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Abstract

This thesis presents the properties and applications of various liquid crystal (LC)-aqueous
ionic surfactant systems. It begins with the study of micellar solubilization of different LCs
in aqueous ionic micellar solutions. The analysis of a few hundred pum-sized LC droplets
in either nematic or isotropic state (parent droplets) shows a linear decrease of the droplet
size over time. During the entire micellar solubilization process, the material transport
across a parent droplet’s surface exists in both directions. Numerous aqueous droplets
(daughter droplets) start to appear in the parent droplet due to the transport of surrounding
aqueous solution into it. The average size of the aqueous daughter droplets and their number
density increase over time. But, no daughter L.C droplets form in the surrounding aqueous
solution due to the transport of LC molecules from the parent LC droplet into it. However,
in special cases, depending on the interfacial tension between the parent droplet and its
surrounding aqueous solution, the parent droplet may either expel tiny droplets into the
surrounding aqueous medium or transform itself into a filament like structure. Furthermore,
the material transfer across a parent droplet’s surface generates convective flows around it.
In concentrated aqueous surfactant solutions, the convective flows are strong enough to
propel the parent droplet itself. The parent LC droplets become completely solubilized and
a clear aqueous solution is produced, provided the weight fraction of the LC in the system
is not larger than a few percent. The properties of the equilibrium LC-aqueous systems are
investigated through shear and small angle neutron scattering experiments.

In the second part, the behavior of the smectic droplets in the aqueous micellar solution
is presented. A smectic droplet spontaneously produces smectic filaments at the interface
with an aqueous solution, which resemble the myelin figures observed in lyotropic lamellar
systems. The three-dimensional structure of the smectic-A filaments is studied with the
polarizing optical microscopy and the fluorescence confocal polarizing microscopy. The
results show that the LC molecules are oriented perpendicular to the surface of the filament
and the layers are wrapped around a central disclination line in a concentric cylindrical
fashion. Further, the study on the growth and the stability of the smectic-A filaments
shows that the freely floating smectic-A filaments are only transient structures and they
either transform into discs or break into small smectic droplets. However, it is possible
to stabilize the filaments at least for several months, either by confining them in square
capillaries or by photo polymerization.

In the last part, the optical applications of the smectic filaments are discussed. In the
case of the smectic-A filaments, light guiding through the filaments and Whispering Gallery
Mode (WGM) lasing in a plane perpendicular to the filaments are presented. Moreover, it
is also shown that smectic-C* filaments act as photonic band-gap waveguides.

Keywords: liquid crystals, surfactants, liquid crystal emulsions, micellar solubilization,
artificial swimmers, filaments, myelin figures, liquid crystal ropes, waveguiding, lasing.

PACS: 61.30.Jf, 61.30.-v, 42.79.Gn, 64.75.Yz, 42.82.-m, 42.79.-e, 64.70.pv, 61.30.Hn



VIII



IX

Kurzzusammenfassung

Die vorliegende Arbeit beschreibt Eigenschaften und Anwendungen von thermotropen Fliis-
sigkristallen in wissrigen Tensidlosungen. Zunéchst wird der Prozess der mizellaren Sol-
ubilisierung von Fliissigkristalltropfen in wéssrigen mizellaren Losungen ionischer Tenside
betrachtet. Der Durchmesser der Fliissigkristalltropfen, der zunéchst einige Hundert pm
betrédgt, nimmt linear mit der Zeit ab; dies wird sowohl fiir nematische als auch fiir isotrope
Tropfen beobachtet. Zusétzlich zum Transport der Fliissigkristallmolekiile in die Mizellen
der wissrigen Umgebung findet auch ein Materialtransport von der wissrigen Phase in die
Flissigkristalltropfen hinein statt, erkennbar an um-groflen wissrigen Tropfchen, die in den
Fliissigkristalltropfen erscheinen. In einigen Féllen wird auch beobachtet, dass der Fliissig-
kristalltropfen kleinere, pum-grofle Tropfchen oder filamentartige Strukturen in die wéss-
rige Umgebung abgibt, zusétzlich zum molekularen Transport in die Tensidmizellen. Der
Solubilisierungsprozess der Fliissigkristalltropfen induziert konvektive Stromungen in den
Tropfen und der umgebenden wéssrigen Phase, die zu einer selbstindigen Fortbewegung
der Fliissigkristalltropfen fiihrt. Wenn der Gewichtsanteil des fliissigkristallinen Materials
in der wéssrigen Phase nicht mehr als wenige Prozent betrégt, werden die Fliissigkristall-
tropfen vollstdndig solubilisiert und es kommt schliellich zur Bildung einer Mikroemulsion,
die durch rheologische Messungen und Kleinwinkelneutronenstreuung untersucht wurde.

Der zweite Teil der Arbeit beschéftigt sich mit dem Verhalten von smektischen Fliissig-
kristalltropfen in wissrigen mizellaren Tensidlosungen. Wahrend der Solubilisierung bilden
smektische Tropfen spontan filamentartige Strukturen, &hnlich den Myelinfiguren in ly-
otropen Systemen, an der Grenzfliche zur wéssrigen Phase aus. Untersuchungen mit dem
Polarisationsmikroskop und dem konfokalen Fluoreszenzpolarisationsmikroskop zeigen, dass
in den smektischen Filamenten die molekularen Schichten eine konzentrische zylindrische
Anordnung um eine zentrale Defektlinie entlang der Filamentachse ausbilden. Mit fortschre-
itender Solubilisierung bilden sich an der Oberfliche der zuerst entstandenen Filamente
sekundére diinnere Filamente aus, die schliefflich in kleine Tropfchen oder andere Frag-
mente zerfallen und letztlich vollstdndig solubilisiert werden. In eingrenzender Umgebung,
z. B. in Kapillaren, oder durch Photopolymerisation lassen sich die smektischen Filamente
zumindest fiir mehrere Monate stabilisieren.

Schliefllich werden optische Anwendungen der smektischen Filamente diskutiert. Fila-
mente der smektischen A Phase lassen sich als optische Wellenleiter einsetzen. Auch die In-
duzierung von Laseraktivitdt, basierend auf Whispering-Gallery-Moden, wird demonstriert.
Filamente der chiralen smektischen C* Phase besitzen eine periodisch modulierte Ortsab-
héngigkeit des Brechungsindex und weisen daher auch eine photonische Bandliicke auf, die
die optische Wellenleitung beeinflusst.
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1 Introduction

“"When an oil (5CB) droplet is placed in an aqueous micellar surfactant (TTAB) solu-
tion, it continues to self-propel itself for several days without any need for external energy
depending on the parameters of the system (i.e. surfactant concentration, water to oil ratio,
temperature and the molecular solubility of the oil in the pure water). For a fleeting moment,
it feels like a perpetual motor is achieved. But in reality self-propulsion of the oil droplet is
a side effect of its solubilization in the aqueous micellar solution. The oil droplet’s motion
exists as long as there is a mass-transfer across the oil-aqueous interface. If we artificially
create a surfactant concentration gradient in the aqueous solution, oil droplets spontaneously
propel themselves towards the region containing the highest surfactant concentration in the
system (artificial chemotaxis). This simple three component non-equilibrium system contain-
ing organic molecules and water produces an object (0il droplet) with life-like properties”.

