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Abstract

Cellulose is considered to be the most abundant and renewable natural polymer on earth. It is the main
component of plant cells. The exploration of the utility and applications of this material and its

derivatives has never stopped since human’s birth.

It is well known that cellulose based materials can generate films and fibers, which can be, for
instance, produced from cellulosic solutions. The Cellulose rich chemical structure allows different

behaviors of the polymer in solution, which is the driving force for diverse films and fibers features.

The main goal of this work is the manufacture and characterization of new application of the
renewable cellulosic-based materials, which are at the origin of stimuli-responsive and/or functional
soft films and fibers. The several materials obtained have in common the main chain cellulose

backbone but present different liquid crystalline properties.

Firstly rheology coupled to nuclear magnetic resonance techniques (rheo-NMR) were used to
characterize a cellulose-water based liquid crystalline solution in order to establish structure/properties
relationships, which were the basis to improve the design of films and fibers produced in the
framework of this work. The results achieved were at the origin of a paper published in

Macromolecules.

Then films were produced and due to their structure and enhanced mechanical properties, different
applications were realized by producing cellulosic gratings, which mimic the periodic structures that
can be found in some petals of plants and a soft cellulose moisture motor was built for the first time.
Two manuscripts were published, one related to the grating mimics, in Macromolecular Chemistry and
Physics, and the other one dedicated to the mechanical properties and the bending of a cellulosic film

controlled by moisture action in Scientific Reports (Nature Publishing Group).

Concerning cellulosic fibers, two methods were selected to fabricate micro/nano networks. In order to
produce suspended aligned arrays, electrospinning was chosen due to its versatility. On the obtained
nano/micro cylinders, nematic and cholesteric droplets were threaded producing necklaces of liquid
crystal beads for the first time. The fiber changes not only the topology of the droplet but also distorts
its spherical shape to an approximately ellipsoidal droplet. An additional cylindrical surface with
planar anchoring along the droplet’s long axis was also added. Designing nematic and cholesteric
liquid crystal microdroplets on thin long threads opened new routes to produce fiber waveguides
decorated with complex microresonators. Two Soft Matter scientific papers were published based on

this work (One was chosen as the cover of that issue).

Finally, nano-fibers produced by cellulose acid hydrolises were prepared and a new electro-optical

sensor was built up and characterized and the results published in Liquid Crystals journal.
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Throughout this work Landau-de-Gennes theory was used in order to interpret and understand some of

the experimental results achieved.
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mm. The direction of rotation is indicated by a black arrow, and of moist air flow by a white arrow a.

Figure 3-18 Schematic of the humidity induced bending mechanism. a. The configuration is
symmetric about a vertical axis. The lever arms (green) are of equal length, and the net torque on the
top wheel due to tension in the film is zero. b. Due to the humidity-induced bend, the configuration is
no longer symmetric. Lever arm on the right in top wheel is shorter; net torque on top wheel due to
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Chapter 1 Introduction

In this introductory chapter we recall the essential aspects of cellulose related to the formation of self-
assembled systems as well as the basic knowledge of nematic and cholesteric liquid crystals. These
notes will allow the introduction of the main topic of this work, which was focused on studies and

applications of cellulose-based liquid crystalline systems.

1.1 Cellulose and Cellulose Derivatives

Anselme Payen in 1838 found a fibrous component in higher plant cell walls', with a unique chemical
structure, which he named cellulose. Cellulose is the most abundant and renewable organic material
on earth. It is the main component structural material by which plants, trees, as well as grasses sustain
the strength to stay upright or stand loads.? This structural material is organized as microfibrils, which
are linked together to form fibers. It can be biosynthesized by some living organisms ranging from

. . . .34
higher to lower plants, some amoebae, sea animals, bacteria and fungi.™

In this part of chapter 1, we decided to first introduce cellulose at a molecular level, which is crucial to
analyze higher structural organizations of this macromolecule: the supramolecular level comprising
crystal and molecular structures and hydrogen-bonding associations and the morphological

organization of the crystals into microfibrils, layers, cell walls and tissues. The fabrication and



application of nanocrystals, as well as cellulose derivatives are also addressed in order to introduce the

liquid crystalline chiral cellulosic systems in the second part of this chapter.

1.1.1 Cellulose

The history of the structural study of cellulose goes hand in hand with the history of polymer science.
In fact cellulose is the most extensively studied polymer during the introduction of the
macromolecular concept. The macromolecular nature of cellulose was determined at the beginning of

the 20™ century. >

1.1.1.1 Molecular Structure

Cellulose consists of a linear polysaccharide composed of f-D-glucopyranose units linked together by

S-1-4- linkages °. (The basic chemical structure of cellulose is presented in Figure 1-1)

OH
OH
] O HO ot
HO O o)
OH
I OH 1

Figure 1-1 Basic chemical structure of cellulose showing cellobiose repeat unit. ’

The established numbering of the carbon and oxygen atoms in the ring is shown in Figure 1-2. There
are two attached oxygen atoms (O1 and O5) at C1, hydroxyl substituents (O2 and O3) at C2 and C3,
one attached oxygen (O4) atom at C4, and one hydroxymethyl (C6 and O6) group at CS5. Inter-unit
linkages are insured by 1 and 4 positions. The oxygen atom at the glycosidic bond is O1, the oxygen in
the ring is O5, O2 and O3 are those in the secondary alcohols and O6 is in the primary alcohol. The
acetal center at C1 exists along the entire polymeric structure except at one end of the macromolecule

where it is a reducing hemiacetal center. *
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Figure 1-2 Numbering system for carbon and oxygen atoms in two consecutive glucosyl units of cellulose. The
03-H---O5 hydrogen bond shown is present in all crystalline forms of cellulose, but the pattern of hydrogen
bonding from 02 and O6 varies. Hydrogen atoms are shown in grey.”

The basic unit of cellulose results from cyclization of D-glucose into the six membered pyranose
shape. Two anomers result from cyclization. The stereoisomer f equatorial configuration is found in
cellulose molecular structure. The hydroxyl groups and their equatorial conformation on glucose
residues as well as their ability to form hydrogen bonds play a major role in directing the crystalline
packing and also in governing the physical properties of cellulose. The inter- and intra-molecular
hydrogen bonds as can be seen in Figure 1-2 contribute differently to the formation of microfibrils
with high strength. The O3-H---O5 hydrogen bond can be found in all crystal types, while the
hydrogen bonds between O2 and O6 vary in different type of crystals, as will be discussed in the next

. 3
section.

Many properties of cellulose depend on the degree of polymerization, the number of basic units that

makes up the polymer molecules in Figure 1-1 (1), which depends on cellulose source and treatment. >

Cellulose from wood pulp has typical chain lengths between 300 and 1700 units; cotton and other
plant fibers as well as bacterial celluloses have chain lengths ranging from 800 to 10,000 units.
Typically, native celluloses have n values higher than regenerated celluloses. Purification methods

seem to reduce the cellulose degree of polymerization to the value of 2500.°

1.1.1.2 Cellulose Supramolecular Structure

X-ray diffraction patterns of native cellulose were the first scientific evidence of the existence of

crystalline regions. Cellulose can form several kinds of crystalline structures, for example /, /1, I1]; and



1V, defined by different unit cell parameters (Table 1-1). Nature cellulose consists of cellulose /,
which is a composite of two allomorphs /, and Ip. I, can be converted into /5, which is more stable, by
annealing. Cellulose produced by bacteria and algae is enriched in /, while cellulose of higher plants
consists mainly of ;. Cellulose in regenerated cellulose fibers is cellulose /I. The conversion of
cellulose 7 to cellulose /1 is not reversible, suggesting that cellulose / is metastable and cellulose 7 is
stable. With various chemical treatments it is possible to produce cellulose /// and cellulose /V

3,9
structures.™

Table 1-1 Unit cells for cellulose L, Is, II, I11;, and IV. 3
Space Chains Unit cell

P group  mumbers o (h b ) () BO 10
1, Pl 1 6.717  5.962 10.4 118.08  114.8 80.37
Iy P2, 2 7.784 8.201 10.38 90 90 96.55
)i P2, 2 8.03'° 9.04 10.36 90 90 117.1

111, P2, 1 4.450 7.85 10.31 90 90 105.1
v, P1 2 8.03 8.13 10.34 90 90 90

Cellulose [, and I structures were investigated in detail and it was found that cellulose chain can
approximate to a flat ribbon, with alternate glucose units facing in opposite directions. They are locked
in this position by a hydrogen bond between a hydroxyl group (O3—H) of one glucose unit and the ring
oxygen (05") of the next. All the cellulose chains lie parallel, hydrogen-bonded edge to edge.® The
sheets of chains so formed are stacked on top of one another with a stagger, along the microfibril, that
differs between the /, and I forms. Most of these features were already known or guessed, but there
was a mystery about the forces that held sheets of chains together in a stack.® Hydrophobic bonding
had been suggested because®, with the polar hydroxyl groups ranged along the edges of each ribbon-

like chain, its upper and lower faces are relatively nonpolar. However Nishiyama et al.'""

point out
that the chains are also correctly configured to provide an ordered multiplicity of weak C-H:--O

hydrogen bonds from one sheet to the next as shown in Figure 1-3.

Nishiyama et al.'"'"* determined the crystal and molecular structure together with the hydrogen-
bonding system in cellulose using synchrotron and neutron diffraction data recorded from oriented
fibrous samples prepared by aligning cellulose microcrystals from tunicin'' and the cell wall of the
freshwater alga Glaucocystis nostochinearum'?. The X-ray data were used to determine the C and O

atom positions.'""?

The positions of hydrogen atoms involved in hydrogen bonding were determined
from a Fourier-difference analysis using neutron diffraction data collected from hydrogenated and
deuterated samples. Each crystalline form has two alternative hydrogen-bond networks that differ only
in the positions of the hydroxyl protons on O2 and O6. For /, the resulting structure is a one-chain

triclinic unit cell with all glucosyl linkages and hydroxymethyl groups identical. However, adjacent



sugar rings alternate in conformation giving the chain a cellobiosyl as repeating chain unit. The chains
organize in sheets packed in a “parallel-up” fashion. Adjacent chains are linked by a zig-zag, repeating
O-H---O-H- - motif. For I; type crystal, the structure consists of two parallel chains having slightly

different conformations and organized in sheets packed in a “parallel-up” fashion, with all

8,11,12

hydroxymethyl groups adopting the #g conformation.

Figure 1-3 Symmetry and directions of hydrogen bonding in cellulose. a, Cellulose /,, in which all chains are
crystallographically identical but alternating glucose units in each chain, shaded grey and yellow, differ slightly
in conformation. b, Cellulose /;, in which chains of two distinct kinds are arranged in alternating sheets. Chains
passing through the origin and centre of the unit cell are shaded respectively yellow and grey.®

1.1.1.3 Cellulose Morphological Structure

The morphological structure of cellulose describes the organization of crystals into microfibrils, cell
walls, fibers, tissues and other cellulosic arrangements. Nature cellulose occurs generally as fibers
while regenerated cellulose can be transformed into different materials as fibers, films or other
products with morphology largely different from that of native cellulose. The morphology of these
regenerated products depends not only on the processing conditions but also on the solvent used and

the regeneration process.

The cellulose nature micro fibril is assumed to be the basic structural component of cellulose, formed
during the biosynthesis. Each micro fibril can be considered as a string of cellulose crystals linked
along the micro fibril axis by disordered amorphous domains, e. g., twists and kinks.® Actually, the
chains aggregate to form a fibril, which is a long thread-like bundle of molecules laterally stabilized
by intermolecular hydrogen bonds, as shown in Figure 1-4. Individual cellulose microfibrils can have
diameters ranging from 2 to 20 nm depending on the cellulose source. For example it was found that
the Valonia cellulose microfibrils, have 20 nm width and are much larger than those found for wood

holocellulose.*™
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Figure 1-4 Scheme of the cellulose cell wall and micro fibril organization."

The hydrolysis of cellulose into smaller polysaccharides or completely into glucose units is relatively
difficult compared to the breakdown of other polysaccharides called cellodextrins, because cellulose
molecules bind strongly to each other. Processes do exist however for the breakdown of cellulose such
as the Lyocell process, which uses a combination of heated water and acetone to break down the

cellulose filaments.’

1.1.2 Nanocrystalline Cellulose (NCC), Fabrication and Applications

Nowadays, much research activity is devoted to new forms of cellulose named nanocrystals, whiskers,

nanofibrils, nanofibers and crystallitesls'22

. Three main types of nanocelluloses were identified;
microfibrillated cellulose (MFC), nanocrystalline cellulose (NCC) and bacterial nanocellulose (BNC)
(Table 1-2)*, depending on their dimensions, preparation and processing methods as well as cellulosic
source. These cellulosic objects possess in common one dimension in the nanometre range and are

referred to generally as nanocelluloses.

Nanocelluloses can be isolated from forest, agricultural residues and wood by using different methods,

which include chemical, physical or enzymatic processes'****. Another way to obtain such cellulosic

2 In a singular way, nanocelluloses can combine cellulose

materials is from glucose by bacteria
properties with nanoscale materials characteristics due to their large surface area, unique morphology,
low density, renewable nature; wide variety of filler available through the world; low energy
consumption; high specific properties; modest abrasively during processing; mechanical strength, and

biodegradability. In addition, they can be easily (chemically) modified® .



Table 1-2 The family of nanocellulose materials™.

Type of microfibrillated cellulose nanocrystalline cellulose bacterial
nanocellulose (MFC) (NCC) nanocellulose
(BNC)
Selected microfibrillated cellulose, cellulose nanocrystals, b a1 cellul
references and nanofibrils and microfibrils, ~ crystallites, whiskers, qcterll)a} lce 1111 (l)se,
synonyms nanofibrillated cellulose rodlike cellulose microuia’ celliose,

microcrystals

biocellulose

Typical sources

wood, sugar beet, potato
tuber, hemp, flax

wood, cotton, hemp, flax,
wheat straw, mulberry bark,
ramie, Avicel, tunicin,
cellulose from algae and
bacteria

low-molecular-
weight sugars and
alcohols

Formation and
average size

delamination of wood pulp
by mechanical pressure
before and/or after chemical
or enzymatic treatment
diameter: 5-60 nm

length: several micrometres

acid hydrolysis of cellulose
from many sources
diameter: 5 — 70 nm

length: 100 — 250 nm (from
plant celluloses);

100 nm to several
micrometers (from

bacterial synthesis
diameter : 20—
100 nm ; different
types of nanofiber
networks

celluloses of tunicates,
algae, bacteria)

In this work we used nanocrystalline celluloses (NCCs) (chapter 3), which are also known as whiskers
and consist of rodlike cellulose crystals with widths of 5 - 70 nm and lengths between 100 nm to

several micrometers (Table 1-2).

Cellulose nano/micro-crystal suspensions were firstly reported at the end of 1940s by Rdnby.** NCCs
were generated by the liberation of crystalline regions of the semicrystalline cellulosic fibers by
hydrolysis with mineral acids®. This chemical process starts with the removal of polysaccharides
bound at the fibril surface and is followed by the cleavage and destruction of the more readily
accessible amorphous regions to liberate rodlike crystalline cellulose sections’®. When the appropriate
level of glucose-chain depolymerization has been reached, the acidic mixture is diluted, and the
residual acids and impurities are completely removed by repeated centrifugation and extensive
dialysis23. A mechanical process, typically sonication, which disperses the nanocrystals as a uniform
stable suspension, follows the hydrolysis. The structure, properties, and phase-separation behavior of
cellulose-nanocrystal suspensions are strongly dependent on the type of mineral acid used and its
concentration, the hydrolysis temperature and time, and the intensity of the ultrasonic irradiation'®*".
The type of mineral acid used in the hydrolysis step was described to have a great influence on the
surface properties of the nanocrystals. Crystals generated with hydrochloric acid exhibit poor colloidal

stability*

while those hydrolyzed with sulfuric acid undergo some surface sulfation and are
therefore stabilized by strong electrostatic repulsion between the anionic sulfate ester groups at the

surface™**!. Owing to their highly repulsive character, NCC suspensions prepared with sulfuric acid



exhibit higher colloidal stabilities. The dimensions of crystals were also found to vary on the extent of
the hydrolysis; a longer reaction time produced shorter crystals***. An example of a film produced
after dialysis can be seen in Figure 1-5. The NCCs were produced from micro avicel by sulfuric acid

hydrolysis.

The free crystals dimensions and morphology depend upon the degree of cellulose crystallinity.

Similar to nanocelluloses, NCCs can be isolated from a wide variety of cellulosic sources, which

29,38,44 24,28 22,32,48

. . . 4 . 46.4 .
include plants , microcrystalline cellulose > animals*®" bacteria®**®, and algae . Because of

their length and crystallinity Tunicin whiskers have been a preferred source. Nanocrystals of several

. . . . . 242
microns in length can be liberated*®"’, for instance from bacteria®***

although it is expensive and not
widely available, which limits its use for a large-scale production. Nowadays the preferred sources for
NNCs production are wood and cotton, due to their natural abundance, widespread availability,
cellulose content and uniformity™.

16,50-53 54-56

Gray and other authors performed initial research on cellulose nanocrystals by using filter

paper and related products owing to their availability in the laboratory and purity.
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Figure 1-5 Top: AFM scan image with the plot of a typical profile, bottom: polarized optical Microscopy
pictures (left under crossed polarizers and right with parallel polarizers).



These nano-crystals may also show different geometries, depending on their biological source; for

example, algal cellulose membrane displays a rectangular structural arrangement, whereas both
bacterial and tunicate cellulose chains have a twisted-ribbon geometry®"*,

Transmission electron microscopy (TEM) is a suitable technique to observe dried NCCs suspensions
and was used to first reveal the presence of aggregates of needle-shaped particles, while further

analyses of these rods with electron diffraction and X-ray scattering demonstrated that they had the
same crystalline structure as the original fibers.”*®

NCC has attracted a great deal of interest in the nano-composites field due to their appealing intrinsic

properties.

NCCs can be used as filler into amorphous polymer matrices. The use of small axial ratios fibers with

1

a theoretical elastic modulus of 138 GPa ®', similar to that of steel, and a large surface area of several
g

hundreds of square meters per gram’> was found an interesting option for composite materials
preparation. Favier*® showed, for the first time, that a significant increase of the modulus could be

achieved for latex rubbery matrices if NCCs were incorporated. Thereafter many other composite

19,62-64 32,65-69

matrices were investigated including synthetic as well as

70-73

and natural polymers
elastomers™ . The mechanical performance of polymer-NCC composite materials was the main goal

sought by the previous studies.

In a more recently work Capadona et al.” described a very interesting system of NCC particles
dispersed in polymer matrix, which can mimic the sea cucumbers mechanical responsive behavior. In
their system, when the whiskers are well dispersed into the solvent, the hydrogen bonds between the
NCC are destroyed by forming the hydrogen bonds between whiskers and solvent molecules, leading
to a lower elastic modulus state called “switched off” state. By evaporating the solvent, the bonds
between cellulose-whiskers are rebuilt, which leads to the high modulus state called “switched on”
state. By the competition of these two process they try to mimic the sea cucumbers’ ability to rapidly
and reversibly alter the stiffness. This architecture and strong interactions among the whiskers
maximize stress transfer and therewith the overall elastic modulus of the nano-composite. They
demonstrated even larger modulus changes (4200 to 1.6 MPa) upon exposure to emulated

physiological conditions

Wu et al. ° prepared PMMA composites by solution casting with the reinforcement of NCC. They
demonstrated a marked increase in storage modulus from 1.5 GPa for pure PMMA to 5 GPa for the

composite sheet containing 10 wt % NCC at 35 °C due to the high modulus of cellulose crystals.



1.1.3 Cellulose Derivatives

Cellulose is insoluble in most organic solvents due to its supramolecular structure. This fact implies
that the great majority of cellulose derivatives available in the market are fabricated through chemical

: 76
heterogeneous reactions .

Cellulose combines carbohydrate and polymer chemistry, which affect cellulose reactions and
properties. The intermolecular interactions, cross-linking reactions, degree of polymerization,
distribution of functional groups on the repeating units along polymer chains are some crucial

parameters that determine cellulose chemistry and handling.

cell-O-CH,
methyl cellulose (MC)
NaOH,
H,CCl
NaOH
’ OH
Y 0 NaOH, At Nes
CE||-O-CH2-CH2-CN CN - %ON Cl-CH COO'Na*‘ce” 0-CH,-COO'Na
cyanoethyl cellulose HO oH = carboxymethyl cellulose (MC)
Cell-OH
NaOH,
R
o R o1
ceII-O{CHZ-CH-O:ICHZ-CH-R
m-1
R=H : hydroxyethyl cellulose (HEC)
R=CH, : hydroxypropyl cellulose (HPC)
m=1,2,3...

Figure 1-6 Examples of commercial cellulose ethers™.

Cellulose is a polyfunctional polymer and cellulose derivatives can be obtained by chemical reaction
of the three hydroxyl groups available in each repeating cellulose unit. The determination of the
degree of substitution along the chain as well as the effect of syntheses procedure on the degree of
polymerization is not simple. In fact, several factors like reagents, oxygen, mechanical and thermal
loads can disturb the stability of the chain-forming acetal groups. Cellulose derivatives degree of
substitution is highly affected by the difference in reactivity between the primary accessible hydroxyl
group at C6 and the secondary acidic and close to the acetal function group at C2. The difference in
reactivity between C6 and C2 can be exploited for selective reactions of cellulose, but it is limited by
the hydrogen bond networks™. For heterogeneous reactions, the accessibility and reactivity of the
hydroxyl groups are limited by hydrogen bond-breaking activation steps and by interaction with the

reaction media. Therefore, usual organic chemistry reactions are not straightway applicable to
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cellulose substitution’”’. A great amount of preparative work on the laboratory scale has been
developed over the past years with cellulose solvent systems in order to break hydrogen bonds and
minimize the influence of the supramolecular network’. As a consequence, new types of cellulose
derivatives have been synthesized and the understanding of reaction mechanisms, reaction control,
structure—property relationships (solubility, film formation, stability), and structure analysis has been
increased™. Until now, it has not been possible to transfer the homogeneous reactions to technical
scale, as the control of aprotic dipolar media and salt components are still a problem™.

The chemical modification of C1, C3 and C6 hydroxyl cellulose groups are most of the times referred

79,80

in literature as reactions characteristic of alcohols’™™". In this sense esterification and etherification are

the most frequently mentioned®'.

Acids chlorides, acid anhydrides or acids in the presence of a dehydrating agent can esterify cellulose.
Depending on the acids used two types of cellulose esters are found in literature, esters of inorganic
acids and esters of organic acids. Cellulose nitrate is an inorganic acid cellulosic ester while an

example of cellulose ester of organic acid is cellulose acetate.

Cellulose esters, contrary to cellulose, are soluble in a wide variety of solvents. The degree of
substitution can be controlled and a variety of esters can be produced. These cellulose derivatives have

a lot of applications for the production of fibers, films, coatings and membranes.

R R R 0
m%@%w
R 0 R R
R-OCH,CH(OR’)CH, CH, or -OH
(R’- H or CH,CH(OH)CH,)

Figure 1-7 Molecular structure of HPCY.

The etherification of cellulose can be accomplished by Williamson ether synthesis and Michael
addition. For the first case alkyl halides or alkylene oxides are used while acrylic or related
unsaturated compounds are used for the second type of syntheses. Williamson reactions are the most
used to synthesize methylcellulose, ethylcellulose and carboxymethylcellulose. Propylene oxide and
ethylene oxide are used to obtain hydroxypropylcellulose and hydroxyethylcellulose, respectively, by
ring-opening reactions. Cyanoethylcellulose can be produced by Michael addition by reaction of
acrylonitrile with alkali cellulose. Cellulose ethers are used as additives in various industries including
food, paint, oil recovery, paper, cosmetics, pharmaceuticals, adhesives, printing, agriculture, ceramics,

textiles, detergents, building materials and others®>™.
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In chapters 2, 3, and 4 cellulose ether, hydroxypropylcellulose (HPC) was used, so in this chapter we
decided to speak in more detail about this kind of cellulose derivatives. Cellulose ethers are a wide
range family of cellulose derivatives but hydroxyalkyl ethers of cellulose are an important class in
which the most common ethers found in literature and with a wide range of applications are HPC and
hydroxyethylcellulose (HEC). These hydroxyalkyl ethers are synthesized by reaction of cellulose with
propylene (HPC) and ethylene oxide (EC). The synthesis reactions are schematically represented in
Figure 1-6. The epoxide reaction not only occurs with cellulose hydroxyl groups, but also can pursuit
at newly formed hydroxyl groups (Figure 1-7), which implies the formation of side chains with
different lengths. In order to take this in account the extent of substitution is described by the average
degree of substitution (DS) and average molar substitution (MS), which is set as the average number
of hydroxyalkyl groups per glucose unit. While MS values can be greater than three, values of DS are
always in the range between zero and three. Typical commercial HEC molar substitution values are in
between 1.5 and 3.5 and DS values in the range of 0.8 < DS < 1.8, while MS for HPC varies from 3.5
to 4.5 and DS from 2.2 to 2.8**™. The carbons at which the hydroxyalkylation takes place have
different reactivity; the new side chain hydroxyl group carbon has the highest reactivity compared
with carbons, C6, C2 and C3 ¥, The reactivity of the side chain hydroxyl is higher for HEC, which

does not sense the steric hindrance promoted by the methyl groups present in HPC®'.

