LIQUID CRYSTAL - TEMPLATED SYNTHESIS OF POLYMERIC
MICROPARTICLES WITH COMPLEX NANOSTRUCTURES

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

BURAK AKDENIZ

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE OF MASTER OF SCIENCE
IN
CHEMICAL ENGINEERING

AUGUST 2019






Approval of the thesis:

LIQUID CRYSTAL - TEMPLATED SYNTHESIS OF POLYMERIC
MICROPARTICLES WITH COMPLEX NANOSTRUCTURES

submitted by BURAK AKDENIZ in partial fulfillment of the requirements for the
degree of Master of Science in Chemical Engineering Department, Middle East

Technical University by,

Prof. Dr. Halil Kalipgilar
Dean, Graduate School of Natural and Applied Sciences

Prof. Dr. Pinar Calik
Head of Department, Chemical Engineering

Assist. Prof. Dr. Emre Biikiisoglu
Supervisor, Chemical Engineering, METU

Examining Committee Members:

Prof. Dr. Nihal Aydogan
Chemical Engineering Dept., Hacettepe University

Assist. Prof. Dr. Emre Biikiisoglu
Chemical Engineering, METU

Assoc. Prof. Dr. Erhan Bat
Chemical Engineering Dept., METU

Assist. Prof. Dr. Simge Cinar
Metallurgical and Materials Engineering Dept., METU

Assist. Prof. Dr. Inci Ayranci Tansik
Chemical Engineering Dept., METU

Date: 08.08.2019



I hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and ethical conduct. | also declare
that, as required by these rules and conduct, | have fully cited and referenced all

material and results that are not original to this work.

Name, Surname: Burak Akdeniz

Signature:



ABSTRACT

LIQUID CRYSTAL - TEMPLATED SYNTHESIS OF POLYMERIC
MICROPARTICLES WITH COMPLEX NANOSTRUCTURES

Akdeniz, Burak
Master of Science, Chemical Engineering
Supervisor: Assist. Prof. Dr. Emre Biikiisoglu

August 2019, 92 pages

Liquid crystals (LC), when combined with photolithography, enable synthesis of
microparticles with two- and three-dimensional shapes and internal complexities. We
prepared films of nematic LCs using mixtures of reactive (RM257) and non-reactive
mesogens (E7) with controlled alignment of LCs at the confining surfaces, photo-
polymerized the RM257 using a photomask, and then extracted the unreacted
mesogens to yield polymeric microparticles. The extraction resulted in a controlled
anisotropic shrinkage with an amount dependent on the RM257 content and the
direction dependent the on LC alignment. Moreover, control over the aspect ratio, size
and thickness of the microparticles were obtained with a coefficient of variance less
than 2%. In addition, non-parallel LC anchoring at the two surfaces resulted in a
controllable right- or left-handed twisting of microparticles (Chapter 4). Besides these
results, we used circular, triangular, rectangular, square, star and heart shaped
lithography masks to provide initial shapes to the microparticles (Chapter 5). The
configuration of the reactive and non-reactive mesogen mixtures maintained initially
played a critical role in determining the chiral twisting and bending of the
microparticles. We found that the pitch size of the bulk chiral twisting of the polymeric
microparticles to depend linearly on the angle of chiral twist of the LCs, whereas it is

independent of the length and thickness of the objects ranging from 1.5 pm to 160 pm



in thickness and 100 um to 2.45 cm in length. The shapes of the polymeric
microparticles synthesized from LC films with bent in the ordering of LC molecular
templates, however, were critically dependent on the thickness of the microparticles.
We found that this was due to the interplay between the elastic energy and surface
anchoring of the LCs. The critical role of LC elasticity was observed for thicknesses
below 20 um, whereas surface ordering played critical role on the thickness of the
films above 20 um (Chapter 5). Overall, the proposed method was shown to provide
a precise control over the three-dimensional architectures of the objects ranging sizes
covering the microscopic and macroscopic scales.

The library of the microparticles demonstrated in this study may find substantial use
in applications including drug delivery, emulsions, separations and sensors, besides
their potential in revealing new fundamental concepts in self-assembly and colloidal

interactions.

Keywords: microparticles, liquid crystals, templated synthesis, photolithography,
chirality
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SIVI KRISTAL SABLONUNDA KOMPLEKS NANOYAPILARA SAHIP
POLIMERIK MiKRO PARCACIKLARIN SENTEZLENMESI

Akdeniz, Burak
Yiiksek Lisans, Kimya Mithendisligi
Tez Danigmani: Dr. Ogr. Uyesi Emre Biikiisoglu

Agustos 2019, 92 sayfa

Swv1 kristaller, fotolitografi yontemi ile birlestirildiginde, iki ve ti¢ boyutlu sekiller ve
i¢ yapist degistirilebilen mikro pargaciklarin sentezini saglar. Yiizeyde istenilen
yonelimde duran reaktif (RM257) ve reaktif olmayan mezojenlerin karigimlari
kullanilarak, nematik sivi kristal filmleri hazirlandi, film igerigindeki RM257 bir
fotomaske kullanarak ultraviyole 151tk yardimi ile polimerlesmesi saglandi ve
reaksiyona girmemis mezojenlerin ekstraksiyonu ile polimer bazli mikro pargaciklari
elde edildi. Reaksiyona girmemis mezojenlerin ekstraksiyonu sonrasinda, RM257
icerigine ve sivi kristal yonelimine bagli olarak kontrollii anizotrop biiziilme
gozlemlendi. Bunlara ek olarak, mikroparcaciklarin en boy orani, biiyiiklikleri ve
kalinliklar1 kontrol edildi ve %2'den daha az varyasyon katsayisina sahip pargaciklar
elde edildi. Ek olarak, iki ylizeyde birbirine belli agilarla yerlestirilmis siv1 kristal
yonelimi kullanildiginda, saga ya da sola dogru biikiilmiis mikropargaciklarin
olusumu ile sonuglandi (Boliim 4). Bu sonuglarin yani sira, mikropargaciklarin ilk
sekillerini verebilmek i¢in dairesel, liggen, dikdortgen, kare, yildiz ve kalp sekline
sahip litografi maskeleri kullanildi (Boliim 5). Polimerlestirme 6ncesi sahip olunan
reaktif ve reaktif olmayan mezojen karisiminin konfigiirasyonu, mikroparcaciklarin
kiral donglide yapilar olusturmasi veya istenilen yone dogru biikiilmesinin

belirlenmesinde kritik bir rol oynadi. Polimer yapili mikroparcaciklarin kiral adim
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sayisinin, s1vi kristallerin arasinda belirlenen ag1 ile dogrusal bir iligki oldugu, ama 1.5
um ile 160 um arasinda degisen kalinliktan ya da 100 um ila 2,45 cm arasinda degisen
uzunluktan bagimsiz oldugu gozlemlendi. Bununla birlikte, sivi kristal molekiiler
sablonunun biikiilmiis oldugu ortamda sentezlenen polimer bazli mikropargaciklari
sekilleri, kritik olarak mikropargaciklarin kalinligina bagli oldugu gozlemlendi.
Bunun, elastik enerji ile sivi kristallerin yiizey yonelimi arasindaki karsilikli
etkilesimden kaynaklandigini1 gordiik. Sivi kristal elastisitesinin kritik roli, 20 pm
altindaki kalinliklar i¢in gdzlenirken, 20 pm {izerindeki filmlerin kalinliginda ise sivi
kristallerin yiizey baglantisinin baskin oldugu gézlenmistir (Boliim 5). Sonug olarak,
onerilen yontemin, mikroskobik ve makroskobik olgeklerde degisen nesnelerin ii¢
boyutlu mimarileri iizerinde hassas bir kontrol sagladigi gosterilmistir.

Bu calisma igeriginde sentezlenen parcacik sekilleri mimarileri ilag salinimi,
emiilsiyonlar, ayirma prosesleri ve sensor gibi 6nemli uygulama alanlarinda, bunun
haricinde ise kendiliginden diizenlenme ve koloidal etkilesimlerde {izerinde yeni

temel kavramlari ortaya ¢ikarilmasina tizerinde kullanilabilir.

Anahtar Kelimeler: mikropargaciklar, sivi kristaller, sablonla sentezlenme,

fotolitografi, kiralite
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CHAPTER 1

INTRODUCTION

In recent years, there is a demand for miniaturization of three dimensional objects for
certain applications including medical diagnostics®, drug delivery?, emulsion
stabilization®, and catalysis*. Within these applications, there are evidences that
highlight the significance of the shapes of the micrometer sized objects in the
applications, for instance, shape of the microparticles affects the targeting efficiency
of the drugs™®, or emulsion type’. In other words, shape complexity is an important
parameter in stabilizing the Pickering emulsions® or designing drug delivery® agents
and it plays an important role in the Brownian motion and colloidal interactions
between particles, which underlie important physical phenomena. For this reason,
there are wide range of materials of construction, shapes, and internal morphology of
the microparticles.>! Therefore, more recent application areas and scientific
advancements require to broaden the size, shape and chemical complexity, and

internal structures of the micrometer sized objects.

There are various available methods that can fulfill the requirements of shaping
microparticles. These well-established methods include traditional top down
methods'2®3, soft lithography'?, photolithography!#, spray drying'®, mold stretching®®,
microfluidic®*"~*°, and emulsion-based polymerization?°. To observe the effect of the
synthesis method on the microparticles shape complexity and chemical anisotropy,
Dedunkuri prepared Figure 1.1°. Figure 1.1-A summarizes microparticle synthesis
methods which have significant effect on chemical anisotropy and shape complexity
due to employed method. Figure 1.1-B shows the particle size coverage of the
synthesis methods. Although given methods have their own advantages such as
scalability, reproducibility and precise control over the shape, most of them suffer

from control over the morphology and the internal structure of the particles. For



example, flow lithography provides high-throughput synthesis of morphologically or
chemically unique particles (Figure 1.1-A), the size of the microparticles are limited
to micrometer scale (Figure 1.1-B). Or while it is possible the synthesize nanoscale
microparticles via emulsion polymerization, their shapes are limited to spheres. To
solve the limitations of such methods and improve the library of the microparticle
shape, templated synthesis of polymeric materials has been shown to architect the
polymeric materials. Recently, it has been shown that low molecular weight non-

reactive LCs are good candidate for the templated synthesis of polymeric materials.
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Here, we underline the fundamentals of liquid crystals (LCs) which we significantly
employ in this study because our main approach is combining photolithography
process and LC molecular templates. LCs are a phase between crystalline solids and
isotropic liquids. These phases of matters are classified as thermotropic LCs when
temperature is critical to form LC phase. These thermodynamically stable phases are
generally seen in rod like molecules (anisotropic behavior) such as pentyl
cyanobiphenyl (5CB) and the mesoscale ordering is represented as director (average
orientation). The simplest and best studied phase is the nematic LCs. In nematic LCs,
molecules are aligned in almost at the same direction but exhibit no position order.
Moreover, addition of chiral dopant to the nematic LCs lead to form cholesteric LCs.
In cholesteric LCs, LC molecules show helical twist perpendicular to the director.
Addition of the chiral dopant, and closeness to nematic to isotropic transition
temperature cause blue phases. In blue phase, LC molecules have two directions which
are perpendicular to the director (three-dimensional periodic lattice).

In this study, our main aim is to improve microparticle shape complexity and
morphology by employing LCs as templating molecules. Photolithography method
was employed for the synthesis of microparticles and the combination of the
photolithography process with LC template method provide improvement in
microparticle shape complexity and morphologically tunable microparticle synthesis.
In this thesis, specifically, chapter 2 provides information regarding to microparticle
synthesis methods, LCs, LC elastomers, and the combined methods (synthesis method
and LC) will be discussed. Chapter 3 will give information related to the materials
used, and experimental methods followed in this study. Chapter 4 will underline the
development of the method which we combine the lithography process with LCs and
define a generalized boundary of the accessible microparticle shapes. Chapter 5 will
explain the key parameters and principles for the synthesis of microparticles, their
precision and define future possibilities. Conclusions of the thesis can be found in
Chapter 6.