The interaction between organic molecules and water is a fundamentally important topic
to investigate as this may enable us to discover the likely routes of abiogenesis! [1]. Complex
organic molecules and water are present ubiquitously throughout the cosmos as shown in Fig.
1 [2-5]. It is interesting that molecules like "THCN” and "HCHO" are detected in interstellar
molecular clouds [3]. These two molecules are extremely reactive and they can easily form
amino acids. Amino acids are also detected in other objects that belong to our solar system
- comets and meteorites [3]. The famous “Miller-Urey experiment” has also shown us that
amino acids can be easily produced from a mixture of simple chemicals (CHs, NH3, H, and
H>0) in a test tube [6-10]. Amino acids combine to form proteins, one of the two kinds
of large biomolecules which form the basis of life on earth. Proteins are the workhorse
molecules of life, which are required for the structure, function and regulation of everything
in our body. The other kind of essential biomolecules are nucleic acids. Nucleic acids store
coded instructions which are used by cell machinery for producing proteins. Nucleobases
such as adenine and guanine (the components of nucleic acids) are found in meteorites [11].
Just like amino acids, nucleobases are produced from a mixture of HCN, NH3 and H,O in the
laboratory. The most basic building block of nucleic acids is a sugar molecule called ribose.
This complex sugar molecule can be formed by using much simpler sugar molecules such
as glycolaldehyde. Glycolaldehyde is in fact found in the Sagittarius B2, the interstellar
molecular cloud which lies near the center of our galaxy [12,13]. Even though building
blocks of proteins and nucleic acids are detected in space, it is not yet known how to build
these bio-macromolecules from their respective building blocks. Thus, the logical next step
is to find out the way by which nature has transformed inanimate organic matter into these
bio-macromolecules and eventually into life forms. The resolution of the mystery behind the
abiogenesis would not only satisfy our curiosity regarding the purpose of life but would also

I Abiogenesis is the chemical process through which the simplest life emerges from inanimate
matter.
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Figure 1: Cosmological structures that contain potentially life-enabling molecules. (a) This
picture represents the center of the Orion nebula, a star-forming region located at a dis-
tance of 1500 light years away from us in the constellation Orion the Hunter. Numerous
complex organic molecules along with water are detected throughout this region of active
star formation. Image credit: NASA, C. R. O’Dell and S. K. Wong (Rice University) (b)
This complex organic molecule with a mixed aliphatic-aromatic structure is detected in the
Orion nebula [4]. It is important to note that this structure is similar to that of the organic
compounds found in the famous Murchison meteorite [5]. (c) This is an artistic representa-
tion of a quasar. Huge amounts of water vapor (4000 times more water vapor is present than
in our galaxy) are detected in the quasar APM 08279+5255 located more than 12 billion
light years away from us. Image credit: NASA/ESA.

help us to produce new forms of life. From a practical standpoint as well, the knowledge
of interactions between water and organic matter will be extremely useful for commercial
emulsions, oil recovery and drug delivery, etc. [14].

Biological molecules in a completely disordered state (isotropic) or a completely rigid
state (crystal) cannot support life [15,16]. For example, a cell membrane which consists of
lipids and proteins must be fluid enough to selectively allow material across the membrane
but it should also be rigid enough to maintain its structure. This intermediate state that
exists in the cell membrane is called the liquid crystalline state (lamellar). Loss of the liquid
crystalline (LC) state within the cell membrane results in death. For any given mixture
of biological molecules, the liquid crystalline state exists at a range of temperatures and
pressures. Thus, living organisms can only survive within certain ranges of temperatures
and pressures and, the habitable environment for any living organism is directly dependent
on its composition of organic matter and water. This makes it necessary to investigate the
various liquid crystalline phases formed by organic matter and water.
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Figure 2: Molecular structures of typical organic molecules that form LC phases. Yellow
and blue circles indicate hydrophilic and hydrophobic regions respectively. The red circle
represents a counter ion. (a) Octyl 1- O-B-D-glucopyranoside forms both lyotropic and ther-
motropic LC phases [15]. (b) 4’-n-octyl-4-cyanobiphenyl (8CB) forms only thermotropic
LC phases as it is sparingly soluble in water (5 ug/L). (¢) Tetradecyltrimethylammonium
bromide (TTAB) can only form lyotropic LC phases.

Many organic molecules like glycolipids are amphiphilic in nature (Fig. 2(a)). This means
that they contain both water-loving (hydrophilic) and water-averse (hydrophobic) regions.
The LC phases formed by these organic molecules on their own are called thermotropic
LC phases and the LC phases formed by mixing them in water are called lyotropic LC
phases. Some organic molecules like 4’-n-alkyl-4-cyanobiphenyls (Fig. 2(b)) can only form
thermotropic LC phases where as many commercial surfactants (Fig. 2(c)) form lyotropic
LC phases exclusively.

1.1 Thermotropic LC phases

Thermotropic LC phases were first identified by an Austrian botanist, Freidrich Reinitzer
in 1888 [17]. He observed that a substance related to cholesterol (cholesteryl benzoate) has
two melting points. On heating the solid form of this compound, it first turns into a turbid
liquid at 145.5°C and then turns into a clear liquid at 178.5°C. The thermal behavior of
this compound is reversible, as he observed the same transition temperatures while cooling
the clear liquid back into the solid form. He subsequently collaborated with a German
physicist, Otto Lehmann, who found that this compound in its turbid liquid phase shows
both fluid and crystal properties at the same time. For example, this turbid liquid flows
like a fluid but it also exhibits optical birefringence which was at that time thought to be
the virtue of anisotropic crystals only. Thus, Lehmann began to call the organic compounds
which show multiple melting points “liquid crystals”. In 1922, Georges Friedel classified the
turbid liquid phases observed in various organic compounds with multiple melting points
(i.e., liquid crystals) into three categories based on internal molecular arrangements [18].
These three phases are named as nematic, smectic and cholesteric phases. Any organic
compound (or a mixture of organic compounds) which exhibits one or more of these three
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phases in certain temperature ranges is more specifically called a thermotropic liquid crystal.