HPC as well as HEC are non-ionic polymers™ and the thermoplastic HPC is soluble in cold water and
in a great variety of polar organic solvents. Its tendency to generate liquid crystalline phases in the

presence of these solvents will be described later in this chapter.

1.2 Cellulose Chiral Nematic Order

The following chapters describe the original work performed with liquid crystalline systems. All the
innovative work involves cellulose and/or cholesteric and nematic phases. Due to this we decided to
give in this chapter a brief introduction to liquid crystalline nematic and chiral nematic phases as well

as cellulosic liquid crystalline materials.
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1.2.1 Brief Introduction to Nematic and Chiral Nematic Phases

Solids can be either crystalline or/and amorphous, while common liquids and gases do not present any
long range (comparing with molecular dimensions) order and are always considered as amorphous

85,86
phases™

. In crystalline phases the molecules or atoms are regularly confined into three-dimensional
lattices®. About 120 years ago, it was found that some materials, which could flow above melting
temperature, could still exhibit some birefringence, detected by optical polarized microscopy,
characteristic of the crystalline phase. Those phases, observed between the solid and the liquid, were

87,88

named liquid crystals or mesophases™ . For liquid crystals, the mechanical and symmetry properties

are intermediate between the crystals and the liquids®.

The classification of mesophases is essentially based on their symmetry and three main classes were
identified: nematics, smectics and columnar phases”. The type of liquid crystals that may be obtained
depends on the structure of the constituent molecules or group of molecules. Nematics can be made of
elongated or disk-like molecules’’. A variety of phenomena and transitions amongst liquid crystalline

phases can be induced by external parameters and by the nature of the constituent molecules®.

Liquid crystalline phases can be induced by temperature variation or by changing the concentration of
the molecules in appropriate solvents. The first are called thermotropic while the second are lyotropic

liquid crystals.

Nematic phase

The word nematic was suggested by G. Friedel in 1920”. In Greek it means thread, and refers to
certain thread-like defects that are usually observed for these kinds of liquid crystals. Figure 1-8 shows
a nematic liquid crystal sample sandwiched between two glass plates favoring tangential boundary
conditions for the elongated molecules characteristics of these materials. Singularity points (black
points) appear connected by black branches, indicating the local direction of the optical axis
orientation, tangent to the director (will be discussed later in this chapter). Outside the core, molecular
orientation varies slowly. Two defect types with four or two branches can be identified. In this
particular photo disclination lines (thin threads) can also be observed. Normally these thin threads
evolve and completely disappear in a few minutes. In this case they probably got caught on dust
particles or on the surfaces. The threads, normal to the glass plates, are observed along their axis. On
turning the polarizers, the extinction branches can rotate and a sign can be associated with each defect,

+ if the branch rotation follows that of the polarizers and — if they turn the opposite way.
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Figure 1-8 Schlieren texture observed between crossed polarizers with a nematic giving tangential boundary
conditions on the glass slide. Disclination lines in the bulk can also be observed.

A schematic representation of the arrangement of molecules in the nematic phase made up of rod-like
molecules is shown in Figure 1-9. The molecules tend to align on the average along some common axis,

90,94

which is labeled by a unit vector, or director n . It is assumed that molecules are free to turn about

their axis. This medium is optically uniaxial being the optical axis parallel to the director **.
Macroscopically there appears to exist complete rotational symmetry around the nematic orientation,
reflected by all the macroscopic tensor properties®. The nematics have no long-range correlation

between the centers of mass of the molecules’™

and the axis of uniaxial symmetry has no polarity but
the constituent molecules may be polar. Boundary conditions and external fields can impose the
orientation of the nematic. Without special measures, the boundary conditions will vary over a
substrate. This leads to the variation in the director pattern, and thus to differences in birefringence. A
characteristic texture with threads corresponding to discontinuities in a director pattern, varying

continuously over distances much larger than the molecular dimensions, can be observed in Figure 1-8.

Figure 1-9 Schematic representation of molecules in nematic uniaxial phase built up of rod-like molecules’.
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The liquid like and uniaxial symmetry exhibited by nematics reflect upon nuclear magnetic resonance
(NMR) spectrum. Line splittings, absent in conventional isotropic liquids, can be observed as well as

. . . . L 89,9098
narrow spectrum lines due to rapid molecular motions characteristic of liquids. =

Usually different techniques are needed to identify the presence of a liquid crystalline phase, which
include polarizing optical microscopy (POM), X-rays, differential scanning calorimetry (DSC) and

NMR.

Order parameter

Rigid rods are the simplest type of molecules to give nematic phases. Here we use rod like nematic as
an example to describe the order parameter. The axis of one rod will be labeled by a unit vector a. The
rod is assumed to have complete cylindrical symmetry about a. The direction of the nematic axis n,
the average direction of the alignment of the molecules, will be taken as the z-axis of the laboratory

86
frame™.

Figure 1-10 The coordinates of a rod used to define the order parameter tensor.

a, =sinf cos®

a sin @ sin @

y

a, = cosf
dQ =sin6 dodo
0 =0~m

O =0~2m
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The state of alignment of the rods can be described by a distribution function f (6, 8)dQ, f (6, @) is the
probability of finding a rod in a small solid angle of d€) around the direction of (8, @).

The order parameter is given by:
1 1
S = 5 < (Bcos?0—-1)>= ff(9)5(3coszt9 —1)dQ

Equation 1-1'

Based on Landau’s general description of phase transition, de Gennes developed the
phenomenological model of the NI phase transitions, which is called Landau-de Gennes (LDQ)

99,100

theory . The LDG theory has the ability to capture the most relevant aspects of the phase

99,101-103

transitions . The model was constructed independent of the detailed nature of the interactions

99,101-103

and the molecular structures. It is well described in literature and here we will speak briefly

about Landau-de Gennes free energy.

Landau theory describes a phenomenological depiction of the phase transition, which involves a
change of the medium symmetry. Generally, the more symmetric (less ordered) phase corresponds to
higher temperature and the less symmetric (high ordered) to lower temperature. The difference in the
symmetry between the two phases can be represented by the order parameter. The mathematical
description of the theory is based on the idea that the thermodynamic quantities that describe these

phases can be obtained by expanding the thermodynamic potential in powers of the order parameter '*.

The nematic state is described by the symmetric tensor order parameter O with zero trace”. Since the
thermodynamic potential is a scalar, the expansion can only contains terms that are invariant
combinations of the elements Q,p = 0 of the order parameter. In general the free energy F can be

expanded as following”*®:

F=F,+ %ATr(QZ) + %BT?’(Q3) + %CTr(Q“') + %D[Tr(QZ)xTr(Q3)] + %E[Tr(QZ)P

Equation 1-2

' For instance, if f (@) strongly peaked around the angle & = 0 or 7, so cos @ = +1 and S=1. If § = %

we will get $=-0.5. If it is isotropic phase: So f(8) will be constant in the whole space, [ f (8)dQ = 1,

f@® [da=1, f(0)[sinf dodo =1, f(6) =1 , <cos?0 >= [cos?0 f(6)sinO dOd® =

4m

i n 2 ; T —1 —l 29— =
4'ﬂfocos 951n9d9f0d(Z)—3,so,S—2<(3cos9 1)>=0
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Where the Fj is the free energy of the isotropic phase. The coefficients of 4, B, C, ... are functions of
Pressure (P) and Temperature (7). The equilibrium state can be obtained by minimizing F with respect

to Q for the fixed P and 7.

Deformation of LCs

In the absence of external constraints Vi = 0. If a|Vn| « 1, where « is a typical molecular distance,
and assuming the temperature and pressure fixed (the local order parameter S constant) the free energy
f, associated with the elastic distortion, can be expanded in a power series of successive spatial

derivatives of n”°.

Glass

—— Nematic
| - ] Glass

Y
Splay Bend
(divn #0) (curl n L n)
C
Twist
(curln | | m)

Figure 1-11 Three types of deformation occurring in nematics. The figure shows how each type may be obtained

by suitable glass walls treatment (strong surface anchoring conditions)’®'",



The simplified expression for the distortion free energy, f;, which can be used in most practical
conditions where the surface forces are strong enough to impose a well-defined direction to n at the

surface (strong anchoring), is the following:
1 ] 1 1
Fy = §K1(d“7 n)?+ EKz(n ccurln)? + EK3(n><curl n) 2

Equation 1-3

K, (x=1, 2, 3...) are elastic constants, K; corresponds to splay, K,to twist and K;to bend (shown in

Figure 1-11).

Equilibrium conditions in the bulk can be obtained by minimization of the distortion energy, with
fixed boundary conditions for n. The influence of external fields, magnetic and electric fields can be
included in the free energy expression. For example, if a magnetic field is applied to an usual nematic

where y, = x| — x. 1s positive, with x| and y, the magnetic susceptibilities of the medium, parallel

and normal to the director, respectively, the free energy becomes:

1
f = fa =52 HY

Equation 1-4

The distortions of the nematic n(r) can be abrupt and a thread-like texture, similar to Figure 1-8 is

common observed for nematic samples.

Understanding the defects and textures characteristics of liquid crystalline phases is vital for several
reasons; normally a given type of liquid crystal structure presents a characteristic texture, for example

a nematic liquid crystal usually exhibits a schlieren texture. In some cases a network of defects can

89,90,105-109

stabilize the formation of complex liquid crystalline phases (for example blue phases'" and

111

Twist Grain Boundary (TGB) phases ). Without the stabilizing defects effect these unusual

mesophase structures probably would not exist”. Another important implication of the defect

formation is their impact on devices fabrication''

. The defects, discontinuities, inhomogeneties in
liquid crystal layers can drastically affect the optics, contrast and performance of the display'".
Topological defects may also play a significant role in case of defect mediated phase transitions. %
Several types of nematic planar wedge disclinations were identified and studied. By simple
observation of a nematic texture, under cross polarizers, the determination of the spatial variation of

89,105-107,109
d

the director around point singularities defects can be determine . For example, in Figure 1-8,

the distribution of the director around 1, 2, 3 and 4 point singularities are given in Figure 1-12.
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m=+1 m=-1 m=+1/2 m=-1/2

Figure 1-12 Geometrical arrangement of the molecules at the sample surface around point defects 1, 2, 3 and 4
shown in Figure 1-8.

1.2.1.2 Chiral liquid crystals

Chirality in liquid crystals has been the subject of intense research in recent years, and is directly

responsible for their important technological applications ***>'"®

. An object (or molecule), which
cannot be transformed into their mirror image, by rotation or translation, is called chiral. The term
chiral implies that a molecular structure is asymmetric and handed. The presence of chiral molecules

in a liquid crystal can have various consequences.

Historically, the chiral nematic phase is called cholesteric phase because the first thermotropic liquid
crystalline materials exhibiting this phase were cholesterol derivatives”. However, today many
different types of chiral materials are available that generate the chiral nematic phase and these have
no resemblance to the cholesterol derivatives. Locally, the phase structure of a chiral nematic is very
similar to a nematic material, i. e., the centers of gravity have no long-range order and the molecular
orientation shows a preferred axis indicated by a director n. However, the asymmetry of the
constituent molecules causes a small gradual rotation of the director n. This gradual rotation of n
describes a helix which has a specific temperature-dependent pitch P=27/g. (qois the wave number)
The pitch of the helix is defined as the longitudinal distance in which the angle of twist has made one

909295114 Tnstead of the uniform alignment of the director field occurring in

complete 360 ° revolution
the achiral phases, the chiral phases usually exhibit a helical structure Figure 1-13. If the cholesteric
pitch P is comparable to the wavelength of visible light, a well-oriented cholesteric sample between
two plates treated in homeotropic anchoring exhibits specular reflections, which are considered as
Bragg reflections of the light on the periodic cholesteric structure, the wavelength of the light is

Ao = no P, where ny is the ordinary refractive index.
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Figure 1-13 The structure of the cholesteric phase. The arrangement of molecules is periodic along z and the
spatial period ql is equal to one-half of the pitch (P). (The successive planes have been drawn for convenience,
[

but do not have any specific physical meaning.)

In the ideal chiral nematic phase the director n(r) varies in space according to the law:

n, = cosf
ny, = sin 6
n,=0

0 = qoz + constant

where the helical axis along z as shown in Figure 1-13.

Figure 1-14 Crossed polarizers POM picture of chiral nematic phase (mixture of 5CB and 5CB¥*). Fan-shaped
texture. The elementary patterns / and 2 are drawn in Figure 1-15. The value of the pitch for this sample is
P=28.3 um.
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When we discuss about the distortion free energy about the chiral nematic phases, we have to add a

term to Equation 1-3 and get the new deformation free energy:
1 ; 2, 1 2, 1 2
F; = EK1(dW n) +EK2(n-curln + qo) +§K3(n><curl n)

Equation 1-5

The cholesteric phases present characteristic textures under the polarizing microscope, in transmission,
or in reflection. These textures depend on several parameters, anchoring conditions at the boundaries,
sample shape and size, helical pitch and external fields. If the helix axis is normal to the sample
surfaces the cholesteric pitch can be determined. In fact the fan-shaped texture shown in Figure 1-14 is
a common example of a cholesteric texture in which the cholesteric layers are normal to the glass
plates and free to turn in the sample plane. Half of the pitch can be estimated by measuring the length
between two dark lines. Another characteristic cholesteric texture, well described by Bouligand' ", is
the polygonal field, which is obtained when the cholesteric layers are no longer vertical, but present a
tilt with respect to the glass plates. By POM observation this texture is characterized by having an
upper and a lower plate focusing, this texture is common in cellulose liquid crystalline materials and

will be referred latter in this chapter.

Figure 1-15 Patterns encountered in the fan-shaped texture (see Figure 1-14, / and 2) according to
Y. Bouligand’s work' .

1.2.2 Liquid Crystalline Properties of NCCs

Revol and co-workers discovered that NCCs water suspensions can organize into a chiral nematic

phase''” previously described in this chapter for small molecules, which can be preserved upon air-

118

drying, resulting in iridescent films . The interesting optical and liquid crystalline properties of
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NCCs suspensions and colored films were the subject of several studies and reviews'®**>41 118121,

Low contents of NCCs in water can present a biphasic concentration range in which the isotropic and

6 3394 Ag the concentration of

the chiral nematic phases are in equilibrium as shown in Figure 1-1
nano cellulose is further increased, the suspension becomes completely liquid crystalline®® and
textures characteristics of nematic chiral phases develop as the fan-texture, observed under cross
polarizers, shown in Figure 1-16 b. The self-induced parallel alignment phenomenon of the NCC that
occurs above a critical concentration is attributed to the well-known Gibbs free energy driven self-
orientation phenomenon of rod-like species to give nematic order.”” The ordered phase is a liquid

crystal and such behavior was first reported by Ranby.*

Figure 1-16 a (top) Phase separation of cellulose suspension in pure water at different crystallite concentrations.
From left to right, the sample concentrations are 8.78, 7.75, 6.85, and 5.78 wt %,respectively. b (bottom) Chiral
nematic texture of the anisotropic phase of a cellulose suspension. **

In fact, Gray et al. studied the formation of ordered phases of acid-hydrolyzed cellulose suspensions
as a function of cellulose crystallite concentration and added electrolyte (HCI, NaCl, and KCI)

concentrations. A chiral nematic phase formed when the suspension concentration was higher than
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5.14 x 10 nm™ in water.* The chiral nematic pitch of the anisotropic phase decreased with increasing
NCC concentration and with added electrolyte concentration. Apparently, a decrease in double layer

thickness increases the chiral interactions between the crystallites. **

Further more Gray et al. discovered that NCC rods with the diameters of 17-20 nm and the length in
the interval of 100-200 nm could self assemble and generate solid films with symmetric focal conic
textures observed by polarized-light (Figure 1-17) in which the line defects form a pair of perpendicular,

'22 The film’s surface was analyzed by atomic force microscopy

antiparallel, and confocal parabolas.
and a regular array of large and small elevations were observed as shown in Figure 1-17 and Figure 1-18
along a high degree of rods orientation. The modulation of the films microstructure by computer

revealed that many structural layers terminate at the film surface (Figure 1-18).

The alignment of nano cellulose crystals solutions can be achieved by external magnetic and electric

fields, which promote the alignment of the phase structure producing regular single domains *"'%*.

Figure 1-17 Square lattice with crossed polarizers and full-wave retardation plate inserted into the microscope.
Scale bar 20 um. '

Another interesting study related to NCCs liquid crystalline characteristics showed that freestanding
mesoporous silica films with long-range chiral nematic ordering may be obtained by using NCCs
templates. The chiral nematic organization and high surface area of NCCs can accurately be replicated
in the inorganic solid. The helical structure of the mesoporous films results in chiral reflectance that

can be tuned across the entire visible spectrum and into the near-infrared. (Figure 1-19) '**

This work opens new horizons on NCCs applications as colored structural materials.
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Figure 1-18 Layer tilting in the center of a Parabolic focal conics structure with a focal length of 11 um, layer
spacing 1.375 um. For clarity, only every fourth layer is shown. The corresponding area of a p-arabolic focal
conics is shown in the photomicrograph on the right. '**
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Figure 1-19 a, Transmission spectra of four NCC/silica composite films with reflectance peaks in the near-
infrared part of the spectrum. The proportion of Tetramethyl orthosilicate: NCC was increased from samples S1
to S4, resulting in a redshift in the reflectance peaks of the films. b, Transmission spectra of the mesoporous
silica films obtained from the calcination of composite films S1 to S4. The reflectance peaks were all blueshifted
by approximately 300 nm, resulting in films that reflect light across the entire visible spectrum. ¢, Photograph
showing the different colors of mesoporous silica films S1 to S4. The colors in these silica films arise only from
the chiral nematic pore structure present in the materials. The dime is included for scale (diameter, 18 mm).
d, Photograph of a yellow mesoporous silica film (S3) taken at normal incidence. e, Photograph of the same film
taken at oblique incidence appears blue owing to the sin6 dependence of the reflected wavelength. '**
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1.2.3 Cellulose Liquid Crystalline Networks

Polymer molecules with stiff or semi-rigid backbones are capable of forming lyotropic and

125 For cellulose and cellulose derivatives the backbones are

thermotropic liquid crystalline phases.
semi-rigid and it is not surprising that many form liquid crystalline phases. The first published report
of the formation of a liquid crystalline phase by a cellulose derivative'>® showed that concentrated
aqueous solutions of HPC form lyotropic mesophases that display iridescent colors over a specific
concentration range. Since this initial report in 1976, many cellulose derivatives have been found to

form lyotropic and thermotropic liquid crystalline phases.'*

The liquid crystalline phases of most cellulose derivatives form chiral nematic structures as a result of
the chirality of the cellulose backbone. The semi-flexible nature of cellulose derivatives results in
these polymers having a critical concentration for mesophase formation, which is greater than that of
rigid rods of the same molecular weight. The critical concentration varies with the nature of the

solvent, indicating that the solvent plays a role in determining the stiffness of the cellulose backbone'”’.

Cellulosic liquid crystals exhibit optical properties analogous to those observed from chiral nematic
mesophases of polypeptides and chiral small molecule mesogens. These optical properties have been
found to be also sensitive to several factors, such as the nature of the side-groups, the degree of
substitution, the molecular weight of the polymer and temperature. The optical properties of HPC
mesophases were among the first to be investigated. HPC forms a liquid crystalline cholesteric phase
according to its concentration in water. The critical concentration for mesophase separation, at about
40 wt % polymer in water and at slightly higher concentration in methanol and ethanol, depends to
some extent on factors such as the nature and degree of substitution, the solvent, the temperature and
the molar mass of the polymer. The flexibility of the cellulosic chain appears to be the primary factor

governing the concentration of polymer that is required for formation of the liquid crystalline phase.'**

Gray et al.'"® were the first to report that concentrated aqueous solutions of hydroxypropyl cellulose
could generate lyotropic mesophases, which displayed a range of iridescent colors. Evidence from
light microscopy, optical rotatory dispersion as well as NMR, and X-ray suggested that the mesophase

organise in a helicoidal structure, resembling that of cholesteric liquid crystals.'*®

It is well know that HPC-water solutions exhibit a complex phase diagram including, at room
temperature, (Figure 1-20) an isotropic phase at HPC concentrations below 40 wt % followed by a

biphasic region and a cholesteric phase at higher concentrations'*

. The particular aspects of the phase
diagram depend upon the temperature, molecular weight, substitution degree and also solvent type.
The characteristic polygonal field texture observed for the cholesteric phase, at room temperature, is

shown in Figure 1-21 2613113

. HPC and its ether and ester derivatives generally form right-handed
chiral nematic mesophases, with a pitch that increases with increasing temperature and decreasing

polymer concentration. The pitch and chiral nematic twist sense of mesophases of cellulose

25



derivatives are strongly influenced by the nature of the side-group substitution and the solvent. It is not

known how or why different achiral substituents on the cellulose chain or changes in the solvent can

influence the chirality of these tertiary helicoidal structures'*'**.
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Figure 1-20 Sketch indicating the appearance of the hydroxy-propylcellulose-water system as a function of
130

temperature and concentration.

P/2

Figure 1-21 a POM picture of the cholesteric state solution of HPC in water (50 %w/w). b, ¢ Director orientation

in the cholesteric liquid crystal.

Liquid crystalline polymers (LCPs) exhibited great promise of opening a new era of lightweight, high-

strength materials when they were first introduced commercially. Unfortunately, these hopes and

predictions have not come to fruition due to difficulties in processing and their complicated physics in

solutions and blends. Yet, despite these problems, the demand for LCPs has grown and is predicted to

continue growing in the future. In order to optimize the ability of industry to utilize LCPs in
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commercial products, a better understanding of the rheology, processing-structure-property
relationship, and fundamental physics of LCPs is necessary. All LCPs incorporate an anisotropic
element, a mesogen, into their architecture. The alignment of this anisotropic structure results in the
unusual ultimate properties and unique physics of LCPs. For commercial products that are
manufactured from liquid crystalline polymers, this alignment of the mesogenic structure usually
occurs during processing; i. e., shear-induced alignment is responsible for the molecular orientation.
Given the importance of this process on the ultimate properties of the final product, there is,
surprisingly, a glaring absence in the understanding and theoretical explanation of the interaction of a
shear field with a LCP that accounts for the observed responses of a LCP to shear flow. '** Rheology
studies on the HPC-water system have shown that in the liquid crystalline phase three distinct regions

d"*"7 as introduced theoretically by Onogi and Asada"*® using a

of steady shear flow can be observe
domain-based model that accounts for the shear rate dependence of the viscosity by correlating the
response of the well-known poly-domain nature of a liquid crystalline polymer in solution to shear
flow (as depicted in Figure 1-22, to explain the viscosity dependence of a LCP solution on shear

B43%) Different domains have significantly different local system configurations resulting from

rate.
the material response to the imposed shear stress. The viscosity dependence is explained with respect
to the response of the domain structure to the shear flow. In regime / the domain structure is not
altered, but the domains flow over each other, resulting in a shear-thinning regime. Regime I/
describes the system as the domains are starting to break up due to the shear flow. Simultaneously,
domains are flowing within an incipient monodomain (regime /// begins where the domains break up

and create a single monodomain).'**

Regime 1 Regime IIJ’ Regime I Flow ~>

¥

Figure 1-22 Diagram depicting three regimes of a LCP under shear flow as defined by Onogi and Asada. '**'**

Larson determined the orientational distribution of an LCP in solution under shear flow in three

dimensions. By accounting for excluded volume and the flow field, the order of the system can be
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determined at varying shear rates. At low shear rates, the shear flow is not flow aligning and the
director tumbles under flow. In this regime there is no change in the order of the system with shear
rate. As the shear rate increases, the flow dampens the tumbling of the director, but as the director still
wants to rotate, a wagging motion ensues. Though the overall order of the system decreases
dramatically in this regime, the molecular order of the solution in the flow-vorticity plane is predicted
to initially exhibit a barely perceptible decrease and then increase with shear rate in this regime.
Finally, at further increased shear rate, the flow becomes shear aligning, with an increase in the order

. 134,139,140
with increased shear rate. ~"

Charles Han also studied the orientation response of LCPs under shear using neutron scattering."** By
measuring the scattering patterns of a liquid crystalline polymer solution while subjected to shear flow,
the response of the LCP solution to the shear flow, in terms of the orientation of the rodlike molecule,
was determined. As the shear rate was increased, the existence of three regimes in the flow of the LCP

in solution with respect to its molecular response to shear was found.

