystal cells were constructed by composing one surface with the patterned epoxy
and the other one either from the patterned epoxy or non-patterned (flat) glass. For the
alignment tests shown in Figure 5.3, the non-patterned glass substrates were treated with
DMOAP to introduce homeotropic anchoring for SCB or no treatment for RM82. So the
alignment patterns of LCs shown in Figure 5.3 were entirely guided by the patterned
epoxy surface, since the non-patterned regions are homeotropic for both LCs. In the
preparation of the 2D NLCE sheet, patterned epoxy substrates were used for both top and
bottom surfaces in the LC cells, which were aligned under an optical microscope with
mismatch within 10 pm. The top and bottom channels were designed to be either parallel

for the uniform cells or perpendicular for the twist cells. The thickness of the LC cells
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was controlled using a Mylar spacers ~ 150 pm.

5.2.7 Preparation of NLCE sheets

Following the literature®®, NLCE sheets from RM82 were prepared in two steps. First,
150 mg RM82 was mixed together with 16 mg n-butylamine (molar ratio=1.02:1) and 2
mg DMPA in a sealed glass vial. The powder mixture was then heated at 95 °C to be fully
melted under stirring. The liquid was substantially infiltrated into the LC cells prepared in
Section 5.2.6 on a hot stage at 80 °C and kept overnight to form oligomers. In the second
step, the oligomers of RM82 was slowly cooled down to room temperature under ambient
condition, and photocrosslinked using a 365nm UV lamp (Thorlabs-CS2010) with a
strong light power ~65 mW/cm® for 5 min at both front and back, respectively. After
crosslinking, the NLCE cell was opened by a razor blade, and the epoxy alignment layers
were carefully peeled to obtain a freestanding LCE sheet.

5.2.8 Characterization of the NLCE sheets

LC alignment in the NLCE sheet was characterized under POM with either parallel or
crossed polarizers. Actuation of the LCE sheet was studied by heating to 200°C and

cooling the sample in ambient air on a hot stage reversibly.

5.3 Fabrication of patterned 1D channels

The advancement of top-down lithographic techniques make them accessible to
fabricate 1D channels with precise control of size and geometry at various lengthscales
and in a wide range of materials. To align LCs on 1D channels uniformly over the entire

sample (~ 2cm?), it is critical to maximize the LC surface anchoring strength, which
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depends on the surface chemistry of the aligning material and the dimensions of the
channels. As illustrated in Figure 5.1b, a LC molecule sits in a Cartesian coordinates with

LC director n represented by the azimuthal angle ¢ and zenithal angle ¢. To achieve
faithful control of LC alignment, ¢ and ¢ need to be minimized by carefully selecting

the surface chemistry of the alignment material and constructing the topography of the
channel, respectively. As a proof-of-concept of our surface alignment channels, we chose
1,4-bis-[4-(6-acryloyloxy-hexyloxy)benzoyloxy]-2-methylbenzene (RM82) as LCM,
which was recently demonstrated for folding based on photoalignment technique®.
Accordingly, we chose a commercial epoxy resin based on bisphenol F (D.E.R. 354) to
prepare alignment 1D channels (Figure 5.1c-d). D.E.R. 354 is cheap and widely used in
replica molding. More importantly, bisphenol F consists of conjugated benzyl rings like

RMS?2, thus D.E.R. 354 can strongly bond with RM82 through 7 - 7 interaction, leading
to planar anchoring of RMS82, and in turn minimizing the zenithal angle ¢. Similar

mechanism has been reported in the alignment of columnar phase on the substrate coated
with a thin layer of graphene and polystyrene®. To minimize azimuthal angle 6, it
requires a more detailed description of anchoring energy of LCs on the 1D channels.
According to Berreman’s model, the maximum free energy density for LC aligning

perpendicular to the channel direction, or the surface anchoring energy is expressed as®

ZKAZ
Pmax = RT (5-1)

where K is the average elastic constant of LC, 4 and 4 are the amplitude and wavelength
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of the surface topography, respectively. Apparently, to minimize alignment angle 0, it is

preferably to have deeper and narrower channels. Here, we designed and fabricated 1D
channels with variable width and depth to fine-tune the anchoring strength as well as

different layout to generate various topological defects in LC anchoring, including “+1”

defects in Figure 5.2a-b, “-1” (Figure 5.2¢) and “+)%” (Figure 5.2d).

Figure 5.2 SEM images of the different patterned 1D channels with the same depth of
1.5 pm. (a-b) “+1” defect structures from different channel width: (a) 1 um and (b) 2 um.
(c) Channels with 2 um channel width with a “-1” defect. Image is tilted at 45°. (d)
Channels with 2 um feature width with a “+)%” defect. Scale bars: 5 pm.
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Using photolithography at 365 nm through a photomask, we prepared line
patterns with feature size of 1 um and 2 pum, respectively, and the same depth of 1.5 um
as shown in Figure 5.2. According to Eq. (5-1), pattern with smaller feature size will
better align the LCs. However, decreasing the feature size also sacrifices the pattern
resolution unless we use 248 nm and 193 nm DUV lithography®, which increases the
fabrication complexity and cost. As shown in Figure 5.2a, there are numerous fabrication
defects appeared at the corners of each squares consisting of 1um 1D channels, indicating
1 um feature size is approaching the fabrication limit of the 365nm UV lamp. When we
prepared 2 pm patterns, as seen in Figure 5.2b no apparent defects were observed, which
is essential to achieve faithful anchoring control of LCM alignment. In a similar manner,
we fabricated 1D channels with 2um width in a variety of geometries (Figure 5.2¢c-d) to
investigate the capability to control LCM alignment and program NLCE sheet folding.
Channel depth, another important factor that affects LCM alignment, was kept the same
as 1.5 pm for all samples in this study. In principal, deeper channels can offer stronger
alignment. However surface corrugations from the patterns may as well affect the
actuation behavior of NLCEs due to the surface geometrical constrain. Such effect
becomes more significant with increasing channel depth. We found channels with 1.5 pm
depth were sufficient to orient LCMs in our study (Figure 5.3) yet small enough
comparing to the sample thickness (~150 um), thus has negligible effect on the NLCE

actuation.
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5.4 LC anchoring study

LC alignment on the patterned 1D channels was verified by polarized optical
microscopy (POM), as shown in Figure 5.3. First, we demonstrated the effect using small
molecule NLC, 4-cyan-4’-penylbiphenyl (5CB), which also possesses planar anchoring
on epoxy, on a pattern with “+1”” and “-1” defect arrays and the other with “+}%” and “-%”
defect arrays. SCB is strongly aligned by both patterns, as one can clearly see the
topological defects under POM (Figure 5.3a-b). Similarly, RMS82 aligned well by the
patterns (Figure 5c-d) with topological defects same as seen in SCB with uniform director
pattern across the entire sample. Moreover, the sharp features of LC alignment at the
corners of the square/rectangular patterns indicate the orientation of LC molecules on the
patterned surface is “local” with submicron resolution, comparable to that using a
photoalignment layer’®. However, our alignment system is much simpler, low cost, and
more importantly, any arbitrary 2D structures can be generated without concern of light
intensity distribution from the center to the edge of the light beam, which limits the unit
area (or pixel size) using photoalignment method. In our system, LCM is oriented more
“locally” within a length scale around several micrometers, whereas a typical pixel size is
~100 pm using photoalignment, indicating that our method is more effective in aligning
LCMs. As the result, our method is capable to create up to millions of topological defects
in one setting. The miniaturization of the topological patterns can thus be easily achieved

in our system.

