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Abstract

Up-to-date technological applications of liquid crystal (LC)-based devices have
relied on the nematic LC materials in the form of drops or emulsions stabilized by
surfactants. Adsorption of nanoparticles at liquid interfaces results in emulsions with
exceptional stability. Adsorption of nanoparticles at nematic liquid crystal interfaces
provides an alternative promising approach to stabilize nematic emulsions or drops.
Improved understanding of the dynamics of the adsorption process of nanoparticles at the
nematic LC-water interface is important not only due to its technological significance,
but also of interest for the fundamental understanding of non-uniform, ordered fluids. In
this work, the dynamic adsorption process of ethyl-cellulose (EC) (with an average radius
of 44nm) nanoparticles at the nematic liquid crystal 4-cyano-4'-pentylbiphenyl (5CB)
interface is studied by measuring dynamic interfacial tension with the use of a pendant
drop tensiometer. Analysis of the dynamic interfacial tension in terms of a model

developed by Bizmark et al. (2014) provides information on the adsorption energy |af| of

EC nanoparticles that is compared to the adsorption energy values obtained from two
other approaches. We conclude that Bizmark’s model for the irreversible adsorption is
valid for EC nanoparticle at the isotropic fluid interfaces and also can be applied to study
the adsorption of nanoparticles at a nematic liquid crystal interface. Additionally, a model
is derived to approximately probe the transient surface (interface) coverage of
nanoparticles adsorbed at LC-water interface. Polarized microscopy analysis of 5CB
confined between two EC-treated glass substrates confirms that adsorption of EC

nanoparticles has no effect on the alignment of 5CB molecules at the interface.
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Chapter 1

Introduction

1.1 Research Motivation

A growing body of technological applications exploiting liquid crystals (LCs) in the
form of droplets or emulsions is currently under development. LC-based sensors [!],
bacterial biosensors [2], photonic switches [?], microresonators [4,5] and transparent
nematic phases [0] are made of composite materials that contain a liquid crystalline phase
highly dispersed in an isotropic phase. These applications are enabled by the unique
optical properties of LC-in-water emulsions. Unlike conventional isotropic liquids, the
orientational order of molecules in LC emulsion droplets usually conforms to three types
of orientational textures: bipolar, equatorial, radial and axial [7]. Different orientational
textures give rise to different optical responses under crossed polarizers. The type of
orienatational ordering of LC molecules is determined by the anchoring strength of LC
molecules. A change in the boundary conditions due to the adsorption of surface-active
species may trigger an optical response of LCs, which can be directly observed by optical
microscopy. This unique optical property of LC droplets has been extensively applied in

biological and chemical sensing applications [ ,2,%,9].



For technological applications, LC-in-water emulsions are stabilized against droplet
coalescence by the addition of surfactants [6,10], nonpolar liquids [!1,!2], or water-
immiscible polymers [12,13]. A number of investigations have focused on the adsorption
of surfactants at the LC-water interface [|4-12]. Brake et al. [14] have confined nematic
LC 4-cyano-4'-pentylbiphenyl (5CB) in a copper grid. This approach permits
straightforward observation of the orientational change of SCB molecules at the interface
using a polarized optical microscope (POM), which is induced by the reversible
adsorption of an amphiphile (sodium dodecyl sulfate) at the LC-water interface. In
another work, these authors studied the effect of surfactant molecular structure on the
orientation of LC molecules at the interface [!7]. Bolaform surfactants, for instance,
adopt a looped configuration at the SCB-water interface resulting in a planar orientation
of LCs at the interface. However, long-chain surfactants with a tilted configuration
preferentially align the LC molecules perpendicular to the interface (homeotropic
alignment). They concluded that the orientation of LC molecules is largely determined by
the structure of the hydrophobic moiety of the adsorbed surfactants, whereas the
hydrophilic head does not influence orientational order. Considering a reverse approach,
a recent computational work [!%] considered SCB as a substrate to study the interfacial
arrangement of surfactants at the LC-water interface. Ordered phases at the interface are
expected to form by surfactants, which might provide a template for hierarchical self-

assembly of more complex-structured materials.

Like surfactants, colloidal nanoparticles can also be used for adsorption at liquid-
liquid interfaces for stabilizing emulsions. The adsorption strength of nanoparticles can
be much stronger than that of surfactants, resulting in water-in-oil or oil-in-water
emulsions of exceptional stability [19,20]. Nanoparticle-stabilized emulsions have been
widely applied in a various fields including but not limited to food science, biomedicine,
sensing, and catalysis [20-26]. Their application to emulsions involving LCs, however, is
only now beginning to be explored [22,23]. A recent computational work by Rahimi et
al. [27] predict that nanoparticles adsorb at the interface of nematic LCs with a hexagonal

ordering. Experimental work provides further insight into the origin of such an



arrangement [25]. For colloidal particles already attached to the interface, the formation
of hexagonal arrays in the vicinity of surface defects in the bipolar configuration is
explained in terms of three key interactions: (i) splay attraction, (ii) inter-colloid
quadrupole-quadrupole elastic interaction, and (iii) interparticle electrostatic repulsion
between colloids attached to the interface [23]. The extent to which these interactions
may influence the dynamics of self-assembly of nanoparticles at the LC-water interface is

presently unknown.

The magnitude of the reduction in free energy,|AE|, associated with the transfer of

a spherical particle from the bulk phase to the fluid-fluid interface is given by the
following equation [ | 9]:
2
‘AE‘:}/Onrz(l—‘coseD (1)
where ris the radius of the particle, ¥, is the interfacial tension of the pristine fluid-fluid

interface and 6 is the contact angle of a particle at the fluid interface measured through
the aqueous phase. An alternative approach to Eqn. (1) for estimating the adsorption

energy is suggested on the basis of simple thermodynamic arguments [25]:
Yo Ve 2
|AE|= o )

In Eqn. (2), 7y and O_ are the interfacial tension and fractional coverage of the interface
at steady state, respectively. In the absence of other information, a value of ® =0.91,
which corresponds to the hexagonal close packing of particles at the interface, has been

assumed in order to estimate ‘AE‘[ ]. Recently, Bizmark et al. [26] have developed a

mechanistic model to interpret two asymptotic stages (early: t — 0 and late:t — o) of the

adsorption process:

t —oo: y:yO—ZNA|AE|CO\/% (3)
. K |AE| \/Z
t— o0 'J/ _ym (ﬂ-rz )2 NACO Dt (4)



where N, is Avogadro’s number, C,is the molar bulk concentration, and D is the
nanoparticle diffusion coefficient, which can be estimated from the Stokes-Einstein

equation (D=k,T / 6mur) [27], given the solvent viscosity (1) and the temperature (T).
In Eqn. (4), K, is a parameter defined in terms of the maximum coverage of the interface

(©__ ) and the adsorption rate constant (k) as follows:

k=0, (0, /468k)" 5)

Employing the asymptotic model at early stages of adsorption reported by
Bizmark et al. [26] (Eqn. (3)), one can compute the adsorption energy exclusively from
dynamic interfacial tension data, without reference to contact angle (viz. Eq. (1)) or

steady-state surface coverage (viz. Eq. (2)).

1.2 Objectives of This Work

The objectives of this research are to:

(1) measure the dynamic interfacial tension of nematic liquid crystal SCB with
adsorption of ethyl cellulose nanoparticles by pendant drop tensiometer;

(2) analyze the dynamic interfacial tension data with Bizmark’s model, revealing
information of early time interfacial tensiony,, late time interfacial tensiony_and

9

adsorption energy ‘AE

(3) apply the results obtained from Bizmark’s model to other two models, and

compare the adsorption energy ‘AE ‘ obtained via those different approaches;

(4) use polarized microscope to investigate the effect of EC nanoparticles on the

orientational ordering of 5CB molecules at the water-LC interface.

In this work, pendant drop tensiometry [2Z] is used to probe the dynamic
adsorption of negatively charged ethyl cellulose (EC) nanoparticles at 5CB-water
interface. Dynamic interfacial tension data, complemented by measurements of the SCB-

water contact angle on EC-coated substrates are analyzed to determine the adsorption



energy, steady state interfacial tension, and ultimate surface coverage. It is found that the

orientational order of 5CB at the LC-water interface remains planar despite the fact that
the interface becomes densely covered by EC nanoparticles, with © _ approaching the

hexagonal close-packing limit. These results have significant implications for the

quantitative description of nanoparticle self-assembly at LC interfaces.



Chapter 2

Background

2.1 Overview

Research on liquid crystal phases has been continuously conducted over the past 80
years. Liquid crystals are a state of matter like solid, liquid and gases. Scientifically, the
documentation and understanding of the physical phenomena found in liquid crystal
phases have attracted significant interest. Technologically, liquid crystals have gradually
become a part of our daily lives, since they are widely used for displays, such as
televisions and computers. As a consequence, liquid crystals play a significant role

scientifically and technologically. It is both necessary and informative to have a basic



understanding of how this phase of matter behaves and can be utilized for technological

applications.

The person generally given credit for discovering liquid crystals is an Austrian
botanist, Friedrich Reinitzer. Reinitzer’s primary interest was to examine the
physicochemical properties of various derivatives of cholesterol in plants. In 1888,
Reinitzer found that cholesteryl benzoate (structure as shown in Figure 2.1) possessed
two melting points; 145.5 °C (293.9 °F) at which it melts into a cloudy liquid, and 178.5
°C (353.3 °F) where it re-melts from a cloudy liquid to clear one. The phenomenon is
reversible. And he also observed some unusual optical behavior of this liquid crystal
upon cooling; first a pale blue color appeared as the liquid crystal turned cloudy and then
a bright blue-violet color appeared as the liquid crystal crystallized. Reinitzer sent
samples of this substance to Otto Lehmann to examine. Lehmann conducted his own
experiments and confirmed Reinitzer’s observation on his heating stage microscope with
crossed polarizers. Based on his observations, he saw some connections between this
sample and crystalline matter. He gradually became more convinced that the cloudy fluid
had crystalline properties. This combination of features, namely that it flowed like liquid
but affected the polarized light in a manner typical of solid crystalline, finally led

Lehmann to name these substances “ liquid crystals ™.