Slow regime, In this regime there is an increased average alignment of the LCP in solution with shear

rate. This may correlate to an increase in speed of the tumbling of the director with shear rate.

Intermediate regime, In this regime there is a slight change in the average alignment of the LCP with

shear rate. This is due to the inhibition of the rotation of the LCP by the shear flow.

Fast regime, The distribution of the alignment of the LCP about the shear direction narrows in this
regime. This occurs as the flow field overcomes the local dynamics of the LCP. This manifests itself

in the viscosity as shear-thinning behavior.

It was also seen that the response of the LCP to shear flow near the gel threshold exhibits an unusual
correlation perpendicular to the shear direction at low shear rates.

HPC is an important mesomorphic polymer model system due to its ready availability and solubility in

. 131,141
a wide range of solvents. It was reported ™

that changes in temperature and solvent type affect the
rheo-optical response of the HPC solutions. Due to the complexity of the HPC aqueous solution
structure it is important to study its response to external fields such as shear in order to improve our
understanding of the complex bio-system and its behavior in the industry processing.

Hongladarom et al. studied the birefringence and shear stress during and after shear trying to

understand the molecular orientation of HPC in LCP.'*

They found that in steady flow, flow
birefringence reveals that the molecular orientation increases monotonically with shear rate, but gave
two transitions in orientation, one from low to moderate orientation, followed by further increases in
orientation at higher rates. The latter increase occur in shear rate ranges characteristic of the transition
from tumbling to flow alignment. In flow reversal experiments at low rates, the stress and

birefringence transients exhibit damped oscillations that are characteristic of director tumbling, but the

transients qualitatively change shape as a function of shear rate. Depending on the shear rate, the
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birefringence may exhibit either an initial increase or decrease upon flow reversal. Following flow
cessation, molecular orientation decreases to a globally isotropic condition at all rates, accompanied
by an increase in dynamic moduli. Although birefringence always shows the final state to be globally
isotropic, the final modulus depends strongly on previous shear rate. At high shear rates, the solution
relaxes to form a high modulus state, while at low shear rates, a low modulus state results. Linear
viscoelastic experiments show only minor differences between the two structures, but when flow is
initiated from the high modulus state a pronounced stress overshoot is observed, not present in the
case of the low modulus state. They assumed that the decrease in birefringence observed in relaxation
of HPC solutions results from a transition from a flow-induced nematic back to a cholesteric. At
steady shear rates lower than the inverse of the characteristic relaxation time for molecular orientation,
there is little net orientation. This suggests the possibility that region I shear thinning in HPC may be
attributed to the persistence of cholestericity at low rates. A necessary condition for formation of the
high modulus state following flow cessation appears to be a sufficiently high shear rate to impart some
minimum degree of orientation to the solution, or, perhaps, to fully destroy the pre-existing cholesteric

phase.

These complex properties in the cellulose and cellulose derivatives liquid crystal state solutions lead to
the unique orientational order and properties of the product from these kinds of solutions, such as
fibers or films. In the next parts we are going to give a short introduction to the fibers and films from

liquid crystalline solutions.

1.2.3.1 Fibers

Firstly, we are going to give a short introduction to nano/micro fibers produced by electrospinning.
Their properties, producing methods and application, as well as some aspects related to their

production and history will be analyzed.

Ultrathin nano/micro fibers, as one-dimensional nanostructures, have been widely studied due to their
unique and properties and interesting applications. The materials dimensions reduction leads to new

and somehow unpredictable properties. For example, adsorption property of the surface and also the

142

catalytic activity and selectivity, such as the lotus effect, self-cleaning effect, ~ can be modified due to

the large specific surface area, which appears at the nano scale. Nano-scale proteins, viruses and

bacterias and their characteristics are particularly relevant for biological systems'*’.

Several methods have been developed to produce nano-fibers, such as template 143 self-assembly 144

147-150

hase separation'®’, melt-blown'*® and electrospinnin . Electrospinning is the most widely used
p Y Y g 1Y g y
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technique and also the most simple and versatile way to produce continuous nano-fibers on large scale
with a diameter in the nano or micrometer scale."'

152

Several expressions are used to describe the electrospinning technique. ™ Among them, the terms

“electrostatic spinning” and “electrospinning” are both frequently used. But usually people use

. . . 152
“electrospinning” as the noun and “electrospin” as the verb.

Electrospinning is also known as electrostatic spinning.'”” It’s basic principle has been studied since

the seventeenth century when liquid droplets were generated from solutions using high electric

152

potentials. ° Lord Rayleigh started to investigate the relationship between the surface tension and the

charges in 1882. From the beginning of last century the usage of this technique spread. The first

153

electrospray device patent was submitted in 1902.>" Hagivaba et al. generated the artificial silk using

the electrospinning method.'” Although the first patent on electrospinning was published in 19345,
P g g p

this technique has not been well established until recent times '**.

Collectors | Metal ring
N
\ Nozzle

Il | Pump

Solution

High voltage

Figure 1-23 Basic structure of the electrospinning apparatus.

Electrospinning technique is unlike the others, in which the formation of the fibers is based on the
uniaxial stretching of a viscoelastic jet derived from solution or melt by electric field”'. The
electrospinning apparatus we used is shown in Figure 1-23. The set up consists of a high voltage
power supplier, a pump, a solution container, a nozzle, a metal ring and a sample collector. When the
solution is charged with high voltage, the electrostatic force draws the fluid into liquid jet and
elongates it into fibers. The high voltage power supplier provides the high electric field, which is
changeable by the output voltage according to the experimental requirement. It is possible to vary the
electric field intensity by modifying, for instance the distance from the nozzle to the target or even the
target shape. The pump continuously provides solution to produce fibers. The deposition speed
depends on the solution characteristics (solvent, concentration, etc) and also the experimental variable

parameters (for instance the electric field intensity). The ring used prevents the fibers to go back to the
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pump, because usually the pump is grounded and the distance to the syringe needle is smaller than the

distance between the needle and the target.

The diameter and length of the fibers are normally depending on the solution properties, the
magnitude of the electric field, environmental factors and the targets used to collect the fibers. In
general, fibers get thinner at higher accelerating voltages; however, several other parameters (such as
the solution viscosity, needle diameter and the distance to target) also contribute to the fiber shape and
dimensions."”® There are plenty of studies on the control of the electrospun fiber procedures. One of
the most important and useful strategies is to use different targets. For example, in order to get aligned
fibers two following methods are used widely: collector based on a rotating drum or frame and

collector based on a pair of split electrodes.

Before modification:
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Figure 1-24 Electrospinning apparatus before and after modification.

In our study, we use a modified set up based on the parallel split electrodes by adding a relatively
weak electric field applied between the two electrodes, shown in Figure 1-24 and Figure 1-25. Figure
1-24 shows the electrospinning apparatus before and after modification. Normally two parallel
grounded metal electrodes are used to collect the fibers. However it was found that the electric field,
applied between the electrodes, was not strong enough to align the fibers especially when they were
relatively thicker as shown in Figure 1-24 (Before modification). We added another DC high voltage
power supplier between the two electrodes with the output voltage of 3 £V. In order to easily remove
the fibers out of the electrodes, we put a thin but strong enough plastic frame on the two electrodes as
shown in Figure 1-25. The dimensional parameters were optimized according to the properties of the
fibers and the electrospinning process. As shown in Figure 1-25 d, the frame with the dimension of

3 cm x 1 ¢cm and the inner size of 2 cm x 0.8 cm were chosen to obtain thick fibers in our study. For

31



thinner and weaker fibers a strip was left in the middle of the inner hollow of the frame. In Figure 1-25,

b and c represent the frames with deposited fibers.

Electrospun fibers exhibit a range of unique features and properties compared to the fibers produced
from other techniques. Electrospun fibers usually have extremely long length. The electrospinning
process is a continuous process, and theoretically the fibers can be as long as possible and easily
assembled into 3 dimensional nonwoven mats, which can serve, for example, as smart clothes. As
referred before, electrospun fibers mats have a high surface-volume ratio. The entanglement of the
fibers can also generate a high density of pores. During the electrospinning process, the molecules are
highly stretched by the action of the electrical field, achieving a high molecular order, which is locked
by solvent evaporation. As a result the conformation, crystalline type and crystalline ability of these

fibers are different when compared with fibers obtained by other methods.

Plastic frag

[ Metal electrodes I

Metal electrode

Plastic frames for thin fibers

Figure 1-25 Target used to collect fibers. a, the scheme of the collectors, a rectangle shape plastic frame was
placed on a pair of parallel metal electrode which were connected to a DC high voltage power supply with the
output of 3kV, the frame with the dimension of 3 cm x 1 cm and the inner size of 2 cm x 0.8 ¢m as shown in d,
b and ¢ are the plastic frames with fibers deposited on them, but 4 is for the thick fibers with a bigger inner space,
and ¢ for the thin fibers, because thinner fibers are not so strong and easily destroyed so require some kind of
support.
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Electrospun mats are attractive for a lot of applications. For example, reinforced composites,
membranes and smart clothes, biomedical usage, supports for enzymes and catalysts, sensors,

. . . 151
electrodes, electronic and optical devices.

Recent studies showed that electrospinning APC fibers can mimic the shapes of plant tendrils on the

. 156-158
nano and microscales."

It is the first observation of a new conformational effect taking place
during the electrospinning of cellulose, when spun from solutions in the LC phase: the fibers adopt a
characteristic helically twisted form (Figure 1-26). The twisting is on a supramolecular scale, with the
pitch measured in micrometers. The helical morphology is similar to what has been seen in amyloid
nanofibrils of aggregated peptides and natural cellulose fibrils extracted from algae; however, the
length scales and the physical origin of twisting in these systems is completely different. There is also
a very interesting and unique report of helical twisting obtained in electrospinning, but the authors

achieved it by clever engineering of their electric fields — as opposed to the spontaneous natural twist

of the cellulose fibers reported.'*®

Figure 1-26 Helices and spirals in Passiflora edulis (optical photographs: parts a, b and ¢) and in our electrospun
cellulosic microfibers (SEM images: parts d, e, f and h). Helices form when the tendril or fiber is connected at
both ends and tension is released (a, b e, h); spirals when the tendril or fiber is connected at one end only (c, d,
f). Helix reversals — “perversions” — are clearly seen in both systems (marked by circles). '

The twisting mechanism of these fibers was also studied.”” Liquid crystalline and isotropic cellulosic
precursor solutions of curved and straight fibers were examined using nuclear magnetic resonance
imaging (MRI) and polarizing optical microscopy (POM) techniques to determine morphological and
structural features contributing to fiber curvature. It was found that the subtle physical mechanisms
responsible for the self-winding behavior was the result of the intrinsic curvature of the system. This
intrinsic curvature was due to the non-uniform deformation of filaments. The fibers produced from
liquid-crystalline solutions showed, a core of disclination forming an off-axis along the filament. It

was also highlighted that the helical structures characteristics can be switch by varying the system
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temperature, which offers a potential for direct fabrication of biocompatible tunable high-surface area

membranes with mechanical adaptability.

1.2.3.2 Films

Hydroxypropylcellulose/water is a cellulose-based system, which is usually referred in literature, due
to its biocompatibility, availability and lyotropic liquid crystalline behavior. It was reported that shear

casted films can be obtained and used as alignment layers to liquid crystals.'”

Many other studies
focused on their topological surface structure and eventual application as photonic materials due to a
complex network of “band” defects, which are easily identified by polarizing optical microscopy
under cross polarizers.'® Several studies have been performed in order to correlate the appearance of
the bands and the rheological behavior of the solutions, but some fundamental questions have not been
answered. X-rays results show that the cholesteric order is destroyed in sheared films and that the

polymeric molecules undulate along the shear direction.'®’

Atomic force microscopy (AFM)
measurements revealed that the topographical features of the sheared films could be turned by
modifying the films’ processing conditions.'®” It was demonstrated that samples prepared from liquid
crystalline solutions showed two periodic structures, a primary and secondary set of bands. The former
consists of bands perpendicular to the shear direction while the latter has the bands slightly tilted from
that direction. An out-of-plane angle variation of the sinusoidal molecular orientation was also
reported.'™'® The molecules of the LCPs are easily oriented along the direction of shear. After the
cessation of this shear stress beyond some critical value, both thermotropic and lyotropic LCPs
develop a characteristic banded texture not found in common flexible polymers. These bands are
perpendicular to the shear direction and with a periodic fluctuation of the molecular orientation around
the shear direction. An alternating tilt angle of the optic axis of the macromolecule of equal and
opposite values, relative to the shear direction, is considered to be the typical character for the reason

of the band formation.'**¢

The periodic oscillation of the orientation of the director has been related to the elastic behavior of
liquid crystal systems and attributed to contraction strains of the sheared sample induced by stress

167

relaxation after cessation of flow.”' The understanding of the mechanism and the factors that are

affecting the formation of such textures are unclear and still under study.

A common feature of these mechanisms is that the banded texture is a transient structure in the
relaxation of the oriented polymers to release the stored energy as fast as possible. In this sense, the
3D morphology, which can be observed after solvent evaporation, can be attributed to a contraction

mechanism. During the shearing process, some elastic energy is stored in the semi-rigid polymer.
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After cessation of shear, the oriented polymers begin to relax. However, because the semi-rigid chains
are concentrated and highly aligned, their individual thermal relaxation is difficult. In other words they
must relax cooperatively and collectively to some degree. As a result the inner stress induces in the
whole polymer solution a more or less intense, periodical contraction and the macromolecules are
observed to pack in a sinusoidal or zigzag fashion.'® As evaporation continues, when the
concentration is very high, the density of rod-like fragments increases near the free top surface, giving
rise to increased orientational order. This in turn causes elongation at the top of the film in the
direction parallel to the director, and since the dimensions of the bottom surface in contact with the

glass substrate are fixed, the top surface also generates buckles.

Stretching sheared LCPs films along or perpendicular to the shear direction show different material
responses associated to the development of different textures. The films were found to be brittle along
the shear direction and ductile in the transverse direction. Stretch along the shear direction does not
significantly affect the molecular orientation. However, in the transverse direction, profound
molecular reorientation occurs on stretching the film, resulting in a fibrillar structure. By stretching
along the transverse direction, after the disappearance of the original bands, new bands appear with a

much smaller wavelength. 169

Other type of structural solid colored films can be prepared from cellulose derivatives lyotropic
solutions. As mentioned before, the cholesteric phase (chiral nematic phase) of liquid crystals can
show selective reflection of light if the pitch of the cholesteric helix coincides with the wavelength of
light within the material. Since the reflection conditions vary with the angle between the cholesteric
helix and the incident light, different reflection colors can be seen depending on the observation angle.
Zentel et al. described lyotropic mesophases based on aryl urethanes of cellulose in commercially
available mono- or bi-functional derivatives of acrylic and methacrylic acids. To obtain solid films and
to conserve the selective reflection the solvents were polymerized photochemically, thus yielding a

semi-interpenetrating network of cellulose urethanes in polyacrylates. 170

In these systems many
parameters have been changed to control the color of reflection. These parameters are the urethane
side groups of the cellulose, the degree of polymerization of the cellulose urethanes, the solvent, the
concentration of the solvent, and the temperature. Large solid opalescent films of all colors were

prepared that was patterned by crosslinking at different temperatures.

1.2.4 Cellulose Dispersed Liquid Crystals Networks

Polymer-dispersed liquid crystals (PDLC) are widely used for electro-optic applications such as

flexible displays, privacy windows or projection displays. Besides these applications, the confinement
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of a liquid crystal to small cavities is of fundamental interest. These PDLCs can be switched between
a translucent “off” state and a transparent “on” state due to mismatching or matching of the ordinary
refractive indices of the polymer and the liquid crystal. In the field-off state, surface anchoring causes
a non-uniform director field within the droplets, the film scatters light due to mismatching between the
effective refractive index n.¢ of the liquid crystal and the refractive index n, of the polymer. In the
field-on state, the director is aligned along the field direction, if the dielectric anisotropy of the liquid
crystal is positive, and for normal light incidence, the film becomes transparent if the ordinary

refractive index n, of the liquid crystal is equal to n,.

In comparison with conventional liquid crystal displays, these films are flexible and very easy to
prepare, since no polars or surface treatment are required. Because no polarizers are needed the
shutters show a high transmittance (may achieve above 80 %). Owing to these advantages, PDLC
films are used for large areas, for example, privacy windows and also for display applications. '”' The
PDLC film composed of micron size liquid crystal droplets dispersed in a transparent polymer matrix
and prepared by one of several techniques including encapsulation, phase separation, either thermally
or solvent or polymerization induced, achieves high transparencies in the external field induced ON-
state and high opacity in the field absent, light scattering, OFF state.

Godinho et al. studied the electro-optical behavior of a liquid crystal constrained in an elastomer of a

cellulose derivative for the first time.'"”

The elastomeric film is obtained from an isotropic solution of
HPC in acetone, in which a low level of networking is introduced by chemical cross-linking with di-
isocyanates. These new composite materials have similar performances to standard PDLCs with the
advantages of an improved substrate and a high transmission coefficient in the on state. The
mechanical properties of this kind of system as well as the liquid crystal deformation during stretch

. 173
were also studied.

The search for efficient, scalable and low cost light shutters is an active area of research in the field of
Liquid Crystals (LC) in view of, for example, architectural applications. While Liquid Crystals have
been so successful in the field of high tech displays for computer and TV screens, the penetration in

the field of architecture for large area windows is still under development. PDLCs were discovered by

4 5

Fergason'* and Doane'” and since then many efforts have been done to apply these systems to
develop new smart windows,'’® but lately several other applications have been proposed including,

. 177 - 178 179 180
displays, ' microlenses, " lasers, ~ and data storage .

Recently another polarizer free type of LC optical shutter based on cellulose derivatives with
equivalent electro-optical performance and production advantages was proposed.'™ In this device the
cellulose derivatives are deposited as nonwoven nano and microfiber mats onto the conductive
substrates by electrospinning and the cell is filled up by capillarity with a nematic liquid crystal. In
these optical shutters the liquid crystal is embedded with the fibers as a continuous phase, maximizing

the liquid crystal/polymer surface contact and thus promoting improved electro-optical properties
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Chapter 2 Rheo-NMR Study of Water Based Cellulose
Liquid Crystal System

This chapter’s work description and discussion was based on the following paper:

Yong Geng, Pedro L. Almeida, Jodo L. Figueirinhas, Anténio G. Feio and Maria H. Godinho. Water
Based Cellulose Liquid Crystal System Investigated by Rheo-NMR, Macromolecules 2013, 46 (11),
4296-4302.
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2.1 Introduction

NMR (Nuclear Magnetic Resonance) is a powerful technique to access molecular orientational order
and local configuration and was used in this study to characterize the rheological behavior of the HPC-
water system at a 50 wt % concentration. For the used HPC molecular weight, this concentration gives
rise, at room temperature, to the cholesteric phase'® as stated in chapter 1 (1.1.3 and1.2.3). A rheo-

NMR study of HPC in aqueous solution has been performed before'®’

. It showed that the “equilibrium”
state, with low modulus reached after the cessation of a slow shear, is ordered and evolved out of a
state with no macroscopic order obtained immediately after cessation of the shear. The high elastic
modulus “equilibrium” state, attained after the cessation of a high shear, is much less ordered,

although it evolves from a rather well flow-aligned state immediately after cessation of the shear.

In this chapter we make an explicit connection between the DNMR (deuterium NMR) spectra,
recorded under and after shear, and the corresponding HPC-water system molecular configurations by
modeling the DNMR spectra. Deuterium NMR was used to monitor the shear induced molecular order
in the HPC-deuterated water liquid crystalline solution. The liquid crystalline solution was analyzed
while submitted to shear in a Taylor—Couette flow cell and during the subsequent relaxation process

after shear cessation.

2.2 Experimental

Hydroxypropylcellulose (Aldrich, My=100.000 gmol”, degree of substitution equal to 3.5 determined
by 'HNMR) was dried under vacuum for two days before preparing an aqueous solution of 50 wt %
with deuterium oxide (Euriso-top, 99.97 %D). The flasks containing the solution were sealed, kept in
the dark to avoid light damage, and stirred every two days. Complete dissolution took place in about
two to three weeks. In the NMR experiments, the standard Bruker high power, wide line probe was
used at 46.07 MHz with a Couette-flow fixture and a saddle coil. The symmetry axis of the Couette
cell is parallel to the magnetic field. The mechanical motion in the special insert is derived from a
pulse-programmer-controlled stepper motor on top of the magnet. Unless stated otherwise, all NMR
data have been taken at a controlled temperature of 303 K. The Couette cell consists of an out cylinder
with an inner diameter of 9 mm and a rotating inner cylinder with a diameter of 8 mm (Figure 2-1)
both made of PEEK. By previous experience of velocity profile determination in our system, at similar
rates, there are no observable wall slip effects. The useful sample height is 20 mm. Five different
shear rates are used in this study 0.1 s102 s'], 0.3 s'l, 1 s’ and 3.75 S'I, in which 3.75 s is used for
pre-shearing (the reason will be stated later). The shearing and measurement process was as follows:

first the solution was subjected to a preparation process, it was pre-sheared with the shear rate of
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3.75 s for 1 min to give rise to a stabilized NMR spectra composed of two peaks after which the
shear is halted. After a one hour delay a relatively stabilized one peak NMR spectra is obtained. This
procedure allows a reproducibly initial state to be attained in every run. Then the measurement
processes took place, the shear was restarted with different shear rates, spectra were acquired at
regular time intervals and the shear was stopped when the spectra stabilizes. The relaxation process
after the cessation of the shear was also monitored. On basis of the established knowledge about the
system'™ it is expected that the preparation process gives rise to a polydomain liquid crystalline
solution composed of randomly oriented cholesteric domains which were formed when the aligned

nematic created by the high shear of 3.75 5™ is left to relax back to the cholesteric equilibrium state.
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Figure 2-1 The Rheo-NMR shearing system.

2.3 Results and discussion

Narrow deuterium spectra were always obtained showing the probe D,O molecules to be experiencing
a high degree of motion leading to a substantial motional averaging of the DO quadrupolar interaction.
The spectra also point for a single population of water molecules. Two main types of spectra were
obtained, spectra composed of one central peak where no quadrupolar splitting can be resolved
indicating a disordered deuterated water environment and spectra compose of two peaks where a
quadrupolar splitting is readily observed indicating, by a fast exchange mechanism, the presence of
some degree of order in the water environment. We first qualitatively analyze the shear and relaxation
processes for each shear rate and later on, we introduce a spectra simulation model to quantify the

results.
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Figure 2-2 NMR spectra evolution of HPC in D,0. a During shearing process with the shear rate of 0.1, 0.2, 0.3
and 1 5. b After the cessation of shear.

Figure 2-2 gives the NMR spectra at different times at different shear rates during shear (Figure 2-2 a)
and after shear cessation (Figure 2-2 b) For all shear rates analysed the first spectra recorded (at
t =30 s) after shear was restarted following the preparation procedure show a line splitting indicating
an initial shear-induced increase in order. For the shear rate of 0.1 s/ the peak splitting decreases as
time proceeds during shear and vanishes at t = 90 s and above. This fact is better seen in Figure 2-3 a
which shows the peak splitting evolution during shear. This decrease in the system order to a low
order state was also described by K. Hongladarom et al.'*. They have checked the birefringence and
stress during the shear process (at low shear rates) and also found some order decrease at the
beginning period. As proposed before'*® we assigned this low order state to the tumbling regime of
LCP dynamics. As already found in previous work"*® and according to our relaxation data, for this
shear rate, the cholesteric order inside the domains is not destroyed. The tumbling regime will

probably correspond to a periodic reorientation of the cholesteric domains themselves.
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Figure 2-3 Peak splitting evolution with different shear rate: a. During shear b. After the cessation of shear.

The cholesteric domains present in the liquid crystalline solution after the preparation process are
randomly dispersed, (Figure 1-21 b, c). In between these domains, water rich regions (WRR) are also
disordered giving rise to a one peak spectra. When a weak shear flow is imposed, the domains start to
align due to the flow, producing birefringence and imprinting also alignment to the neighboring WRR
which gives rise to two peaks in NMR spectra. Charles C. Han et al. also stated this phenomenon by
neutron scattering studies at low shear rates'**, in which two scattering points along the shear flow
were found in the scattering plots. This order increase was also theoretically studied by Larson et al."*
With the persistence of shear, the tumbling regime sets in and the order is again decreased, leading
also to less ordered neighboring WRR and promoting the change from the two peaks into one peak in
the NMR spectra.