124



LCM (RM82)

A 2 L & 2 2 2 & & & L

. ¢« ¢ ¢ 4 4

2 2 X X X X X X X X L
P00 0009000000 g
SS90 0000

A A 2 X X X X X
S0P 00909000000
000000600000
PSP PPPNNNONOEYS

49990 %

Figure 5.3 POM images of LC alignment on patterned 1D channels. Left panels:
schematics of LCs aligning in different patterns with topological defects marked. Right
panels: POM images of (a-b) 5CB and (c-d) RM82 on the corresponding patterned
surfaces. Scale bars: (a,c), 200 um, (b,d), 25 um.

5.5 Folding of NLCE 2D Sheets

With faithful anchoring control of LCMs within the patterned 1D channels, LCEs
were prepared by photo-crosslinking within a LC cell, either twisted or uniform,
constructed with top and bottom surfaces with 1D channels of different channel
orientations. As demonstrated in Figure 5.4a, a twisted cell is prepared by aligning the top
and bottom channels perpendicular with each other, which is verified by POM images
shown in Figure 5.4b-c. The LCE film appeared dark between parallel polarizers (b) and
bright with crossed polarizers (c), indicating the transmitted light has been rotated 90°

across the LC film, and so was the LC director. The folding behavior of the NLCE film
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with twisted LC director profile has been predicted by theory that a saddle-like negative
Gaussian curvature can be generated with a strain € <100%°’. In our system, the strain of
the NLCE film is ~55%, therefore the film buckles into 3D. As shown in Figure 5.4e, an
array of convex “cones” is observed in the NLCE film with embedded “+1” and “-1” LC
topological defects when heating at 200 °C. In those cones, the apex of the cone is formed
by the “+1” defect in the NLCE film with least contraction, while “-1” defect gives the
base of each cone, which contract most and push the sheet up. This shape transformation
agrees well with the theoretical prediction® and it is also consistent with the literature
reports from the same NLCE systems®. We note that since our sheet has a much higher
density of LC defects compared to those obtained by photoalignment, our
photopatterning approach can afford much more complex shape transformation and load

sharing.
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Figure 5.4 Actuation of the NLCE film with “+1” and “-1” defect array. (a) Schematic of
LC orientation in the LC cell. LC director is twisted by 90° from bottom to top. (b-c)
POM images of the LCE film with parallel (b) and cross (c¢) polarizers indicated by the
arrows in the up right corner. (d-e) Optical images of the NLCE films at (d) room
temperature and (e) 200 °C. Scale bars: (b-c) 100 um, (e) I mm.

Buckling of 2D NLCE film into 3D structures can also be realized in a uniform
LC cell as demonstrated in Figure 5.5. Locally uniform LC director field is obtained by
aligning the top and bottom channels parallel to each other, thus avoiding LC elastic
distortion. In this case, “+'4” and “-)2” topological defects are incorporated into the LC
director pattern for the study of LCE actuation with a complex director profile design. It
is predicted by theoretically modeling®, when actuated, the “+'%” defects buckle up to
form the ridges of the wrinkle and the “-%2” defects curls down to form the grooves. In

our system, the NLCE sheet with “+'5” and “-'2” LC defect arrays transforms into a

127



curling wrinkled film (see Figure 5.4c), exactly as predicted by theory. The number of the
wrinkles shown in Figure 5.4c matches perfectly with that of the patterned LC director
field shown in Figure 5.4b, further confirming that the wrinkling formation of the NLCE
sheet is programmed by the complex LC director profile when heated above Txi. An extra
degree of freedom of bending has also been suggested by theoretical modeling® that the
film curls perpendicular to the direction of the ridge and groove, which again is in
complete agreement with our observation in experiments. Therefore, the study presented
here clearly shows that 1D micro-channels patterned by top-down techniques are simple
yet versatile to align LCM and can preprogram NLCE folding precisely as theory

predication.
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Figure 5.5 Actuation of NLCE sheet with “+'%” and “-)%” defect array. (a) Schematic of
LC orientation in the LC cell. LC director is parallel from bottom to top. (b-c) Optical
images of the NLCE films at (b) room temperature and (c) 200 °C.

5.6 Conclusions

We demonstrate a new method to faithfully align small molecule LCs and LCMs
within the patterned epoxy micro-channels with 2 pm channel width and 1.5 pm channel
depth. Both channel width and depth together with surface chemistry are critical to tune

the anchoring strength of LC alignment on the channel. We investigated both

129



experimentally and by energy calculation. Guided by theoretical modeling, we patterned
complex LC director profiles with different types of topological defects in NLCE sheets
by design of different surface patterns in epoxy alignment layers. Upon heating above
Txi, the NLCE sheet with embedded “+1” and “-1” defects folded into an array of cones
in a large area (~ 4cm’®), and the one with “+4” and “-%” defects formed curling 3D
wrinkles. The observed shape transformations from both examples are in complete
agreement with theoretical predictions, which unequivocally validate the applicability
and universality of our approach.

Since the pattern’s feature size and arrangement can be sculpted arbitrarily by
lithographic techniques in sub-micron scale, we will work with theoretical physics groups
to design topological defect arrays to preprogram the folding at even finer scales and
control the actuation magnitude. Currently, the 2D sheet can fold up or down with little
energy cost between two states. To further control the magnitude and directionality of the
strain, local crosslinking gradient in-plane and out-of-plane will be introduced through a
photomask or use light absorbing azobenze dyes.

Since the level of the internal strain of NLC is also critical to realize the folding
structures, we will build upon our understandings in LC mesogen designs shown in
Chapter 3 and synthesize new LCMs that meet the requirements for NLCE actuation,
including: 1) stable nematic phases to achieve strong anchoring; 2) fast polymerization to
maintain the director field; 3) relatively low 7, to obtain fully crosslinked network; 4)
relatively low crosslinking density for detectable Txi; and 5) a suitable nematic window
for polymerization. In particular, we will design LCMs that can be photopolymerized by

thio-ene “click” chemistry®®, which is fast and less sensitive to the environmental oxygen
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and to side chain functionality of the mesogens.