@io

Figure 2.1 Structure of cholesteryl benzoate in ref. [1].

From the 1930s to 1940s, research on liquid crystals, mainly focused on their
elastic properties, crystalline structure and the effects of the electric and magnetic fields.
Later, research on liquid crystals stagnated because they were considered not to have any
useful application. However, shortly after 1960, with realizations of the scientific

significance and potential applications of liquid crystal, work on liquid crystal increased



again. Liquid crystals are widely used in liquid crystal displays, liquid crystal
thermometers and temperature-sensing films, high-strength liquid crystal polymers, and
surfactants for the oil recovery industry, etc. A growing body of technological
applications of liquid crystals (LCs) have recently been demonstrated, such as bacterial
biosensors, photonics switches, microresonators and transparent nematic phase, which
has triggered a great interest in research on LC-in-water and water-in-LC emulsions.
Another example of LC are polymer-dispersed liquid crystals (PDLC), which are LC
composites used as electrically-switchable private windows. All those fascinating
applications have generally relied on surface-dominated composite materials that contain
a liquid crystal phase in close contact with an isotropic phase. In order to prepare those
composite materials, it is important to understand the interfaces between the liquid

crystalline phase and the isotropic phase to determine the degree of phase segregation.

2.2 Introduction to Liquid Crystal

Materials in nature can be divided into different phases or states of matter. The
three most common states of matter are solids, liquids and gases. The difference between
crystals and liquids, the two most common condensed matter phases, is that the
molecules in a crystal are ordered in a lattice and oriented in a specific direction by strong
intermolecular forces, whereas in a liquid they are not. In a liquid, the molecules undergo
random motion molecular axes varying as shown in Figure 2.2. Although it seems like
those three categories of states of matter are very well defined, the borders between these
different states are actually not that clear. Interestingly enough, besides these main phases
of matter, there also exist in nature many intermediate states or mesophases, whose order
is more than what is observed in liquids but less than what is observed in crystals. Those
phases are called liquid crystalline, since they share properties associated with both liquid
and crystals. For instance, a liquid crystal material may diffuse like a liquid, but as it

maintains some degree of orientational order.
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Figure 2.2 Schematic illustration of Solid, liquid crystal and liquid molecules orientation in ref.

[60].

The distinguishing characteristic of the liquid crystalline phases, specifically
nematic LC phase, is that the molecular axis in LCs tends to point along a preferred
direction, called the director. The amount of order in a liquid crystal is quite small
compared to a solid crystal. To quantify the amount of orientation order in a liquid crystal

phase, an average orientational order parameter of liquid crystal is defined as follows:

S=<%c0529—%> (6)

where 0 is the angle between the director and the long axis of each molecule as shown in

Figure 2.3. The brackets denote an average over all of the molecules in the sample.

IS

6/

Figure 2.3 Schematic showing the angle 6 between the director and the long axis of each
Molecule.

When S=1 the liquid crystal has complete orientational order, whenS=0, the liquid
crystal has no orientational order and it becomes an isotropic liquid like water or oil. The
characteristic orientational order of the liquid crystal state is between that of the
traditional solid and liquid phases is the origin of the term mesogenic state. In an
isotropic liquid, the average of the cosine terms is zero, and therefore the order parameter

is equal to zero. For a perfect crystal, the order parameter evaluates to one. Typical values



for the order parameter of a liquid crystal range between 0.3 and 0.9 [66].

2.3 Types of Liquid Crystals

There are many types of liquid crystal phases. Generally, liquid crystal phases can
be classified into three categories: nematic, cholesteric and smectic, depending on the
amount of order of the liquid crystal. What they all have in common is that all those

liquid crystals are anisotropic.

2.3.1 Nematic Liquid Crystal.

The simplest type of liquid crystal is nematic liquid crystal. In the nematic phase,
the rod-like liquid crystal molecules have no positional order but tend to align themselves
in the same direction (along the director) as shown in Figure 2.4. The nematic liquid
crystal is free to flow, but still maintains long-range orientational order. Under a
polarized microscope, nematic liquid crystals often shows many dark lines, and those
lines are called defects or disclinations. The preferred alignment of liquid crystal along
these defects is undefined. Nematic liquid crystals have been widely applied in a variety
of technological applications. In fact, most liquid crystal devices make use of nematic

liquid crystals.

Figure 2.4 Schematic showing molecule alignment in the nematic liquid crystal in ref. [59].
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2.3.2 Cholesteric Liquid Crystal

A cholesteric LC phase has a layer structure as shown in Figure 2.5. In each layer,
the cholesteric liquid crystal is very similar to the nematic liquid crystal. The molecules
in a cholesteric liquid crystal phase can only be chiral. In cholesteric phase, chiral
molecules cause a twist in the nematic structure. At the same time, molecules in each
layer are tilted by a finite angle. The unique property of cholesteric liquid crystals is that
they reflect circularly polarized light when it is incident along the helical axis

and elliptically polarized if the incident light comes in oblique way.

Figure 2.5. Schematic of cholesteric liquid crystal in ref. [59].

2.3.3 Smectic Liquid Crystal

Another common LC phases are the smectic phases. In addition to the orientational
order of nematic liquid crystals, smectic LCs have positional order where they tend to
arrange in layers as shown in Figure 2.6. Smectic LCs include smectic A phases and
smectic C phases. If the molecules are oriented perpendicular to the layer, it is a smectic
A phase. In the smectic C phase, liquid crystal molecules are tilted inside the layers. In

these two smectic phases, there is no positional order within the layers.

11



Figure 2.6 Schematic of alignment in the smectic phases. The smectic A phase (left) has
molecules organized into layers. In the smectic C phase (right), the molecules are tilted inside the
layers in ref. [59].

2.4 Anisotropy of Liquid Crystals

The characteristic property of liquid crystals that distinguishes them from other
phases is their anisotropy, which means the physical properties of liquid crystal are not
equivalent in different directions. For example, viscosity, refractive index, dielectric
permittivity, magnetic susceptibility, and conductivity all have different values parallel to

the director and perpendicular to it. A uniaxial liquid crystal possesses two principal
refractive indices: one is called the ordinary refractive indexn_, and the other is called the
extraordinary refractive index n_as shown in Figure 2.7. The ordinary refractive index, n_

, 1s measured when the electric vector of the light waves vibrates perpendicular to the

optical axis. The extraordinary refractive index, n_, is measured when the electric vector

of light waves vibrates along the optical axis.

12
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Figure 2.7 Temperature dependence of refractive index: T —nematic-isotropic transition

temperature; n_ -refractive index of isotropic liquid in ref. [67].

Most nematic liquid crystal phases are optically positive, meaning that the index of

refraction parallel to the optical axis, n, is larger than the index that is perpendicular to

the optic axis, n (that is,An=n”—n . >0). For an optically negative liquid crystal, the

reverse is true. Figure 2.8 illustrates uniaxial optically positive and negative liquid

crystals [29].

optic axis

o, A

m

optically positive optically negative

Figure 2.8 Illustration of a uniaxial, optically positive (left) and optically negative (right) liquid
crystal molecule in ref. [29].

The optical anisotropy of LC phases causes the unpolarized light incident upon a
LC to split into ordinary and extraordinary waves, propagating at a different velocity in

the liquid crystal materials as shown in Figure 2.9. The ordinary ray follows Snell’s law

13



of refraction, while the extraordinary ray does not [29,30]. Therefore, liquid crystals are
birefringent (double refraction). The light emitting from LC phases will have a phase
difference, which is given by [29]:
2
0=—I(n—-n|d 7
~(n.=n,) (M
where Ais the vacuum wavelength and dis the distance traveled in the medium or

material thickness. The indices of refraction n_and n_ are related to the principal indices

of refraction n and n according to the following equation [29]:

n=n, )
and
nn
n€: 2 2 — 2 .2 (9)
\/n” cos“¢+n sin“¢

where ¢ is the angle between the optical axis and the direction of the light propagation.

e: vibration direction of
ordinary ray
(perpendicular to

principal section)
- : vibration direction of
¢ extra ordinary ray
(within principal sec-
tion)
The principal section
is surface of space.

Figure 2.9 Vibration direction of ordinary rays and extraordinary rays of anisoptically uniaxial
liquid crystal in ref. [30].

2.5 Nematic Liquid Crystal Textures

For research on the textures of LC phases, they are conventionally enclosed into a
transparent planar cell, and then the optical cell is observed under polarized microscope
with crossed polarizers. When the molecular director aligns parallel to the substrate

surface, a “Schlieren” texture organized around point disclinations is observed under

14



polarized microscope with crossed polarizers as shown in Figure 2.10 (a). In a
homeotropically aligned liquid crystal texture, where the liquid crystal molecular director
is perpendicular to the substrate surface, no birefringence (totally dark) is observed, as

shown in Figure 2.10 (b).

Figure 2.10 Photomicrographs of the Nematic phase (E31 at room temperature). (a) Schlieren
texture in a 20-micron planar cell. Plus and minus 1 point disclinations and plus and minus half
disclinations are apparent. (b) Homeotropically aligned texture in a 100-micron cell of substrates
coated with OTE monolayer in ref. [61].

Schlieren textures are characterized by sets of curved dark brushes, as shown in
Figure 2.10 (a). These dark brushes correspond to the extinction position of nematic
director fields, when they are parallel to the direction of either the polarizer or the
analyzer. All the dark brushes come together at singular points that are topological

defects.

