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Introduction

This thesis is focused on the study of chromonic liquid crystals.

These are a particular class of lyotropic liquid crystals that is able to self-assemble in water in
columnar supramolecular aggregates. Chromonics are less studied than thermotropic liquid
crystals that are widely used in optical and electrooptical devices. Examples of chromonics are
drugs, food dyes and DNA, then, due to their biocompatible nature they are promising for
applications in the biological and medical fields.

The self-assembly of chromonic molecules is driven by van der Waals, hydrophobic and
electrostatic interactions. The columnar aggregates align in water to form liquid crystalline
phases, in particular a nematic phase (N) with long-range orientational order can be observed.
The nematic phase is characterized by an unusually small resistance to twist distortions.
Distortions and topological defects can be amplified by confining chromonics inside curved
geometries.

The reasons to study these materials are different.

The self aggregation mechanism is not fully understood: similar stacking energies give rise to
different phase diagrams and the interaction of chromonics with polymers, that are usually
employed in planar liquid crystal cells, depends strongly on the material. It is difficult to
generalize the properties of these compounds in contrast to what happens with thermotropic
liquid crystals.

Interestingly, apart native cholesteric chromonics, chirality can be induced in these compounds
doping them with a suitable chiral aminoacid. Some doped chromonics (DSCG) show
cholesteric phase with a large amount of dopants while other are not easily twisted (SSY).
Furthermore, the connection between chirality at the molecular scale and the macroscopic
chiral structure of liquid crystalline phases is not yet understood, and quantitative prediction of
the twist periodicity, remains an unsolved problem.

Finally, an appealing property is the molecules biocompatibility which makes these materials
and their mesophases suitable to find application in sensors, food packaging and biological
fields.

In recent years researchers demonstrated that chromonics assume a spontaneous torque when
they are confined in cylindrical or spherical geometry. Most of the studies are focused on
tactoids or cylindrical capillaries with intriguing results. This work thesis, instead, is devoted
to the confinement of chromonics in microspheres produced either by emulsions or by the
microfluidic approach together with the analysis of thin dried films of the same mesophases.



The emulsions allow to investigate different topologies since it is possible to vary the anchoring

conditions at the surface using different oils, to play with the ionic strength, with chiral dopants

and to simultaneously investigate microspheres of different radius. The spherical confinement

is ideal to comprehend the self assembling mechanism of these fascinating compounds.

This thesis opens new perspectives in this field even if not all the questions found an answer.

This work is organised into the following chapters:

In Chapter 1, an introduction to thermotropic and chromonic liquid crystals is
presented. The various mesophases, symmetry, anchoring and optical properties are
described in detail. The concepts of hydrogen bonding and hydrophobic interactions
are also recalled.

In Chapter 2, the liquid crystals textures are described, which are observed by confining
materials in planar and curved geometries.

In Chapter 3, the analysis of experimental data obtained on model chromonic liquid
crystals using polarised light microscopy, X-ray diffraction and atomic force
microscopy techniques is presented. The effects on topological structures due to the
confinement of materials in planar and spherical geometry and the effect of chiral
dopants and ions are described.

In Chapter 4, experimental studies are presented which have been carried out but which
require further investigations. In particular, it concerns the study of newly synthesised
chromonics and the effect of an electric field on the optical structure of a pure, chiral
chromonic in planar and spherical confinement. Finally, a preliminary study on the

confinement of liposomes in a chromonic matrix is reported.



Chapter 1 Liquid Crystals

This chapter is an introduction to thermotropic and lyotropic/chromonic liquid crystals (LCs).
The mesophases, their symmetry, anchoring properties and optical properties are described in
detail. The concepts of hydrogen bonding and hydrophobic interactions are, in addition,

recalled.

1.1 History

Identification of liquid crystalline properties occurred in the 19th century. Between 1850 and
1888, researchers from different fields discovered that certain materials behaved strangely at
temperatures close to their melting point. It was observed that the optical properties of these
materials changed discontinuously with increasing temperature.

In 1850, W. Heinz reported that stearin (triglyceride resulting from the condensation of three
stearic acid molecules with glycerol) dissolved from solid to cloudy liquid at 52°C, changed to
opaque at 58°C and to transparent liquid at 62.5°C. Others reported the blue colour change
when the compounds were cooled. Biologists have observed anisotropic optical behaviour in
'liquid’ biological materials, a behaviour that is usually only expected in the crystalline phase.
In 1888, an Austrian botanist named Friedrich Reinitzer, interested in the biological function
of cholesterol in plants, was observing the melting behaviour of an organic substance (known
as cholesteryl benzoate). He observed that the substance melted into a turbid liquid at 145.5°C
and became a clear liquid at 178.5°C (1). He repeated an earlier observation that showed that,
on cooling the clear liquid, there was a brief appearance of blue colour at the transition
temperature and that a blue-violet colour appeared just before crystallisation. Discussions with
Otto Lehmann, a crystallographer, and others led to the identification of a new phase of matter
called the liquid crystalline phase.

The term “liquid crystals” refers to materials that possess phases with a molecular order that is
intermediate between the one of a crystalline solid and the one of an isotropic fluid. In a
crystalline solid, the molecules exhibit a high degree of both positional and orientational order,
with very few degrees of translational freedom (Figure 1.1a), in contrast, in a liquid the
molecules have no particular order and possess great freedom of movement (Figure 1.1c). The
molecules of a LC are in an intermediate position (Figure 1.1b), retaining some translational

freedom while tending to assume preferential positions and/or orientations.
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Figure 1.1: molecular order in a) crystallme solid phase, b) liquid crystallme phase and c) liquid phase.

In a LC, the molecules are arranged and/or oriented in a crystal-like way, however, it can flow
like a liquid. Due to these singular prerogatives, LCs exhibit peculiar electrical, magnetic and
optical properties that make them extremely interesting not only from a molecular point of

view but also for technological applications.

1.2 Fundamental aspects of LCs

There are two types of LCs: thermotropic and lyotropic. Thermotropic LCs exhibit a phase
transition into the LC phase as temperature is changed, whereas lyotropics exhibit phase
transitions as a function of concentration of the mesogen in a solvent (typically water) as well
as temperature. One class of lyotropic molecules are chromonics. These are lesser-known
materials; in fact, the history of chromonic LCs begins with Sandquist's work in 1915 on
solutions of phenanthrene sulphonic acid, in which he describes optical patterns observed under
a polarising microscope that reveal the existence of a liquid-crystalline phase. Between the
1920s and 1950s, studies were caried out on the lyotropic mesomorphism of drugs such as
salvarsan (a chemotherapeutic agent) and neosalvarsan. In these years, most work focused on
phase classification (nematic and columnar hexagonal). In 1971, the first basic observations
and phase diagram of the chromonic DSCG were published (2).

The basic units in thermotropic LCs are molecules. A pronounced anisotropy of shape is the
main feature of molecules which give rise to a thermotropic mesophase. Examples of molecular
geometries associated with thermotropic LCs are rod, disc and banana-shape. Three
mesophases can be distinguished based on the arrangement that the molecules spontaneously
assume in space. Thermotropics are widely used in low-energy displays and many sensor
devices (3).

The lyotropic mesophases, instead, are the result of the interaction between the solvent and the
constituent mesogens. A particular feature of lyotropics is the self-assembly of molecules into

supramolecular structures, which are the basic units of these mesophases. Another particular



feature is that they are biocompatible materials, therefore the physico-chemical properties of
lyotropics are exploited in the biological and medical fields and their study has been relevant
to improve some technological aspects of cosmetics, soaps, food and detergents.

Lyotropic mesogens are amphiphilic molecules characterized by the co-presence of hydrophilic
and hydrophobic functional groups (Figure 1.2), able to self assemble in micellar structures

according to the shape of molecules (4).

Hydrophilic head

Figure 1.2: Representation of an amphiphilic molecule.

Hydrophobic tail

1.3 Hydrophobic and Steric effects

Lyotropic mixtures are mostly composed of water. The interaction of lyotropic molecules with
water molecules is fundamental for the formation of a lyotropic mesophase, due to the presence
of hydrophobic and steric interactions.

The concepts “hydrophobic” and “hydrophilic” refer to the affinity of a particular molecule for
water molecules. Due to the permanent dipole moment of water molecules, the interactions
involved are electrostatic in nature. Therefore, polar molecules dissolve easily in water and
non-polar substances are difficult to dissolve in water. In these interaction hydrogen bonds
play a key role.

The hydrogen bond is a special case of intermolecular interaction involving a hydrogen atom
with a highly electronegative element, such as fluorine (F), oxygen (O) and nitrogen (N). Water
molecules, due to the presence of hydrogen bonds, pack into a tetrahedral structure (Figure
1.3).

¢
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Figure 1.3: Tetrahedral structure of water. The dotted lines are the hydrogen bonds.
When water molecules interact with apolar molecules (such as oil), that are incapable of

forming hydrogen bonds, the tetrahedral structure of water breaks down. The presence of the

apolar molecules will force the water molecules to organise themselves into a more ordered



configuration that maximises the number of bonds the water molecule can make with
neighbouring molecules. This new, more ordered configuration, energetically less favoured,

leads to strong attraction between non-polar molecules, known as hydrophobic interaction.

1.4 Liquid crystalline phases

Thermotropics LCs, show different phases: nematic, smectic, and cholesteric phases.
Lyotropics LCs show a richer set of phases: micellar isotropic, nematic, cholesteric, lamellar,
hexagonal and cubic phase (4). In this paragraph the main characteristics of nematic and
cholesteric mesophases are reported since they are observed in both thermotropic and
chromonic LCs.

1.4.2 Nematic phases

The nematic mesophase (Figure 1.4) consists of elongated molecules packed without any
positional order and characterised only by a common preferential orientation, represented by
the unit vector n defined as the “director”. The anisotropy of the nematic phase is due to the
tendency of the rod-like fluid molecules to align their long axis parallel to the director, as
through van der Waals interactions. Molecules are arranged with the major axis predominantly
oriented along the director but they are free to rotate on themselves and slide over each other
in the direction of the major axis; in fact, the barycenter of the individual molecules are

randomly distributed.

Figure 1.4: Representation of the nematic mesophase.

The nematic mesophase is invariant since - n and n are indistinguishable and it possesses

cylindrical symmetry.
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1.4.3 Cholesteric phases

The cholesteric mesophase is observed in systems composed of chiral molecules (i.e. molecules
that do not have mirror symmetry), or in mixtures of achiral nematics with optically active
dopants, which are called induced cholesteric systems. The molecules in the cholesteric phase
can be represented as organized in nematic planes, the director 1, defined in each plane, follows

a helical pattern in the volume (Figure 1.5).

-_—
] N
A AT
A A

| y _¥n
e =
au—

_IT—,- —=r 1 -_—

a) L b) ‘

Figure 1.5: Cholesteric mesophase: (a) director rotation in nematic planes, (b) helix pitch.

The distance for which the director makes a complete turn, returning to its initial position, is
called the "helix pitch" and is denoted by p. Due to the symmetry between - n and n, the spatial
periodicity L, is half the pitch L = 2.
The helix pitch may vary depending on the conditions of the external environment. This
property is of particular importance since some cholesteric mesophases are able to selectively
reflect visible light with a wavelength similar to the pitch length. The rotation of the director
around the z-axis can be described by the triad of the n versor in the three directions:

Nx = €0S (qo +P)

ny = sin (qot+ ®)

n:=0

where, the direction of the helix axis z in space and the phase angle ¢ are arbitrary and qo is

the wave number which is equal to ¢, = i%ﬂ . Its sign determines if the helicity is right- or

left-handed, while, its modulus represents the spatial periodicity, L = |c71T_| .
0
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1.5 Chromonic liquid crystals

Chromonics are a subset of lyotropic liquid crystals. Their name is derived from the Greek
word “chroma” meaning colour, indicating the fact that many chromonics are coloured (5).
Chromonics usually consist of a rigid hydrophobic discotic core, composed of hydrophobic
aromatic rings, with hydrophilic groups around them (6).

Examples of chromonic LCs are some drugs (such as disodium chromoglycate often used in
anti-asthmatic treatments), dyes (such as Sunset Yellow used in the food industry), DNA
nucleotides such as guanine derivatives, DNA itself and cellulose. All these materials are
biocompatible. Chromonic molecules are able to self-assemble in supramolecular columnar
structures. Aggregation occurs even in dilute solutions and produces columns of increasing
length when the solution is concentrated (6). Molecules aggregate due to non-covalent
interactions, for example, van der Waals interactions between aromatic nuclei (n-m stacking),
hydrophobic and electrostatic interactions. These materials are able to form two mesophases,
shown in Figure 1.6: at low concentrations, the N phase, consisting of a nematic matrix of
columns; at higher concentrations, the M phase, in which the columns pack into a regular two-

dimensional hexagonal lattice.

Figure 1.6: N and M mesophases.

1.6 Molecular stacking

As discussed in the previous paragraph, chromonic materials, unlike other lyotropic materials,
consist of molecules that are plate-like instead of rod-shaped, are aromatic instead of aliphatic,
are rigid instead of flexible, and the hydrophilic solubilizing groups are arranged around the
peripheries of the molecules and not at the ends.

The driving force for molecular aggregation appears to be an enthalpically driven face-to-face
adhesion of the aromatic rings. Thus, in many respects, chromonic systems are more similar to
thermotropic columnar systems than to conventional amphiphiles (6).

The tendency of chromonic molecules to aggregate in columns is present even in dilute

solutions. In addition to hydrophobic and hydrophilic effects, there are also n-w interactions
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between chromonic molecules. The n-m interactions between the aromatic complexes drive
aggregation; however, the flexibility and nature of the chains connecting the complexes, the
nature of other functional groups around the complexes, and the electrostatic and dipolar
interactions between the complexes define the organization between these molecules. These
interactions constrain the aromatic complexes to arrange themselves in very specific
orientations relative to each other (7).

According to Hunter and Sanders (8) conventional van der Waals forces, which act effectively
from atom center to atom center, are sufficient to explain the stacking of chromonic molecules.
For a pair of two- or three-ring systems 3.5 A apart, the calculated face-to-face bonding is
comparable to hydrogen bonding. Since the systems are planar, Van der Waals interactions will
be maximal when the molecules are stacked face to face. Therefore, the lowest energy situation
is the one with the molecules stacked on top of each other in the eclipsed position. This
interaction, however, is modified by electrostatic factors such as Coulomb repulsions between
the high electron density regions above and below the plane of the rings.

The phase behavior of chromonic molecules is based on two aspects of their stacking. The
stacking angles and the degree of order between stacks. During stacking, chromonic molecules
can position themselves on each other, so the stack is perpendicular to the flat chromonic
molecule, or they can undergo displacement so the stack is angled.

When stacking occurs with a significant displacement the molecule is said to have undergone
"J stacking" (Figure 1.7a) If the angle is large the molecule is considered an "H stacking"

structure (Figure 1.7b).

H Configur atson J Configuration

Figure 1.7: Classification of molecular stacking configuration. a) J stacking, b) H stacking.

However, H and J stacking do not completely describe molecular stacking. In stacking,
molecules are not only displaced relative to each other, but are also rotated, which gives rise to

more complex stack shapes.
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1.7 Phase diagrams

The best way to illustrate the behaviour of an amphiphilic material in water is to show the phase
diagram, characterised by the concentration of the amphiphile along the horizontal axis and the
temperature along the vertical axis (9) (10). An example of a phase diagram for a chromonic

liquid crystal is the solution of DSCG in deionised water (Figure 1.8). (11).

80 |- Lﬂ

60

40

Temperature (°C)

20

10 20 30 40 50 60
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Figure 1.8: DSCG Phase diagram.

For DSCG concentrations between 10 and 15wt%, a nematic (N) phase appears at room
temperature. For concentrations of 20wt% or more, a columnar phase (or M-phase) appears.
The phase diagram contains large intervals in which the two phases coexist. At room
temperature, the N and M phases coexist in the range of 15 to 20wt%. Near the equilibrium
temperature, large intervals of coexistence appear between the isotropic (I) and the nematic (N)
phase or between the | and M phases. The temperature of the transition from the respective
mesophase to the isotropic liquid phase increases uniformly with increasing DSCG

concentration.
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Chapter 2 Elasticity and textures

The second chapter is devoted to the description of the optical properties of LCs and textures
that are observed by confining materials in planar and curved geometries. Due to the
combination of these properties, LCs are suitable for interesting technological and scientific

applications.

2.1 Symmetry and order parameter

The symmetry of the nematic phase is cylindrical, so there is an axis (the director) along which
the phase properties exhibit one set of values, while in all other directions perpendicular to this
axis another set of values is exhibited. Figure 1.4.

Due to external factors, the degree of alignment of molecules may change (12). It is therefore
necessary to introduce a parameter that quantitatively describes the degree of long-range
orientational order. This parameter is called the order parameter and is denoted by S.
Considering a single molecule oriented with respect to the director (Figure 2.1), let the director
lie along the z-axis of a Cartesian system, the orientation of the rod-like molecule can be

described using the three Eulerian angles 6, ® and V.

Figure 2.1: Cartesian representation of a molecule with respect to the director.
In liquid crystals no order is allowed for both the ¥ angle (rotation along the molecular axis)
and the @ angle (rotation in the azimuthal plane), but it is allowed for the 6 angle, between the
director and the long axis of the molecule. In nematics, the most probable angle is 6=0, i.c. the
molecular long axis is parallel to the director n. One could choose cosé as the order parameter,
which is the projection of the molecular long axis along the director, but many experiments
performed have shown that the heads and tails of molecules are indistinguishable and being
randomly distributed in a fluid, the average of cos8 over all molecules in the volume is zero.

