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Abstract

Shape memory polymers (SMPs) have seen increased use in soft robotics, actuators,
drug delivery, and optics because of their ability to respond to external stimuli in a variety
of ways. As a representative class of shape memory polymers, liquid crystal elastomers
(LCEs) have seen expanded interest in recent years, owing to their unique ability to
reversibly deform to stimuli without the need for outside deformations. LCEs rely on liquid
crystals (LCs), which are self-aligning, rod-like molecules that exhibit a phase between
solids and liquids, for their unique reversibility. There is an opportunity to increase the
usefulness of LCEs through copolymerization and the addition of nanostructures on the
surface. In addition, traditional LCEs are hampered in some applications, namely
biomedical applications, because of the inherent danger many of them pose to cells. This
work seeks to improve LCEs in three main ways: copolymerizing LC monomers, creating
nanoscopic surface structures, and templating the LC order into non-LC monomers. By
copolymerizing different LC monomers together, we were able to provide a new avenue to
control the magnitude and direction of LCE deformations. With the addition of densely
packed, nanoscopic surface structures, we enhanced the adhesive force of LCE films
increasing their utility in soft robotics. Finally, by templating the order of LCs to non-LC
monomers, we created LCE-like materials that exhibit kinetically trapped, reversible

deformations with polymers that are better suited for biomedical applications. These three
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thrusts have expanded the design space for LCEs and have introduced new materials and

physical properties.
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Chapter 1 Introduction

1.1 Polymers and Crystallinity

Polymers, a ubiquitous part of everyday life, are macromolecules composed of
thousands of individual units, namely monomers. They can be composed of a single type
of monomer, creating a homopolymer, or multiple monomers, creating a copolymer. The
monomers react together to form new covalent bonds creating a polymer backbone. This
can be done through a variety of chemistries, with the two most common being radical and
condensation polymerization. Radical polymerization relies on the breaking of double
bonds to create free radical electrons that attack a neighboring monomer. This creates a
new carbon-carbon bond. On the other hand, condensation polymerization forms new
bonds between carbon and either nitrogen or oxygen, splitting off a water molecule. This
is accomplished through the combination of carboxylic acid groups and commonly either
alcohol or amine groups. One of the most common types of materials made this way are
nylons.

Because of their unique structure, polymers exhibit useful and interesting properties.
Specifically, entanglements between polymer chains occur that allows them to form
flexible and elastic solids. These polymer chains statistically and thermodynamically prefer
to conform into a random coil shape, where they ball up into a jumble like a bowl of

spaghetti. The entanglements, random coil conformations, and the restrictions from the



covalent bonds making up the backbone prevent the polymer chains from fully
crystallizing. Instead, they tend to form amorphous structures that lack long-range order.
However, in some cases, the polymer chains are able to form regions of crystallinity,
where the chains align together. This is most common when the polymer chains have
structural components in either the chain or the side groups that allows them to strongly
interact. For instance, because of the polyamide bonds in nylon, the polymer chains are
polar and are also able to form hydrogen bonds. The semi-crystallinity of these materials
gives them an increased strength and rigidity. However, fully crystallizing polymer chains
is extremely difficult because of their random and jumbled nature. In other cases, such as
in liquid crystalline or conjugated polymers, the rigidity and highly polar nature of the
molecules allows them to strongly align. Examples of conjugated monomers can be found
in Figure 1.! Conjugated polymers also tend to be highly conductive, making them a great

choice for solar panels and electronics.!*

-

R R R S
Fluorene (F) Carbazole (Cz) Thiophene (Th)  Thieno[3,2-b]thiophene (TT)
o E _ \‘.\—{:’D
Q \5_{? 71N NR
NN "‘“fry”““"ﬂ ,*—””rHO
R n=0,1.23

Benzothiadiazole (BTZ) Diketopyrrolopyrrole (DPP)

Rylene diimides
Figure 1. Molecular formulas of common conjugated monomers.
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Similarly, liquid crystals (LCs) are molecules that exhibit a phase between the solid
and liquid phase, namely the LC phase. In this phase, the LCs retain some of the long-
range order of solids while also being able to flow like liquids. This is because of their
unique structure, where a rigid core is augmented with polar groups and flexible sections,
as seen in Figure 2. When in the LC phase, the most common being the nematic phase, the
LC molecules self-align into a unified direction. In some cases, they are even able to align
spatially, forming rows and columns, such as in the smectic phase. The LC phase can be
controlled through changes in concentration, such as for lyotropic LCs, or through changes
in temperature, such as for thermotropic LCs. Other methods can be used to control the
alignment of the LCs and their phase including the addition of non-LC molecules, the
conformational switching of azobenzene-derived molecules in response to ultraviolet light,

and external magnetic fields.

HsC

OOrem

Figure 2. Molecular formula of 4-cyano-4'-pentylbiphenyl (5CB), a representative liquid
crystal molecule.

1.2 Shape Memory Polymers, Hydrogels, and Dielectric Elastomers

Responsive polymeric materials have seen extended use in areas that require controlled
shape deformations, such as drug delivery’™ and soft robotics.!*!?> These materials can take

the shape of sol-gels, where polymer networks are swollen by a solvent (commonly water),
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or solid polymer networks, like shape memory polymers and dielectric elastomers. With
sol-gels, the material changes its shape in response to the addition or removal of a solvent,
whereupon it swells into a hydrated state or shrinks into a dehydrated state, respectively.'
When controlled, this allows the material to apply an external force which has found
practical use in soft robotics.!*!> In some cases, these sol-gel transitions can be caused by

.16 However, these deformations are usually the same in

other external stimuli, such as heat
all directions.

In contrast to this, shape memory polymers and dielectric elastomers exhibit
anisotropic deformations. Shape memory polymers rely on conformational changes
between a kinetically trapped, temporary shape and a thermodynamically favored,
memorized shape. Shape memory polymers are a type of material that exhibit a
macroscopic deformation in response to an external stimulus, usually a temperature
change. By heating these materials, manually deforming them, and then cooling them back
down, a temporary shape can be created and retained. The original, memorized shape can
be returned to upon heating again beyond the original temperature. The increase in
temperature allows the internal stresses to pull the material back into its original shape
alleviating the built-up stress. See Figure 3 for an example.!” There has been a large body
of work related to shape memory polymers to increase their shape memory properties,
including the addition of other polymers and nanofillers to create nanocomposites.'® At the
same time, researchers have been working to create double- and triple- shape memory

polymers that exhibit multiple shape deformations and temporary shapes, though they still

require outside influence to create the temporary shape.!*! Similarly, dielectric elastomers



exhibit unidirectional deformations in response to a voltage across their thickness, though

22-25

they often require reswelling after deforming.

Figure 3. Example of a shape memory polymer returning to its original shape from
Lendlein et al.!'’

1.3 Liquid Crystal Elastomers

As a unique form of shape memory polymers, liquid crystal elastomers (LCEs) have
seen an incredible growth in research articles over the years.?®?” This is because of their
ability to deform reversibly in response to an external stimulus, which separates them from

other types of shape memory polymers. By utilizing the self-ordering of LC moieties along



the backbone of the polymer chains, either within the backbone or attached to the side as
side groups, the polymer chains can be made to switch between an elongated chain
conformation and the thermodynamically favored random coil conformation. When lightly
crosslinked together, this switch between chain conformations causes a macroscopic
material deformation, exemplified by the complex deformations found in Figure 4.8 This
only works when the polymer chain is created within an aligned LC system. The direction
of deformation can be controlled through tuning the alignment of the LCs. For instance, if
the alignment on one surface is rotated by 90 degrees from the other surface, a twisting
deformation can be created. Likewise, if the LCs are aligned parallel to one surface but
perpendicular to the other, then the material will curl, as one side expands and the other

contracts.

30 . . . a5
A  —m-Specific work
=A=Siroke

25F

20F

/

15F

Specific work (J/kg)

10

0 W0 0 w0 40
Normalized load (N/N)

Figure 4. Complex shape deformations created through photoaligning by Ware et al.?®



Generally, liquid crystal monomers come in two broad forms, main-chain, where the
LCs make up part of the polymer backbone, and side-chain, where the LCs are attached to
the backbone by short, flexible carbon chains. The research contained within this document
is mainly based on side-chain LCEs. Side-chain LCEs come in two main forms, those being
end-on, where the LC moiety is attached on its the end, and side-on, where the LC moiety
is attached on its side. Their attachment to the backbone causes the end-on moieties to align
perpendicularly to the polymer backbone while the side-on moieties align parallelly to the
backbone. When comparing the two, the polymer materials will deform in opposite
directions with respect to the LC director, which is the average direction of the long axis
of the LC moieties. Generally, end-on-based LCEs will extend in the direction of the
director and side-on-based LCEs will contract in the direction of the director. This opens
up opportunities for the intelligent design of LCEs.

1.4 Opportunities, Challenges, and Motivation

A main focus of LCE research has been in the area of soft robotics.?’! This includes
the use of complicated photoalignment methods?® and 3D printing advancements.*** To
add to this, the first thrust of my research focused on the effect of the random
copolymerization of different kinds of LC monomers. Most research has only used one
type of LC monomer and has neglected to investigate the use of multiple types. We
discovered that using both types of side chain monomers allows for a more direct control
over the direction and magnitude of the stimuli-responsive deformation of LCEs. This also
enables the easy patterning of different directions and magnitudes of deformations utilizing

simple alignment methods. More importantly, this knowledge can easily be included in



existing 3D printing technologies and photoalignment methods to enable even more
complex shape deformations.

The second thrust of my research focused on unlocking a new utility for LCEs by
investigating the creation of nanoscale structures on their surface. This takes inspiration
from nature, specifically the structures on the footpads of geckos.>>*¢ These structures
increase the surface contact area and adhesion forces of the geckos and allows them to
crawl over all sorts of surfaces and geometries. By using a template to create nanoscopic
surface structures, we were able to enhance the adhesion of LCE films while maintaining
their unique shape deformations. In fact, the two can be synergistically combined to enable
new applications for soft robotics.

The final thrust of my research includes efforts to circumvent the challenges common
with LCEs, that being the complex synthesis required for their monomers, their relative
cost, and their inability to be used in many bio-based applications. The molecular structure
of LCs is both what provides them with their unique stimuli-responsive deformations and
what hinders their use in some applications. This also means that cheaper, commodity
polymers, such as poly(methyl methacrylate) and polystyrene which lack the proper
structural motifs, are intrinsically unable to create materials that exhibit macroscopic
deformations. However, we discovered that the intrinsic ordering of a nematic LC solvent
could be imprinted into these intrinsically amorphous polymer chains creating stretched
and aligned chains. These can then be crosslinked which allows them to deform similarly
to conventional LCEs. This expands LCE-like materials into new areas and enables their

use in bio-based applications.



Chapter 2 Random liquid crystalline copolymers consisting of prolate and oblate liquid
crystal monomers

2.1 Preface

This chapter is adapted from a published paper titled “Random Liquid Crystalline
Copolymers Consisting of Prolate and Oblate Liquid Crystal Monomers” published in
Macromolecules on June 7%, 2021. It is focused on the first main thrust of my work
copolymerizing different liquid crystal monomers together to control the magnitude and
direction of the temperature-dependent macroscopic deformations.

2.2 Abstract

Interactions between side chains of polymers have been utilized to tune the thermal and
mechanical properties of polymeric materials. In liquid crystal elastomers (LCE), previous
studies have demonstrated that the configuration of liquid crystal (LC) monomers,
specifically oblate or prolate, determines the direction of macroscopic material
deformations relative to the orientational ordering of the LC functional groups. However,
the effects of the copolymerization between different configurations of LC monomers on
the phase behaviors and thermomechanical properties of LCEs have not been explored.
Here, we reveal that statistically random copolymers of LC monomers with different
configurations destabilize the orientational order of the LC functional groups, whereas
random insertion of LC monomers with the same configuration preserves the packing of

the constituent mesogenic functional groups. We further demonstrate how this fundamental
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understanding can be applied to control both the direction and magnitude of the thermally
triggered mechanical deformations of LC copolymer networks.