5.7 Contributions
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CHAPTER 6: Alignment of Nematic Liquid Crystals on Chemically Patterned
Surfaces: Precise Design of Topological Defects
Yu Xia, Hye-Na Kim, Gaoxiang Wu, Sachin Deshpande, and Shu Yang, manuscript in

preparation

6.1 Introduction

Structural heterogeneity and imperfections within a material have profound
impact to the material thermodynamics'™, mechanical" >, electrical and optical
properties™ °. Liquid crystals (LCs), the nanomaterials with anisotropic thermal, optical,
electrical, and magnetic properties have offered many beautiful examples of spontaneous
assembly of micro- and nano-objects at surface and interface’”. Although preparation of
defect-free LC alignment is vital in liquid crystal displays (LCDs), topological defects in
LCs (or singularities) and their patterning have attracted great interests to pre-program

10-12

responsiveness in liquid crystal elastomers (LCEs) °, to promote bistability in LC

13-15 16, 17 18-21

optical devices ™ °, and to direct assembly of micron-sized colloids nanoparticles
and amphiphiles®. The process of (dis)assembly to the topological defects can be
triggered and precisely directed. The balance of the orientational elasticity and surface
anchoring of the surrounding liquid crystals has led to a dynamic and robust process,
where topological defects can be reversibly assembled and disassembled depending on
the local LC orientation — the director surrounding the topological defects.

Topological defects in nematic liquid crystals (NLCs) can exist in various forms

from points to lines. By imposing topology, topography, and surface chemistry at

interfaces, it is possible to precisely control the defect structures, and in turn the guided
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assembly/disassembly. Topological and topographical effects of boundary conditions on
LC alignment and defect formation have been studied in a variety of settings, including
micron-sized colloids with various genus, micro- and nano- grooves and 1D channels,
surface wrinkles and micro-pillars'® " " However, it has been shown over and over
again (see our discussions in prior chapters), surface chemistry is equally important if not
more important. First of all, LC molecules have to sense the substrate. The ability to
pattern surface chemistry, therefore, will offer a powerful approach to direct LC
alignment and generate topological defects through precise control of the azimuthal and
zenithal orientations of LC directors on the local patterns of the desired anchoring
surface. Moreover, a microscopically smooth (flat and curved) but chemically patterned
surface will be highly advantageous as it can suppress light interference with the surface
patterns, which are critical for applications in optical devices, for example, for wide
viewing angles of LCDs*® and graded-index micro-lenses”. Current methods to create
chemically patterned surfaces on molecularly smooth substrates include photo-patterning
by UV exposure™, micro-contact printing’'>* of self-assembled monolayers (SAMs), and
nanoimprint lithography followed by etching, chemical deposition, and lift-off’> **. For
example, Gupta and Abbott’' create 1D gratings from striped SAMs, and show that 5CB
forms homeotropic or random planar anchoring on alkanethiol SAMs depending on the
alkane chain length, odd or even. Lee and Clark™ pattern stripes with alternating
homeotropic and randomly planar anchoring regions from isotropic
octadecyltriethoxysilane (OTE) SAMs on glass where OTE coated region offers
homeotropic anchoring and UV exposed glass region is randomly planar. Near the

boundary line and its vicinity, which has a step of 1 nm height and 100 nm wide, they
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observe predominantly twisted director structure. They then investigate the effect of the
width of homeotropic and randomly planar regions, and find that if the width of the latter
is sufficiently small, the boundary line alignment dominated the randomly planar regions,
leading to uniform azimuthal anchoring of LCs on the randomly planar stripes with
anchoring strength as large as that obtained from the rubbed polymer films. The groups of
Abbott’"?*| Scharf’>** and Evans® further demonstrate large area surface features in the
form of squares, circles and stripes with pattern resolution up to 50 nm. It is suggested

30-333% and theory’’ that the surface coverage or

both from experimental observations
relative ratio of areas with different anchoring characteristics plays an important role to
the polar orientation of the LCs on the pattern, while the azimuthal orientation of LCs is

1% investigate both

determined by the direction of the chemical patterns. Cleaver et a
theoretically and experimentally LC anchoring on patterned SAMs with stripes, circles,
and squared checkerboard patterns. Theory suggests competing alignments of NLCs on
square patterns with alternating homeotropic and planar anchoring. Two distinct pairs of
domain boundaries are suggested: one is T-like configuration (with bend and splay
distortion) where the planar domain facing the homeotropic one and the other is X-like
configuration (with twist distortion) at the corner of two regions. They conclude that such
a square bridging domain is unstable since the symmetry change across the interface is
spatially inhomogeneous. Experimentally, degenerate, bistable states at 45° to the
checkerboard is observed, which is attributed to the intrinsic low azimuthal anchoring of

the surface. Stable topological defects with “+1” charge are observed on circular patterns

experimentally when the circle diameter is 10 um or less”. Whereas these prior studies
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have demonstrated richness of chemically patterned surfaces in directing LC orientations
and thus controlling topological defects, questions remain such as how to create stable
defects with different topological charges, and whether the formation of topological
defects can be guided by the geometry of the chemical patterns, how to take advantage of
the possible switching of the LC orientation near the boundaries of homeotropic and
planar anchoring domains.

In an attempt to address these questions, we use small molecule NLC, 4-Cyano-
4'-pentylbiphenyl (5CB), as our model LC system, and study the anchoring behavior on
chemical patterns of various geometries. To create a sharp boundary between
homeotropic and planar anchoring domains, instead of micro-contact printing SAMs,
here, we photo-pattern a thin layer (~200 nm) SUS8 film on a flat glass substrate to
generate the desired surface geometry with planar anchoring, followed by surface
treatment with  N,N-dimethyl-n-octadecyl-3-amino-propyltrimethoxysilyl  chloride
(DMOAP). By carefully tuning DMOAP treatment time, we successfully generate
homeotropoic anchoring on DMOAP coated regions, while keeping the regions patterned
with SUS8 planar. We investigate topological defect structures on the chemically patterned
surfaces of different shapes, including circles, squares, and more complex geometries
such as triplet and quadruplet circles, squared checkerboard and a square array of
connecting rings, while keeping the pattern size the same as 10 wm. For all patterns, we
only observed topological defect formation on the planar regions of the chemical
patterns. In the case of isolated planar patterns, including circles, squares, triplelet and

quadruplet circles, we find that SCB always displays “+1” defects regardless of the
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pattern shape. However, on the connecting planar patterns, including squared
checkerboard and the square arrays of connecting rings, we find that the formation of
topological defects is critically dependent on the pattern geometry. On the array of rings,
we obtain “-2” defects at the boundaries between the homeotropic and planar anchoring
regions, while on the squared checkerboard, we achieve uniform LC alignment without
topological defect. Finally, we used the “+1” defects of NLC on circular chemical

patterns to trap micron-sized silica colloids.