Therefore, to describe the degree of order of the system it is more convenient to use the value

15



of cos?6 averaged over all molecules in the fluid. When all molecules are perfectly aligned

with i, 8 =0 and {cos?6) =1. In contrast, if the molecules are randomly oriented with respect
to the director, all values of 0 are equivalent and thus (cos?0) = §

The scalar order parameter for the nematic phase is defined by Equation:

S = %(3 (cos?8) — 1) (1)

Thus, S=1 indicates a condition of perfect order, while S=0 indicates that the molecules are
oriented in a completely random manner and one is therefore in presence of an isotropic,

disordered liquid.

2.2 Elasticity

To describe phenomena involving LCs on a larger scale than the molecular one, it is more
convenient to consider them as continuous media (1).

Suppose we study a nematic liquid crystal and consider a small spatial region in the sample
containing a sufficient number of molecules so that the long-range orientational order is well
defined. The macroscopic nematic sample is, therefore, described by many small spatial
regions characterised by a local director. The free energy of the liquid crystal is related to the
possible distortions of the director. There are three different fundamental spatial distortions of
the director, called twist, splay and bend.

In the twist distortion, shown in Figure 2.2b, the director always lies parallel to a given x-y
plane, forming with the x-axis an angle ¢(z) that depends only on the z-coordinate (one-
dimensional distortion).

In the splay and bend deformation, shown in Figure 2.2a and 2.2c, the director n always lies
parallel to a given x-z plane and varies only as a function of z. This is also a one-dimensional
deformation because it depends only on the z-coordinate and is planar because n always

remains in the same plane (x-z plane).
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(c)

Figure 2.2: (a) splay, (b) twist and (c) bend distortions.
These three fundamental distortions are independent of each other, such that no combination
of twist and/or splay can compensate for a bend etc.
The total free energy Fp related to bulk elastic deformations of the director field can thus be
calculated by integrating a bulk energy density fp,

Fp = ijdV 2)

fo containing one term each for splay, twist and bend, over the volume of the sample. The
following equation is the Oseen- Frank equation that describes the bulk energy density where
K11, K22 and Kass are referred to as Frank's constants:

1
fo = 5K [V A + Koz [A(F) - VX AM]* + K3 [AF) X V X A7)} ©

the three terms are related to the distortions of the director's field:

[V: A(M)]? Term of splay (4)
[(F) - V X (F)]? Term of twist (5)
[n(F) X V x a(7)]? Term of bend (6)

As shown in equation (4), the splay term contains the divergence of the director field (V- n),
while the terms representing the two rotational distortions twist and bend (equation 5 and
equation 6) contain the rotor (V x 7). Since each term is squared, the elastic constants must be

positive, in order to have a finite energy minimum.

If the order parameter (S) is not uniform within the volume considered, a fourth term, denoted

as saddle-splay, must be included (12).

2.3 Anchoring energy

Liquid crystal molecules can assume different orientations when confined between two
surfaces (1) (13). The term "anchoring" refers to the orientation of the director n respect to the

confining surfaces; these surfaces are usually two glass surfaces, covered with a polymeric
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material capable of imposing a precise alignment on the liquid crystal molecules. Various types
of anchoring can be distinguished (shown in Figure 2.3):

Degenerate planar: the long axis of the molecules is oriented parallel to the substrate, at an
arbitrary azimuthal angle;

Uniform planar: in addition to having the molecular long axis oriented parallel to the substrate,
there is also a preferred azimuthal angle;

Homeotropic: the molecular long axis is perpendicular to the substrate, there can also be a

uniform alignment with an inclined orientation called tilt.

degenerate planar uniform planar
homeotropic uniform tilted

Figure 2.3: Schematic representation of different anchoring conditions: a) degenerate planar; b) uniform planar; c)
homeotropic; d) uniform tilt.

To achieve a uniform planar alignment, the confining surfaces can be treated with a polymeric
material subjected to the rubbing technique, which consists in creating microgrooves on the
polymer by rubbing it with a velvet cloth. This procedure aligns the molecules in the direction
of the microgrooves parallel to the confining surface as shown in Figure 2.4a.

To achieve a homeotropic alignment, the substrate can be covered with a material whose
molecules are oriented with their long axis orthogonally to it (e.g. a surfactant), so that the
liquid crystal molecules also arrange themselves in the same way via van der Waals-type or

steric molecular interactions (Figure 2.4b).

0000

(b)

Figure 2.4: Schematic representation of (a) planar alignment along grooves on a rubbing-treated substrate, (b) homeotropic
alignment on a substrate treated with a surfactant.

To describe the director deformation imposed by the confining surfaces, it is necessary to
introduce a term, the anchor energy Fs. This term is related to the interaction of the molecules

18



with the surface and is expressed as a function of the director n according to the Rapini-

Papoular equation (equation 7):

1
Fs = —EW(ﬁ-n_o)z (7

W is the anchoring coefficient and no is the direction of anchoring imposed by the surface. Both
W and no are related to the microscopic interactions between the liquid crystal molecules and
the surface.

The elastic energy E associated with a liquid crystal confined between two surfaces (equation
8), then, can be divided into two components: one component that depends on the deformations
of the liquid crystal in the volume and one that depends on the interactions with the surface.

E—jF dn, dV+JFdS 8
= Dna'd_xﬁ S (8)

2.4 Birefringence

Birefringence is a physical phenomenon that occurs in optically uniaxial media that are able to
split light into two rays: ordinary and extraordinary. The two rays emerging from the
birefringent medium are linearly polarised but with a direction of vibration perpendicular to
each other, independent of the polarisation of the incident light. An example of a birefringent
media are LCs.

It is possible to represent the polarisation properties and refraction index through a
mathematical surface known as the ‘optical indicatrix' (Figure 2.5), which represents the
envelope of vectors whose modulus is the index of refraction and whose direction is the

direction of vibration of the polarised rays.

(a) x=y=2 (b) (=y«<z (C)

Figure 2.5: representation of optical indicatrix.
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To assess the optical properties of a liquid crystal, given a direction of propagation of an
electromagnetic wave, it is necessary to consider the cross-section of the optical indicatrix
perpendicular to this direction, which is obtained by cutting it by a plane passing through the
centre. When the cross-section of the optical indicatrix is circular (Figure 2.5a) the liquid
crystal will behave as isotropic material, otherwise the liquid crystal will exhibit birefringence
phenomena (Figure 2.5b and 2.5¢). The axis along which a birefringent liquid crystal takes on
mono-refractive properties is called the ‘optical axis'.

Furthermore, only for the ordinary ray is Snell's law valid. Since the refractive index is given
by the ratio between the velocity of radiation in vacuum and the velocity of radiation in the
medium, the refractive indices are different from each other, no and ne are the ordinary and

extraordinary refractive indices, respectively, and this leads to a phase shift which is given by

2m
6= T(ne —n)d ©)

where A is the wavelength in vacuum, d is the thickness of birefringent medium and 4An =
(n, —n,) is the birefringence of the medium.

Birefringence can be a positive or negative quantity and this can distinguish a positive uniaxial
crystal from a negative one. When ne > no, then An >0 we have a positive uniaxial crystal and
the ellipsoid assumes an elongated shape (Figure 2.6a), when n. < no and then An <0 we have

a negative uniaxial crystal and the ellipsoid assumes a flattened shape (Figure 2.6b).

2

a) e b)

Figure 2.6: Optical indicator representation of (a) positive birefringence, (b) negative birefringence
For cholesteric LCs, the optical anisotropy is negative, thus non > nen, where nen=n|h; and
non=nLh are the extraordinary and ordinary refractive indices, the h-index denotes that the
macroscopic optical axis corresponds to the helix axis. If the local nematic refractive indices
are given by n, and ne, the average refractive indices with respect to the helix axis can be
written as:

Nep = N, (10)
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Non =+ (nez + noz) (11)

2.5 Optical activity

One of the peculiarities of cholesteric LCs is their ability to selectively reflect light in a certain
wavelength range related to the cholesteric helix pitch. This phenomenon can be explained by
analogy to the Bragg diffraction of X-rays from crystalline lattices.

As it is known, crystals are periodic structures consisting in a set of discrete parallel planes
separated by a constant parameter d. The phenomenon of Bragg diffraction occurs only when
the wavelength of the incident radiation is comparable to the distance between the crystalline

planes (Figure 2.7).

Figure 2.7: Bragg-type diffraction from lattice planes.

This effect only occurs if there is constructive interference between the waves reflected from
different crystallographic planes, therefore if the following equation is satisfied:
2dsin9 = nA (12)

where 0 is the angle of incidence of the electromagnetic radiation with wavelength A, and n is
the number of planes involved in the reflection. Similarly, Bragg diffraction of visible light
occurs in cholesteric LCs. A beam of light impinging on a cholesteric material is split into its
two circularly polarised components, one of which is simply transmitted while the other is
totally reflected. The rotation of the circularly polarised reflected component is in accordance
with the rotation of the structure's helix. When light passes through a cholesteric liquid crystal,
it is selectively reflected if the following relation is satisfied:

mA, = pncos ¢ (13)
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where ¢ is the angle of incidence of the light beam and 7 represents the average refractive

Np+ne

index of the medium #n = . In the case of parallel incidence to the helix axis, the

maximum reflection occurs for the wavelength 4, = pn.

As mentioned above, the liquid crystal possesses birefringence An, SO we have that an entire
wavelength range is reflected by the cholesteric material, this is called photonic band gap:
AA, = pAn (Figure 2.8).
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Figure 2.8: Photonic bang gap of a chiral LC.

2.6 Topological defects and textures

When a LC is observed using an optical microscope between crossed polarizers, due to the
effect of birefringence, different coloured textures are observed. When LCs is confined
between two uncoated glasses, the director is oriented parallel to the substrates (13). If this
orientation is not homogeneous textures, known as Schlieren, are observed, which contain
black lines (Figure 2.9). Black lines correspond to positions where the nematic director is
parallel to the analyser (or polariser). They join in a point known as singularity. Singularities
are topological defects with a strength s, absolute value of which is obtained by dividing by 4
the number of lines contained in a circumference drawn around the defect. The sign can be
obtained by rotating polarizers, if the lines rotate in the same direction as the polarizer a positive
sign is assigned to the defect, otherwise if they rotate in the opposite direction is assigned a

negative sign.
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Figure 2.9: Schlieren textures with (a) a defect of strength s=+1/2 and (b) a defect with strength s=+1

The points of singularity never move while the displacement of the lines is continuous, this is
due to a continuous variation of the director's field n. In a sample, double or quadruple
singularities can be observed; there are not only isolated defects, but also lines connecting
several defects of opposite sign. In a sample, the sum of all defect forces generally is zero. In
general defects of equal strength but opposite sign can attract each other until they annihilate,
forming a uniform defect-free area, on the other hand, defects with the same sign but different
strength values cannot annihilate but can combine to form a new singularity whose strength is
given by the sum of the forces of the individual defects.

Another example of texture is the threadlike texture, shown in Figure 2.10. The dark lines are

line singularities, which connect two s = iE point defects or form closed rings.

Figure 2.10: Threadlike texture.

A texture that appears similar to the threadlike one is that of the surface inversion walls, which
correspond to a 180-degree turn of the director in the plane of the substrate (Figure 2.11a). Two

closely spaced dark lines are visible as in Figure 2.11b.
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Figure 2.11: a) Possible director configurations in the vicinity of surface disclination lines. B) Nematic texture with surface
disclination lines.

In thin samples, where substrates have not been treated, the marble texture is usually observed
(Figure 2.12). Several areas of the sample appear uniform, but may change colour slightly, due

to a change in birefringence related to in-plane and out-of-plane director changes.

Figure 2.12: Marble texture in a nematic liquid crystal.
For mesogens exhibiting a crystalline-nematic transition, the marble structure appears from the
heating of crystallites in the nematic phase. In this case, an area with uniform director direction

is formed. The preferred direction may vary from one area to another.

In general, from a technological point of view, it is extremely important to create a uniform
texture. For this purpose, the nematic sample can be confined between two treated substrates,
for example, by rubbing. In this case, a sample is obtained that behaves optically as a uniaxial
material, with the optical axis parallel to the substrate. The light transmitted through a well-

oriented nematic sample placed between crossed polarisers varies according to the law

I~sin?(2¢) (14)
Where ¢ is the azimuthal angle.
When the director n is oriented along a direction of polarisation, the sample appears black. The
maximum intensity is observed when the optical axis is at 45° between polariser and analyser
(Figure 2.13).

24



maximuim
transmittance

45°

A—— ana]yzer

\

extinction

v
polarizer

Figure 2.13: Director orientation for a uniform uniaxial planar nematic between crossed polarizers at extinction (black) and
maximum transmittance positions (45°).

In presence of homeotropic alignment, the director is oriented perpendicular to the substrates,
in which case the direction of light propagation coincides with the optical axis, so there is no
birefringence phenomena and the sample appears black when observed between crossed
polarisers for all azimuthal angle positions. This is a pseudo-isotropic structure because the
sample appears like it is in its isotropic phase. To distinguish the isotropic structure from the
pseudo-isotropic a soft pressure on the glasses can be exerted, if the material is nematic a bright
flash appears (due to an instantaneous reorientation of the director and the optical axis).

For cholesteric LCs textures observed using polarized light optical microscopy are quite
different from the nematic ones. When the chiral liquid crystal is confined between two
untreated glass substrates, one of the most commonly observed textures are the so-called oily
streaks (Figure 2.14).

Figure 2.14: a) Oily streaks texture for a cholesteric under planar anchoring conditions with pitch p = 2um; (b) Oily streaks
texture for a cholesteric with pitch p = 450nm.

Since the director is planar to the substrates, this means that the axis of the cholesteric helix is
oriented perpendicular to the glass plates. Such a structure can be seen as a network of line
defects dispersed in a uniform helical structure.

When the cholesteric helix axis is parallel to the glass plates (the anchoring conditions at the
surface are homeotropic), different textures are usually observed: fan-like and fan-shaped

(Figure 2.15a and 2.15b). The first is observed in cholesterics that have a very short pitch, the

second, on the other hand, is observed in cholesterics that have a larger pitch. Further increasing
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the pitch can give rise to the so-called cholesteric polygonal pattern (fingerprint texture), an
example of which is shown in Figure 2.15c. A variety of defects, such as edge dislocations and

pinches (Figure 2.15d) may exist in polygonal textures.

(d) Edge dislocation Pinches

Figure 2.15: (a) Fan-like texture; (b) Fan-shaped texture; (c) Polygonal cholesteric texture (fingerprint) of a sample with
wide pitch, d) Common defects found in cholesterics.

2.7 Thermotropic liquid crystals in spherical confinement

Recently, much attention has been focused on the study of the confinement of LCs in curved
geometries. When a liquid crystalline volume is confined in a spherical geometry, the
anchoring conditions at the interface impose topological constraints on the director field that
inevitably cause topological defects to form (12). These defects are interesting to observe not
only from a scientific point of view but can also be useful for technological applications (in the
fields of sensor technology, photonics and security).

The confinement of thermotropic liquid crystals in microspheres is easily obtained by
dispersing them in an immiscible fluid (water or glycerol). Due to immiscibility, an interface
is formed between the liquid crystal and the surrounding fluid. Since there is an energy cost
associated with each interface to form it, liquid crystal droplets tend to minimise surface free
energy by assuming a perfectly spherical shape. Inside the microsphere, the nematic director
field depends on three factors: the anchoring of the liquid crystal at the interface, the elastic
properties of the liquid crystal and the size of the sphere. Typically for thermotropic materials,
K11 and K22 often have the same value, while Ksz is approximately twice as high.

In a liquid crystal microsphere, the balance between volume and surface energy is complex.

26



The volume elastic energy Fv scales linearly with the radius of the drop KR, whereas the
surface energy F's is proportional to WR? where W is the intensity of the anchoring energy.
From this, it is evident that as the radius R of the liquid-crystalline droplet increases, the
interface contribution predominates over the volume contribution and, therefore, the influence
of topological constraints imposed by the interface vanishes for small droplet sizes.

A characteristic length called anchoring length, defined as the ratio of elastic energy to
anchoring energy K/W, can be identified (Figure 2.16).

R

Figure 2.16: Schematization of a nematic liquid crystal drop with a homeotropic surface anchor with varying size

This means that for drops smaller than a critical radius, it will be energetically favourable to
change the anchoring to the surface and thus relax the elastic deformation leading to a uniform
orientation of the director. This happens for droplets with a radius of the order of a micron. If
the droplets are larger than this value, topological defects will appear (14).

Let us consider the situations of strong anchoring, in which the angle of inclination of the

molecules on the drop surface is fixed at a constant value. The most common anchoring angles

are #=0 and H:E, which correspond to planar and homeotropic anchoring, respectively. For

these two types of anchoring, the Poincaré- Hopf theorem limits the possible configurations
of the director to those containing a total topological charge s =+2 on the surface of the drop.
This configuration is recalling the 'hairy ball theorem’, according to which, there is no
continuous non-zero vector field tangent to a sphere. In Figure 2.17 the singularities, the surface
defects, are represented at the poles of the sphere and are called boojums. VVolume defect points

are known as hedgehogs.

Figure 2.17: Graphic visualization of the hairball theorem.
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Under strong anchoring conditions at the drop surface, the equilibrium configuration of the
liquid crystal is determined by minimising the elastic distortions due to spherical confinement.
Different topologies are observed and can be classified as in the following (14).