2.3 Introduction

Soft polymeric materials with complex shape transformations in response to
environmental cues have shown great potential in applications ranging from drug
delivery*73® to soft robotics.!***30 A variety of polymeric materials, including hydrogels,
shape memory polymers, and dielectric elastomers, have been reported to exhibit stimuli-
responsive shape deformations. Thermally responsive hydrogels, such as poly(N-
isopropylacrylamide), consist of a three-dimensional network of lightly crosslinked
polymer chains that can reversibly change their shape between a swollen hydrated state
and a shrunken dehydrated state.’'>’ The intrinsic mechanical properties of stimuli-
responsive hydrogels, however, are typically the same in all directions, leading to isotropic
deformations. Another group of shape changing materials, called shape memory polymers,
can maintain temporary shapes with kinetically trapped polymer states with low
conformational entropy and can return to their original shape when triggered by an external

stimulus. 19,20,39,46,58

Although recent technological advances have observed the
development of double- and triple-shape memory polymers, the fact that these materials
can only return from a deformed state to the original, memorized state and are not able to
deform out of the memorized state means that shape memory polymers do not allow for
predetermined and reversible shape deformations. Dielectric elastomers, another well-

known class of shape changing polymers, show deformations caused by Coulombic forces,

with a contraction parallel and an expansion perpendicular to the electric field direction.?*
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245960 However, their reliance on a directional and high voltage makes non-uniform
deformations on the microscale challenging.

Liquid crystal elastomers (LCEs) capitalize on the interplay between the self-
association of liquid crystal (LC) functional groups and the entropic conformation of
polymer backbones, resulting in phase-dependent macroscopic shape deformations.?>-6!-6¢
Past studies have shown that LCEs are capable of exhibiting a rich palette of reversible and
well-programmed anisotropic shape changes in response to a wide range of external

31,74

stimuli, including heat,%”%® solvents,® light,>*»’%73 and magnetic*!""* and electric fields,”

and have attracted great interest for their potential in the design and synthesis of responsive

76-81 29,34,82-97

biomedical devices, soft actuators and robotics, and active surface
structures. 283998197 T C moieties can be incorporated into polymer chains as either part of
the polymer backbone (main-chain LCE) or the pendant functional group (side-chain
LCE). Previous studies have shown that in LC phases, the conformation of LC polymer
chains can deviate from statistically spherical random coils, depending on the configuration
of the pendant LC functional groups, as seen in Figure 5.27626° For prolate LC polymers,
polymer backbones align along the orientation of the mesogenic groups (called the
director), resulting in a longer radius of gyration parallel to the LC director (Ry) than that
perpendicular to the LC director (R.), seen in Figure SA. This anisotropy gives rise to a
uniaxial contraction of the respective LCE parallel to the LC director above the LC—
isotropic phase transition temperatures (7irc-1). In contrast, for oblate LC polymers in LC

phases, the radius of gyration parallel to the director is shorter than the radius

perpendicular, that is Ry < R. (Figure 5B), which results in a uniaxial elongation of the
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LCE parallel to the director above the Tic-1. Though the polymer chain conformation and
the consequent shape deformations of LCEs made purely of one configuration of LC
monomer, either prolate or oblate, have been extensively studied, to the best of our
knowledge, the effect of the copolymerization of LC monomers with different
configurations on the polymer conformation and the consequent LCE shape deformation

remains hidden.

LC phase Isotropic phase

A .dlrcctorl
Pa—

B director

o
Tk

Figure 5. Polymer chain conformation and consequent mechanical deformation of LC
polymers made of (A) prolate LCs and (B) oblate LCs.

B

In this chapter, we report the synthesis of random LC copolymers consisting of a
combination of prolate and oblate reactive LC monomers. We demonstrate that the
orientational order of LC functional groups is destabilized in random LC copolymers
consisting of both prolate and oblate monomers, whereas a random insertion of the same
configuration of LC monomers, e.g., oblate monomers, preserves the packing of the LC

pendant groups on the polymer backbone. Furthermore, we illustrate the control over both
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the direction and magnitude of thermally triggered shape deformations of random LC
copolymers by tuning LC monomer configurations and chemical compositions. Overall,
our results not only provide insight into how LC monomer configurations and the chemical
composition of random LC copolymers affect the thermal and mechanical properties of the
formed LCE through the coupling of LC pendant groups, but also demonstrate a new design
principle to program deformation behaviors of LCE structures by patterning local LC
monomer configurations.

2.4 Experimental Section

2.4.1 Materials

Oblate liquid crystal (LC) monomers 4-(6-acryloxy-hex-1-yl-oxy) phenyl 4-(hexyloxy)
benzoate (LCM1) and 4-methoxybenzoic acid 4-(6-acryloyloxyhexyloxy) phenyl ester
(LCM2) were purchased from Synthon Chemicals GmbH & Co., Germany, and used as
received. Prolate LC monomer 4’’-acryloyloxybutyl 2,5-di(4’-butyloxybenzoyloxy)
benzoate (LCM3) was synthesized following the route described in a previous study.®
Non-mesogenic crosslinker 1,6-hexanediol diacrylate (HDDA), photoinitiator 2-hydroxy-
2-methylpropiophenone (DMPAP), reversible addition-fragmentation chain transfer
(RAFT) agent 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid,
poly(pyromellitic dianhydride-co-4,4'-oxydianiline) amic acid (PAA), I-methyl-2-
pyrrolidinone, and anhydrous dichloromethane were obtained from Sigma-Aldrich.
Sylgard 184 silicone kit for the synthesis of polydimethylsiloxane (PDMS) was purchased
from Ellsworth Adhesive Systems. All chemicals and reagents were used as received

without further purification. Magnets were obtained from K&J Magnetics, Inc. Polyimide
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(PI 2556) was purchased from HD Microsystems. Si wafers were purchased from
UniversityWafer, Inc.
2.4.2 Synthesis of Random LC Copolymer for Phase Behavior Measurement
To synthesize random LC copolymers, we first dissolved LC monomers in
dichloromethane at 10% by weight. DMPAP was then added as a photoinitiator at 2% by
weight based on the weight of LC monomers. The mixture was photopolymerized for 40
minutes using a UV lamp that delivers 10 mW/cm2. Subsequently, dichloromethane was
evaporated, and the formed polymers were collected for further characterizations. In the
RAFT-mediated  synthesis of random  copolymers, @ RAFT agent 2-
(dodecylthiocarbonothioylthio)-2-methylpropionic acid was added to the LC monomer
dichloromethane solution with the molar ratio of [RAFT]:[photoinitiator]:[monomer]| =
1:1:50, followed by solvent evaporation and photopolymerization described before.
2.4.3 Thermal Characterization
Phase transition temperatures of LC monomer mixtures and their respective LC
polymers were characterized by differential scanning calorimetry (DSC) using a TA DSC
Q100 Instrument. Heating and cooling rates in the DSC measurements were 2 °C/minute.
2.4.4 Preparation of Polyimide-Coated Glass Slides
A Laurell Technologies WS-650Mz-23NPPB spin processor was utilized to spin-coat
a mixture of PAA, at 10% by volume, and 1-methyl-2-pyrrolidinone, at 90% by volume,
on a cleaned glass slide at 4,000 rpm for 2 minutes. The coated glass slides were then

heated at 350 °C for 3 hours to polymerize the polyimide and finish the coating process.
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Finally, we used a velvet cloth to rub the surface of the polyimide unidirectionally 90 times
to impart a directional alignment templated for the LC mixtures.
2.4.5 Fabrication of Optical Cells
Optical cells were prepared by pairing two polyimide-coated glass slides together with
50 um spacers. For the top and bottom glass slides, we set the polyimide’s alignment to be
parallel to each other.
2.4.6 Microfabrication of PDMS Molds
We first fabricated designed microplates on Si wafers through photolithography and
reactive ion etching. The photoresist patterning was created using UV exposure from a
Heidelberg MLA150 Maskless Aligner, which acted as a mask for the anisotropic etching
of Si wafers by using an STS ICP RIE System. After fabrication, the photoresist was
removed by oxygen plasma. PDMS molds for LCE microplate fabrication were then
prepared through the polymerization of well mixed PDMS precursors on top of the surface-
attached microstructures on the Si wafers.
2.4.7 LCE Shape Deformation Characterization
Mixtures containing LC monomers, photoinitiator DMPAP, and crosslinker HDDA
were prepared by using dichloromethane as a solvent. After mixing, the dichloromethane
was evaporated. Either LCE films or LCE microplates were synthesized for the
quantification of shape deformations as a function of temperature. The LCE sheets were
synthesized using polyimide-coated optical cells. The reactive LC mixture was injected
into the polyimide-coated optical cell in the isotropic phase and then slowly cooled down

into the nematic phase, followed by UV radiation for 40 minutes. After polymerization, the
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sample was cooled to room temperature and the optical cell was carefully removed without
destroying the formed LCE films. The thermally responsive shape changes of the obtained
LCE films were characterized using an Olympus BX53 polarized light microscope
equipped with dual polarizers.

The LCE microplates were made following the method reported in previous works.?*%8
Microplate arrays of LCEs were prepared by placing the reactive LC mixture into a PDMS
mold covered with a glass substrate to create microplates that are 250 um long, 50 um
wide, and 200 pum tall. A magnetic field was introduced by placing a magnet (~ 0.4 T)
under the PDMS mold. Subsequently, the sample was heated into the isotropic phase,
slowly cooled down to the LC phase, and exposed to UV radiation to perform the
photopolymerization under a nitrogen atmosphere. After polymerization, the sample was
cooled to room temperature and the PDMS mold was carefully removed without destroying
the formed LCE microplates. The thermally responsive shape changes of the obtained LCE
microplates were imaged by a Zeiss LSM 900 confocal fluorescence microscope. We
coated the surface of the LCE microplates with a thin layer of dye, either Rhodamine B or
Brilliant Blue, for microscopy imaging.

2.4.8 Molecular Weight Characterization

The molecular weight and distribution of the obtained random LC copolymers were
measured by gel permeation chromatography (GPC), using a Viscotek GPC VE2001,
equipped with a binary pump, a Viscotek 270 dual detector, and a Viscotek VE 3580 RI
detector. The polymers were dissolved in tetrahydrofuran at a concentration of around 1

mg/mL. The molecular weights and polydispersity were derived from a calibration curve
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based on narrow polystyrene standards. Table 1 in Appendix A summarizes the molecular
weight and polydispersity of the synthesized LC (co)polymers in this work.
2.4.9 Nuclear Magnetic Resonance Characterization
The complete consumption of the LC monomers was confirmed through nuclear
magnetic resonance (NMR) measurements. The formed LC copolymers were dissolved in
deuterated chloroform. A 400 MHz Avance NEO 1H NMR, equipped with an autosampler,
was used for the NMR measurements.
2.4.10 X-Ray Characterization
The phase and orientation of the LC functional groups within the LCE were determined
by wide-angle x-ray scattering (WAXS). The WAXS system used a Xenocs Inc. Xeuss 2.0
laboratory beamline system with an x-ray wavelength of 1.54 A. Samples were introduced
into a large vacuum chamber to minimize air scattering. Diffraction patterns of LC
polymers were recorded using a Pilatus 1M detector (Dectris Inc.) with an exposure time
of 1.5 hours and processed using the Nika software package, in combination with
WAXSTools wavemetrics Igor. The distance of the emitter was 15 cm from the sample.
Furthermore, the scalar order parameter was estimated using the intensity of the n—=n

stacking of the benzene rings of the LCE (see details in Supporting Information).