Not all organic molecules can form thermotropic LC phases. For example, hexane can
only exist in three standard states of matter - solid, isotropic liquid and gas. The hex-
ane molecules in the isotropic liquid phase diffuse randomly without any orientational or
positional order, whereas they directly attain both positional and orientational order spon-
taneously upon cooling below the melting temperature (-96 to -94°C). This means hexane
cannot form any LC phase between the isotropic liquid phase and the solid phase. The
molecular structure of organic molecules determines whether they exhibit thermotropic LC
phases. They must have molecular shape anisotropy, which means that one molecular axis
is considerably different from the other two axes. As shown in Fig. 3, thermotropic lig-
uid crystals can be classified into two types based on their molecular shapes - calamitics
(rod-like) and discotics (disc-like). Thermotropic LCs must have rigid cores in order to
maintain their anisotropic molecular shapes. Rigid cores can be achieved by using two or
more ring structures, linked together with or without unsaturated linking groups. Rigid
cores are always attached by one or more flexible hydrocarbon chains such as alkyl or alky-
loxy chains. It is generally not possible to predict the thermotropic LC phases formed by
any organic molecule just by knowing its molecular structure. Since my work is undertaken
using calamitic liquid crystals exclusively, thermotropic LC phases exhibited by disc-like
molecules are not included in this discussion.

Figure 3: Schematic representation of typical calamitic and discotic LC molecules.

The nematic phase (N) produced by calamitic molecules is the most common and sim-
plest thermotropic LC phase with a long-range orientational order. In this phase, the
molecules diffuse much like the molecules in an isotropic liquid phase but their long molecu-
lar axes always tend to point along a preferred direction (Fig. 4). This preferred direction is
known as the director and it is generally represented with the unit vector, 7. It is generally
observed that 7 = —7, which means that the nematic phase does not show polar order. An
order parameter, S, is introduced to quantify the extent of the orientational order in the
nematic phase. S is defined as the average of the second Legendre polynomial,

1
S:§<3cos29—1>, (1)

where 0 represents the angle between the long molecular axis and the director as shown
in Fig. 4. The brackets indicate the temporal and the spatial average over an entire sample
at any given time. S = 1 represents the perfectly oriented nematic LC sample whereas S =
0 represents the isotropic phase. Under no external forces, typical nematic LCs have order
parameter values between 0.3 and 0.8. The S value for any LC decreases with increasing
temperature. The director of a nematic LC can be easily influenced by an external electrical
or magnetic field. This property of nematic LCs is successfully exploited to produce liquid
crystal displays (LCDs).
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Figure 4: Schematic illustration of the molecular order in a nematic LC.

If we cool a nematic LC, molecules may sometimes attain extra positional order in addi-
tion to the existing orientational order. This means molecules are spontaneously arranged
in layers as shown in Fig. 5. If the director of the LC sample is parallel to the layer normal,
then this particular phase is called a smectic-A LC phase (Fig. 5(a)). If the directions of
the director and the layer normal do not match, then it is called a smectic-C LC phase (Fig.
5(b)). In these two phases, there is no further positional order within each layer. Several
other higher ordered smectic LC phases (B, E, F, H, I, J and K) have also been discovered.
These higher ordered smectic phases are further grouped into two categories: smectic hexatic
phases (Bpexaric, F and I) and crystal mesophases (Beysar, H, I, J and K). Smectic hexatic
phases contain a certain amount of positional order within each layer but no correlation of
the positional order exists between adjacent layers (i.e., the positional order in these phases
is strictly two-dimensional). On the contrary, crystal mesophases contain three-dimensional
positional order but the order does not extend beyond a few layers. It is important to note
that some organic materials directly transform into smectic phases from the isotropic phase
by skipping the nematic LC phase.

n n
b

W i
NI AWl
N i

Figure 5: Schematic representation of the thermotropic LC phases with positional order. (a)
Smectic-A phase (b) Smectic-C phase.
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If the calamitic molecules have one or more chiral centers, then the chiral versions of the
above thermotropic LC phases form?. For example, the nematic LC phase is replaced by
the chiral nematic (cholesteric, N*) phase, in which the director rotates in a helical fashion
about an axis perpendicular to the director (Fig. 6(a)). The distance over which the director
rotates by 360° along the helix is known as the pitch of a chiral nematic phase. A chiral
nematic phase is also produced by doping a nematic phase formed by achiral molecules with
a small amount of a chiral material/dopant. The helical pitch of this chiral nematic phase
decreases with increasing concentration of chiral dopant. Both chiral and achiral versions of
a smectic-A phase are structurally identical. Fig. 6(b) shows the internal molecular structure
that exists in the chiral version of a smectic-C phase (chiral smectic-C, smectic-C*). In this
phase, the director rotates around a hypothetical cone as the position along the layer normal
is varied. If equal parts of each optical isomer of a chiral calamitic compound are mixed

together (racemic mixture), predictably, achiral versions of the LC phases form.

a) b)
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Figure 6: Schematic representation of the thermotropic chiral LC phases. Double-sided
black arrows indicate the pitch of the respective LC phases. (a) Chiral nematic phase. (b)
Chiral smectic phase. Blue ellipsoids represent an organic material that forms a smectic-C*
phase. Hypothetical cones are included to help visualize the orientation of the molecules.

1.2 Lyotropic LC phases

Mother Nature uses lyotropic LC phases for many purposes. For example, spider silk owes
its great mechanical strength to the lyotropic LC phase formed by an aqueous protein
solution that is secreted by spider glands [19]. The precise ordering of protein molecules in
silk is critical for its outstanding mechanical properties. Similarly many other biopolymers,
such as DNA and cellulose, form lyotropic LC phases in aqueous solutions (sometimes also in
organic solvents) at high concentrations® [20]. By studying these lyotropic LC phases we may
explain the origin of many biological structures as well as find ways to treat diseases such as
Parkinson’s disease. For example, it is difficult to imagine how a bacterial flagellum (which
is made by about 25 different proteins) has evolved over time [21,22]. Creationists use this
biological structure as an example to support a theory known as “irreducible complexity”

2In order to differentiate chiral versions from the thermotropic LC phases formed by achiral
calamitic molecules, chiral phases are often designated by an asterisk.

3The concentrations at which DNA forms LC phases are very much comparable to those observed
in vivo. It is well known that DNA concentration in chromosomes can reach up to 800 g/L. Lyotropic
LC phases like cholesteric and blue phases can be formed by DNA well below this concentration.
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[23]. This term was coined by a biochemistry professor Micheal Behe who defined it as:
”A single system which is composed of several interacting parts that contribute to the basic
function, and where the removal of any one of the parts causes the system to effectively cease
functioning”. But this apparently complicated tail- or whip-like structure might have had
a very simple lyotropic LC phase origin. The possible ways of the origin can be visualized
if we examine the behavior of LC-aqueous interfaces. For example, spectacular single- and
double-stranded filaments form at a thermotropic cholesteric LC-aqueous interface under
the right conditions (i.e., ultra-low interfacial tension), as shown in Fig. 7.