For planar anchoring with Ki11< Kas, the bipolar configuration is typically observed (Figure
2.18a). In this configuration there are two boojums at the poles with strength s=+1. Bipolar
configuration has splay distortions near each defect and bend distortions in the rest of the drop.
Adding a twist to this configuration, a twisted bipolar configuration is obtained (Figure 2.18b).
The resulting structure still has the two boojums at the poles, but the surface director field now
creates an angle a, relative to the axis connecting the point defects. The bipolar twisted
configuration forms when K1:>K2,+0.431K33.

When K11<K>2,+0.431 K33 and K1>Kas, the director organises itself into a series of concentric
circles, forming a structure that has a defect line along the diameter of the drop (Figure 2.18c),

this structure is unstable.

e

(@) (b) (©

Figure 2.18: Director's field schematization for a spherical droplet in planar anchoring conditions: a) bipolar
configuration, b) twisted bipolar configuration, c) defect line along the diameter of the drop.

In the case of homeotropic anchoring, the frequently observed configuration for nematics,
which favours splay to bend distortion, is the radial drop (Figure 2.19a). A pure splay is
obtained with a localised hedgehog in the centre of the drop. A variant of this structure results
from the presence of twist distortions to form a twisted radial drop (Figure 2.19b).

For nematics that favour bend to splay distortion, the director is organised around a ring defect
located on the surface of the drop along one of the two equatorial lines (Figure 2.19c). In this
case the director has cylindrical symmetry, and there is a defect line perpendicular to the

director's preferred orientation (on the drop's equator).
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Figure 2.19: Director's field schematization for a spherical droplet in homeotropic anchoring conditions: a) radial drop, b)
twisted radial drop, c) ring defect located on the surface of the drop along one of the two equatorial lines.

For cholesterics phases more complex configurations are formed. Two parameters control the
configuration of the director within a cholesteric drop: the anchoring conditions at the interface

and the twisting power gR, where R is the radius of the drop and q = %.

For planar anchoring and low twisting power (qR<1), the resulting drop configuration is bipolar
twisted (Figure 2.20a). For planar anchoring and high twisting power (gR>1), the most
frequently observed configuration is the Frank-Pryce structure, which consists of a central
hedgehog with a defect line s=+2 with length R (Figure 2.20e). This line can be explained
considering the liquid crystal as a set of nematic planes. The line is the result of the concentric
stacking of these nematic layers inside the drop, with each layer slightly rotated respect to the
other. Since the total topological charge must be +2 in each layer, the defect line can be seen
as a linear stacking of defect points s=+2 in each cholesteric layer. By varying the droplet size
with respect to the cholesteric pitch, the configuration of the drop progressively changes from

a twisted bipolar to the Frank- Pryce structure (Figure 2.20).

Figure 2.20: Cholesteric liquid crystal droplets with planar anchoring conditions and different twisting power, qR, ordered
ascendingly (a-e).

In the case of homeotropic alignment and large R, the Frank-Pryce structure is prevalent since
the conditions at the surface are incapable of varying the packing of the layers.

Homeotropic anchoring at the droplet boundary gives rise to many different structures

depending on the relative helicity parameter N, = % (D is the droplet diameter) (15) (16) (17).
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The dependence of the orientational structures in cholesteric drops with homeotropic surface
anchoring on the helicity parameter was investigated by experiments and simulations (15). A
sequence of structures was identified comparing the director configurations and topological
defects simulated textures with polarised light optical microscopy images. With No=1.1 the
radial structure is observed, the point defect is located in the centre of the drop and the director
distribution is not twisted.

In drops with No > 1.1, the twisted radial structure is observed, which still contains only one
point defect, but it is sufficiently shifted towards the edge of the drop.

At No = 1.8 this defect is almost at the edge of the droplet and does not shift with a further
increase in droplet size. At the same time, the high overall twist of the director field
compensates for the twisting power of the CLC (see Figure 2.21), which is visualised by the

extinction lines of the radial structure.

(a) (b) '
Figure 2.21: Optical textures and director distributions of a drop having a twisted radial structure: (a) simulated cross-
polarized images; (b) corresponding director distributions in the central cross-section. The symmetry axis is oriented

parallel (top row) and perpendicular (bottom row) to the viewing plane. The thick red line indicates the circular linear
defect near the surface.

With 2.9 < No < 5.8 the Toron structure is observed. This structure presents the formation of

an equatorial circular defect line near the drop surface (Figure 2.22).
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(b)

Figure 2.22: Optical textures and director distributions of a droplet having the Toron-like structure: (a) simulated cross-
polarized images; (b) corresponding director distributions in the central cross-section. The symmetry axis is oriented
parallel (top row) and perpendicular (bottom row) to the viewing plane. The thick red line indicates the circular linear
defect near the surface.

A further increase in droplet diameter leads to an intermediate Lo layer-like structure with a
bipolar distribution of helical axes. (Figure 2.23).

ASETY T:
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(b) ~
Figure 2.23: Optical textures and director distributions of a droplet having the intermediate (L0) structure: (a) simulated

cross-polarized images; (b) corresponding director distributions in the central cross-section. The line of the distorted defect

primarily lies in the plane of the film (top row) and perpendicular to it (bottom row). The thick red line indicates the twisted
loop defect near the surface.

The central part of this texture has a narrow band along the x-axis, with the director oriented
along the observation axis. The circular defect of this texture is sufficiently deformed and
intersects the equatorial axis at the four points. The number of twists N in this structure does
not vary with the size of the drop. Therefore, we will identify it as an intermediate layer-like
structure and denote it as Lo to indicate both its fixed geometry and its layered nature. A further
increase in droplet diameter stabilises the layer-like structures (L) with a regular line of double-

twist defects near the surface (Figure 2.24).
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Figure 2.24: Optical textures and director distributions of a droplet having the layer-like (L) structure: (a) simulated cross-
polarized images; (b) corresponding director distributions in the central cross-section. The bipolar axis lies in the plane of
the film. The polarizer is aligned perpendicularly to the bipolar axis. The thick red line indicates the twisted loop defect near
the surface.

The stability of the two types of layer-like structures, Lo and L, is explained by the bistability
of the layer-like structure in the case of smaller diameters. The balance between elastic and
defect energies results in two minima of energy (Lo and L) between No = 5.2 and 5.8. These
minima are separated by an energy barrier, which makes the transformation of Lo into the
regular structure L by further torsion unfavourable. It is worth nothing that in some intervals

the different textures can be observed simultaneously (Figure 2.25).
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Figure 2.25: Diagram of the droplet state observed experimentally at various droplet sizes expressed by the relative helicity
parameter No. The range of coexistence of the four structures is shown with grey hatch.

2.8 Chromonics in spherical confinement

The micro-droplets of thermotropic liquid crystals, and the different configurations that the
director assumes, have been largely studied, and since the volume elastic properties and
anchoring phenomena at the interface are quite easily understood and controlled, they find
application in the field of displays, biosensors and microlasers.

Compared to thermotropic liquid crystals, lyotropic liquid crystal droplets are less studied
because it is difficult to confine them in a matrix preventing both coalescence and water
evaporation.

Furthermore, in chromonics K11 and Kzs have the same order of magnitude, while K22 is lower

by one order of magnitude. This explain why, when they are confined in curved geometries,
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show a large reflection symmetry breaking, i.e. the strong splay and bend deformations of the
director are relaxed trough twist deformation.

In 2013, Joonwoo Jeong and his co-workers carried out detailed studies on the chromonic liquid
crystal Sunset Yellow confined in microspheres with planar anchoring conditions at the
interface (18). The microdroplets were stabilised in a hexadecane matrix containing a non-ionic
surfactant: sorbitan monooleate (Span 80) (18). The director, in the nematic phase, adopted a
distorted bipolar configuration with a strong twist revealed by optical microscopy in polarised
light. Figure 2.26a shows the typical bipolar configuration found in a thermotropic LC with
two boojums located at opposite poles of the drop, represented by the black dots, while the
yellow rods represent the director configuration. In chromonic LCs, on the other hand, the
microspheres show a distorted chiral bipolar configuration in which the director rotates in a
helicoidal manner with the axis of the helix perpendicular to the boojums (Figure 2.26Db).

Figure 2.26: Schematic diagrams of: a) bipolar configuration, b) twisted bipolar configuration.

Considering the homogeneous and isotropic nature of the oil matrix and observing the boojums,
the authors hypothesised that the anchoring is degenerate and uniformly planar at the interface
between liquid crystal and oil.

Recently, an extensive study has been performed on a type of chiral lyotropic liquid crystal that
exhibit in water a natural cholesteric phase: cellulose nanocrystals (CNCs). In 2016, Yungfen
Li and co-workers reported on the configurations the director takes when a solution of cellulose
nanocrystals is confined in microdroplets (19). Unlike in thermotropic chiral mesogens, the
confinement of the CNC liquid crystal shows a phase separation between the core and the rest
of the droplet. In particular: the core of the drop is in isotropic phase, while, the rest of the drop
is in chiral phase, exhibiting a concentric packing of the outer layers consisting of CNC
molecules. To describe this behaviour it is important to introduce another term in Oseen-Frank
theory of the elastic energy that it is usually neglected for thermotropic LCs: the saddle-splay
term, which is an elastic energy related to the distortion of the director field. The saddle-splay
term, denoted Koa4, refers to a deformation of the director field such that n(r) is normal to a
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saddle surface. Such surfaces have a negative Gaussian curvature, i.e. two principal curvatures
of opposite sign, a saddle curve upwards along the crotch but downwards through the crotch.
The corresponding energy density is a pure divergence term (equation 15):

Ky
f24——TV'(nV'n+nXV><n) (15)

Its volume integral, required to calculate the corresponding energy, can be converted into a
surface integral via the Gauss’ theorem, provided that K24 is constant within the integration

volume (equation 16)

K
F24=ffz4dV=—%de-(nV-n+nxV><n) (16)

When considering strongly confined LC samples, such as droplets, the total free energy is:

K

F24 is the only contribution that has a negative sign; a saddle-splay deformation of the boundary
interface actually decreases the energy if K24 > 0.

When considering samples with a large size, the saddle-splay term is ignored because it does
not influence the bulk energy away from the boundaries. Furthermore, when the sample
boundaries are flat, the contribution of F24 disappears totally. In contrast, on small samples with
strongly curved boundaries, the contribution of F24 can play an important role.

If K24 varies within the sample volume (the order parameter S is non-uniform), Gauss's theorem
cannot be applied and the saddle-splay contribution must be treated as an elastic bulk energy.
When the boundaries are strongly curved, the boundary conditions impose elastic distortions
within the LC, increasing the free energy. Unlike the elastic bulk constants of splay, twist and
bend, since the saddle-splay energy density contains no squared terms, the saddle-splay

constant K24 can take on negative and positive signs.
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Figure 2.27: Polarised light microscope image of a CNC cholesteric microdroplet. The scale bar is 50 zm. The white arrow
indicates the defect running perpendicular to the cholesteric layers. The red arrow indicates an edge dislocation parallel to
the cholesteric layers.

The optical microscope image in polarised light (Figure 2.27) shows the characteristic
structures of the cholesteric phase, a Maltese cross and a shell with alternating light and dark
concentric rings corresponding to the surfaces at constant refractive index. The concentric
spherical packing of the cholesteric layers begins at the interface between the microsphere and
the matrix, and gradually propagates towards the centre of the drop. The centre appears as black
highlighting the presence of an isotropic core. As deduced from the topology, in the spherical
confinement of the cholesteric phase, the equilibrium state must be accompanied by a minimum
number of defects; the disclination is indicated with a white arrow and the presence of an
occasional dislocation with a red line.

A very important difference between chromonic and thermotropic chiral liquid crystals is the
size of the isotropic core, which is much larger in chromonics. To understand the mechanism
that leads to the creation of such a large isotropic core in CNC droplets, one must consider the
balance between elastic, condensation and surface energies. The free energy associated with
the formation of an isotropic core with radius ri, in a microsphere whose radius is larger than

the cholesteric helical pitch, is given by the following formula (19):

F=8m (K11 —Kpy) (R—1) + 4‘7T0-chiri2 + g”(fz - fch)ri3 (18)

The first term is related to the distortion of the cholesteric layers, the second is related to the
energy at the cholesteric-isotropic interface, and the third is the difference in free energy
between the isotropic and cholesteric phases. As explained above, the constants K11 and Kas
are the splay and saddle splay of the cholesteric phase, respectively, ochi IS the tension at the
interface between the chiral and isotropic phases, and fi and fch are the free energy density of
the isotropic and chiral phases. Since the terms (K11-K2a), ochi and (fi-fen) are all greater than

zero, the only term that favours the existence of an isotropic core is -8n(K11-Kz4) ri, for which
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the elastic energy is reduced when the curved chiral layers are replaced in the centre of the drop
with an isotropic spherical region. This implies that a fraction of CNC is transferred from the
core into the cholesteric shell. The fraction transferred in the volume is very small and no
significant change in the measured pitch is observed in the shell. To obtain an order of
magnitude estimate of the inner core, the difference in free energy density is approximated by
the chemical potentials of the isotropic pi phase and the cholesteric pch phase and related to
parameters such as the volume of the individual CNC, Vcnc, the exact distribution of the shape
and size of the CNC, the Boltzmann constant, the temperature and the average excluded volume
of aCNC.

Minimising the energy in the previous equation with respect to r;, it is found that:

\/ZA]C(IQ — K34) + 0% — Ocni

= A7 (19)

where Af = f; — fup~ % does not depend on the size of the droplet. To gain an idea of the

size of the core, we consider the tension at the interface ocni between the isotropic and
cholesteric phase formed by an aqueous suspension of CNC core of the order of 107" — 105 Jm"
2 as determined experimentally (20). The value of Af is approximately 20 Jm™.

For K= 10pN, a typical value for chromonic liquid crystals, the equation predicts a radius r; of
the order of 1um, which is close to the experimentally measured value. This radius is two or
three orders of magnitude larger than the one recorded for a thermotropic liquid crystal, usually
between 2nm and 50nm. The reason for this is that the quantity Af is about five times larger
than the Af in the cholesteric phase of the CNCs (21). There is no literature available on the

confinement of non-native chiral cholesterics in microdroplets.

2.9 Liquid crystals in an electric field

LCs are dielectrical anisotropic media, that is, the dielectric constant of the material depends
on the direction in which it is measured. The dielectric tensor of nematic liquid crystals, using
a reference frame with Z axis parallel to the director, can be expressed as:
e 0 0
[ 0 & O] (20)
0 0 8"
where et and g, denote the dielectric constants measured perpendicularly and parallel to the

director, respectively. Dielectric anisotropy is defined by Ae=¢-eL, where Ae can be either
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positive or negative, depending on the molecule dipole moment. If the dipole moment is
aligned with the long axis of the molecule, in the presence of an electric field the molecule will
be oriented in the same direction as the electric field, so 4e will be positive. In contrast, if the
dipole moment is perpendicular to the molecular axis, there will be an alignment of the
molecules perpendicular to the applied field, with 4¢ being negative (1).

Considering a planar cell, containing a nematic liquid crystal with positive dielectric
anisotropy, if an electric field is applied normally to the surfaces, the LC nematic director will
distort (Figure 2.28).

n
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Figure 2.28: Example of director distortion 72

When a critical intensity Ewn is reached, the liquid crystal exhibits a continuous transition, called
the Fréedericksz transition, due to the realignment of the director along the field direction. This

critical intensity is given by the approximate equation:

P 1)
H=d ||Ae|

where d is the cell thickness and K represents the elastic constants (K11~K3z3).

Cholesteric LCs also reorient in the presence of an electric field. The effect of the electric field
depends on the surface treatment of the substrates confining the chiral mixture, the cholesteric
helix pitch, the ratio between cell thickness and helix pitch, and the frequency and intensity of
the applied field.

Suppose we have a CLC placed between two glasses covered with a conducting material and
treated to provide planar alignment, with the thickness between the two glasses larger than the
helix pitch. In the absence of an electric field, we have a planar structure, with the helices
parallel to each other and arranged orthogonally to the glass slide (Figure 2.29a). When a
moderate electric field is applied, there is an increase in the pitch of the cholesteric helix, until
the structure begins to deform, and the cholesteric material is arranged in a focal conic structure
(Figure 2.29b). The creation of poly-domains occurs, giving rise to a mosaic texture that returns

to its initial state when the field is switched off.
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Figure 2.29: (a) Structure of cholesteric mixture in the absence of electric field; (b) Structure of cholesteric mixture in the
presence of moderate electric field.

If the electric field is increased further, the cholesteric liquid crystal is arranged in a
homeotropic structure.

In 1982 R. Bartolino and his collaborators studied the effects of the electric field on the
structure of cholesteric LCs, finding a well-defined sequence of deformations in samples in
which the thickness is larger than the pitch of the helix (22).

In the graph, shown in Figure 2.30, A represents the wavelength of the reflection peak when
the electric field is applied and Ao represents the wavelength of the reflection peak at zero field.
On the horizontal axis is shown E/Ex where E is the applied field and Enx represents the

threshold value of the first observed strain.
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Figure 2.30: Wavelength of the normalized reflection peak A / Ao versus the applied normalized field E/En.
Three threshold values of the electric field were identified for which different deformations
occur. For low fields, the first deformation observed is a texture exhibiting ripples, followed
by a focal conical structure, while for high fields, there is a different deformation not studied

in detail due to difficulties with hydrodynamic motions.
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Chapter 3 Model chromonics

This chapter is devoted to the analysis of experimental data obtained on model chromonic
liquid crystals using polarized light optical microscopy, x-ray diffraction and atomic force
microscopy techniques. The effects on texture due to confinement of materials in planar and

spherical geometry, and the effect of chiral dopants are described.