2.4.11 Polarized Light Microscopy Imaging and Light Transmission
Measurement

The orientation of LC functional groups within the LCE films were recorded using an
Olympus BX53 polarized light microscope equipped with dual polarizers. Specifically, we
took images of the light transmission of the LCE films while the LC director was at

different angles with respect to the dual polarizers and quantified the angle dependent light
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transmission using ImageJ software to monitor the gray scale (G). 50 um-thick LCE films
with unidirectional planar anchoring were prepared using polyimide-coated optical cells.
During the test, the temperature was set to 70 °C and images were taken at 5° intervals
under equilibrium conditions. The light transmission of different angles can be calculated

as:

. e Gsam le — Gsam le, min Gsam le, max — Gsam le, min TBF, sample
Transmission (%) = L e x b= Pl x —=2 < 100 (1)
Gsamplc, max — Gsamplc, min GLCMI, max — GLCMl, min TBF, LCM1

where Gsample 1 the transmission of polarized light through the LC polymer samples in
grayscale, and Gsample, max and Gsample, min are the maximum and minimum transmission of
polarized light through the LC polymer samples in grayscale when the LC director is
angled 45° relative to both polarizers and parallel to one polarizer, respectively. GLcMm1, max
and Grcmi, min are the maximum and minimum polarized light transmission of the
homopolymer of LCM1 in grayscale, respectively. The temperature was set at 70 °C. TBF,
sample and TBF, LCM1 are the transmission of unpolarized light (bright field mode)
through the LC polymer samples and the homopolymer of LCM1 determined by UV—
visible spectrophotometry. Specifically, the light transmission of unpolarized light through
the LC polymer samples was measured using a Perkin Elmer Lambda 950 UV-visible
spectrophotometer. The light transmission spectra of the LC polymers are shown in Figure
23 in Appendix A. In our calculation, TBF is the average visible light transmission of the
LC polymers between 450 nm and 550 nm. The first fraction on the right hand of Equation
(1) measures the orientation-dependent light transmission of the LC polymers. The second

fraction is used to normalize the light transmission of the LC polymers using a
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homopolymer of LCM1. The third fraction is used to exclude the interference caused by
impurities and the variation in the LC polymer film thickness.

2.5 Results and Discussion

It is known that LCEs made of LC monomers with different configurations can exhibit
shape changes in opposite directions with respect to the LC director upon the LC—isotropic
phase transition.?”*>% The goal of our first set of experiments was to select a pair of prolate
and oblate LC monomers for subsequent studies by characterizing thermally triggered
shape deformations of their respective LCE homopolymers. Figure 6 shows the molecular
structures of the LC monomers that we tested in this work, along with a non-LC crosslinker.
Specifically, we used 4-(6-acryloxy-hex-1-yl-oxy) phenyl 4-(hexyloxy) benzoate (LCM1)
(Figure 6A), 4-methoxybenzoic acid 4-(6-acryloyloxyhexyloxy) phenyl ester (LCM2)
(Figure 6B), 4’’-acryloyloxybutyl 2,5-di(4’-butyloxybenzoyloxy) benzoate (LCM3)
(Figure 6C), and non-LC crosslinker 1,6-hexanediol diacrylate (HDDA) (Figure 6D).
Arrays of LC homopolymer microplates that were 250 um long, 50 um wide, and 200 pm
tall were prepared by placing a mixture containing one LC monomer, the photoinitiator, 2-
hydroxy-2-methylpropiophenone (DMPAP), and the non-LC crosslinker, 1,6-hexanediol
diacrylate (HDDA), into a PDMS mold covered with a glass substrate. A magnet, with a
surface magnetic field strength of 0.4 T, was placed under the sample to induce a
unidirectional alignment of the LCs along the height of the microplate. Next, the mixture
was heated into the isotropic phase and slowly cooled down into the LC phase.
Subsequently, the mixture was exposed to UV to initiate photopolymerization. After 40

minutes, the sample was cooled to room temperature and the PDMS mold was carefully
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removed. We quantified the thermally triggered shape deformations of the obtained LC
homopolymer microplates using a confocal fluorescence microscope. It should be noted
that in these experiments, the non-LC crosslinker HDDA was added at a concentration of
2.5% by weight relative to the LC monomers to provide a light crosslinking of the linear
LC polymer chains, which prevented the melting of the LCE microplates upon the LC—
isotropic phase transition. We comment here that such a low concentration of HDDA
causes no significant change to the phase diagram, including the phase transition

temperatures, of the respective LC polymers, as shown in Figure 24 of Appendix A.
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Figure 6. Molecular structure of (A) LCM1, (B) LCM2, (C) LCM3, and (D) non-LC
crosslinker used for this research thrust.

Figure 7 summarizes the deformation behavior of microplates of LC homopolymers
upon the LC—isotropic phase transition. Microplates of the homopolymer of LCM3
exhibited an ~ 18% uniaxial contraction along the LC director when heated above its LC—
isotropic phase transition temperature (71.c-1) (Figure 7B and D), whereas microplates made

of LCM1 and LCM2 underwent an ~ 8% (Figure 7A and C) and ~ 4% uniaxial elongation
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along the LC director, respectively. For the confocal fluorescence images, the surface of
the LCE was coated with a thin layer of dye, either Rhodamine B or Brilliant Blue. The
colors have been shifted to distinguish the different configurations. Lo and Lt represent the
length of the microplate along the LC director at the initial (90 °C) and final (130 °C)
temperatures. No significant hysteresis in the shape deformation of the LCEs as a function
of temperature was observed between heating and cooling processes. With wide angle x-
ray scattering (WAXS), we confirmed the direction of LC director is always parallel to the
magnetic field applied during polymerization for all LC monomers that we used in this
study, as illustrated in Figure 25 of Appendix A. According to their characteristic shape
changes, we categorized LCM3 as a prolate LC monomer and LCM1 and LCM?2 as oblate

LC monomers for the other experiments detailed in this chapter.
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Figure 7. Confocal fluorescence micrographs and accompanying plots of the shape
deformation of homopolymer microplate structures of oblate LCM1 (A, C) and prolate
LCM3 (B, D) upon phase transition. Scale bars 100 um.

In the second set of our experiments, we synthesized random copolymers of two LC
monomers to investigate the effect of the random sequence, LC monomer configuration,
and chemical composition on the phase behaviors of the respective LC copolymers. We
synthesized random LC copolymers containing two LC monomers with varying weight
percentages. Specifically, the mixture of LC monomers was prepared by dissolving them

in dichloromethane at 10% by weight. Photoinitiator DMPAP was added at an amount of
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2% by weight based on the total LC monomer mass. Then, photopolymerization was
performed for 40 minutes with the use of a UV lamp that delivers 10 mW/cm?. Next, the
solvent was evaporated, and the formed polymer was collected for further characterization.
As shown in Figure 26 of Appendix A, the disappearance of the peaks between 5.5-6.5
ppm after the polymerization process in the 'H NMR measurements, corresponding to the
non-aromatic C=C double bonds, indicates a full conversion of the reactive LC monomers
during photopolymerization. To provide additional evidence to support our assumption of
the formation of a random LC copolymer regardless of the reactivity ratios of different LC
monomers, we synthesized LC copolymers using RAFT polymerization as control
experiments. Past studies have documented that using RAFT polymerization can decrease
the chain termination reaction through reversible chain transfer, which enables the
synthesis of random copolymers with the same monomer composition as the feed ratios
(i.e., truly random).!%-11% A5 shown in Figure 30 in Appendix A, the phase behavior of the
copolymer shows no dependence on the polymerization methods, suggesting the obtained
LC copolymer created without using RAFT polymerization has a random chain sequence.
In our experiments, the molecular weights of the formed LC (co)polymers ranged from
~17,000 to ~ 27,000 g/mol, as summarized in Table 1 in Appendix A. In future studies, we
will use RAFT polymerization to synthesize LC (co)polymers with well-controlled
molecular weights and narrow distributions to investigate the effect of molecular weight
on the thermomechanical properties of the LC (co)polymers.'%-110

We then determined the phase diagram of the obtained random LC copolymers by using

differential scanning calorimetry (DSC) with a TA DSC Q100 instrument. The first set of
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copolymers was the combination of the same configuration of LC monomers — oblate LC
monomers LCM1 and LCM2. Figure 8A and Figure 27A of Appendix A show the Tic_is
of the random LCM1-LCM2 copolymers as a function of chemical composition. We found
that each random LCM1-LCM2 copolymer possesses a single 7Tic-1, and over the whole
chemical composition range, the 7ic.s of the LCMI1-LCM2 random copolymers lie
between the 7ics of the respective homopolymers, those being 115 °C and 90 °C for
LCM1 and LCM2 homopolymers, respectively. For example, the transition temperature of
the 20/80 mixture of the two oblate monomers LCM1 and LCM2 was found to be around
100 °C. This observed trend is similar to numerous non-LC random copolymers such as
poly(ethyl-hexyl-acrylate-r-n-butyl acrylate) (EHA-nBA) and poly(ethyl acrylate-r-
methyl acrylate) (EA-MA), the glass transition temperatures (7s) of which lie between
those of the respective non-LC homopolymers. To provide an additional insight, we
measured the phase behaviors of unpolymerized mixtures of LCM1 and LCM2. Figure 8B
shows that the 71c_is of the unpolymerized mixtures lie between the 71.c-is of the respective
monomers, similar to what was observed with the random LCM1-LCM2 copolymer. The
fact that only one transition temperature was observed for the LC monomer mixtures
suggests that there was no phase separation between the different LC monomers. This
finding, in combination with the DSC results from the copolymers, indicates that the effects
of the random chain sequence on the thermal properties of the LC copolymers consisting
of the same configuration of LC monomers are similar to most of the conventional non-LC
random copolymers. We note here that in contrast to the random LCMI1-LCM2

copolymers with only one 7ic-i, the homopolymer mixtures of LCM1 and LCM2 show
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two individual 7icas corresponding to those of each homopolymer, suggesting a phase

separation in the homopolymer blend (see Figure 28A of Appendix A).
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Figure 8. Liquid crystal to isotropic phase transition temperatures of a random copolymer
and unpolymerized monomer mixtures consisting of two oblate monomers. Darker blue
corresponds to LCM1 and lighter blue corresponds to LCM2.

Next, we characterized the thermal properties of random copolymers consisting of
different configurations of LC monomers, specifically between the oblate LCM1 and the
prolate LCM3. A single Tic1 exists in every random LCM1-LCM3 copolymer, as shown
in Figure 8A and in Figure 27B of Appendix A. Surprisingly, in contrast to the random
copolymer of LCM1-LCM2, the 7ic1s of LCM1-LCM3 random copolymers lie below
the Tics of the respective homopolymers, 115 °C and 107 °C for LCM1 and LCM3
homopolymers, respectively. For example, a transition temperature around 80 °C was
found for the 20/80 mixture of oblate monomer LCM1 and prolate monomer LCM3. This
decrease in the 7icis of the random LCMI-LCM3 copolymers may hint that the

interaction and orientational order of the LC functional groups may have been diminished.
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In addition, a mixture of homopolymers of LCM1 and LCM3 exhibited two Tic-s,
suggesting phase separation of two different LC homopolymers in the mixture, as can be
seen in Figure 28B of Appendix A. This observation, combined with the single 7T1.c. in the

copolymer, rules out the possibility of phase separation within the random LCM1-LCM3

copolymers.
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Figure 9. Liquid crystal to isotropic phase transition temperatures of a random copolymer
and unpolymerized monomer mixtures consisting of an oblate and prolate monomer pair.
Darker blue corresponds to LCM1 and red corresponds to LCM3.

To better illustrate the diminished orientational order between the pendant LC groups
in random copolymers made of different LC monomers, we measured the light
transmission of the surface-aligned, uniaxially oriented LC (co)polymeric films. 50 pm
thick LC (co)polymeric films were synthesized using polyimide-coated optical cells. The
light transmission through the LC (co)polymeric films when the LC director is at different
angles with respect to the direction of the crossed polarizers was taken at 70 °C and was

quantified using ImagelJ software. As can be seen in Figure 10, LCE films made of LCM 1
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and LCM3 homopolymers and LCM1-LCM2 random copolymer exhibit similar light
transmissions. However, the magnitude of the light transmission of the random LCM1—
LCM3 copolymer is greatly reduced at all angles with respect to the crossed polarizers. In
addition, we used WAXS to estimate the scalar order parameter of the above polymers to
be ~ 0.250 (homopolymer of LCM1), ~ 0.275 (homopolymer of LCM3), ~ 0.278 (random
copolymer of LCM1-LCM2) and ~ 0.102 (random copolymer of LCM1-LCM3). We note
here that the scalar order parameter of the homopolymers is consistent with previous
studies.®® The composition of LCM1 in the copolymers was 40% by weight. The x-ray
analysis, combined with the light transmission results, confirmed that the orientational
order of the random LCM1-LCM3 copolymers was greatly diminished compared with the
respective LC homopolymers and random copolymers of the same configuration of LC
monomers (i.e., LCM1-LCM2). For more information on the calculation of the scalar order

parameter, please see Appendix A around Figure 25.
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Figure 10. Light transmission through the homopolymers of LCM1 (blue) and LCM3
(red) and the random copolymers of LCM1-LCM2 (black) and LCM1-LCM3 (green) in
the LC state at 70 °C between crossed polarizers set at 0° and 90°, respectively.