2.6 Introduction to Nematic Liquid Crystal Droplet Configurations

Molecules in LC droplets usually adopt four types of orientational ordering: bipolar,
axial, radial and equatorial configurations [6%,69] as shown in Figure 2.11. The anchoring
model in radial and axial configuration is perpendicular, which means the LC molecules
prefer to orient themselves normal to the boundary surface or interface, while the

anchoring model in bipolar and equatorial configuration is parallel to the surface or

15



interface. The type of oritentational ordering of LCs is largely determined by boundary
condition and anchoring strength of LC molecules. For example, if the LC molecules
adopt a strong hometropic anchoring, that is, the director of the LC molecules is fixed
vertically to the droplet interface, the droplet configuration compatible with the boundary
condition is the radial with a single point defect can be observed at the center of the
droplet under crossed polarizers. The axial configuration of the LC droplets also occurs
when the LC molecules are oriented perpendicular to the droplet interface, but only when
the surface anchoring strength is weak, and no defects can be observed under crossed
polarizers [69]. For LC molecules in bipolar configuration, an optical texture with two
points defects in opposite directions can be viewed under crossed polarizers. This
characteristic optical property of LC emulsions has been widely used in biological and

chemical sensing applications [ 1-6].

)

Bipolar Axial

&

Radial Equatorial

(0

=

Figure 2.11. Four typical director configurations of nematic’ droplets in ref. [62].

2.7 Ethyl Cellulose

Liquid crystals have been generally employed in technological applications in the
form of emulsions or droplets, which usually require the addition of surfactants to inhibit

drop coalescence. Similar to surfactants, solid colloidal particles can also adsorb at gas-

16



liquid and liquid-liquid interfaces, and used to stabilize so-called “Pickering” emulsions.
In this work, the solid particle used to adsorb at the water-LC interface is ethyl cellulose,
which is derived from cellulose. Its basic structure is shown in Figure 2.12. EC

nanoparticles are hydrophobic and charge-stabilized at a neutral pH [20].

CoHs
o~ C,Hs
HsC |
Q ''5%2 o)
HO @)
? O
CoHs OH

Figure 2.12. The basic structure of ethyl cellulose in ref. [62].

2.8 Adsorption Energy Models

The dynamic interfacial tension data for nanoparticle colloidal solution have been

studied in term of the classical model of Ward and Tordai [37]:

t—0: y=y —2RTC |2~ (10)
T

+RT1“i n (an
t— oo = —
RO C N Y7

0

Here, Ris the gas constant, T is the temperature, C, is the molar bulk concentration of

colloidal particles, I'_ is the molar surface concentration at steady state, and D is the

nanoparticles diffusion coefficient. However this model is not capable of interpreting

dynamic interfacial tension data when the adsorption energy of particles exceeds the

mean energy of thermal fluctuations (’AE’ >k, T ), which indicates that the adsorption

process is irreversible. Bizmark et al. validated an alternative model to study the

irreversible adsorption as following [26]:
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Equation (3) is applied to analysis the early stages (t —>0) of the adsorption of EC

t—>0: y=y,-2N,|AE|C, 3)

nanoparticles by plotting dynamic interfacial tension Y against\/; . Equation (4) is used
to study the late stages (t—oo) of the adsorption of EC nanoparticles by plotting
dynamic interfacial tension ¥ against 1/ \/; .

Another two approaches from previous studies can be used to estimate the
adsorption energy of solid particles adsorbed at gas-liquid and liquid-liquid interfaces as

following:

2
\AE\:yOnr2(1—\cos0]) (1)

|AE|= ”Oéihnrz )

oo

Equation (1) relates the reduction of surface energy (‘AE ‘) associated with the radius r

of adsorbed spherical particles and contact angle 6 [19]. Equation (2) relates the

reduction of surface energy (‘AE ‘ ) associated with fractional surface coverage © [25].
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Chapter 3

Literature Review

3.1 Current Applications of Liquid Crystal Emulsions and Droplets

Liquid crystals emulsion-based materials are emerging as promising candidates for
a group of sensing and interfacial applications because of their large surface area
compared to planar interfaces and unique optical properties [7.33]. Technological
applications of liquid crystals have generally relied on control of their molecular
orientation at a surface or an interface. A growing body of technological applications of
liquid crystals (LCs) droplets or emulsions has recently been demonstrated, such as
bacterial biosensors [?], photonic switches [3], microresonators [4,5] and transparent
nematic phases [0]. These fascinating applications have triggered a great interest in
studying water-in-L.Cs, LCs-in-water emulsions. Sivakumar et al. [¢] presented a novel

and versatile method based on monodisperse liquid crystal emulsion droplets, which can
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be employed to detect and distinguish biological bacteria and viruses, as demonstrated in

Figure 3.1:

Radial/hedgehog
configuration

(b)

Boojum/planar
configuration

Figure 3.1 Schematic illustration of the interaction of bacteria or viruses with naked LC
emulsions. The cartoons depict the a) radial and b) bipolar configurations of LC droplets in ref.

[5].

Three different bacteria — Escherichia coli [2] (E. coli, gram -ve, with outer
membrane), bacillus subtilis (B. subtilis, Gram +ve, without outer membrane), and
micrococcus luteus (M. luteus, Gram +ve) — and two different viruses — M13 helper
phage (non-enveloped) and A/ NWS/Tokyo/67 (enveloped) were chosen to be in contact
with monodisperse nematic LC droplets (4-cyano-4’-pentylbiphenyl, 5SCB). These
bacteria and viruses possess distinct structural differences. E. coli and B. subtilis are rod-
shaped, M. luteus is a spherial, M13 helper phage exhibits an icosahedron structure,
while A/NWS/Tokyo/67 is bullet-shaped. They found that configuration transitions of the
5CB LC droplets from bipolar to radial occurred in contact with gram -ve bacteria (E.
coli) and lipid-enveloped viruses (A/NWS/Tokyo/67), due to the transfer of lipid from
their surfaces to that of the LC droplets. This method should be very useful for screening

a very large number of biological samples based on their structural features.

Fernandez-Nieves et al. [ 3] reported a method for the formation of photonic devices
possessing electro-optic properties which enable them to change from an opaque, and

Bragg diffracting state to a transparent one continuously at a moderate electric (E) fields.
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This electro-optic property is based on dispersing uniform micrometer sized droplets of
nematic LC 5CB in an aqueous polymer solution, stabilized with 1wt% polyvinyl alcohol
(PVA), which permits a strong planar anchoring of the LC at the surface. The uniform
LC droplets are randomly disordered in the beginning as shown in Figure 3.2(b), but
eventually self-assemble into an ordered colloidal structure through sedimentation into a
hexagonal layer as shown in Figure 3.2(c). The continuous water phase is evaporated and
liquid crystal drop is encapsulated by a PVA wall as shown in Figure 3.2(d). This
fabrication is different from conventional polymerization induced phase separation
employed in fabrication of polymer-dispersed liquid crystals (PDLCs). When no electric
field is applied, the polar axis of every drop is randomly oriented and the resulting optical
appearance is opaque as shown in Figure 3.2(b); Applying an electrical field normal to
the hexagonally close packed planes, results in a Bragg diffraction pattern as shown in
Figure 3.2(c). When the E field is large enough, the optical appearance becomes
transparent as shown in Figure 3.2(d). The use of highly monodisperse LC emulsions
drops facilitates self-assembly of ordered arrays, makes Bragg diffraction easily

achievable.
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Figure 3.2 Schematics of the switching mechanism: (b) £=0, the polar axis of every drop is
randomly oriented and the structure is opaque; (¢) £ =0.32 V/ um, the polar axis of every drop
is aligned with £ and the system Bragg diffracts; (d) £ >2.0V/um, index matching between
the drops and the matrix renders the structure transparent. In (b) and (c) a cross section of the
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bipolar drop illustrates the microscopic states in ref. [3].

Liquid-crystal microresonators consist of spherical nematic LC E12 (a commercial
mixture of cyanobiphenyl (NLCs) microdroplets suspended in a transparent rubber
polymer polydimethyl-siloxane (PDMS) matrix [5], as shown in Figure 3.3. To work as
an optical microresonator, the liquid-crystal molecules are forced to orient themselves
perpendicular to the LC-PDMS interface without an electric field. The liquid crystal
orientation is radial with a point defect at the center. The anchoring direction of LC is
indicated by solid dark line. When light travels along the meridian of the sphere, the
liquid crystal orientation aligns with the optical vector (white arrows). Under this
condition, it is easier to meet the condition of the total internal reflection. When a strong
electrical field is applied, the liquid crystal orientation does not match that of the optical
electric vector, and so total internal reflection is hard to achieve, resulting in a shift

towards shorter wavelengths.

Figure 3.3 Cross-sectional view of the whisphering-gallery-mode (WGM) microrensonator
formed from a nematic liquid crystal droplet. (a) The initial state without an electric field and (b)
shift in wavelengths resulting from an applied electric field in ref. [5].

All these fascinating applications of LCs-based devices have generally relied on a
surface-dominated composite material, in which an anisotropic liquid crystalline phase is
in intimate contact with an isotropic phase. These applications are enabled by the unique

optical properties of LC-in-water emulsions. The ordering of LCs is remarkably sensitive
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to interfacial events on the scale of molecular level that occur at the LC interface. Any
distinct interfacial event may trigger a change in orientation of LC molecules at the
surface or interface. This change in orientation is able to propagate to the LC molecules
in the bulk (up to 100um) [33,34] owing to its anisotropic nature. As a result, any
ordering transformation of molecules at the interface will result in changes in the optical
appearance of LCs, which can be directly examined by optical microscopy as we
mentioned before. Technological application of LC molecules droplets has relied on two
types of orientational ordering: bipolar or radial configuration [7] (as shown in Figure
3.4) [2]. In a bipolar configuration, where LC molecules align themselves parallel to the
LC interface, an optical texture with two points defects with opposite directions can be
viewed under crossed polarizers. As a contrast, LC molecules in a radial configuration
orient perpendicularly at the LC interface with strong anchoring strength. When under
crossed polarizers, a single point defect can be observed at the center of the droplet. This
characteristic optical property of LC emulsions has been widely applied to applied in

biological and chemical sensing applications.