3.1 Materials

Chromonics

Disodium chromoglycate and Sunset Yellow, both purchased from Sigma Aldrich, are used as
model chromonic materials.

Specifically, disodium chromoglycate, whose molecular structure is shown in Figure 3.1 is an
anti-asthmatic drug. The brute formula is C23H14011Na, and the molecular weight is 512.33
g/mol. The compound, an odourless, white, hydrated crystalline powder, is the disodium salt
of dibasic acid: 1, 3-bis(2-carboxychromon-5-yloxy)-2-hydroxypropane (23). Its crystals are

an interstitial solid solution, with water as the interstitial component.

OH
O  OCHCHCH,0  ©

(1D Qs
NaO-C " ~C —ONa

Figure 3.1: Molecular structure of DSCG
The unit cell expands to accommodate up to about nine water molecules before collapsing to
form liquid crystalline hydrates. DSCG crystals are unique in their degree of reversible water
absorption without lattice collapse.
In this work, DSCG was used at a concentration of 13wt% in water because, as can be seen
from the phase diagram shown in Figure 3.2, at this concentration it is in nematic phase at room
temperature (6), this phase is less viscous than the hexagonal phase and therefore easier to

align.
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Figure 3.2: DSCG phase diagram
For a concentration range (12.5-18) wt% the twist constant (K22) is more than 10 times smaller
than the splay (K11) and bend (Kss3) constants, while K11 and Kasz are comparable to each other.
It was observed that of the three elastic constants, (Ki1) has the strongest temperature

dependence, described by an exponential function of T (Figure 3.3).
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Figure 3.3: Temperature and concentration dependences of elastic constants of a) splay K11, b) bend K33 and c) twist K22
distortions in the nematic DSCG phase. Ref (24).

The analysis performed on DSCG, a material widely studied in the literature in both nematic
and chiral phases, was a guideline for the subsequent analysis on Sunset Yellow. Sunset
Yellow, namely the disodium salt of 6 — hydroxy — 5 - [(4-sulfophenyl)azo] — 2 - naphthalene
sulfonic acid, whose molecular structure is shown in Figure 3.4 is a food dye. The brute

formula is C16H10N2Na207S and the molecular weight is 452.37 g/mol.
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Figure 3.4: Molecular structure of SSY

SSY can exist in two tautomeric forms (25): an NH hydrazone form where the hydrogen resides
on the distant nitrogen of the azo bond, and an OH azo-tautomer form, where the hydroxide
proton resides on the oxygen in ortho to the azo bond.

Edwards et al (26) showed that the NH hydrazonic form prevails. The azo form can make cis-
trans isomers; this change in isomers occurs when the molecule interacts with light in the 480-
500nm wavelength range. A 30wt% concentration of Sunset Yellow in water was used, since,
as it can be seen from the phase diagram shown in Figure 3.5 (26), the nematic phase (N)
appears at a concentration of about 30-40wt% by weight, and the hexagonal phase (C) at about
40-45wt% by weight.
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Figure 3.5: SSY phase diagram

The modulus of elastic constants was also found for SSY, and similarly to DSCG, the twist
constant (K22) is much smaller than the splay (K11) and bend (K33) constants, while K11 and
K33 are comparable to each other. To induce chirality in chromonics, three different
aminoacids were tested: L-Alanine, L-Lysine, Trans-4-hydroxy-L-proline. As reported in
literature, it is easy to induce a chiral phase in DSCG doping it with chiral aminoacids (24) (27)
(28) (29).
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Chiral aminoacids

L-Alanine [(S)-2-aminopropanoic acid], shown in Figure 3.6, purchased from Sigma Aldrich,
is a non-polar amino acid that occurs as a white-yellow crystalline powder and is a water-
soluble left-handed dopant. This aminoacid has a twisting power of 0.75 um™ wt%™ (28). The

molecular weight is 89.09 g/mol.

HsC
3 OH

\g_ o

HN H

Figura 3.6: Molecular structure of L-Alanine

L-Lysine [(2S)-2,6-diaminohexanoic acid hydrochloride], purchased from Sigma Aldrich, is a
polar amino acid that occurs as a white crystalline powder (Figure 3.7). L-Lysine is a left-
handed dopant that is easily soluble in water. This aminoacid has a twisting power of 0.8 um
lwt%? (29). The molecular weight is 182.65 g/mol.

HN I

=

HN H
Figura 3.7: Molecular structure of L-Lysine

OH

Trans-4-Hydroxy-L-proline  [(2S,4R)-4-hydroxypyrrolidine-2-carboxylate],  (Trans-Hyp)
purchased from Steinheim, Germany, is a cyclic amino acid (Figure 3.8) and occurs as a white
crystalline powder at room temperature. It is easily soluble in water and is a left-handed chiral
dopant. This aminoacid has a twisting power of 2.5 um™ wt%? (28). The molecular weight is
131.13 g/mol.

H OH

4
p 0

HO

Figura 3.8: Molecular structure of trans-4- hydroxy-L-proline

Immiscible matrices

Both paraffin oil and polydimethylsiloxane (PDMS) have been used in emulsions as an

immiscible matrix. Paraffin oil (Sigma-Aldrich) is obtained in the petroleum distillation

42



process. It is a colourless, odourless oil and is not soluble in water. Polydimethylsiloxane
(Sylgard, Sigma-Aldrich) is a liquid polymer that appears oily and transparent and has a high
viscosity.

PDMS was used both pure, as an oil in which to disperse the liquid crystal, and in thin film
form. In this latter case, a solution consisting of 1 part crosslinker and 9 parts PDMS was
prepared. PDMS brute formula is (C2HsOSi)n , the structure of the repeating unit is shown in

Figure 3.9.

| | |
\Sfi,o Sli,o Sli/

n

Figura 3.9: repetitive unit of PDMS

Fluorescent dye

The dye used was Oxazine725, [3,7-bis(diethylamino)phenoxazin-5-ium perchlorate; Oxazine
1- Exciton], which appears as a green powder. This dye in water absorbs visible light at 650nm
and emits fluorescent light at 725nm, the chemical formula is C2oH26N30.CIO4, the molecular

weight is 423.90; the structure is shown in Figure 3.10.

Na cio,
+
(HyC,)N o N(C,H,),

Figura 3.10: Molecular structure of Oxazine725

3.2 Planar confinement

To analyze DSCG and SSY in planar geometry, standard optical cells were prepared.
Laboratory glass slides were cut obtaining pieces of size 2.5cm x 2cm and 2.5¢cm x 3cm, these
were washed with soap and water to remove oily impurities and dust deposits. To complete the
washing, they were immersed in a NaOH 5wt% aqueous solution and placed in an ultrasonic
bath for 6 min at 30°C. Finally, they were rinsed with distilled water (to remove residual traces
of NaOH) and dried with a jet of hot air.

A thin layer of polymer solution was deposited by spin-coating on one side of the glass slides.
Finally, to remove any trace of solvent, the polymer-coated glasses were placed in an oven. In
some cases to orient the liquid crystal molecules, the polymer layer was treated with the rubbing

technique.
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Cells assembly consists in placing the small glass slide on the big one, with the two polymer
layers in front of each other. Two strips of mylar were inserted between two glass slides to
create a uniform thickness within the cell (10um and 25um), then, a drop of 5ul of liquid crystal
mixture was infiltrated.

The cells were observed using a polarized light microscope, specifically, a Leica DMRX
(Germany) was used in this work. The images collected were studied using the ImageJ program
and the results were processed with OriginPro.

A Bruker D8 Discover reflectometer with a copper anode was used for X-ray diffractometry
measurements eather in Bragg Brentano and Asymmetric geometry. The peaks obtained were
measured using the OriginPro data analysis program in order to estimate their width and
position. While for AFM measurements, a Bruker Multimode 8 equipped with a Nanoscope V
controller in tapping mode was used, the images were acquired in air using a cantilever with a

resonance frequency of 150 kHz and were analysed with the WSxM program.

3.2.1 Disodium chromoglycate

We tried several polymers to align DSCG and we observed, as already reported in literature
that DSCG can be easily aligned in planar configuration using, for example,
polymethilmetacrylate (PMMA). On the other hand, homeotropic alignment is more difficult
to achieve. This could be related to the presence within the molecule of a very flexible bond
that limits interactions with the substrate which, therefore, fails to impose a homeotropic
anchoring direction. A few works are reported in literature on that subject in which the
homeotropic alignment is obtained by low surface energy materials like PDMS; graphene and
CYTOP (30) (2).

3.2.2 Chiral disodium chromoglycate

Chirality was induced in DSCG and textures were studied using PMMA for planar alignment
and CYTOP for homeotropic alignment.

The experiments were conducted on a mixture of DSCG 13wt% in wt. and chiral dopant L-
Alanine 10wt% in wt. In planar alignment conditions the oily streaks texture (Figure 3.11a),
which is typical of thermotropic cholesteric liquid crystals, is observed. For homeotropic

alignment the fingerprint texture (Figure 3.11b), is observed. Such a texture is extremely
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interesting for applications and can be used to measure the cholesteric helical pitch. The

fingerprint texture is stable over time, and a pitch of 12+0.5 um can be observed.

Figure 3.11: a) oily streaks texture of a 13wt% DSCG mixture in 10wt% L-Alanine in planar alignment conditions, b)
fingerprint texture of a 13wt% DSCG mixture in 10wt% L-Alanine in homeotropic confinement.

Similar fingerprint texture was also observed doping DSCG with Trans-Hyp, while no chirality
induction was observed for L-Lysine.

3.2.3 Sunset Yellow

A mixture of Sunset Yellow 30wt% in wt. in water was prepared and its textures are observed
in planar and homeotropic confinement. Sunset Yellow, differently from DSCG prefers to align
in homeotropic configuration. Sometimes the final homeotropic texture is reached after a
metastable state in which stripes develop inside the cells. The presence of stripes-like textures
is not new in the case of Sunset Yellow; in fact, it has already been observed using a
hydrophobic fluoropolymer as an aligning surface or in capillaries (27) (31).

J. Jeong et al proposed the model shown in Figure 3.12 based on their experimental
observations (30).

lllumination

P°'ffﬁ€‘}';}:]

A direction perpendicular to stripes

Figure 3.12: Model proposed for the stripes obtained in SSY for homeotropic anchoring conditions.

According to their model, stripes arise from the interplay among the surface energies, the self-
assembly properties of materials and the anisotropy of elastic constants. In fact, the elastic
constant of twist is at least an order of magnitude lower than that of splay and bend. Finally,
the thickness of the cell plays a role in the size of the stripes.

The homeotropic alignment obtained on these surfaces may be related to noncovalent
interactions between LCLC molecules and the alignment layers, such as hydrophobic
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interactions, 7-m stacking, or van der Waals interactions. In all articles, the stripes are transient
and disappear in favour of a homeotropic alignment with different times depending on the
treatment used. Periodicities of tens of microns are obtained.

We were able to obtain planar alignment only using rubbed Cytop (Asahi Glass), an highly
hydrophobic fluoropolymer. Hence, for Sunset Yellow, the best confining surfaces that provide
a uniform alignment are PMMA that provides a homeotropic alignment and rubbed Cytop that
provides a perfect planar alignment (Figure 3.13a-b). The other substrates used, however,
provide more complex and unstable textures as in the case of PDMS.

B ; )

Figure 3.13: a) perfect planar alignment in cell with Cytop rubbed glasses, b) stripes observed in cell with rubbed PDMS
coated glasses.

3.2.4 Chiral Sunset Yellow

Several attempts have been done to induce chirality in SunsetYellow. In literature there are no
data on this subject. Two L-aminoacids were used and the alignment in different anchoring

conditions was studied.

- L-Lysine

A mixture of 30wt% Sunset Yellow in 10wt% L-Lysine was placed in a cell between rubbed
PMMA coated glasses and using a thickness of 10 um. Since L-Lysine is highly soluble in
Sunset Yellow, then, it was possible to prepare mixtures of SSY 30wt% with different
concentrations (10, 20 and 30wt% L-Lysine) in an attempt to increase the twisting effect and
consequently to lower the helical pitch. Initially, the chiral chromonic showed a planar

alignment (Figure 3.14a), after 6 days, the observed area became homeotropic (Figure 3.14b).
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Figure 3.14: (a) Planar alignment for a Sunset mixture structure in cell with 10pum thickness, (b) homeotropic alignment
observed after few days.

Using a cell thickness of 25 pm, the chromonic showed a homeotropic alignment that remained
stable on time (Figure 3.15).

Figure 3.15: Homeotropic structure of the mixture in a cell with a 25um thickness.

The same behaviour for the two cell thicknesses was observed for mixtures containing 20wt%
L-Lysine. The mixture of 30wt% Sunset Yellow in 30wt% L-Lysine, instead, appeared to be
isotropic. This may be because the high concentration of L-Lysine shifted the phase diagram
of Sunset Yellow.

A final mixture of 40wt% Sunset Yellow in 30wt% L-Lysine was confined in a cell with planar
anchoring and with 10 um cell thickness. The mixture had a planar alignment with stripes
formation evolving into homeotropic texture. Unfortunately, after few hours the formation of
small, irregularly shaped aggregates not referable to known structures was observed. One can
assume the formation of crystallites due to segregation of the two materials. On the other hand,
using a cell thickness of 25 um, the texture showed a dense pattern, not easy to identify, which
remained stable over time.

In conclusion, with L-Lysine, it was not possible to observe the typical textures of the
cholesteric phase even increasing the thickness of the cell: in both cases (SSY 30wt% and SSY
30wt% doped with L-Lysine) thread-like textures, typical of the nematic phase, prevail (Figure
3.16).
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Figure 3.16: POM images of wedge cell with 380.m thickness: a) SSY 30wt% and b) SSY 30wt% doped with L-Lisine
10wt%

- L-Alanine

The mixture of Sunset Yellow 30wt% and L-Alanine 10wt% confined in a cell with rubbed
PMMA-coated glasses and with a 10 um thickness, initially forms stripes with a pitch of

21.5+0.5 um (Figure 3.17a) that, in time, evolve into homeotropic alignment (Figure 3.17Db).

Figure 3.17: 30wt% Sunset Yellow with 10wt% L-Alanine confined in a cell with rubbed PMMA-coated glass and with 10
pm thickness observed: a) immediately after creating the cell; b) after few minutes.

The addition of the chiral dopant does not appear to induce chiral structures in the mixture for

L-Alanine either.

- Trans-4-hydroxy-L-proline

Confining the mixture of 30wt% Sunset Yellow and 26wt% Trans-Hyp in a thick cell (200
microns) with PDMS-coated glasses, the presence of a fingerprint texture with a pitch of 46

pm is observed (Figure 3.18).

Figure 3.18: 30wt% Sunset Yellow and 26 wt% Trans-Hyp between two PDMS covered glasses.

Differently from the other two aminoacids, Trans-Hyp induces chirality in Sunset Yellow and

it is the first time this phenomenon is observed in this particular chromonic in planar geometry.

3.3 Chromonics confined in micrometric droplets.

The confinement of chromonics in spherical geometries is obtained preparing emulsions.
Emulsions were prepared by adding a small amount of a water-based chromonic solution in an

oily matrix. In particular, polydimethylsiloxane (PDMS) and paraffin oil were used. By
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mechanical agitation, a large number of microspheres were obtained. To observe the
microspheres by microscopy techniques, an optical cell was prepared by placing a coverslip on
a laboratory glass. Two mylar stripes of 190 um and a drop of emulsion were placed between

the two glasses. The cell was sealed using adhesive tape or glue.

3.3.1 L-Alanine doped DSCG

As previously discussed in Section 2.7, the configuration of the nematic director inside
microspheres depends on several factors including the size of the microspheres themselves, the
anchoring conditions at the interface and the elastic constants of the liquid crystal studied (14).
PDMS was chosen as the confining medium, resulting in a stable mixture with microspheres

with a well-defined contour.

- Optical textures

When pure DSCG is confined in microspheres (32), different textures are observed as a
function of their size. In particular, bipolar textures are observed in large droplets, while small
droplets exhibit the typical Maltese cross (Figure 3.19).

Figure 3.19: DSCG confined in microspheres

Maltese cross is related to the orientation of the liquid crystal molecules with respect to the
polarizer and analyzer. The arms of the cross are visible because the light is not transmitted; in
fact, along these two directions, the liquid crystal molecules are either perpendicular to the
polarizer or to the analyser. In all other directions, that is, for all angles at which the molecules
are not perpendicular to either the polarizer or the analyzer, the light is transmitted.

To induce chirality, DSCG was dissolved in 10wt% L-Alanine water solution. An emulsion
was prepared by dispersing the liquid crystalline solution of chiral DSCG in PDMS. The
resulting microspheres exhibited a well-defined chiral texture with concentric circles, the
Frank-Pryce texture, which propagates from the borders to the central core as already observed
for native chiral chromonics. In addition, the presence of radial disclination (a defect line along
the radius) was clearly visible, in the same way as it is in thermotropic liquid crystals. The
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possibility of obtaining this kind of texture in chiral chromonic liquid crystal microspheres was
not obvious, because we are in the presence of a three-component system composed mainly of
water, whose temporal stability is a delicate thermodynamical equilibrium. Nevertheless, the
chiral texture is evident and the pitch is homogeneous, for example, in Figure 3.20, the diameter
of the microsphere is about 89 pum with a pitch of 10.7+0.5 um. This is the first reported

observation of a Frank-Pryce texture in a chiral induced chromonic.

Figure 3.20: Microsphere of DSCG doped with L-Alanine

The core observed in this figure, reminds the one observed in chiral microspheres of cellulose
nanocrystals (CNC) (33). In CNCs, the core is isotropic and shows up as a black spot in the
center of the microsphere when observed between crossed polarizers. In the observed case,
however, the core is bright (34).