A previous study on non-LC random copolymers, specifically poly(methyl
methacrylate-r-vinyl chloride) (MMA—-VC) and poly(methyl methacrylate-r-acrylonitrile)
(MMA-AN), reported that weakened interactions between different monomers can lower
phase transition temperatures of the copolymers below those of the respective
homopolymers.'!! Building on these previous findings, we hypothesized that the
interactions between different configurations of LC monomers (LCM1-LCM3) are
diminished, resulting in a disruption of the orientational order of the LC functional groups.
However, this does not appear to be the case in random LCM1-LCM3 copolymers as no
phase separation was seen in the mixtures of the LC monomers, suggesting no measurable
reduction in the interaction between LCM1 and LCM3. Moreover, as shown in Figure 9B,

the Ticas of the unpolymerized mixtures lie between the 7ics of the pure monomers
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LCM1 and LCM3, unlike what was observed with the random copolymers of the two
monomers. These results allude to some other interactions causing the decrease in the 7Tic-
1s of copolymers of different LC monomers.

The previous study also showed that the contributions of diad- and triad-sequences to
the 7 can be used to extend the Gordon—Taylor equation based on volume additivity to
explain the asymmetric T,s as a function of composition of binary random copolymers.!!?
We used this extended Gordon—Taylor equation to quantify the deviation of the 7ics of
the unpolymerized LC mixtures and the LC random copolymers from additivity because
of specific interactions between the LC repeating units (Equation 2):

(Trca — Tienn) / (Tucaz — Tienn) = (1 + Ki) x2 — (K1 + K2) x22 + Ko x2° ()

in which x> is the weight fraction of the second component of the random LC
copolymers, K1 and K> are the fitting parameters of the composition power, and 7ic-1,1 and
Ticp are the Ticas of the respective LC homopolymers. K1 has been shown to depend on
the contributions of the hetero-diads to the 7, of the random non-LC copolymers. When
the interactions and contributions of the repeating units in a random copolymer are equal
to those found in a homopolymer, K is found to be close to 0. K1 > 0 indicates positive
deviations of the random copolymer 7 from additivity, suggesting strengthened
interactions between the repeating units of the hetero-diads. In contrast, K1 < 0 suggests
correspondingly negative deviations from the additivity of the random copolymer due to
weakened interactions within the hetero-diads. In our experiments, we used Equation (2)
to obtain the K for the random LC copolymers. As shown in Figure 11, for the same

configuration of LC monomers (i.e., LCM1-LCM?2), the K values of both unpolymerized
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LC monomer mixture and the respective random LC copolymers are ~ 0, which suggests
that the 7Ticus of the LCM1-LCM2 random copolymers lying between those of the
respective homopolymers can be explained by the interactions between the LC pendant
groups in the copolymer being nearly equivalent to the interactions between those in the
homopolymers.

For different configurations of LC monomers, specifically the LCM1-LCM3 pair, the
K value of the unpolymerized monomer mixtures of the different configurations of LC
monomers are approximately 0, suggesting that the interactions between LCM1 and LCM3
pendant groups in the random copolymer are equal to those found in the respective
homopolymers. After polymerization, however, the negative K; value suggests a negative
deviation from the simple additivity of the random LCMI1-LCM3 copolymer, which is
similar to MMA—-VC and MMA-AN. These results lead us to hypothesize that attractive
dipole—dipole interactions and the n—r stacking of the benzene rings exist in both oblate
and prolate LC monomers and is dominant in the mixtures of LC monomers, while after
polymerization, the steric hindrance of different configurations of LC mesogens and the
limited flexibility of the polymer backbones prevents the pendant LC moieties to closely
pack and form well-ordered materials, resulting in a weakened interaction between the
oblate and prolate LC moieties and a consequent decrease in the 7ic1 of the respective
copolymers. To verify our hypothesis, we synthesized and characterized random
copolymers of another pair of prolate and oblate LC monomers — LCM2 and LCM3. As
shown in Figure 29 Appendix A, the Ticas of the LCM2-LCM3 random copolymers lie

below that of both respective homopolymers, while the 7icis of the LCM2-LCM3
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monomer mixtures lie between those of the respective monomers. These features are
similar to the random copolymers of LCM1 and LCM3. Overall, these results lead us to
conclude that a statistically random distribution of prolate and oblate LC monomers along
a polymer backbone disrupts the orientational order of the pendant mesogenic groups of
the formed LC copolymers, whereas random copolymers of the same configuration of LC
monomers preserves the orientational order of the constituent mesogenic functional

groups.
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Figure 11. Fitting parameter K1 of Equation (2) for non-LC random copolymers, LC
monomer mixtures and random LC copolymers: LCM1-LCM2 (circles), LCM1-LCM3
(squares), LCM2-LCM3 (down triangles), MMA—AN (crosses), MMA-VC (up
triangles), EA-MA (plusses) and EHA-nBA (diamonds).

In our final set of experiments, we sought to determine the effect of a random chain
sequence on the deformation behavior of the LC copolymers. A microplate array of random
LC copolymers was prepared by placing mixtures of LC monomers, photoinitiator

DMPAP, and non-LC crosslinker HDDA into a PDMS mold covered with a glass substrate.
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The samples were heated to the isotropic phase and slowly cooled down to the LC phase,
followed by UV-induced photopolymerization in the presence of a vertically aligned
magnetic field. After 40 minutes, the samples were cooled to room temperature and the
PDMS molds were carefully removed. The thermally triggered shape deformation of the
obtained random LC copolymer microplates was measured using confocal fluorescence
microscopy.

Figures 12 and 13 illustrate the shape deformation of random copolymer microplates,
consisting of different configurations of LC monomers. Interestingly, the thermally
triggered shape changes of the LCM1-LCM3 microplates can be continuously tuned from
~ 8% elongation to ~ 18% contraction along the mesogenic director (z-axis) by increasing
the composition of prolate LCM3 from 0% to 100% in the heating process. Figure 12 shows
confocal fluorescence micrographs showing the shape deformation of microplate structure
of LCM1-LCM3 random copolymers upon a LC-isotropic phase transition as a function of
monomer composition. Figure 12A shows a microplate at 70 °C and Figure 12B-D show
the material in the isotropic phase (110 °C). The LCM1 compositions are (B) 75%, (A,C)
50%, and (D) 25% by weight for Figure 12. Figure 12E shows a plot of the representative
dimensional changes of the LCE microplates along the director (z direction) as a function
of temperature. LCM1 compositions are 75% (cross), 50% (circle), and 25% (triangle) by
weight. Moreover, the extent of the uniaxial deformation as a function of copolymer
chemical composition yielded a nearly linear relationship, as shown in Figure 13. We
hypothesize that the tunable deformation behavior is caused by the different coupling

interactions between pendant LC functional groups and the polymer backbones for prolate
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and oblate LC monomers, which results in the monomer configuration- and composition-
dependent shape deformation of the respective random LC copolymers. To verify our
hypothesis, we synthesized and characterized microplate structures consisting of the same
configuration of LC monomers. In contrast to the transition of deformation from elongation
to contraction for LCM1-LCM3 copolymeric structures, LCM1-LCM2 microplates
always exhibited thermally induced uniaxial elongation with respect to the LC director (z-
axis) over the whole composition range, as summarized in Figure 13. These observations
not only support our hypothesis that the LC monomer configurations and the composition
of the copolymer affect the magnitude and direction of the deformation of a formed LCE,

but more importantly, hint at a novel route to program the shape deformation of the LCE.
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Figure 12. Confocal fluorescence micrographs and accompanying plot showing the shape
deformations of LCM1-LCM3 random copolymers. Scale bars, 50 um.
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Figure 13. Uniaxial deformation of LC copolymeric microplates with respect to LC
director as a function of chemical composition and monomer configuration (cross:
LCM1-LCM2; circle: LCM1-LCM3).

I end this chapter by commenting on the potential application that might be enabled by
our findings from this work. Past studies have demonstrated that the precise control over
the internal LC orientation serves as one of the key methods to manipulate the deformation
behaviors of LCEs made from a single configuration of LC monomer 28103113117 Thjg
understanding has led to the use of a variety of patterned surfaces to manipulate the bulk
equilibrium alignment of the LC functional groups to achieve complex patterned shape
deformations of the LCE.?® Current techniques that have been reported for the preparation
of a patterned substrate for LC alignment include patterned rubbing and photoalignment.*®
While promising, these methods typically require complex procedures or expensive

equipment. Additionally, these methods are challenging to perform on large scales and in

three dimensions.
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We believe that the results reported in this chapter substantially advance our
understanding of how the LC monomer configurations and chemical compositions
influence the deformation behaviors of random LC copolymers. Based on these findings,
we propose a novel method to achieve patterned complex deformations of LCEs without
requiring either complex procedures or expensive equipment. Specifically, by simply
applying a uniform external field to set a constant LC director over the whole LCE
structure, we can program local deformation behaviors by patterning the chemical
composition of the reactive mixture of prolate and oblate LC monomers, as illustrated in
Figure 14. We predict that the regions with a high ratio of oblate or prolate LC monomers

would lead to elongation or contraction along the LC director, respectively.

36



polymenzatmn

SRR

oblate prolate
l above T}

Sk

Figure 14. Control over the deformation behavior of LCEs through patterning LC
monomers with different configurations. The double-headed arrow indicates the LC
director.

To verify our hypothesis, we used a stepwise polymerization process to produce LCE
structures possessing non-uniform, area-specific deformations defined by their spatial LC
monomer configuration. Each step followed a similar method to what was used to create
the other LCE structures, with the first mixture being composed of oblate LCM1, HDDA
at 2.5% by weight based on LCM1, and DMPAP at 2% by weight based on LCM1 and the

second mixture being composed of prolate LCM3, HDDA at 2.5% by weight based on
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LCM3 and DMPAP at 2% by weight based on LCM3. The block of LCM1 was created
first in the nematic phase with a subsequent step to create the block of LCM3 in the nematic
phase. For this polymerization, an optical cell composed of polyimide-coated glass slides
was used to provide the uniform LC alignment. This is expected to create a parallel
alignment of the different LC monomers.

The mesogenic orientation within the formed LCM1-LCM3 polymeric structure was
characterized using an Olympus polarized light microscope. A uniform dark appearance
was observed in the whole polymeric structure when the long axis of the polymeric
structure was parallel to one of the polarizers, whereas a bright optical appearance was
visible in both of the LCM1 and LCM3 domains when the polymeric structure was aligned
at 45° with respect to the crossed polarizers, as seen in the micrographs in Figure 15A and
11B. Upon heating into the isotropic phase, the LCM1 and LCM3 domains deformed in
the opposite direction with respect to the LC director, as demonstrated in Figure 15C and
11D. This observation further cements our hypothesis that the LCs are aligned parallel to
each other as we would expect to see the same direction of deformation from
perpendicularly aligned prolate and oblate LCEs. Overall, the results from our research
provide the basis for a novel and facile technique that can be used to program the spatial
deformation behavior of LCEs, which can be complemented by 3D printers equipped with
multiple printing nozzles to precisely control the spatial chemical composition of the LC
monomers. We expect these materials to find use in soft robotics as artificial muscles or
soft actuators where opposite deformation directions are needed. For example, this type of

material could be used to alternate the contraction of two separate actuators with only one
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signal as the two parts of the material deform in opposite directions in response to a single

stimulus.
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Figure 15. (A-C) Polarized optical micrographs of patterned copolymer structure and (D)
plot of the deformation of the material as a function of position along the material. Scale
bars 100 um.