6.2 Experimental methods

6.2.1 Materials.

N,N-dimethyl-n-octadecyl-3-amino-propyltrimethoxysilyl chloride (DMOAP),
poly(vinyl) alcohol (PVA) and propylene glycol monomethyl ether acetate (PGMEA)
were purchased from Sigma Aldrich and used as received. 4-Cyano-4'-pentylbiphenyl
(5CB) was purchased from Kingston Chemicals Limited. Negative-tone photoresist,
SU8-2, was purchased from MicroChem Corporation.

6.2.2 Characterization.

Liquid crystal alignment was characterized by an Olympus BX61 motorized optical
microscope with crossed polarizers using CellSens software. Sample annealing was
carried out on a Mettler FP82 and FP90 thermo-system hot stage under ambient
condition. SEM imaging was performed on a dual beam FEI Strata DB 235 Focused Ion
Beam (FIB)/ SEM instrument with 5KV electron-beam. AFM imaging was performed on

a Bruker Icon AFM.
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6.2.3 Micro-contact printing of SAMs.

A clean glass substrate was first treated with 1wt% PVA aqueous solution for 20 min,
followed by washing with DI water for three times. The glass substrate was fully dried in
a convention oven at 110°C for 1h. A PDMS stamp with cylindrical pores (diameter 60
um, pitch or center to center distance 120 um and depth 120 pm) was immersed in
DMOAP solution of water/ethanol (1:9 v/v) for 10 min. DMOAP solution was varied
with different concentration from 1vol% to 8vol% to fine tune the coating density of
DMOAP. The stamp was then washed by DI water for three times. After drying with air
gun, the PDMS stamp was gently pressed to the PVA coated glass and maintained for 2
min. The stamp was then carefully pealed off to obtain the chemical patterns from micro-
contact printing of SAMs.

6.2.4 Photo-patterning of SUS layer.

A typical photolithography process was applied to fabricate SUS8 patterns. Glass
substrates were pre-cleaned by washing with acetone three times, followed by drying
with an air gun. After diluting SUS8-2 solution received from the vendor by
cyclopentanone (1:4 v/v), the solution was spin-coated (4000 rpm for 40s) on the pre-
cleaned glass to obtain a thickness ~200 nm, followed by prebaking on a hot stage at
95°C for 1 min. The SU8 layer was then exposed to 365 nm UV light (Newport model
97436-1000-1, Hg source) through a photomask at a dosage of 200 mJ/cm®. After post-
baking at 95°C for 1min, the sample was developed in PGMEA to obtain the final SU8
pattern.

6.2.5 DMOAP treatment

3 vol% DMOAP solution was prepared in a mixture of water/ethanol (1:9 v/v). For non-
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patterned glass substrates, they were immersed in DMOAP solution for 30 min. For SU8
patterned glasses, DMOAP treatment was varied to find the optimal condition to generate
homeotropic anchoring in non-patterned region while maintaining SU-8 patterned region
planar. The DMOAP treated substrates were washed with deionized (DI) water three
times and baking at 110 °C in a convection oven for 1 h.

6.2.6 Water contact angle measurement

Water contact angle was measured from a 5-ul. water droplet placed on the sample
surface from Ramé-Hart standard automated goniometer (model 200) using the sessile
drop method. For each water contact angle reported, it was averaged over three
measurements at different locations of the sample.

6.2.7 Preparation of liquid crystal cells

Liquid crystal cells were constructed from one glass slide with chemical patterns and the
other one as DMOAP treated non-patterned substrate. The thickness of the LC cells was
controlled using a Mylar spacer (~ 50 um thick). SCB was then infiltrated into the LC
cells through capillary filling. To remove the mechanical and thermal history of 5CB,
samples were heated on a hot stage to 35°C to the isotropic phase and maintained for
Imin, followed by slowly cooling down (1°C/min) to room temperature for the anchoring
study with optical microscopy.

6.2.8 Assembly of colloids with liquid crystals

0.1 wt% of silica colloids (diameter, 1 um) were well-dispersed in LCs, followed by
capillary infiltration into the LC cell. The LC cell was then heated to the isotropic phase

of LC and subsequently cooled down (1°C/min) to the nematic phase and maintained for
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at least 1h before observation of colloid assembly under the optical microscope.

6.3 Preparation of chemically patterned surfaces

In spite of the azimuthal degeneracy of NLC on an isotropic surface, that is LCs
are free to rotate in the surface plane, Lee and Clark® have demonstrated that spatially
heterogeneous isotropic surfaces combining with LC elastic anisotropy could align LC.
For many known NLCs, such as 5CB, twist distortion involves with minimum elastic
energy penalty comparing to splay and bend. Therefore, at the local boundary of a
chemically patterned surface, as illustrated in Figure 6.1a, rod-like NLCs prefer twist
alignment that results in a mean director n parallel to the boundary line on the planar
surface. One simple implantation of this alignment scheme is to pattern the surface
boundary coupling with the design of pattern geometry for the generation of topological
defects. As shown in Figure 6.1b is a binary patterned surface with planar circles
surrounding by homeotropic surface, in which azimuthal boundary anchoring of NLC
leads to a concentric alignment of LC with a “+1” topological defect at the center,
illustrated in Figure 6.1c. Such anchoring configuration has been experimentally verified
by Cleaver et al. using micro-contact printing (WCP) of organothiols on gold®. Up to
87% uniform defects were obtained, and the rest 13% was identified as non-uniform
where the LC directors were disordered””.

Here, we first tested the idea of uCP to prepare chemically patterned surfaces
using silane SAMs (see Experimental methods and Figure 6.2), similar to the procedure
reported in literature®. We coated DMOAP on PVA surface to create chemical patterns
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with alternating homeotropic and planar anchorings for SCB. As shown in Figure 6.2,
chemical patterns with planar anchored circles (diameter 60 pm) were prepared with
different DMOAP concentration to fine-tune the silane coating density on the
homeotropic region of the patterned surfaces. At a low DMOAP concentration (1 vol%),
only partial coverage of the silane was obtained and non-uniform tilted anchoring of 5CB
on DMOAP was observed as evident from the POM image - Figure 6.2a showing the
light transmittance at the DMOAP coated region. With increasing DMOAP concentration,
the homeotropic anchoring was substantially improved (Figure 6.2b-c). Nevertheless, as
shown in Figure 6.2b-c, uCP of DMOAP on PVA failed to achieve uniform boundary
lines between the planar and homeotropic regions in the chemical patterns, regardless of
DMOAP coating density. Therefore, we developed a more effective approach to create
the alternating chemical patternings. It involves with photopatterning of planar SU8 and
kinetically control of the coating of homeotropic DMOAP on the substrate, as illustrated

in Figure 6.1d.

d Photopatterning:

*~ Photomask

ST T S \é/S\g/S s
- ad < d

Figure 6.1 Schematic illustration of the design of the chemically patterned surface for
controlled LC anchoring. (a) NLC at the boundaries of homeotropic and planar anchoring
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domains represented by different colors: blue — homeotropic, green — planar, purple rods
— LC mesogens. The black arrow represents the LC director (). A twist configuration of
LC alignment at the boundary of homeotropic and planar regions is illustrated. (b)
[lustration of the patterned surface with isolated circles. (¢) NLC director field on the
circular pattern shown in (b). Purple rods represent local LC director and the red dot
indicates the “+1” point defect. (d) Illustration of the sample preparation process.
Different colors represent different materials: Blue — glass, green — SUS.