The relaxation process following the shear with 0.1 s shear rate (Figure 2-2 b) gives rise to spectra
that initially show one peak that start to evolve into two peaks at around 500 s (0.1 s™'). This recovery
of order happens faster and reaches higher values than the order recovery detected in the relaxation
associated with higher shear rates. For the higher shear rates that are associated with molecular flow
alignment and the suppression of the cholesteric order, the order recovery during relaxation is either
absent or happens significantly later. The fast order recovery is then a significant indication that the
cholesteric order present before shear within the cholesteric domains persists through the tumbling
regime and upon shear cessation starts to build up and to influence the neighboring WRR giving rise
to a two peaks spectra. When the shear rate is increased to 0.2 s, a behavior similar to the 0.1 s™' shear
rate case is found up to t = 200 s, then a two peaks spectra starts to develop. This observation points to

a scenario where the tumbling regime is accompanied after some time by a flow aligning regime
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showing up for t> 200 s. The partial flow alignment of the cholesteric domains breaks the average
spherical symmetry of the neighboring WRR, giving rise to the observed two peaks spectra. The
relaxation process arising after shear cessation shows spectra with a initially decreasing peak splitting
(Figure 2-2 b and Figure 2-3 b with shear rate 0.2 s7') that vanishes for times in between 180 s and
1140 s and grows again later on. This behavior can be understood considering that within the first
period up to 180 s the partially flow aligned cholesteric domains relax to a disordered state that
precedes the reorganization and the build up of cholesteric order.

For the shear rate of 0.3 s'l, the behavior observed is similar to the one found for the shear rate of
0.2 s, with a different time scale, an increased order during the shearing process and a decreased
order at the end of the relaxation period. These correspond respectively to an increased flow alignment
and helix distortion of the cholesteric domains during shear and a delayed recovery of the cholesteric
order caused by its more intense partial suppression during shear.

The shearing with shear rate of 1 s/, gives rise to spectra with two peaks at all times during shear. The
subsequent relaxation process shows spectra with a decreasing order that does not show any recovery
within the time of the measurement. At this shear rate the cholesteric order is suppressed during shear
and the LC molecules are aligned by the shear inducing the alignment of the neighbouring WRR. The
relaxation process after shear cessation comprehends the destruction of the nematic order, generating
spectra with decreasing peak splitting, and later on (outside of our measurement time window) the

reformation of the cholesteric domains.

Atrest Sigate | Staite i

>

shearing ( State il State IV Staite V

Low shearrate  Intermediate shear rate High shear rate

Figure 2-4 Different mesoscopic states reached by the HPC/Water system during shear and relaxation processes.

Figure 2-4 schematically represents the mesoscopic structure of the different states reached by the
system during shear and relaxation. This scheme is built around the interpretation of our own DNMR
measurements and the established knowledge on the HPC/water system'*°. State / corresponds to the

partially aligned cholesteric polydomain state reached after relaxation from shearing with low shear
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rates. State /I corresponds to the cholesteric polydomain state reached after relaxation from shearing
with high shear rates. State /// corresponds to the tumbling regime observable for low shear rates, state
1V corresponds to the partial flow alignment associated with the intermediate shear rates and state V to
the flow aligned nematic obtained at high shear rates. The up arrows indicate the relaxation path while
the down arrows indicate the path under shear starting from the polydomain cholesteric reached in the
preparation state. This picture is in direct correspondence with the three regions of steady shear flow

introduced by Onogi and Asada'®

, at low shear rates state /I/ sets in, the intermediate region
corresponds to state /V and the high shear region corresponds to state V.

To gain a deeper insight on the system details leading to the spectra reported we have carried out a
simulation of the data obtained with shear rate of 0.3 s as it corresponds to the intermediate regime
that shares features with the other shearing regimes. The simulation will allow us to follow the system
evolution while moving in between states // and /" during shear and /V and / during relaxation. A first
analysis of the spectra shown in Figure 2-2 @ and Figure 2-3 b shows that they are quite narrow
deuterium spectra implying a very significant motional averaging of the DO quadrupolar interaction in
each water molecule, to account for this fact we can conceive that WRR present in the frontier of the
cholesteric domains possess a disordered core and a polymer induced ordered layer at the surface, with
the water molecules sampling the full region volume within the NMR measurement time. More
spherical WRR give rise to single line spectra as observed in the least ordered cases while more
ellipsoidal WRR with some degree of alignment in between the symmetry axis of different ellipsoids
are required to simulate the two line spectra observed experimentally in the most ordered cases. Water
rich ellipsoidal regions with small order in between the symmetry axis of different ellipsoids give rise
to intermediate spectra with two peaks but a very significant intensity at the central frequency as is
observed experimentally in several recorded spectra. Thus the simple model developed to simulate the

spectra considers the WRR with an ellipsoidal shape that can change during shear and relaxation.
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2.4 Theoretical model

The spectra recorded result from the contributions of all D,O rich regions present in the sample and is

given by:
G(@) = [[} g(w.0.9)P(©0.p)sin A6

Where g(w, 6, ¢) is the spectra from a WRR with its orientation relative to the external magnetic
induction field given by angles 8 and ¢ that are defined in Figure 2-5. P(6, ¢) is the fraction of WRR
with orientations within the solid angle sin(6)d6d¢ around the orientation defined by (6, ¢). P(6, ¢)

was parameterized as follows:

PO.g)=C e

Where C is a normalizing constant and 6, is a measure of the width of the symmetry axis orientation

distribution in 6. An order parameter can be associated with this distribution and it is given by:
a3 1
— —_ 2 —_— 7
N _ﬂo”(2cos 0~2) P(0,9)sin 66dp

and as 6, it gives a measure of how ordered are the symmetry axis of the WRR around the velocity
direction at every point. Next we determine g(w, 6, @), In this model, the fast motional averaging of

DO bonds inside a WRR gives rise to an averaged electric field gradient tensor whose associated

DNMR spectra is composed of two lines with a frequency splitting v(6, ¢) = %%_ZZ(B,(j)) and

consequently,
T T

1+ (w—mv(8,9))?*T, + 1+ (0 +mv(8, )T,

9(w,0,¢) =

Where we have considered a Lorentzian line shape for each of the two lines spectra. The time T is the
decay time of the transverse magnetization related to the frequency width at half-height Aw of the

Lorentzian line by Aw = 2/T,. Considering now the quadrupolar coupling constant for the DO bond

vgo = % PO which has a value of 250 kHz'® the splitting v(6, ¢) can be written as v(8,¢) =

3 —_
2 U(I-Q)OVZZ(G' ¢)/VZDg
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Figure 2-5 Representation of the ellipsoidal water rich regions considered in the simulations with major and

minor axis r, and r,. The angles 6, ¢, o  and y used in the simulation are also shown. B_O)is the external
magnetic induction. At the surface of the ellipsoidal region the water molecules interaction with the HPC chains
gives rise to an ordered water layer which is also schematically represented.

The averaged electric field gradient tensor zz component V,, (8, ¢) depends upon three model fitting
parameters, V,, (0, ¢) = VZZ(B, ;1 /72 Sp,0) lDZO/rZ) , where 73, /7, is the ratio between the smallest
and largest ellipsoidal radius, Sp, ¢ is the local order imposed on the DO molecules at the interface
ordered layer by the polymer chains, and lp, /1, is the ratio between the interface ordered layer
thickness and the ellipsoidal largest radius.

The determination of the ratio V,,(6, ¢)/V23 was conducted as follows:

To evaluate the zz component of the averaged electric field gradient (EFG) tensor V,,(6, ¢) of the DO
bonds in the magnetic induction z aligned fixed frame we start by determining the averaged EFG
tensor in the WRR fixed frame (Xpyrg, Ywrr Zwrr). For this task we use the Wigner rotation matrices
along with the EFG components in the irreducible representation of the rotation group. The irreducible

components of the EFG tensor, y"RR are given by:

e F
‘/iWRR =V{ EfED; (Ol,ﬁOaV)S(i’)VjDéf)V \%

0 j=—2

or more explicitly,
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_ 1 20w 1 27 2 . R .
‘/iWRR =V f f f Ef DU? (a,[g’o,}/)S(r)VjDéfy]rzdr sin(B)dp da
a=0 =0 r=0 0 j=-2

and consequently the averaged EFG tensor component j/__ (6, ¢) is determined as;

78 2 \ 2% 17 WRR
sz(9’¢) = D (036 71//) V;
7o 2eaw Y,
We now define the different variables appearing in the last three expressions V is the WRR volume,

ryr, .
. S(7)is the local

\/ry2 cos(B)? + 72 sin(B)*

V= 4—” ryzrz. r;1s the radial distance to the WRR surface, r =

water molecules’ order and is modelled as:

S =r -1
S(7) ={ [())20 rEh lD20 where Ipyois the thickness of the water ordered layer at the WRR surface.
r<nhn-=ip,o

Py is the angle between Zwrr and the normal to the WRR surface. VJ.D 20 are the irreducible components

of the DO bonds EFG tensor in a molecular fixed frame depicted below and are given by:

i =-2
0 — - Y
3
yPa =ZVZD;0 _@ ji=0 PN
0 j=1 D D
e =2 X

& is the bond angle in the D,O molecule and the +- signs refer to each one of the two DO bonds. The
angles 6p and vy appearing in expressions are related to the angles ¢ and 6 by the relations,

cos(0) =sin(f,)sin@y), sin(f)sin(@) = —sin(f,)cos), sin(d)cos(gp) =cos(t,)-

In the simulations, estimated fixed values were considered for S, , and I, , S,,=0.7 and

Ipo=12x107r,.
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2.5 Model fits and results
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Figure 2-6 Spectra (blue line) and fits (red line) from the model at different times during shear.

Figure 2-6 and Figure 2-7 show the spectra recorded with a shear rate of 0.3 s and subsequent
relaxation process after shear cessation along with the fits from the model. High quality fits are
obtained in both regimes strengthening the model applicability in both cases. a and b report the r/r,
ratio and the symmetry axis order parameter S as a function of time during shear and subsequent

relaxation process respectively.

Considering the systems evolution in between states I/ and IV during shear as described by r,/r. and S
reported in Figure 2-8 a, we see that at ¢ = 0 s, just before shear starts, the WRR are less deformed and
highly disordered, immediately after the beginning of shear the deformation increases significantly
along with the symmetry axis order, this can be interpreted as a shear induced fast realignment of the
cholesteric domains, followed by a slower process of internal structure change. During this slower
process the WRR initially become more spherical and less ordered but later on as the internal structure

of the cholesteric domain approach state /V, they become more asymmetric and more ordered.
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Figure 2-7 Spectra (blue line) and fits (red line) from the model at different times during relaxation.
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Figure 2-8 a. 7, /r,and S obtained from the model fits during shear at different times. b. 1, /7, and S obtained
from the model fits during relaxation at different times.

During relaxation after shear cessation reported in Figure 2-8 b the WRR start from an asymmetric
average form (low 73, /r,) with high order then pass through a low order state with higher symmetry
and finally approach an asymmetric state with intermediate order. This behavior of the WRR as the
system evolves from state /V to state / shows that the cholesteric domains should be undergoing

significant internal changes associated with the reposition of the cholesteric order and involving most

48



probably external dimensions readjustments also, that strongly influence the neighboring WRR. The

value for § and 7, /1, reported in Figure 2-8 are dependent upon the fixed values considered for the

two model parameters Sp,, and lp,,- and should thus be considered as relative values.

2.6 Conclusion

The Rheo-NMR study presented in this chapter, analyses the HPC-water system under shear in the
ranges 0.1 s7 to 1.0 s and relaxation and correlates it with a mesoscopic picture of the systems’
structure in the different ordering states. This picture accounts well for the DNMR results recorded
under shear and relaxation, is based on the accumulated knowledge on this system by other
techniques'® and considers the three distinct regions of steady shear flow observed for some liquid
crystalline polymers'*®,

This work gives added insights into the behavior of cellulosic materials under shear and relaxation
revealing new features of the dynamics of appearance and disappearance of the cholesteric phase,

which recently was found to be responsible for structural color of some plants '*.
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Chapter 3 Structure and mechanical properties of sheared

HPC film

This chapter’s work description and discussion was based on the following papers:

S.N. Fernandes, Y. Geng, S. Vignolini, B.J. Glover, A.C. Trindade, J.P. Canejo, P.L. Almeida, P.
Brogueira, M.H. Godinho “Structural color and iridescence in transparent sheared cellulosic films”,

Macromolecular Chemistry & Physics, 214, 25-32 (2013).

Y. Geng, P.L. Almeida, S.N. Fernandes, C. Cheng, P. Palffy-Muhoray, M.H. Godinho, “A cellulose
liquid crystal motor: a steam engine of the second kind”, Scientific Reports, 3, 1028,

Doi:10.1038/srep01028 (2013).
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3.1 Introduction

Recent work showed that certain plant species use micro- and nanostructures to create particular

optical effects,'®7'¥1%

The floral iridescence exhibited by Hibiscus trionum and Tulipa kaufmanniana
petals is due to surface diffracting gratings,187 It has also been suggested that structural color generated

through diffraction gratings might be widespread among flowering plants.'”

In this chapter we describe, for the first time, a study on sheared iridescent solid cellulosic films, with
tunable mechanical and structural color properties, which mimic the structures found in plants, namely

in Tulipa petal gratings.

We also studied the mechanical properties of the shear casted thin HPC film both with moisture and
without moisture. The capability of controlling the bending with the moisture exposure allowed us to

make an application as a soft motor.

3.2 Experimental

(Hydroxypropyl)cellulose (HPC) was purchased from Sigma-Aldrich (M =100.000; MS = 3.5) and
used as received. Nanocrystalline cellulose rods, that where introduced in chapter 1 (1.1.2), were
kindly supplied by Professor Doctor D.G. Gray and used without further treatment. 0.1 %, 1 % and
5 wt % (calculated taking into account the solid content in solution HPC + NCC) nanocrystalline
cellulose rods were added to distilled water and the NCC rods dispersed with a UP400S ultrasonic
probe from Hielsher (until no NCC clusters could not be detected by eye), these were then used to
prepare HPC aqueous solutions. Solutions of HPC in distilled water with concentrations that range
from 57 to 65 wt % were prepared at room temperature. After the first week they were stirred every

other day and kept away from light for at least 4 weeks until used.

Films were prepared from LC solutions, casted and sheared simultaneously by moving a calibrated
Gardner knife from Braive Instruments at 1.25 mm s™' (Figure 3-1). The films were allowed to dry at
room temperature and kept in a controlled relative humidity (20 %) chamber until further use. The
thickness of the dried films was estimated from the average of 10 measurements by using a Mitutoyo

digital micrometre.

The photos of the films were taken with a Casio EX-F1 Exilim Pro photographic camera. The

bandwidth in polarizing optical microscope (POM) pictures were determined using /mageJ (version
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1.45s, http.//imagej.nih.gov/ij/). Blender, version 2.57b, was used to obtain the 3D draw of the shear-

casting knife.

Figure 3-1 shear-casting knife was used to produce the films, as shown schematically

The wavelengths (A¢) of the maximum selective reflection peaks were recorded with a Jobin Yvon
monochromator H/0 Vis mounted on the microscope stage, equipped with a photomultiplier and a
chart recorder. Six measurements were obtained for each sample. The film’s textures were observed
using a POM Olympus BH2 in transmission and reflection mode coupled to a Canon EOS 550D

camera.

Small Angle Light Scattering (SALS) measurements were performed by illuminating the films with a
laser beam (632 nm) at an incident angle - 6; - of 30 °. The diffraction pattern of each film was
projected on a white screen and recorded with a Canon EOS 550D camera. The diffraction was
described quantitatively by the grating equation NA = Al; (sin 84 — sin 6;) where A is the wavelength,

N is the diffraction order and Al; is the periodicity of the grating.

The mechanical properties of the samples were registered with a mini tensile testing machine from
Rheometric Scientific (Minimat Firmware Version 3.1). Small rectangular pieces of the cast films,
with the dimensions of 5 ¢cm x 2 cm, were cut in two distinct directions orthogonal to each other (i. e.
with the longest dimension of the sample parallel to the direction of the casting shear and
perpendicular to it). In addition, the film was stretched uniaxially at a rate of 5 mm.min”’, along the
longest sample dimension. The values of the mechanical properties of a given sample were taken to be

the average of the results of six successful measurements.

The shear stress associated with bend to humid air has been measured, as function of time, in a
20 mm x 20 mm x 32 um planar sample at 24 °C with free surface exposed to humidity. Measurements

were taken with Mettler Toledo AG204 load sensor.

For the topographical characterization of the films surface, atomic force microscopy (AFM) data was

acquired using a dimension 3100 spm with a Nanoscope Illa controller from Digital Instruments (DI).
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All measurements were performed in tapping mode 7M under ambient conditions. A commercial

tapping mode etched silicon probe from D/ and a 90 xm x 90 « m scanner was used.

Scanning electronic microscopy (SEM) was used to imaging the topographical features of the films
with a SEM DSM962 model from Zeiss. Gold was deposited on the films by sputtering in an Ar
atmosphere, using a 20 mA current, for 30 s at a deposition rate of 3 4 s”'. Images were captured for an

acceleration voltage of 5 kV.

To construct the motor, the cellulosic film was produced in the form of a circular loop, 8.0 cm long,

1.0 cm wide, which passes over two 14 mm diameter wheels.

The water vapor was generated by an AirProject ultrasonic humidifier (/taly ARTSANA Group).

3.3 Result and discussion

3.3.1 Morphology and structural color and iridescence in transparent sheared cellulosic

films

In our work, the material used to prepare replicas of the plant petal surface is a very well known
cellulose derivative, HPC already introduced in chapter 1 (1.1.3 and 1.2.3), which can be easily

dissolved in water generating liquid crystalline helicoidal phases with the pitch in the visible range

depending on water content.'”’

129,191,159,160
d

We chose this simple water lyotropic system because it is well
studie and has appropriate characteristics to incorporate hydrophilic nanocrystalline
cellulose (NCC) rods. Several lyotropic aqueous solutions ranging from 58 to 65 wt % were prepared

and in the same range of concentrations 0.1, 1.0 and 5.0 w¢ % of NCC rods were added.

All the solutions prepared showed iridescent colors. The maximum peak wavelength (4,) reflected by
the samples for incident light normal to the surface may be expressed as, 1, = n,Pcos6, where n, is
the refractive index, P the helical pitch and 6 the angle between the light propagation direction and the

192

helix axis. "~ The values of 1, may therefore be tuned by altering the helical pitch or the average

refractive index of the chiral nematic material.

We were able to vary A, of the solutions in the visible range by increasing the proportion of solvent
relative to HPC and NCC rods (Figure 3-2 a and b), A, was found to depend on polymer concentration
and very slightly on nanowhiskers content. The average refractive indices of the different mixture
materials are essentially constant because the two components, crystalline cellulose and cellulose

derivative matrix, have similar refractive indices (n.= 1.54 and 1.33, respectively). The plot of the
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reciprocal pitch against ¢ (1 — ¢/3)/(1 — ¢)? gives a reasonable linear plot, for solutions with and
without nanorods, that pass at the origin. Thus, the concentration dependence of the cholesteric pitch
is in fairly good agreement with the theory of Kimura et al. '** for different molecular weight samples

and different degrees of substituents, per anhydroglucose unit.
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Figure 3-2 Concentrated liquid crystalline cellulosic solutions; a. and b. Visible spectra of anisotropic HPC
solutions with nanocrystalline cellulose (NCC) are given along with the reciprocal pitch (P) against ¢p(1 —
¢/3)/(1 — ¢)?, where ¢ is the weight fraction of polymer in b. HPC/water solutions (W) and HPC/NCC/water
solutions (%). c¢. to e. Liquid crystalline solutions obtained from HPC/NCC/water solutions, same NCC
concentration (0.1 wt %) with 62 %, 60 % and 58 wt % of HPC in water, respectively.

The increase of the pitch with water content was reported long ago for the HPC/water system.'>*'*
The solvent was found to stabilize the cholesteric liquid crystalline phase above a certain critical
concentration.'”® The liquid crystalline phase arrangement can be attributed to the relatively stiff
cellulose backbone. In fact the persistence length of HPC in aqueous solution varies from 13 to
21 nm **, which makes HPC a semirigid polymer forcing a parallel orientation of the chains. The
chirality of the cellulose chain imparts a twist to the parallel arrangement, and the flexible side chains

and the solvent allow the polymer molecules to migrate and form an equilibrium helical configuration.

The fact that the helical pitch varies slightly by adding 0.1 wt % NCC rods is an indication that the
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liquid crystalline characteristics of these solutions is not much affected by the presence of the NCC
rods (Figure 3-2 ¢ to e). NCC rods, with a diameter of 5 to 70 nm and a length of 100 to 250 nm *
seem to pack along the oriented liquid crystalline segments with the rods’ main axis parallel to the
cellulosic backbone, which forms the polymeric matrix. In order to incorporate the NCC rods into the
anisotropic HPC matrix first they were dispersed in water, which was possible due to the NCC rods’
hydrophilic nature. The liquid crystalline solutions were then prepared using the water NCC doped

system (Figure 3-2 c to e).
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Figure 3-3 Characterization of large grating periodicities running perpendicular to shear direction detected by
POM and SALS; a. transmission polarizing optical microscopy image, taken between cross polarizers, show
bands which occur after the end of shear applied to the preparation and locked in the films after solvent
evaporation. b. Scheme representation of the SALS measurement geometry and detector set-up. The laser light
(A= 632 nm) incidence angle is, 6, equal to 30 °. The light is reflected by the surface of the films at an angle
6,=64+0’. c. Diffraction pattern of one of the gratings (4.0+£2 um) in reflection observed for a solid film cast from
a cellulosic solution with NCC (0.1 wt %). d. Influence of solution concentration and NCC particles on large
gratings periodicity d for shear casted solid films prepared from different HPC/water by weight concentration
(HPC wt %), () films with HPC/NCC and (M) HPC films.

In order to investigate the textures of the freestanding HPC and HPC/NCC films we analyzed them by
POM and a similar banded structure was observed (Figure 3-3 a). This band structure consists of
bright bands and dark lines alternate and perpendicular to the shear when viewed between cross
polarizers, the textures observed are not compatible with a cholesteric lamellar structure. These
patterns are usually described as a relaxation process, which occur immediately after the end of a shear
applied to polymer liquid crystalline solutions.'” They are described in detail in the literature and also
introduced in the introduction part.196 Band structures were associated with a long-range undulation of

the director orientation'®” and can be frozen in the solid films after solvent evaporation.'®’
p
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The air surface structure of the freestanding films was also investigated by SALS (see scheme in

Figure 3-3 b and also in Figure 3-4) From Figure 3-4 we can see that:
NA = d(sinf,; — sin8;)

0, = 0; + 6" (8 = 30°C)

sinf” = a/y a® + b?

sinf; = sinf;cos8’ + sinb’cosH;

The diffraction pattern, caused by the interaction of the laser (A = 632 nm) light with the transparent
and uniform material showed a periodicity d along the direction perpendicular to shear. This indicates
that the material surface develops a periodical grating perpendicular to shear direction. In average the
surface periodicities of the HPC and HPC+NCC films are of the order of 3.1 + 0.3 wm and
3.8 + 0.4 um, respectively, and are not much affected by polymer content. Increasing the material
strength and endurance, due to the presence of the NCC rods, could lead to more pronounced effects in
bands spacing if the periodic oscillation of the orientation of the director is only attributed to
contraction strains of the sheared sample induced by stress relaxation after cessation of flow.
Nevertheless the periodicity for HPC/NCC films is slightly higher, which is a consequence of the
anisotropic properties of the films and the brittle behavior promoted by adding the NCC rods.

@ /a
\Q\

Figure 3-4 The principle of the SALS.