Since in thermotropic liquid crystals confocal images provide more information about the
shape and layered structure of the cholesteric microspheres, using the same approach, the
solution was doped with Oxazine725. Unfortunately, the dye molecules were uniformly
dispersed in the chromonic microsphere and do not provide additional information.

In principle, the dye used for confocal analysis should not interfere with the system under
investigation, but in this case an improvement in the quality of Frank- Pryce textures was noted;
this texture was observed in several microspheres of different diameters. The presence of
Oxazine 725, in these concentrations (about 0.1 wt%), did not cause changes in the pitch of the
cholesteric structure. The improved texture definition could be related to the fact that the
molecule is charged and that the counter-ions can screen the charges present on the columnar
aggregates of DSCG, reducing the electrostatic double-layer interactions by stabilizing the
texture.

Figure 3.21a showed a 164 um diameter microsphere with a well-defined Frank-Pryce texture,
and the presence of a radial disclination line; the birefringent core had an oval shape and the
observed pitch is 10.4 + 0.5 pm.
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In some cases, a double disclination line was observed (Figure 3.21b) and, for larger spheres,

an increase in the size of the central core was observed (Figure 3.21c).

50 um

Figure 3.21: Microspheres of DSCG doped with L-Alanine and Oxazine725 in a PDMS matrix exhibiting different features:
a) single disclination line, b) double disclination lines, and c) large central core.

The graph in Figure 3.22 compares the pitch versus diameter measurements on the
microspheres shown for both the sample containing Oxazine 725 and the sample containing
DSCG alone with L-Alanine. With the presence of the dye, the data are for the most part
confined to a narrow range of values without showing abrupt changes, in contrast to what is

observed in the samples without the dye.
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Figure 3.22: Cholesteric pitch as a function of microsphere diameter: DSCG+L-Alanine filled square and DSCG+L-
Alanine+Oxazine hollow squares.

There is no substantial dependence of pitch on microsphere diameter, apart from small values
observed for smaller diameters (smaller than 50 um) that can be attributed to the balance
between boundary conditions and twisting power (14).

We can assume that only L-Alanine is ejected from the core to pass into the zone where the
concentric circle structures are observed. Thus, it may occur that only DSCG in nematic phase
remains in the internal region, since a loss of chiral order is observed.

Unfortunately, even if the quality of Frank-Pryce texture is impressive, for a system that is

mainly composed of water, it degrades in time. Texture deterioration in microspheres of DSCG
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containing L-Alanine and Oxazine 725 was observed in a time interval of about 24 hours
(Figure 3.23).

Figure 3.23: Microsphere degradation in about 24 h.

A microsphere with a diameter of about 122 um is observed in a radial conformation (Figure
3.23a), in which concentric structures with a pitch of 9.6+£0.5 um have formed. After a few
minutes, a defect begins to form along the radius of the microsphere (Figure 3.23b) until the
texture deforms (Figure 3.23c).

It is deduced that the main cause of degradation is evaporation of water, that causes a transition
to a different phase. The cholesteric structure begins to unfold from the surface of the
microsphere, the disorder gradually increases toward the center of the microsphere until the
Frank-Pryce structure is lost and the microsphere is in the nematic phase. Probably, during
optical observation, the sample is heated and molecular diffusion occurs, which causes
rearrangement of the chromonic phase. PDMS is excellent as an oil matrix because of its
viscosity and the boundary conditions given on the surface but, unfortunately, it is permeable

to water vapour (35) (36).

- lons effect on textures

The effect that two different molar concentrations of potassium chloride (KCI), 0.01 M and
0.1M, have on the texture of chiral DSCG was also studied.

The lowest molarity solution (0.01 M) seems to disadvantage the formation of ordered
structures made of concentric rings. In the case in which the structure forms (Figure 3.24a), the

measured pitch is 9.0 £ 0.5 um. In the smaller microspheres, the typical Maltese cross of
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nematic droplets is observed. In contrast, the 0.1 M KCI solution seems to favor the formation

of the chiral structure. The pitch of the microsphere in Figure 3.24b is 9.8 + 0.5 um.

Figure 3.24: Chiral chromonic microspheres containing a) 0.01 M KCI solution and b) 0.1 M KCI solution.

In contrast to what has been reported in the literature for KCI, the pitch does not vary
significantly in either case. The 0.1 M KCI samples show optically well-defined Frank-Pryce
textures, suggesting that the electrostatic interaction between the salts and DSCG plays an
important role in stabilizing the system.

In a 1984 paper, Lee and Labes report a study on the variation of the twisting power of a mixture
of DSCG and different amino acids. Among their reported results, they present the effects that
potassium chloride has on the pitch of a DSCG 13wt% solution doped with L-Alanine 12wt%.
As it is shown in the table in Figure 3.25 (29), the addition of a given salt concentration leads
to the change in measured pitch when the mixture is confined between two flat surfaces.

Kl Effect on the Pitch of 13 wi % DSCG /12 wit % Falanine /H O

KCl Concentration Pitch ( pm ) Ten =1
mole liter ! at20°C 12K}

0 6 3143

1 =10 12 06,1

1 =102 25 3050
1xio? k1] 301.5

| [ 15 300.5

1 % 10-% 30 kil

Figure 3.25: Pitch variation with changing KCI concentration in an L-Alanine-doped DSCG sample (29).
In contrast, with microsphere confinement, no appreciable change on the pitch is observed after
the addition of KCI in both 0.1M and 0.01M concentrations. In all cases, the measured pitch is
about 10 um which is a larger value than that reported in the table in Figure 3.25 for the DSCG
containing L-Alanine alone. The helix pitch seems to be strongly influenced by small
concentrations of salt and poorly affected by gradually increasing concentrations.
The data collected and summarized in the graph Figure 3.26, show that the pitch is contained

for all samples in the range from 5 to 11 pum.
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Figure 3.26: Cholesteric pitch as a function of microspheres diameter for DSCG+L-Alanine, DSCG+L-alanine+0.1 M KCI
and DSCG+L-Alanine+0.01 M KCI

The addition of salt influences the structure in the same way as the addition of Oxazine725
does, and this can be understood by considering the effects of salt already observed on the
phase behaviour, structure and rheology of LCs. In fact, in ref (37) authors showed the results
of a research on the effect that the presence of salts has on the nematic phase of DSCG. In
particular, they showed that the addition of sodium or potassium salts shifts the
isotropic/nematic phase boundary by more than 10°C by stabilizing the nematic phase at the
expense of the isotropic phase. The explanation for this is that some salts, particularly those
with Na* and K™ cations, promote the growth of rodlike DSCG aggregates. The nematic phase

is reached when the rods reach a critical length and a certain volume fraction.

- X-ray and AFM measurements

To better understand the role of the chiral dopant in the supramolecular self-assembly
mechanism, chromonic thin films were deposited on polymeric substrates.

The PDMS substrate was prepared by mixing PDMS with the hardener in the proportion of
9:1; once mixed, the solution was degassed under vacuum in order to eliminate air bubbles.
The preparation was deposited uniformly on a slide using a spin coater and left to dry at a
temperature of 110°C for about one hour. The substrate was, then, treated using a plasma
cleaner. The action of the plasma on the PDMS causes bond breaking, resulting in increased
wettability and change in surface energy.

Once the substrate was ready, 50ul of the liquid crystalline solution was deposited on the
surface of PDMS. Samples were, then, placed in an air-tight humidity-controlled container and
left to dry at a temperature of 4°C for one week. X-ray diffractometry and atomic force

microscopy measurements were, then, carried out.
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A sample of the DSCG nematic phase was prepared. As the nematic DSCG phase slowly dries,
it transforms into the hexagonal phase, and the ordered structure is preserved when the sample

is measured (Figure 3.27).

Figure 3.27: 13wt% dehydrated DSCG film on PDMS.
As reported in the literature, the powder itself is highly hygroscopic. In ref (23) the authors
report on a systematic study of DSCG powder at different humidity conditions and compared
the results with the crystallographic data of DSCG single crystal.
The single crystal structure is similar to a parallelepiped (Figure 3.28), in particular, the unit
cell has the following dimensions 11.5A x 15.8A x 3.92A and the central part is supposed to

have a certain degree of flexibility.
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Figure 3.28: Crystal structure of DSCG (23).
In order to measure the distance between molecules, Bragg's law described in Section 2.5 is
used, where 1=1.5418A is the wavelength of the X-ray source (CuKq and CuKg). X-ray
measurements were acquired from 1° to 15°, whereas, measurement at high angles was not
performed in all samples due to poor signal-to-noise ratio.

The hexagonal phase was found for the pure, low-angle DSCG sample as shown in Figure 3.29.
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Figure 3.29: XRD spectra of DSCG thin film on a PDMS substrate

X-ray analysis shows the three typical peaks of the hexagonal phase, indicating good packing
of the molecules, also confirmed by the peak width. The molecules are oriented with the b side
of the molecule (Figure 3.29) perpendicular to the surface.

In Figure 3.30, the pure DSCG sample is compared with the cholesteric mixtures of DSCG
doped with L-Alanine and DSCG doped with Oxazine and L-Alanine. The hexagonal
arrangement is hindered and supra-molecular structures appear, related to the b-parameter of
the single-crystalline cell. In addition, at high angles, reflections of the L-Alanine single crystal
appear (38). The presence of L-Alanine, therefore, perturbed the order of DSCG and led to the
formation of supramolecular structures due to the coupling between two molecules. These
measurements confirm what was observed during the microsphere texture degradation in time
due to water evaporation, the chiral aminoacid is expelled from the nematic phase.

The addition of Oxazine resulted in a situation similar to the case of L-Alanine alone, since the

amount of dye added to the mixture is about one part per thousand.
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Figure 3.30: XRD spectra comparison between DSCG, DSCG+L-Alanine, and DSCG+L-Alanine+Oxazine samples.

Salt addition causes a change in the X-ray spectrum. The KCl-doped samples show two other
reflections related to the molecular crystallographic axis, denoted as a in ref (23). The cylinders

are on the surface, so the molecular stacking distance was not observed (c axis).
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With the presence of 0.01M KCI, the formation of a fourth peak is observed (Figure 3.31),
which in the literature (39) is attributed to the width of the molecule within the assembled
layers. The appearance of this peak could be attributed to structure misalignment and increased

disorder.

I(a.u.)
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Figure 3.31: XRD spectrum for samples containing 0.1 m KCI: 1,2 peaks of supramolecular order; 3 peaks of hexagonal
order, 4 peak of order relative to the a-axis.

Since XRD probes the sample volume, an AFM investigation is performed to probe the air-
thin film interface. AFM measurements were acquired in tapping mode using a lever with a
resonance frequency of 150kHz (Bruker, TAP150).

The surface of the sample of pure DSCG on plasma-treated PDMS is uniform but has a high
roughness of 130+30 nm. Streaks are identified on the surface that are oriented along precise
directions (Figure 3.32a), confirming the transmission electron microscope observation
reported in Ref. (28) showing a structure related to a thin film of DSCG very similar to that
observed in Figure 3.32b. Further confirmation is found in the article by Kostko et al. (37) in
which the authors report a cryo-TEM analysis of a 10wt% sample of DSCG in its nematic
phase. Figure 3.32c shows the presence of parallel rods. The start and end points of the rods

are not visible so that the order appears to be orientational and not positional.

a)

Figure 3.32: a) AFM image of pure DSCG, b) transmission electron microscope image of 15wt% DSCG in water, c) cryo-
TEM data for a 10wt% DSCG solution. (37).

The measurements made in this work are not able to clearly show the presence of the thin rods

because the radius of the AFM tip is comparable to their size.

57



The addition of L-Alanine results in a change in surface topography (Figure 3.33). Ordered
filaments collected in bundle-like structures, which turn and break abruptly, are observed over

areas of several tens of microns. Also in this case, the surface appears uniform with a surface
roughness of 152 + 36 nm.

Figure 3.33: Topography of DSCG+L-Alanine on PDMS.

The sample containing L-Alanine and Oxazine 725 shows (Figure 3.34) the same
characteristics as the previous sample because the percentage of Oxazine in solution is about

0.1wt%.

Figure 3.34: Topography of DSCG+L-Alanine+Oxazine on PDMS.

The addition of KCI salt, in a concentration of 0.01M, increases the disorder in the surface
topography. It is observed that in some areas there is the presence of the ordered structures
observed earlier surrounded by large areas without any particular feature. The surface
roughness is 161+34 nm ((Figure 3.35a).

By increasing the salt concentration (0.1M), the surface appears completely disordered,
exhibiting granular structures of about 200 nm and elongated structures of about 400 nm. This

is emphasized by the increase in roughness, which now is 221+54 nm ((Figure 3.35b).

»
\
Figure 3.35: AFM images of: a) DSCG-L-Alanine+0.01M KCI, b) DSCG+L-Alanine+0.1M KCI
To explain such a sharp change in topography, reference can be made to the article by Kostko

et al (37) in which the authors investigate the effects that the presence of 350 mM of different
types of salt have on the structure of a DSCG sample. In particular, Figure 3.36 shows that by
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adding sodium chloride to a solution of DSCG, a similar pattern of arrangement of the rods
shown in Figure 3.32c is visible. The rods remain mostly parallel but agglomerates are

observed in some areas. The morphology of the sample takes on a more disordered appearance.

Figure 3.36: Cryo-TEM image for DSCG 10wt%-+ NaCl 350mM (37).

In Kosko paper, a mechanism is proposed to explain this phenomenon that is based on the
assumption that cations from the added salt integrate into the DSCG structure and participate
in the self-assembly of the aggregates. Counterions bind to the aggregates by adsorption onto
the aggregate or intercalation within the aggregate. The authors hypothesize that the presence
of additional sodium ions within DSCG rods promotes aggregate growth. It is possible that the
role of these cations is related to the formation of salt bridges. Thus, cations may serve not only
as bridges between adjacent molecules in the sample plane but also between molecules that are
above and below the plane. The total effect that occurs is an increase in the size and number
density of DSCG rods in solution. Even in the case of using a potassium salt, this mechanism

could explain the observed variation in topography.

3.3.2 Trans-4-Hydroxy-L-proline doped DSCG

Based on the experiments performed in the paragraphs previously discussed, the effect of an
aminoacid with higher twisting power than L-Alanine, Trans-4-Hydroxy-L-proline was
evaluated (32).

To prepare the chiral mixture, DSCG was dissolved in 26wt% Trans-Hyp in ultrapure water.
The material was, then, confined in spherical geometry and, also in this case, the Frank-Price
optical texture is obtained (Figures 3.37a and 3.37b)

Due to the high chiral twisting power of Trans-Hyp compared with that of L-Alanine, the pitch
is significantly decreased. These findings open new perspectives on the possibility to use these
materials in biocompatible optical device. It is also interesting to note that the birefringent core
is not observed in the microsphere containing Trans-Hyp, whose imaged area is completely
covered by concentric rings. In this case, the Frank-Pryce chromonic structure is

indistinguishable from that observed in chiral nematic thermotropic liquid crystals.
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a
Figur)e 3.37: Microsphere containing: (a) DSCG + L-Alanine;(b) DSCG + Trans-Hyp.
The measured average half-pitch is 1.65 = 0.10 um, in agreement with what is reported in the
literature (28), and significantly shorter than that measured on L-Alanine-doped microspheres,
which was 5.20 + 0.20 pm.
Also this case (40) we found that Oxazine 725 improves the texture quality (Figure 3.38a
Figure 3.38b). In this case, a slightly lower average half-pitch, 1.50 £ 0.10 pm, was measured

with respect to the one observed for DSCG doped with Trans-Hyp alone (Figure 3.37Db).

Figure 3.38: Microsphere containing: (a) Oxazine doped DSCG + L-Alanine; and (b) Oxazine-doped DSCG + Trans-Hyp.

Figure 3.39 highlights the distribution of microspheres considering the chirality parameter
2D/p (28) (41) (42), where D is the sphere diameter and p is the pitch. This parameter is widely
used in chiral thermotropic liquid crystals to classify the textures observed in microspheres
and, in this case, highlights the pitch variations as a function of sphere geometry (15).

From the histograms shown in Figures 3.39a and 3.39c, it can be seen that compared with
chromonics prepared by doping DSCG with L-Alanine, those prepared with Trans-Hyp show
more microspheres with well-defined Frank-Pryce textures.

Figures 3.39c and 3.39d show, in the case of DSCG containing L-Alanine, that the number of
microspheres with well-defined textures increases when the material is doped with Oxazine
725. The same is observed with regard to Trans-Hyp doped chromonic, in fact it is clearly
visible from the histogram shown in Figure 3.39b, which is shifted toward higher values of the

chirality parameter than the histogram observed in Figure 3.39a.
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Figure 3.39: Chirality parameter distribution for: (a) DSCG + Trans-Hyp, (b) Oxazine-doped DSCG +Trans-Hyp, (c)
DSCG + L-Alanine and (d) Oxazine-doped DSCG + L-Alanine.

In addition, the number of spheres analyzed is significantly higher for the Oxazine 725-doped
sample than for the undoped sample, confirming that the small molecules of ionic dye
contribute in inducing the ordered structure.

If the microspheres are stored at room temperature, the Frank-Pryce structure, deteriorates after
about 2 weeks; the degradation time depends on the temperature and humidity of the
environment. This process is not reversible. If stored in a refrigerator at 4°C, the structure is

maintained for two weeks.

- X-ray and AFM measurement

Also in this case thin films of DSCG and Trans-Hyp were analysed though X-ray
diffractometry and atomic force microscopy.