Apart from the above mentioned fairly rigid lyotropic LC polymers, simple flexible or-
ganic molecules can also form several different lyotropic LC phases. In order to form LC
phases, these flexible organic molecules must be amphiphilic in nature, possessing both polar
and non-polar regions (Fig. 2(c)). Up to a certain concentration of an amphiphile, which is
known as the critical micellar concentration (CMC), they dissolve in water? on a molecular
level (monomer state) and no molecular aggregates are formed. The hydrophobic interac-
tions between amphiphilic molecules lead to the formation of molecular aggregates. In order
to form molecular aggregates, the temperature of the aqueous solution must also be above
a limit known as the Krafft temperature. The Krafft temperature increases with increase in
the hydrophobicity of the amphiphile. Below the Krafft temperature and above the CMC
of an amphiphile, hydrated crystals of the amphiphile co-exist with an aqueous solution
containing the amphiphile monomers. Above the Krafft temperature and above the CMC of
an amphiphile, several types of molecular aggregates - including lyotropic LC phases - form,
depending on the amphiphile-to-water ratio. A typical phase diagram of a two component
water-amphiphile system is shown in Fig. 8(a). Generally, near-spherical micellar aggregates
form just above the CMC (Fig. 8(b-c)). At these dilute concentrations, micelles have no par-
ticular orientational or positional order in the aqueous solution. Thus, the resulting aqueous
micellar solution (L;) does not exhibit any birefringence under a polarizing microscope and
this micellar phase is not considered a lyotropic LC phase. The simplest lyotropic LC phase
is formed when these micelles are arranged in a structure similar to a face-centered or body-
centered cubic crystal lattice (Fig. 8(d)). This phase is known as a micellar cubic phase
(I1) and it also does not exhibit birefringence. Increasing the amphiphile concentration fur-
ther, the shape of the micelles becomes distorted and forms different shapes like ellipsoids
and cylinders (Fig. 8(e)). These anisotropic micelles sometimes form a nematic phase® be-
fore a more ordered and viscous hexagonal lyotropic LC phase (H;) forms. The hexagonal
phase is produced by cylindrical micelles of indefinite length arranged in a hexagonal man-
ner (Fig. 8(f)). The lamellar lyotropic LC phase (L) forms at amphiphile concentrations
above 50 wt%. As shown in Fig. 8(g), this phase consists of a layered arrangement of am-
phiphiles. Each amphiphile layer is essentially a bilayer of oppositely-directed amphiphiles
with hydrophilic regions exposed to water. These bilayer amphiphile sheets are separated by
layers of water. Due to this layered structure, lamellar phases are less viscous than hexag-
onal phases, despite forming at relatively higher amphiphile concentrations. Many more
lyotropic LC phases are observed in various amphiphile-water systems but they are omitted
here [26-28].

Amphiphiles are generally used to reduce the dissimilarity (interfacial or surface tension)

4Based on solute-solvent interactions, molecular aggregates can be formed in any type of solvent.
For example, commercial surfactants form lyotropic LC phases in glycerol as well as in water [25].
But as this thesis is focused on the interactions between organic molecules and water, discussion is
restricted to aqueous solutions.

5Predictably, a chiral version of the amphiphile produces a chiral nematic phase instead of a
general nematic phase.
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Figure 7: Cholesteric droplets in aqueous micellar solutions. Surrounding aqueous solutions
in all the above cases contain 0.75 mM CTAB (a higher homologue of TTAB). (a-b) White
light images of a 35 um cholesteric droplet. (c-e) Schematic representation of the defect
line orientation on the surface of the above cholesteric droplet. Images are provided by
Miha Ravnik (University of Ljubljana). (f-g) If the interfacial tension between LC-aqueous
solution is significantly low, cholesteric droplets spontaneously expand into either single-
or double-stranded helical filaments. Horizontal widths of the images ’f’ and ’g’ are 72
um and 24 pm respectively. (h) In the case of a very big cholesteric droplet, multiple
double-stranded (or single) filaments emanate from the surface of the droplet. The resulting
cholesteric droplet looks like an organism with multiple tails. Horizontal width of the image
is 216 um. (i) Cholesteric droplets can also morph into plectonemic supercoils with different
writhes. Circular DNA molecules also form similar supercoiled structures [24]. Horizontal
width of the image is 58 um.
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Figure 8: A typical phase diagram of an amphiphile-water system. (a) This diagram clearly
shows that the formation of lyotropic LC phases depends on both the temperature and
the amphiphile concentration. An ideal solution means an aqueous solution that contains
amphiphiles in the monomer state. (b-g) Schematic representation of the various structures
formed by amphiphiles in water. (b) Spherical micelle. (c) Cross-sectional image of the
spherical micelle. (d) Cubic lyotropic LC phase. Micelles are arranged in a body-centered
cubic structure. (e) Cross-sectional image of a cylindrical micelle. (f) Hexagonal lyotropic
LC phase. (g) Lamellar lyotropic LC phase.
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between two phases. As an amphiphile contains the regions that have affinity towards both
phases, energetically it is favorable for it to adsorb onto the surface or interface of the
system®. Due to this reason, the amphiphiles are also known as surface active agents or
surfactants. This specific property of the surfactants is used in many practical applications
like wetting and emulsifying. If the concentration of the surfactant in water exceeds the
CMC level, insoluble organic molecules (oils) can be solubilized in the hydrophobic regions
of the micelles. This oil solubilization capacity of aqueous micellar solutions is used in
applications such as cleaning and drug delivery.

1.3 Thesis outline

In this dissertation, we focussed on the interactions between various thermotropic liquid
crystals and aqueous surfactant solutions. The internal molecular arrangement of the ther-
motropic liquid crystals has striking influence on the behavior of LC-aqueous interfaces.
Thus, we investigated several LC-aqueous systems and observed the formation of variety of
LC objects at their respective LC-aqueous interfaces. The non-equilibrium dynamics of the
LC-aqueous systems and the optical applications of some of the LC objects are reported.
The LC-aqueous systems at equilibrium are also characterized by using rheological and
neutron scattering techniques.

This thesis is organized in the following manner. Chapter 2 presents the materials and
the experimental techniques that have been used to investigate the interfacial behavior of
various thermotropic LC-aqueous systems. The insertion of an LC droplet in an aqueous
micellar solution results in the complete solubilization of the droplet. Solubilization of an
LC droplet is always accompanied by the self-propelled motion of the droplet. The effect
of various parameters such as temperature and surfactant concentration on solubilization
and the self-propelled motion of nematic LC droplets are extensively discussed in the first
part of Chapter 3 (nematic LCs in aqueous ionic micellar solutions). Solubilization of the
thermotropic LCs in aqueous ionic micellar solutions generally makes the aqueous solutions
extremely viscous. Thus, rheological properties of the resulting aqueous solutions, as well
as the micellar morphologies, are investigated using a micro-rheometer and small-angle neu-
tron scattering technique (SANS). Ultra-low interfacial tension values between nematic LCs
and aqueous micellar solutions result in the formation of nematic filaments. Structural and
stability analyses of these filaments are also presented in this nematic LCs section. The
second part of the Chapter 3 (smectic LCs in aqueous ionic micellar solutions) provides the
structural analysis of various self-assembled smectic LC objects and subsequently demon-
strates their optical applications. Finally, the main concluding remarks of the thesis are
presented in Chapter 4.

6The boundaries between solid-liquid and liquid-liquid systems are called “interfaces”, whereas
the boundary between a liquid-gas system is termed a “surface”.