Figure 6.2 POM images of SCB on chemical patterns prepared by wuCP of DMOAP of
different concentrations. (a) 1 vol%:; (b) 3 vol%; (c) 8 vol%. Scale bar: 60 um.

We prepared designed SUS pattern on a glass substrate by photolithography
through a photomask (see Figure 6.1d & Experimental methods), followed by immersing
the substrate in DMOAP solution to make the non-SU8 patterned regions homeotropic
for SCB. Here, DMOAP treatment time is critical as SU8 may also slowly react with the
silane (DMOAP) and change the surface chemistry. To maximize the surface anchoring
contrast, it is important to optimize the DMOPA treatment time. First, we investigated the
reaction kinetics of DMOAP with glass and SU8 by monitoring water contact angle
(WCA) change over time. As shown in Figure 6.3a, the initial WCAs on a clean glass and
SU8 film were 19° and 63°, respectively. The WCA on DMOAP treated glass quickly

increased to 82° and leveled at 2-3 min treatment time, while WCA of DMOAP treated
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SU8 showed no significant change during this time span (Figure 6.3a). Even after 15 min
treatment, WCA on DMOAP treated SUS remained at 64 °, lower than that on DMOAP
treated glass after 2 min, suggesting that SUS surface is thermodynamically unattractive
to DMOAP. To maximize the chemical contrast on the patterned SUS8/glass surfaces in

our study, we chose 2 min as the optimal DMOAP treatment time.

Q

Water Contact Angle (°)

DMOAP treatment time (min)

Figure 6.3 Reaction kinetics of DMOAP with SU8 and glass based on the change of
water contract angles over time. (a) Water contact angles of glass and SUS after different
DMOAP treatment time. Insets: optical microscopy (OM) images of water droplets on
the sample surface. Green dotted line indicates the optimized DMOAP treatment time (2
min). (b) OM images of water droplets on SUS8 (top panel) and glass (bottom panel) after
2 min DMOAP treatment.

6.4 LC anchoring study on chemical patterns
To validate the control of LC anchoring on the patterned SUS8/glass surface, we
investigated SCB alignment on the square array of circular patterns (Figure 6.4). Figure

6.4a shows an array of planar circles with diameter of 10 um and pitch (center-to-center
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distance) of 20 um. Uniformly patterned “+1” defects were observed over entire 2 cm-

wide sample area (Figure 6.4a). Indeed, nearly 100% of the patterns had uniform defects
with the classical four-brush textures under POM, albeit the position of the topological
defect on each circle slightly varied. According to theory”, stable “+1” defects on the
circular patterns generated from the concentric LC anchoring should appear at the center
of each circle when the circle diameter is 10 um or less. To further verify the position of
the “+1” defects, we used bright field (BF) imaging to accurately show the location of the
defects comparing to the boundary of the circles. Under BF microscopy, topological
defects appeared as black dots due to light scattering in the defect regions (Figure 6.4a
inset). As seen from the inset in Figure 6.4a, the black dots in the circles have small
positional deviation from the center of each circular pattern, suggesting the topological
defects on the 2D surfaces are kinetically trapped by the surface; relaxation of free energy
towards the ground state requires more careful annealing of the sample. It should be
noted here that since we used SU8 photo-patterning method to prepare the chemical
patterns, the surface topography of our samples is somewhat different from the samples
prepared by micro-contact printing of SAMs, which has height of a few nm®. Atomic
force microscopy (AFM) study of the surface topography showed that the height of the
circles in our study is ~ 200 nm (Figure 6.4b). However, as evident from Figure 6.4a,
such small topography of the chemically patterned surface showed negligible influence

on the LC anchoring and defect formation.
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Figure 6.4 5CB on an array of circular patterns. (a) Polarized optical microscopy (POM)
image of S5CB on the circular patterns. “+1” defects were found on each individual circle.
Scale bar: 50 um. Inset: Bright field (BF) image showing the circular patterns with
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topological defects of SCB (black dots). Scale bar: 20 um. (b) AFM image of a single
SUS circle on glass.

Armed with the careful study on the circular patterns, we then investigated
chemical patterns with various shapes, as shown in Figure 6.5. The SEM images in
Figure 6.5a-c showed three different patterns, in which the sharp corners in the patterns
were rounded due to the resolution limit of a contact photo-lithography under a UV lamp
(see Experimental methods). In spite of the complex shapes of the chemical patterns, only
“+1” topological defects were observed (Figure 6.5, bottom panel). It indicates that
pattern geometry has negligible effect on the LC anchoring, yet it could affect the
location of defect formation. In the case of complex boundary geometries, we found
defects were not necessarily formed at the center of the pattern, but could be simply
trapped and required much longer annealing time to achieve uniform defect structures
comparing to that of 5CB on the circular patterns. One notable difference between the
circular pattern and the square pattern is the different extents of elastic distortions
required to accommodate the boundary constrains. LCs on the circular patterns possess
much higher bending curvature (energy) than that of square pattern, suggesting LC
anchoring on circular pattern is more energetically favorable to approach the minimum
free energy state. Therefore, relaxation of LC director field on a circular pattern involved
much faster kinetics. In the case of triplet and quadruplet circle patterns, the pattern size
may play an essential role. The complex patterns had much larger pattern area — 2 - 3
times bigger than that of circular pattern shown in Figure 6.4, leading to smaller elastic

distortions to accommodate the boundary conditions; therefore they showed much slower

148



relaxation kinetics of the LC director field. The pattern size effect was previously

. . 30, 39
observed in literature™

that larger patterns showed much lower probability of forming
uniform LC defect structures. Nevertheless, we concluded from our observations that LC

anchoring on isolated chemical patterns had no dependence on pattern geometry.

a

b c

Figure 6.5 5CB on various chemical patterns. Top panels: designs and SEM images of
the patterns.Bottom panels: POM images of SCB on chemical patterns with shape of (a)
square, (b) triplet of circles and (c) quadruplet of circles. Scale bars: top panels — 2 pum,
bottom panels - 10 um.