2.6 Conclusion

The results reported in this chapter provide fundamental insight into the effects of the
coupling between the pendant LC moieties with different configurations (oblate and
prolate), which guides the design of a novel class of shape changing polymers based on

liquid crystalline random copolymers. In particular, within LC copolymers, a statistically
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random distribution of prolate and oblate LC monomers disrupts the orientational order of
the pendant mesogenic groups, whereas random copolymers of the same configuration of
LC monomers preserves the orientational order of the constituent mesogenic functional
groups. More importantly, we find that the shape changing behavior of the formed LC
random copolymers can be manipulated by pattering the local chemical composition of
prolate and oblate LC monomers, which hints at a novel and facile way for the synthesis
of LCEs with complex shape deformations. We comment here that our prolate LC
monomer, also known as a side-on side-chain LC monomer, has limited selection, and
synthesis of side-on LC monomers with different molecular structures is being
investigated. In future studies, we will synthesize side-on LC monomers with different
aliphatic chain lengths between the acrylate functional group and the LC moiety and will
investigate their effect on the thermomechanical properties of LC copolymers. Overall, the
results reported in this chapter demonstrate that the monomer configuration and polymer
composition indeed affect the mechanical and thermal properties of LCEs, thus expanding
the phase diagram and deformation behavior of the LCEs that can be synthesized. Future
efforts will be extended to more complicated chain architectures, including block and
gradient structures, that may find use as the basis of novel responsive soft materials.
Particularly, when combined with the recent advances in the synthesis of LCEs with
reversible crosslinking covalent bonding that have emerged over the past decade, our
method may present many opportunities for the design of responsive polymeric materials

and structures with complex shape deformation behaviors in three dimensions.
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Chapter 3 Stimuli responsive liquid crystal elastomers with densely packed, friction
amplifying nanowire structures for soft robotics

3.1 Preface

This chapter comes from a manuscript being prepared for submission to Advanced
Materials in 2024. 1t is focused on the creation of nanoscopic surface structures to enhance
the properties, specifically the adhesion, of liquid crystal elastomer films. This would help
them find extra use in soft robotics as it still maintains their reversible stimuli-responsive
deformations.

3.2 Abstract

Nature provides many examples of the benefits of nanoscopic surface structures in
areas of adhesion and antifouling. For instance, the surface structures on the footpads of
geckos have been shown to increase their adhesion to surfaces. We utilized anodized
aluminum oxide templates during polymerization to create nanoscopic surface structures,
namely nanowires, on liquid crystal elastomer films. The nanowires increased the adhesion
of the films to a variety of surfaces, including glass and plastics, allowing the films to hold
an increased amount of weight. In addition, by controlling the orientation of the liquid
crystal monomers during polymerization, we created films that curl towards the nanowires
increasing the surface contact of the films to curved surfaces. Finally, by patterning the
location of the nanowires on the surface, we can create materials that locomote in response

to stimuli.
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3.3 Introduction

Researchers have looked to nature for inspiration to design advanced materials for more

complex applications. Some of these inspirations include the antifouling surface structures

118-120 121,122

of lotus leaves, the surface actuation found on Mako shark fins, and the adhesive
capabilities of geckos.?>*%!23 With respect to gecko’s feet, many researchers have focused
on replicating the unique, hierarchical structure of the hairs on their footpads. Specifically,
hundreds of thousands of microscopic pillars, called setae (approximately 90 um long and
10 pm in diameter), on the gecko’s feet, each ending with hundreds of even smaller spatula
shaped structures (approximately 20 um long and 0.2 um in diameter), seen in Figure 16A,
drastically increase the contact surface area of the gecko’s feet.!?* This large surface area
leads to an increase in the van der Waals forces between the gecko and the surface which
provides for the enhanced adhesion.>>* Many of these structures use flexible films with
polymeric micropillars on one side, relying on a more simplistic model of the gecko’s

t,32124127 whereas a few other structures use nanoscale materials, like carbon

foo
nanotubes,'?® to better mimic the structure of the gecko’s foot. However, many of these
materials are unresponsive to external stimuli which limits their application in soft robotics.

Soft robotics utilizing shape-memory polymers (SMPs) have drawn a great deal of
attention owing to their unique properties including controlled deformability, high
durability, and unparalleled adaptability.!7%12130 An extraordinary amount of progress in

131,132

soft robotics has been seen in recent years, from the synthesis methods and material

134,135

selection!®!3 to the design of complex architectures and 4D printing.>>!*¢ More

recently, researchers have begun to use stimuli-responsive liquid crystal elastomers
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(LCEs).2"? LCEs take advantage of the self-assembly of liquid crystal (LC) moieties to
create stimuli responsive materials. By polymerizing and crosslinking together LC
monomers, researchers can create polymer chains that are trapped in a thermodynamically
unfavorable stretched conformation, with the favorable random coil conformation
attainable upon a LC to isotropic transition of the LC moieties. This causes a macroscopic
deformation in the material that is responsive to external stimuli. This deformation can be
reversed back to the stretched conformation by cooling the material back down beyond the
LC to isotropic transition. The incorporation of these LC materials and their reversible,

stimuli-responsive deformations has widened the applications of SMPs into areas of

63,137,138 29,63,83 139-141

sensing, actuating, and drug delivery.

In this chapter, I present a one-pot synthesis method to create LCEs with densely
packed, friction amplifying nanowire structures on the surface that are on the order of the
spatula shaped structures on the gecko’s foot. Specifically, we utilize an anodized
aluminum oxide (AAO) template and a mixture of a reactive LC and LC crosslinker to
create LCE films with densely packed nanowires on the surface that are 10 um long and
400 nm in diameter. To the best of our knowledge, this is the first time that LCEs have
been made directly with nanowire structures on the order of gecko feet setae. Our materials
are shown to be responsive to both heat and solvent stimuli while also showing an increase
in the frictional adhesion caused by the nanowire structures. More importantly, we
demonstrate the synergistic effect of the two material properties by combining the curling

motion that is easily attained with LCEs with the increased adhesion from the nanowires

to grab curved surfaces.
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3.4 Experimental Section
3.4.1 Materials

The following LC monomers were purchased from Synthon Chemicals Ltd.: 4-(6-
Acryloxy-hex-1-yl-oxy)phenyl 4-(hexyloxy)benzoate (end-on) and 1,4-bis-[4-(3-
acryloyloxypropyloxy)benzoyloxy]-2-methylbenzene (RM257). The following chemicals
were purchased from Sigma-Aldrich: 100 ¢St silicone oil, 2,2-dimethoxy-2-
phenylacetophenone ~ (DMPAP), dimethyloctadecyl [3-(trimethoxysilyl)propyl]
ammonium chloride (DMOAP), poly(pyromellitic dianhydride-co-4,4’-oxydianiline) amic
acid, 1-methyl-2-pyrrolidinone, and toluene. Plain microscope slides (25 mm x 75 mm X
1 mm) were purchased from Fisher Scientific. Unless stated otherwise, purchased
chemicals and materials were used as received without further modification or purification.

3.4.2 Nanowire Augmented Liquid Crystal Elastomer Film Creation

First, we prepared a polyimide (PI) coated glass slide by spin coating a PI solution on
a glass slide at 2000 rpm. This glass slide was then heated at 350 C for 2 hours before
rubbing the coated side with velvet to create the planarly aligning PI coated glass slide. We
then placed an AAO template on a separate, uncoated glass slide along with two spacers.
This was preheated at 65 C while the following steps were performed. A mixture of 90
wt% end-on and 10 wt% RM257 was mixed together and heated at 80 C to melt. Mixing
was done through vortex. Then, an addition 1 wt% of the photoinitiator, DMPAP, was
added to the mixture before mixing briefly with vortex. This mixture was then pipetted
onto the AAO template and was allowed to sit for 10 minutes so that the mixture could fill

the nanovoids in the template. The PI coated glass slide was placed on top and the optical
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cell was clipped together where the spacers were. This was then polymerized with 365 nm
UV at 10 mW/cm? for 15 minutes. Once done, the glass slides were separated and the back
of the AAO template was scratched with a pair of tweezers. The AAO template, LCE film,
and attached glass slide were then placed in 12 M HCI until the AAO template was fully
etched away, usually around 4 days. Finally, the film was taken from the HCI, washed with
water, and dried for further testing.
3.4.3 Temperature Activated Deformation Testing

A strip of film approximately 10 mm long and 2 mm wide was cut with a scalpel from
the larger film. This strip was then put into a beaker of silicon oil on a hotplate. A
thermometer was placed into the silicon oil to accurately measure the temperature. The
temperature of the hotplate was then changed and allowed to stabilize before a picture of
the film was taken. The mean curvature of the curling film was then measured using a
homemade MATLAB program. The program was designed to capture the pixel
information of the surface of the film to calculate the curvature.

3.4.4 Solvent Activated Deformation Testing

A strip was cut from the full film as before. For the solvent vapor deformation testing,
the film was gently grasped by the arms of a binder clip which was then placed on its side.
This was done to hold the film strip above the surface of the table. A pool of solvent was
placed below the film making sure that the film did not touch the solvent. A crystallizing
dish was then placed over top of the film and pool of solvent to trap the solvent vapor. A

video of the film was taken and was fed into the same MATLAB program to be analyzed.
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The program was designed to take frames from the video every 10 seconds to speed up
processing and analysis.

For the solvent droplet deformation testing, the film was again gently grasped by the
arms of a binder clip which was then placed on its side to hold the film off the table. Then,
a droplet of solvent was carefully placed on the edge of the film. A video of the film was
taken like before and the curvature of the films were analyzed in MATLAB.

3.4.5 Adhesion Testing

A strip of nanowire film was cut from a larger sample. The film was then pressed onto
a surface using a known weight. To apply an even and controlled force over the entire
sample, a small baggie was placed over the sample and filled with water. This worked for
both flat and curved surfaces. Next, tape was used to attach a string to the film and a known
weight was attached to the string. The surface was then lifted until the weight was hanging
freely from the film. The force used to adhere the film and the force the film could hold up
were then compared. To adhere to curved surfaces, the temperature of the film was raised
in an oven. The same procedure above was followed but setup took place in an oven. For
the solvent-based adhesion testing, small amounts of solvent were applied to the films to
curl them away from the nanowire side to help the films adhere to oppositely curved
surfaces. Otherwise, the procedure was the same.

3.5 Results and Discussion

To create our bioinspired nanoscopic surface structures, inspired by those seen in
Figure 16A, we first prepared an anodized aluminum oxide (AAQO) template inside of an

optical cell. We did this by placing the template on a glass slide with a spacer on either
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side. The spacers were thicker than the template and were used to control the thickness of
the resulting film. The nanowire dimensions were controlled by the size of the pores in the
template. Figure 16B shows a representative SEM image of the top and side of the
templates. Most of the results in this work have nanowires that are 10 pm long and 400 nm
in diameter. This construction was placed on a hotplate at 60 C to warm up while the
mixture was prepared. Once warm, the reactive LC mixture was placed on the surface of
the template and allowed to soak into the pores for 10 minutes. Then, the optical cell was
closed with a PI coated glass slide and a pair of binder clips were positioned over where
the spacers were. The reactive mixture in the cell was exposed to UV to induce
photopolymerization. The cell was then carefully broken apart and the film was left
adhered to the PI coated glass slide. The backside of the template was heavily scratched
with laboratory tweezers to remove some excess mass and to increase the surface area
before being place in hydrochloric acid for five days to etch away the remaining AAO.
Once fully etched, the film was removed from the acid and was washed with MilliQ water
to remove any excess acid. The resulting film was then used for all analysis. A schematic
of this process and the LC monomers used in this study can be seen in Figure 16C. The
nanowires on the surface of the film create a dull texture, whereas the base film is otherwise
shiny. A representative image of the created films can be seen in Figure 16D, and SEM

images of the nanowires on the surface of the film can be found in Figure 16E.
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Figure 16. Nanowire augmented liquid crystal elastomer film motivation, creation, and
characterization including SEM and regular images of the nanowire films.