H Bipolar

Fig. 3.4 (H) Schematic illustration of bipolar configuration of LC droplet. (F) Bright-field and
(G) Polarized light microscopic image of LC droplet with a bipolar configuration. (K) Schematic
illustration of radial configuration of LC droplet. (I) Bright-field and (J) Polarized light
microscopic image of LC droplet with a radial configuration in ref. [2].
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3.2 Adsorption of Surfactants at the Nematic Liquid Crystal Interface

For technological applications, LC-in-water emulsions must be stabilized against
droplet coalescence by the addition of surfactants, nonpolar liquids, or water-immiscible
polymers. A number of investigations have focused on the adsorption of surfactants at the
aqueous-LC interface [!4-17] Past studies have reported on the influence of surfactants
on the orientation of LC molecules at the LC-water interface by using emulsions of LCs.
However, the complex geometry of emulsions makes interpretation of the orientation of
LC less obvious than when using a planar interface [!4]. When a droplet of a nematic
liquid crystal is present on the surface of water, it will spread spontaneously into a thin
film with an obvious optical texture (Schlieren texture, four dark brush structure)
corresponding to planar anchoring at the LC-water interface as shown in Figure 3.5(A).
However, the introduction of surfactant sodium dodecyl sulfate (SDS) in the water phase

) AN

l

L 1

Aqueous Phase

Figure 3.5 Optical images of SCB deposited onto the surface of (A) water and (B) water
containing 10mM SDS in ref. [ 14].
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resulted in the SCB thin film coalescing into droplets as shown in Figure 3.5(B), which
makes interpretation of the molecular anchoring complicated. Brake and Abbott [14]
presented an experimental system to study the adsorption of surfactants at the LC
interface by confining the LCs into a copper grid as shown in Figure 3.6. A liquid crystal
that has been studied is 4-pentyl-4-cyanobiphenyl (5CB). The nematic-isotropic
temperature for SCB is 35.2°C. The experiment was conducted at a temperature where
5CB remains a nematic phase. The 5CB was placed onto a microscopy copper grid,
supported on a glass microscope slide treated with octadecyltrichorlosilane (OTS) as
shown in Figure 3.6. OTS can induce a homeotropic anchoring of LC molecules, which
are in close contact with OTS. Immersion of this optical cell into the aqueous phase of
interest leads to the formation of stable interfaces between the aqueous phase and liquid
crystal. In the absence of a surfactant, the orientation of 5CB molecules at the water-LLC
interface is parallel to the interface (planar anchoring). This orientation appears bright
with a four-dark brush structure when viewed under microscopy with crossed polarizers
as shown in Figure 3.6(B). Brake and Abbott [14] added surfactant SDS to the water,
which results in the optical appearance change of SCB from bright to dark under crossed
polarizers as shown in Figure 3.6(C) [15]. The dark optical appearance of the LC texture
is consistent with that of homeotropic anchoring. And they also found out the adsorption

process of surfactants is reversible.

A Top view D
— Aqueovus solution
\ W,
SNV -
Au [T~ \\\\:lll/ 7| Au
Grid \ / Grid
3mm SNavig 7
BARERARE NS
SVt -
IINENE NN
_ OTS-coated glass slide
Copper/gold TEM grid E

Side view

Aqueous phase -

Grid

1
1
S Y
: Grid
Grid Grid |
1
1

OTS-Coated glass slide
|
292 um (copper)
283 pum (gold)

Figure. 3.6 A) Experimental geometry used to form stable interfaces between aqueous phases

and thermotropic liquid crystals to study the self-assembly of amphiphiles. Top and side views
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are shown. B — C) Optical images (crossed polarizers) of SCB confined to a copper grid with a
spacing of 292 um that was supported on an OTS-coated glass slide and immersed under pure
water (B) or an aqueous solution of 2.2 mM SDS (C). D — E) Schematic illustrations of the
director profiles of the liquid crystal corresponding to planar anchoring of the liquid crystal at the
interface with the aqueous phase (D) and homeotropic anchoring (E). Note that the orientation of

the 5CB at the grid surface is normal to the grid-5CB interface in ref. [15].

In subsequent work, they used the same experimental system to study the effect of
surfactant structure on the orientation of LCs at the water-LC interface [!7]. They
compared the influence of a series of surfactants with different structures as shown in
Figure 3.7 to establish a standard for surfactants that give rise to specific orientations of
LCs at the LC-water interface. They concluded that the orientation of LC molecules is
largely determined by the structure of the hydrophobic moiety of the adsorbed
surfactants, whereas the hydrophilic head does not influence orientational order.
Bolaform surfactants adopting a looped configuration at the SCB-water interface give rise
to a planar orientation of LCs; long-chain surfactants with a tilted configuration
preferentially align the LC molecules perpendicular to the interface (homeotropic
alignment). SDS is a conventional anionic surfactant with one hydrophilic headgroup and
one long chain hydrophobic tail. Surfactants with this type of structure usually adopt
tilted configuration at the interface as shown in Figure 3.7(C). In contrast, bolaform
surfactants are amphiphilic molecules that have hydrophilic groups at both ends of a

sufficiently long hydrophobic hydrocarbon chain as shown in Figure 3.7(B).
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Figure 3.7 (A) Chemical structure of S5CB. (B) Chemical structures of surfactants that adopt
looped configurations at air-water/oil-water interfaces. (C) Chemical structures of surfactants that
adopt tilted configurations at air-water/oil-water interfaces in ref. [17].

Recent computational work [1%] shows that liquid crystal SCB can be used to
impart order to interfacial arrangement of surfactants at the LC-water interface. When LC
is confined to small droplets, LC can induce the formation of ordered domains where
surfactants prefer to localize at the interface. This discovery is in contrast to past studies,
which have well demonstrated the effects that surfactants have on the long-range
orientation of liquid crystals. The liquid crystal is confined to nanodroplets, the interfaces
of which are decorated with surfactant molecules. The surfactants induce the local
perpendicular orientation of mesogens within the droplet. In the absence of surfactants,
LC molecules at the interface align themselves parallel to the LC-water interface. LC
molecules undergo a phase transition from a disordered isotropic phase to an ordered
nematic or smectic LC phase. During this process, mesogens within the droplets will
cause a transition of surfactants at the LC-water interface, resulting in the formation of a
new ordered nanophase of surfactants at the LC-water interface as shown in Figure 3.8.

This prediction offers a new approach for hierarchical assembly of structured materials.
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Temperature

Figure 3.8. Director contour lines and defect core as a function of temperature,
corresponding to a surfactant concentration of xgyrf =0.5. The four temperatures shown here
are T* = 2, 5, 10 and 11, respectively. At T*= 2, a smectic phase is observed. All other
temperatures correspond to a nematic phase. As the temperature is lowered, the defect becomes
increasingly localized at the center of the droplet and squeezes the director until the overall
configuration of the LC is radial. Ordering of surface particles becomes increasingly pronounced
as the temperature is reduced and the LC becomes more ordered in ref. [ 1£].

3.3 Adsorption of Nanoparticles at Nematic Liquid Crystal Interface

Like surfactants, colloidal nanoparticles also adsorb at liquid-liquid interfaces,
stabilizing emulsions. It is well known that the interfacial attachment of nanoparticles can
be much stronger than that of surfactants, resulting in water-in-oil or oil-in-water
emulsions of exceptional stability [19,20]. Nanoparticle-stabilized emulsions have been
widely applied in a various fields including but not limited to food science, biomedicine,
sensing, and catalysis [20-26] Their application to emulsions involving LCs, however, is
only now beginning to receive more attention [22,23]. Considerable previous research
has been focused on the various defects of LCs caused by the intrusion of colloid
particles [35-40]. Nematic LCs exhibit orientational order along a unit direction, so-
called director. However, LCs also adopts some morphological defects, where the
director direction of LC molecules is ambiguous. The alignment of nematic LC
molecules and corresponding defects can be easily disturbed by any introducing particles.
The structure of the director filed around a particle is dependent on the interaction
between the particle and LCs, which is usually referred to as anchoring. Particles that

adopt planar anchoring will induce quadrupolar symmetry with two defects on the
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surface, which are usually referred to as “boojums” [35]. In contrast, particles with
homeotropic anchoring will induce either dipolar symmetry with point defects, or induce

quadrupolar symmetry with Saturn-ring defects, as shown in Figure 3.9.

. ()

Figure 3.9 Two possible defects observed when a colloid with homeotropic anchoring on its
surface, is embedded in a nematic liquid crystal. (a) For weak anchoring, a “Saturn ring” (the
black circle) embraces the particle. This disclination pattern is associated with a quadrupolar
symmetry of the director field. (b) For strong anchoring a satellite defect of charge —1, a
hyperbolic hedgehog, accompanies the particle in ref. [35].

Recent computational work by Rahimi et al. [22] predicted that planar
nanoparticles adsorb at the interface of bipolar LC droplets following a hexagonal
arrangement as shown in Figure 3.10. They found out that the bipolar LC droplets with
two boojums defects could be used to drive assembly of planar particles to the poles
where defects exist and create dipolar defects. The intrusion of particles at the poles
eliminates the high splay elastic energy and reduces the free energy. Particles adsorbed at
the poles form into different packing arrangements that can be mapped onto hexagonal
lattices. Among all these different packing arrangements, the one that covers the larger
fraction of the surface area around the pole is the most stable and exhibits the lowest free

energy.
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Figure 3.10. Hexagonal lattices arrangement of multi-particle at the pole of bipolar droplet,
which covers the pole in ref. [22].