CHAPTER 2

LITERATURE SURVEY

Polymeric microparticles are used in diverse range of applications such as drug
delivery?, emulsion stabilization®, catalysis®®, separation process®"? and sensors?°.
The shape complexity, size and internal morphology of the particles are critical for
uses in these fields ranging from fundamental sciences to specific applications.
Beyond the currently available microparticle architectures, there is an interest in the
synthesis of custom design particles, therefore, there is a need of methods to broaden
the range of the microparticle types that enable new scientific and technological
advancements. For instance, macroscopic chiral twisting of polymeric materials is
often required for emerging technologies that require response against external stimuli
resulting from their chiral twist, such as artificial muscles or micro swimmers,
however, the synthesis of such polymeric materials often requires labor intensive
procedures.®®3 Therefore, our aim for this study is to describe a method that combine
liquid crystal (LC) molecular templates with photolithography for the synthesis of
monodisperse polymeric microparticles. The method provides control over the size,
complex internal structure, and shape including a micrometer-scale chiral twisting and
bending via the use of liquid crystals, which would not be possible with their isotropic

molecular counterparts.

Here, we would like to underline some polymeric microparticle synthesis methods
which are linked with this study. Photolithography method is well established in
circuit technology and is adapted to synthesis of polymeric microparticle by
Hernandez and Mason.* In their study, four main steps were the same with ordinary
photolithography procedure; spin coating, UV exposure, development and lift-off. The
details of the synthesis steps can be seen in Figure 2.1-A. By employing these

methods, they have synthesized exotic colloids, or “LithoParticles” in mass scale



(around billions of copies). To show the shape broadness of the fluorescent polymeric
microparticles, alphabet soup (26 letters of the Latin alphabet) were synthesized
through photolithography method. On the other hand, hybrid and three-dimensional
shapes of particles are synthesized through multilayer approach in photolithography
(Figure 2.1-C). These show the full potential of the photolithography process in terms
of microparticle synthesis. However, the synthesis of chiral shape microparticles or
ribbons is almost impossible through this procedure.
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Fluorescent polymeric ‘LithoParticles’ were synthesized via photopolymerization.
Scale bar is 5 pum. (C) Three dimensional micro particles were synthesized from

multilayer approach.t*

One of the favorable methods is microfluidic devices which contain microchannel and
deal with the low Reynold numbers within the channels. These microchannel
architectures result in the improvement of the microparticle synthesis in terms of time,
rate and sensitivity (monodispersity)*e. To illustrate, Dendukuri et al. have developed
new perspective by coupling photolithography approach with the microfluidic
perspective in order to synthesize much complex shapes®®. In continuous flow

lithography (CFL), monomer flowed in the polydimethylsiloxane (PDMS) based



microchannel and exposed to UV light where shape of microparticles was defined with
photomasks. Figure 2.2-A shows the schematic illustration of the CFL synthesis setup.
Photopolymerization of the microparticles were almost instantaneous and did not
show any plugging inside the channels due to oxygen mediated inhibition of PDMS
surface. Synthesized microparticles through this method can be seen in Figure 2.2-B.
Moreover, combining several microchannels with CFL procedure increases the
chemically distinct regions like Janus type particles. (Figure 2.2-C). Although
suggested method has significantly improved microparticle shape, speed of the
microchannels might lead to decrease the resolution and form blurring and smearing
of the shape of the particles, and the accessible particle shapes were limited to those

that can only be extended from a two-dimensional drawing on the mask.
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Figure 2.2 (A) Schematic illustration of the CFL procedure with top and side view.
(B) Synthesized microparticles via CFL technique. Scale bars are 10 um. (C) Janus

synthesis method and synthesized microparticles. Scale bar is 100 pm.8



Mold stretching provides diverse range of particle shapes that could broaden the shape
symmetry of the particles that can be synthesized by photolithography methods.
Champion et al. used two general approaches for the synthesis of 60 nm to 30 pm
polystyrene (PS) particles.®* In the first approach (Figure 2.3-A), PS particles were
liquefied on PVA based mold and then stretched in one or two dimensions to
synthesize spherical, rectangular disc, rods, worms, oblate ellipses, elliptical discs,
UFQOs, and circular disks shape particles. In the second approach (Figure 2.3-B), PVA
films were stretched to create voids around PS particles. Then, PS particles were
liquefied and solidified again. This approach leads to synthesis of barrels, bullets, pills,
and pulleys shape particles. Design parameters of the diverse range of particles were
identified as Tg and thickness of film, Tg and viscosity of particle, adhesion strength
between particle and film, and stretch parameters. These parameters were adjusted to
obtaine desired particle shape and size. Unfortunately, internal structuring of particles
Is not possible through this method, in addition, the accessible shapes were limited to
the shapes that can be formed by complete or partial filling of the elongated cavities

defined by the molds.
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Figure 2.3 Two general approach for the synthesis of diverge range of PS particles.

(A) Top image is the scheme representation of the method A. The bottom images are
the synthesized (a) spherical, (b) rectangular disc, (c) rods, (d) worms, (e) oblate
ellipses, (f) elliptical discs, (g) UFOs, and (h) circular disks shape particles. Scale bars:
2 um. (B) Top image is the scheme representation of the method B. The bottom images
are the synthesized (a) barrels, (b) bullets, (c) pills, and (d) pulleys shape particles.
Scale bars: 2 pm.3*



All listed methods for the synthesis of polymeric microparticles have their own
advantages and disadvantages as discussed previously. To give one more example,
hydrodynamic effects (Peclet number) and drying conditions in spray drying to
modify microparticles morphology®®, or chemical and structural complexity can be
incorporated to the microparticles through combination of several methods, for
example through combination of microfluidics with photolithography®, they still
provide limited solutions especially for three dimensional architectures. For instance,
the shapes and their symmetries are limited to those that can be given by the
confinement symmetry of the micro-environment surrounding the synthesis media,
such as spherical compartments or channels with cylindrical or rectangular cross
section®®. In addition, the introduction of complexity in the three-dimensional shapes
(such as chirality) of the particles is challenging, and usually impossible, through these
methods. Moreover, since the chirality, within a size range that spans from molecular
sizes to meso- and macroscopic scales, is an important phenomenon that plays a
significant role in determining the behavior 3° application®%%4!  and
performance®?*® of the nanoscopic to microscopic objects; control over the synthesis
of objects with such symmetries provides significant contribution to their use in
certain applications. Thus, further control over the shapes and structures of the

micrometer sized objects requires additional methods to be established.

In this study, LCs were selected as templating molecule to control the shape and
internal structure of the particle because LCs can be reorganized under stimulus and
they can change their director depending on the chemical and physical properties of
the surrounding environment.** In addition, their orientation can easily be determined

using polarized optical microscopy.

Surface ordering of LCs, elasticity of LCs, and the formation of the topological defects
in LCs are the three key parameters that strongly affect orientation and behavior of the
LCs. Therefore, here we outline the design parameters of the LC templated

microparticle synthesis methods.
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Figure 2.4 Key parameters of the liquid crystalline materials. (A) Surface ordering,

(B) elasticity of the LCs, and (C) topological defect in LC medium.

Surface ordering of the LC molecules are connected with intermolecular interactions
between LCs and a confining medium. LCs has the minimum energy in easy direction
without any external field. Application of external field may redefine the orientation
of the LCs and the direction of the LCs at the surfaces is called surface director.
(Figure 2.4-A) This causes a deviation from easy axis and increases the free energy.

Interfacial free energy (Fs) is often described by following formula,**4
1 ., .
F =F +E-Wa -sin(0, - 6,) Equation 1

where W, is anchoring energy and has the value 10-3-10"2 mJ/m?. Surface ordering of
LCs can be changed by functionalization of the surfaces with different chemicals. For
example, rubbed polyvinyl alcohol (PVA) or polyamide (PA) show planar anchoring
at the surface of the glass substrate, while functionalizing with the
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octadecyltrichlorosilane (OTS), dimethyloctadecyl [3-(trimethoxysilyl) propyl]
ammonium chloride (DMOAP), or perfluorodecyltrichlorosilane (PFDTS) show

homeotropic anchoring (perpendicular to the surface of the glass substrate).

Elasticity of the LCs behavior is related to long-range orientation of the LCs. Twist,
bend and splay are the three main strain modes of the LCs (Figure 2.4-B). There are
many different representations of free energy density considering elastic property of
LCs. One of the best-known representations of the free energy density is the Frank —

Oseen equation as follows;*4
Fo=iKur (V) +3- K- (V) + 3Ky [nx (Vxn)]” Equation2

where Ki, Kz, and Kz are the strain constants for twist, bend and splay modes,

respectively in the order of 101t N.

The phenomena of topological defect underline the discontinuity regions of the LC
molecules under different geometries (Figure 2.4-C). LCs molecules are forced to
form defect points or lines under some geometric constrains. For example, LC
molecules align perpendicular to the wall of spherical geometry. LCs alignment is not
continuous at the center of the spherical geometry. Therefore, it forms point defect at
the center of the sphere. Examples of topological defects are illustrated in Figure 2.4-
C.

The route for the synthesis of liquid crystal elastomer (LCE) microparticles involve
the polymerization of single- or multicomponent mixtures of reactive mesogens with
mono- or diacrylate or epoxy end groups.?>*¢-50 Moreover, reactive groups can be at
the both end (end-on), one end, or at the side (side-on) of the mesogenic unit. In
addition to symmetry of the reactive groups, they can be attached side chains of the
monomer units to form side chain polymers (Figure 2.5-B and -D) or directly linked
to each other to form main chain polymers (Figure 2.5-A and -C). Since acrylate

groups are used for starting materials, free radical polymerization takes place. The
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reactive mesogenic architecture of the polymer network directly affects response to

the external stimulus or application area.
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Figure 2.5 Various types of liquid crystalline monomers. Reactive groups are at the
both end (end-on) (A), one end (C), or at the side (side-on) (B, D) of their rigid

structure.

Polymeric microparticles which have liquid crystalline network are attractive since
they have interesting behavior to broaden their functional properties. In order to
synthesize liquid crystalline network inside microparticles, replica molding®?,
emulsion polymerization®?, dispersion polymerization®®, 3D printing®*®®, inkjet
printing® and microfluidic?® methods can be used. Here are some examples of the

LCE material synthesis methods and their functional properties.

Vennes and Zentel synthesized colloidal microparticles from nematic and smectic
phases via dispersion polymerization®3. Characterizations of the microparticles were

done by DSC and polarizing microscopy. In order to synthesize microparticles, a
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solvent was selected considering its solubility of monomer and polymer network.
Ethanol and 2-methoxyethanol were selected as solvent which can dissolve in
monomer and non-solvent for the polymer. For the initiation of the polymerization
step, dibenzoyl peroxide was employed and hydroxypropyl cellulose was added for
dispersion polymerization. The amount of dibenzoyl peroxide and hydroxypropyl
cellulose did not affect the result, whereas solvent mixture ratio had a significant effect
on the size and distribution of the microparticles. Increasing methoxy to ethanol ratio
provided larger particles. (Figure 2.6). However, dispersion polymerization was

limited to the synthesis of spherical particles.