Using AFM, it is observed that on a large scale (3 x 3 um?) the surface appears homogeneous
with a roughness of about 20 + 4 nm, whereas on smaller scales (Figure 3.40a), the surface
shows the presence of terraces with a height of 2.7 + 0.4 nm (Figure 3.40b), and the average

roughness decreases to 2.8 £ 1.1 nm.
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Figure 3.40: (a) AFM topography of DSCG doped with Trans-Hyp; (b) line profile of the terraces

As known in literature (40), DSCG is able to organize into layered structures, this tendency is
confirmed when doping it with Trans-Hyp, that seems not to affect chromonic self-assembly.

By X-ray measurements, it is observed that at low angles a peak corresponding to 27 A is
hardly visible (Figure 3.41), while at high angles, narrow peaks related to Trans-Hyp are clearly
visible. This confirms the phase separation and suggests that the chiral dopant is not
intercalated in the DSCG columns (43). What happens at the molecular level is consistent with
what has been observed for low helical twisting power dopants. The chiral dopant does not
affect the molecular stacking of DSCG, but it attaches to the outside of the cylinders, favoring

their twisting, which is also favored by spherical confinement.
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Figure 3.41: X-ray diffractogram of DSCG doped with Trans-Hyp.

During film drying, the 2D order of DSCG is partially lost, unlike pure DSCG, which retained
a 2D hexagonal phase (40).

- Free standing film
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The possibility to encapsulate chiral chromonic microspheres in a polymeric film preserving
their optical texture was, then, evaluated. Free standing flexible films in which microspheres
were incorporated were obtained by preparing two emulsions, one with the chromonic doped
with L-Alanine and another one with the chromonic doped with Trans-Hyp and, for the
immiscible matrix, adding the hardener to PDMS in a 9:1 proportion.

Emulsions were deposited in small circular containers about 1.5 cm in diameter and allowed to
dry for 3 days at room temperature. The two transparent and flexible films Figure 3.42a and
3.42b were removed from the containers and observed with polarized light microscope. Figure
3.42c and 3.42d shows that, due to the rubbery matrix, the microspheres in both cases appeared
opaque. This is the first successful attempt to encapsulate chromonic liquid crystals in a free

standing film without modifying their optical features.

Figure 3.42: a) folded flexible film, b) unfolded flexible film, c) POM images of Oxazine-doped DSCG+L-Alanine, d) POM
images of Oxazine-doped DSCG+Trans-Hyp

Comparing the data of the two films (Figure 3.43), the half-pitch observed in the microspheres
containing L-Alanine-doped DSCG had an average value of 5.83 £ 0.05 um, while a half-pitch

of 1.74 £ 0.05 um was measured in the sample with Trans-Hyp. These values are comparable

to those measured in the emulsions.
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Figure 3.43: Half-pitch as function of microspheres diameter for Oxazine doped DSCG+L-Alanine and Oxazine doped
DSCG+Trans-Hyp encapsulated in flexible films.
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Using Trans-Hyp as the chiral dopant, the half-pitch obtained is still too large to exploit it in
technological applications, nevertheless, it represents an important step forward especially in

the field of sensors and optical devices.

3.3.3 Application

The applications in optics for chromonic liquid crystals in planar geometries have been
extensively reported in literature (44). In the form of dried thin films, chromonics can be
exploited as linear polarizers, optical compensators, retarders, alignment layers and color
filters.

In general, all the applications demand a homogeneous and stable alignment on anisotropic
surfaces, a condition that is difficult to achieve (45). Currently, a good alignment of
chromonics, both planar and homeotropic, on large areas cannot be obtained without the
presence of defects and stability issues.

Chromonics have been proposed for applications as biosensors. In 2005, Shiyanovskii et al.
presented a sensor composed of a chromonic liquid crystal sandwiched between two rubbed
polyimide coated glasses that was observed between crossed polarizers (46), demonstrating
that the distortions of the nematic chromonic director around a spherical particle with a planar
surface orientation and the consequent light transmittance through the distorted region was a
steep function of the particle’s size. For their experiments, they used a chromonic nematic
liquid crystal containing antigen-coated latex beads and an antibody. The specific recognition
of the antigen by the antibody resulted in the agglomeration of the latex beads in the large
particles. The presence of these agglomerates caused a director distortion around them that
could be easily detected using polarized light microscopy.

Recently, the use of chromonic thin films as humidity sensors was proposed (47). Glushchenko
and co-workers demonstrated that the sensing properties related to the self-assembling
properties of solid chromonic films as a function of the humidity of the surrounding air. In the
dry films, the stacking distance in the molecular aggregates depended on the water content of
the ambient atmosphere that modified the weak non-covalent hydrophobic and hydrophilic
interactions between the molecular groups. Applying an electric field, a variation of the
humidity and, consequently, the stacking distance, caused a dramatic change in the electric
current passing through the aggregate that could be easily detected.

The application of chiral chromonics in spherical geometries has not yet been investigated.

However, it could also be foreseen in the field of sensors, for example, as time temperature
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indicators (TTIs). A TTI is a device or smart label that accumulates the time—temperature
history of a material. This type of devices is extremely important, as an example, for the
monitoring of the food cold chain to ensure food safety and freshness. There are two types of
TTIs, namely, diffusion-based and chemical reaction-activated (48). Diffusion-based TTIs are
composed of a temperature phase-change dye and a porous material. When the dye melts due
to high temperatures, it permeates the porous materials.

Chemical reaction-activated TTIs are based on a color change induced by the reactions of a
chemical component activated above a specific temperature. Unfortunately, both types of TTls
have their respective critical disadvantages due to construction constraints, scarce sensitivity
or chemical substance leakage issues.

Chromonic liquid crystals have the potential to be applied as TTlIs that lay on the director
distortions arising from the aligned chromonic phases reflected in colorful optical textures that
are temperature dependent. As an example, chiral chromonic microspheres were successfully
trapped in a polymeric free-standing film (32). Storage at 4 C allowed the textures to be
maintained for at least 10 days, after which their degradation process began. The degradation
was irreversible and it was impossible to recover the initial condition. The texture could be
preserved for longer if the film was kept at -20° C, and this could be used to detect temperature
variations. The fact that these materials were perfectly biocompatible was ideal since there was

no safety issue when they came into in contact with food or medicines.

3.3.4 L-Lysine doped Sunset Yellow

The behaviour of SSY in spherical geometry was studied, using as immiscible matrices both
paraffin oil and PDMS.

PDMS, as shown by planar cell experiments, was used to have a homeotropic anchoring at the
interface, while paraffin oil was used to have a planar anchoring (Figure 3.14a and 3.14b). To
induce chirality in SSY microspheres, L-Lysine and Trans-Hyp were used as chiral dopants
(49).

As for DSCG, controlled amounts of salts (KCI and MgCl>) were added to the SSY solution to
exploit the effects of ions on the supramolecular arrangement.

- Optical textures
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Pure SSY microspheres produced in paraffin oil show textures similar to the ones observed in
nematic thermotropic liquid crystals with planar anchoring conditions at the interface. Textures
depend on the size of microspheres:

- for diameters less than 50 um, a Maltese cross is observed (Figure 3.44a),

- large microspheres show a bipolar twisted structure (14) (18) (Figure 3.44b),
confirming what has been reported in the literature (12) (14) where microspheres with
planar condition at the interface show a radial configuration for a radius smaller than
the critical radius (Rc ~K/W) and a bipolar configuration for a radius larger than the
critical radius Rec.

In the present case, an anchoring energy of W=10% J/m? is estimated considering an elastic
constant of K=10pN (24) and an average radius of 50 um. Jeong et al reported similar results
for SSY (18). They dispersed the nematic SSY solution in hexadecane with a non-ionic
surfactant obtaining microspheres with bipolar twisted configuration of the nematic director.

When L-Lysine (Figure 3.44c) and salts (Figure 3.44d-e) are added to nematic SSY, the

predominant structure observed is a bipolar twisted configuration, while microspheres showing

~
50 pm

Figure 3.44: POM images of microspheres containing pure nematic SSY showing: (a) a Maltese cross and (b) a twisted
bipolar texture. ¢) SSY doped with L-Lysine 10 wt%,, d) SSY doped with Lysine 10 wt%+0.1 M KCI and ¢) SSY doped with
L-Lysine 10 wt% +0.1 M MgCI2, in paraffin oil.

a Maltese cross disappear.

Adding salts, it is observed that, the presence of a monovalent salt (KCI) does not produce any
particular change in the bipolar twisted structure of the larger microspheres, instead, SSY

microspheres doped with L-Lysine and divalent salt (MgCl;) show a greater variety of
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configurations (Figure 3.45a and 3.45b). This phenomenon is due to the different interaction
mechanism of divalent ions with supramolecular cylinders.

In this context, Kostko et al (37) suggest that monovalent ions participate in pure SSY cylinder
growth by intercalating between molecules, instead, divalent ions form bridges between
molecules in the external part of the cylinder, increasing the overall length of supramolecular
aggregates more efficiently.

The morphology of the microspheres depends strongly on the helicity parameter, 2D/p (15), a
small variation results in a change in the droplet textures, this could be related to changes in
elastic constants, pitch, defect strength and diameter of the microspheres.

Using Trans-Hyp as a chiral dopant, microspheres with more complex textures are observed
(Figure 3.45c 3.45d), however, the results reported for microspheres in paraffin oil are still

insufficient to demonstrate the twisting power ability of chiral dopants.

Figure 3.45: POM images of microspheres containing SSY doped with L-Lysine 10wt% and 0.1 M MgCI2 (a,b) and SSY
doped with Trans-Hyp 26wt% (c,d) in paraffin oil. (all percentages are in weight)

Better observations of the twisting power effects are reported when PDMS is used as
confinement matrix. Different textures were observed depending on the size of the
microspheres, or the addition of salt or chiral dopants. It is the first time that such a variety of
textures, typical of thermotropic chiral liquid crystals in homeotropic geometry, has been
observed in chromonics.

Pure nematic SSY microspheres with a diameter of less than 50 um show a radial twist texture
with the Maltese cross (Figure 3.46a). If the diameter of the microspheres increases, a localised

distortion can be observed on the inner part of the sphere (Figure 3.46b).
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Figure 3.46: POM images of microspheres containing nematic SSY immersed in PDMS and showing (a) a Maltese cross and
(b) a texture with a distortion concentrated in the central part.

No rearrangement over time was observed for the microspheres, so the texture may be thought
to be more similar to the intermediate layer-like texture as reported in (15). These textures
remain stable for a few days.

When L-Lysine is used as dopant, the intermediate layer-like structure is found also in the
smallest spheres. There are very few smaller microspheres with distorted Maltese cross, and
the same orientation prevails among them. Toron-like structure is also observed (Figure 3.47a,
3.47Db). (15) (16) (17) (50). Intermediate structures were also observed (Figure 3.47c).

The observed distortions confirm the growth of reflection symmetry breaking of the mixture

because these structures are typical of cholesteric behavior.

Figure 3.47: a) POM images of microspheres containing SSY doped with L-Lysine 10 wt% in PDMS showing (b) Toron-like
texture and c) Intermediate Layer-like structure.

As observed for microspheres prepared using paraffin oil, the addition of monovalent ions (KCI
0.1 M) to the SSY-Lysine mixture does not affect the textures (Figure 3.48).

50 pm

Figure 3.48: POM images of SSY doped with L-Lysine 10 wt% and 0.1 M KCI.
In contrast, the presence of MgCl, seems to confine the defect to the central region of the
microspheres (Figure 3.49). This confirms that divalent ions, as previously observed for planar
interfacial anchoring, influence the length of the columns, their flexibility and the interaction

forces between them (51).
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Figure 3.49: POM images of microspheres containing SSY doped with L-Lysine 10 wt% and MgCI2 0.1 M showing both
Toron-like and intermediate layer-like textures.

Also when Trans-Hyp is used as chiral dopant, different optical textures are observed: radial
twisted, Toron-like and, for microspheres with large diameters, layer-like texture (Figure
3.50a). Small changes in the parameters involved can shift the state of the microsphere from a
Toron-like state to an intermediate layer-like state before reaching the layer-like state (16). In
contrast to pure nematic SSY microspheres, Trans-Hyp-doped SSY microspheres undergo an
internal reconfiguration after 24 hours, resulting in the "Frank Pryce™ texture, not previously
observed for this chromonic molecule. For microspheres as the ones shown in Figure 3.50b,

the induced cholesteric half-pitch is 7 um.

a)

50 ym 50 pm

Figure 3.50: POM images of microspheres containing SSY doped with Trans-Hyp 26 wt% in PDMS showing (a) Layer-like
texture and (b) Frank-Pryce like texture.

In conclusion, in small microspheres for both oil matrices, a radial configuration characterized
by a Maltese cross (twisted in the case of homeotropic boundary conditions) was found. In
large microspheres the structure changes depending on the boundary conditions.

Under homeotropic anchoring conditions, a polymorphism was observed for microspheres of
LCLCs that had been previously reported only for cholesteric TLC, using L-Lysine as the chiral
dopant the Toron-like and intermediate layer-like structures were prevalent, whereas using
Trans-Hyp as the chiral dopant the layer-like structure was prevalent. In the last case, an
increase in the chirality of the SSY mixture was found to give rise to a Frank-Pryce texture (not
observed in the literature).

- X-rays and AFM measurements
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Thin films prepared with mixtures of pure SSY and chiral SSY were analyzed by X-ray
diffractometry and atomic force microscopy. X-ray diffraction patterns are shown in Figures
3.51.
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Figure 3.51: X ray diffraction of pure (a) and doped with L-Lysine 10 wt% (b) SSY: Bragg-Brentano (BB) and grazing
incidence measurements (GID).

The diffraction pattern for pure SSY (Figure 3.51a) shows peaks relative to the hexagonal or
2D mesophase (26). No differences are observed in the symmetric and asymmetric geometries,
confirming that the sample is powder-like. In fact, in the Brentano Bragg geometry, both low-
angle (5°) and high-angle (26°) peaks, related to the intercolumnar distance (17.7 A) and
stacking distance (3.43 A), respectively, are visible in the X-ray pattern, suggesting that the
cylinders do not have a preferred orientation, but are perpendicular or planar on the PDMS
surface.

This behavior is to be expected since the basic unit of this compound is a dimer, that is, two L-
shaped molecules 180° apart. This type of molecule usually gives rise to intrinsically
disordered crystal structures. The intercolumnar peak is lower than the average value measured
in the nematic phase, but it is not very far from the value of 19 A obtained in the hexagonal
phase (52). However, a strong peak is visible around 21° equal to 4.23 A that could be due to
a different arrangement of the inclination of the molecules in the 2D/3D stack and thus not to
the presence of impurities in SSY.

In fact, as also reported by Jeong et al (53), the presence of impurities should not change the
stacking distance. Unfortunately, no further information can be obtained from this powder-like
diffraction pattern.

In contrast, when observing the diffraction pattern for Lysine-doped SSY (Figure 3.51b), there
are "crystalline™ features. It appears that L-Lysine is incorporated into the SSY aggregates, by
ordering the structure, compared with the previous case, the diffraction pattern shows well-

defined and increased peaks and different features are found in the high-angle region.
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As shown previously, SSY and L-Lysine are miscible at different molar ratios, but for an SSY -
Lysine molar ratio of 2:5 the mixture is isotropic, this indicates that the addition of L-Lysine
shifts the phase diagram of SSY to higher concentrations, therefore, the effect of L-Lysine on
the liquid crystalline phase of SSY is to shorten the cylinders or increase the flexibility of long
cylinders (54) (55). It is known that SSY, as a sulfonate dye, is rarely crystallized without the
presence of adjuvants, which can help the crystallization process (56). In this case, L-Lysine
acts as an adjuvant in the formation of a crystalline film. The same behaviour is observed for
the mixture SSY containing L-Lysine and 0.1 M KCI.

A completely different X-ray pattern for SSY doped with L-Lysine and MgCl; is shown in
Figure 3.52. This pattern shows that the long order peak is suppressed in favor of the short
order peaks. Probably the intercalation of L-Lysine reduces the size of the cylinders in water,
but the supramolecular organization and ordered domains are globally maintained, whereas the
presence of MgCl. destroys the organization of the domains causing a misalignment of one

cylinder with respect to the other.
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Figure 3.52: X ray diffraction of SSY doped with L-Lysine 10 wt% and 0.1 M MgCI2.

The effect of the chiral dopant Trans-Hyp was analyzed. From the X-ray pattern shown in
Figure 3.53a, it can be deduced that Trans-Hyp does not mix with SSY.

Both the XRD pattern and POM observations (Figure 3.53b) indicate the formation of separate
crystals of Trans-Hyp in the thin film. For low diffraction angles, the 2D/3D residual order of
SSY is found (highlighted by the blue circle in Figure 3.53a); the small red lines indicate the
Trans-Hyp peaks (43). The large remaining peak at 26°, of 3.43 A, is related to the stacking
distance between molecules; its width indicates, as in previous cases, the presence of small

cylinders.
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Figure 3.53: a) X ray diffraction of SSY doped with Trans-Hyp, b) POM measurement.

It is clear from the XRD measurements that L-Lysine and Trans-Hyp interact with SSY
differently, L-Lysine intercalates in the stacking of SSY, while Trans-Hyp is bound to the outer
cylindrical structure. The second interaction mechanism seems more efficient to induce
chirality in the system and has a lower energy cost (57).