Experimental work done by X.Wang et al. [23] demonstrated the formation of
organized assemblies of 1pm-in-diameter polystyrene colloids at the poles of nematic liquid
crystal 5CB droplets (diameter 7-20um) dispersed into water phase. For SCB droplets decorated
with PS particles, they reported 32 distinct arrangements of particles to form at the boojums or
bipolar droplet configurations. All these different configurations (a ring consisting of five
polystyrene particles) could be mapped onto a local hexagonal lattice as shown in Figure 3.11.
This work provides further insight into the origin of such an arrangement. For colloidal
particles already attached to the interface, the formation of hexagonal arrays in the
vicinity of surface defects in the bipolar configuration (i.e., “boojums”) is explained as
the consequence of three key interactions: (i) splay attraction (a long-range attraction
between the adsorbed particles at the interface and the boojums due to the increasing rate
of strain (splay) of LC near the boojums, (ii) an attractive inter-colloid quadrupole-
quadrupole elastic interaction, and (iii) interparticle electrostatic repulsion between
colloids attached to the interface. The extent to which these interactions may influence
the dynamics of self-assembly of nanoparticles at the LC-water interface is presently

unknown.
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A Droplets with 6 colloids
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@

Figure 3.11. Packing arrangements most frequently observed for bipolar SCB droplets with (A)
six or (B) seven PS colloids adsorbed to their poles. (C) Packing arrangements observed for
multiple PS colloids adsorbed at the surfaces of bipolar SCB droplets. Colloids that follow a
hexagonal or pentagonal arrangement are marked by blue or red dashed lines, respectively. In
fluo-micrographs, the contrast is enhanced to highlight the arrangements of colloids in ref. [23].

3.4 Bizmark’s Model for Irreversible Adsorption of Nanoparticles

The adsorption of spherical particles on interfaces (water-air or water-oil), is

thermodynamically favored due to the reduction of surface or interfacial tension. The

magnitude of the reduction in free energy, |AE

, associated with the transfer of a spherical
particle from the bulk phase to the fluid-fluid interface is given by the following equation
[19]:
2
‘AE‘:}/Onrz(l—‘coseD (1)
where ris the radius of the particle, ¥, is the interfacial tension of the pristine fluid-fluid

interface and 6 is the contact angle of a particle at the fluid interface measured through
the aqueous phase. Unlike the case of surfactants, the adsorption energy of particles can
exceed the mean energy of thermal fluctuations by several orders of magnitude, which

indicates that the adsorption process of solid particles is effectively irreversible. An
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alternative approach to Equation (1) for estimating the adsorption energy is suggested on

the basis of simple thermodynamic arguments [25]:
Yo Ve 2
|AE‘—Tw7rr 2)

In Equation (2), y_and ©_ are the interfacial tension and fractional coverage of the
interface at steady state, respectively. The surface coverage has been approximated by the
greatest possible coverage of the interface, a value of®_=0.91, which corresponds to the

hexagonal close packing of particles at the interface. Equation (2) demonstrates that the

reduction of ¥ is directly related to the binding energy of the particles in the absence of

particle-particle interactions. The binding energy, |AE

, can be directly calculated from
the experimental measurements if the surface coverage of particles at the interface is
known previously. The simulation study [4]] also predicts ®_=0.91 for irreversible

adsorption of nanoparticles.

A newly formed interface of a surfactant solution has an initial surface tension, ¥,
which is very close to the surface tension of the solvent,y,. After a period of time,
surface tension y will decrease to the equilibrium value, ¥, =~ because of the self-

assembly of surfactants at the interface. This dynamic surface (interfacial) tension (DST

or y(t)) is an important property for many important industrial and biological processes

and has been used to study the dynamic adsorption of surfactants in terms of the classic
model of Ward and Tordai [42]. To date, the classic model of Ward and Tordai has been
applied to probe quantitatively the dynamics of nanoparticle adsorption. This approach
provides a suitable model to connect dynamic surface (interfacial tension) to transient
coverage of the interface of nanoparticles when adsorption is reversible. The following
asymptotic equations have been applied to interpret data from the early (¢t —0:) and the

late (t — o:) stages of nanoparticle adsorption:

t—0: y=y,~2RTC, % (10)
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in which R is the gas constant, T is the temperature, Cis the molar bulk concentration,

I"_is the molar adsorption density at steady state, and D is the nanoparticle diffusion
coefficient. However, a critical flaw exists with the application of classic equation 3 to

DST data from irreversible adsorption of nanoparticles (when|AE‘ >k,T ). For the
condition that is|AE‘ >k,T, estimations of nanoparticle coefficient D by equation 3

(D_,>D__ ) and equation 4 (D__) have shown thatD_ >D , which grossly

overestimate the diffusion coefficient D. The estimations of diffusion coefficient D from
equation 3 and 4 show great odds with theoretical expectations and physical
understanding. The failure of the classic model of Ward and Tordai to analyze the
irreversible adsorption of nanoparticles has been demonstrated by Bizmark et al. [26] In
order to analyze the dynamics of the adsorption process of nanoparticles, Bizmark et. al
presented another approach to probe the kinetics of irreversible adsorption and self-

assembly of nanoparticles at the air-water interface as shown below:

t—0: y:yo—ZNA|AE‘CO\/% 3)

e [ .
' i (nrz)zNACO Dt

In their approach, they consider a planar interface, because the size of the nanoparticle
they used is much smaller than the droplet size. Then they choose a coordinate system
with the x-axis perpendicular to and directed toward the solution. They developed a

material balance for the adsorbed nanoparticles the interface (x=0) as follows:

do
E - _NASj x—0" (12)
where © is the surface coverage of nanoparticles adsorbed at the interface, j is the molar

flux of nanoparticles, N, is Avogadro’s number, and S is the occupied surface (interface)

area by a single nanoparticle. For early stages (t—0) in adsorption process, the

adsorption flux can be described by Fick’s law:
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x—0" = 0 it

J
In equation (13), C(x,t) is the solution to a simple one-dimensional transient diffusion

problem [43]. Substituting equation (13) into equation (12) and integrating gives:

0-2mr g, 2 (14)
T

Equation (2) can be generalized to connect surface coverage and surface (interfacial)

tension at any time. Apply equation (14) to equation (13), they obtain:
S) 1
Y =7,~—AE] (15)
r

The item © can be eliminated between equation (14) and (15), to yield the novel

equation (4) which can be used to describe the early stages of dynamic adsorption of

AE‘ C \/E 4)

It is obvious that when |AE‘ =k,T equation (4) is exactly same as equation (10). The early

nanoparticles.

y=v,—2N,

time DST data can be alternatively analyzed in terms of equation (4). In this equation, the

diffusion coefficient is directly calculated from Stokes-Einstein equation (D=k,T /6mur ).

Then the adsorption energy,|AE

, can be estimated from the slope of linear regression of

early time DST data against+/t .

For the later stages of adsorption of nanoparticles, as nanoparticles keep adsorbing
onto the interface, the interface gets close to maximum coverage. The already absorbed
nanoparticles will hinder the adsorption of nanoparticles, resulting in smaller adsorption
flux than that predicted by equation (13). Besides the energy ¢ of some specific
physicochemical interactions between the interface and adsorbing particles, such as Van

der Waals, hydrophobic and electrostatic forces, another new energy ¢ _associated with

the interaction between the adsorbing particle and already adsorbed particles. The
equation quantifies the energy between the adsorbing particle and already adsorbed

particles is as follows [44]:
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¢,=—k;InB(©) (16)
E(@) is so-called the generalized blocking function. Then the particle flux during the later
stages of irreversible adsorption is described as follows:

J|xs0 =kN,C,B(©) (17)
in which &, is the adsorption constant, which ¢ is also a function of diffusion coefficient
and specific interaction energy, but is not relative to E(@) . Then the material balance for
absorbed particles at the interface is as follows [44]:

‘jj—?zkaNAcOSE((a) (18)

Equation (18) can be expressed in terms of non-dimensional parameters ( ka Eka(L/D),

T=tD/I?,and L= 1/(NACOS) ) as follows:

d—rzﬁaﬁ(e) (19)

When surface coverage approaches ® ., the generalized blocking function can be

approximated as 5(6)52.32(1—9/ G)max)m, where m equals to 3 for monodisperse spheres.

When this approximation applied to equation (19) and the result is integrated, the
following is obtained:
K

Ve

where K,=0_ (0 /4.64ka)1/2. Applying the definition of the dimensionless time (t) to

@ = ®max - (20)

equation 15, results in:

K
0=0_ ——— L
(wrN,c,) Dt @D

In the end, elimination ® of between equation (15) and (21), gives the result as below:

oyl [T .,
i (nrz)zNACO Dt

The surface tensions of liquid crystal have been measured by a variety of
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techniques, such as the Wilhelmy plate method, maximum bubble pressure and pendant
drop method. The surface (interfacial) tension of nematic LCs is expected to strongly rely
on the alignment of the LC molecules at the interface and LCs possess large viscosity.
As a result, the pendant drop method is considered as the most suitable one for
measurements of interfacial tension of nematic LCs. This method has several advantages
compared to other methods [45,46]:
a) The interfacial tension values obtained are independent of the contact angle;
b) The viscous drag of the liquid crystal has no effects on the measurement,
because it is a static method;
c¢) The area of the LC drop that is in direct touch with another solid surface
(besides the isotropic phase of interest) is very small, so wall effects have less
effect on the experimental results.

d) This method requires a smaller amount of liquid crystal.

The pendant drop method has been used to measure the surface or interfacial
tension of nematic LCs in many studies [|6,45-48]. This method [45] has been used to
measure the surface tension of some nematic liquid crystals (p-azoxyanisole, p-
anisaldazine, and p-methoxy benzylidene-p’-n-butylaniline) in order to study the
temperature dependence of surface tension. They found that the slope in nematic phase is
initially negative but changes sign near the nematic-isotropic transition temperature.
Tarkhan [46] measured the surface tension of SCB liquid crystal in a wide temperature
range at the free and 5CB/glycerine interface. Kim et al. [16] used the pendant drop
method to measure the interfacial tension of a nematic liquid crystal in water with
homeotropic surface alignment to study the temperature dependence near nematic-

isotropic temperature T,, of interfacial tension of 5CB. They used surfactant

cetylyrimethylammonium bromide (CTAB), which is known to induce a transition in
liquid crystal surface alignment from planar to homeotropic, to reduce the interfacial
tension values. They pointed out that there exist some discrepancies of the density of the
liquid crystal 5CB in the previously published results [47,4%]. Tintaru et al. [47]

measured the temperature dependence of surface tension by pendant drop method for four
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compounds from the homologous series of alkylcyanobiphenyls (nCB). They proposed a

linear regression to calculate the density of nCB:
p=A+B(T-T,,| (22)

For 5CB at its nematic phase A=1.0239 and B=-1.243x10"; for isotropic phase,
A=1.0214 and B=-0.866x10".