Figure 2.6 Molecular structure of the liquid crystalline monomers M3 and M4 used
for this study. Microscopy images of the colloidal microparticles synthesized from (B)
pure ethanol, (C) 8:1 ethanol to 2-methoxy ethanol ratio, (D) 4:1 ethanol to 2-methoxy
ethanol ratio with M3. Top images show broader size distributions, whereas bottom
images show narrower size distributions with 10:1 ethanol to 2-methoxy ethanol ratio

(E), 9:1 ethanol to 2-methoxy ethanol ratio with M3 (F) and pure ethanol with M4 (G).
53
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Yang et al. successfully prepared non-spherical particles via mini-emulsion
technique®’. They mixed three different polymers, which show liquid crystalline
phase, with chloroform, water and surfactant (SDS). After 5 minutes sonication, mini-
emulsions of the polymer networks were formed. Size and shape (aspect ratio) of the
nanoparticles were different as outlined below. Small particles (below 30 nm) tend to
be spherical (aspect ratio is 1.0). However, intermediate size particles (major axis is
138 nm and minor axis is 90 nm) show ellipsoid shape (aspect ratio is 1.5). Larger
particles (above 1000 nm) again tend to be spherical (aspect ratio is 1.0). This result
indicates that interfacial tension distorts the equilibrium ellipsoids elastically back to
spheres when the particles size is decrease. Moreover, ellipsoid shaped particles were
heated to their isotropic phase temperature and particles showed spherical shape
(around 100°C). Cooling down to the room temperature resulted in the formation
ellipsoid shape again. They observed that change in the shape is a reversible process
and dependent on the temperature. Although manipulation of the particle shape is hard
to achieve through mini-emulsion technique, the described method provides limited

solution to synthesize internally complex shapes.

As a different method, Yang et al. used replica molding technique to synthesize
micrometer sized liquid crystalline elastomer actuators.®® To synthesize polymeric
microparticles, PDMS mold pressed down to isotropic mixture, which consists of
nematic thiol-ene monomer (94.5 mol%), crosslinker (5 mol%), and initiator (0.5
mol%), with applied magnetic field to maintain the alignment of the nematic director
parallel to the long axis of the pillars. Then, the system cooled down to nematic
temperature in above position. UV was exposed (30 minutes) to nematic mesophase
mixture and rectangular array covered by a thin glassy polymer film was synthesized.
Then, LCE pillars were cut off by a razor blade from the surface of glassy polymer
film. The temperature of LCE pillars was increased to isotropic temperature (around
170°C) to show actuating behavior of pillars. Pillars maintain a ‘coin’ shape. After
cooling down to the room temperature, original shape and size of pillars was

maintained. (Figure 2.7). They predicted that this actuating behavior can be used to
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fabricate active surfaces or small elementary muscles or as a micro-pumps and micro-
robots®%8, However, it is hard to manipulate microparticle’s internal structure or

complexity through replica molding method.

a H b H c Q d Q e g
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Figure 2.7 (a-d) LCE pillars were heated up systematically to isotropic temperature

(around 170°C), (e) then cooled back to the room temperature. Scale bar: 100 um.®

Fleischmann et al. synthesized core-shell liquid crystalline microparticles by
employing microfluidic double emulsion process (Figure 2.8-A)*°. The core of the
microparticle consist of glycerol, which has relatively low viscosity at elevated
temperature, while shell contains liquid crystalline monomer. As a continuous phase
of co-flow microfluidic device, silicone oil, which is immiscible with monomer
mixture, was selected. Surfactants or shell stabilizers were not introduced to the
system since they can affect and change the liquid crystalline orientation. Then, UV
light was exposed to the core-shell microparticles at nematic liquid crystalline phase
(65°C). The main axis of the ellipsoidal shaped microparticles (aspect ratio is 1.3-1.5)
were 545 pum and exhibited mono-dispersity. To show actuation behavior of the
microparticles, the temperature of the system was increased to 130°C (above the
nematic to isotropic transition temperature). They observed that aspect ratio of the
microparticles were changed significantly (1.5 to 0.73) to use them as a micropump
and maintained initial shape after cooling to the room temperature. To verify the
concept of micropump, glass capillary (orifice diameter is 40 um and capillary tip has
3° angle), which was hydrophobized with trichloro(3,3,3-trifluoropropyl) silane to
solve wetting problem, pierced into the core shell microparticles at 90°C. Then, hot
plate was set to 130°C to change the aspect ratio of the microparticles. Setup of the

experimental system can be seen in Figure 2.8-B. Glycerol inside the microparticle
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was raised due to the change in the aspect ratio of the particles. Once the system lifted
away from the hot plate, glycerol is returned to the core of the microparticles as seen
Figure 2.8-C, D. This actuator behavior illustrates that core shell particles can be used
as micropump which then incorporated in lab-on-chip systems. This example shows
that the microfluidic devices can be integrated for the synthesis of LCE particles and
their potential application area as a responsive material.
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Figure 2.8 Schematic illustration of core shell microparticle synthesis method by
double emulsion microfluidic device (A) and temperature response experiment setup

(B). (C and D) Temperature response of the core-shell microparticles. >°

lamsaard et al. converted molecular movement of helical materials into macroscopic

work by using LCEs with azobenzene containing units.3> They synthesized chiral
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liquid crystalline networks by combining 4 different liquid crystalline monomers (one
of the monomers contain azobenzene group in its structure) with chiral dopant (0.04
wt. %) and non-reactive mesogen mixture E7 (ratio of 1 to 2.5 monomer mixture). The
reason for chiral dopant usage was to obtain twist behavior of LC materials between
two glasses with 200 pum pitch size. Since the gap between the two glasses was selected
as 50 um, LCs were able to twist 90° with respect to bottom glass and twist direction
was dependent on the chiral dopant type. After polymerization by UV exposure,
polymeric film was cut 0.8 — 1.3 cmin length and 0.7 - 0.9 mm in width in the direction
of ¢ (mid-plane of the twisted LCs mixture). The direction of cutting specified the
final pitch size, handedness of the structure and therefore their photoresponsive
behavior. Right side of Figure 2.9 shows the formation of flat, open ring, left or right
handed twisted ribbon synthesized with different ¢ values. Then, they were exposed

UV light to the demonstrate their shape change.
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Figure 2.9 Schematic illustration of the top view of elastomeric film is on the left panel
of the figure. Cutting direction changed the final structure of the elastomer as form
almost flat (Ribbon A), left and right handed ribbons (Ribbon B and D, respectively),
and open ring (Ribbon C) structure.®
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Liquid crystals (LCs) as molecular templates?2* has been shown to provide practical
solutions to overcome some of the limitations of the currently available methods
described above. Key properties of the LCs such as molecular alignment and elasticity
(while maintaining fluidic properties) were used to modify the internal structure,
morphology and response of the micrometer sized objects.30:32445960 With LC
templated route, additional control over the shapes, internal structuring, and porosity
of the microparticles have been shown to be provided to the microparticles during
anisotropic shrinking following the extraction of the unreacted part.>>®%62 In other
words, opportunities to extent the library of the microparticles do exist through
combination of the methods that involve non-reactive LCs as templates. Below, we

demonstrate some methods using LC templated route for the synthesis of particles.

To illustrate, synthesis methods involving LC-in-water emulsions showed that initially
spherical shapes of the particles would shrink anisotropically (after removal of the
unreacted part) to maintain various shapes that depend on the initial LC director
configurations maintained within the droplets.?4®183 Specifically, Wang et al.
capsulated reactive (RM257) and non-reactive mesogens (5CB) by continuous phase
(glycerol) to form liquid crystal droplets.?* LC droplets initially (top image of the
Figure 2.10) had the spherical shaped with different topological defects (internal
structure). Position of the topological defects directly changed the internal structure of
the droplet and was directly linked with the sodium dodecyl sulfate (SDS)
concentration on the surface of the droplets. After polymerization and extraction of
the non-reactive mesogens 5CB, microparticles shrank depending on LCs alignment.
Droplets which have bipolar, radial, axial, or pre-radial configurations before
extraction, became spindle-shaped, spherical, spherocylindrical, or tear-shape
particles after the removal of non-reactive units, respectively and bright field and
polarized light images can be seen in Figure 2.10-A, B, C, and D. In addition, they
showed that final to initial volume ratio had linear dependency on the concentration
of the RM257. Therefore, bipolar shape particles are linearly decreased by lowering
RM257 concentration. On the other hand, mass density of the microparticles is
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constant as a function of RM257 concentration. These results show that spherical
droplets can be formed exotic shapes by using LCs as a templating molecule.
However, initial shape of the microparticles is limited to spherical shapes since the
emulsion leads to form spherical droplet formation due to lowering interfacial energy,
therefore limiting the microparticle shapes that can be formed from spheres.
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Figure 2.10 Synthesis of (A) spindle-shaped, (B) spherical, (C) spherocylindrical or
(D) tear-shaped polymeric microparticles templated from LC droplets in (A) bipolar,
(B) radial, (C) axial or (D) preradial configurations, respectively. Bright field and
polarized light images of each configurations can be seen below the schematic
illustration of the configuration. Scale bars: 5 um. (E) (o) Ratio of the final and initial
volume of the bipolar microparticles, and (X) mass density of the same particles with

varied RM257 concentrations. 24
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Ansel et al. successfully synthesized chiral polymeric microparticles by combining
liquid crystal templated method and emulsion polymerization in their recent study.%
Liquid crystal droplets (approximately 100 um in size) were prepared by dispersing
non-reactive mesogen (5CB) and reactive mesogen (RM257) into aqueous solution
with containing PVA and photoinitiator. Droplets showed bipolar configuration (two
boojums) due to presence of PVA (rubbed PVA shows planar anchoring). Then,
droplets were exposed to UV light to polymerize the microparticles. Extraction of the
non-reactive mesogen 5CB leads to formation of spindle shape with the defects at the
tips. They observed that RM257 concentration should be between 5 wt. % to 20 wt.
% in order to observe twisting behavior after extraction of 5CB. Mixtures of
chloroform (polymeric structure can swell with) and ethanol (polymeric structure can
shrink with) were prepared to tune the final shape of the microparticles. Aspect ratio
of the microparticles (ua over a in Figure 2.11-A) and B (the angle between major axis
of the microparticles and lines of the polymer at the equator shown in Figure 2.11-A)
were defined to characterize the synthesized microparticles. They obtained Figure
2.11-B to show the effect of the fraction of ethanol on the u and B values with varied
RM257 concentrations. In their analysis, increasing fraction of ethanol (Xeton) and
lowering RM257 concentration resulted in higher u and B values due to higher
shrinkage percentage. Finally, they showed the consistent behavior with the
experimental data and proposed analytical method. However, this study did not
provide any information related to the handedness of the chiral microparticles or pitch
sizes of the particle. On the other hand, this study indicates that limited initial structure
of the microparticles due to used method can be expanded to the chiral shapes of the

particles.
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Figure 2.11 Schematic illustration of the bipolar microparticle (left side of A) and
spindle shape microparticle (right side of A). (B) Images of the polymeric

microparticles corresponding to fraction of ethanol = 0, 0.4, 0.6, and 0.8. &

Moreover, Karausta and Bukusoglu provide methods for the synthesis of liquid crystal
templated polymeric porous films in order to use as an ultrafiltration membrane.? In
their study, non-reactive mesogen 5CB and the reactive mesogen RM257 were
employed to the synthesis of polymeric film. The monomer included solution was
sandwiched between two functionalized surfaces where alignment of liquid crystalline
material can be manipulated. Extraction of the non-reactive mesogen 5CB led to
anisotropic shrinkage of polymeric films. The final shapes of the films can be seen
Figure 2.12-A, B and C. RM257 concentration was varied in planar films to observe
the effect of the concentration of RM257. Shrinkage percentage of the film was much
higher in perpendicular direction to LC alignment compared to parallel direction to
LC alignment due to polymer chain alignment. As it can be seen in Figure 2.12-D,
lowering the amount of the monomer leads to higher amount of shrinkage in
perpendicular direction to the LC alignment. Moreover, they showed that final to
initial volume ratio is linearly dependent on RM257 concentration in Figure 2.7-E.
This result is consistent with the final to initial volume ratio of the bipolar droplet 2*.

The morphology of the films (geometry and size of the pores (10-40 nm)) were
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successfully adjusted by liquid crystalline mesogens. Permeances of the ultrafiltration
results showed high dependency on direction of the pores. Moreover, tensile test

results showed that polymer films exhibit direction dependent mechanical property.
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Figure 2.12 Optical images of LCE films synthesized from 20 wt.% RM257 and their
extracted states. LC director is indicated with ‘n’. n is planar in (A), homeotropic in
(B), and hybrid in (C). (D) The result of shrinkage percentage versus RM257
concentration graph. (E) Ratio of final volume to initial volume versus RM 257

concentration graph.?