After polymerization, we investigated the alignment of the liquid crystal moieties in
the nanowires and the film. This also included investigating the stimuli-responsive
deformation of the materials. Individual nanowires show the tell-tale bright-dark transition
upon rotation between crossed polarizers pointing towards a unidirectional alignment

(Figure 17A). Brightfield images are provided for additional clarity regarding the direction
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of the nanowire between the polarizers. Clusters of nanowires also exhibit the bright-dark
transition upon rotation. Figure 17B shows the deformation of an individual nanowire upon
heating above the nematic to isotropic phase transition temperature (Tn.1 ~ 55 °C). As can
be seen, the nanowires appear to elongate by about 5% when heated. This slight
deformation is common for end-on type LCEs, and the aspect ratio of the nanowires paired
with the direction of the polymer chain hamper large deformations in the nanowires.
Combining the deformation direction and the POM images, we believe the LCs are aligned
along the length of the nanowires, as visible in the associated schematic. This aligns with
other work that created standalone LCE nanowires with side-on type LC monomers. '+
Looking at the whole film, when heated above the Tn.1 of the LCE, the film curls in the
direction of the nanowire, shown in the images, plot, and scheme in Figure 17C. Because
of the alignment provided by the AAO template nanopores, the surface of the film on the
nanowire side also aligns perpendicularly to that side of the film, whereas the PI coating
on the opposite glass slide provides a parallel alignment, as seen in Figure 17D. This causes
the polymer chains to align in opposite directions on the two sides of the film which in turn
causes the curling deformation seen. This curling deformation begins at the Tn. and
continues until around 150 °C where it hits a high temperature plateau. The maximum mean
curvature of the film depends on the thickness of the film, with thicker films curling less
than thinner films, as seen Figure 31 of Appendix B. The curling is also totally dependent
on the alignment of the polymer chains in the film and is not significantly impacted by the
nanowires, as seen in Figure 32 of Appendix B, where the same film curls approximately

the same amount before and after the nanowires were removed from the surface. The
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nanowires were carefully removed so that there was a negligible impact on the thickness
of the film.

To investigate the adhesion provided by the nanowire structures, nanowire films were
pressed onto a vertical glass slide with the nanowire side in contact with the slide. Then,
weight was added to the film until it fell off the glass slide. The force used to adhere the
film to the slide was varied. The relationship between the force used to adhere the film to
the slide and the total force the film could hold up can be seen in Figure 17E. Generally,
an increase in the forced used to press the film into the surface led to an increase in the
total weight that can be held up. In addition, the nanowire structures greatly increased the
total amount of weight that could be held by the film. This can also be seen in the inset of
Figure 17E where a 10 mg square of nanowire augmented film, about 5 mm by 5 mm, was
able to hold up a 2.3 g American dime. More interestingly, the curling ability of the film
can synergize with the increased adhesion and can allow the film to match curved surfaces,
thereby increasing the total contact area and adhesive force. As seen in the plot and
schematics shown in Figure 17F, when the film is adhered to a curved surface, increasing
the temperature of the film allows it to better match the curvature of the surface thus
drastically increasing the total weight that can be loaded on the film. This same effect is
barely noticeable when the nanowires are removed from the surface of the film. The film
is still able to match the curvature of the surface, but without the increased contact area and
adhesion from the nanowires, the film is not able to hold significant amounts of weight.

In addition to the increased loaded weight seen when combining the curling and

nanowire structures, the films are also able to crawl along the ground like an inchworm.
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As seen plotted in Figure 17G and photographed in Figure 17H, when the nanowires are

removed from one end of the film, cycling the heat to cause the film to curl and flatten

allows the film to slowly crawl along a flat glass slide. The asymmetry of the increased

friction caused when one side is stripped of its nanowires causes an imbalance in the forces

during curling, where the nanowire side pulls the non-nanowire side, and flattening, where

the non-nanowire side acts as an anchor and the nanowire side lifts and reaches out

completing the cycle. The curling of the material is even able to lift small amounts of

additional weight on the order of the weight of the film. The crawling is stable and could

be extended out for long periods of time with subsequent heating and cooling cycles.
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Figure 17. Orientation of LC mesogens and associated temperature dependent
macroscopic deformations and increased adhesion of LCE nanowire films.

We hypothesized that the nanowires could also cause irregularities in solvent uptake.

Commonly, solvent-induced swelling can cause the stimuli-responsive macroscopic
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deformations seen in LCEs.%%!43:14 The deformations caused by swelling generally mimic
those seen in response to temperature. When exposed to the vapor of an appropriate
solvent, such as toluene, the films curl in the direction of the nanowires, just like when
heated, schemed in the top part of Figure 18 A. However, when exposed to a droplet of
toluene, the films curl in the opposite direction, as schemed in the bottom part of Figure
18B. We suspect this is caused by capillary forces gathering the toluene close to the film
with the nanowires causing an unequal swelling in the film. This swelling then causes the
nanowire side to expand instead of contract, causing the curling to happen in the opposite
direction. The film’s response over time to both solvent vapor and droplets are shown in
Figure 18B. Additionally, increasing the amount of toluene was found to increase the total
curvature of the film reaching an eventual maximum curvature at low amounts of solvent,
as seen in Figure 18C. Similar to the curling caused by temperature, the curling caused by
toluene could also be used synergistically with the increased adhesion of the nanowire
structures to match and adhere to curved surfaces, as seen in Figure 18C. This effect was
found to only be caused by solvents with an appropriate polarity. A number of different
solvents were investigated with the maximum mean curvature seen in Figure 18D. Only

toluene was found to cause any significant change to the dimensions of the film.
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Figure 18. Solvent dependent shape deformations of LCE nanowire films.

3.6 Conclusion

By using anodized aluminum oxide templates with patterned nanovoids, we were able
to create liquid crystal elastomer films with nanowires on the surface. These nanoscale
surface structures were shown to increase the adhesion to glass substrates that increased
with an increase in the force used to press the film to the surface, just like many pressure-
sensitive adhesives. These nanowire-augmented liquid crystal elastomers retained their
unique stimuli-responsive deformations and were able to curl in response to both a
temperature change and the application of a solvent. By synergistically combining the

curling deformation with the adhesion amplification of the nanowires, these films were
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shown to be able to strongly adhere to curved surfaces. The films were also shown to be
able to crawl and carry weight across a flat surface by cycling the temperature.

Overall, the results reported here showcase the increase in utility of nanostructure
augmented liquid crystal elastomers, expanding the applications of these materials further
into soft robotics. The adhesion of the structures synergizes well with the stimuli-
responsiveness of the materials unlocking new options and designs. Finally, the opposite
deformations afforded by the different application methods of solvents opens up new

avenues to match the curvature of a variety of surfaces.
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Chapter 4 Anisotropic solvent-aligned polymerization for controlling conformation in
amorphous polymers

4.1 Preface

This chapter comes from a manuscript being prepared for submission to Science in
2024. It is focused on the creation of liquid crystal elastomer-like materials out of non-
liquid crystalline monomers. This expands the monomer selection of reversible deforming
materials which allows their application in otherwise untouched areas, such as a plethora
of bio-based applications.

4.2 Abstract

Controlling polymer chain conformations is crucial in defining the physicochemical
properties of polymers. Aligned chain conformations enhance ion and -electron
conductivity and enable reversible shape morphing in shape-changing polymers. Although
achieved in intrinsically crystalline polymers, aligning chains in intrinsically amorphous
polymers is challenging because of a rapid, irreversible relaxation into random coil
conformations upon heating and a lack of traditional chemical structures that are required
for preserving alignment. To address this challenge, here we develop a revolutionary
method, anisotropic solvent-aligned polymerization (ASAP), which involves polymerizing
amorphous monomers within a non-reactive nematic liquid crystal (LC) solvent,
strategically executed at low temperatures. The LC solvent acts as a soft nanoconfinement,

significantly enhancing the alignment of amorphous polymers. Manipulation of
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crosslinking density and interactions between the resulting polymer and the solvent during
LC extraction enables the kinetic trapping of polymer chains in an aligned configuration
post LC removal, thereby enabling reversible shape morphing in amorphous polymers.
ASAP can extend to various LC mesophases and amorphous monomers, expanding the
application of amorphous polymers in diverse fields such as soft actuators, optics, and
polymer-stabilized LCs.

4.3 Introduction

The conformation of polymer chains, or how polymer chains are spatially arranged, is

crucial to achieve desired physicochemical properties. The strategic alignment of polymer

h,145’146 147-149

chains has been shown to enhance mechanical strengt elasticity, and
ion/electron conductivity in polymeric materials,'**!3! In addition, the opportunity for
reversible conformational changes, such as transitioning from aligned to random coil
conformations, is essential for the design of stimuli-responsive two-way shape memory
polymers and is required for their use as artificial muscles and soft robotics.!*%® Current
chain alignment approaches primarily focus on external fields or hard nanoconfinements,
including mechanical stretching,'>>!>* flow-induced alignment,!>*!>% electric/magnetic
fields,*!*® surface-induced alignment,'>”!*® and in-situ polymerization within nanopores,
such as in anodic aluminum oxide.*'** However, these methods mainly achieve polymer
chain alignment in polymers with intrinsic crystallinity [e.g., (semi)crystalline,’®!*® liquid

93157 and conjugated polymers*®], presenting a grand challenge for intrinsically

crystalline,
amorphous polymers like polymethyl methacrylate (PMMA), polystyrene, and polybutyl

acrylate, which lack necessary molecular motifs for self-alignment. Moreover, a rapid and
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irreversible chain relaxation into a random coil upon heating blocks the creation of a two-
way shape memory effect.

In 1969, Pierre-Gilles de Gennes foresaw that the polymerization and crosslinking of
intrinsically amorphous polymers in a non-reactive nematic liquid crystal (LC) solvent

could imprint the LC ordering into the polymer network (1st prediction).'®

Despite this
insightful prediction, previous attempts to polymerize amorphous monomers in non-
reactive LC solvents at intermediate and high temperatures have proven insufficient in
achieving this critical alignment of polymer chains. As schemed in Figure 19A, high
polymerization temperatures cause the LC solvent to remain in the isotropic phase

161-163 while

throughout the entire polymerization process, forming LC organogels,
intermediate temperatures cause LCs to initially exist in the isotropic phase and then
transition into the nematic phase through polymerization-induced phase separation, leading
to polymer-dispersed LCs (PDLCs).'**'% Even when the polymer chains are predicted to
be successfully aligned by a nematic LC, the removal of the LC solvent allows the polymers
to relax without major obstacle towards the random coil conformation, just as de Gennes
further predicted (2nd prediction).!®® To the best of our knowledge, these predictions, and
the benefits that the first prediction offers, remain unrealized.

To experimentally address both of de Gennes’ predictions, we present a novel
approach, anisotropic solvent-aligned polymerization (ASAP), involving the synthesis and
alignment of polymer chains by polymerizing and crosslinking amorphous monomers in a

non-reactive LC solvent at low temperatures. Distinct from the creation of LC gels and

PDLCs, low-temperature polymerization maintains the LC nematic phase throughout the
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entire process, acting as a soft nanoconfinement and enhancing the alignment of the
intrinsically amorphous polymers. More importantly, by manipulating the crosslinking
density and extracting the LC using a solvent with appropriate solvent—polymer
interactions kinetically traps the polymer chains in the aligned conformation from the
polymerization process in nematic LCs. The metastability of this aligned conformation
endows the crosslinked amorphous polymers with a remarkable two-way memory effect,
facilitating reversible shape deformations. Finally, ASAP introduces intricate alignments
in amorphous polymers, broadening their application in soft actuators and robotics, optics,
and polymer-stabilized LCs.