3.5 Pendant Drop Tensiometry

In this work, the surface or interfacial tension is measured by pendant drop
tensiometry. Figure 3.12(a) is a schematic image of a pendant drop tensiometer.
Generally, a drop with certain volume is formed at the tip of a syringe by a motorized
syringe pump. The cuvette is filled with another liquid phase of interest. Images of the
drop are captured by a high quality CCD camera and then this shape is fitted to a model

equation of its profile as shown in Figure 3.12(b).

(b) Needle tip

optical bench thermostatically
controlled block

Figure 3.12 (a) Schematic image of pendant drop tensiometer in ref. [63]; (b) schematic image
the fitting of Laplace-young equation to a drop profile in ref. [64].

The shape of liquid drops can be described by the well-known Laplace-Young

equation, which is given by:
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AP=—VV-3=Y[R1+RLJ (23)

where Apis the pressure difference across the fluid-fluid interface, ¥ is the surface or

interfacial tension, n is the unit normal pointing out from the surface, R, and R, are the

principal radii of curvature. Laplace-Young equation is just a balance between gravity,
surface tension and hydrostatic pressure. When the drops are axisymmetric, the Laplace-

Young equation can be written as [49]:

(R11+R12J=—%+ £(R) (24)

where Ap is the density difference of two fluids, gis the gravitational acceleration and
R, is radius of curvature at y=0 (shown in Figure 3.13); the term (1/R1+1/R2) is the

mean curvature of the drop; this curvature is a function of the y position can be expressed

using following differential geometry [49]:
1.1 d?y/dx? dy /dx
£_+_]: . P2 ! 2
[1+(dy/dx) } X[1+(dy/dx) }

72 25
R1 Rz / (25)

Solutions to the Laplace-Young equation provide the variation of the curvature as a
function of elevation. The mean curvature of the pendant drop versus the y position, and
the slope of the best straight line through data are obtained. With the knowledge of the
density difference between two fluids and position y, surface interfacial tension can be

calculated.
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Figure 3.13 Pendant drop showing the geometrical variables in ref. [44].

The pendant drop tensiometer measurement becomes inaccurate when the
dimensionless ratio between gravitational and interfacial forces is small, that is, Bond
number is low (<0.1). The bond number is defined as:

Apg(R Y
Bozﬂ (26)
Y

where Apis the density difference, gis the gravitational acceleration, y is the interfacial
tension, and R, is the radius of curvature at the drop apex. The value of Bo should be lie

within the range from approximately ~0.1-0.6 in order for the mentioned procedure to be
valid [16]. A small Bond number indicates that interfacial forces dominate the

gravitational forces.

Wo <<1
Inaccurate y

Wo ~1
Accurate y

Figure 3.14. Illustrations of drop profiles showing the geometrical variables in ref. [28].

The reliability of the interfacial tension measurements depends on how accurately
the Bond number can be determined from each particular experimental system. However,
the Bond number is usually unknown prior to the interfacial tension measurements. The
density difference between liquid crystal SCB and water is also very small. Instead,
another dimensionless number, so-called Worthington number (Wo ) [2%], is considered
as a better guide to characterize the precision of IFT results using a pendant drop

tensiometer in the case of a small Bo number is small. wo number is given by:
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In this equation, Ap is the density difference between two phases, gis the gravity
acceleration, y is the interfacial tension, V, is the volume of the droplet, and D is the

diameter of the syringe tip as shown in Figure 3.14. The Wo number scales from 0 to 1

[2£]. The closer Wo is to 1, the more accurate is the interfacial tension measurement.

3.6 Polarized Optical Microscopy

The polarizing microscope has served as the primary method of determining the
alignment properties of liquid crystals. A typical setup of a polarizing microscope is
shown in Figure 3.15. Generally, it consists of five main parts: light source, two
polarizers, ocular (eyepiece), objectives and a rotation stage. The light source is usually a
halogen light bulb emitting white light. Nematic liquid crystals are uniaxially birefringent,
i.e. it has a higher refractive index, n., in the direction parallel to the nematic director. If a
nematic liquid crystal is placed between two crossed polarizers with the light passing

through the n direction, the nematic LCs will induce a phase shift in the light, resulting

in a bright appearance on a dark background. When the local director field is oriented
parallel to either of the polarizers, no light phase shift occurs, resulting in a totally dark
appearance with crossed polarizers. For LC molecules confined to a nematic droplet, such
as bipolar or radial droplets, different textures of LCs can be observed as shown in Figure
3.4 with two crossed polarizers [29]. The different patterns correspond to different

molecular alignments of LCs at the interface.
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Figure 3.15 Schematic setup of a polarizing microscope used in texture studies and the optical
behaviour of uniformly aligned liquid crystal phases in ref. [29].
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Chapter 4

Experimental Section

4.1 Experimental Materials

Liquid crystal (LC) 4-cyano-4’-pentylbiphenyl (5CB) was directly purchased
(product code: C1550-5g) from Tokyo Chemical Industry (TCI) and used as received.
The structure of 5CB is shown in Figure 4.1. A value of 1.028 g cm™ is taken for the
density of SCB at 22 °C reported by Dunmur and Miller [50], which compares very well
with the value of 1.03 g cm™ provided by the TCI company.

HsC

Figure 4.1. Schematic structure of nematic liquid crystal SCB.

Aqueous colloidal suspensions of ethyl cellulose (EC) nanoparticles with an

average hydrodynamic radius of 44nm were prepared following an anti-solvent
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precipitation method described elsewhere [51]. First, a solution (10.7 g L-1) of EC
(Sigma-Aldrich, product code: 247499-100G) in HPLC-grade isopropyl alcohol (IPA)
(Caledon, product code: 8601-7) was prepared for later use. Then add an equal volume of
ultrapure deionized (DI) water (~17 MQcm) was added, resulting in a turbid solution due
to the anti-solvent effect. Note that the mixture of water and isopropyl alcohol has an
azeotropic point at 0.6813 mole fraction of IPA. Then the solution was boiled while
stirring to concentrate the suspensions, until the composition of IPA present was less than
0.3%. The Figure 4.2 shows the steps of synthesis of EC nanoparticles. The colloidal
suspension of EC nanoparticles used for later dynamic interfacial tension measurement is

diluted to 0.3 gL' and 0.5 g L.

Ethyl cellulose (EC) Batch Distillation

75 mL DI Water
Aqueous solution of
EC nanoparticles

Figure 4.2 Illustration of steps of synthesis of EC nanoparticles suspension. This image is

directly taken from University of Waterloo, Master Thesis, Navid Bizmark with permission.

4.2 Measurement of Dynamic Interfacial Tension

The surface and interfacial tensions of 5CB were determined (at 22 °C) by
analyzing the profile of the axisymmetric drop shape using a pendant drop tensiometer
(VCA 2500 XE, AST Products, Billerica, MA) and software employed in previous
studies [26,52]. A schematic of pendant drop tensiometer is shown in Figure 4.3. A preset
5CB drop (15pL) was generated by a motorized syringe (20 gauge, 0.603 mm diameter)
in a transparent glass cuvette filled with the suspension of EC nanoparticles. A high

speed CCD camera was employed to capture images of the pendant drop at specified
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frame rates. To capture the early stage of the adsorption (the first two minutes after the
formation of the pendant drop), a frame rate of 12 images s was used. For later stages of
adsorption (up to 1 h), a frame rate of 6 images min' was chosen. The dynamic
interfacial tension (IFT) of at least ten droplets was measured at two EC nanoparticle
concentrations (i.e.,0.3 g L and 0.5 g L'"). Prior to any series of IFT measurement, the
surface tension of ultrapure deionized (DI) water was measured. A value of 72.3+0.2
dyne cm™ was consistently obtained at 295 K in agreement with the previous study[26] A
surface tension of 34.5+0.4 dyne cm™ was also measured for 5CB conforming to the
reported values. With the same instrument used for tensiometry, we measured the contact
angle of 5CB drops against air and water on glass slides spin-coated with a solution of 4

wt.% EC in ethanol at a speed of 2000 rpm for 25 s.

S

V'L7777_/

Figure 4.3 Illustration of the pendant drop tensiometer setup: (1) syringe controller, (2) micro
syringe containing the colloidal solution, (3) light source, (4) high-speed CCD camera, and (5)
computer. This image is directly taken from University of Waterloo, Master Thesis, Navid
Bizmark with permission.

The shape of liquid drops can be described by the well-known Laplace-Young

equation:

AP=—W-3=Y[R1+RLJ (28)

where Apis the pressure difference across the fluid-fluid interface, y is the surface or

interfacial tension, n is the unit normal pointing out from the surface, R, and R, are the

principal radii of curvature. The shape of the drop is the result of a balance between those

forces. Those drop profiles are analyzed by Laplace-Young fitting as shown in Figure 4 4.
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Figure 4.4 Fitting Laplace equation on the entire profile of a nematic liquid crystal 5CB droplet.