11

2 Materials and methods

2.1 Materials

All the employed thermotropic LC materials and their respective phase transition tempera-
tures are listed in Table 1. All the LCs, except C7 and 8.0.6, were obtained from SYNTHON
Chemicals and used as received without any further purification. C7 and 8.0.6 were synthe-
sized in the lab of Prof. Dr. Gerd Heppke, Technische Universitit Berlin.

Liquid crystal| Chemical name Phase transition CAS number

temperature [°C]

2CB 4-Ethyl-4’-cyanobiphenyl Cr 75 [N 22] Iso 58743-75-2

3CB 4-Propyl-4’-cyanobiphenyl  |Cr 67.3 (N 30.3) Iso 58743-76-3

4CB 4-Butyl-4’-cyanobiphenyl Cr 48 (N 16.5) Iso 52709-83-8

5CB 4-Pentyl-4’-cyanobiphenyl |Cr 24 N 35.3 Iso 40817-08-1

6CB 4-Hexyl-4’-cyanobiphenyl Cr 14.3 N 30.1 Iso 41122-70-7

7CB 4-Heptyl-4’-cyanobiphenyl |Cr’ 15.0 Cr 30.0 N 41122-71-8
42.8 Iso

8CB 4-Octyl-4’-cyanobiphenyl Cr 21.5 SmA 33.5 N 52709-84-9
40.5 Iso

9CB 4-Nonyl-4’-cyanobiphenyl Cr’ 29.5 Cr 42.0 SmA 52709-85-0
48.0 N 49.5 Iso
10CB 4-Decyl-4’-cyanobiphenyl Cr 44.0 SmA 54.5 Iso 59454-35-2
11CB 4-Undecyl-4’-cyanobiphenyl |Cr 53.0 SmA 57.5 Iso 65860-74-4
12CB 4-Dodecyl-4’-cyanobiphenyl |Cr 48.0 SmA 58.5 Iso 57125-49-2

MBBA  |N-(4-Methoxybenzylidene) |Cr 22.0 N 48.0 Iso 97402-82-9
-4-butylaniline

EBBA N-(4-Ethyloxybenzylidene) |Cr 36.5 N 79.8 Iso 98814-59-6
-4-butylaniline

C7 4-(25,3S)-(2-Chloro- Cr 55.0 (SmG* 44.0 100497-43-6
-3-methylpentanoyloxy)-4"  |SmC* 55.0) SmA* 62.0 Iso
-heptyloxybiphenyl
80PhPy8 |[5-Octyl-2-(4-octyloxyphenyl)|Cr 28.5 SmC 55.5 SmA  |57202-50-3

pyrimidine 62 N 68 Iso

8.0.6 4-(Hexyloxy)phenyl 4’ (39.0) Cr 55.0 SmC 66.0 [54963-63-2
-(octyloxy)benzoate N 89.0 Iso

Table 1: Phase transition temperatures of LCs. Monotropic phases and extrapolated phases
are denoted in round and square brackets respectively. Cr & Cr’: crystal phases; N: nematic;
SmA: smectic-A; SmC: smectic-C; SmA* & SmC*: chiral versions of the smectic-A and
smectic-C phases; SmG*: chiral version of crystal G phase; and "Iso” represents an isotropic
phase.
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Most of the work was undertaken with three room temperature LCs, namely, 5CB
(4-pentyl-4’-cyanobiphenyl), MBBA (4-methoxybenzylidene-4’-butylaniline), and 8CB (4-
octyl-4’-cyanobiphenyl), due to convenience. At room temperature, 5CB and MBBA are in
the nematic state and 8CB forms a smectic-A phase. Another reason for selecting these LCs
is that several homologues of these compounds are also commercially available. Cholesteric
nematic phases were produced by doping the above three compounds with different chi-
ral compounds (Table 2). The chiral dopants CB15 and R811 induce right-handed helix
structures whereas S811 induce left-handed helix structures. The helix pitch decreases with
increasing concentration of the chiral dopant. The helix pitch also generally decreases with
increasing temperature (reverse trends are also observed in some cases). In the case of the
chiral smectic-C phase (C7), the effect of temperature on helix pitch is generally opposite to
that seen in the chiral nematic phase. If a material exhibits both cholesteric and smectic-C*
phases, then generally the helix pitch is relatively shorter in the former.

Chiral dopant|Chemical name CAS number |Supplier
CB15 (S)-4-Cyano-4’-(2-methylbutyl) [63799-11-1 |Synthon Chemicals
biphenyl
S811 (S)-Octan-2-yl 4-((4-(hexyloxy) |87321-20-8 |Merck KGaA
benzoyl)oxy)benzoate
R811 (R)-Octan-2-yl 4-((4-(hexyloxy)[133676-09-2 |Merck KGaA
benzoyl)oxy)benzoate

Table 2: Chiral dopants. S811 and R811 are in a solid state at room temperature whereas
CB15 is in a liquid state.

All the thermotropic LCs listed in Table 1 are sparingly soluble in water. Thus, a pure
LC-pure water interface is extremely inactive. In order to activate the LC-aqueous interface,
small amounts of surfactants must be added to at least one of the phases. A complete list of
the surfactants that were used to activate the LC-aqueous interfaces are provided in Table
3. All the surfactants, except the last two amphiphiles in Table 3, were obtained from
Sigma-Aldrich Laborchemikalien GmbH (Seelze, Germany) and were used as received. If
the concentration of surfactants in the aqueous phase is above their respective CMC values,
the micellar solubilization of LC molecules is observed (see Section 3.1.2).

Thermotropic LCs form filament-like structures at LC-aqueous interfaces during the
solubilization of LC droplets in aqueous ionic surfactant solutions. The morphology of
the observed filaments at LC-aqueous interfaces depends significantly on the phase of LC
molecules. The structure of smectic-A filaments closely resembles heavily reported lyotropic
myelin figures. Thus, a significant part of the thesis is devoted to finding the similarities and
differences between smectic-A filaments and classical lyotropic myelin figures. We studied
the smectic-A filament formation, growth and stability using two experimental configura-
tions (Section 3.2.3: sandwich and capillary methods). For sandwich experiments, glass
slides and cover slips were bought from VWR International GmbH (Hannover, Germany).
In the case of capillary experiments, square glass capillaries of several sizes (length = 5 cm;
side length of the square cross section: 35, 50, 80 and 100 pum) were obtained from CM
Scientific Ltd., United Kingdom. Any LC filament growth and stability depends signifi-
cantly on the interfacial tension between LC and the surrounding aqueous solution. The
concentration of surfactants and salts significantly affects the interfacial tension values. As
salt, we used sodium chloride (NaCl, Sigma-Aldrich, used as received). Ultimately, these
LC filaments are only transient structures which make them inadequate for any practical
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Amphiphile  |Chemical name CMC value in water |CAS number
at 25°C (mM)
DeTAB (C;9TAB)|Decyltrimethylammonium 68 2082-84-0
bromide
DTAB (C2TAB) [Dodecyltrimethylammonium 16 1119-94-4
bromide
TTAB (C14TAB) |Tetradecyltrimethylammonium 3.6 1119-97-7
bromide
CTAB (C;6TAB) [Hexadecyltrimethylammonium 0.98 57-09-0
bromide
SDS Sodium dodecyl sulfate 8.2 151-21-3
CiE3 Triethylene glycol monododecyl 0.052 3055-94-5
ether
Monoolein 1-Oleoyl-rac-glycerol 10.5 mM in 111-03-5
benzene at 30°C
PC L-a-phosphatidylcholine <107° 97281-44-2
(Egg, Chicken)
PS L-a-phosphatidylserine Between 10~° and 107°[383907-32-2
(Brain, Porcine) (sodium salt)