We showed that the introduction of the LCs as molecular templates provides
additional control over the architectures of the microparticles or film structure.
However, the control over the final shape of the microparticles using LC templates are
currently limited to those which can be synthesized from emulsion droplets, which
result in microparticles with shapes that are symmetric around their longitudinal axis.

In this study, we identify and demonstrate the key parameters and principles for
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precise control over the internal structuring, size and shapes of the microparticles

including twisting and bending of the LC ordering maintained in the template.
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CHAPTER 3

MATERIALS AND EXPERIMENTAL SECTION

3.1. Materials

Nematic liquid crystal blend E7 (mixture of 51% of 4-cyano-4'-pentylbiphenyl (5CB),
25% of 4'-heptyl-4-biphenylcarbonitrile (7CB), 16% of  4'-n-octyloxy-4-
cyanobiphenyl (80CB) and 8% of 4-cyano-4"-n-pentyl-terphenyl (5CT)), and reactive
mesogen 4-(3-acryloyoxy-propyloxy)benzoic acid 2-methyl-1,4-phenylene ester
(RM257) were purchased from HCCH Jiangsu Hecheng Chemical Materials Co., Ltd.
(Nanjing,China). Polyvinyl alcohol (PVA), the photoinitiator 2,2 dimethoxy-2-
phenylacetophenone, Dimethyloctadecyl [3-(trimethoxysilyl) propyl] ammonium
chloride (DMOAP), anhydrous acetone, and toluene were purchased from Sigma-
Aldrich (St. Louis, USA). Anhydrous ethanol was obtained from J.T. Baker
(Phillipsburg, USA). Glass slides and cover glasses were obtained from Marienfeld
GmbH (Lauda-Konigshofen, Germany). The lithography masks were drawn by using
AutoCad 2018 software. The lithography masks consist of circles with 260 um and
100 pum in diameter, equilateral triangle with 100 um in length, square with 100 pm in
length, rectangular with 200 um x 100 um in dimensions, star shape with 100 um in
length and 36° in five edges, and heart shape with two circles with 50 um in diameter
and 68° in bottom angle (Figure 3.1).
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Figure 3.1 Micrograph images of the lithography masks. (A and B) Circular, (C) heart
shape, (D) star shape, (E) square, (F) rectangular, (G) equiangular triangle.

3.2. Preparation of the LC-Reactive Mesogen Mixtures

The reactive LC monomer RM257 were added at 10 - 30 wt. % with the non-reactive
mesogen mixture E7. The photoinitiator was then mixed at 1 wt. % based on the mass
of RM257 to the mixture. Toluene, the co-solvent, was added to the LC mixture at
about half of the weight of the E7 to dissolve and enable well mixing. The mixture
was then mixed using a vortex mixer until a clear solution was obtained. Finally,

toluene was evaporated from the solution under vacuum before use.
3.3. Preparation of the Glass Substrates

To achieve planar or homeotropic anchoring of LCs, glass slides and cover glasses
were coated with PVA, DMOAP or PFDTS, respectively.
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For PVA coating of the surfaces, 5 wt. % aqueous PVA solutions were prepared in
deionized water. Glass surfaces were spun coated at 5000 rpm for 2 minutes. The PVA

surfaces were then rubbed with a fabric to maintain uniform planar anchoring of LCs.

For DMOAP coating, glass surfaces were first activated with oxygen plasma using a
Diener Electronics, Zepto Plasma Unit (Ebhausen, Germany). The plasma-etched
glasses and 1 vol. % of agueous DMOAP solution were then placed inside a staining
jar and sonicated for 10 minutes to prepare a monolayer of DMOAP. Treated glasses
were then rinsed with deionized water and dried under the flow of nitrogen gas.

For PFDTS coating, glass surfaces were first activated with oxygen plasma using a
Diener Electronics, Zepto Plasma Unit. Then, plasma-etched glass surfaces and 75 uLL
of PFDTS were placed inside the desiccator and incubated overnight under vacuum.
Treated glasses were then rinsed with absolute ethanol and dried. The anchoring of
LCs between glass surfaces were checked using a microscope equipped with

conoscopy setup before each use.
3.4. Polymerization of LC-Monomer Mixtures

The polymerizations of the LC-monomer mixtures were done between a sandwich cell
prepared by placing two coated (PVA, DMOAP, or PFDTS) glass surfaces. The
thicknesses of the films were maintained using polymeric Mylar spacers. The
sandwich cell was then filled with LC-monomer mixture using capillary action and
the mixture was polymerized using a polymer-based mask (Figure 3.1) and UV light.
The mask was placed on the sandwich cell in contact with the glass cover slides. Two
UV-light sources (365 nm) were used. For the uncollimated light source Spectroline
(New York, USA) ENF-280 C/FE was used. For the collimated light source, ThorLabs
M365LP1-C1 was used. Depending on the UV lamp sources exposure times has
changed and varied 3 sec (ThorLabs (New Jersey, USA) M365LP1-C1) to 120 sec
(Spectroline ENF-280 C/FE). Furthermore, depending on the mask types exposure
times were varied from 1 sec to 5 sec at depending on the set power which were varied

in the range 1 - 2.5 mW.cm at a distance of 3 cm from the light source. Here we note
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that the exposure time of the UV light for polymerization was critical in determining
the initial shapes of the microparticles. We found that shorter times (<3 sec) resulted
in partial polymerization of the regions corresponding to the open mask features. On

the other hand, long exposures resulted in complete polymerization of the films.
3.5. Extraction of Polymeric Particles

After polymerization, the functionalized glasses were detached and quickly rinsed
with absolute ethanol inside a beaker. For the extraction of the unpolymerized part,
the microparticles were centrifuged at 5000 rpm for 5 min., the supernatant was
substituted with ethanol and the microparticles were redispersed in ethanol and
centrifuged again. This cycle was completed for at least three times to enable complete

removal of the unreacted monomers before characterization.

3.6. Optical Characterization and Brightfield (BF) and Polarized Light (PL)
Microscopy

The LC alignment and measurements and characterization of the synthesized particles
were performed by Olympus BX50 and BX53 microscopes equipped with 4x, 10x,
40x and 50x objectives, and crossed polarizers. The BF and PL micrographs were
collected in transmission mode and reflective mode. The image analyses were done

using imageJ, an open source image analysis software.
3.7. Measurement of the LC-Twist Angles

To characterize the LC twist angles, eighteen PL micrographs of the particles were
taken by changing the angle of the polarizer by 10° in each step to complete 180° turn.
The calculations of the angles were done by MATLAB 2014 software following the

procedure to calculate the LC-twist angle found elsewhere.®*
3.8. Toluene Vapor Experiment

Toluene reservoir was connected to exposure chamber by two valves. Baratron
capacitance manometer was placed before exposure chamber to supply desired

amount of toluene vapor. A pump was connected in order to remove toluene vapor.
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After evacuation of the system, two valves were opened, and desired toluene vapor
was delivered into the exposure chamber. Then, behavior of the sample was monitored

by microscope.
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CHAPTER 4

LIQUID CRYSTAL TEMPLATED POLYMERIC MICROPARTICLES
SYNTHESIS COMBINED WITH PHOTOLITHOGRAPHY

4.1. Liquid Crystal Templated Microparticle Synthesis Method

The synthesis method followed in this study is shown in Figure 4.1 in four main steps.
First, a mixture of a reactive mesogen and a nonreactive mesogen was prepared. Then,
the mixture was filled between two functionalized surfaces that maintain a preferred
anchoring of LCs (either planar or homeotropic). Next, the mixture was crosslinked
locally with the use of a UV-light source (365 nm) and a photomask (Methods) for the
initial shape of the particles. Finally, the cell was detached using ethanol and the
microparticles were collected. For the purpose of the illustration of the method, we
used a mixture of two well-known LC materials. 4-(3-acryloyloxypropyloxy) benzoic
acid 2-methyl-1,4-phenylene ester (RM257) was used as the reactive mesogen and an
LC mixture, E7, was used as the non-reactive mesogen template (Figure 4.1-A). Our
method can provide homogenous or hybrid alignment of LCs within the microparticles
such as homeotropic on one side and planar on the other side or can also provide a
tunable helical twisted LC configuration within the microparticle. We show this ability
to add significant complexity to the shapes of the microparticles synthesized in this
study. We used rubbed polyvinyl alcohol  (rubbed-PVA) and
perfluorodecyltrichlorosilane (PFDTS) coated glass slides to maintain uniform planar
and homeotropic anchoring, at the contacting surfaces of the sandwich cell,

respectively.
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microparticles. (A) the molecular structures of the reactive, nonreactive mesogens,
and photo initiator used in this study, (B) The sketch of the four-step microparticle

synthesis method.

Figure 4.2 shows optical micrographs of a 6 um-thick film of 20 wt. % RM257 in E7
that was filled between two rubbed-PVA coated surfaces maintaining uniform planar
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anchoring of LCs at their surfaces. The uniform planar molecular orientation within
the films was maintained by rubbing the PVA coating (in a direction indicated by R)
and verified from their dark appearance before polymerization under polarized light
when the average alignment of the LCs was in the direction of one of the polarizers,
and further supported by the appearance of a bright transmitted light when the film
was rotated 45° around its optical axis. After the polymerization (using a photomask
and a collimated light source) step, the orientation of the LCs within the film did not
exhibit an observable change as determined from the micrographs shown in Figure
4.1-B, which is consistent with uniform planar anchoring. However, the locations of
the polymerized particles can be determined using the optical micrographs from their
darker appearance due to their slightly higher optical density (see inset figure and
Figure A. 1.).%°
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Figure 4.2 Representative optical micrographs collected during the synthesis of
polymeric microparticles from a mixture of 20% by weight RM257 in E7. The top two
images of each set are the brightfield and polarized light micrographs at the same
orientation where the rubbing direction (indicated as R) was parallel to the polarizer.
The bottom two images of each set are the brightfield and polarized light micrographs
of the films when rotated 45 degrees. A 6 pm-thick film was confined between two
rubbed-PVA coated glass surfaces. Micrographs shown (A) before polymerization,
(B) after polymerization with UV light and a photomask (inset showing a magnified
part shown in dashed lines), and (C) after detachment of the two glass surfaces after
polymerization. The red arrow in (B) indicates the polymerized regions of the film.
The arrows with A and P show the orientation of the two polarizers and R shows the
rubbing direction of the glass slides to maintain planar anchoring. Scale bars: 500 pm,

inset in B, 100 pm.
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After polymerization, as an illustration, the two glass surfaces were directly detached
to show the presence of the microparticles (Figure 4.2-C). As seen from the images,
circular shapes and the size uniformity were maintained after polymerization. We
measured the average size of the microparticles to be 256.7 + 5.2 um, calculated from
averaging measurements from three independent synthesis each including at least 150
microparticles. This distribution shows a coefficient of variance (COV) of 2.0%
indicating a monodisperse particle size distribution according to the definition of
monodispersity by NIST (COV < 5%).5¢
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Figure 4.3 (A) A representative image of a microparticle synthesized from 20 wt.%
RM257 in E7 where the nematic director was along the long axis of the microparticle.
Scale bars: 100 pm. (B) The size distribution of the microparticles synthesized from a
mixture of 20% RM257 in E7 before and after extraction of the unreacted mesogens,
dashed line in the sketch shows the nematic director profile.
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In the last step of the particle synthesis procedure, the unreacted part of the mixture
was extracted using ethanol. We note that the unreacted part was dissolved in ethanol
first in the usual procedure to minimize the deformation of the microparticles.
Exposure to ethanol led to the sandwich cell to detach spontaneously, and slowly
enough to stop polymerization and with minimal deformation of the microparticles.
After extraction and drying of the microparticles, the initially circular shaped
microparticles shrank and maintained elliptical shapes with flat top and bottom
surfaces. The long axis of the elliptical particles was along the LC director as
determined from the polarized light micrographs (Figure 4.3-A). The birefringence of
the microparticles determined by their bright appearance under crossed polarizers
when rotated 45° is an indicative of their aligned, complex nanostructures. The size of
the microparticles were measured to be 230.0 = 6.1 um along the long axis and 129.0
+ 5.9 um along the short axis after the extraction, which indicated a monodisperse size
distribution with COV < 5% (Figure 4.3-B, Figure A.2.). These measurements
indicated 49.7 £+ 2.3% and 10.4 + 2.4% shrinkage to occur parallel and perpendicular
to the nematic director, respectively, compared to the initial sizes of the microparticles.
Lastly, the alignment of the polymer chains within the microparticles was consistent
with planar alignment as determined from the optical micrographs (significant
extinction of light transmission when the alignment is along with the polarizer or
analyzer). This also illustrates the complex, aligned nanostructure of the
microparticles synthesized that were predetermined before polymerization. This
complex behavior of the microparticles were not observed in samples that were
synthesized at temperatures that were higher than the nematic to isotropic temperature.
In other words, since microparticles were synthesized under isotropic temperature,
effect of LC as a templating material were vanished. Figure 4.4 shows the images of
the microparticles that were synthesized under isotropic conditions. Polarized light
images were darker appearance due to isotropic conditions. Microparticles shrank in