4.3 Measurement of Contact Angle

Contact angles of nematic liquid crystal SCB in water and air are measured by
pendant drop tensiometry. First of all, glass microscope slides are rinsed with water,
ethanol, and methanol. Then they are dried under a stream of gaseous nitrogen. A 4wt%
EC in ethanol solution is prepared by adding a given amount of EC solution (10g/L) into
ethanol while continuously stirring and heating up to 50°C. Then cleaned glass slides are
spin-coated with the 4wt% EC solution. Spin coating is a procedure applied to deposit
uniform thin film onto the substrate. To do this, the cleaned glass substrate is placed onto
the spinner’s holder. And a small amount of 4wt% EC in ethanol solution is applied onto

the substrate. The set-up of the spinner parameters is as follows:

Spin speed: 2000 RPM
Spin time: 25s
Accel time: 5s

Decel time: 5s
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The spinner is turned on, and then the substrate is rotated at the set-up speed in
order to spread the coating material by centrifugal force. Rotation is continued with the
coating fluid spins off the edges of the glass substrate, and a uniform thin film is

achieved. Figure 4.5 demonstrates the spinning coating process.

applying the < 2 repeating to prepare
nt solution =3 i = diying —-)_)multilayer structure
®

e e e ]

| Substrate

Figure 4.5 Illustration of spinning coating process in ref. [65].

To measure the contact angle, the EC-treated glass substrate immersed into water
(or air). A small amount of nematic liquid crystal S5CB is dropped onto the EC-treated
glass substrate. CCD camera is used to capture images of the SCB drop in water (in air).
The image is analyzed by the software, revealing information on the contact angles of

5CB in water and in air.

4.4 Optical Analysis of Liquid Crystal Textures by Polarized Optical

Microscopy

The orientation of SCB molecules was examined using an Axiovert 200 microscope
with crossed polarizers. To this aim, minor modifications were made to the reported
procedure [14]to prepare the optical cells. Briefly, liquid crystal samples were prepared
between two EC spin-coated glass slides to make a sandwich-like cell. Orthoscopic
examination were performed on the optical cells placed on a rotating stage between
crossed polarizers with the source light intensity set to 50% of full illumination. Rotating

the crossed polarizers, we determined homeotropic or planar alignments of the LC
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molecules by observing no light transmission (black) or complete light transmission
(bright), respectively, through the optical cells. Light transmission corresponds to planar
anchoring of the 5CB molecules, while no light transmission is referred to as

homeotropic alignments of the SCB molecules [ 14,29] as shown in following Figure 4.6:

Figure 4.6 Demonstration of flow induced planar orientation (top left) on a substrate with
homeotropic boundary conditions, prepared by deposition of a Langmuir Blodgett film.
Only after considerable time has elapsed do homeotropic domains nucleate and grow
(bottom right) in ref. [29].
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Chapter 5

Results and Discussion

5.1 Dynamic IFT Measurement.

The goal of our initial experiments was to measure the dynamic interfacial tension
(IFT) of 5CB in aqueous suspensions of EC nanoparticles by pendant drop tensiometry.
Dynamic IFT of 5CB was measured in the presence of EC nanoparticles suspended in an
aqueous phase at two different concentrations (0.3 g L™ and 0.5 g L™). Figure 5.1
compares the equilibrium shapes of a pendant nematic liquid crystal SCB drop suspended
in water from the early time (t—0) and the late time (t—e). Adsorption of EC
nanoparticles at the interface reduces the IFT causing departure from the initially

spherical shape of the drop.
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Figure 5.1 Difference in shape between pendant drop profile of nematic 5CB suspended in 0.5 g
L' EC solution from (a) early time (t —0), regarded as EC-free water phase; (b) late time
(t—00).

Figure 5.2 compares the average dynamic IFT results of these two conditions
showing a significant reduction in interfacial tension in either case. The interfacial
tension of 5CB droplet in 0.5 g L™' of EC nanoparticles solution drops faster. Pendant
drop tensiometry is based on the analysis of the shape of the profile of the pendant drop
of the suspended liquid. The drop shape profile is analyzed by Young-Laplace equation,
which gives the interfacial tension from knowledge of the density difference Ap between
the two liquids at the temperature of measurement. Pendent drop tensiometry requires
precise determination of density difference between the tow liquids. The density of water
is 998 kg m™ at 22 °C. A value of 1028 kg m™ (at 22°C) is directly taken for the density
of 5CB to analyze dynamic IFT data as shown in Figure 5.3. Deschamps et. al [53]
presented the presenting linear correlation expressing the density of SCB as a function of

temperature as follows:
p(T)/kg-m‘3:a0+a1[(T—TN1)/K] (29)
Here,a and a, are parameters, T is the actual temperature, and T, is the temperature of

the nematic-isotropic phase transition (clearing point). For liquid crystal 5CB in nematic

phase, a,=1010.48, a,=-0.9230 and T, =35.2°c . The variation in density of 5CB from two

studies leads to uncertainty of approximately 17% in the estimation of the density

difference between 5CB and water. Because the interfacial tension is directly
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proportional to density difference Ap , a 17% uncertainty of our IFT results.
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Figure 5.2 Dynamic interfacial tension (IFT) measurement of SCB in EC nanoparticles with a
concentration of (1) 0.5g L and (2) 0.3g L
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Figure 5.3 Temperature dependence of density of nematic liquid crystal SCB reported by
Dunmur et al in ref. [50].

Spherical pendant drops can be expected when the gravitational force is small
compared to interfacial tension force, that is, when the Bond number is less than 0.1.
Bond number is defined as a dimensionless ratio between gravitational force and
interfacial tension, given by [16]:

2
Apg(R
BOZM (26)
Y

Here, Apis the density difference, gis gravitational acceleration, y is the interfacial
tension, and R, is the radius of curvature at the drop apex. Pendant drop tensiometer

measurement is inaccurate when the Bond number is low (<0.1). A small Bond number
indicates that interfacial forces dominate the gravitational forces. The reliability of the
interfacial tension measurements depends on how accurately the Bond number can be
determined for each particular experimental system. However, the Bond number is

unknown prior to the [FT measurements. Instead, another dimensionless number, the so-
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called Worthington number (Wo ), is considered as a better guide to predict the precision

of IFT results using a pendant drop tensiometry, and it is given by [2¢]:

ApgV
Wo="P9"a
nyD

n

(27)

In which Ap is the density difference between two phases, gis gravity acceleration, y is
the interfacial tension, V,is the volume of the droplet, and D is the diameter of the

syringe tip. Worthington numbers are calculated for both the early time and late time IFT
data of 5CB drop in 0.3 g L' EC nanoparticles solution, which are 0.06 and 0.28
respectively. These values are obtained with 3% relative standard error (RSD) for the
measurement from the early time and 1.8% RSD for the measurement at the late time,
according to the analysis presented by Berry et al. Their results are summarized in Figure
5.4, which shows the percentage relative standard deviation (%RSD) for each
measurement set as a function of wo . The surface tension of SCB is also measured to be

34.3+0.92 dyne cm™, in good agreement with those reported in previous studies [ 1,54].
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Figure 5.4 The inset shows the % relative standard deviation (%RSD) for each measurement set
as a function of Wo in ref. [28].

Two phenomena contribute to the reduction in interfacial tension of SCB drop: (1)
adsorption of EC nanoparticles at the water-5CB interface; and/or (2) alignment change

of 5CB molecule at the interface. The latter is due to the fact that the IFT of a liquid
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crystal-containing interface may be dependent on the alignment of the liquid crystal
molecules at the interface, which and can be easily altered by the adsorption of any

surface-active agents.

5.2  Analysis of Dynamic Interfacial Tension at Early Times

The early time dynamic IFT data can be analyzed in terms of equation (3). In this
analysis, the early time IFT data is plotted against Vt, as shown in Figure 5.5. The

adsorption energy, |AE

, is estimated from the slope of the linear regression. The estimated

average adsorption energy is (5.7 = 0.4)x10*%kgT and (6 + 1)x10%ksT for 0.3 g L™ and 0.5
g L' EC nanoparticle solution, respectively. These two adsorption energy values
calculated from two different EC nanoparticle bulk concentration are close to each other,
which indicates that the adsorption energy of nanoparticles is independent of the bulk
concentration, as expected. The intercept of the linear regression of early time IFT data
provides an approach to estimate the IFT of SCB in water without any nanoparticles. The

interfacial tension y, of 5CB in water has never been accurately measured due to the very

small density difference between SCB and water. Our estimations of interfacial tension

7,0f 5CB in water are 38.5 + 0.1 dyne cm” and 39.7 + 0.3 dyne cm™ from our two
experiments with EC nanoparticle suspensions of different concentrations.

Dt

y=7,-2N,|AE|C, .

3)
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Figure 5.5 Exemplary plot of the early time dynamic IFT data of SCB in EC nanoparticles with a
bulk concentration of (a) 0.3 g L'; (b) 0.5 g L' Solid red lines show the linear regressions with
parameters indicated in each panel.

54



5.3 Analysis of Dynamic Interfacial Tension at Late Times

The late time dynamic IFT data can be analyzed in terms of equation (4). Equation

(4) demonstrates the linear relationship between late stages (t— o) interfacial tension
andl/ Jt . By plotting the late stages IFT data against 1/ Jt, y_ is obtained from the

intercept of the linear regression as shown in Figure 5.6. For EC nanoparticle solution
with a concentration of 0.3g L-1 and 0.5g L-1, the late time interfacial tension is 8.3 +

0.04 dyne cm™ and 9.4 + 0.02 dyne cm™', respectively.
y=v.+ jag \ : 4)

=y +— =

(mr?) N,c, VP

17

(a)

16
15

14

13

Tension (dyne/cm)

y = 154.925x + 8.325

R%=0.969
12

11 T T T T T T
0.015 0.020 0.025 0.030 0.035 0.040 0.045 0.050

1—0.5(3—0.5)

55



(b) 15.5
o]

14.5

£

313.5

cC

>

=)

C

o

®»12.5 -

5

= y =83.79x + 9.424

R?=0.994
11.5
10.5 T T T T T
0.01 0.02 0.03 0.04 0.05 0.06 0.07

1—0.5(3—0.5)

Figure 5.6 Exemplary plots of the late stages dynamic IFT data of 5CB in EC nanoparticles with

a bulk concentration of (a) 0.3 g L™ and (b) 0.5 g L™ Solid red lines show the linear regressions
with parameters indicated in each panel.