Table 3: Critical micellar concentration values of amphiphiles. An extensive list of the CMC
values of various amphiphiles is available in the reference publication [14]. The CMC value
of monoolein in water is not available.

application. One possible way to stabilize them is to freeze their structures by using a UV
polymerization technique (Section 3.2.5). Liquid crystal was doped with a monomer (RM
305), a cross linker (RM 257) and a photo-initiator (Irgacure 907). Filaments formed by this
mixture in an aqueous solution were immobilized by using 320 nm UV light. RM 305 and
RM 257 were obtained from Merck, UK. Irgacure 907 was freely provided by the Dispersions
& Pigments division, BASF (Germany).

The properties of the lyotropic myelin figures were investigated by using three different
amphiphiles (Triethylene glycol monododecyl ether (C2E3), L-a-phosphatidylcholine (PC)
and L-a-phosphatidylserine (PS)). Phospholipids (PC and PS) were obtained from Avanti
Polar Lipids (Alabaster, AL, USA), whereas Ci;E3 was purchased from Sigma-Aldrich.

2.2 Experimental methods

Several experimental techniques were employed to investigate the LC-aqueous systems. In
this section, we briefly discuss the specifications of all the instruments that were used to
explore the LC-aqueous systems.

2.2.1 Characterization of the micellar solutions

The micellar solubilization of LC molecules in aqueous solutions generally produces very
viscous clear solutions, provided there are enough micelles in the aqueous solutions to ac-
commodate all the LC molecules. The rheological properties of these viscous solutions are
investigated using an Anton Paar MCR 501 rheometer. Both steady state shear flow and
oscillatory tests were carried out at 23°C using a cone-plate geometry (a cone of 25 mm
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diameter and cone angle of 1°). This geometry consists of a rotating upper cone and a fixed
bottom plate, with a measurement gap of 50 um. A solvent trap was used to minimize the
solvent (water) evaporation problem. Stress sweeps at a frequency of 1 Hz were performed to
estimate the linear viscoelastic range. The alteration of the viscosity of an aqueous solution
before and after the addition of solubilizates is due to the change in structural and electrical
properties of the micelles. Preliminary small-angle neutron scattering (SANS) experiments
were performed by my colleague (Dr. Lucas Goehring) for obtaining structural properties
of the micelles. The aqueous solutions were placed in 0.2 mm thick quartz-glass Hele-Shaw
cells, and capped with tape to prevent drying. In these experiments, the detector positions
used were 1.2 m and 4 m with a wavelength of 6 A. This gives a scattering vector (Q) range

e —1
between 0.008 and 0.17 A . The raw scattering spectra were corrected for detector effi-
ciency, absorption, solvent (D,0) scattering and instrumental background. The experiments
were carried out at 25°C.

2.2.2 Polarizing optical microscopy

The anisotropic shapes of LC molecules give rise to anisotropy in refractive indices. We
restrict our discussion to uniaxial materials as all the LCs used in this thesis are uniaxial
in nature. As shown in Fig. 9(a), uniaxial LC molecules have only two principle refractive
indices - n and n; . When the unpolarized light enters into an uniaxial LC material, it may
decompose into fast (ordinary ray) and slow (extraordinary ray) components. The refractive
indices of the LLC medium that the ordinary and extraordinary rays experience are denoted
by n, (ordinary refractive index) and n, (extraordinary refractive index). The n, value is
always constant and equal to n;. But the n, value depends on the direction of the light
propagation, i.e., it depends on @, the angle between the optic axis and the direction of light
propagation. The relation between extraordinary refractive index n, and ¢ is provided by

I’lHI’lL

)
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(2)

ne =

and the birefringence of the LC medium is characterized by
on=n,—n,, (3)

Because the electric field component of the incident light experiences different refractive
indices, the waves become out of phase as they propagate in the LC medium. Thus, the
polarization state of the light is not the same before and after passing through the LC
medium. Any polarization state can be obtained from the incident unpolarized light by
choosing the right combination of birefringent material and sample thickness. All the LCs
listed in Table 1 are known as positive uniaxial LCs because the condition én>0 holds true
for all of them.

Polarizing optical microscopy (POM) helps us to use the birefringent nature of the
LCs for the visualization of the macroscopic molecular orientation. Fig. 9(b) presents the
simplified POM experimental technique in the transmission mode. An unpolarized white
light source and an ocular lens (or a video camera) are present at the extreme ends of the
setup. LC samples are always placed on a rotating stage that exists between two linear
polarizers. The relative positions of the polarizer axes of the two polarizers can be easily
adjusted to the minimum precision of 1°. The most often used crossed polarized state
consists of the polarizer axes in a mutually perpendicular position. In this crossed polarized
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Figure 9: Schematic view of the polarizing optical microscopy technique and an image of
Schlieren textures. (a) Schematic representation of the two principal refractive indices of a
uniaxial LC material. (b) Schematic diagram of a simplified configuration of a polarizing
optical microscope. Sandwich cell: An LC droplet (orange color region) is sandwiched be-
tween two glass plates which are separated by thin spacers. The LC droplet is surrounded by
an aqueous micellar solution. (c) A thin 5CB (nematic phase) film under crossed polarizers.
Horizontal width of the image is 255 um.

state, no light will pass through the second polarizer (also known as the analyzer) in the
absence of any material with a non-zero birefringence. As shown in Fig. 9(c), a randomly
oriented nematic LC produces a beautiful pattern (Schlieren texture) when viewed under
crossed polarizers. Any dark region in the schlieren texture represents the local director
that is aligned parallel or perpendicular to the polarizer or analyzer axes.

Our lab is equipped with a Nikon Eclipse LV 100 (Japan) polarizing optical micro-
scope and a Nikon DS-Fil digital camera. Temperature controlled POM experiments were
conducted by using a Linkam THMSGG600 micro heating stage (connected to a TMS 94
temperature controller) mounted in the microscope between the polarizer and analyzer. A
retardation plate (A = 530 nm) was used very often to determine the internal molecular
arrangement of the weakly birefringent or thin filaments. But, simple POM observations
are not enough to obtain full 3D structures of the filaments. Thus, the fluorescence confocal
polarizing microscopy (FCPM) technique is used to determine the 3D structure of smectic-A
filaments (Section 3.2.2).