To further investigate the bands structure the HPC/NCC films surfaces were investigated by AFM
(Figure 3-5) and two different scale periodical gratings were observed: the primary set of bands,
already characterized by SALS, perpendicular to the shear direction, and a smoother texture
characterized by a secondary periodic structure containing “small” bands. The analysis of the height
profile at the two cross sections, 44" and BB’, is shown in Figure 3-5 b. Cross section 44" was taken

along the shear direction. The periodicity of the larger bands, A¢;, and the average peak-to-valley
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height for these bands, h,, were determined from 44’ height profile plot, as indicated. Cross section
BB’ was taken along the direction of the secondary periodic “small” bands. The periodicity of the
“small” bands, Af,, and their peak-to-valley height, h,, were measured from the BB’ height profile
plot, as indicated in Figure 3-5 a and b. The arrows on the top of the image along the A4 and BB’
lines mark the points used for the measurements performed in the height profile plots. In accordance
with the SALS results, for the primary set of bands, the parameters A¢; and h, are higher for films
prepared with NCC rods and do not depend strongly on polymer content (Figure 3-3 d and Table 3-1).
Unlike primary bands the secondary bands Af, and h, values, for all the HPC and HPC/NCC

cellulosic films prepared and reported in the literature, '

show a net tendency to decrease with
polymer content. Figure 3-5 ¢ shows a top view image of the height scan of the surface shown in

Figure 3-5 a. The out-of-plane angle of the sinusoidal variation in the molecular orientation,

0, = tan~! (AZl ), is obtained from the projection of the peak of one secondary band on the
oP

horizontal plane (A€pp).
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Figure 3-5 AFM images. a. 3D topography image (20 x 20 um’ scan) of the free surface of a sheared film
prepared from 60 wr % HPC + 0.1 wt % NCC solution at a shear rate v = 1.25 mm s™'. b. Height profile analysis
at the two cross sections: 44’ and BB’. The arrows on the top of a view image along A4’ and BB’ lines mark the
points used for the measurements of the height profile. A4~ highlights characteristic properties of the primary
bands (h, and A¢;) and BB’ those of the secondary bands (h, and A#,). c¢. Top view image of the amplitude scan
of the surface shown in a. The secondary set of bands is at the angle A6, to the shear direction. The horizontal
distance between the line that joins both valley coordinates of a secondary band and the point obtained from the
projection of the peak of the same secondary band on the horizontal plane, A€op, is used to calculate the out-of-
plane angle of the sinusoidal variation in the molecular orientation, fp. Defects occurring in the film surface give
branched extra layers inserted at an angle Af;3. Afsp is the angle that the small bands make with the shear
direction.

The results obtained indicate that the optical and mechanical properties of the HPC and HPC/NCC

films can be tuned as a function of the initial characteristics of the liquid crystalline solutions and

quantity of NCC rods.
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Table 3-1 The parameters vary with the concentration in Figure 3-5.

HPC NCC Aty hq Aty h, AB, 0,
[wt %] [wt %] [m] [nm] [m] [nm] [deg] [deg]
50 4.3-5.2 84-89 1.42-1.80  4.5-9.5 ~8
55 3.1-43 87-96 0.72-1.80  3.5-9.0 <14
60 2.9-3.2 71-98 0.55-0.67  4.4-5.0 30 9-12
65 2.9-33 80-100  0.44-0.59 4.8 26 15
65 0.1 24-3.0 80-90 0.4-0.7 1.7-2.5 42-46 9-14
65 1 2.8-44 80-160 0.5 5 20-26
65 5 24-4.0 80-160 0.4-0.5 2-5 29-45 11-15

Figure 3-6 a. to d. correspond to reflection photos taken at different incident angles of white light films
illumination. The variation of the film colors depends on the light incidence angle and for normal incidence the
films look macroscopically transparent a. b. to d. shifting patterns of color as the view angle changes. The
different colors when viewed from different angles, iridescence, are due to the periodic structure of the material.
e. POM photo in reflection mode, parallel polarizers, showing some interference colors at the border of black
line defects. These colors are an indication that at small regions the distance between the layers, that can be
observed in the film cross-section by SEM, are of the order of 120 to 250 nm calculated by taking into account
the color transition blue-magenta as observed and in the Newton scale f and the refractive index of HPC (1.33). g.
and h. represent SEM pictures of the cross section of the sheared HPC films. A layered structure parallel to the
films surface can be observed and also a periodic reminiscent “pins” from a structure, which exists in between
the layers. The periodic structure that exists in between the layers seems responsible for the angle color
dependence of the films.

In fact NCC rods are very interesting materials that can originate chiral nematic organization and like
other cholesteric materials, which can be duplicated in polymer networks'®, they can be replicated in
pure silica films."** Stacked layers that result from the helical pitch of the chiral nematic phase were

obtained. Such periodic structures, with a repeating distance of the order of P/2, can also be found in
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thin sections of biological materials. A twisted plywood model was proposed by Bouligand '*° in order

to account for such architecture.

In the case of our sheared films, X-rays '® and POM (Figure 3-3 @) measurements indicate that the
cholesteric organization of the initial solution is destroyed and that a bundle of wrapped helicoidal
fiber-like structures developed with the fibers residually oriented along the shear direction. The
sheared banded cellulosic films are typically described as transparent with no mention of structural or
iridescent colors (see photo Figure 3-8). We found that these transparent films have the potential to
generate shifting patterns of color as the viewer moves, they possess the ability of reflect one
particular peak wavelength of light at one angle, and another peak wavelength at a second angle. This
iridescence covers some different colors in the region of the visible spectrum (Figure 3-6 a - d). We
also found that if the bottom surface of the freestanding films is observed under a microscope, in the
reflection mode, different interference colors can be seen at the border of some line defects (Figure
3-6 e). Iridescence and the majority of structural color can be produced by coherent light scattering,
which occurs when the distribution of light-scattering elements, and the resulting phase relationship of
reflected light waves, is precisely ordered. The simplest type of coherent light scattering is that of thin
film interference, which gives color to soap bubbles and oil-slicked puddles. Diffraction gratings
consisting of a reflective surface over which runs a series of ordered and precisely spaced parallel
grooves, and can also produce iridescence. ** The colors observed for the cellulosic films described in
this work can be attributed to the 3D periodical bands surface gratings observed by AFM (Figure 3-5 a)
at the micro and nano-scale. Nevertheless, SEM pictures taken perpendicular to the film surface show
a layered structure connected by a network of “holes” (Figure 3-6 /# and g). The border of the cross
section layers is adorned with “pins”, which seems reminiscent of a structure that exists in the layers.
The bottom film surface was observed by SEM and is essentially flat. By POM in the reflection mode
black lines can be observed and must correspond to the border of the layers observed by SEM in the

film cross section.

The spacing between the layers observed by SEM is of the order of microns and at small confined
regions on the film surface some interference colors can be observed (Figure 3-6 e). The sequence of
colors in those minor domains of the films is similar to the Newton series reflected from a thin film of
oil on water.””" The Newton series is a very characteristic sequence of repeated color bands grouped
into orders. Taking into account the refraction index of the films (1.33) and the Newton series,
displayed in Figure 3-6 f, the thickness between those layers, restricted to small sample domains,

varies from 1.5 to 2 um, which for normal incidence is out of the visible range.
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Figure 3-7 Tulip Queen of the Night petals gratings a. Picture of the Tulip Queen of the Night flower. b. The
SEM image shows the striated epidermis of the flower; the periodicity is in the order of 2 « m comparable to the
one of the films. ¢. Optical microscope reflection image of the peeled epidermal layer of the petal. The
transparent epidermal layer maintains the regularity of the striation also after the peeling process. d. K-space
imaging of the peeled epidermal layer showing iridescence. Please note that the scale bar in d correspond to 20
degree.

The surface characteristic patterns found by AFM, as well as the lamellar structure observed by SEM

. . . 196
in our cellulosic films, can also be seen in plants.

In fact we observed the surface of Tulip “Queen
of the Night” petals (Figure 3-7 a). The SEM image in Figure 3-7 b shows the periodical striation, of
about 1.5 um spaced, responsible of the iridescence of the petal. The single epidermal layer, once is
peeled from the petal, is transparent and the contribution from the ordered grating can be separated
from the underneath layer contacting pigment and the iridescence can be measure using a K-space

imaging system (Bertrand Lens), (Figure 3-7 d).

3.3.2 Mechanical properties of transparent sheared cellulosic films

In this chapter, we secondly describe the study of the mechanical properties of the thin film with NCC.
NCC filler as a probe also have been incorporated into composite materials, to enhancing their
mechanical properties ***, which can influence the mechanical properties of the films but does not

destroy the liquid crystalline characteristics of the composite material.

Anisotropic HPC films are formed by the evaporation of water from liquid crystalline aqueous HPC
solutions (60 wt %). In preparing samples, solutions are initially on a glass substrate, with a free
surface exposed to air as shown in Figure 3-1 and Figure 3-10. When the cellulose concentration is
sufficiently high for the formation of the liquid crystal phase, the mesogenic fragments can be
uniformly aligned in the sample by shear as discussed before. Shear is applied via a calibrated Gardner

knife moving at a controlled speed of 1.25 mm s on the free surface, as shown in Figure 3-1 the
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process produces a monodomain nematic sample. As indicated by X-ray studies >, the director aligns
along the shear direction. This can also be seen in Figure 3-5. The final film thickness is = 40 um. The
grooves, whose wave vector is along the shear direction, are ~ 3 um apart, with amplitude ~ 45 nm.
The structure of the film near the glass surface is less well understood. Here, the solvent remains
during shear, so less alignment is expected. The films, removed from the substrate, are large area, free-
standing flexible macroscopic samples. So the mechanical properties of this thin film vary with
different surfaces and also different directions. As we can see in Figure 3-8, the bending of the
freestanding thin film is very different depending on which surface is upwards and also the shear
alignment direction compare to the pencil axis. One can clearly see that the film bends more when the
shear direction is perpendicular to the pencil than parallel. This fact is due to the existence of grooves.
Also, the film bends more when the free surface (the surface that contacts with air during preparation)

is downward, because the upper surface is more rigid.

Upper surface is upwar v e \
Upper surface is upward

Pencil is perpendicular to the shear S Ay
Pencil is parallel to the shear

AN

Upper surface is at the bottom

Upper surface is at the bottom -
PI Pencil is parallel to the shear

Pencil is perpendicular to the shear

Figure 3-8 A freestanding sheared film prepared from HPC/NCC water 60 wt % solution

The modulus of the cellulose network has been measured for strain along the director, as well as
perpendicular to it. Results are shown in Figure 3-9; for small strains, Young’s modulus is
263 x 39 MPa for shear parallel and is 140 + 9 MPa perpendicular to the director. Above a threshold
of 4 MPa, the stress in the perpendicular direction is nearly independent of the strain. This “semi-soft”

elastic response is characteristic of liquid crystal elastomers **.
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Figure 3-9 Stress-strain relations. Squares correspond to strain parallel to the shear direction and the nematic
director. Circles correspond to strain perpendicular to the shear direction and the nematic director. For this
geometry, above a threshold, the stress is nearly independent of strain. This indicates ‘semi-soft’ elasticity,
characteristic of nematic elastomers. The negative slope at higher strains corresponds to failure due to tearing of
the films.

In fact adding 0.1 % of NCC rods implies that the Young’s modulus of the films, as well as the tensile
strength, measured in perpendicular (Per) and parallel (Par) directions to the casting, increased by a
factor of 2.5 and 3.2 for Par and 3.0 and 2.2 for Per, respectively, compared with films prepared from
HPC anisotropic solutions, as can be seen in Table 3-2. Because of the high degree of molecular
orientation, the HPC and the HPC/NCC films exhibit high modulus and strength along the shear
direction and the mechanical strength in the transverse direction is low (Table 3-2). These anisotropic
mechanical properties are consistent with the molecular orientation, which results from the flow of the
liquid crystalline solution under shear stress. The fact that the Young’s modulus and strength is much
higher for HPC/NCC compared with HPC films, along the shear direction, is an indication that NCC
rods align along this direction when the films are prepared. The significant improvement in the matrix
modulus was also observed for other NCC composite materials, namely poly(styrene-co-n-butyl
acrylate) (PBA) latex/NCC, and the enhanced mechanical properties have been attributed to a

hydrogen bond network,***

which can not be ruled out in our system. NCC rods and HPC have
available hydroxyl groups, which could generate a hydrogen bond network between the filler and the
cellulose based matrix. The most important fact is that a very small amount of NCC rods added to the
liquid crystalline solutions implies a large improvement in the mechanical properties of the anisotropic

films and did not disrupt the liquid crystalline order of the solutions.
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Table 3-2 The bands perpendicular to the shear direction width, Young’s modulus (E), the tensile stress (0),
strain deformation (€) and the thickness of the films prepared from a HPC and HPC/NCC 62 wt % water liquid
crystalline solution. Par and Per means that the mechanical stress strain measurements were performed along the
parallel and the transverse directions to the shear casting direction, respectively.

NCC Bandwidth E (MPa) o (MPa) € (%) Thickness
[wt %] [mm] Par. Per. Par. Per. Par. Per. [um]
0 3103 263+39 140+9 17+3 6+2 38+3 60+11 21+4
0.1 3603 650+£54 450+63 S51+£2 13+3 21+6 56=+2 14+4

3.3.3 Bending of sheared HPC thin film to moisture

When exposed to water vapor, free standing films prepared from a 60 wt % solution bend, as shown in
Figure 3-10. and Figure 3-11 When water vapor penetrates the free surface of the film, the sample
bends around an axis parallel to the shear direction, with the free surface on the outside (Figure 3-11
a). This is consistent with expansion of the free surface of the film in the direction perpendicular to the
director. Such an expansion is expected, since the order parameter is reduced by the presence of the
solvent water, and furthermore the presence of water molecules between the cellulose chains in the
rigid segments is expected to increase the thickness of the rod-like fragments. The scheme in Figure
3-12 shows the mechanism of a dimensional contraction induced by the loss of the director’s

orientation.

When the film is allowed to dry, either by heating or by being placed in a low-humidity environment,

the film unbends, reversibly assuming its original shape.

Bending direction

Figure 3-10 The schema of the bending of film to moisture.
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Figure 3-11 Bending of free standing films. a. The film free top surface and b. the film glass bottom surface
exposed to water vapor. Sheared films were prepared from liquid crystalline HPC/water solution, the arrows
indicate shear direction, ¢. and d. for the bending and recovering process of the thin film prepared under the
same process with the film from a and b but from isotropic solution with low concentration.

Interestingly, when the glass side of the film is exposed to water vapor, it bends around an axis
perpendicular to the shear direction, with the glass side being convex( Figure 3-11 b.). This is
consistent with a nearly isotropic expansion of the glass side surface due to the presence of moisture.
Since corrugations on the free surface give rise to a smaller effective modulus for bend in this
direction, as has been confirmed by independent measurements, bend occurs around an axis
perpendicular to the shear direction. The bend produced by exposing the glass side to water vapor is
considerably smaller than that of the free surface. When the film made of isotropic solution exposed to
moisture as shown in Figure 3-11 ¢, the bending is very different as a and b. Because in isotropic
solution there is no order as in cholesteric phase and the molecules are not so cross-linked by
hydrogen bond with the good alignment. When the solution under the shear condition, the molecules
are also aligned by the shear but they are more free to relax and lose the alignment. So the film from
the isotropic solution is isotropic. When the film is exposed to the moisture, the water molecules go
into the film and increase the distance of the HPC molecules, which induces the expansion to every
direction of the surface exposed to moisture. The water molecules also give the freedom to the HPC

molecules, which likes annealing process, and HPC molecules start to pack and reduce the dimension
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in every direction. When stop to give the moisture, the water molecules start to come out of the film

and the film start bending like it is shown in Figure 3-11 ¢ d and Figure 3-13 c.

Figure 3-12 Director changing when the sheared film exposed to moisture.
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Figure 3-13 Schema of the different surfaces bending and the director changing when exposed to moisture, a.
with the free surface (contact with air), b. bottom surface (contact with glass) respectively and c. the film is from

isotropic solution.
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Figure 3-14 Dynamics of stress evolution. Shear stress in a 20 mm X 20 mm X 32 um planar sample at 24 °C
with free surface exposed to humidity as function of time, measured with a Mettler Toledo AG204 load sensor.
The maximum stress measured was 383 Pa.
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Figure 3-15 The moisture mechanical response of cellulosic network samples. a. Frames from a video clip
recording the bending dynamics of a sample (sample dimensions around 0.5 ¢m x 2.5 c¢m x 30 um) anchored at
one end and exposed to moisture from below for 4 s. b. Graphs of the dynamics of force produced by a 70 um
sample for different times (graph on the left) and for t = 30 s moisture exposure for samples with different
thicknesses (graph on the right). The free end of the samples were held in place and prevented from bending by
the arm of a mini tensile test machine (minimart) load sensor measuring the force. The insets show the existence
of a critical exposure time and sample thickness.
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The shear stress associated with such bend has been measured, as function of time (Figure 3-14), in a
20 mm x 20 mm x 32 um planar sample at 24 °C with free surface exposed to humidity. Measurements

were taken with Mettler Toledo AG204 load sensor. The maximum stress measured was 383 Pa.

In order to check the response time, we exposed, for different times of sizes around
1 cm x 2 em x 32 um supported at one end (Figure 3-15 a) to ultrasonic moisture excitation. The axis
of the cylindrical bend is perpendicular to the “bands” and parallel to the average alignment of the
director, whose direction in the sample is known. The size of deformation and its timescales are

dependent on time moisture exposition and films thicknesses.

The observed bending is reversible and should result from a rapid material expansion perpendicular to
the shear direction at moisture-exposed surface. We also checked the response time when exposed to
the moisture and also the recovering process as show in Figure 3-16 by checking the distance d of the
two ends of the sample as shown in Figure 3-15 and the bending is relatively fast, on the scale of

around 1 s.

Water vapor induced bend has been demonstrated in DNA covered Si cantilevers®”, as well as in a
different LCN system with a different geometry by Broer et al.*™. In this work we have exploited such
a bending phenomenon and also have tried to find some application by producing a humidity driven

rotary motor.
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Figure 3-16 The evolution of distance d in Figure 3-15, a. the bending process and b. the recovering process.
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3.3.4 An application of the bending to moisture -- A cellulose liquid crystal motor: a

steam engine of the second kind

There are a wide variety of definitions of motors in the literature. We choose here to define a motor as
a device, which uses energy, but not momentum, to produce motion. Engines may be defined as
motors, which obtain energy from a fuel. We used belts of anisotropic HPC films (prepared from

solutions in water 60 wt %5) to produce our humidity driven motor, as shown below.

hum i(

air

Figure 3-17 Moisture-driven liquid crystal cellulose engine. a. Schematic of the motor, showing location of
moist air and rotation direction. The alignment direction is parallel to the axes of the wheels. The free surface of
the film is on the outer side. b. Series of video frames showing rotation. The motor is housed in a dry
environment. Momentum transfer from the moist air is small, and opposes the observed motion. Belt
dimensions are: 1.0 cm x 8.0 cm x 30 um; wheel diameter is 14 mm. The direction of rotation is indicated by a
black arrow, and of moist air flow by a white arrow a.

A monodomain nematic HPC film was produced in the form of a circular loop, 8.0 c¢m long, and
1.0 cm wide (Figure 3-17). The alignment direction is in the plane of the film, perpendicular to the
long edges. The loop was passed over two 14 mm diameter wheels with horizontal axes. When humid
air was applied to the outer side of the film near one of the wheels, as shown in Figure 3-17, the

wheels began to rotate, and continued so long as humid air was present. The motion is caused by
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humidity-induced bend of the liquid crystalline HPC film. A heuristic explanation for the motion is as
follows. If the tension in the film is assumed to be nearly uniform, the humidity induced bend shortens
the lever arm on the side where the moist air is applied, resulting on a net torque on the wheel and
causing rotation of the wheel as illustrated schematically in Figure 3-18. We have estimated the tensile
stress from the shape of the circular film loop to be 357 Pa, which is close to the shear stress produced
by humidity. We conjecture that these two quantities need to be comparable for the engine to operate

efficiently.

humid air

—

1l [T Tl 7

a. b.

Figure 3-18 Schematic of the humidity induced bending mechanism. a. The configuration is symmetric about a
vertical axis. The lever arms (green) are of equal length, and the net torque on the top wheel due to tension in
the film is zero. b. Due to the humidity-induced bend, the configuration is no longer symmetric. Lever arm on
the right in top wheel is shorter; net torque on top wheel due to tension in the film gives rise to CW rotation.
(The humidity induced bend has been exaggerated to aid the illustration.)

As the motor rotates, the humid film dries. Key to the process is the spontaneous curvature of the film
in the region near the wheel where the humidity is applied. The motor can be made to rotate faster if

the ambient temperature is increased, or, equivalently, if the ambient humidity is reduced.

The energy to drive the motor comes from water vapor — from “steam”. In conventional steam engines,
fuel is burned to heat the water, raising the chemical potential of the water vapor due to temperature
increase. Free energy is converted into work by the engine. Our steam engine exploits the difference in
chemical potential of water molecules in humid and in dry air; the liquid crystal networks (LCN) belt
transports the water from regions of high chemical potential to low, gaining energy in the process. The

difference in chemical potential u is given by 207

My =ty = kT ln(ﬁ)

1

Equation 3-1
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Where k is Boltzmann’s constant, 7 is the absolute temperature, and y is the relative humidity. If the
relative humidities are 30 % and 70 %, as in our experiments, the amount of energy available for work
at room temperature is 2.1 KJ/mole of water, or approximately 100 J/g. The underlying mechanism is

similar to that of the collagen engine of Katchalsky **®

, which is driven by the chemical potential
difference of NaCl in saline solutions and pure water. Whereas his collagen fibers contracted in the
presence of salt, our LCN bends in the presence of humidity. Since our steam engine runs isothermally,
it differs fundamentally from conventional steam engines in that it is not a heat engine. We call it
therefore a steam engine of the second kind, and note that, consequently, its efficiency is not limited
by that of Carnot cycles. It appears, from Equation 3-1, that considerable energy is available for work

from reservoirs of high and low humidity; our engine provides a new method of obtaining work from a

humidity difference.

3.4 Conclusion

In this chapter we show that shear transparent cellulosic freestanding films (= 22 pum thickness) can
develop iridescence similar to that found in the petals of the tulip variety “Queen of the Night”. The
film’s iridescence arises from the modulation of the surface into bands that periodically spread
perpendicular to the shear direction. The incorporation of small quantities of nanocrystalline cellulose
(NCC) rods in the precursor liquid crystalline solutions does not disturb much the optical properties of
the solutions but enhance the mechanical characteristics of the films and affects their iridescence.
Small bands periodicity, not affected by the presence of NCC rods, in the order of hundreds of
nanometers, slightly deviated from the shear direction is also observed. The presence of NCC rods is
crucial to tune and understand the film’s surface features formation. Our findings could lead to the
improvement of new materials for application in soft reflective screens and devices. We report for the
first time that those banded films can show iridescence, which is very similar to those found in Tulip
“Queen of the Night” petals. This simple and low cost cellulosic material seems ideal to mimic the
structures that can be found in plants, namely the type of gratings observed in the petals of many plant

species.

The salient feature of liquid crystal elastomers and networks is the strong coupling between
orientational order and mechanical strain. Orientational order can be changed by a wide variety of
stimuli, including the presence of moisture. Changes in the orientation of constituents give rise to
stresses and strains, which result in changes in sample shape. We have demonstrated a new type of
soft motor, using a cellulose liquid crystal film, driven by a difference in humidity. The motor is

simple; it relies on the moisture-induced bend of the HPC, which arises from the coupling between the
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orientation order of the rigid rod-like fragments of the network and mechanical strain. Changes in
orientational order are caused by the absorption of water molecules. As the engine rotates, the moist
film dries in a dry air environment, and returns to its original shape, ready to perform work again
when exposed to moist humidity. Since the transport of water is via directed diffusion along
concentration gradients, it is expected that smaller motors will run faster. Micromotors operating on
this principle, using the chemical potential of liquid water or moist air may be useful in reducing
humidity or producing mechanical or electrical energy. Further studies are needed to determine the

efficiency of the energy conversion process in such a steam engine of the second kind.
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Chapter 4 Liquid crystal beads constrained on thin

cellulosic fibers

This chapter’s work description and discussion was based on the following papers:

Y. Geng, P.L. Almeida, J.L. Figueirinhas, E.M. Terentjev, M.H. Godinho, “Liquid crystal beads
constrained on thin cellulosic fibers: electric field induced microrotors and N-I transition” Soft Matter,
8, 3634-3640 (2012).

Y. Geng, D. Se¢, P.L. Almeida, O.D. Lavrentovich, S. Zumer, M.H. Godinho “Liquid Crystal

Necklaces: Cholesteric Drops Threaded by Thin Cellulose Fibers”, Soft Matter, 9, 7928-7933 (2013).
(Cover of that issue) (Hot paper of June 2013)
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4.1 Introduction

In this chapter we will describe the liquid crystal structure obtained inside of droplets threaded by a
cellulose derivative micro-fibers. We will present nematic and chiral nematic liquid crystal droplets
and we will characterize the evolution of these structures with temperature and applied electric field.
Liquid crystal drops or droplets are defined as spherical or ellipsoidal shape volumes of liquid crystal.
Liquid crystal drops are usually dispersed in polymer matrix or other liquid, but they can also be free
suspended in the air. Liquid crystal drops can present many interesting structures because of the

confinement, namely the confinement shape and surface anchoring conditions.

The two basic features of liquid crystal drops are (1) the ordered inner structure of the dispersed
particles and (2) the small scale of confinement in which bulk and surface interactions are in direct
competition, make liquid crystalline dispersions distinctive and more complex than their isotropic

counterparts or continuous liquid crystalline media.””’