In another setting, we prepared patterns with connecting boundaries, including
squared checkerboard and square array of connecting rings, to study LC anchoring and
defect formation (see Figure 6.6). Interestingly, SCB on checkerboard showed no
apparent defect but uniform azimuthal orientation that most of the LC molecules aligned

at 45° along with the pattern lattice (Figure 6.6a-b). The BF image further confirmed our

observation of the non-defect LC alignment (Figure 6.6b inset). Recall that SCB on an
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isolated square pattern gave “+1” defect to accommodate boundary conditions (Figure
6.5a), where LC molecules energetically chose twist distortion across the homeotropic-
planar boundary line. However, in the case of checkerboard with alternating homeotropic
and planar anchoring domains, SCB molecules adopted twist distortion at the side of the
square, and splay/bend distortions at the two corners of the square to avoid the formation
of topological defect. Similar results have been reported in literature®® *°. Notably, the
homeotropic domains in our sample displayed light transmittance under POM and
colored pale red (Figure 6.6a), indicating LC molecules in this domain were no longer
fully homeotropic but tilted from the easy axis. From Figure 6.6a-b we could determine
the tilting direction of LC was also at 45° with the pattern lattice. However, such
phenomenon was not observed from 5CB on the array of rings, as shown in Figure 6.6c-
d. Confirmed by POM imaging, LCs on the homeotropic domains of the array of rings
displayed negligible tilting behavior from the easy axis since no light transmittance was
detectable under the cross polarizers. Moreover, topological defects were found on the
array of rings. Such topological defects were corroborated by BF image (Figure 6.6d
inset), and POM images (Figure 6.6c-d). As evident from Figure 6.6c-d, classical two-
brush textures were observed under POM, suggesting “half-charge” defects. Noting that
LC director field was mostly uniformly oriented in this sample, we proposed the LC
alignment in Figure 6.6e. As shown in the illustration, the “-/2” topological defect was
constructed on the right side of the homeotropic domain while uniform LC orientation
presented on the other side, consistent with the POM imaging. Indicated from the POM
observation, SCB molecules on the array of rings are energetically favored to form

topological defects in order to avoid the expensive bend distortions on the rings. As one
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can clearly see in Figure 6.6c-d, LC director field was mostly orientated parallel to the
direction of the pattern lattice that involved with minor elastic distortion; therefore, the
free energy penalty required to accommodate the curved boundary conditions is only
centered near the defect area. Astonishingly, however, no such defect was formed on the
left side of the homeotropic domain, despite the four-fold symmetry of the pattern. As
illustrated in Figure 6.6¢, uniform LC director field on the left side of the domain applied
“splay” distortions at the borderline to accommodate the boundary constrains. This
anchoring configuration was, to some extent, similar to the LC configuration on the
squared checkerboard, where splay distortions were adopted at the corner of the squares
to avoid defects. Therefore, unlike in the system of isolated patterns, LC anchoring and
defect structures formed on connecting chemical patterns with alternating anchoring

behaviors indeed are highly dependent on pattern geometry.
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Figure 6.6 5CB on arrays of squared checkerboard and connecting rings. (a-b) POM
images of 5CB on the squared checkerboard with 0° (a) and 45° (b) cross-polarizer

152




angles, respectively. (c-d) POM images of 5CB on the square array of connecting rings
with 45° (¢) and 0° (d) cross-polarizer angles, respectively. Insets in (a) & (c) show the
schematic of the arrays. Insets in (b) & (d) show the BF images of 5CB with no apparent
defects in (b) but tilted defects in (d) appeared as black dots. (e) Schematic illustration of
the LC director field surrounding a homeotropic domain. The black lines represent LC
director field, and the ret dot shows the “-'4” defect. The red and blue curves at the
boundary of the chemical pattern illustrate two different LC anchoring configurations: the
splay distortion and twist distortion shown in the schematics below. Scale bars: (a-b) 10
um; (c-d) 40 pm.

6.5 Trapping microparticles within LC topological defects

With the ability to control LC alignment and defect structures using chemical
patterns, we then studied the assembly of colloids within the topological defects. As a
proof-of-concept, we used the circular square array to create “+1” defects to trap the
untreated silica colloids (diameter of 1 um), which has weak planar anchoring to 5CB. As
shown in Figure 6.7, when silica colloids were dispersed into 5CB, they were readily
trapped into the defects as indicated by the red arrows in Figure 6.7a. POM image (Figure
6.7b) suggested that LC diretor on the circular pattern surface was slightly distorted; the
“+1” defects seemed to be partially diminished to relax the distorted director field into the
bipolar configuration to accommodate the director distortion by the trapped silica
colloids. Nevertheless, the four-brush textures could still be seen on some of the circular
patterns. It is noted, however, that since the topological defects and most of the LC
director distortions exist in the near field of the patterned surface, migration of micro-
particles towards the defect area has a smaller energetic potential, and thus takes longer
time, comparing to those with bulk LC defects. Considering that creating stable and
uniform bulk defects in NLC is somewhat challenging, we believe this work

demonstrated here using smooth chemical patterns offers great potentials to generate
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surface topological defects to facilitate colloid assemblies.

Figure 6.7 (a) BF and (b) POM images of the assembly of silica colloids (diameter of 1
um) within the topological defects created by SCB on the square array of circular patterns.
The red arrows indicate the trapped colloids by the topological defects of SCB. Scale bar:
20 pm.

6.6 Conclusions

In this work, we demonstrated a new approach to prepare chemically patterned
surfaces for LC anchoring and defect formation through direct photo-patterning
degenerated planar SU8 on glass. Taking advantage of different silane reaction kinetics
with SU8 and glass, we optimized the treatment time (2min) of homeotropic DMOAP on
patterned substrate to maximize the anchoring contrast of LCs on different regions of the
SU8/glass patterned surface. We prepared several SU8 patterns with various pattern
geometries to study LC anchoring under 2D boundary constrains. On the isolated
patterns, such as circles, squares, triplelet and quadruplet of circles, “+1” defects were

formed regardless of the pattern geometry. On the connecting patterns, including squared
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checkerboard and arrays of connecting rings, LC anchoring was highly dependent on the
pattern geometry: no topological defect was observed on the checkerboard pattern while
the “-)2” defect array was observed on the array of rings. Finally, we demonstrated
preliminary results of trapping silica particles by topological defects generated from the
chemical pattern of circular array. Further studies will be carried out from silica colloids
with different surface treatments and variable sizes.

The chemical patterning method we demonstrate here is simple yet highly robust
for generating LC phase gratings with embedded topological defects. The ability to
precisely control LC anchoring and defect structures will offer great potentials to advance
applications of LC optical and electronic devices, e.g. wide-viewing angle LCDs,
diffractive and refractive optical lenses, spectral dispersion and imaging elements.
Meanwhile, the trapping and assembly of colloidal particles by topological defects on the
chemically patterned surfaces can be extended to the patterning of functional
nanoparticles (e.g. Au nanorods and quantum dots) for energy harvesting and novel
display applications. Along with the ability of accurately patterning topological defects,
our technique can be further applied to fabricate liquid crystal elastomers (LCEs) with
complex LC director field of embedded topological defects, thereby allowing us to design
sophisticated and monolithic LCE actuation from origami folding to Kirigami shape

transformation from 2D to 3D.