an arbitrary way and did not show complex and aligned behavior (Figure 4.4-B).
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Figure 4.4 Microparticles synthesized under isotropic condition. Micrographs were
collected (A) after detachment, and (B) after extraction. Images on the left panel of
each figure set are brightfield (top) and 45° rotated brightfield (bottom) images
whereas images on the right side of each panel are polarized light and 45° rotated
polarized light images. The arrows with A and P show the orientation of the two

polarizers. Scale bars in A: 500 um, scale bars in B, 100 um.

4.2. Effect of Reactive Mesogen Concentration and Thickness of the Film on

Microparticle Shape

The shrinkage, therefore the aspect ratio of the microparticles were also influenced by
the reactive mesogen content in the mixture. In order to examine the effect of the
reactive mesogen, the mixture was prepared at 10 wt. %, 15 wt. %, 20 wt. %, 25 wt. %,
and 30 wt. % monomer concentrations. Synthesized microparticles at given reactive
mesogen concentration showed same dimensions of the circles with the photomask
feature and size (260 um). Diameter values of the circles at each reactive mesogen

concentrations were given in Table 4.1.
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Table 4.1 Diameter and coefficient of variable of the synthesized microparticles with
10 wt. %, 15 wt. %, 20 wt. %, 25 wt. %, and 30 wt. % RM257 concentrations after

polymerization.

Monomer Concentration (%) 10 15 20 25 30

Diameter of the Circle (jum) 2434 250.7 256.7 253.6 252.1
Standard Deviation 4.1 2.6 52 43 49

Coefficient of Variance (%) 1.7 1.0 2.0 1.7 1.8

Coefficient of variance values of the synthesized microparticles shows monodisperse
size distribution of microparticles (Table 4.1). Monodispersity of the microparticles
was achieved at varied monomer concentrations (COV<5%) and was not influenced
by monomer concentrations.

Extracted microparticles (elliptic microparticles) were characterized by considering
their long axis (parallel to nematic alignment) and short axis (perpendicular to nematic
alignment). Dimensions of the synthesize microparticles with 10 wt. %, 15 wt. %, 20
wt. %, 25 wt. %, and 30 wt. % RM257 concentrations can be seen in Table 4.2 and
extracted microparticles were illustrated in Figure 4.5-A. After extraction and
shrinking, the resulting aspect ratio of the microparticles were changed from 2.42 +
0.22 to 1.65 + 0.10 by increasing the RM257 content from 10% to 30% by weight in
E7, and they have maintained monodispersity with COV below 2%.
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Table 4.2 Dimensions of the synthesized microparticles with 10 wt. %, 15 wt. %, 20
wt. %, 25 wt. %, and 30 wt. % RM257 concentrations after extraction.

Monomer Concentration (%) 10 15 20 25 30
Long Axis (um) 2014 220.8 230.0 226.5 225.7

Standard Deviation 34 73 6.1 7.45 7.6
Short Axis (um) 83.6 913 129.0 125.1 136.9

Standard Deviation 6.5 43 5.9 6.6 8.7

Figure 4.5-B shows the shrinkage percentage of the microparticles along and
perpendicular to the nematic director as a function of the reactive mesogen content.
The shrinkage perpendicular to the nematic director was linearly dependent on the
reactive mesogen content whereas it was almost independent of the reactive mesogen
content along the nematic director similar to the previous studies.?2* This difference
in the shrinkage of the microparticles along and perpendicular to the nematic director
resulted in a linear concentration dependency of the aspect ratio of the microparticles
maintained after the extraction of the unreacted mesogens, consistent with the past
studies on the LC emulsion polymerization.?* However, the extent of the shrinkage we
observed in this study was slightly higher than that observed in past studies.?®?* This
difference was due to the very short crosslinking time (~3 sec) critical for the
formation of our microparticles whereas it was 30 minutes in other studies. We found
the crosslinking time to relate to the gel percent of the microparticles that we
gravimetrically measured to be 75% =+ 14%, which was less than 100%, the value
reported for films, and microparticles synthesized from emulsions in previous

studies.2324
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Figure 4.5 Shrinkage percentage change with respect to the monomer percentage. (A)
A representative image of a microparticle synthesized from 10 wt. %, 15 wt. %, 20
wt. %, 25 wt. %, and 30 wt. % RM257 in E7 where the nematic director was along the
long axis of the microparticle. (B) The plot of shrinkage percent parallel and
perpendicular to the nematic director and aspect ratio of the microparticles after

extraction as a function of the monomer concentration.

The shrinkage behavior of the microparticles were consistent with the shrinkages that
were observed in the films that were synthesized using the same mixture.?® This
indicates the negligible effect of geometry on the shrinkage of the microparticles. In

addition, we synthesized microparticles with thicknesses in the range of 1.5 um to 160
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um from films of 20 wt.% RM257 in E7 with two uniform planar anchoring surfaces.

The diameter of the synthesized microparticles can be seen in Table 4.3.

Table 4.3 Diameter and coefficient of variance of the synthesized microparticles with
1.5 pm, 6 pm, 20 pm, 40 pm, 80 pum, and 160 pm film thicknesses after

polymerization.

Thickness (um) 1.5 6 20 40 80 160
Diameter of Circle (um) 237.6 256.7 2359 242.5 240.0 235.6
Standard Deviation 4.7 5.2 6.7 43 5.0 6.0
Coefficient of Variance (%) 2.0 2.0 2.8 1.8 2.1 2.6

After extraction, microparticles shrank and formed elliptic shape microstructures.
Characterization of the microparticles were performed measuring long and short axis

of the microparticles (Table 4.4).

Table 4.4 Dimensions of the synthesized microparticles with 1.5 pm, 6 um, 20 um, 40

pm, 80 um, and 160 pm film thicknesses after extraction.

Thickness (um) 1.5 6 20 40 80 160

Long Axis (jum) 208.9 230.0 211.2 214.6 206.3 208.8
Standard Deviation 8.2 6.1 7.3 6.6 6.4 10.7

Short Axis (um) 103.1 129.0 99.7 99.9 100.1 98.9
Standard Deviation 4.8 5.9 6.0 4.5 4.4 10.3

Bright field and polarized light images of the microparticles are presented in Figure

4.6.




1.5 pm 20 um 40 pm 80 um 160 um

Figure 4.6 Bright field and polarized light microscope images of the microparticles
were synthesized from 20 wt. % RM257 in E7 with 1.5 pm, 6 um, 20 pm, 40 pm, 80
pm, and 160 pm film thicknesses. Thickness of the films are indicated at the top of the

Figure.

We found that the shrinkage percentage or the aspect ratio of the particles maintained
after the extraction was not influenced by the thickness of the microparticles (Figure
4.7). This provided an additional evidence that the shrinkage was independent of the

shape of the microparticles, rather governed by the properties of the bulk material.
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Figure 4.7 (A) Sketch showing the labeling used to define dimensions of a single
microparticle. (B) Amounts of the shrinkage of the microparticles measured after
extraction of the unreacted mesogens from the microparticles. The particles were
synthesized from 20 wt. % RM257 in E7.

4.3. Changing Aspect Ratios of Microparticles with UV Light

Changing the shape of the UV light source provided additional control over the shapes
of the microparticles. Figure 4.8 shows the three conditions in which the UV light
source was a flat shaped, uncollimated source, instead of the collimated source used
to synthesize microparticles shown in Figure 4.2. This provided a control over the
aspect ratios of the light incident on the film. By changing the shape of the UV light-
exposed region during polymerization, the initial shapes of the microparticles were

changed. Shown in Figure 4.8-B are the initial aspect ratios of the microparticles that
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were varied from 1.02 +0.04 to 1.68 + 0.05 by changing the aspect ratios of the regions
the UV light that was incident on. Since the nematic director was along the long axis
of the polymeric microparticles, the particles assumed shapes with higher aspect ratios
after the extraction and drying steps. The average aspect ratios of the particles were
measured to vary from 1.91 £ 0.19 to 3.14 £ 0.47.
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Figure 4.8 Experimental results showing the effect of the UV exposed area on the
initial and final shapes and aspect ratios of the microparticles where the nematic
director was along their long axis. 20 wt.% RM257 in E7 with 6 um thickness were
used in the synthesis. (A) sketch showing the UV light-exposed area (top) and
corresponding brightfield (middle) and polarized light (bottom) micrographs of the
microparticles synthesized. Scale bars: 100 pm. (B) The aspect ratio of the
microparticles maintained after polymerization. (C) The aspect ratio of the

microparticles maintained after extraction.
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Consistent with these observations, it is possible to synthesize much circular
microparticles by changing the nematic director. We observed the aspect ratio to
decrease when the nematic director was along the short axis of the microparticles
(Figure 4.9). The initial aspect ratio was consistent with Figure 4.8-B. The aspect ratio

of the extracted microparticles were measured to vary from 0.51 £0.18 to 1.16 = 0.04.
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Figure 4.9 Experimental results showing the effect of the UV exposed area on the
initial and final shapes and aspect ratios of the microparticles where the nematic
director was along their short axis. 6 um-thick films of 20 wt.% RM257 in E7 were
used in the synthesis. (A) Sketch showing the UV light-exposed area (top) and
corresponding brightfield (middle) and polarized light (bottom) micrographs of the
microparticles synthesized. Scale bars: 100 um. (B) The aspect ratio of the
microparticles maintained after polymerization. (C) The aspect ratio of the

microparticles maintained after extraction.
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4.4. Synthesis of Three-dimensional Microstructure

Our method also provided a control over the shapes of the microparticles in the third
dimension. In addition to the uniform planar anchoring parallel at the two sides of the
microparticles as illustrated above, we used symmetric homeotropic anchoring and
homeotropic-planar hybrid anchoring conditions and synthesized the microparticles.

The homeotropic anchoring was maintained by PFDTS coating. Figure 4.10 illustrates
the microparticle synthesis with homeotropic coating (for clear image see Figure A3).
Dark appearance of the polarized light microscope images shows homeotropic
anchoring. Conoscopic images provide additional proof for homeotropic anchoring.
The microparticles with homeotropic anchoring at the two surfaces maintained a
smaller but still circular shape after extraction (Figure 4.11-A). The shrinkage of these
particles was found to be 54.6 £ 2.9% after the extraction of the non-reactive
mesogens, which was consistent with the shrinkage amount perpendicular to the

nematic director (reported above).
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Figure 4.10 Representative optical micrographs collected from the synthesis of
polymeric microparticles with homeotropic anchoring from a mixture of 20% by
weight RM257 in E7. A 6 um-thick film was confined between two PFDTS coated
glass surfaces. Micrographs were collected (A) before polymerization, (B) after
polymerization with UV light and a photomask (inset showing a magnified part shown
in dashed lines. Images on the left panel of each figure set are brightfield (top) whereas
images on the right side of each panel are polarized light images. Insets showing the
conoscopic images indicative of homeotropic anchoring. Scale bars: A and B 500 pum;

inset in B, 100 um.