The droplets contain lots of stable and unstable
topological defects with rather unusual structures, which decide the properties of the droplets, such as
electric-optical properties. So the studying of liquid droplets with different liquid crystal types,

different confinements, and also different anchoring conditions are very important.

Because of the scientific and the application interests, liquid crystal drops have been studied since the
birth of liquid crystal. Lehmann started to study the liquid drops dispersed in an isotropic fluid since
1890s even before introduction of the term of “Liquid Crystal”.*”® From the 1970s attentions started to
focus on liquid crystal drops, for example Candau et al. studied the magnetic field effects in nematic
and cholesteric liquid crystal droplets suspended in isotropic liquid.*'® It was not until 1980s that there
came a true revival of interest in liquid crystalline droplets. The invention of polymer dispersed liquid

crystal (PDLC) opened the new window for the studying of liquid crystal droplets.'”>2%*!!

In this chapter’s introduction, a brief overview will be given about liquid crystal drops and some
review of the state of the art concerning liquid crystal drops, focusing on the defects and the structure
transitions under different boundary conditions. The confinement of liquid crystals to spherical

volumes can lead to a variety of complicated director fields configuration,''**'?

which depend on the
liquid crystal properties such as the elastic properties, anchoring of the director at the drop surface, the
size of the droplet, the external fields, and also the temperature. Among all the factors, the anchoring
condition of the molecules at the surface is the first aspect to classify the droplet type,”'**'* because it
fixed the topological constrains on the liquid crystal and basically decides the structure of the droplets.
As in other studies,”” we consider strong anchoring conditions in this part, where the tilt angle is fixed

to some value and also the droplet is large enough for the surface constrain to fulfill. The tilt angles, 0
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and /2 are the most common, corresponding to parallel or tangential and homeotropic anchoring
conditions respectively. For the parallel or tangential anchoring conditions, the director is parallel to

the surface, and for the homeotropic anchoring the director is perpendicular to the surface.
For the droplet dispersed in other matrix, the free energy is defined by:

F =F,+ Fy
Equation 4-1

Where F, is the free energy form the bulk liquid crystal and F,; is from the surface confinement. This

equation can also be applied to a normal fluid.

The elastic free energy density of liquid crystal is given by Frank-Oseen equation® as shown in

Equation 1-3.

From Equation 1-3 we can easily get that the changing of the elastic constants leads to different free

energy and thus different structures.”>'"?

There are two kinds of point defects in a droplet. One is called boojum, which in fact is a two-
dimensional defect located on the surface of the droplet despite the distortion in the bulk, *'* and the
other is hedgehog, which is a 3-dimensional defect usually located in the center of the drops. The point
defect transforms into other defects usually under the changing of the anchoring condition or under
external field, for example to disclination line defects, which will be discussed as an example in

nematic liquid crystal in the later part,'’>?'6220221-224

As shown in Figure 4-1, for nematic liquid crystal with tangential boundary conditions, when K; < K3,
the bipolar condition is typically observed. This drop has two s = / point defect on the surface. In
order to maximize their separation, they are located on the two poles as shown in Figure 4-1 a. In this
configuration the splay distortion plays the main role comparing to bending. When twist is introduce
into the configuration of a, the twisted bipolar boojum configuration is still formed with two boojums
located at the different poles (Figure 4-1 b). When the bending distortion plays the main role structure
in Figure 4-1 ¢ can be for formed. In this structure, director field is organized in concentric circles

with a s = +/ disclination line that passes through the center of the drop.

For nematic liquid crystals, when the anchoring condition is homeotropic, the configuration is
normally observed in Figure 4-1 d - f. It is a pure splay structure with a radial hedgehog with a
topological charge O = +1 located at the center of the droplet, as schematically shown in Figure 4-1 d.
A variant of this structure results from incorporating twist distortions to form a twisted radial drop, as

schematically shown in Figure 4-1 e. In this structure, the resultant configuration can be seen as a
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combination of a hyperbolic hedgehog at the center of the drop. For nematics favouring bend over
splay distortions, the director can organize around a defect ring located on the surface of a drop along

one of its great circles, as schematically shown in Figure 4-1 f.

SR A L
.
d T (e e
\ L | y
vl ~ 0
~
LT O
- P I = ~ VL
| -~ NN s - \ ~ =
- Nyt - | A
L NS = ~ Nl - < \
—————————— ~ao~EEST~-.J
| Z s SIS T
- -- \ ~
\ - () . \ - T AN /
L LN L= s W ~
P T SN - VAR
7’ ’ . S . h 1 \
’
’ TN ; \
— =

Figure 4-1 Examples of the nematic drops with different structures. (a-c) with tangential anchoring condition
and (d-f) with homeotropic boundary condition. a. The bipolar drops with two s=1 splay-type boojums located
on the surface. b. With a in plane rotation of the director from the axis of the two boojums from a, the twisted
bipolar drops can be formed. ¢. When the bending distortion plays the main role the concentric drop can form. In
this situation, director field is organized in concentric circles with an s = +1 disclination line that passes through
the center of the drop. d. The radial drop, with one radial hedgehog at the center of the sphere, is the structure
usually observed when the anchoring is perpendicular. e. The twisted version of the radial drop has also been
observed. f. The axial drop, which appears when bend distortions are energetically favoured, is characterized by
a Q = +1 equatorial disclination ring on the surface of the drop. *"*

More recently, confined chiral nematic liquid crystal systems also have become interesting because of

their very unusual structures and defects.

Understanding chiral nematic structures is also of practical importance. Cholesteric liquid crystals
favour twisting of their average orientation (the nematic director) in planes. But if they are frustrated
such as being enclosed in the droplet, the more complex disclinations can be formed. There are three
kinds of disclinations in cholesteric liquid droplets as shown in Figure 4-2. Two main parameters
control the director configuration in a cholesteric drop: (a) the boundary conditions and (b) the

twisting power, gR, with R the radius of the drop and g=1/P.

Three structures are found in cholesteric droplets with planar degenerate anchoring:** (i) radial
spherical structure (RSS), (ii) diametrical spherical structure (DSS), and (iii) planar bipolar structure
(PBS). Zumer et al. systematically studied the structures as shown in Figure 4-3, Figure 4-4 and
Figure 4-5, using a continuum mean field landau-de Genns free energy approach. In their study they

use the tensorial order parameter ;5 to construct the total free energy and minimized the total energy

to get the order distribution.”*® They got the fantastic structures.”’
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Figure 4-2 Schemes of the cholesteric disclination line A™, t™ and y™ with various winding number of m. The
director is shown with blue cylinders while red spheres are the lower ordering regions. The core of the y
disclination is draw as black line. %
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Figure 4-3 a. Numerically calculated diametric spherical structure (DSS), and b. radial spherical structure (RSS)
in chiral nematic droplets. **’

The diametric spherical structure (DSS) is the most symmetric structure in cholesteric droplet
degenerate planar surface anchoring as shown in Figure 4-3 a. It exhibits the cylindrical symmetry
with its symmetric axis along the axis of the cylinder z direction. The director field forms curved
structure normal to the radius. The radial spherical structure (RSS) is most commonly observed
structure (Figure 4-3 b), with a monopole point defect connected with a distorted double twist line

defect. The bipolar structure (BS,), shown in Figure 4-4 a, is also cylindrically symmetric and
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characterized by only two surface boojum defects diametrically located at the surface. The planar
bipolar structure (PBS, b) is similar to BS but deformed by the strong planar anchoring condition. The
Lyre and Yeti structures are highly meta-stable state as shown in Figure 4-5. Those structures
mentioned above can transform with each other when the anchoring condition is changed as well as

the twisting power of the droplets.
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Figure 4-4 a. Bipolar structure. b. Planar bipolar structure (PBS). The director field in xz plane is mostly in
layers as can be also seen in polarization micrographs. This structure has three twofold symmetry axes (x, y, and
z). Note blue and yellow regions of the splay-bend parameter and the differences between the two structures in
polarization micrographs (lost symmetry in the z plane). **’
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1 1
Figure 4-5 a. Lyre structure (LS, N=4). Diametrical line with 272, 1*2 and A, cholesteric disclination rings. The

1 1
structure is only rotational symmetric around the z axis. b. Yeti structure (YS, N=5). Note also here 172, 1*2 and
AY cholesteric disclination rings. Apart from the cylindrical rotational symmetry (z axis), this structure has also
two-fold symmetry axes in the xy plane. Blue and yellow regions show the splay-bend parameter. **’

78



For cholesteric liquid crystal drops, different anchoring conditions also lead to different structures in
the nematic case, but different twisting power also can changes the structures. For tangential
anchoring and low twisting power, gR < I, the resultant drop configuration is twisted bipolar in Figure
4-6 a. Study from Xu et al. show that the twist angle linearly decays to zero from the surface. For
qR >1, the most widely observed configuration is the Frank-Pryce structure, which consists of a
hedgehog with an attached s = +2 defect line of length R as shown in Figure 4-6 e. The line can be
understood by considering the simplified view of a cholesteric liquid crystal as a stacking of nematic
layers that are twisted one with respect to the other. The line results from the concentric stacking of
these spherical nematic layers inside the drop, with each layer being progressively twisted one with
respect to the other. Since, by the Poincare-Hopf theorem, the total topological charge must be +2 in
each of these layers, the defect line can be thought of as a linear stacking of s = +2 point defects in
each cholesteric layer.””® Changing the anchoring condition and the twisting power, more interesting

structure can be observed, for example in Figure 4-6.

D=129 ym; qR=0.43 JD=183 pm; qR= 0.61 | D =207 um; qR= 0.69

% N

Figure 4-6 Cholesteric droplets, (a-d) with different twist power qR, with R as the radius of the droplet and q the
inverse of the pitch, under homeotropic anchoring conditions, e droplet with planar boundary conditions. a.
lower twisting power bipolar structure can be formed. b-d. when the twisting power increase the structures
changes from bipolar to the structure of d.*”

From above discussion, different anchoring conditions and also different twisting powering lead to
different defects and droplets structures. So it is easy to understand that by changing the boundary
condition or the twisting power of the droplets it is possible to induce the topological structure change
dramatically but continually even in the same droplet and the process can be easily followed
dynamically. For example in nematic liquid crystal droplets, in Figure 4-7, change the anchoring
condition from tangential to homeotropic the two characteristic boojums of the bipolar drop disappear,

while a defect ring of charge O = +1 concomitantly forms. The ring appears in a plane perpendicular
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to the original boojums axis to form a transient axial drop, as shown in b. By doing so, the director in
the bulk does not distort appreciably; it remains very much oriented along the original boojums axis.
The defect ring subsequently shrinks into a half radial hedgehog, as shown in ¢ and d, which

eventually migrates to the center of the drop to form a radial drop as shown in e.

@ . @

(@) ®) (c)

Figure 4-7 Topological transition with the boundary condition changing from tangential or planar to
homeotropic. The schematics show a cross-section of the drop along the plane containing the two initial boojums
and center of the sphere. The solid line refers to the defect line and the dotted line refers to the director field
inside the droplet. From a. to e. the anchoring condition is changing from planar to homeotropic. >

When the anchoring condition is changing from homeotropic to planar the transformation is different,
firstly there are two points defects - boojums - are generated locating at the poles and then the
hedgehog moves to near one of the boojums and changes to the ring disclination line and moves to the

center and then finished left two boojums located at the poles.”"

Transformations between different defect structures can also be induced by electric and magnetic

fields, as in their presence the free energy density of the system changes by: '

1 = o, 1Ay —
frieta = _ESOAS(E'H) _EE(B'H)
Equation 4-2

Where ¢, is the dielectric constant of free space, Ae the dielectric anisotropy, E the electric field, Ay
the anisotropy in the magnetic susceptibility, and B the magnetic field. The application of external
electric and magnetic fields thus induces changes in the nematic orientation, which in many cases
leads to changes in the type of structure. We note that there are other forms of liquid crystal-electric
field coupling if the molecules have a permanent dipole moment. In addition, shape polarity can give

rise to flexoelectricity: development of an electric polarization as a result of director field distortions.

For example for the radial droplet shown in Figure 4-8, formed by a nematic with 4¢ > 0, and if we
apply an electric field with increasing electric field intensity, the radial configuration slightly bends to
progressively align n with E, as shown in Figure 4-8 b, until a  wall eventually forms in the plane
perpendicular to the applied field, as shown in Figure 4-8 c. This wall divides the drop into two

hemispheres, with a « rotation of n as the wall is crossed from one hemisphere to the other. In each
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hemisphere, the director is essentially aligned with E and the drop still contains the original hedgehog
of the initial radial drop. With increasing E, the width of the m wall decreases until it eventually
becomes unstable. This happens at a critical electric field £., where both the hedgehog and the 7 wall
are replaced by the equatorial defect ring, characteristic of the axial drop, shown in Figure 4-8 d. The
application of an external field to a radial drop thus results in the formation of an axial structure. With
different frequency of electric field, the processes are totally different. With high frequency of the
electric field, the ring formed in the center and then moved to the surface, but the order is the reverse
with low frequency. The point moves to the surface first and then changes to the ring defect with
lower frequency. And the radius also found to be an important effect factor for the critical value of the

transition.??

Figure 4-8 Topological transformation induced by the electric field (at low frequency) in a radial drop. For
positive dielectric anisotropy the nematic, the transition normally follows the a. to d. For negative dielectric
nematic liquid crystals shown in e - g. *"> ***

In this chapter, a characterization of the defects structure observed in a droplet threaded on a micro-
fiber during the application of an electric field will be presented. We will visualize the appearance of a
soliton-like particle. In mathematics and physics, a soliton is a self-reinforcing solitary wave (a wave
packet or pulse) that maintains its shape while it travels at constant speed. Soliton-like particles are
caused by a cancellation of nonlinear and dispersive effects in the medium. It was also shown that in
uniaxial nematic, a soliton-like particle can be formed if a distorted director configuration exists in a
region of finite size and outside of which the director field is uniform. Solitons can appear in liquid
crystals by the action of an external field which provides the nonlinear term in the equation of motion
needed to describe the molecular orientation, because of its nonlinearity and nonlocal in time and
space.”?>?"#1240 Eor our nematic liquid crystal system, the soliton-like particle amounts to an
inhomogeneous of distribution of the field of the director localized in a region of finite

. : 241,242
dimensions.”" "’
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Skyrme et al. studied the source of the soliton-like particles using classical theory in super fluid® He-
B**, and the spinning soliton-like particles are theoretically confirmed and the properties are studied
by Williams at al*** They found that the free energy is proportional to the size of the soliton-like
particle and the particles are unstable. Studying also show that when the particle-like soliton decrease
its dimension and subsequently disappear on scales smaller than the coherence length.*** In fact the
decrease in dimension of the soliton entail an increase in the elastic energy density but decrease the

total energy.**

Spherical liquid crystal (LC) droplets, suspended in a supporting polymer matrix, are now used in a
number of electro-optical applications such as privacy windows and optical switches. These systems
can reversibly transform between the transparent and the opaque scattering states in response to an
external electric field. The performance depends on the internal director ordering within the nematic
drops, and different nematic configurations would result in clearly diverse responses to the externally

245

applied fields.

Therefore, characteristic parameters of droplets such as shape, surface anchoring and nature of the
topological defects play a significant role in the electro-optic response of the device, and it has been

M6175 and Lavrentovich et al*'. In flexible

widely experimental and theoretically studied by Zumer
plastic displays based on encapsulated nematic liquid crystals, these constraints can similarly play a

role in the performance of the device.**

For example, more recently, drops of liquid crystals were used as tunable optical microresonators.”*’
Fluorescently labelled nematic liquid crystal droplet with the diameter of 10 wum dispersed in a
polymer matrix with the homeotropic bounder condition. The hedgehog point defect located at the
center of the droplet. When the light is introduced into the resonator, because of the total internal
reflection the beam circles in the droplet and comes out from the original point with the shifted
frequency that depends on the optical path and also the dope molecules. When the director
configuration is changed by the external electric field, the optical path decreased and the frequency
decreased. Three-dimensional tunable lasing in dye-doped, cholesteric liquid-crystal (CLC)
microdroplets embedded in an isotropic carrier fluid also has been reported. These droplets were
spontaneously self-assembled and, due to the chirality of the CLC, a strong modulation of the
refractive index was obtained in the radial direction, thus forming a radial Bragg (onion) resonator, by
changing the temperature to change the pitch in order to change the laser frequency.”” These findings
open new paths in the development of optical and photonic microdevices, surface-sensitive sensors,
tunable microcavities and soft photonic circuits.”>' Polymer dispersions of spherical (or ellipsoidal)
nematic liquid crystal droplets are widely used and studied.*” Light scattering devices can also be
realized from liquid crystals supported by the mats of nano and micro-fibers. The LC material is

inserted by capillarity in this type of cells after the fiber mat assembling.*> As a consequence of the
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improved interaction of the nematic liquid crystal with the microfibers, enhanced optical
characteristics (i. e., increase transparency in the ON state and a marked decrease in the operating

voltage) were found for this kind of sensors.

All the interesting behavior observed in the droplets and shells of liquid crystals, results from the
curvature of the closed spherical surfaces.”>> However, even more complicated defect configurations
are expected when the liquid crystal is encapsulated into regions with more complex topologies, e. g.,
toroidal drops,” which remain largely unexplored from the experimental point of view. In fact,
generating fluid objects with non-minimal surface shapes, such as a torus, is complicated and still
remains a challenge. Despite the difficulty, this can be achieved by using external forces. However,
the majority of the toroidal shapes generated by using external forces is unstable and always converts

into a topologically spherical fluid volume once the external force disappears.*>

The majority of the studies about these matters focus on the studying of droplets dispersed in matrices
such as polymers or liquids, but studies focused on liquid crystal droplet free suspended in air do not
exist to our knowledge. Free suspended droplet in air has very particular anchoring conditions and is
very sensitive to the surround environmental changing. Another confinement is imposed by inserting
an electrospun micro-fiber through one axis of the droplet. By doing this we were able to observe and

characterize very interesting structures and phenomena.

In this chapter we present the response and dynamics of liquid crystal droplets with stable toroidal
topology to temperature and to an applied AC electric field. The hybrid drop shells were obtained by
dispersing the nematic and cholesteric liquid crystal on air suspended thin fibers, and show that the

response mechanism of the drops is outside of the current understanding of liquid crystal drops.>*

4.2 Experimental

Concentrated cholesteric solution (60 wt %) of hydroxypropylcellulose (HPC) as introduced in chapter
1 (1.1.3 and 1.2.3). (4ldrich, M, 100.000 g mol") in dimethylacetamide (DMac) (Riedel-de Haen,
99 %) was made and was waited for 3 weeks before using. The viscous iridescent solution in the
nematic chiral phase was poured into a 1 m/ syringe (diameter 4.5 mm) fitted with a 27-gauge needle
(diameter 0.2 mm) which was then placed on the infusion syringe pump (KDS/00) to control the
polymer solution feed rate. A conducting ring, 15 cm in diameter, was held coaxially with the needle
tip at its center, and electrically connected to it. The needle plus ring were directly connected to the

positive output of a high voltage supply (Glassman EL 30 kV). After applying the electric potential
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between the metallic syringe-tip and the plate, the polymeric solution was continuously fed to the
syringe-tip at a constant flow rate of 0.04 ml h”', and accelerated by the ensuing electric field towards a
collector. The optimized operating conditions for the continuous drawing of cellulose derivative fibers
were a voltage of 15 kV for a distance between the nozzle and the collector, 1 = 15 ¢m. In general,
fibers get thinner at higher accelerating voltages; however, several other parameters (such as the
solution viscosity, needle diameter and the distance to target) also contribute to the fiber shape and
dimensions."””® In order to obtain uniaxially aligned fiber arrays, a specially designed fiber collector
made of two parallel aluminium strips, between which another high voltage power supplier was added
with the output of 3 £V, stuck together by two conductive aluminium wires was used. Each aluminium
strip had a length of 2 cm and a width of 0.2 cm. The distance between the metallic stripes was 1 cm
(Figure 1-24 and Figure 1-25) After electrospinning, the HPC fiber arrays, deposited across the
aluminium strips form suspended networks. The fibers were then carefully dried in a vacuum, at room

temperature, for 72 h before further characterization.

To align the fibers during the electrospinning, normally there are two methods. One is to use the
rotating drum or frame, which was demonstrated to be a good way to produce fibers with good
alignment. Usually high rotation speed was necessary to get good aligned fibers especially when the
solution flow is high. At the same time the high rotation speed of the collectors always generates
strong airflow that disrupts the deposition process of the fiber and decrease the alignment.

The other way is to use parallel metal electrodes as the fiber collectors. When one end of the charged
fiber formed by the stretching of the electric field touches one of the electrodes, the charge moves to
the electrodes collector. Before the charge goes to the ground, the other end of the fiber is propelled to
the other electrode and the aligned fibers mat is deposited on the parallel electrodes collectors with
time. Usually the charge is very tiny and disappears (the electrodes are grounded) very fast when one
end of the fiber touches the electrode. Even though this way is efficient for thin, light and relatively
short fibers, for relatively long, thick and heavy fibers, the effect is not so significant anymore and the

alignment deteriorates.

In our study, we used a modified apparatus to produce the electrospun fibers. As we can see from
Figure 1-24, before modification (left part), the two electrodes are in the same electrical potential line
because the distance from them to the nozzle is the same. So one way is to unground one of the
electrodes and move it a little bit near to the nozzle. Then the force gets much bigger and will not be
zero all the time. According to our experience, usually the second way is still not efficient enough to
align the fibers very well. So another high voltage power supplier was added between the electrodes to
increase the force to align the fibers. The output was chosen to be 3 £}V according to our experimental

requirements.

84



To perform electrospinning, another issue that had to be solved is how to remove the aligned fibers
from the electrodes without destroying the fibers as well as the alignment. To solve this problem, we
used a homemade thin plastic frames attached to the electrodes ( Figure 1-24). The plastic thin frame
should be un-conductive and as thin as possible but strong enough to protect the fibers during the

removal of the electrodes after deposition.

The nematic liquid crystal 4-n-pentyl-4-cyanobiphenyl (5CB) (Merck K15) used exhibits a nematic
phase in the temperature range of 18 °C to 33.6 °C.

To produce cholesteric droplets, we used the nematic liquid crystal 4’-n-pentyl-4-cyanobiphenyl
(5CB), the chiral nematic compound (S)-4’-(3-methylpentyl)-4-cyanobiphenyl (SCB*), which presents
a chemical structure very similar to 5CB, and a 10 w¢ % mixture of SCB* in 5CB (5CB*Mix). The
10 wt % concentration was chosen to produce a helical pitch P detectable by POM. 5CB* presents a
N* phase between -14 °C and -22 °C and a helical pitch of about 0.3 wm, and a smectic A phase is
reported for temperatures below -22 °C*’. The LC chiral mixture, 5CB* Mix, presents a [-N* phase
transition at 28.3 °C and a pitch value of 7.1 um measured by optical microscopy, at room temperature
(~19 °C). The 5CB* compound was synthesized according to the procedure described in detail in

reference™”.

Nematic micro-liquid crystal droplets were generated by an Air Project ultrasonic humidifier (Italy

ARTSANA Group) and deposited on the electrospun fibers at room temperature (23 °C).

To generate stable planar anchoring at the cholesteric droplet surface we mixed 5CB* Mix with
glycerol and used ultrasound excitation in order to emulsify the system into small droplets. In order to
obtain well-dispersed and symmetrical droplets confined on the fibers, the samples were heated to
80 °C for 5 minutes. The droplets are then carefully collected by a metallic wire (0.1 mm) at room
temperature (~19 °C) to suspended fibers assembled by electrospinning. The ratio of the liquid crystal
to glycerol is around 20 wt %, so the droplets were still surrounded by the glycerol to keep the planar

anchoring condition at the liquid-oil interface when they were moved onto the fibers.

Optical microphotographs were taken using a transmission mode microscope, Olympus BH, equipped
with polarisers, a camera and a heating/cooling stage (Mettler, FP90). The fibers were characterized
by Scanning Electronic Microscopy (SEM) using a SEM DSM962 model from Zeiss. Gold was
deposited on the samples by sputtering in an Ar atmosphere, using a 20 m4 current, for 30 seconds at a
deposition rate of 3 4s™'. Images were obtained for an acceleration voltage of 5 kV. Fiber diameters
and lengths were determined using /mage J image processing software (version 1.40e). Blender,
version 2.57b, was used to obtain 3D drawings. Photographs and movies were taken with a Canon

EOS 550D coupled to the microscope through a LM-Scope adapter. The obtained images do not have
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a very high quality due to the complexity of the assembly on the microscope that allowed us to

maintain free suspended droplets on a heating plate to perform the studies with different temperatures.

4.3 Results and discussion

4.3.1 Free nematic liquid crystal droplets confined on fibers

4.3.1.1 Toroidal topology in nematic liquid crystal droplets

As we can see from Figure 4-9, well aligned fibers were produced. Figure 4-10 shows the

electrospinning fibers from different scale, which were used to perform the next studies.