6.7 Contributions

Y.X. and S.Y. conceived the idea and designed the experiments. H.N. K. performed with
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the colloidal trapping study. G.X. W. helped with the water contact angle and AFM

measurements.
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CHAPTER 7: Summary and Outlook

7.1 Summary
7.1.1 Control of molecular alignment and defect structures of small molecule liquid
crystals for direct self-assembly of responsive materials

The alignment of small molecule LCs at boundaries is usually achieved by use of
surface chemistry, topography, and topology. In the micro-pillar arrays, we demonstrate
large-scale assembly of LC molecules into desired defect structures through surface
chemistry and topography for dynamic tuning of surface plasmon resonance (SPR) of
AuNRs. By imposing homeotropic anchoring condition on the surface of the micropillars,
stable bulk disclinations can be formed in the nematic LC phase at precise locations
encircling each pillar, and fine-tuned by varying the pillar dimension and the temperature
of the system. When AuNRs are dispersed in the LC, they energetically favor to migrate
to the LC defects and assemble. The assembly of the AuNRs and consequently the
surface plasmonic resonance peaks can be dynamically and reversibly tuned by varying
the dimensions of the disclination rings through heating and cooling of the entire system
across the phase transitions. By comparing different surface treatments on the micropillar
surface, we show that homeotropic anchoring of micropillars with an aspect ratio of 1.3
induces the largest local surface plasmon peak shifts that are up to ~100 nm and ~153nm
for transverse and longitudinal SPR, respectively. In comparison, the defects between
micropillar arrays with planar anchoring are highly disordered and AuNRs in the planar
anchoring micropillars show no apparent temperature dependent peak shift. Similarly, no

plasmon resonance peak is present in the AuNRs/LC system in a flat LC cell with
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homeotropic anchoring.

We further demonstrate nematic LC anchoring control and defect formation on
chemically patterned surfaces. We prepare planar anchoring SUS patterns on homeotropic
DMOAP coated glass substrates to create micron-sized chemical patterns. By exploiting
the geometry of the boundaries of the chemical patterns, combining with LC elastic
anisotropy, we show that LC orientation can be precisely controlled and various
topological defects can be formed. On the isolated SU8 patterns, such as circles, squares,
triplelet and quadruplet of circles, “+1” defects are formed regardless of the pattern
geometry. On the continuous patterns, including squared checkerboard and arrays of
touching rings, LC anchoring is highly dependent on the pattern geometry: no topological
defect was observed on the checkerboard pattern while the “-'2” defect array is observed
on the array of rings. Furthermore, we demonstrate preliminary results of trapping silica
colloid particles by topological defects generated from the chemical pattern of circular
array. Further studies will be carried out from silica colloids with different surface
treatments and variable sizes.

7.1.2 Control of molecular alignment and defect structures of liquid crystal
monomers for nano-scale imaging and actuation

Different from the methods in controlling alignment of small molecule LCs,
techniques used to date to align LCMs mainly rely on application of external fields,
including mechanical force and magnetic field. Use of surface chemistry or topography to
align LCMs has not been very effective for LCMs, especially in the nematic phase. We
show that the origin of this problem is the stability of LCMs in the nematic phase that is

related to the core energy of the LCMs. By design of stable nematic LCMs based on
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strong intermolecular dipole-dipole interactions, we show that LCMs can achieve faithful
anchoring at boundaries controlled through surface chemistry, surface topography and
topology, analogous to the behaviors of small molecule LCs. When such LCMs are
subsequently crosslinked via photopolymerization, we show that LC anchoring is not
changed, while the orientational order of mesogens can be effectively locked, allowing
for direct visualization of the LC director field and defect structures in the nanoscale (~
100 nm resolution) by SEM in comparison to optical microscopy methods. We
demonstrate that our method is effective to study LC anchoring in a variety of settings,
including escaping LC configuration in 1D channels, pores and between micro-pillars,
and more complex director field with topological defects and even metastable
configurations. Further, SEM images allow us to calculate the extrapolation length of the
LCM for planar and homeotropic anchoring, which is extremely difficult for unknown
LC molecules.

Armed by the understanding of LCM alignment control, we investigate the self-
assembly of LCMs in a confined geometry of micro-pore array. Landau-De Gennes
numerical modeling is first employed to understand the surface chemistry cue in the
system, which suggests that uniform vertical alignment of LCMs in the micro-pores can
be achieved only in a PDMS mold of planar anchoring surface. To test the simulation, we
coat the PDMS mold with a thin layer of hydrophilic poly(2-hydroxyethyl methacrylate)
(PHEMA), switching LCM anchoring from homeotropic (on untreated PDMS) to planar
anchoring. The resulting LCE pillars exhibit a large and reversible radial strain (~30%)
upon heating above Ty transition. In comparison, negligible strain is obtained from LCE

pillars fabricated from untreated PDMS molds with polydomain LC alignment.
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We further develop a new technique to direct LCM alignment on patterned 1D
channels, and to program LCE actuation with complex LC director profiles. By
exploiting the confinement of the topographical 1D channels, nematic LCMs can be
faithfully oriented by the local channels. Strong anchoring at the surface can be achieved
by optimizing the surface chemistry and surface topography of the channel. We
demonstrate that epoxy 1D channels (planar anchoring surface chemistry) with a channel
width 2 pum, pitch 4 pm, and depth 1.5 pum can provide faithful alignment of complex
LCM director profile. Compared with photoalignment method to pre-program the LCM
director profiles, our method affords simplicity, low cost, and easy access for the
fabrication process. The LCE 2D sheets with pre-programmed topological defects show
shape transformation to complex 3D objects through controllable bending and stretching.
For example, the LCE sheet embedded with “+1” and “-1” defect array is transformed
into a “cone” array and that with “+)5” and “-4” defect array is curled into a 3D

“wrinkle-like” structure upon heating above Tni.

7.2 Outlook

The functionality of a LC material exquisitely relies on the molecular level
organization of LC molecules that can be dictated by a variety of boundary conditions —
surface chemistry, topography, and topology. The success of the $100 billion LCD
industry is one of the fine examples of directing LC orientation in a device. The ability to
control topological defects has just become a powerful tool for templating and actuation
of nano- and micro-objects'”. To further exploit the anisotropy of LC molecules for both

scientific advancement of soft matter and technological applications, it is critically
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important to improve our understanding and precisely control of LC orientation
uniformly in a nano-/microstructures over a large area. Along the line, we need to
develop new methods that can characterize LC director field and thus defect structures at
the nanoscale.