2.2.3 Fluorescence confocal polarizing microscopy

The fluorescence confocal polarizing microscopy technique was developed by Smalyukh,
Shiyanovskii and Lavrentovich [29,30], and the principle scheme of the FCPM technique is
provided in Fig. 10(a). This technique is just an extension of widely used confocal fluores-
cence microscopy (CFM) with just two modifications [31]. First, an LC sample is doped
with a strongly anisometric fluorescent dye, which preferentially aligns along the director
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of the LLC sample. Due to this preferential alignment of the dye in the LC host, excita-
tion/fluorescence transition dipoles of the dye follow the local director. Second, the dye-
doped LC sample is probed with a linearly polarized laser light source. Because of these two
modifications, the maximum (minimum) intensity of the fluorescence is observed when the
polarization of the laser beam is parallel (perpendicular) to the LC director. This capability
to image three-dimensional patterns of orientational order gives the FCPM technique an
important advantage over the CFM technique.

In order to verify whether our selection of dye (Nile red, Sigma-Aldrich) is suitable
for the FCPM experiments, a simple test was performed. An 8CB (doped with 0.01 wt%
Nile red) smectic sandwich cell was prepared. The director of 8CB in the cell was aligned
uniformly in the plane of the cell. This cell was exposed to a linearly polarized laser light
source and the emitted fluorescent light was collected by using an imaging spectrometer
(Andor, Shamrock SR-500i). As shown in Fig. 10(b), the emitted fluorescent intensity was
at its maximum when the polarization of incident laser light was parallel to the director.
This strong orientation of Nile red molecules along the local director of the 8CB smectic-A
sample allowed us to obtain the 3D structure of 8CB smectic-A filaments.

When an 8CB filament grows at the 8CB bulk (doped with 0.01 wt% Nile red)-aqueous
interface, Nile red molecules also diffuse into the filament along with 8CB molecules from
the bulk. Based on the above experimental evidence, we presume that dye molecules are
aligned along 8CB molecules in the filament. Our lab is equipped with a Leica TCS-SP2
confocal microscope. It contains a linearly polarized He-Ne laser (A = 543 nm) which is used
to excite the dye molecules in the filament. One needs to be very careful regarding the dye
concentration and the intensity of the laser, as the filament is extremely sensitive to changes
in temperature. If the exposed region of the filament is overheated, 8CB starts to leak into
the surrounding aqueous solution in the form of tiny filament-like structures (Section 3.2.4).
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Figure 10: Schematic view of the fluorescence confocal polarization microscopy and polariza-
tion dependant intensity measurements. (a) Schematic illustration of the FCPM technique.
(b) Maximum fluorescent light is emitted by Nile red when the polarization of the incident
laser beam is parallel (0°) to the 8CB director. The cell is made of unidirectionally rubbed
polyimide substrates.
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A photomultiplier tube (PMT) is used to detect a selected region (620 - 660 nm) of the
emitted fluorescent light (the excitation maximum for Nile red is at 640 nm). A pinhole is
placed in front of the PMT in order to allow the light that is emitted exclusively from the
focussed region. The laser beam can scan the filament both horizontally and vertically. The
polarization direction of the incident laser beam is always kept constant. The polarization
dependence of the fluorescence emission from the 8CB smectic-A filament is obtained by
rotating the filament in a plane horizontal to the microscope stage. The results obtained
from this technique are presented in Section 3.2.2.

2.2.4 Optical setup for waveguiding experiments

All the work related to the optical applications of smectic filaments (Section 3.2.7) was
carried out in the soft matter laboratory, Jozef Stefan Institute, Slovenia. All the optical
experiments were performed on an inverted optical microscope (Nikon Eclipse TE2000-U)
which was placed on a vibration-free optical table. The schematic representation of the whole
optical setup is presented in Fig. 11 and the real view of the setup is provided in Fig. 12. The
sandwich cells that contain freely floating smectic filaments were mounted on a motorized
X-Y-Z stage (Prior OptiScan II). This stage was controlled by a joystick (or a computer
program) and this option greatly helped to move the stage (cell) very precisely. For realizing
the waveguiding in smectic filaments, two lasers were connected to the microscope from its
back side. The beams generated by each one of the two laser sources were passed through
acousto-optic-deflector (AOD) units, which enabled us to spatially control the optical beams.
After passing through the AOD units, the beams also passed through dichroic mirror turrets,
which selectively allowed certain wavelengths of the light to reflect into the back aperture
of an objective. Each laser source was allotted with separate units of AOD and dichroic
mirror turrets which enabled us to use them simultaneously. One of the laser sources was
an infrared (IR) continuous wave (CW) fiber laser (Tweez 200si, Laser unit, Aresis) with
an emission peak at 1064 nm and with a maximum power output of 1.7 W. These infrared
laser tweezers were used to position the smectic filaments in the aqueous solution. The
second laser source was an Argon ion (Art) CW laser (Coherent, Innova 90C-4) with an
emission peak at 514.5 nm and with a maximum power output of 1.5 W. These Ar™" laser
tweezers were used for fluorescent excitation. Nile red and Rhodamine B (Sigma-Aldrich)
were used for doping liquid crystals whose absorption peaks exist at 553 nm and 554 nm
respectively. The waveguiding properties of the dye doped smectic-filaments were studied
by generating fluorescent light at one end of a filament using the CW Ar™ laser tweezers (see
Section 3.2.7.1 for further details). IR and Ar™ laser tweezers were controlled by Tweez v2.1
and Tweez v2.13m software respectively. High numerical aperture long working distance
objectives (Nikon NIR Apo 60X/1.0w, Nikon Plan Fluor 60X/0.7) were used for the above
two laser tweezers operations.

The microscope also has one front port and two side ports. The front port was generally
used for taking color pictures with a Nikon Coolpix E5400 digital camera. Omne of the
side ports is occupied by a CMOS black and white camera (PixeLink, PLA741, 1280 x
960 pixels, and physical pixel size - 6.7 um). The other side port is occupied by a high
resolution imaging spectrometer (Andor, Shamrock SR-500i) with a maximum resolution of
0.05 nm. This spectrometer was used to measure the emitted fluorescence spectra of the
filaments. The spectrometer has an adjustable rectangular input slit with a fixed length of
3000 um and an adjustable width in the range of 10 - 2500 um. This input slit is positioned
in the focal plane of the microscope, which enables the focused region in the sample cell
to be imaged onto the input slit. Three different interchangeable diffraction gratings (300
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lines/mm, 1200 lines/mm, 2400 lines/mm) are available for choosing an appropriate spectral
range. The maximum resolution of 0.05 nm can be achieved by using 2400 lines/mm grating.
Software was developed by Dr. Matjaz Humar for reading and analyzing spectra. An ITC-
503 temperature controller (Oxford Instruments) was available for heating purposes.

The photonic bandgap (PBG) characteristics of smectic-C* filaments were investigated
by using a supercontinuum laser (Fianium, SC-450). The range of the emission spectrum is
from 450 nm to 2000 nm. The supercontinuum laser light was produced by sending a 1064
nm pulsed laser beam with a repetition rate of 20 MHz into a photonic crystal fiber.