4.4 Experimental Section

4.4.1 Materials

E7, which is a mixture of 4-(4-heptylphenyl)benzonitrile (7CB), 4-(4-
octoxyphenyl)benzonitrile (80OCB), 4-(4-pentylphenyl)benzonitrile (5CB), and 4-[4-(4-
pentylphenyl)phenyl]benzonitrile (SCT), was purchased from Synthon Chemicals Ltd. The
following chemicals were purchased from Sigma-Aldrich: 2,2-dimethoxy-2-
phenylacetophenone ~ (DMPAP), dimethyloctadecyl [3-(trimethoxysilyl)propyl]
ammonium chloride (DMOAP), poly(pyromellitic dianhydride-co-4,4’-oxydianiline) amic
acid, I-methyl-2-pyrrolidinone, Elvamide pellets, methyl methacrylate (MMA), 1,6-
Hexanediol diacrylate (HDDA), and ethanol. Plain microscope slides (25 mm x 75 mm X
1 mm) were purchased from Fisher Scientific. Unless stated otherwise, purchased

chemicals and materials were used as received without further modification or purification.
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4.4.2 Optical Cell Creation

First, uncoated glass microscope slides were washed three times with water and
ethanol. Then, they were spin coated with 200 uL of an Elvamide/methanol mixture,
created at a ratio of 0.125 g of Elvamide pellets to 100 mL of methanol. The spin coater
was set to spin at 2000 rpm for 20 second. Next, the coated glass slides were rubbed with
velvet 60 times to create a parallel alignment layer. Two rubbed glass slides were paired
together with their rubbing directions going in opposite directions. Spacers were placed
between either end of the glass slides and a UV curable adhesive was used to glue the ends
of the glass slides together. An offset was left at the side of the glass slides to assist with
filling through capillary forces.

4.4.3 Anisotropic Solvent-Aligned Polymerization

A mixture of 87.5 volume% E7, 10 volume% MMA, and 2.5 volume% HDDA was
created. An additional 1 weight% of DMPAP photoinitiator was added based on the total
weight of the added MMA and HDDA. The mixture was mixed well using a vortex and
was injected into the optical cells using capillary forces. Once filled, the cells were left to
sit at room temperature for 10 minutes. It should be noted that the liquid crystals were in
the isotropic phase at room temperature because of the addition of non-LC molecules. Next,
the filled cells were placed on a liquid nitrogen fueled Instec HCP 204S benchtop thermal
plate set at -40 °C for 10 minutes. The flow of liquid nitrogen was controlled by an Instec
mK2000 temperature control unit and an Instec LN2-P liquid nitrogen pump. This allowed
the entirety of the mixture to reach the nematic phase. Next, the thermal plate was raised

to -20 °C for 3 minutes to allow the material to more quickly align with the aligning
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surfaces. The temperature was then brought back down to -40 °C for another 10 minutes
before polymerizing with a 365 nm UV lamp that output 10 mW/cm? for 15 minutes. The
samples were then allowed to return to room temperature, and some were placed in ethanol
to remove the liquid crystals.
4.4.4 Deformation Measurements
After LC removal, the formed polymer films were carefully broken out of the optical
cells and were cut down to be approximately 10 mm by 4 mm. Next, the films were placed
on a hotplate and the temperature was changed. Images were taken of the films at different
temperature and were analyzed using a custom MATLAB code that can measure uniaxial
and curling deformations.
4.4.5 X-ray Characterization
The orientation of the LC functional groups and aligned polymer chains was
determined by wide-angle x-ray scattering (WAXS). A Xenocs Inc. Xeuss 2.0 laboratory
beamline system with an x-ray wavelength of 1.54 A was used. A large vacuum chamber
was used to minimize air scattering. Diffraction patterns of the prepared amorphous film
samples were recorded using a Pilatus 1M detector (Dectris Inc.) with an exposure time of
1.5 hours and processed using the Nika software package, in combination with
WAXSTools wavemetrics Igor. The emitter was 15 cm from the sample.

4.5 Results and Discussion

To test de Gennes’ 1st prediction, we investigated the impact of LC mesophase
(polymerization temperature) on polymer chain conformations by polymerizing an

amorphous monomer and an amorphous crosslinker in a non-reactive, nematic LC solvent,
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E7 (Figure 19B). E7 was selected in this work as pure E7 exhibits a nematic phase over a
wide temperature range (from —62°C to 60°C). Hexanediol diacrylate (HDDA) and 2,2-
dimethoxy-2-phenylacetophenone (DMPAP) served as the crosslinker and photoinitiator,
respectively (Figure 19B). Photopolymerization was carried out by UV radiation at 365
nm, with a reaction vessel constructed from Elvamide-functionalized glass slides
promoting a parallel ordering of E7. In the first set of experiments, methyl methacrylate
(MMA) was the model amorphous monomer.

When the polymerization was conducted in isotropic E7 at 70°C [above the
nematic—isotropic phase transition temperature (Tn-1) of pure E7], the E7-infused PMMA
film exhibited a dark appearance under a polarized light microscope while still at this
elevated temperature. Upon cooling to room temperature, the uniformly dispersed E7
transitioned to the nematic phase, revealing the well-dispersed E7 in the film without
macroscopic phase separation (Figure 19C), a characteristic of LC gels. On the other hand,
when polymerization was carried out at an intermediate temperature (25°C), a
polymerization-induced phase separation process occurred, resulting in a polydomain
morphology in the E7-infused PMMA films at all angles of rotation (Figure 19D), a
characteristic of PDLCs.

It is well established that the presence of non-LC species can reduce the Tn-1 of LCs
and induce the coexistence of the isotropic and nematic phases. For instance, the transition
temperature between the coexisting isotropic/nematic phase and the uniform nematic phase
of a mixture comprising MMA (10%wt), HDDA (2.5%wt), and E7 (87.5%wt) was

determined to be around —20°C using polarized light microscopy. To ensure that the
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mixture remained in the nematic phase throughout the polymerization process, the
polymerization temperature was set at —40°C. As shown in Figure 19E, in contrast to
traditional LC gels or PDLCs, a bright—dark optical transition occurred in low-temperature
polymerized systems upon rotation under crossed polarizers. This observation confirms
that the presence of nematically ordered LCs during the polymerization of amorphous
monomers generates sufficient nanoconfinement to achieve highly aligned conformations.
To the best of our knowledge, this provides the first experimental evidence supporting de

Gennes’ 1st prediction.
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Figure 19. Polymerization of amorphous monomers in LCs to create LC gels, PDLCs,
and aligned polymer networks. Scale bars, 200 um.

To provide insight into de Gennes’ 2nd prediction, we used an organic solvent to extract
E7 and analyze the chain conformation of the purely crosslinked PMMA network
following the evaporation of the extraction solvent, as illustrated in Figure 20A. When

using a good solvent for PMMA, such as acetone, the resulting crosslinked PMMA film
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exhibited a uniform dark appearance under a polarized light microscope. These results
suggest a random coil conformation after LC removal, thus confirming de Gennes’ 2nd
prediction. Similar disordered chain alignment was observed in the PMMA films obtained
using Methods 1 and 2 (LC gel and PDLC) after the extraction of E7 (Figure 33 in
Appendix C).

However, surprisingly, when a poor solvent for PMMA, such as ethanol, was used, the
PMMA network retained its birefringence (Figure 20B) and exhibited anisotropic patterns
in the 2D WAXS pattern (Figure 20C). Work is currently ongoing to further characterize
the suspected alignment through differential scanning calorimetry, scanning electron
microscopy, and infrared transition moment orientational analysis. These findings suggest
that the crosslinked polymer chains undergo alignment templated by E7 during the
polymerization process, and remarkably, this alignment persists even after the removal of
E7, contradicting de Gennes’ 2nd prediction.

We attribute the cause of this ‘contradiction’ to the solvent—polymer interactions
during the LC removal process. When using poor solvents for LC removal, the preferred
polymer—polymer self-interactions do not provide necessary free volume needed for the
polymer chains to relax towards a random coil conformation, which is the most
thermodynamically stable chain conformation for intrinsically amorphous polymers.
Consequently, the aligned polymer chains experience shrinkage during LC removal,
resulting in the kinetic trapping of the aligned conformation even after the removal of the
LCs. Even with this shrinkage, however, we can confirm that the ethanol successfully

removed all of the E7, as seen in the ATR-FTIR data in Figure 34 of Appendix C. In
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contrast, if a good solvent is used to remove the LCs, the preferred solvent—polymer
interactions give rise to significant swelling. This swelling allows the polymer chains to
reorganize into random coil conformations, aligning with de Gennes’ 2nd prediction.
Considering that the equilibrium state of the intrinsically amorphous polymers is a
random coil, we aimed to manipulate the shape memory effect by leveraging the
metastability of the kinetically trapped aligned chain conformation. Below a threshold
temperature which is likely the glass transition temperature of the crosslinked PMMA film,
the aligned polymer chains can undergo reversible relaxation and alignment in response to
temperature variations, resulting in a two-way shape memory effect similar to LCEs, as
illustrated in Figure 20D. As demonstrated in Figure 20E, after ASAP and removing E7
using ethanol, the resulting crosslinked PMMA films exhibit a reversible unidirectional
elongation in the direction of the E7 orientation during polymerization with an actuation
temperature window between 80—90°C. This shape deformation is repeatable for at least
1,000 cycles (Figure 20F). However, above the suspected glass transition temperature, an
irreversible chain conformational change occurs, wherein the aligned polymer chains
irreversibly reorganize towards the random coil conformation and cannot recover the
aligned state even after cooling. As a result, the polymer networks are not capable of
reversible conformational transitions and shape deformations, leading to a one-way shape

memory effect, as evidenced in Figure 20G.
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Figure 20. Effect of solvent during removal and two-way shape memory effect of
polymer films created through ASAP.

To provide a complete view of ASAP materials, we present a summary of the effect of

crosslinking density on the chain conformations of polymer networks synthesized in LCs,

as shown in Figure 21. A lower threshold of crosslinking density is necessary to retain the

chain alignment imprinted by the nematic LCs during ASAP, given the intrinsic lack of

crystallinity in amorphous polymers. Insufficient crosslinking densities cause the polymer

chains to lose their aligned conformations, reverting to random coils and separating from

the bulk LC. Additionally, a second, higher threshold of crosslinking density exists.

Beyond this threshold, aligned polymer chain conformations can be maintained after LC

removal, but limited free volume may impede reconfiguration upon heating. This highly
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crosslinked polymer network demonstrates high thermal stability, limiting significant
conformational changes and macroscopic shape deformation, akin to the characteristics of

liquid crystal networks (LCNs).
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Figure 21. Design space for materials polymerized in LCs using ASAP.

Finally, we demonstrate the generalizability of ASAP to a variety of amorphous
monomers. Beyond MMA, ASAP can effectively align polymer networks using a wide
range of amorphous monomers, including styrene, methyl acrylate, n-butyl acrylate and t-
butyl acrylate, as evident in Figure 22. We note here that the crosslinked polymer networks

formed by different monomers exhibited unique actuation temperatures, indicating varying
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chain rigidity and the ability of the polymers to relax towards random coil conformations.
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Figure 22. Generalizability of the ASAP method to a variety of different amorphous
monomers.

4.6 Conclusion

In conclusion, our work fulfills de Gennes’ predictions regarding the alignment of
polymer chains through our ASAP approach. This innovative method utilizes
polymerization in a non-reactive nematic LC solvent at low temperatures, achieving
controlled alignment in intrinsically amorphous polymers. Remarkably, this alignment can
be kinetically preserved even after LC removal through proper crosslinking and careful LC
extraction, laying the foundation for controlling chain conformations in intrinsically
amorphous polymers. Consequently, the materials can switch between a one-way and two-
way shape memory effect by careful control of the temperature. The versatility of ASAP
extends to a variety of LC mesophases and amorphous polymers, allowing for significant

adjustments in shape actuation temperatures.
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Overall, ASAP successfully overcomes challenges posed by the chemical structure of
intrinsically amorphous polymers, expanding their application in diverse fields, from soft
actuators and robotics to optics and polymer-stabilized LCs. Future efforts will aim to
leverage ASAP for aligning chains of polymer electrolytes with enhanced directional
lithium-ion conductivity and optimizing the conformation of inherently disordered

conducting polymers for improved charge carrier mobility.
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Chapter 5 Conclusions and Future Work

For the first thrust, copolymerizing different configurations of liquid crystal monomers
provided a new avenue to tune the magnitude and direction of the deformation. It also
elucidated the negative interactions between different configurations caused by their
inability to properly align along the backbone. The copolymerization method used in this
thrust is not only easily integrated into existing alignment technologies, such as 3D printing
and photoalignment, but it also serves as an easier way to create more complex
deformations through patterning the composition along the material instead of the
alignment structure. Future work in this area involves investigating different
copolymerization structures, such as block and gradient, and different architectures, such
as cyclic and bottlebrush. These different structure and architectures are hypothesized to
produce unique deformations that can be used for new applications. Other future work
would include an investigation into the use of other liquid crystal monomers.