In this thesis, we develop a series of new LC anchoring systems and methods to
control LC anchoring and to apply them in responsive functional materials. The new
LCM system with strong dipole-dipole interactions® that we designed and synthesized
offers a new concept of stable nematic phase to precise control of molecular anchoring
and alignment on different boundary conditions. The molecular design strategy can be
extended to other substituents (e.g. to induce hydrogen bonding) and bridging groups that
connect the mesogen and epoxy group in order to fine-tune the mesomorphic properties.
With faithful anchoring control, we expect the new LCMs can be applied in the design
and fabrication of novel LCEs for actuators with complex director field for the
application of artificial muscles and LC sensors, and LCPs for optics with convoluted
light guiding properties. The stable LCMs can be used to prepare Kevlar-like high-
strength fibers due to the strong ability of molecular aligning. Moreover, the newfound
ability of mapping LC director field at nanoscale by using our new LCM provides us with
new tools to enhance our understanding of anchoring, defects, and elasticity of nematics.
In turn, it will equip us to further control the bulk structures via nanoscale patterning of
the substrate and surface chemistry. We envision that by directly photopatterning a 2D
sheet of NLC elastomer or glass with embedded topological defects and elasticity,
followed by actuation by heat or light, we could pre-program the transform the folding of

a 2D sheet into 3D.
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The concept of using surface chemistry and topography to control LC anchoring is
much simpler and, in some ways, more effective than the use of an external field or
photoalignment to direct LC orientation, especially in the LC systems of complex
geometry, such as porous membranes, channels, and 3D structures. The actuation of LCE
micropillars realized by controlling surface chemistry can be extended to other LCE
systems, e.g. light responsive LCEs, smectic, cholesteric and blue phase LCEs.
Furthermore, tuning surface chemistry in soft lithography molds can be further applied to
fabricate a variety of micro- and nano-structures with a rich library of LCE actuation that
can be potentially employed in muscle-like actuators, sensors, displays, dry adhesion,
photonic materials, and origami assembly. The use of patterned 1D channels to align
LCMs would enable the creation of LCEs with complex LC director field with
topological defects embedded within, thereby allowing to design sophisticated and
monolithic LCE actuation from origami folding to Kirigami shape transformation from
2D to 3D. By carefully designing LC director field with gradient crosslinking density of
the polymer netwrok, 4D origami and Kirigami folding, in which shape transformation is
dependent with time evolution, could be also expected in response to heat or light.
Therefore, through precise control of the magnitude and directionality of local strain in
combination with elaborate geometrical design, such LCEs can be envisioned to enable
enhancement and miniaturization of novel soft robotics, aerospace and biomedical
devices, optics and surface morphing structures’ .

The use of topological defects in nematic LC to trap functional AuNRs and thus tune
their plasmon resonance properties is simple yet versatile to apply LC defects as scaffolds

for trap and actuate functional nanomaterials. We envision to extend this method to other
164



particle systems, e.g. quantum dots and dots-on-a-rod, which may lead to novel optical
applications from LC lasers to solar cells. The sensitivity and tunability of such
LC/nanoparticle systems in response to external stimuli, including heat, light and electric
or magnetic fields, could promote the possible applications in LC sensors, detectors and
metamaterials. We could also employ the folding and unfolding of LCEs to control the
interaction of functional nanoparticles embedded in the LCE sheet within a fine distance
in 3-D, thus reversibly tuning surface plasmonic resonance. The coupling of nanoparticles
within a LCE network could potentially be exploited for “geometry-independent”
epsilon-near-zero (ENZ) structures” for a full duplex of robust electromagnetic
functions. Further, as shown in our paper'* and Abott et al."®, topological defects created
by LC assemblies can be “melted” and replaced with larger molecules such as AuNRs
and amphiphiles, leading to formation of real functional objects.

The chemical patterning method we demonstrate in this thesis is simple yet highly
effective and robust for generating LC phase gratings with embedded topological defects.
The ability to precisely control LC anchoring and defect structures will offer great
potentials to advance applications of LC optical and electronic devices, e.g. wide-viewing
angle LCDs, diffractive and refractive optical lenses, spectral dispersion and imaging
elements. Meanwhile, the trapping and assembly of colloidal particles by topological
defects on the chemically patterned surfaces can be extended to the patterning of
functional nanoparticles (e.g. AuNRs and quantum dots) for energy harvesting and novel
display applications. Our technique of precisely patterning topological defects can be
further applied to fabricate liquid crystal elastomers (LCEs) with complex LC director

field of embedded topological defects, thereby allowing us to design sophisticated and
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monolithic LCE actuation from origami folding to Kirigami shape transformation from
2D to 3D.

The role of surface chemistry in aligning LC homeotropical, planar or tilted
configuration has been examined by several theoretical and experimental studies'.
However, the generalized molecular level mechanism at various boundaries has yet to be
well-understood. Surface energy that has been considered as one of the most important
properties of the interface that determines the alignment of LC molecules', still faces
numerous exceptions, especially in the case of aligning LCMs® . The typically surface
anchoring materials, such as polyimide, PVA, and DMOAP, which have been successful
to align small molecule LCs, remains questionable to robustly align LCMs at the
interface® '”. Though surface anchoring mechanism of small molecule LCs on different
surface/interfaces has been investigated by light scattering and AFM scanning'’, it
remains unexploited for reactive LCMs, due to the fact that LCMs, owning to their polar
reactive functional groups, have distinctive intermolecular interactions and behave
differently with non-reactive LCs. To reveal the anchoring mechanism of LCMs, it
requires characterization of the physical properties for LCM, including refractive index,
dielectric constant, viscosity, elastic constants, surface anchoring coefficients, and
Landau constants using techniques, such as light scattering, neutron scattering, and AFM
scanning. We believe that these efforts can help us to determine the easy axis of the LCM
orientation on a surface, to quantitatively measure surface anchoring energy, and to
compute or simulate the molecular level interaction between the alignment layer and
LCM. Thus, it will further enhance our understanding of the role of surface chemistry in

LCM anchoring.
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Meanwhile, while the role of surface topology in aligning LCs and creating

topological defects has been well-understood® %

, a comprehensive description of the
LC anchoring process on complex topographical surfaces remains challenging®'. Though
a large scope of patterned surfaces with various surface topographies has been prepared

to investigate LC anchoring ' *'%

, many of these systems, especially surfaces with
nano-scale topography, rely on theoretical interpretation of experimental observations
extensively. A major challenge is to directly and precisely determine LC orientation at
nanoscale. Therefore, development of a direct characterization technique for molecular
level LC alignment is urgent. The technique of using stable nematic LCMs we describe in
this thesis is one of the promising candidates; however, detailed measurement and
determination of the basic properties of our LCMs will be required to establish
quantitative models for their anchoring at topographical surfaces. It should be noted that
LC anchoring model established from one molecule does not necessarily represent the
anchoring of others, as LC anchoring varies with LC molecular structure, e.g. the
anchoring strength and behaviors of SCB and RM257 are different. This is because LC

anchoring control is dependent on not only the properties of the anchoring surface, but

also LC itself.
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