To obtain information on molecular packing, the thin films were studied by atomic force
microscopy. The pure nematic SSY film has a homogeneous surface with a roughness of about
16 + 5 nm over areas of 2 x 2 um?. When the surface was imaged on smaller scales (Figure
3.54a), it shows the presence of terraces with a height of 1.8 £ 0.2 nm. Terraces are also present
on the thin film of SSY and L-Lysine with 0.1 M KCI (Figure 3.54b), with a height of 1.2 +
0.3 nm, and on the thin film of SSY and Trans-Hyp, with a height of 1.8 + 0.3 nm (Figure
3.54d). In these analyzed cases, the surface appears homogeneous and almost flat.

As for the mixture of SSY doped with L-Lysine and MgCl, a different morphology is
observed; in fact, the film shows a non-homogeneous surface, characterized by grains whose
size is on the order of tens of nanometers (Figure 3.54c). The average roughness over 600 X

600 nm? is about 11 + 4 nm.

Figure 3.54: AFM topography of (a) a thin layer of pure SSY (b) SSY doped with L-Lysine, (c) SSY doped with L-Lysine and
MgCl2 0.1 M and (d) SSY doped with Trans-Hyp.
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From these results, it can be deduced that SSY tends to organize into thin layers packed on top
of each other, and the supramolecular organization is maintained even when Trans-Hyp or L-
Lysine is added to the solution, so the addition of these dopants has little effect on the
aggregation mechanisms of SSY. Morphology, on the other hand, is strongly affected by the
presence of divalent cations on the nanometer and micrometer scales, suggesting the formation
of bridges between molecules on the outside of different aggregates.

Combining AFM, XRD and POM techniques, it was shown that L-Lysine intercalates between
cylinders and weakly twists the mesophases. The morphology confirms a similar packing of
the layered structure.

Monovalent ions do not affect the structure, instead the addition of divalent salts leads to a
disordered structure that shows no layered features, but the induced chirality is slightly
enhanced. It can be hypothesized that divalent ions are located on the surface of the cylinders
and this causes misalignment of the cylinders through the formation of bonding bridges
between them.

The most interesting result is that the Trans-Hyp, unlike L-Lysine, interacts with the outer
surfaces of the cylinders, resulting in a chiral configuration, when the system dries in thin film,
the chiral dopant is ejected from the mesophase, this is also evidenced by the POM image
3.53h.

In conclusion, it is shown that it is possible to induce chirality for SSY chromonic liquid crystal
by using chiral dopants such as L-Lysine and Tran-Hyp, while in planar confinement only
Trans-Hyp is able to induce chirality. This can be due to the large symmetry breaking induced

by the spherical confinement.

3.4 Microfluidic production of SSY microdroplets.

Through the emulsification procedure, it is not possible to achieve a fine control of
microspheres’ size, which plays a fundamental role in their final optical texture. This is
important for applications in which the production of precise size distributions of micro-
structures with peculiar optical features is the pre-requisite for a correct functionality of the
device. The size control can be achieved by using a microfluidic approach.

Recent progresses in liquid crystal microfluidics have demonstrated how hydrodynamics, in
combination with surface interactions, geometric confinement, and flow modulation can be
harnessed to generate topological structures with potential for novel applications. Previous
works (58) (59) have shown that interesting phenomena are observed by precisely tuning the
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flow of nematic LCs inside microfluidic channels as a function of the confinement conditions
in microchannels themselves and their wettability properties. On the other hand, studies on
microfluidic generation of droplets embodying a chromonic liquid crystal and an isotropic
component are still rare. Only few works report on the production through microfluidics of
chromonic cholesteric droplets of cellulose nanocrystals (CNCs) (60) (61) and pure SSY (62).
In the last case the authors exploited a microfluidic system that did not make use of
electromechanical injection, a crucial point for systems in which viscosity may increase, as, for
example, in the case of chromonic materials doped with chiral moieties.

For the purposes of this research work, in collaboration with dr. Valentina Arima and dr.
Alessandra Zizzari of the CNR-Nanotec (Institute of Nanotechnology) in Lecce a protocol was
developed to produce chromonic microdroplets.

Microdroplets were produced by a microfluidic flow focusing device (Figure 3.55) using a non-
ionic surfactant (Span80) dissolved in the paraffin oil phase. The continuous phase (paraffin
oil) and the dispersed phase (SSY aqueous solution) were injected with programmable syringe
pumps in the outer and inner channels respectively. The droplets were generated at the focusing
zone and then collected for the SSY microspheres analysis.
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Figure 3.55: Flow Focusing device sketch.

The dispersed (aqueous) phase was injected in the inner microchannel and then squeezed by
continuous (oil) phase flow injected by the outer microchannel. In this geometry, the symmetric
shear generated by the continuous phase on the dispersed phase allows a highly controlled and
stable generation of droplets (63). Using the SSY concentration at 30 wt% and Trans-Hyp at
26 wt%, adding to the paraffin matrix an 8 wt% of the surfactant Span80, using the flow rates
of the two fluids set on uL/h for the aqueous phase (SSY) and pL/min for the oily phase
(Paraffin oil + 8 wt% Span80), it was possible to produce microdroplets whose diameters range
between 10 and about 50 microns.

Systematic polarized optical microscopy measurements were carried out on the different

microdroplets. Droplets were imaged at first without polarizers to correctly estimate their

74



diameter and then between crossed polarizers. The observed textures were identified rotating

the microscope plate and rotating the analyzer.

SSY 30%
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A

Figure 3.56: POM images between crossed polarizers of microspheres of pure nematic phase SSY at 30 wt% Droplet
diameters are estimated on the bright field image (#2 um).

Figure 3.56 shows the diameter dependent topologies observed in microdroplets of pure
nematic phase SSY. In general, small droplets (10-20um) show a bipolar configuration (BS)
(Figure 3.56a). This is the typical texture configuration observed in chromonics microspheres
with planar boundary condition in which the director is parallel to the interface and it forms
two boojums at the poles. For droplet diameters ranging between 30-50um (Figure 3.56b-c),
we observe a better-defined bipolar structure. In few cases a “concentric drop” texture is
observed. In this configuration, the director field is organized in concentric circles with a
disclination line that passes through the center of the drop. It is interesting to notice that the
surfactant added to allow the production of stable microfluidic droplets, does not affect the
optical properties and textures, thus confirming its purely interfacial role in the droplet

formation.
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Figure 3.57: POM images between crossed polarizers of microspheres of SSY at 30 wt% + 16 wt% of Trans-Hyp. Droplet
diameters are estimated on the Bright field image (2 um)

Figure 3.57 shows a collection of SSY microspheres doped with the Trans-Hyp at 16wt%..
Small droplets (10-20um diameter) show bipolar configuration, as for the pure nematic phase
(Figure 3.57a). The addition of the chiral dopant is reflected in the optical texture observed in

the microdroplets. In fact, for a droplet diameter larger than 45 um, the radial spherical
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structure (RSS) develops: see (Figure 3.57b-c). In RSS, the director profile is characterized by
a splay-bend distortion inside the droplet that generates a disclination line, similar to the so-
called Frank-Pryce structure observed in thermotropic liquid crystals. Increasing the droplet
diameter, diametrical spherical structure (DSS) is mostly observed (Figure 3.57d). DSS is the
most symmetric structure in cholesteric droplets with planar anchoring. It is characterized by a
center ring defect and the director field forms curved cholesteric layers with the layer normal

in the radial direction.
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Figure 3.58 POM images between crossed polarizers of microspheres of SSY at 30 wt%+26 wt%. Trans-Hyp, collected
according to their dimensions. Droplet diameters are estimated from the bright field image (£2 pm).

Figure 3.58 shows the POM images of SSY microspheres doped with 26wt% of Trans-Hyp at
different droplet diameters. As observed for the other doped solution, small droplets with
diameter of about 10 microns (Figure 3.58a) show a bipolar configuration, while most
interesting topologies are observed for droplets with increasing diameters. For diameters
around 20 um, the texture starts to become distorted in radial concentric rings (Figure 3.58b).
This effect is more evident in Figure 3.58c in which a clear Frank-Pryce texture is formed. In
Figure 3.58d we can distinguish the so-called Lyre structure, that resembles the shape of the
Lyre instrument. This last structure was numerically predicted by Sec et al. (64), in a detailed
theoretical study on the geometrical frustration of chiral ordering in cholesteric thermotropic
LC droplets. The Lyre structure, of bipolar type, has only two surface defects positioned
diametrically along one of the axis parallel to the observation plane. In this highly symmetric
structure, the deformation of cholesteric layers is span over the whole volume of the droplet.
To the best of our knowledge, this is the first experimental observation of the Lyre structure in
a chromonic droplet.

In table 2, we collected schematically the director configurations observed inside the droplets
associated to the microdroplet diameter, for each chromonic solution studied in this work.
Small droplets (diameters 10+-20 um) show bipolar configuration for both pure and chiral
doped solutions. The distortion increases both with microsphere’s diameter and the

concentration of the chiral agent. Even if the material used is a chromonic mesogen and not a
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common TLCs, the trend observed for the optical textures is in line with the reported data in

literature on the diameter/topology dependence in TLCs and Chiral TLCs.

SSY 30wt%  SSY 30wt%+16wt% SSY 30wt%+26wt%
Trans-Hyp Trans-Hyp

Bipolar Structure BS 10-50pm 10-20m ~10pm

Concentric rings * * 504m

RSS >45pum 20um

DSS 50um 50-60

Frank-Pryce 50um

Lyre 57um

Table 2: LCLCs microdroplet optical textures reported for each droplet dimension and each investigated liquid crystal
solution. The * indicates a particular optical texture observed for few droplets of about 50um diameter of pure SSY. The
percentage of SSY and Tran-Hyp indicated in the figure are in weight (wt%).

In conclusion, for the first time, it was possible to produce microspheres containing Sunset
Yellow chromonic liquid crystal by microfluidics.

By exploiting and characterizing the interplay of interfacial phenomena, surface effects, and
geometric confinement, it was possible to define a protocol to produce SSY microspheres of
controlled size and topology. Doping the chromonic material with chiral amino acids allowed
the study and production of structures and topologies typically observed in cholesteric TLC
microdroplets. Frank-Pryce structure and Lyre structure have been observed in chiral SSY
microdroplets. This is a first step toward the goal of obtaining chromonic microspheres with
tunable homogeneous optical properties, such as reflection selectivity, which would open new
perspectives for the use of these biocompatible materials as sensors and optical devices. Since
few works on microfluidic production of chromonic microspheres are reported in the literature,

this is a relevant achievement.
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Chapter 4 Work in Progress

This chapter is devoted to preliminary experimental studies. In particular, they regard the study
of the nematic and chiral phases of a newly synthesized chromonic and the effect of an electric
field on the optical texture of a pure and chiral model chromonic in planar and spherical
confinement. Finally, a preliminary study on the confinement of liposomes in a chromonic

matrix is reported.

4.1 Newly synthesized chromonic

In this paragraph are reported the investigations on a newly synthetized chromonic in which
chirality has been induced. The material has been studied in both planar and spherical
geometry.

Some metal complexes have been shown to form liquid crystalline phases (65) (66) (67). Due
to their numerous oxidation states and coordination geometries, such kind of complexes offer
new opportunities to design original mesophases.

The Ag(l) complex, synthesized at the Chemistry Department of University of Calabria, shows
liquid crystalline phases in water. The chemical formula of the complex is C26H31AgN4Os and

the molecular weight is 635.42, its structure is shown in Figure 4.1a.
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Figure 4.1: a) molecular structure of the Ag(l) complex, b) column of six AGC molecules, c¢) proposed model stack of chiral
columns in the lyomesophase,.

The Ag(l) complex has the ability to organize into columnar structures, as evidenced in the
crystalline solid state by single crystal X-ray analysis (68).

The presence of water molecules and the acetate anion interacting via hydrogen bonds with
hydroxyl groups at the periphery of the metal containing cation generates the formation of

cationic repetitive units despite electrostatic repulsion.
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The phase diagram in Figure 4.2 shows that at room temperature the aqueous solution of Ag(l)
exhibits a liquid crystalline phase between 15wt% and 60wt% concentration: from 15wt% to
50wt%, the complex has a nematic region (N) that transits directly to the isotropic phase when
the temperature is increased. At higher concentrations the complex organizes into a hexagonal
(M) phase. At a concentration of 50wt%, increasing the temperature, the M phase transits to
the N phase. Above the 60wt% concentration, the hexagonal phase remains stable until it

becomes isotropic at 120°C.
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Figure 4.2: phase diagram of Ag(l) complex

The non-amphiphilic nature of these new metal-based complexes, their ability to self-assemble
into ordered aggregates in water and the presence of nematic and hexagonal phases at different
concentrations, confirm their chromonic nature. The Ag complex is chiral and molecules tend
to self assemble in chiral columns (Figure 4.1 b, c).

The Ag(l) complex in its nematic phase, 20wt% wt. in water, was sandwiched between two
glasses coated with Cytop, an highly hydrophobic polymer. The Ag(l) complex tends initially
to align into a near-perfect planar structure with some characteristic defects (Schlieren
structure), which rapidly disappear in favor of well-ordered cylinders covering the entire cell
and whose periodicity is correlated with its thickness. After 3 hours, the supramolecular
aggregates reorient throughout the entire cell, reaching a homeotropic alignment (68). Stripes
can be produced again in the cell by heating the sample to the isotropic phase and cooling it
slowly or by pressing the cell with tweezers.

When the Ag(l) complex is confined in an emulsion, using a PDMS matrix, the structures
observed are very similar to those reported for cholesteric thermotropic liquid crystals and for
SSY doped with L-Lysine. For small microspheres, the typical radial Maltese cross structure
is observed (Figure 4.3a), while for larger droplets, more complex structures are observed:
Toron-like (Figures 4.3b) and intermediate layer-like (Figures 4.3c) textures, which are

characteristic of a cholesteric mesophase.
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Figure 4.3: Microspheres of Ag(l) complex in its nematic phase showing (a) a Maltese cross, (b)an equatorial defect that,
(c) grows after 2 days from emulsion preparation.

When doping the Ag(l) complex with the chiral Trans-Hyp, Toron-like (Figure 4.4a) and

intermediate-layer like (Figure 4.4b) textures are observed.

Figure 4.4: Microspheres of Ag(l) 20wt% doped with Trans-Hyp 26 wt% in a PDMS matrix showing (a) Toron-like texture
and (b) intermediate layer-like texture.

However, after about 5 days from the first observation, layer-like texture (Figure 4.5a) and a
texture reminiscent of Frank-Pryce one (Figure 4.5b) with a periodicity of 8 um are also
observed, and after 11 days, the latter two textures become better defined (Figure 4.5c). In
particular, the Frank-Pryce texture shows a variable half pitch, in Figure 4.5d a half pitch of
6.90 um is observed, while in Figure 4.5e a half pitch of 12 um is observed. This evolution in
textures may be due to the slow water evaporation from the emulsion, that allows the director

to reorient and give rise to cholesteric structures.
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Figure 4.5: Microspheres of Ag(l) 20% doped with Trans-Hyp 26 wt% in a PDMS matrix: a) layer-like textures observed
after 5 days, b) Frank-Pryce like texture observed after 5 days, c) layer-like texture observed after 11 days, d,e) Frank-Pryce
like texture observed after 11 days.

The undoped nematic Ag(l) complex, unlike the undoped SSY, shows textures that point to the
presence of a native chirality (15). Enhanced chiral effects are observed doping the Ag(l)
complex mesophase with the chiral Trans-Hyp. The behaviour of this chromonic is similar to
that of SSY even if the two molecules are very different. This similarity can help to gain further
information on chromonics in general.

In order to understand the role of Trans-Hyp in the formation of the chiral phase, thin films
were prepared. As first step, the thin films of undoped Ag(l) and Trans-Hyp doped Ag(l) were
observed under polarized light optical microscopy. For the undoped complex, crystalline
domains were observed (Figure 4.6a), while for the doped complex, large crystallites were
observed (Figure 4.6b).

Figure 4.6: POM images of a thin film of: a) undoped Ag(l) complex and b) Ag(l) complex doped with Trans-Hyp
The Ag(l) 20wt% complex doped with Trans-Hyp 26wt% was monitored during the drying
procedure and the typical fingerprint of the cholesteric phase was observed: the average half
step is (11.5 + 2.9) um, thus confirming the results observed in the curved geometry (Figure
4.7).
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Figure 4.7: fingerprint textures observed on a thin film of Ag(l) complex doped with Trans-Hyp during drying procedure.

At this point, other techniques as X-rays diffraction and atomic force microscopy are needed

to investigate the chiral arrangement of supramolecular aggregates.

4.2 Electric field effect on chromonic textures

In literature it is very rare to find papers concerning the application of electric fields to
chromonics. This is an important topic in view of possible application of chromonics in electro-
optics but it is also a delicate issue when concerning water based systems.

In ref. (69) Dan Qu and Eyal Zussman explored how the helical axis orientation and pitch of
pure lyotropic cellulose nanocrystals CNC are affected by an electric field when suspended in
water. In ref. (70) G.Y.Li et al. applied an electric field on the model chromonic SSY to study
its electro-optical properties, including threshold voltage and relaxation times, at different
temperatures and concentrations of SSY.

In this research work, the effect of electric field on the textures of undoped DSCG 13wt% and
doped DSCG 13wt% with alanine 10wt% and with Trans-Hyp 26wt% was studied. These
mixtures were prepared using deionized water to avoid the presence of ions in solution, which
could interfere with the measurement. The effect of the electric field was evaluated by
confining the mixtures in planar geometry as well as in the spherical one.