0.5 cm

Figure 4-9 Photographs of a. aligned fibers collected on parallel electrodes and b. another set of fibers collected
between parallel electrods and also the anisotropic solution used to produce them.
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To generate the toroidal topology of liquid crystal droplets we used ultrasound excitation in order to
emulsify the 5CB liquid crystal into small droplets, which are then collected on suspended fibers
assembled by electrospinning (Figure 4-11 a).

The electrospun fibers (Figure 4-11 b), characterized by SEM (Figure 4-11 c), have diameters that
vary between 1 and 2 wum and are obtained from cellulosic solutions which enforce tangential
boundary conditions for the nematic liquid crystal aligning along the fiber axis in our case. The
resulting system of liquid crystal droplets, with diameters less than 50 um, suspended around fibers
stretched in air was placed between two transparent glass plates coated with conducting ITO layers as
electrodes, separated by 1 mm distance, as shown schematically in Figure 4-11. The assembly
containing air, the fibers and the threaded droplets were observed under a polarizing microscope by
using: crossed polarizers, a 530 nm quarter retardation plate inserted between cross-polarizers at a 45 °©
orientation and a bright field optical microscope (three micro-suspended droplets are shown, as an
example, in a 1 wm diameter fiber between cross-polarizers in Figure 4-11). To study the electric
switching of the constrained drops we applied an electrical potential difference (AC 50 Hz) across the

cell.

Figure 4-10 SEM images of aligned fibers with different magnifications.

Note that the characteristic ratio WR/K, for the planar anchoring energy W and Frank elastic constant

K of 5CB, usually exceeds 1 for droplet sizes R of a few microns, and so the regime of WR/K > 1 is
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that of topological defects. A typical example of two, 30 wm and 10 wm diameter, liquid crystal
droplets suspended on a 1 um diameter fiber is given in Figure 4-11 d. This picture was taken between
crossed polarizers in order to visualize the textures inside the droplets supported around the fiber
(indicated by arrows in Figure 4-11 d). The image shows a ring defect at the center of both air-

supported drops.

10 um

Figure 4-11 a. Schematics of the experimental setup. The electrospinning target used to produce air suspended
fibers with numerous tiny (diameter less than 100 wm) 5CB liquid crystal droplets generated by ultrasounds was
sandwiched between two transparent ITO electrodes separated by a distance, d=1 mm, by wire spacers. Insets (b
and ¢) represent suspended fibers in different scales; ¢ a SEM picture. d Cross-polarized image corresponds to
nematic droplets constrained on a thin fiber (1.0 um diameter), suspended in the air, as schematically represented
in a.
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To investigate the origin of this ring defect, droplets supported in different fiber geometries were
observed using the method described above. The air-suspended droplet (diameter 40 wm) straddling
between three fibers is shown in Figure 4-11 and Figure 4-12 a — ¢ along with the schematics of the

239260 The molecular

3D (Figure 4-12 d) and top-view director field configuration (Figure 4-12 e).
anchoring at the 5CB/air interface of the droplet is known to be homeotropic. '® In fact, we see that
the birefringence is smaller in the direction perpendicular to the plate optic axis, which implies the

formation of a radial hedgehog at the center of the sphere as shown in the 3D representation.

Figure 4-12 Cross-polarized (a, f and k), 530 nm retardation plate (b, g and 1) and bright field images (¢, h and
m) of air floating nematic shells constrained in different fiber geometries, at room temperature. (a-e) hold up in-
between three fibers; (f-j) around a fiber and (k-0) around two 90° cross fibers. Schematic of the director field
configuration (e, j and o) along with 3D (d, i and n) representation allows the visualization of the transformation
of the point defect, to a ring defect and to two cross ring lines defects depending on the fibers constrained
geometries.
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The top view director schematics, Figure 4-12 e, indicates the formation of a radial splay-type defect.
Figure 4-12 f—j show a typical liquid crystal droplet supported by a single 1 wm fiber, which goes
through the center of the LC drop generating a stable shape of toroidal topology. Figure 4-12 k — o
show a droplet straddling between two fibers, which produces a much more complex topology of a
“‘pretzel,”’ or double-torus, with the Euler characteristic equal to -2 (compared to +2 for the sphere

and zero for the simple torus).”®" ">

It was found that the planar alignment of 5CB molecules can be induced by HPC films produced from
high polymer concentration solutions, high coating speeds, and thin coating thicknesses.'® The
homogeneous surface alignment of SCB was attributed to the flow-induced orientation of cellulosic
main chain molecules fixed in the vicinity of the film surface."” The HPC fibers produced by
electrospinning used in this work fulfill all the requirements needed to align the SCB molecules
parallel to their surfaces and along the main axis of the fiber. In fact, we use high-concentration liquid
crystalline HPC / DMac precursor solutions and the electrospinning technique ensures high speed and
thin diameter fiber production, which generates flow-induced orientation of cellulosic molecules at the

fibers surface.

The nematic LC droplet shown in Figure 4-11 d and Figure 4-12 f — h should have the director
tangential near the fiber surface and homeotropic at the air interface, making a hybrid shell. In fact, the
alignment of 5CB molecules on a flat HPC shear-aligned film surface was determined by observation
of a droplet of liquid crystals deposited on the film with a polarizing microscope. The 5SCB molecules
were found to uniformly align parallel to the alignment surface due to the gradual director change,
from the parallel alignment at the aligned polymer surface to the perpendicular alignment at the air
interface. This director distribution was at the origin of the appearance of a straight disclination line
perpendicular to the easy axis across the center of the LC nematic droplet."”’ By close observation of
Figure 4-12 d and Figure 4-12 f we identify a ring defect, a circular loop of disclination line in the
middle of the droplet around the fiber, as shown schematically in 3D (Figure 4-12 i) and top and side

(perpendicular to the fiber main axis) (Figure 4-12 ;) views of the director field configuration.

4.3.1.2 Theoretical study of the stability of the ring defect

It was shown theoretically that a topologically non-trivial point defect (monopole) can be energetically

unstable against expanding into a ring defect by taking a nematic liquid crystal as an example:**'>%
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From Equation 1-3 the distortion energy for point and line defects can be estimated, and the free

energy for point and line defects are:
Fpoint~87TK1R + Fp,core

Equation 4-3
And

Fline"’ (g) ' (Kl + KS) L- lOg (D/f) + Fl,core

Equation 4-4
K, and Kj are the Frank elastic constants of splay and bend deformations, respectively, L is the length

of the line defect, D is the radius of the system cross section normal to the line defect. Fj oy and

Ey core are the core energies which come from the singular regions. These terms will be of the order

Fp,core~f3 ' Af

Equation 4-5

Fl,core"’fz L Af

Equation 4-6

Where ¢ is the nematic coherence length (which is also the approximate radius of disclination core),
and Af the condensation energy density of the defect core, which is related to the average Frank
elastic constant and the nematic coherence length: Af~K/&2. Imagine a sphere of radius aa which
encloses the ring defect. Outside the sphere, the configuration can be seen as that of the point defect.
Accordingly, the free energy that comes from the region is expected to be about 8mK; (R — aa) from

Equation 4-3. Inside the sphere, the configuration might be regarded as that of the ring defect that is

bent to be a ring. Then distortion energy from this region should be around (g) (K1 + K3) - 2ma -
log(D / f) where a is the radius of the ring defect, since L and D should be taken as 2ma and aa

respectively in this case. Therefore the difference of the free energy between the ring and point defect

AF(a) = Fring(a) — Fpoint can be roughly estimated as
AF(a,a)~2ma - {—4aK; + E2Af + (n/8) - (K1 + K3) - log(aa/&)} — E3Af

Equation 4-7
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The length D=aa is the radius of the effective sphere which encloses the ring defect (outside this
sphere the configuration can be seen as that of the point defect). Expression (Equation 4-7) has two
terms which depend on the ring radius a: one proportional to (- a) and other to (a log a). The first term
is related to the relaxation of the distortion inside the ring and the second term represents the
“standard” contribution from the line defect of strength s=+1/2 and total length 2ma. The energy of the
ring defect can get smaller than that of the point defect, that is, the point defect is unstable, if the
(—4aK; + &% Af) term is negative, which is the case when the energy density Af of the defect core is
low enough. In that case the free energy (Equation 4-7) has a minimum at a finite a~0.1.¢ exp(5a).
Mori and Nakanishi*** used an obscure argument to obtain the ratio @ = 1.4 to predict the equilibrium
ring radius: a = 80¢. However, in our case the disclination ring observed in Figure 4-12 f is
determined by the size of the fiber that has 1 pm diameter. If we assume the value of coherence length

23 the cut-off ratio is @ =~ 1.2 1, which means that

for a typical thermotropic liquid crystal ¢ = 10 nm,
the ring defect appears as a +1 radial monopole at distances R~1.2a, i.e. in the most of the droplet
volume. The diameter of the fibers allows for the experimental control of the ring defects size. By
playing with the geometric arrangement of the fibers, more defect rings can be generated in the
suspended liquid crystal droplets. An example is shown in Figure 4-12 k-m where two crossed rings
can be seen tying together 90 ° cross micron fibers. Figure 4-12 n shows the 3D representation of the
two ring defects and Figure 4-12 o represents the top view of the director configuration around the

cross-fibers.

4.3.1.3 The ring defects generation process

Of interest in this system is also the mechanism of formation of the topological defect structure. In
order to investigate how the director structure evolves toward the final equilibrium configuration in
the middle of the droplet, we heated the liquid crystal above the nematic-to-isotropic transition to
erase all the defects. By cooling back through the isotropic-to-nematic transition we follow the
generation and transformation of the defects emerging in the shell. Nematic 5CB with K; < K; forms
bipolar drops if the director is parallel to the bounding surface, and radial drops if the director is
homeotropic on this surface.”™* Bipolar drops are characterized by two surface defects, or “boojums”.
Radial droplets only contain a single radial point defect, or “hedgehog” at the droplet center. The
transformation from a bipolar to a radial configuration, which can be achieved by changing the
nematic anchoring from parallel to perpendicular, at the droplet surface, involves the appearance of

new defects via the transformation of the bipolar structure into the axial structure.
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Figure 4-13 Cross-polarized a. and 530 nm quarter wavelength retardation plate b. image snapshots for the time
evolution of the nematic shell from the isotropic phase (t = 0 s) to the equilibrium nematic configuration
(t=32s). Insets in a (t=0 s and t=32 s) represent bright field images of the shell. The scale bar in a. t =0 s,
corresponds to 10 um. The cooling speed is 0.3 °C min™".

This is characterized by the emergence of an equatorial disclination line and its migration leading to

the formation of a point defect.*"

The symmetrical location of this defect ring with respect to the
original location of the point defects in the bipolar drop results from the orientation of the nematic in
the bulk of the droplet, which does not change as the drop transforms from bipolar to axial; it remains
oriented along the original boojum axis. Subsequently, the closed line shrinks and disappears, leaving
a point defect on the surface of the drop. This defect then migrates toward the center; it is a hedgehog,

which is a point defect in three dimensions, and characterizes the radial configuration.
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Figure 4-14 The schematics from the photographs in Figure 4-13 a. show a cross-section of the drop along the
plane containing the fiber and the center of the sphere. The solid line refers to the fiber which passes through the
center of the droplet. The dotted lines refer to the director field inside the drop. In this process the isotropic
initial drop (t = 0 s) transforms into the transient axial drop (t = 10 s), characterized by a parallel alignment of the
nematic configuration along the fiber. Subsequently, this nematic configuration disappears, leaving a ring defect
around the fiber on the surface of the drop. This ring defect in three dimensions is a torus line which then
migrates toward the center of the droplet along the fiber main axis. b. 3D scheme gives the translational
movement of the disclination line along the fiber. c¢. Displacement of the torus disclination line along the fiber
for different cooling rates. Within the experimentally observed range, the motion is accelerated along the fiber

axis joining the periphery of the droplet and its center. The line corresponds to d ~ t".

More recently, the evolution of bipolar defects in shells of liquid crystals, when the boundary
condition for the nematic configuration at the outer surface of the shell is changed from parallel to
homeotropic, was investigated.””® It was found that a tangential director configuration at the inner
surface and perpendicular at the outer surface involves the generation of a disclination ring that
shrinks with time, eventually disappearing. Although the process is reminiscent of that encountered in

bulk nematic droplets, in the case of nematic shells the two defects on the inner surface were found to
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play a relevant role in the overall evolution process.”” In our system we observed that upon cooling
the shell below the isotropic-to-nematic transition temperature (Figure 4-13 and Figure 4-14) an
aligned director configuration region appears at the bulk liquid crystal droplet, close to the fiber, and
initially remains oriented parallel to the fiber as shown in Figure 4-13 and Figure 4-14 (t = 10 s).
Subsequently, the director starts bending towards one side of the droplet near the fiber surface (Figure
4-13 and Figure 4-14, t = 30 5). By doing so, the director in the bulk does not distort appreciably; it
remains very much tangentially oriented along the fiber main axis. The defect ring forms at one of the
sides in which the fiber crosses the nematic liquid crystal droplet (Figure 4-13 and Figure 4-14,
t=31 s) and migrates along the fiber main axis to the center of the drop (Figure 4-13 and Figure 4-14,

t =32 ). This is the equilibrium structure for the SCB nematic used in this experiment.

From Figure 4-14 the displacement of the ring defect can be evaluated. We measure the separation
between the center of the droplet (distance d in Figure 4-14 b) and the moving disclination ring and
find that it decelerates as it moves toward the center of the droplet (Figure 4-14). The initial velocity is
approximately equal to v =120 um s™', and it reduces to v =10 um s™' as the ring defect approaches the
center of the droplet. The d(?) time dependence was fitted with the power-law function d(t) = . We

obtained a = (.33 which correlates well with theoretical predictions.265

4.3.1.4 Melting process of the ring defects

The heating process is qualitatively different. In this case, the starting ring defect, located at the center
of the drop, starts to increase its diameter, as shown in Figure 4-15 a and b, in the microscope images
for £ =15 s, and in the corresponding schematics in Figure 4-16. Close to this defect line an isotropic
droplet starts to develop (Figure 4-15 @ and b, t = 18 s) and the radius grows at a rate v =0.79 ums™ in
the first 5 seconds decreasing to v = 0.235 ums™ in the last 1 second. The density (p) difference
between 5CB and the inner isotropic drop, Pscp.Lc - Pscpiso = 2.08 x 107 g em™ *® causes a local
thinning of the shell at one of the drop surfaces. As a consequence, the two drops (anisotropic and
isotropic) are not concentric; because of this asymmetry the anchoring effect of nematic molecules at
the fiber and air interface boundaries is stabilized at the opposite side to the place where the inner drop
touched the outer liquid crystal drop. The director orientation promoted by the boundary surfaces
propagates as shown in Figure 4-15 and Figure 4-16 from ¢ =24 s to = 25 5. Subsequently the process
is similar, in the reverse sense, to that observed on cooling. As shown in Figure 4-16, from ¢ =25 s to

t =40 s, the director aligned configuration vanishes from the side of the droplet, around the fiber main
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axis, to generate an isotropic drop. The 3D schematic representation of the ring defect disappearance

upon heating is shown in Figure 4-16 a.

Figure 4-15 Cross-polarized a. and 530 nm quarter wavelength retardation plate b. image snapshots for the time
evolution of the nematic shell from the equilibrium director configuration (t = 0 s) to the isotropic phase

(t=40s). The scale bar in a, t = 0 s, corresponds to 10 um. The 5SCB nematic droplet is supported in air by a
1 um fiber; the heating speed is 0.3 °C min™".
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Figure 4-16 The schematics from the photographs in Figure 4-15 a. show a 3D representation of the evolution of
the ring defect at the center of the droplet upon heating. b. A cross-section of the drop along the plane containing
the fiber and the center of the sphere. The solid line refers to the fiber which passes through the center of the
droplet. The dotted lines refer to the director field inside the drop. In this process the initial ring defect at the
center of the drop (t = 0 s) first increases the diameter (t = 15 s) and then transforms into a transient isotropic
drop (t = 18 s) which grows (from t = 18 s to =23 5). After reaching a critical diameter touches the outer drop
surface and starts to shrink due to the growth of the director alignment from the opposite side of the drop, in
around 1 second the inside isotropic drop disappears leaving the director mainly aligned tangential to the fiber
(t= 25 s). Subsequently (in about 15 s), this nematic configuration disappears, leaving an isotropic droplet.
Throughout this process the initial diameter of the droplet remains constant.

4.3.1.5 Droplets under the electric field -- microrotors induced by electric field

To study the effect of an external electric field upon the system we focus on a single suspended
droplet (diameter 34 um) shown in Figure 4-17 a. The application of an external electric field induces
changes in the nematic orientation depending on the voltage. We detected two distinct regimes in the
response to the application of an electrical potential difference (AC, 50 Hz). First we observed that the
radius of the ring disclination increases as the voltage difference applied across the cell was ramped

from 3.8 to 5.1 V um’.
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To better evidence the periodic particle motion we measured the light intensity in a small fixed area on
the particle path inside the droplet. In the Figure 4-18 b, we plot this light intensity measured from the
images of movie. In this way we can clearly observe the periodicity of the particle motion around the
fiber main axis as is also shown in the sequence of images plotted in Figure 4-18 a. With low electric
field intensities, the radial configuration slightly bends to progressively align n with E, as expected for
5CB with a positive dielectric anisotropy, until a = wall forms in the plane perpendicular to the applied
field, which contains the fiber axis. This wall divides the drop into hemispheres, with a z rotation of n
as the wall is crossed from one hemisphere to the other. In each hemisphere, the director is essentially
aligned with E and the drop still contains the original ring disclination line. The direction of the
electric field is normal to the fiber main axis, and it promotes a director profile normal to the fiber

surface.
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Figure 4-17 (a. and b.) Electric field-induced (1.05 V/V,) particle rotation inside a 34 um diameter SCB drop
suspended in a 1 um fiber. The pictures are taken using a 530 nm quarter wavelength retardation plate between
cross-polars. The white arrow indicates the position of the rotating particle around the fiber main axis. (i and ii)
The effect of the electric field on the cross-sections of the drop along the planes xy and xz containing the fiber
and the center of the drop. The solid line refers to the fiber which passes through the center of the droplet. The
dotted lines refer to the director field inside the drop. To illustrate the orbit of the particle around the fiber main
axis and the position of the ring defect a 3D time sequence is also given.
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This effect likely causes the growth of the near surface radial alignments and thus an expansion of the
ring disclination. The movement of the ring along the fiber axis can occur because of the unique
geometry and boundary conditions on n near the fiber surface, the only way the ring defect finds to
escape is along the fiber axis. In Figure 4-17 i and ii a scheme is proposed depicting the director field

top and side (perpendicular to the fiber main axis) views configuration.

Surprisingly for fields above a certain critical field E. = 3.796 ¥ um™, a small spherical particle-like
object of concentrated director deformation starts to orbit around the fiber axis with a constant speed.
At the genesis of this moving “particle” should be the initial movement of the disclination ring along
the fiber, away from the center of the droplet (Figure 4-17 b). The nature and structure of the particle
are still undetermined but two main possibilities come to mind; one where it is a soliton generated by
the large electric field applied to a highly distorted nematic, the soliton nature does not include the

formation of new defects and so preserves the total topological charge.**

The other possibility is the
formation of a more complex defect structure with a nontrivial topological charge that tries to recover

the symmetry broken by the presence of the strong external electric field.

The “particle” keeps a constant size and is stabilized by the boundary conditions imposed by the fiber
and the electric field, which prevent it from moving out of the sample and to contract and vanish due
to the fiber cylindrical shape. The velocity was evaluated experimentally as a function of the applied
voltage (Figure 4-18 @) and can be roughly determined by equating the viscous torque hindering its
motion to the electric field generated torque. Some insight into the particle motion can be gained for
the defect structure case by considering the motion of a line defect upon application of an electric field
described by Cladis et al. which estimates, for 5CB, that ¢/V =~ 4.2 b um V' s ?° where ¢ is the
linear speed of the disclination line, V' the voltage and b a dimensionless number of order unity. The
number b depends only on the details of the energy dissipation in this region, where the strain is

singular.

As a result, b will depend on the core size and may show some weak field dependence as well. From
Figure 4-18 a we can evaluate the value of the slope, which gives w/V equal to 5.67 rad V' s7.
Considering that the initial radius of the ring disclination line is equal to 1.4 um, in our system, the
value of b is of the order of 2.0, which is roughly in accordance with the value estimated by theory for
5CB.””" However the values of r vary with voltage (see Figure 4-18 @) and the simple model used

predicts no variation for b.
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Figure 4-18 a. Particle speed versus the applied field perpendicular to the fiber (in the same direction of the ring
disclination line) showing that the rotational speed, in the range of the measurements, is linear in the applied
voltage. b. represents the light intensity measured in a small fixed area placed in the particle path. c. represents
the variation of the radius of the particle trajectory as a function of the applied voltage. The bar corresponds to
10 um.
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4.3.2 Cholesteric drops threaded in thin cellulosic fibers

We study the structures of cholesteric droplets pierced by cellulose fibers with planar anchoring at
droplet and fiber surfaces. By varying the temperature we demonstrate the role of twisting power and
droplet diameter on the equilibrium structures. The observed structures are complemented with
detailed numerical simulations of possible director fields decorated by defects. Three distinct
structures, a bipolar and two ring configurations, are identified experimentally and numerically. We
believe that collecting cholesteric liquid crystal microdroplets on thin long threads opens new routes to

produce fiber waveguides decorated with complex microresonators.
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Figure 4-19 POM pictures of cholesteric LC droplets in glycerol with planar anchoring. a. under crossed
polarizers, b. with a 530 nm quarter wavelength retardation plate, between cross polarizers, ¢. under parallel
polarizers. d. Simulated polarization micrograph of the RSS structure and e. the corresponding simulated
director field.

The droplets, with diameters less than 50 um, with planar anchoring were observed in glycerol mixture
between cross polarizers (Figure 4-19, Figure 4-20, and Figure 4-21) before being collected to the
fibers. The cholesteric necklaces, consisting of suspended drops around fibers stretched in air, were
observed under a polarizing microscope between cross and parallel polarizers and by using a 530 nm
retardation plate inserted between cross polars at a 45° position. The liquid crystalline droplets
produced satisfy the constraint R>>K/W, for planar anchoring strength W and Frank elastic constant
K (for 5CB the surface effects are predicted to dominate and the liquid crystal within the droplet will

be strained to satisfy the boundary conditions’’%)
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Figure 4-20 POM pictures of two cholesteric LC droplets, with different diameters, threaded by thin cellulose
fibers with planar anchoring at the fiber surface and air interface do to the existence of a thin glycerol layer,
which encloses the LC drops. In a. and b. the cross polarizers were rotate 10 °, from picture to picture, under
crossed polarizers.

Figure 4-21 Cholesteric bead textures observed by POM. i The bipolar structure with cylindrical cholesteric
layers; ii. small cholesteric bead with totally different distribution of the director. The photos were taken in
a. under the cross polarizers, in b. with a 530 nm quarter wavelength retardation plate, between cross polarizers,
and in c. under parallel polarizers.
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Figure 4-22 Heating of a ring structure cholesteric droplet. The SCB*Mix drop is surrounded by a shell of
glycerol and suspended in air by 1 um fiber. The heating and cooling rates are both equal to 1 °C/min. Heating
between cross polarizers (Upper) with a 530 nm quarter wavelength retardation plate (Bottom) the snapshots
images represent the time evolution of the nematic shell from the equilibrium director configuration (t = 0 s) to
the isotropic phase (t =21 s). In this process the initial ring defect at the center of the drop (t = 0 s) first increases
the diameter (t = 2 s) and the surface ring defects increase their separation.

Typical examples of two ellipsoidal droplets suspended on a microfiber, 27 um and 18 um major axis,
given in Figure 4-21 show a series of dark and bright domains that change color by cross polarizers
rotation (Figure 4-20) indicating the presence of concentric cylindrical cholesteric layers. By varying
the size of the drop relatively to the cholesteric pitch, the configuration changes from a bipolar to a
ring structure, as shown by images taken with cross polarizers, with a retardation plate and parallel

polarizers, of Figure 4-21 a, b and c, respectively.