In the second thrust, the addition of nanoscopic surface structures increased the
adhesion of the films to surfaces. This increased adhesion can be synergistically combined
with the deformation of the films to match and adhere well to curved surfaces.
Additionally, the unique interactions with solvents provided by the surface structures opens
up potential new ways to design sensors. Future work for this thrust includes using other

types of liquid crystal monomers, including mixtures provided by the results of the first
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thrust, as well as an investigation into underwater applications to pin and move oily
droplets for underwater droplet reactor design.

With the third and final main thrust, liquid crystals were successfully used to template
their ordering onto the polymer chains of intrinsically amorphous polymers, such as
poly(methyl methacrylate) and polystyrene, which experimentally proves predictions made
many years ago by a founding member of the liquid crystal elastomer field. This has
allowed for new designs that are better suited for biomedical applications, as these
intrinsically amorphous polymers have already seen heavy use in some biomedical
applications. It was found that this imprinted ordering enables the amorphous polymer
systems to deform in response to an external stimulus just like traditional liquid crystal
elastomers. It was determined that the alignment is only kinetically trapped and can be
nullified through swelling with a solvent or through high temperature melting. Future work
for this thrust can go in many new directions, including investigating more complex
alignments and alignment methods already used with liquid crystal elastomers. For
example, it is hypothesized that the helical twist provided by chiral liquid crystals can be
imprinted into the polymer network thus creating novel materials for optics applications.
Likewise, using complex photoalignment methods, complex shapes and deformations can
be created, such as arrays of cones or birefringent images in a film. Finally, the most
exciting future path with this thrust is focused on the upcycling of plastic waste into usable,
high value materials through chemical depolymerization and liquid crystal templated

polymerization.
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Overall, by completing these three thrusts, I have expanded the utility of liquid crystal
elastomers and have opened the design space to include non-traditional monomers. This
work will increase their use in soft robotics, actuators, and sensors, areas where they
already see heavy use. In addition, this work opens them up to new biomedical applications
by overcoming the inherent challenges with liquid crystals, specifically their cost, difficult

synthesis, and hazardous nature.
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Appendix A. Supporting information for Chapter 2

Light transmission of LC polymers:

The light transmission of unpolarized light through the LC polymers was measured
using a Perkin Elmer Lambda 950 UV-visible spectrophotometer. Representative light
transmission spectra for homopolymers of LCM1 and LCM3 is shown in Figure 23. The
average light transmission of the LC polymers with wavelengths ranging from 450 nm to

550 nm were used in Equation (1) of the main text.
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Figure 23. Light transmission spectra for homopolymers of LCM1 (blue) and LCM3
(red). The thickness of the LC polymer samples is ~50 um.
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Effect of crosslinker on 7ic.1 of LC polymers

Here we investigate the effect of the non-LC crosslinker, HDDA, on the thermal
properties of the LC polymers. In our experiments, we synthesized and characterized
LCM1 homopolymers with and without HDDA. Inspection of Figure 24 reveals no

significant difference in the 7ic-1 values of LCM1 with 0 and 2.5% by weight of HDDA.

Heat flow

70 80 90 100 110 120 130
Temperature ("C)
Figure 24. DSC traces of LCM3 homopolymers with (red) and without (black)

crosslinker HDDA. The weight fraction of HDDA was 2.5% wt based on the total mass
of the homopolymer. Cooling rate: 2 °C/minute.

X-ray scattering of LC polymers

We performed wide angle x-ray scattering (WAXS) to confirm the alignment of the LC
director along the z-axis in homopolymers of LCM1 and LCM3. Inspection of Figure 25
reveals that the LC functional groups of the LC homopolymers are aligned parallel with

the direction of the applied magnetic field.
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Figure 25. 2D x-ray scattering as a function of azimuthal angle and momentum transfer
corresponding to (A) LCM3 and (B) LCM1 homopolymers. Red, double-headed arrows
indicate the magnetic field orientation during LC homopolymer synthesis.

To provide further insights into the effect of the random polymer structure, we
estimated the scalar order parameter of the LC polymers using x-ray analysis. Specifically,

the scalar order parameter can be calculated by:
Scalar order parameter = % (3{cos? ) — 1) (S1)

where f is the angle between a LC molecular symmetry axis and the director of the LC

functional groups in LC polymers. {cos® ) can be calculated by:

2 Zg:ozj;zfz
(cos” ) = o m (S2)
Lozt
_ 2 2 8 4 16 6 128 8 256 10
1(0)=fy*3/, cos™ O+ f, cos™ O+ f cos® O+ f, cos® O+ == f, ,cos ™ 0 (S3)
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in which 7 and @ are the scattering intensity and angle, respectively. We estimated the
scalar order parameter of the homopolymers of LCM1 and LCM3 and the random
copolymer of LCM1-LCM2 and LCM1-LCM3 to be ~ 0.250, ~ 0.275, ~ 0.278 and ~
0.102, respectively. The LCM1 composition of the random copolymers is 40% by weight.

NMR characterization of LC polymers

Here we performed NMR characterization to confirm the full conversion of the LC
monomers during photopolymerization. The LC polymers were dissolved in deuterated
chloroform, and the NMR measurement was conducted on a 400 MHz Advance NEO 'H
NMR. As evidenced in Figure 26, the disappearance of the peaks between 5.5-6.5 ppm in
the 'TH NMR measurements, which corresponds to the non-aromatic C=C double bonds,
indicates a full conversion of the reactive LC monomers during photopolymerization. In
addition, the weak peaks around 7.5-8.0 ppm can be attributed to the aromatic ring in 2-

hydroxy-2-methylpropiophenone, which is the remaining photoinitiator.
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Figure 26. 'H NMR spectrum of LCM1 monomer (A) before and (B) after
polymerization.

Molecular weight and polydispersity of LC (co)polymers
Here we performed GPC measurements to characterize the number-average molecular
weight (M,), weight-average molecular weight (My), and PDI (Mw/M;) of the LC

(co)polymers synthesized in this work. The measurement results are summarized in Table

1.
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Table 1. Molecular weight and polydispersity of LC (co)polymers.

Composition | Composition | Composition

LCM1 LCM?2 LCM3 Mn (g/mol) | Mw (g/mol) PDI

(wt%) (Wt%) (wt%)
100 0 0 20023 31550 1.58
0 100 0 26268 45413 1.73
0 0 100 25732 48751 1.89
80 20 0 20510 34574 1.69
60 40 0 20896 37628 1.80
40 60 0 23730 54282 2.29
20 80 0 20042 30464 1.52
80 0 20 20637 33047 1.60
60 0 40 18709 31301 1.67
40 0 60 19601 36342 1.85
20 0 80 22278 53952 2.42
0 80 20 21487 35303 1.64
0 60 40 17822 38105 2.14
0 40 60 19357 34642 1.79
0 20 80 23130 50911 2.20
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DSC measurement of random LC copolymers

Here we performed DSC characterization to determine the 7ic of the random LC
copolymers. As evidenced in Figure 27, the 7icas of the LCMI1-LCM2 random
copolymers lie between the 7Tic-is of the respective homopolymers, whereas the 71c-is of

the LCMI-LCM3 random copolymers lie below the T7Ticus of the respective

homopolymers.
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Figure 27. Representative DSC traces for random copolymers of (A) LCM1-LCM2 and
(B) LCM1-LCM3 as a function of chemical composition. The percentage indicates the
composition of (A) LCM2 and (B) LCM3 in the LC copolymers. Cooling rate: 2
°C/minute.

DSC measurement of LC homopolymer mixtures

To provide insights into the LC monomer configuration-dependent 71.c-i of the random
LC copolymers, we measured the thermal properties of mixtures of LC homopolymers. In
contrast to the random LC copolymers which exhibit a single 7ic-1, the homopolymer

mixture shows two individual 7ics corresponding to each homopolymer, as shown in
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Figure 28. We hypothesize that the existence of two 7ic-is is due to incomplete mixing of

two different LC homopolymers.
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Figure 28. DSC traces of homopolymer mixtures of (A) LCM1-LCM2 and (B) LCM1-
LCM3. The weight fraction of LCM1 homopolymers is 60% by weight based on the total
mass of the homopolymer mixture. Heating rate: 2 °C/minute.

Thermal behavior of LCM2-LCM3 random copolymer

Here we characterized the thermal properties of the other pair of random copolymers
consisting of different configurations of LC monomers (e.g., LCM2 and LCM3). As shown
in Figure 29A, the Tics of the LCM2-LCM3 random copolymers lie below the Tic-s of
the respective homopolymers (90 °C and 107 °C for LCM2 and LCM3 homopolymers,
respectively). In addition, Figure 29B shows that the 7ic-is of the unpolymerized mixtures
lie between the Tics of the respective monomers. The characteristic behaviors of the

LCM2-LCM3 random copolymer is similar to the LCM1-LCM3 random copolymer.
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Figure 29. Trcs of (A) random copolymers and (B) unpolymerized mixtures consisting
of different configurations of LC monomers (LCM2-LCM3) as a function of monomer
composition.

Ticas of LC polymers synthesized by RAFT polymerization

To provide further insights into the origin of the LC monomer configuration-dependent
Ticas of the LC copolymers, we used RAFT solution polymerization to synthesize
statistically random LC copolymers. As shown in Figure 30, no measurable difference in
the Tic1 was observed between LC copolymers synthesized with and without RAFT
agents. These results show that the influence of reactivity ratios of different LC monomers

on the composition-dependent 71c_is of the random LC copolymers is negligible.

91



Heat flow

50 100 150
Temperature (°C)

Figure 30. Trcs of LCM1-LCM3 random copolymers synthesized with (red) and
without (blue) RAFT agent. The composition of LCM1 is 60% by weight based on the
total mass of the random copolymer. [RAFT]:[DMPAP]:[LC monomer] = 1:1:100.
Cooling rate: 2 °C/minute.
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Appendix B. Supporting information for Chapter 3

Investigation of the effect of film thickness on the maximum curvature of LCE films

Here we investigated the maximum curvature of nanowire augmented liquid crystal
elastomer (LCE) films with different thickness. To create the films with different
thicknesses, spacers with different thicknesses were used to create the optical cells. As can
be seen in Figure 31, the thickness of the films has a drastic effect on the maximum
curvature of the films, with thin samples curling more than thicker films. For a majority of

the results, a thickness of 0.5 was used.
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Figure 31. Effect of thickness on the maximum curvature of the nanowire-augmented
LCE films.
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Investigation of the effect of nanowires on the maximum curvature of LCE films

Here we investigated whether the nanowires had any effect on the maximum curvature
of the nanowire augmented LCE films. The same films were used for both tests, with the
nanowires being carefully removed with a scalpel to avoid damaging the bulk of the film.
The removal of the nanowires was confirmed visually, by a shiny appearance matching the
backside of the film. As can be seen in Figure 32, the nanowires were found to not have a
significant effect on the maximum curvature of the film. Therefore, we can assume that the

nanowires are not causing or hindering the curling motion.
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Figure 32. Effect of nanowires on the maximum curvature of the LCE films.
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Appendix C. Supporting information for Chapter 4

Polarized optical micrographs of PDLCs and LCgels

Figure 33 shows polarized optical micrographs of polymer dispersed liquid crystal
(PDLC) films (Figure 33C) and liquid crystal gels (Figure 33B) after the removal of the
liquid crystal. As can be seen compared to the aligned film made through ASAP (Figure

33A), the two films are dark at all angles of rotation.

ASAP

LC gel

PDLC

Figure 33. Polarized optical micrographs of ASAP films, LC gels, and PDLCs after LC
removal. Scale bars, 200 pm.



Confirming the removal of E7

Figure 34 shows attenuated total reflectance-Fourier transform infrared (ATR-FTIR)
spectroscopy data of a film prepared through ASAP before and after LC removal. As can
be seen by the disappearance of the peak at 2224 cm™, corresponding to the CN group of

the E7, the LC can be assumed to be completely removed from the films after washing in

ethanol.
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Figure 34. ATR-FTIR spectra confirming removal of E7 from PMMA film.
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