The microparticles synthesized from hybrid anchoring conditions maintained a curved
ellipse shape with the homeotropic face at the concave side after the extraction of the
non-reactive mesogens due to the shrinkage imbalance at the two sides of the
microparticles (Figure 4.11-B and C). The curling of the microparticles were along or
perpendicular to the long axis depending on the orientation of the LC template with

respect to the long axis, which was supported by polarized light micrographs. The
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shrinkages were calculated to be 51.5% =+ 5.04% perpendicular to the nematic director

consistent with the above measurements.
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Figure 4.11 Representative sketches of the LC anchoring maintained at the confining
surfaces before polymerization (left panel) and optical micrographs collected from the
polymeric microparticles (brightfield, middle; polarized light, right panel) synthesized
from a mixture of 20% by weight RM257 in E7 with different anchoring conditions.
The film thicknesses were 6 um and films were (A) confined between two PFDTS-
coated glass surfaces mediating homeotropic alignment (inset image shows
conoscopic image indicative of homeotropic anchoring), (B) confined between a
PFDTS surface mediating homeotropic alignment and a rubbed PVA surface
mediating uniform planar alignment along the long axis, and (C) confined between a
PFDTS surface mediating homeotropic alignment and a rubbed PVA surface
mediating uniform planar alignment along the short axis. n indicates the nematic

director of the surface mediating planar anchoring. Scale bars: 100 um.
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4.5. Synthesis of Chiral Microparticles

Finally, when the microparticles were synthesized between two surfaces mediating
uniform but unparallel planar anchoring at the top and bottom surfaces, the
microparticles maintained a twisted shape after the extraction of the unreacted
mesogens and drying. Within the samples prepared, we measured the LC twist angle
using the methods described elsewhere® and found that the LC twist angle was

consistent with the angle set by rubbing the contacting PVA surfaces (Figure 4.12).
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Figure 4.12 Image processing results that show LC mixture align in the direction of
rubbed PVA. (A-E) The maps of the measured angles within a piece of a film is shown,
the rubbing of the surfaces was done at angles of (A) 0°, (B) 30°, (C) 45°, (D) 60° and
(E) 90°. (F)The plot of the measured LC-twist and rubbing angle.
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Since LC mixture (20 wt.% RM257 in E7) alignment was consistent with the direction
of rubbing, microparticles were synthesized from 6 um-thick film. Synthesized
microparticles are illustrated in Figure 4.13. The two surfaces of the film were rubbed
at an angle with respect to each other as indicated by the sketch shown in the left panel
(Figure 4.13-B). The rubbing was done such that, when combined, the uniform planar
orientation at the top surface was oriented at a predetermined angle in a direction
(clockwise or counterclockwise) in reference to the bottom surface, forming a twisted
LC director profile through the thickness of the LC film. We found that, when the
twist in the LC-template was left-handed, the microparticles maintained a right-
handed twist after polymerization and extraction steps. On the other hand, when the
twist of the LC-template was right-handed, the microparticles maintained a left-
handed twist after polymerization and extraction steps. This was due to the shrinking
asymmetry through the thickness of the film that resulted in the reversal of the
handedness of the LC twist along the director which is in the chiral axis (Figure 4.13).
Furthermore, the periodicity of the twist was observed to be dependent on the twist
angle which was initially determined. As shown in Figure 4.13-B, the microparticles
maintained shapes with shorter pitch as the angle of the LC twist was increased. When
the LC-twist angle was maintained at 90° during polymerization, the microparticles

maintained a symmetric curled shape.
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Figure 4.13 Micrographs of the microparticles synthesized between rubbed PVA glass
slides mediating left-hand and right-hand twisted nematic ordering. (A) Scanning
electron micrographs, scale bars: 20 um. (B) brightfield (middle) and polarized light
(right) micrographs of the microparticles synthesized between two glass slides of
indicated twist angle shown in the left panel of each figure set, scale bars: 100 um.
The particles were synthesized from 20 wt.% RM257 in E7 with a film thickness of 6

pm.
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Additional SEM images can be found in Figure 4.14. The samples for SEM images
were prepared from a photomask that contains circular features of 100 um in order to
increase the number of microparticles, which helps in imaging with SEM. However,
we were also able to collect images of microparticles synthesized from the same mask

size as in Figure 4.14-B.
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Figure 4.14 SEM images of chiral microparticles which was synthesized from a
mixture of 20% by weight RM257 in E7, 6 um spacer thickness, and adjusted LC twist
angles. Circler photolithography mask with (A) 100 um and (B) 260 um features were
used. (A-i) and (B-i) represents L-LC twist, whereas (A-ii) and (B-ii) shows R-LC

twist conformation. Scale bars in A: 20 pm, Scale bars in B: 50 pum.

In addition, we have also found the chiral twisting of the microparticles is also
repeatable as shown in Figure 4.15. Although the micrographs shown herein
demonstrates the repeatability of the chiral twisting, we can only make a qualitative
discussion based on their shapes and optical appearance. Quantitative measurements
on the chiral twisting of the microparticles (such as pitch size as a function of the LC
twist angle) requires comprehensive analysis on the microparticles with more
elongated, regular shapes such as rectangles with high aspect ratio. Such analysis is

included in the next chapter.
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Figure 4.15 Additional micrographs of the chiral microparticles synthesized from

mixtures of 20% by weight RM257 in E7, 6 um spacer thickness, and 30° LC twist
angles. Circle photolithography mask with (A and B) 260 pm and (C) 100 um features
sizes was used. (A) and (B) are the representative micrographs of the microparticles
synthesized from left-handed and right-handed twist conformation, respectively. (C)
SEM image of the microparticles that demonstrates the homogenous distribution of
the microparticles. Scale bars in A and B: 100 um, SEM images scale bars in A and
B: 50 um, and Scale bar in C: 200 pm.
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CHAPTER 5

DESIGN PARAMETERS AND PRINCIPLES OF LIQUID CRYSTAL TEMPLATED
SYNTHESIS OF POLYMERIC MICROPARTICLES VIA PHOTOLITHOGRAPHY

5.1. Synthesis Method and Design Parameters

Figure 5.1 briefly explains the procedure for the LC-templated particle synthesis
procedure we followed in this study. The procedure involved two main steps. Firstly,
the LC mixture was filled inside the gap between two functionalized surfaces by
capillary action, the photomasks was placed, and the system was exposed to UV light
(365 nm). Secondly, the glass surfaces were detached, and particles were physically
removed from unreacted parts with the help of ethanol. The right column in Scheme
1 shows micrographs of sample microparticles synthesized using a mask with star
shaped features. A mixture of 20 wt. % RM257 in E7 was filled between two rubbed-
PVA coated glass slides (direction indicated with R) that mediated uniform planar
anchoring (top image). Then, the mixture was locally polymerized using a photomask
and UV light (middle image). Finally, unreacted part was removed from the system
and particles shrank substantially perpendicular to the LC director to maintain their
final shape (bottom figure). Here we note that the final shapes of the particles are
critically dependent on the monomer content of the initial mixture, the thickness of
the film, the LC director profile within the film and the features on the mask. Below

we detailly explain how these parameters affect the shapes of the microparticles.
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Figure 5.1 Schematic representation of the LC-templated microparticle synthesis
procedure followed in the study. The left column shows the schematic representation
of the procedure. The right column shows representative micrographs collected during
the synthesis of star shaped microparticles following the procedure on the left. Scale
bars = 300 pm for the top two micrographs, 50 um for the inset in the middle

micrograph and the bottom figure.

5.2. Effect of Photomask Feature and LC Alignment

Figure 5.2 shows the microscopy images of various microparticles synthesized
following the method described. Masks with six different features (circle, triangle,
square, rectangle, star and heart shape) were used to polymerize 6 pm-thick films of
20 wt. % RM257 in E7. The alignment of the LCs, which were indicated on the left
of the figure, were maintained either by rubbed PVA coated surfaces for uniform
planar, or DMOAP functionalized surfaces for homeotropic anchoring inside the film.
After extraction of the unreacted part, the microparticles maintained their final shapes

due to the anisotropic shrinkage, which we had shown to be more substantial in a
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direction perpendicular to the LC director.®’ In the end, considering the symmetry of
the microparticles and the anisotropy of the shrinkage, we were able to synthesize 22
different shaped microparticles using 6 different masks and 4 different uniform LC
alignment within the films as shown in Figure 5.2. The corresponding polarized light
micrographs of each microparticle was consistent with the alignment of the polymer

chains in a direction initially maintained within the LC mixture.
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Figure 5.2 Optical micrographs of the microparticles synthesized from mixtures of 20
wt. % RM257 in E7. The top row indicates the representative features of the
photomasks used in each column and the sketches on the left column indicates the LC
configuration initially maintained within the film. 6 um spacers were used to separate
two functionalized surfaces. Micrographs shows the microparticles synthesized from
films with an LC alignment (A) horizontal, (B) vertical, (C) in plane and (D) with 45°
angle with respect to brightfield images shown. Two insets corresponding to each
image were taken under polarized light. The left insets are taken at the same direction
whereas the right insets were taken after the image was rotated 45° with respect to the
brightfield images. Rubbed PVA surfaces were used for planar, and DMOAP

functionalized surfaces were used for homeotropic anchoring. Scale bars: 50 um.
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Figure 5.3 illustrates the SEM micrographs of the particles synthesized from the same
mixture. However, the heart shaped particle in Figure 5.3-A was synthesized between
two DMOAP coated surfaces (for homeotropic anchoring) and the rectangular shaped
particle in Figure 5.3-B was synthesized between two rubbed PVA surfaces (for
uniform planar anchoring along the long axis). The SEM images show the differences
in the roughness of the surfaces. The corresponding FFT patterns indicate the
anisotropy of the surface roughness of the particle synthesized between rubbed PVA
surface in the direction parallel to the rubbing direction of the PVA surface. In other
words, surface features of the microparticles were observed to exhibit similar
alignment (Figure 5.3). Thus, in addition to the shapes, control over the internal

structure of the microparticles were also provided.
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Figure 5.3 SEM images of microparticles synthesized from the mixture of 20 wt.%
RM257 in E7 and 6 pm thickness. (A) The images of a heart shaped microparticle
synthesized from a mixture maintained at homeotropic alignment between two
DMOAP surfaces. (B) The images of a rectangular shaped microparticle synthesized
from a mixture maintained at planar alignment between two rubbed PVA surfaces.

The inset figures show the FFT patterns of the corresponding SEM images.

Here we note that the most important step in providing the initial shapes to the
microparticles was the exposure to UV light. We have used masks with six different
features, which were combinations of round and sharp-edged features, and we sought
to provide a precise control over the initial shapes of such microparticles. We found
the exposure time of the UV light and the thickness of the glass surfaces placed on the
LC mixtures have considerable effect in determining the sizes of the microparticles

and the resolution of the edges. We specifically determine UV exposure times for each
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microparticle in Figure 5.2 and found that an intermediate time in the timescale of one
second was required and critical to provide the initial shape of the microparticle (Table
5.1). Below this time, the locations corresponding to the features of the mask were
observed to be partially polymerized, whereas, the whole LC film was observed to
polymerize at longer UV exposure times. Figure 5.4 illustrates a demonstration of the
selection of the UV light power and exposure times. The images were collected after
polymerization of a film of 20 wt. % RM257 in E7 with the indicated setup. As shown,
we have changed the thicknesses of the glass surfaces, UV power input and the UV
exposure times to find the optimum procedure for sharp edged microparticles. We
found that thinner glass slides, higher power input and intermediate times, for example
0.13 mm-thick glasses, 1.2 A power input and 2 seconds for triangular shaped
microparticles, were required for an acceptable precision for shaping the particles. In
the correct intermediate exposure times, we found that the initial sizes of the
microparticles were monodisperse with coefficient of variance less than 2.7%, for
example, the microparticles synthesized from rectangular shaped masks were 180.0 =

1.2 in long axis, and 82.3 = 1.4 in short axis um in size.