5.4 Adsorption Energy AE using Pieranski’s Approach

6=95+1° 6=36.910.5°

Figure 5.7 Contact angle images of 5CB in (1) water and (2) air. The glass substrates are coated
with 4 wt.% EC in ethanol solution.
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The Pieranski equation relates the reduction of the surface energy associated with
the radius r of the adsorbed particle and its contact angle ¢ and is given by:
2
‘AE‘:yonrz(l—‘coseD (1)
Here, y,is the interfacial tension of a pristine interface, which is directly obtained from

the analysis of early time dynamic IFT data, and 0 is the contact angle of a single particle

at the interface measured through the aqueous phase. In order to calculate the adsorption

energy ‘AE‘ from Pieranski’s approach, it is necessary to measure the contact angle of

5CB angle in water. The contact angle of 5CB in air is also measured as shown in Figure

5.7. The contact angle of SCB on EC against water is 95+1° and against air is 39.6+ 0.5°.

The images of contact angle are shown in Figure 5.7. The adsorption energy ‘AE‘

estimates from equation (3) compare very well to the calculations from equation (1), and
are (5.0 £ 0.1)x10%kgT and (5.1 £ 0.1)x10%kgT for 0.3 g L™ and 0.5 g L™ nanoparticles

solution, respectively.

5.5 Adsorption energy AE using Du et. al Approach

Du et. al proposed another approach to calculate the adsorption energy AE on the

basis of thermodynamic considerations as below:
Yo Ve 2
|AE‘—Tw7rr )

Here, y,and y_ are obtained from early time and late time dynamic IFT data analysis.
The surface coverage ©_ of the interface at steady state, has been approximated by
hexagonal close packing of nanoparticles (®_=0.91) [25]. This approximation has been

based on recent publications that demonstrate the hexagonal packing of nanoparticles
formed at the water-LC interface. The adsorption energy based on Du’s equation is
calculated to be (5.0 £ 0.1)x10%ksT and (5.2 + 0.1)x10*kgT for 0.3 g L' and 0.5 g L™
nanoparticles solution, respectively. This approach to measure adsorption energy AE is

an attractive alternative to Pieranski’s equation, because measurement of interfacial
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tension is much more

adsorbed particle.

straightforward than measurement of the

contact angle 6 of the

Nanoparticle Bizmark equation Pieranski equation Du et al. equation

concentration AE, AE, AE,
03gL"’ (5.7£0.4)x10°%ksT | (5.0 +0.1)x10%°ksT | (5.0 £ 0.1)x10*kgT
0.5g L (6 + 1) x10*ksT (5.1 £0.1)x10%kgT | (5.2 0.1)x10%kgT

Table 1. Comparisons of the adsorption energy AE calculated from three approaches.

The dynamic interfacial tension data of liquid crystal SCB has been applied to

Bizmark’s equation to obtain the values of the pristine interfacial tension ¥, the late time

interfacial tension y_and the adsorption energy AE . Then y,and y_ are applied to the

other two approaches to obtain the value of adsorption energy AE . The calculated results

of the adsorption energy from three approaches compare very well to each other as shown

in table 1, which proves that Bizmark’s approach with the use of dynamic interfacial

tension could be applied to study the adsorption process of nanoparticles onto anisotropic

liquid crystal interfaces. These findings provide a quantitative method to study

nanoparticle adsorption at liquid crystal interfaces.

5.6 A Novel Approach to Predict the Transient Interfacial

Coverage of Nanoparticle

Elimination of |AE| between the equations of Pieranski and Du et al yields the

following equation for the coverage of the interface:
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1_7/;”
o= Yo _ (29)
(1—‘COSQD
In this equation, ©_ can be estimated from knowledge of the interfacial tensions ¥,
,¥.. and contact angleg. Equation 29 demonstrates a relationship of surface (interface)
coverage ©_withy_, 7, and contact angle 6. As we discussed previously, the early
stage interfacial tension ¥, and the late time interfacial tension y_could be obtained

from the analysis of early stages and late stages IFT data respectively. With the dynamic
interfacial tension data from our previous experiments, the greatest surface (interface)

coverage ©_ is calculated to be 0.938 and 0.913 for 0.3g L' and 0.5 g L' EC

nanoparticle solution, respectively. Our calculated results of surface (interface) coverage

©_ by nanoparticles compare well to the hexagonal close packing assumption (©_=0.91

) [25] from recent publications. Equation also provides a way to probe the transient

surface (interface) coverage O _ of nanoparticles onto water-LC interface. If we replace
y_in equation (29) with the transient interfacial tension y at any time of dynamic

adsorption process, the equation becomes:
1—Y
@:#2 (31)
(1 —’COSQD

Figure 5.8 illustrates the dynamic change process of surface (interface) coverage
of EC nanoparticles at LC-water interface. EC nanoparticles in larger bulk concentration
(0.5g L") cover the LC-water interface faster than EC nanoparticles in 0.3 g L' EC
solution. We are able to probe the transient surface (interface) coverage of nanoparticles
at the water-LC interface with the knowledge of the transient interfacial tension at any
moment. As a result, this approach has significant implications for the quantitative
description of the transient surface (interface) coverage of nanoparticles adsorbed at the

LC-water interface.
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Figure 5.8 Plot of fractional surface coverage of EC nanoparticles in bulk EC concentration of
(1) 0.5g L™ and (2) 0.3g L™ adsorbed at LC-water interface on a log scale of time. Dash lines are
the calculated possible greatest surface coverage for each case.

5.7 Optical Study of Alignment of SCB Molecules Induced

by EC Nanoparticles

In order to investigate the effect of EC nanoparticles on the LC molecule alignment
at the water-LC interface, we dropped a small amount of liquid crystal SCB onto the
water. We observed the spontaneous formation of a film of 5CB spreading over the water
surface, with an easily interpreted optical appearance characteristic of planar anchoring at
the water-LC interface under microscope with crossed polarizers (as shown in Figure 5.9),
which is well-known as a “Schlieren” texture. The addition of EC nanoparticles to the
water phase resulted in the dewetting of the SCB film into a droplet. This phenomenon is
exactly same observed by Brake et al. [14] upon the addition of surfactant SDS to the

water phase.
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Figure 5.9 Optical images of SCB deposited onto the surface of water. The image was obtained
by orthoscopic examination between two crossed polarizers using a 10 x magnifications.

Compared to a conventional interface between two isotropic phases, the interface
containing an anisotropic liquid crystal often exhibits two unusual features [10,55]. First,
in many cases, the interfacial tension of a nematic liquid crystal exhibits a maximum
value at a temperature in the vicinity of the bulk nematic-isotropic transition temperature
Tai [55], while the interfacial tension of an isotropic phase always decreases with
increasing temperature. For 5CB, the nematic-isotropic temperature is known to be 35.2
°C [54,56,57]. All our measurements were conducted under 22°C (295K), in which 5CB
remains nematic. Second, the interfacial tension between a liquid crystal and isotropic
phase may be strongly effected by the alignment of the LC molecule at the interface. In
our previous discussion, we mentioned that adsorption of EC nanoparticles may induce
an alignment change of SCB molecules at the LC-water interface. The alignment change
of 5CB molecules at the interface may contribute to the reduction of interfacial tension
[45,460]. The optical test by polarized microscope aims to confirm if an alignment change
of 5CB molecules at the interface induced by the adsorption of EC nanoparticles. The
orientational ordering of SCB molecules at LC-water interface is well known to be planar
[58]. Optical tests under crossed polarizers of our optical cells show the obvious
existence of birefringence (bright part of Figure 5.10) in the region where LCs are
confined between two 4 wt% EC-treated glass substrates. This optical result is in a good

agreement with previous optical test results of liquid crystal textures with a planar
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alignment. This result shows that both the solvent water phase and EC nanoparticles
contribute to inducing a planar alignment of S5CB molecules at the interface. As a
conclusion, the adsorption of EC nanoparticles at the water-LC interface will not alter the
alignment of 5CB molecules at the interface. This optical result further confirms that the
reduction in interfacial tensions in the overall dynamic adsorption process can be
attributed to the adsorption of EC nanoparticles at the interface, not to the alignment

change of 5CB molecules at the water-LC interface.

Figure 5.10 Optical images of 5CB confined between two glass substrates that were spin-coated
4 wt.% EC in ethanol solution to align the 5CB in a planar orientation. The thickness of the LC
film was held constant at 19um and observed at X 10 magnifications with crossed polarizers.
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Chapter 6

Conclusions

Adsorption of ethyl cellulose (EC) nanoparticles at water and nematic liquid crystal
5CB interface results in significant reduction in interfacial tension of 5CB droplets.
Adsorption of EC nanoparticles did not lead to transitions of SCB molecules alignment at
the interface. The irreversible adsorption model of colloidal particles developed by
Bizmark et. al can be applied to study the dynamics of adsorption of colloidal

nanoparticles onto anisotropic nematic interfaces. Analysis of dynamic interfacial tension

data of liquid crystal SCB provides a new method to measure the adsorption energy |AE‘

of EC nanoparticles, the early time interfacial tension y, and the steady state interfacial
tension y_ . The adsorption energy |AE‘ calculated in terms of Bizmark’s approach

compares well with results obtained from Pieranski’s and Du’s approach with the

information of y and y_from previous analysis of dynamic interfacial tension data. The

maximum surface coverage of nanoparticles at nematic SCB liquid crystal interface at
steady state further confirms the hexagonal close packing of nanoparticle assumed by
other researchers. We also present a novel equation to probe the transient surface
coverage of nanoparticles at the LC interface with the use of dynamic interfacial tension.
These finding have significant implications for the quantitative description of

nanoparticles adsorption at anisotropic nematic liquid crystal interfaces.
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