In planar geometry, cells were prepared using clear glasses covered with ITO and applying a
voltage perpendicular to the cell glasses using a voltage generator. Between the two glass
slides, two strips of mylar to create a uniform thickness inside the cell (190 um) and a drop of
about 10ul of liquid crystal mixture were inserted. Copper tape was used to connect the cell to

the generator (Figure 4.8).
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Figure 4.8: optical cell

A square wave of 1 KHz with a variable amplitude between 1 and 10Vpp was applied to the
cell. Textures were monitored by POM observations.

4.2.1 Planar geometry

The effect of the electric field on texture was initially observed in an undoped 13wt% DSCG
mixture.

Initially the mixture shows a degenerate planar texture (Figure 4.9a). After applying 3Vpp a
change in texture is observed with the presence of bubbles. At 6Vpp bubbles disappear, and

the sample takes on a blue coloration (Figure 4.9b-4.9f). At 7Vpp the sample turns black

(Figure 4.9h), since the electric field reorients the cylinders in homeotropic configuration.

OVpp 1Vpp 3Vpp 5Vpp 6Vpp 7Vpp

Figure 4.9: texture of the DSCG sample with a) no field applied, b-e) bubbles created by increasing the voltage from 1 to 6
Vpp, ) at 7Vpp sample turns black.

If the voltage is reversed there is the formation of a small area with planar texture that gradually

expands (Figure 4.10).

5Vpp 4Vpp 3Vpp 2Vpp 1Vpp OVpp

Figure 4.10: DSCG sample texture change lowering the voltage amplitude.

After two hours, the sample rearranges in microspheres that present a distorted bipolar texture
(Figure 4.11).
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Figure 4.11: DSCG sample textures 2 hours after switching off the electric field.

The same type of test is repeated for the chiral mixture of DSCG 13wt% doped with L-Alanine
10wt%. Initially, the sample shows a chiral texture, with a pitch (p) of about 25 um (Figure
4.12a). After applying the field, a slight decrease in p is observed. At 2Vpp the measured pitch
is about 22 um (Figure 4.12b). Increasing the signal amplitude, there is an increase in p,
reaching a value of 30 um at 4Vpp (Figure 4.12c), while there is again a decrease in p until a
value of 15 um at 5Vpp. For voltages higher than 5Vpp the sample becomes black (Figure
4.12d).

OVpp 2Vpp 4Vpp S5Vpp
Figure 4.12: texture of the L-Alanine doped DSCG sample with: a) no field applied, b) 2Vpp c) 4Vpp and d)5Vpp
When the applied voltage is reversed, the formation of a small area that presents a chiral texture
that gradually expands is observed (Figure 4.13). Decreasing the voltage the pitch decreases,

at 4Vpp it is about 20 um, and at OVpp the pitch is 17um showing a significant hysteresis.

4Vpp 2Vpp 1Vpp OVpp

Figure 4.13: texture of the L-Alanine doped DSCG sample observed when decreasing the applied voltage amplitude.

Two hours after the first observation, microspheres with chiral texture appear (Figure 4.14),

that in the largest microareas, show the fingerprint texture (Figure 4.14c); the pitch is 19 um.
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Figure 4.14: chiral DSCG sample textures 2 hours after switching off the electric field.

The effect of the electric field was also evaluated on the mixture of DSCG 13wt% doped with
Trans-Hyp 26wt%. Initially, the mixture shows a chiral texture (Figure 4.15a) with a pitch of
about 4 um much smaller with respect to the previous case, since the Trans-Hyp has a higher
twisting power with respect to L-Alanine. A pitch decrease was observed until 4Vpp, where
the measured pitch is about 3.62 um (Figure 4.15c). Increasing the signal amplitude, until
6Vpp, there is an increase in the pitch reaching a value of 5.4 um, after which it starts to

decrease to 3.6 um and then the sample becomes, as in the previous cases, black (Figure 4.15

Figure 4.15: texture of the Trans-Hyp doped DSCG sample with: a) no field applied, b) 3Vpp, c) 4Vpp, d)5Vpp and e-f)
6Vpp.

When the field is reversed a small area with chiral texture is formed that gradually expands
(Figure 4.16 a-d). The pitch decreases slightly, starting from an amplitude of 4Vpp to 1Vpp.
Removing the field, microspheres with a well-defined chiral texture and a pitch varying

between 3.6-4.4 um are visible (Figure 4.16e).

4Vpp 3Vpp 2Vpp 1Vpp OVpp

Figure 4.16: texture change in trans-Hyp doped sample decreasing the applied voltage amplitude.

Observing the sample after a few hours, cholesteric microspheres with a small pitch in the

range 3/4 um are present (Figure 4.17).
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Figure 4.17: observation of the texture after few hours.

The pitch vs. applied voltage is shown in the graphs reported in Figure 4.18.

DSCG 13 wt% L-Alanine 10 wt%, planar DSCG 13wt% Trans-Hyp 26 wt%, planar
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Figure 4.18: Pitch variation as a function of the applied voltage.

These preliminary results show that it is possible to control electrically the chromonic sample
in both nematic and cholesteric mesophases. The pitch varies with the field amplitude in a non-
monotonic manner and the sample rearranges in microspheres with shorter pitch, after some

hours the field has been switched off.

4.2.2 Spherical geometry

The effect of electric field on optical textures was also investigated with chiral DSCG confined
in spherical geometry. Emulsions were prepared using two different matrices: PDMS (excellent
electrical insulator, electrical conductivity ~10"* Scm™ (71) and paraffin oil whose
conductivity depends strongly on material preparation but has a higher value with respect to
PDMS (72).

The first experiments were made with DSCG 13wt% doped with 26wt% Trans-Hyp. Analyzing
the emulsion produced using PDMS, it is observed that microspheres have a cholesteric texture
with a pitch of 4.64+0.06 um (Figure 4.19a). By application of the field up to an amplitude of
10Vpp, there is no change in texture, the pitch range remains similar, the only effect observed

is a slight movement of the microspheres (Figure 4.19b-e).
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OVpp 1Vpp 3Vpp 5Vpp 10Vpp

Figure 4.19: DSCG doped with Trans-Hyp microspheres in a PDMS matrix with: a) no field applied, b) 1Vpp, c) 3Vpp,
d)5Vpp and e) 10Vpp.

When analyzing the emulsion produced using paraffin oil as a matrix for the emulsion, the
results were different.

Initially, microspheres have a disordered texture in which a fingerprint-like structure is
recognisable, that exhibits a 5.6 um cholesteric pitch (Figure 4.20a). By increasing the field
microspheres disappear (Figure 4.20b-e). This is a puzzling phenomenon possibly related to

the heating of the cell that causes a transition to the isotropic phase.

OVpp 1Vpp 5Vpp 10Vpp 10Vpp

Figure 4.20: DSCG doped with Trans-Hyp microspheres in paraffin oil matrix with:. a) no field applied, b) 1Vpp, c) 5Vpp,
d-e)10Vpp.

Observing the sample after 10 minutes, with the electric field switched off, microspheres
became visible again with a well-defined cholesteric texture, showing a pitch of 4.8+0.8 um
(Figure 4.21).

Figure 4.21: observation of the emulsion texture after 10 minutes (20x magnification)

Surprisingly, microspheres maintain a defined cholesteric texture even after 1 month from the
first observation, as shown in Figure 4.22. As can be seen from Figure 4.22a, microspheres
with cholesteric periodic textures are embedded in macroareas; outside these macroareas there

are microspheres showing Maltese cross and twisted Maltese cross (Figure 4.22b-c).
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Figure 4.22: observation at different magnifications of the emulsion texture after 1 month: a) 2.5x and b-c) 20x.

The textures remain stable after four months from the preparation (Figure 4.23). We may

conclude that paraffin oil is effective in preventing water evaporation from film emulsion.

Figure 4.23: observation of the microsphere textures after 3 months: a) microspheres inside macroareas, b) microspheres
outside macroareas.

In conclusion, when an electric field is applied to an emulsion of a cholesteric chromonic
embedded in a PDMS matrix, no effects are observed: the microspheres have a well-defined
cholesteric texture slightly perturbed by the field probably due to the low electrical conductivity
of the confining oil. Instead, using the paraffin oil for the emulsions, the initial texture to be a
material which of microspheres is not well defined but increasing field amplitude, the
microspheres disappears and then recover switching off the field. They show an ordered
cholesteric structure in concentric rings. In order to understand the behaviour of the liquid
crystal director field inside the microsphere when an electric field is applied further
measurement are needed to highlight the role of the anchoring conditions, the helical pitch and

the size and type of geometrical confinement.

4.3 Soft colloids in DSCG

In general, not only LCs, but also soft and biological materials have always attracted a lot of
attention due to their peculiar self-assembly property. Characteristic that is related, as discussed
in previous chapters, to noncovalent interactions that lead to the formation of supramolecular
structures that reorganize in response to chemical and mechanical stimuli. In particular, the
regulation of mechanical strain is of central importance for the science of living systems (73)
(74). Using liquid crystals, several novel responsive materials can be created, exploiting
electrical fields and mechanical strain to control their electrooptical properties (75). As an
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example, microscopic colloidal particles dispersed in LCs have been used to fabricate tunable
self-assembled structures for photonic crystals (76). In these systems, the colloids were “hard”
compared with the LC, leading to mechanical straining of the LC but not of the colloids (77).
A recent paper has studied the influence of the elasticity of LCs on the shape and physical
properties of soft colloids consisting of lipid vesicles (78).

Lipid vesicles in the form of liposomes are multilamellar vesicles (MLVs) obtained by the self-
assembly of phospholipids. These latter are amphiphilic molecules organised in a way that
those in the most external layer are side by side and expose the polar head (hydrophilic portion
of the molecule) towards the aqueous environment surrounding them, while the non-polar tail
(hydrophobic portion of the molecule) faces inside, where it intertwines with that of the second
lipid layer, which has a specular organisation with respect to the previous one. In the inner
phospholipid layer, the polar heads face the aqueous environment contained in the liposome
cavity. Multilamellar liposomes reach diameters between 500 and 10000 nm as they are
characterised by the presence of several concentric lipid layers (usually more than five),
separated from each other by aqueous phases (onion skin structure). Due to this structure,
multilamellar vesicles can remain immersed in an aqueous phase while simultaneously
containing an aqueous content in which hydrophilic active ingredients or other molecules can
be incorporated; they can accommodate hydrophobic compounds in the lipophilic phase.
Lipid vesicles are typically classified according to their multilamellarity and size. Unilamellar
liposomes consist of a single phospholipid bilayer enclosing a hydrophilic core. Depending on
their size, unilamellar liposomes can be further classified into small unilamellar vesicles
(SUVs) whose diameter can range from 20 nm to 100 nm, large unilamellar vesicles (LUVS)
whose diameter can range from 100 nm up to 1 um, and giant unilamellar vesicles (GUVs)
whose diameter is larger than 1um (79).

Mushenheim and co-workers carried out a study of the interaction and mechanical deformation
of micrometric sized synthetic GUVs (as a model for soft colloids) when confined in a
chromonic phase (78). It was proved that elastic stresses resulting from deformation of the
chromonic DSCG would strain the GUVs, resulting in anisometric shapes of the GUVs,
expansion of the surface area of the GUV membranes and temporary or permanent breaking of
the GUV bilayers. When the chromonic is in its isotropic phase, GUVs have a spherical shape,
whereas in the nematic phase they take on a non-spherical shape (an elongated fuse).

Our research aim is to understand if the shape of the soft colloids could be further tuned using

chiral DSCG doped with different aminoacids at different concentrations. The study could pave
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the way to the design of new reconfigurable soft materials with potential application in sensing
and biology.

As first step we have dispersed soft lipid vesicles in aqueous chromonic LC. Specifically, a
thin film of dry bilayer-forming lipids of DOPC and sub-micellar content of the polymer-lipid
PEG:2000-DPPE has been hydrated with a 15wt% DSCG solution in its isotropic phase at
48°C. Optical observations were then carried out at different temperatures through the I > N
phase of the LC. The presence of the polymer-lipid in the DOPC vesicles, by increasing the
intralamellar repulsions, favours the formation of large almost unilamellar vesicles.

Figure 4.24 shows vesicles, with an average diameter of 9 um, that are put in evidence by red

circles.

Figure 4.24: Vesicles in a DSCG sample.

An experiment, using polarized light microscopy, was carried out to evaluate the variation of
the vesicle shape as a function of temperature. Initially, at a temperature of 35°C (Figure 4.25a),
the sample is in the isotropic phase but the presence of bright needles is observed, which are
probably small spots where the sample is nematic. The temperature was then gradually
lowered, in fact, at 30°C nematic needles become larger (Figure 4.25b), and at 25°C the sample
becomes completely nematic (Figure 4.25c¢). In order to detect the presence of the vesicles, it
was necessary to observe them without the use of the analyser; they are small in size, with a

diameter of about 4 um (Figures 4.25d).

35°C 30°C 25°C 25°C

Figure 4.25: variation of the vesicle shape as a function of temperature.
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At present, we are working to optimize the soft colloid preparation and composition in order
to obtain vesicles of tens of microns by using different lipids and chromonic LC. As future

work, the influence of chiral aminoacids on the vesicles’ shape will be investigated.
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Conclusions

In this thesis work, different types of chromonic liquid crystals confined in microspheres have
been studied. Amino acids have been used as dopants to induce chirality in the nematic
chromonic phases. Chirality is reflected in the optical textures of microspheres when they are
observed using polarized light optical microscopy. The effects of ions due to the presence of
salts and small charged molecules on the stability of mesophases and textures have been

investigated as well.

Apart optical properties, new insight on the molecular arrangement of chiral dopants with
respect to supramolecular aggregates has been achieved using X-Rays diffraction and atomic

force microscopy.

The key starting point of this research has been a systematic study carried out on several
materials in which to disperse the water based chromonics. This study has allowed to identify
few polymers to prepare emulsions encapsulating the chromonics mesophases in microspheres

and providing the appropriate anchoring conditions at the interface.
The first investigated chromonics have been DSCG and SSY.

The experiments carried out on DSCG have shown that the typical textures observed in
thermotropic liquid crystals can be obtained. In particular, the Frank-Pryce texture, showing a
periodic structure made of concentric rings, was observed. This has been an important
achievement since this structure has previously been reported only for native chiral lyotropic
liquid crystals as cellulose nanocrystals. Also, this is a texture characteristic of a pure material
while in our case it has been observed in a water-based solution that contains at maximum a

concentration of 13wt% in weight of the chromonic.

The role of ions was also investigated and the experimental results point to their stabilizing
effect on the chiral phase. This could probably be attributed to a change in the non-covalent
interaction between the chromonic molecules, which influences the packing of supramolecular
aggregates. In fact, it was known that the presence of ions in nematic chromonics causes an
elongation of the columnar aggregates by electrostatic effect. This fact is reflected in the

improved quality of the optical textures even in the curved confinement.

To highlight the role of chiral dopants in the torsion of supramolecular aggregates, X-Rays

diffraction experiments were carried out and it was found that the chiral molecules tend to stick
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to the outside of the DSCG cylindrical aggregates, favouring their twist. This result was

confirmed for two aminoacids: L-Alanine and Trans-Hyp.

The experimental investigations on the other model chromonic, SSY, have allowed to extend
our knowledge on the effect of chiral dopants. SSY has demonstrated to be a material whose
supramolecular aggregates are difficult to torque and the effect of the chiral dopants are
dependent on the type of amino acid used. From optical investigations we have observed for
the first time in chiral doped chromonics a variety of optical textures that so far have been
observed only in chiral thermotropic materials with homeotropic anchoring conditions at the
interface. X-rays diffraction has highlighted the different interaction of two amino acids, L-
Lysine and Trans-Hyp, with the supramolecular aggregates. In particular, L-Lysine intercalates
in the stacking of SSY, while Trans-Hyp is bound to the outer cylindrical structure. The second

interaction mechanism being more efficient in inducing chirality in the system.

Also, for chiral SSY were investigated the effects of the presence of salts, both monovalent and
divalent. As opposite to the DSCG case, the ions presence causes a misalignment of the
cylinders that, we can infer, is due to the formation of bonding bridges among supramolecular

aggregates that increases their disorder.

During the investigations we have noticed that textures are unstable and degrade irreversibly
over time probably due to water evaporation from the emulsion. Degradation can be slowed
down keeping the samples at 5°C and can be avoided if samples are stored at -18°C. This has
suggested the possibility to use these materials as temperature sensors to monitor, for example,
the cold food chain. With this purpose in mind, for the first time we have demonstrated the
possibility to create a flexible polymeric film in which microspheres can be encapsulated
without losing their ordered texture, i.e. the Frank-Pryce texture. This paves the way to the
fabrication of new biocompatible time temperature indicators.

Furthermore, in the frame of this research work, other topics are still under investigation.

In particular, at present we have successfully identified a protocol to produce nematic and chiral
SSY microspheres of controlled size and topology. This is a relevant result considering that in
literature only a couple of papers on microfluidic production of chromonic nematic SSY
microspheres is present and no works are available for chiral SSY microspheres. The possible
implications of this achievement are important since it allows the possibility to add dopants to

both the immiscible matrix and the chromonic mixture in a controlled way to easily study their
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effect on topology. Furthermore, it provides a massive production of microspheres,

monodisperse in size, useful to obtain a much-improved statistics.

Also, a study on a newly synthesised chromonic, an Ag(l) complex, was carried out. We have
successfully amplified chirality also in this material that shows the same optical features of
SSY. This suggests that the self-assembly and twisting mechanism for the Ag(l) complex is
similar to that of SSY. For both materials, the induction of chirality is less efficient than when
DSCG is doped with the same amino acid. One of the main difference between DSCG and SSY
is in their molecular flexibility that could be the key parameter for the design of new materials

in which chirality can be easily amplified. This point needs to be further investigated.
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