Table 5.1 UV exposure times required to synthesize microparticle from mixtures of
20 wt. % RM257 in E7. Collimated light source energy was adjusted to 0.7A or 1.2A.
Red boxes indicates the UV exposure times used in the synthesis of the corresponding

microparticles.

ThorLabs M365LP1-C
Photomask Shape

0.7A 1.2A
Circle 2 seconds <1 seconds
Triangular 3 seconds 2 seconds
Square 3 seconds 1 seconds
Rectangular 2 seconds <1 seconds
Star 2 seconds <1 seconds
Heart 2 seconds <1 seconds
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Figure 5.4 Features of the triangular shapes with varied current and UV exposure time.
The images in column 1-A show the polymerized regions after exposure with current
setting of 0.7A whereas the images in column 1-B show the polymerized regions after
exposure with current setting of 1.2A. UV exposure times were changed from (i) 1
second, (ii) 2 seconds, (iii) 3 seconds, (iv) 4 seconds, and (v) 5 seconds. The films in
column 1 were prepared between two glass surfaces with thickness of 1 mm. In the
films shown in columns 2-A and 2-B were maintained between glass cover slides with
0.13 to 0.16 mm thicknesses. Microparticles were synthesized at 0.7A current in 3

seconds in 2-A, whereas in 2-B it was synthesized at 1.2A in 2 seconds.

Anisotropic shrinkage is one of the parameters to determine the final shape of the
microparticle that we investigate in this study. Previously, we have shown that the
shrinkage to change almost linearly from 65.6% + 2.7% to 45.7% + 3.5%
perpendicular to the LC director when the monomer content of the mixture was

changed from 10 wt. % to 30 wt. %, and almost constant at around 10.5% + 2.4%
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parallel to the nematic director.” We show here how predictive the shrinkage extends
in determining the final shapes of the microparticles. As an illustrative example, we
selected rectangular shaped microparticles to demonstrate the changes in the
microparticle shapes characterized by the aspect ratio, and equilateral triangle shaped
microparticles to demonstrate the changes in the microparticle shapes characterized
by their top angle. For these purposes, we have synthesized rectangular shaped
microparticles with molecular alignment along (i) the long axis and (i) short axis; and
equilateral triangle shaped microparticles with molecular alignment (i) parallel and
(if) perpendicular to one of the sides (Figure 5.5-A, B and D, E). We made simple
calculations using the initial aspect ratio (2.0) and the shrinkages of the rectangular
shaped microparticles as a function of the monomer content and the results were
plotted in Figure 5.5-C (for calculation see Appendix B). As seen in the figure, the
predicted values of the final aspect ratio and the experimentally observed values were
quantitatively consistent with each other. For example, the experimentally observed
aspect ratios of a rectangular shaped particle synthesized from 20 wt. % RM257 in E7
were 4.1 + 0.4 and 1.1 + 0.1 when the molecular alignments were along the long and
short axis, respectively. The calculations for the same conditions gave aspect ratios of
4.1 and 1.1, respectively, consistent with the experiments. Similarly, the microparticles
that were synthesized using the equilateral triangles with molecular configuration (7)
and (i7) and the calculations were performed to quantify the top angle using the initial
size and the shrinkage amounts as a function of the monomer content (Figure 5.5-F).
When the calculations and the experimental measurements were compared, the
consistency was striking as shown in Figure 5.5-F. For example, the top angle of a
triangular microparticle synthesized from 20 wt. % RM257 in E7 were measured as
102° £+ 5° and 37° £+ 3° when the LC alignments were parallel and perpendicular to
one of the sides, respectively. The calculations for the same conditions gave top angles
of 97° and 34°, respectively. Furthermore, calculations of the top angles with law of
cosines gave top angles of 96° £+ 9° and 33° + 3.0°, respectively. This result provides

further evidence for the consistency of the result.
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Figure 5.5 Schematic representation of (A) rectangle and (D) triangle shaped particles
before and after extraction. The arrow ‘n’ represents the rubbing direction of the PVA
functionalized surfaces. Micrograph images of rectangular (B) and triangular (E)
particles. Scale bars: 50 pm. Theoretical and experimental aspect ratio of the
rectangular shape particles can be found in (C). Theoretical and experimental top angle

data of the triangular shape particles can be seen in (F).

5.3. Design Parameters of Bulk Chiral Twisted Polymeric Materials

We have shown a potential for a control over the chirality and the pitch size of the
chiral twisted microparticles with our synthesis method. We show how precisely this
could be achieved by performing measurements on the chiral twisted microparticles.
For this purpose, we have synthesized rectangular shaped microparticles with LC

twisting using films with known twisting of the LC director. The uniform planar LC
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anchoring along the long axis was maintained on one side of the film, whereas either
L- or R- twisted LC director profile with a determined angle was maintained on the
opposite side of the film using rubbed-PVA coated slides. Figure 5.6-A and B show
the chiral twisted rectangular microparticles synthesized from L- (left panel) and R-
twisted (right panel) LC configuration with 0°, 30°, 45°, 60° and 90° twist angles. As
the micrographs were compared, we arrived to two main observations. First, the
microparticles synthesized from L-twisted LC configurations-maintained R-twisted
shapes whereas their R-twisted counterparts resulted in microparticles with L-twisted
shapes after the extraction of the unreacted mesogens. We concluded that this was due
to the shrinking asymmetry through the thickness of the film that resulted in the
microparticles to maintain twisted shapes with opposite handedness compared to the
handedness of the LC configuration initially maintained. Second, the pitch sizes of the
L-twisted shapes maintained by the microparticles were measured to be 224.6 + 21.3
um, 1549 + 18.2 um, and 129.9 + 14.7 um whereas those of the R-twisted
microparticles were measured to be 234.6 + 23.2 um, 160.9 + 15.8 um, and 134.5 +
12.0 pm for the microparticles synthesized from 30°, 45°, and 60° twisted LC
configurations, respectively. We reasoned that the trend of decreasing chiral pitch size
upon increasing LC-twist angle could provide a relation between the LC-twist angle
and the chiral pitch of the microparticles. Below we test this hypothesis by providing

additional measurements of the microparticles.
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Figure 5.6 Micrographs of the microparticles synthesized between rubbed PVA glass
slides mediating left-hand and right-hand twisted nematic ordering. (A) Scanning
electron micrographs, scale bars: 20 pm. (B) transmission (middle) and reflection
(right) mode micrographs of the microparticles synthesized between two glass slides
of indicated twist angle shown in the left panel. (C) Pitch size of the chiral particles
characterized with respect to angle between two PVA coated glasses. The particles

were synthesized from 20 wt.% RM257 in E7 with a film thickness of 6 um.
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The microparticles were synthesized from 6 pm-thick films. This is a relatively small
thickness of a film such that the LC anchoring at the two sides of the films may deviate
from the rubbing direction of the surfaces. In order to check this, we made
measurements of the LC-twist angles within the film and found that they were indeed

the angles set by the contacting surfaces (Figure 4.12 and 5.7).
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Figure 5.7 (A-F) The maps of the measured twist angles within a piece of a film with
various thicknesses are shown. The thicknesses of the films were (A) 1.5 um, (B) 6
um, (C) 20 um, (D) 40 um, (E) 80 um and (F) 160 um, and a right-handed LC twist
of 30° were maintained within the films. The plot in (G) shows the average twist angle

measured with respect to thickness.

Next, we questioned whether the chiral twist in the molecular alignment within the
film after polymerization were different than the twist initially set by the LC-director
profile. The measurement results that are shown in Figure 5.8 revealed the LC-twist
maintained within the film to be the same with the twist angle of the molecular
alignment within the microparticles obtained after the extraction step. Thus, in the end,
we concluded that the rubbing direction of the PVA surfaces determined the molecular

director profile within the microparticles.

66



180

160

140

4120

1100

iii

480

4 60

Molecular twist angle measured (°)

40

O T T T T T T T T
20 0 10 20 30 40 50 60 70 80 90

LC twist angle before polymerization (°)

Figure 5.8 Left-hand microparticles synthesized between rubbed PVA glass slides
right-hand twisted nematic ordering. (A) Configuration of the zenithal angles
representing angle variation inside the particles. Twist angle of the LC adjusted as (A-
1) 0°, (A-ii) 30°, (A-iii) 45°, (A-iv) 60°, and (A-v) 90°. (B) The graph of the particle

zenithal angles with respect to LC twist angle.

Knowing this, when we plotted the inverse pitch size of the chiral twist of the
microparticles with respect to the twist of the LC-director profile before
polymerization, we found the inverse pitch size of the microparticles to be linearly
dependent on the LC twist angle maintained initially (Figure 5.6-C). This is an
indicative of the chiral twisting of the microparticle to be determined by the anchoring
of LCs at the two sides of the film before polymerization. If this is the case, the chiral
twisting of the microparticles would not be dependent on the size of the microparticles.
We have tested this question with an additional set of measurements of the pitch upon
changing the thickness of the microparticles. The measurements of the pitch size as a

function of the thickness of the microparticles showed an independency with respect
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to the thickness of the microparticles, supporting our hypothesis (Figure 5.9). Thus,
we have found a relation of 1/P = 1 X 1070 between the pitch size (in um) and LC

twist angle (in degrees) maintained initially in the mixture.
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Figure 5.9 (A) Optical micrographs of particles obtained from mixtures of 20 wt. %
RM257 in E7 with left handed 30° degrees twist. The thickness of the functionalized
surfaces with PVA varied between 1.5 um to 160 um indicated at the below of each
figure. Scale bars: 50 um. (B) The graph that show the pitch of the synthesized
microparticles with respect to thickness.

Knowing that the chiral twist of the microparticles could be controlled independent of
the initial shape of the microparticles, it was possible to synthesize high aspect ratio
chiral microparticles. This was accomplished by using a mask with rectangular
features of dimensions 100 pm by 2.45 cm. The objects that were synthesized from
films of LC-twist that were initially maintained at 0°, 20°, 25°, 30° and 60° are shown

in Figure 5.10. As seen in the figures, the chiral twisting of the objects was dependent
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on the angle of LC alignment maintained at the two surfaces of the objects,
independent of the aspect ratio. However, analyzing the shapes of the objects formed
with the high aspect ratio mask, we realized that there were two sets of objects; the
helicoids (with Gaussian saddle-like curvature and straight central line) and spiral
ribbons (with cylindrical curvature and helical central line). We observed helicoid
shapes within the objects that were synthesized from an LC film with a twist of 20°
(Figure 5.10-B). Above this angle, center lines of the objects were shifted from a
straight line to a helical form and maintained the shape of a spiral ribbon (Figure 5.10-
C-F). This observation revealed that the shape selection of helicoids to spiral ribbons
would also be possible via tuning the molecular ordering profile within the polymeric
materials in addition to the other methods currently available.’®3° In order to
demonstrate the precision in determining the dimensions of the ribbons, we also
measured the distance of the ribbon surface to the helical central line (radius), which
were observed to increase from 18.2 = 0.8 um to 56.4 £ 4.2 um when the LC-twist

angle was changed from 30° to 60°.
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Figure 5.10 Micrographs of the spiral ribbons synthesized between rubbed PVA glass
slides mediating left-hand and right-hand twisted nematic ordering. LC twist angle
was adjusted (A) 0°, (B) 20°, (C) 25°, (E) 30°, and (F) 60°. Helicoid shape observed
in B. Spiral ribbons can be seen in C, E, and F. Scale bars: 300 um. (D) Scanning
electron micrographs of E, scale bars: 100 um. The chiral films were synthesized from

20 wt.% RM257 in E7 with a film thickness of 6 pm.