In order to investigate how the ring defect structure, observed for droplets with structures similar to
those shown in Figure 4-21 ii, evolves toward the final equilibrium configuration in the middle of the

droplet, we heat the liquid crystal above the cholesteric-to-isotropic transition to obtain the disordered
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Figure 4-23 Cooling processes of a ring structure cholesteric droplet. Cooling cross polarizers (Upper) with a
530 nm quarter wavelength retardation plate (Middle) parallel polarized (Bottom) image snapshots for the time
evolution of the SCB*Mix cholesteric shell from the isotropic phase (t = 0 s) to the ring configuration (t = 21 s).
In this process the initial isotropic droplet transforms into a transient axial drop (t = 14 s) that develops ring
defects at the centre of the droplet around the fiber at t =21 s.
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state. In the heating process, the starting ring defect, located at the center of the drop, starts to increase
its diameter, as shown in Figure 4-22 (t = 2 s) and close to this defect two symmetric black spots can
be observed. For t > 2 s the anisotropy, inside the droplet, starts to vanish asymmetrically relatively to
the fiber main axis. This can be due to the twisting of the nematic layers. By cooling back the
isotropic-to-nematic transition temperature we follow the generation and transformation of the defects
generated in the droplet (Figure 4-23). After 21 s the central ring defect reappears from shrinking of a

black region, which starts to appear. Eventually, the initial state is reproduced.

Numerical modelling

A numerical simulation was performed to try to obtain the same structure that was observed by POM,
as an aid to better define the liquid crystalline structure that was visualized. The director field and
defects are predominantly controlled by the boundary conditions and the twisting power gR with R
being the radius of drops and ¢g=2/P the inverse cholesteric pitch>”. Initial modelling of cholesteric

221,274,275
droplets™ "™

with degenerate planar anchoring provided only general features of structures. Recent
numerical modelling based on the minimization of the Landau-de Gennes free energy that allow a
detailed description of structures, unveiled a number of peculiarities in the defect regions®”.

For low twisting powers (¢R < 2x) the stable droplet configuration is the bipolar structure (BS, see

Fig.4 a in Ref’”

), with two surface boojums positioned diametrically. The boojums are connected
along the diameter of the droplet by a non-singular disclination with winding number +1 (cholesteric
A" line”). For higher twisting power values, gR > 2z, the bipolar structure continuously evolves into
the radial spherical structure (RSS) that is the only one also observed in our dispersed cholesteric
droplets. The RSS is characterized by a helicoidal winding of the A" disclination into a double helix
structure that spans from the center of the droplet to the surface and ends with two singular +1 surface
boojums, topologically equivalent to those in the BS. The RSS is thus notably different from the
Frank-Pryce model structure’”® where a singular line with winding number +2 spans from the center of
the droplet to the surface. Among these two ground states of spherical cholesteric droplets, many
intricate metastable states that differ in the topological defects and director fields can appear”. It is
worth to mention the diametrical spherical structure (DSS) with cylindrical symmetry that is
metastable because it consists of a series of ring defects around the symmetry axis (See Fig.2a in
Ref.197). The director field can be visualized as a sequence of concentrically positioned tori of

deformed double twist cylinders with cross-sections being rather of the banana shape instead of being

circular.
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In the bipolar structure, the director field in the central region is predominantly in the direction of the
escaped disclination. One could thus expect that piercing such droplets with cylindrical microfibers
that prefer planar surface orientation would stabilize the bipolar structure. However, the inclusion of
such additional surfaces change also the droplet shapes. Since the nematic elasticity is typically much
weaker than the surface tension®®, the interfacial energy is thus expected to govern the shape of the
threaded droplets. The typical experimental value for the surface tension of the LC-glycerol interface
is ~0.02 J/m**"". Similar order of magnitude of & is expected for the LC-air’”® and LC-solid interface.
Since the typical estimate for the elastic constant A of a LC is 5 pN, the ratio A7 that has a dimension
of a length, is very small, a few nanometers. It implies that the shape of the threaded droplets that are
larger than a few nanometers is controlled mainly by the surface tension rather than by the elastic
energy. The high wettability of the cellulose fibers (low contact angle) provokes a change of the
spherical shape to an approximately ellipsoidal form. Such deformed shapes could stabilize states that
are otherwise metastable. Due to the planar requirements at the surface of the microfiber inside the
ellipsoidal droplet, the preferred structures are expected to be close to the BS and DSS, both having a
central region that would be the least frustrated by a fiber. Therefore, we used the director field
Ansatze of the BS and DSS?” as initial conditions in the numerical modeling of threaded droplets. We
obtained three distinct structures: the bipolar structure and two ring structures. The bipolar structure is
essentially the same as BS in spherical droplets with no additional inclusions. It is characterized by the
cylindrical symmetry of the director field around the fiber, twisting only in the radial direction
perpendicularly from the fiber. It has no bulk defects, only two boojums positioned diametrically at
the fiber-droplet surface. Note the similarity between the simulated micrograph and the experimental
micrographs in Figure 4-24. Both ring structures are also approximately cylindrically symmetric,
however the director field is mostly different in the central region having an additional -1/2
disclination ring around the fiber and one (see Figure 4-24 b) or two (Figure 4-24 ¢) surface rings at
the fiber surface. A comparison with experimental pictures (Figure 4-21 ii a-c) indicates a close
resemblance to the double ring structure. The ring structures are a compromise between the cylindrical
cholesteric layers of the bipolar structure and additional twisting accommodated by the ring defects.
This resembles the DSS structure in simple spherical droplets through the toron-like elements (toroidal
shape double-twist cylinders) between the central ring defects and both surface boojums. In the second
ring structure, the extra surface ring is thus compensated by the additional cholesteric layer compared
to first ring structure. All three structures have similar free energies, and their stability largely depends
on the material parameters such as the radius-to-pitch ratio and the curvature of the droplet surface (i.e.
the eccentricity of the ellipsoidal droplets). In a preliminary numerical study we also examine further
increase of chirality (shorter pitch). Starting from a bipolar configuration in a given droplet shape we
show that by lowering the pitch, ring defects are gradually forming and restructure towards a

configuration resembling the diametrical spherical structure.

106



Z VA VA
(a) L) L) (b) L) L5 (C)
0l o8y /) 0l o8y "2
(AR A totie L X AR EA) A3 8 K4 X X
eosllon stiloes esihos stilos
fgocfien (A NEY deogion (AN
4% KX (3} 33 4EXR R RN (3} o\ 4
(K} [ K] o\ o\ (K} [ o\ o\
elte Qe (A} (3 elte Qe (3 (3] ' [ ]
e e (XY XY e e (XY o8 [} ]
. fe te (2] 2] . L3 te te [A) (3] o (3! I=
o te e X 3] L4 03 1e 0 R 3] L4 o I=
e se (] [R) (2] 3 e s (] [X) (2] 3 KN ] =9
e (X (] [R) (2] 3 e (¥} (] (K] (3] 3] I+0 83}
(X (Y] (X} LK) s A3 (X (Y] (N} [K) () s Is0 A}
(X4 LY (N} (R (R () . .8 . (X (] s Iso es
(Y} ) N} (K (K 'KS (Y} Y] . .e [K) 'KY ise enl
. LN | LN ) 0 (K] e .8 (') LYy Voo XY A ive ol
-l N ] N ] [K) K K . . Jhes A i%e XA W]
T =T LN | Te e TS T |7 (] L) TS 1 TVe T 1
cdltellilel sofiosiies | caitctites eosviosilos [ Qve eVl
- -l L (X [A) s . (¥ ] () o8 (B ) ’ ivse . ’
(Y} L] Y] X o o . L] o0 oy s o 1e2 s . I
NI RY] eoliosibioes | ~agnctined esffosiges | 1.2 st
(Y} (Y] Y] X} 'XY o|' Y] .l LN ] [N} () oll Vel . [} ’
XA R EY] .0 ot ol -l collie o0 X ] o8 °l Se) 0 ’ I
AR ERY] egffenhits | ellsollen eglfetile | ol el
. (Y (X 3l -1 LA 4 .0 .0 (| -1 s/ el 4 [} |
s .0 ol b s .0 -l il (] . [ ]
soelise eBloshle ] sefise sliostile | (] 1 clle
e R L v HIHHH O H e |
L} 4 L] L} 4 4
iz Hi g | i,/
e 2 - d 44 . [ dd
i s 212200,350%% : Piosaas
(P s LAR] cove -
& Py Y Y™ > & PPl comm U AL LA Ld
AR ad o0 Sesll
Qhveotore AR Veotse 11
d000b00e= 40202 © 2809530
kY2 ary s EAXZL e 0 v%ANNNY
d0cldlctboe AKX Z K AL et
IVeltelBoe I8edis sl ;
Iseitoites 130t sity .
iteitelnne 18«13 sivs ¢
Itelletam 1303 LY B S 3 <<<&4
I SYAS XYL 38018 I 2141
1%et14me 18s8 SINSS
Ve v yame A S Db A D N dd
[/ teeesqam 18 svam XA L LI
Asameon s Vs mors i ot am=m
X Summe X Y ymme ] X LXAY Y )
[ LY T ) B Sa= [—— oo

Figure 4-24 Numerically calculated structures in cholesteric drops threaded on thin fibers: a. the bipolar
structure, b. the ring structure, and c. the double ring structure, both with additional bulk -1/2 disclination ring
around the fiber in the ring structures. In both ring structures the toron-like elements emerge. Note the
resemblance of the micrographs with experiments.

The numerical model used is based on a continuum Landau-de Gennes approach, where the tensorial
order parameter (; is used to construct the total free energy as in Ref.””. The free energy
minimisation procedure is able to fully characterize (i) the defect regions i. e. the areas with depressed
nematic degree of order, (ii) elastic distortions induced by intrinsic twisting of a cholesteric state, and
(iii) the degenerate planar nematic anchoring at the droplet surface. Focusing on the effect of chirality,
one-constant elastic approximation is used. The total free energy F is numerically minimized by using
an explicit Euler relaxation finite difference scheme on a cubic mesh®”*****'| The surface of the
droplet is modelled as an ellipsoidal shell of mesh points (with eccentricity 1.25) and the microfiber as
a cylindrical shell of mesh points, both with thickness equal to the mesh resolution. To cover the
cholesteric twisting of the director and in particular the defects, typically more than 70 mesh points per
pitch are used. For material parameters the values typical for a thermotropic cholesteric liquid crystal
are used: L =4 x 10" N, 4 =-0.172 x 10° J/m’, B = -2.12 x 10° J/m’, C = 1.73 x 10° J/m’, W= 10"
Jim’.

To compare the calculated structures with experiments, polarization micrographs of simulated
structures are calculated with the Jones 2 x 2 matrix formalism using #n,= 1.5 and n,= 1.7 as ordinary
and extraordinary indices of refraction, respectively. The formalism incorporates only the leading

contribution — the local variations in birefringence of the nematic refractive index due to the director
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field — and neglects reflections and refractions at the droplet surface®™. More specifically, in this
formalism, the light beam is propagated along a chosen direction and the total phase shift between
ordinary and extraordinary polarisations is accumulated. To reproduce color images, we repeat the
calculation for 10 different wavelengths in an approximate radiation spectrum of a black body at
6000 K (i.e. the white light approximation) and sum the results for each wavelength corresponding to
RGB color spectrum weights. The polarization micrographs are calculated for the director structure
scaled by a factor of 3 to match the scales of typical experiments and obtain a more quantitative

comparison™.

4.4 Conclusions

As presented in this chapter, we have generated stable closed micro-domains of liquid crystals, having
a complex topology, from a simple toroid to more complex structures corresponding to higher number

of “holes” in a closed sphere.

The appearance of an electric field induced microrotor brings an added interest and technological
potential to these systems in spite of its still elusive nature. The advantage of these liquid crystal
microrotors is the simplicity of their formation, their stability and large response to electric fields. We
demonstrate that a micro-soft motor can be created and tuned which may be of interest for application

in microdevices, tunable micro-cavity lasers and soft matter photonic circuits.

We also experimentally generated stable cholesteric liquid crystal microdomains threaded on a
cellulose fibers that exhibit toroidal topology. The otherwise well known structures in spherical
cholesteric droplets are indeed modified by a presence of piercing cellulose fibers that change both the
droplet shape and also topology. Theoretical analysis together with numerical modeling show possible
structures and differences from spherical cholesteric droplets. We demonstrate that suspended chiral
droplets exhibit, for higher twisting power values, a stable disclination line ring around the fiber main

axis, similar to that in suspended nematic droplets with homeotropic anchoring.

The experimental system presented in this work is highly sensitive to temperature variations resulting
in structural changes, which opens new possibilities to the production of enhanced “weightless”
weblike thermo-optical devices. Such weblike mats based on electrospun micro/nano cellulose-fibers
could therefore make an ideal system for the fundamental and theoretical studies of liquid crystal
micro droplets suspended on air. Moreover, the incorporated cellulose thread inherently connected to
the liquid crystal-director and defect-structure could possibly couple these systems to diverse external

fields, making such systems potentially useful for tunable photonic and waveguide applications.
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Chapter 5 Cellulosic nano/micro fibers in liquid crystal

(light shutter)

This chapter’s work description and discussion was based on the following paper:

Y. Geng, P. Brogueira, J.L. Figueirinhas, M.H. Godinho and P.L. Almeida, “Light shutters from
nanocrystalline cellulose rods in a nematic liquid crystal”, Liquid Crystals, 2013, 40, 769-773.
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5.1 Introduction

In this chapter we will describe the application of Nanocrystalline Cellulose (NCC), introduced in
chapter 1 (1.1.2) to produce an electro-optical device. We produced light shutter devices that serve the
same purpose as the traditional PDLC devices and that were optimized due to the liquid crystal
anchoring conditions on cellulose and also due to the large surface contact area between LC and the

NCC.

A different type of cellulose based LC electro-optical devices can also be prepared by stacking
between two transparent conductive oxide coated glasses, two layers of a nematic liquid crystal having
in between a thin film composed of NCC rods. Thin films of NCCs produced by controlled assembly
have gained recent attention not only due to a number of emerging applications such as fabrication of
advanced materials but also because they can be used to better understand the nature of complex

interactions in related systems.284

NCC rods can be produced from cellulosic biomass into powder,
liquid and gel forms. The rigid rod-shaped monocrystalline cellulose domain is in the range 1 - 100 nm
in diameter and tens to hundreds of nanometers in length. NCC rods have a high average aspect ratio
(70) and large surface area (200 m’/g).”® These morphological characteristics seem ideal for the
present application since the polymer/liquid crystal interaction is maximized giving rise to improved

electro-optical properties.

By using NCC rods we were able to improve some of the most relevant parameters characterizing the
electro-optical behavior. A brief description of the proposed working mechanism for these devices is
presented and numerical simulations based on this mechanism of both the optical transmission and the
cells’ electrical capacitance are compared with the obtained results validating the underlying working

model considered.

5.2 Experimental

To prepare these electro-optical shutters we used a film of NCC rods with a thickness of 4 um and the
commercial Nematic Liquid Crystal (NLC) 4-cyano-4'-pentylbiphenyl (SCB). The NCC rods film was
sandwiched in between two layers of NLC with a thickness of 14 um each and this stack of layers
placed between two indium tin oxide-coated glasses. The cell’s total thickness excluding the glass

substrates was around 32 um. Figure 5-1 represents the device’s assembly.
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Figure 5-1 Schematic representation of the device’s assembly.

The electro-optical (EO) characterization of the samples was carried out using a laser (A = 0.6328 um)
equipped optical bench in association with a function generator, a voltage amplifier, and a diode
detector. Laser light hits the sample normally and upon crossing it is collected at the diode detector
whose output is fed to an amplifier and later recorded with a digital storage scope. To measure the
sample switching times (turn ON time #,, and turn OFF time ¢,;), AC voltage pulses were used. All

measurements were performed at the same controlled temperature of 25 °C.

5.3 Results and Discussion

The improved device’s characteristics can be better evidenced by comparison with those of earlier

. 181,286
cellulose based devices.

Figure 5-2 shows the applied electric field dependence of the light
transmission coefficient for three distinct samples. For the NCC rods device, the transmission
coefficient reaches a highest value of 78 % while the lowest transmission is 0.2 %. The turn-on field
has a very low value of around 1.28 V/um (the electric field required to achieve 90 % of the device’s
maximum transmission). The response times measured fall in the milliseconds range being the ¢#,, a
short time of 1 ms and the #,5a relatively long time of around 17 ms. Figure 5-3 shows images of the
macroscopic behavior of the device in the ON and OFF states as well as the correspondent Polarized
Optical Microscopy (POM) pictures, between cross polarizers. POM pictures show a characteristic
nematic texture in the OFF state. In the ON state a non-black image is obtained although the nematic

director is now mainly aligned with the applied electric field. The birefringence still observed is due to

the NCC rods film as can be viewed in Figure 1-5.

The major step forward in the EO properties of this type of device is the significant reduction of the
turn ON electric field as well as the decrease in the response time to reach the ON state, although we
observe a worsening in the device’s maximum transmission coefficient. Figure 5-2 presents a

comparison between the EO characteristics of earlier proposed devices'"** and the NCC rods device.
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Figure 5-2 Curves of the applied electric field dependence of the light transmission coefficient of these devices
compared with electrospun cellulose fiber devices (HPC and CA). "'

Figure 5-3 a. Macroscopic and b. POM (between cross polars) photographs of the ON and OFF states.

In the former thin film device produced in a similar way, as the one reported in this work, but using a
cellulose derivative (Hydroxypropylcellulose (HPC)) (device d) in Table 5-1), the thickness of the
film was around 10 um.*® In that device, the ON transmission coefficient reached higher values.

However it was a rather slow device and a high voltage was needed to switch it, primarily due to the
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thickness of the cells (typically around 50 um, limited by the film mechanical stability). The evolution
of cellulose based light shutter technology lead us to produce thinner devices (typically around 13 pm)
where a thin layer of fibers (HPC and Cellulose Acetate (CA)) where deposited directly onto the

transparent conductive oxide coated glass (devices b) and ¢) in Table 5-1).18

These devices produced
using electrospun fibers, had improved transmissions (higher maximum transmissions in the ON state
and lower minimum transmissions in the OFF state), lower turn ON voltages and lower response times
in the ON and OFF states but higher turn ON fields. This was due to the fact that the polymeric fiber
layer was acting as stabilizer of the NLC. The randomly distributed fibers enforce a random
orientation of the NLC director in the OFF state close to the polymer-NLC interfaces, improving its
scattering characteristics. Due to the good match between the ordinary refractive index of the NLC

and the refractive indexes of HPC and CA fibers used, and the reduced thickness of the polymeric

layer, a very clear ON state is achieved. Also, the commutation times were greatly reduced.

Table 5-1 Comparison between electro-optical properties of different types of cellulose devices.

Device Tiax (%) Tuin (%) Eon (Vum) Voo (V) e (um)®  ton (ms)  toge (ms)
a) NCC film device 78 0.02 1.28 41 32 1.10 17.82
b) CA fiber 74 0.2 2.15 28 13 1.48 6.41
¢) HPC fiber 89 1.3 241 36 15 1.40 6.33
d) Cellulose film device 82 0.4 1.70 57 33 12.04 10.54

% ¢ represents the distance between electrodes of each studied device.

Regarding the device produced using NCC rods (device a) in Table 5-1), we observe that the
maximum transmission in the ON state is slightly lower (78 %) but the minimum transmission in the
OFF state is very low, significantly lower than the one presented by the CA fiber sample. These facts
may be due to higher mismatch between the ordinary refractive index of the NLC (1.527) and the
refractive index of the NCC rods film (1.499).*” The E,, field was reduced as can be observed from

the shift, to the left, of the respective curve presented in Figure 5-3.

This fact is linked with the presence of the NCC rods aligned film that locally induces alignment of
the LC director reducing the defect network concentration when compared with devices b) and ¢) in
Table 5-1. This fact is observable in the concurrent simulation of both the transmission coefficient and
the cell’s capacitance shown in Figure 5-4 and Figure 5-5, which was carried out using for the 5CB
NLC physical parameters, values very similar to the known bulk values." Simulations carried out in
HPC and CA fibers cells on the contrary required two times higher average elastic constants, which
we believe to originate from a larger density of the director defects network induced by the locally
randomly distributed fibers. The NCC rods device with a lower defect density allows the NLC director

to align more easily and faster with the applied electric field.
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Figure 5-4 Experimental data and simulation of the applied electric field dependence of the device’s capacitance.
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Figure 5-5 Experimental data and simulation of the applied electric field dependence of the light transmission
coefficient.

To better understand the working mechanism of these devices we have carried out a simulation of
their electro-optical response using a model that determines the director orientation within the LC
layers using the nematic continuum theory based on the Frank elastic free energy and evaluates the
optical response in the anomalous diffraction approach considering that the optical paths through the
LC layers and polymer film are modulated by a random variable corresponding to a optical path
change within the LC layers. This optical path change corresponding to a film thickness fluctuation in
the micron range is most probably due to long wavelength static undulations of the aligned film

surface.
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The simulation shown in Figure 5-4 was obtained considering the dielectric and the Frank elastic
constants and the indices of refraction of the NLC very similar to the values reported for bulk 5CB

288,289

along with the cells physical characteristics. Exact match to 5CB material parameters may not

apply due to a small contamination of the NLC by NCC rods that can detach from the solid film.

5.5 Conclusions

We propose a new application for NCC rods by presenting a different method of preparation cellulose
based light scattering shutters. We have identified the working mechanism of these light shutters by
successfully simulating their electro-optical response. By using NCC rods we were able to tune the
optical shutter characteristics, the turn ON field as well as the turn ON time were notably lowered
when compared with other cellulose based LC devices. The production process is extremely simple

and the device cost is smaller since a small amount of raw materials is needed to produce it.
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Chapter 6 Conclusions and Future Work
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6.1 Conclusions

During the studies performed and through the acquired knowledge on cellulose and liquid crystal

systems the following main conclusions can be drawn:

- In order to understand more about the cellulose processing-structure-properties relationship, the
precursor liquid crystalline cellulosic solutions were studied by Rheo-NMR. The NMR spectra allow
the identification of five different stable ordering states, within shear and relaxation, which are well
integrated in a mesoscopic picture of the system’s structural evolution under shear and relaxation. This
picture emerging from the large body of studies available for this system, by other experimental
techniques, accounts well for the NMR data and is in good agreement with the three distinct regions of

steady shear flow recognized for some lyotropic LC polymers.

- Shear transparent cellulosic freestanding films (= 22 um thickness) can develop iridescence similar
to that found in the petals of the tulip variety “Queen of the Night”. The film’s iridescence arises from
the modulation of the surface into bands that periodically spread perpendicular to the shear direction.
The incorporation of small quantities of nanocrystalline cellulose (NCC) rods in the precursor liquid
crystalline solutions does not disturb much the optical properties of the solutions but enhance the
mechanical characteristics of the films and affects their iridescence. Small bands periodicity, not
affected by the presence of NCC rods, in the order of hundreds of nanometers, slightly deviated from
the shear direction is also observed. The presence of NCC rods is crucial to tune and understand the
film’s surface features formation. Our findings could lead to the improvement of new materials for
application in soft reflective screens and devices. We report for the first time that those banded films
can show iridescence, which is very similar to those found in Tulip “Queen of the Night” petals. This
simple and low cost cellulosic material seems ideal to mimic the structures that can be found in plants,

namely the type of gratings observed in the petals of many plant species.

- The orientational order of the sheared cellulosic films can be changed by a wide variety of stimuli,
including the presence of moisture. Changes in the orientation of constituents give rise to stresses and
strains, which result in changes in sample shape. This effect was used to build a soft cellulose-based
motor driven by humidity. The motor consists of a circular loop of cellulose film, which passes over
two wheels. When humid air is present near one of the wheels on one side of the film, with drier air
elsewhere, rotation of the wheels results. As the wheels rotate, the humid film dries. The motor runs so
long as the difference in humidity is maintained. Our cellulose liquid crystal motor thus extracts

mechanical work from a difference in humidity.

- For the first time electrospun HPC fibers were used as a support for liquid crystal droplets,

generating a new system ideal for the study of liquid crystal droplets under different anchoring,
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confinement and external stimuli conditions. We found that different defects can be generated under
the confinement of the fibers in both nematic and cholesteric liquid crystals. A unique phenomenon

was also found under different stimuli like temperature and electric field.

- We also propose an application of nanocrystalline cellulose rods and liquid crystal system as light
scattering shutters. We have identified the working mechanism of these light shutters by successfully
simulating their electro-optical response. By using NCC rods we were able to tune the optical shutter
characteristics, the turn ON field as well as the turn ON time were notably lowered when compared
with other cellulose based LC devices. The production process is extremely simple and the device cost

is smaller since a small amount of raw materials is needed to produce it.

6.2 Future work

Based on the obtained results achieved in this work I am still interested on cellulose based systems
processing-structure-property relationships. Cellulose liquid crystalline lyotropic and thermotropic
systems are complicated due to the polymer chain rigidity and also to the network of inter- and intra-
molecular interactions. So in the future, a proper way will be choose to study this system to understand

more about the processing-structure-property relationships.

Understand more about the liquid crystal drops confined on different support materials and geometries.

L Lo 249,250,290
Try to find more application such as in liquid crystal laser or sensor area. ="
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