5.4. Design Parameters of Bent Microparticles

The last design principle, we sought to use bend distortions within the LCs to provide
additional control over the shapes of the microparticles. For this purpose, we used
mixtures of 20 wt.% RM257 in E7 which were confined within films of different
thicknesses ranging from 1.5 um to 320 um. One of the surfaces in contact with the
LC mixture was DMOAP that mediated homeotropic anchoring whereas the other was
rubbed PVA that mediated uniform planar anchoring parallel to the long axis of the

microparticles. The representative micrographs of seven different microparticles
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synthesized from films of different thicknesses are shown in Figure 5.11-A. As seen,
the microparticles that were synthesized from 6 um-thick films maintained crescent
shapes (Figure 5.11-B). The crescent shapes were expected because when the particle
was allowed to shrink after the extraction step, the side corresponding to the
homeotropic anchoring shrank more in the direction along the long axis when
compared to the opposite side where the alignment was uniformly planar towards the
long axis of the microparticles. Thus, the side corresponding to the homeotropic
anchoring remained at the inside of the microparticles after shrinkage due to its
substantial shrinkage compared to the opposite side. The radius of curvature of this
crescent shape was measured to be 41 = 11 um at 1.5 pum thickness. If the anchoring
of LCs at the two surfaces of the microparticles were homeotropic and planar as
mediated by the DMOAP and rubbed PVA surfaces, respectively, one would have
expected the radius of curvature of the microparticles to increase upon increasing the
thickness of the microparticles because of the finite shrinkage of the two sides of the
films set by the monomer content. Surprisingly however, increasing the thickness of
the films, the microparticles were first maintained curled shapes similar to a closed
cylindrical ring with a radius of curvature of 21 + 2 pm when the thickness was ~20
pm. Then, upon increasing the thickness, the microparticles maintained more open
shapes representing a crescent shape with a radius of curvature of 194 + 42 pm when

the thickness was 320 pm.
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Figure 5.11 (A) Micrographs of microparticles synthesized from mixtures of 20 wt.%
RM 257 in E7 between two surfaces mediating homeotropic anchoring at one side and
planar anchoring at the opposite side. Thicknesses of the particles were varied from
1.5 um to 320 um. Scale bars: 25 um. (B) SEM images of a microparticle synthesized
from a 6 um thick film. (C) A plot of the radius of curvature of the microparticles

measured as a function of the thickness of the microparticles.

When the radius of curvature of the microparticles were plotted with respect to the
thickness of the microparticles, the minimum of the radius of curvature was found to
correspond to a thickness of 30 um (Figure 5.11-C). The change of the trend of the
shapes as a function of thickness above and below 30 um was an indicative of the
interplay of the surface anchoring and the elasticity of the LCs. With one constant
approximation, the elastic energy stored per unit area of a film of LC with a thickness
of 10 um and homeotropic anchoring at one side and planar anchoring at the other side
can be approximated to be in the order of f, = K 2/ 8d ~10° J/m? where K is the
elastic constant (~10"'" J/m) and d is the thickness of the film.** This is indeed
comparable with the typical surface anchoring energies, W, of the LCs (typically
around 10 - 10 J/m?). Thus, the two trends of the shapes maintained by the
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microparticles with respect to changing thickness were due to the configuration of the
LCs maintained within the film resulting from the interplay of the surface anchoring
and the elastic energy of the LCs. In the thinner particles, the elastic effects dominated
and the surface director at the two sides of the films determined the final shape of the
microparticles, whereas in the thicker particles, the surface directors at the two sides
of the films were determined by the contacting surfaces and the final shapes of the
microparticles were determined by the thickness of the film. Overall, the interplay
between the elasticity and surface anchoring provided a precise control over the
curvature of the microparticles, in addition to the control over the shape via the

thickness of the films.

5.5. Microparticle Size Reduction Strategies

Instead of manufacturing new photomask, we can reduce the size of the microparticles
inspired by continuous flow lithography technique (CFL).'"® In CFL (mentioned in
Introduction part) technique, microparticles size were reduced by employing an
objective. Therefore, we employed an objective reduce the size of 100 pm photomask
and it was placed between the photomask and collimated light source. Figure 5.12-A
shows the representation of the used technique. As can be seen in micrograph images
of Figure 5.12, microparticle size changes from 29.7 £ 3.0 um to 70.8 £ 7.0 um when
the exposure time changes from 2 seconds to 5 seconds. Diameter of the microparticles
suggested that there is a linear relation between the diameter of the microparticles and
UV exposure time. Thus, we have found a relation of D = 14.2t between the diameter
of the microparticle (in pm) and UV exposure time (in seconds) exposed to the

mixture.
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Figure 5.12 Size reduction of the microparticles which were synthesized from
mixtures of 20 wt.% RM257 in E7 with 6 um thickness. (A) Schematic representation
of the experimental setup for size reduction. Micrograph of the microparticles with
(B) 2 sec., (C) 3 sec., (D) 4 sec., and (E) 5 sec. exposure times. (F) A plot of the

microparticle diameter as a function of UV exposure time.

However, this technique is limited to circular feature on the lithography mask with
this apparatus. Particles with more complex shapes including variations in the
curvatures or sharp edges would be possible with the use of a more accurate collimated
light source and a setup allowing precise alignment of the objectives with more
defined focal plane thicknesses. Here we note that a combination of a microscope with

a UV light source and a photomask would improve this method.
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CHAPTER 6

CONCLUSIONS

Overall, we have developed a new method for the synthesis of polymeric
microparticles, which combines the use of photolithography with LC molecular
templates that, not only provides additional control over the internal structuring and
two-dimensional shape of the microparticles, but also provides control over the three-
dimensional shapes. The method was a combination of LC molecular templates and
photolithography. In the first step, we polymerized LC mixture (non-reactive E7 and
reactive mesogen RM257) with UV light (365nm) and a photomask. Then, the
unreacted part was extracted and microparticles were allowed to shrink anisotropically
to maintain their final shapes. We found that our method provided precise control over
the chiral twisting and bending of the microparticles that would be challenging or
impossible with the synthesis of isotropic molecular counterparts. This has been
accomplished by our method that provides a control over the alignment of the nematic
LCs on the contacting surfaces independently. Synthesized microparticles were
characterized using optical microscope for their shapes and molecular ordering.

Future studies may also be devoted to the design of microparticles using multiple types
of reactive mesogens to provide more complex shapes, as well as response to the
external stimuli such as light, chemicals, magnetic field, etc. °48%° |n the long term,
such microparticles have the potential to be useful in applications ranging from
emulsion stabilization, intracellular delivery, sensors, biocatalysis and photonics. In
terms of the fundamental knowledge, the particles with complex nanostructures and
shapes would also provide understanding of the self-assembly and interparticle

interactions, including anisotropic ones, between microparticles with chiral symmetry.
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6.1. Future Outlook

In this study, we have demonstrated a technique which provides control over the
shapes and microstructure of the polymeric materials. Herein, we present two
directions which may find interest by the literature. Below, we describe our initial

observations in these two routes.

6.1.1. Microparticle Sensors

Toluene vapor exposure experiments were performed to complex microparticles
which were synthesized with hybrid LC configurations. For this purpose, we used
mixtures of 20 wt.% RM257 in E7 which were confined within films of different
thicknesses ranging from 1.5 um, 40 pm, and 160 pm. For the synthesis of hybrid
microparticles, one of the surfaces was in contact with DMOAP for homeotropic
whereas the other was rubbed PVA for planar anchoring. Simply, the microparticles in
Figure 5.11 were selected as a candidate for the sensing toluene vapor. The reason for
the selection of hybrid microparticle is whether relaxation of their stored energy
during shrinkage upon toluene exposure would be observable or not. The top images
of the Figure 6.1 show the initial state (O ppm) of the microparticles, while the bottom
images show the maximum toluene exposure (30000 ppm). As can be seen from the
images, the radius of curvature of the microparticles were increased upon toluene

exposure.
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Figure 6.1 Toluene vapor exposure test was performed microparticles that were
synthesized hybrid condition. The thickness of the microparticles were (A) 1.5 um,
(B) 40 um, and (C) 160 pm. The top micrographs show initial state (0 ppm). The

bottom images of the Figure represent the maximum toluene vapor limit (30000 ppm).

6.1.2. Alignment of LC-templated Microparticles in LC medium

We hypothesized that the surface of the microparticles synthesized herein may mediate
non—degenerate LC anchoring. In order to test this hypothesis, LC templated
microparticles were placed in nematic SCB. Here we noted that alignment of the
microparticles were dependent on two main considerations. Internal structure of the
microparticles and, the alignment of the LC medium directly affects the positioning
of the particles (Figure 6.2).
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Figure 6.2 Behavior of the microparticles under LCs medium. The microparticles were
synthesized mixtures of 20 wt. % RM257 in E7, 6 um spacer thickness, and (A) two
rubbed PVA surfaces or (B) two DMOAP coated surfaces. Anchoring of LC molecules
were planer (A-1 and B-1) or homeotropic (A-ii and B-ii). Top images show schematic
representation of the system. Middle images are the brightfield micrograph images.
‘n’ indicates LC alignment. Bottom images are the polarized light images. Scale bars:

50 pm.
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APPENDICES

A. Representative Micrograph Images

Polymerized
region

Figure A. 1. Representative brightfield micrograph image after polymerization with
UV light (inset showing a magnified part shown in dashed lines). The red arrows
indicate the polymerized regions, whereas the blue arrow indicate the unpolymerized
regions of the film. The figure is same as Figure 1B with the adjusted as +30%

brightness. Scale bar: 500 um, inset, 100 um.
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Figure A. 2. Representative (A) brightfield and (B) polarized light micrographs of the
microparticles synthesized from a mixture of 20% by weight RM257 in E7 with
uniform planar anchoring. The photomask circular features used in the synthesis was

100 pm. Scale bars: 300 um.

Figure A. 3. Representative brightfield micrograph image after polymerization with
UV light (inset showing a magnified part shown in dashed lines). The red arrows
indicate the polymerized regions, whereas the blue arrow indicate the unpolymerized
regions of the film. The figure is same as Figure 1B with the adjusted as +30%

brightness. Scale bar: 500 um, inset, 100 pm.
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B. Theoretical Aspect Ratio and Top Angle Calculation of Rectangular and

Triangle Shaped Microparticles

Best equations for the shrinkage percentage (¢) and monomer percentage (x) were
determined by using Figure 4.5 as ¢; = —0.2922 - x 4+ 18.046 and ¢, = —1.0644 -
x + 76.271 along parallel to nematic director and perpendicular to nematic director,

respectively.

For rectangular shaped microparticles;

The schematic representation of rectangular shaped microparticles are given in Figure

B. L.

Long Axis, a;
Long Axis, a; ; I——-J,__.I
n |! Short Axis, b;
/_)H e I

|
Short Axis, b;

Synthesized Particle

Extracted Particles

Figure B. 1. Schematic representation of rectangular shaped microparticles. Rubbing
direction (indicated as n) is (i) parallel to long axis, or (ii) short axis. The equation for

each case can be seen below.

Fori;

_ (100-¢,) .
= Tol i Equatlon B.1

b — (100_([)2) .
100

Equation B.2

i
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For ii;

_ (100-¢3) .

A =~ G Equation B.3

b — (100_([)1) . ;
100

Equation B.4

For triangular shaped microparticles:

The schematic representation of triangular shaped microparticles are given in Figure
B. 2.

\
iy

/
/ \
\ ii /l \
b/2 1 N\
Synthesized Particle / b

_———

Top Angle (°), 8

Extracted Particles

Figure B. 2. Schematic representation of triangular shaped microparticles. Rubbing

direction (indicated as n) is (i) parallel to b, or (ii) a.

The equation for each case can be seen below.

For i;
b-(100—¢1)
0, =2 -tan"?! {M} Equation B.5
f .[a-(mo—(pz)] .
100
For ii;
b-(100—¢>2)
Hf =2-tan™! {2.[‘1'(+3_‘91])]} Equation B.6
100
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