2.2.5 Optical setup for lasing experiments

The lasing properties of the smectic-A filaments were investigated by using a pulsed laser
(Nd:YAG 532 nm, Alphalas, Pulselas-A-1064-500) with a 100 Hz repetition rate, a pulse
length of 1 ns and a maximum pulse energy of 10 puJ. 10 kHz is the maximum possible
repetition rate. This laser is attached to the microscope through an additional port that
is available between the AOD unit and the dichroic mirror turret of the Ar™ laser setup.
Due to this arrangement, only one of these two lasers can be operated at a time. For
our experiment, it was important to know the polarization of the laser light that excites
the filaments. Thus, a set of optical elements was installed in between the laser source
and the dichroic mirror turret. Initially, the pulsed beam was passed through two Glan-
Taylor polarizers. The first polarizer ensured that the laser beam was linearly polarized.
The second polarizer was used to adjust the transmitted intensity of the laser beam. An
adjustable Galilean beam expander was placed (f; = -50 mm and f, = 100 mm) after these
two polarizers. It was possible to produce a collimated laser beam with a beam waist as
large as 100 um by using the combination of this beam expander and a 20X objective. A
set of a quarter wave plate and a linear polarizer was placed after the beam expander just
to make sure that the collimated laser beam was linearly polarized. This linear polarizer
was also useful to change the polarization direction of the laser beam. The lasing thresholds
were obtained by taking lasing spectra at various transmitted intensities of the pulsed laser
beam.
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3 Results and discussion

3.1 Nematic liquid crystals in aqueous ionic micel-
lar solutions

The dissolution behavior of isotropic oils such as alkanes, short aromatic compounds, was
extensively investigated and plausible mechanisms were proposed [32-40]. Very little lit-
erature is available about how the presence of an additional orientational order in the oils
(nematic liquid crystals) affect the dissolution behavior [41,42]. This chapter provides the
details of solubilization rates of the different nematic liquid crystals (NLCs) in ionic micellar
surfactant solutions. Based on our microscopy observations, possible solubilization pathways
are discussed. Nematic liquid crystal droplets dissolve completely in the micellar solutions,
provided enough active micelles are available. Rheological and structural analysis details
of the resulting aqueous solutions at equilibrium are also provided. Solubilization of both
the isotropic and nematic phase oil droplets result in self-propelled motion of the droplets,
as well as convective flows around the droplets. Common features and differences of the
solubilization of nematic liquid crystals are compared with previous micellar solubilization
studies of isotropic oils. Finally, shape instabilities of the nematic liquid crystalline droplets
in the aqueous medium at ultra-low interfacial tension values are discussed.

3.1.1 Phase diagrams: Equilibrium states of NLCs in cationic
micellar solutions

A micelle in water has a hydrophobic core. This core can host (solubilize) external hy-
drophobic molecules (oils). The extent of the solubilization of oils in a micellar solution
depends upon several properties of the micelles (aggregation number, polarity and size of
individual surfactant molecules) and oil molecules (size and polarity). Investigating the
equilibrium states is an essential first step in understanding the dynamics and molecular
pathways of the solubilization of oils. Up to 40 wt%, TTAB produces a micellar phase (L;)
in water [43]. Micellar properties change with TTAB concentration. TTAB micelles are
prolate ellipsoidal in shape and their half axes are a = b =20.2 A and ¢ =289 A at 25 mM
concentration. While the minor axes (a and b) are found to be almost independent of the
surfactant concentration, the major axis, ¢, increases from 28.9 A at 25 mM (0.83 wt%) to
57.2 A at 673 mM (18.46 wt%). For the same concentrations, the aggregation number of
TTAB micelles increases from 90 to 203 [44].

We investigated the phase behavior of three nematic liquid crystals (5CB, MBBA and
EBBA) in TTAB solutions (Fig. 13). Phase diagrams were made with NLC concentration
as the only variable. The TTAB to water weight ratio was kept fixed at 25 wt%. At low
concentrations, all three NLCs are completely soluble as shown in Fig. 14. The saturation
concentration for each NLC varies. The saturation concentration depends on the molecular
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Figure 13: Phase diagrams of NLCs in TTAB 25 wt%aqueous solutions. Phase diagrams for
these ternary systems are plotted as a function of temperature and liquid crystal concen-
tration. (a) 5CB cannot form lyotropic liquid crystalline phases in TTAB 25 wt% solution.
However, it can form a lamellar phase with more concentrated TTAB solutions such as 35
wt%. It should be noted that pure TTAB 35 wt% solution is still in the L; phase. (b-c)
Saturation solubility of EBBA is much less than MBBA, and EBBA cannot form a lyotropic
liquid crystalline phase like MBBA can in TTAB 25 wt% solution. An increase in the chain
length of a solubilizate generally reduces the solubilization limit. For concentrations between
10 wt% and 14 wt% MBBA in TTAB 25 wt% solutions, an unidentified multiple emulsion
phase exists at high temperatures (~> 45°C).

chain length and polarity of the NLCs. The saturation concentrations of 5CB, MBBA and
EBBA are 3.5, ~14 and 4 wt% respectively at 23°C. As we increase the 5CB concentra-
tion beyond 3.5 wt%, excess 5CB turns into nematic droplets at 23°C (multiple emulsion,
L1+5CB droplets). Optically the solution turns into a turbid solution (due to the presence
of nematic droplets) from a clear solution at lower 5CB concentrations. The average size and
number density of the nematic droplets increases with increasing 5CB concentration. The
saturation concentration increases with increasing temperature of the system. This means a
turbid solution at room temperature may turn into an optically clear micellar solution as we
increase the temperature. This transition between a turbid solution and a clear solution is
a reversible process. There exist higher-end 5CB concentrations where an inverted emulsion
(Fig. 15(a)) and an inverted micellar phase (L,) form. The L, phase consists of inverted
micelles in the 5CB continuous medium. Inverted emulsions consist of aqueous droplets
suspended in the L, phase as a continuous medium. Exact ranges of inverted emulsion and
the L, phases are not investigated.

The MBBA phase diagram is different in comparison to 5CB. The saturation concentra-
tion of MBBA in TTAB 25 wt% solution is almost four times larger than in the case of 5CB
at 23°C. The lengths of individual molecules of 5CB and MBBA are 18 A and 20 A respec-
tively but 5CB forms dimers in the bulk, whose length reaches 25.7 A [45]. Even though
both compounds are sparingly soluble in pure water, the molecular solubility of MBBA in
water (5.6 mg/L) is 80 times higher than 5CB (0.07 mg/L) [46]. As shown in Fig. 13 and
Fig. 14, there exists a lamellar phase (Ly) in between the micellar and the multiple emulsion
phases. The typical oily streak texture of a lamellar phase is observed under a polarizing
microscope (Fig. 15). This lamellar phase does not seem to be a continuous single phase.
Instead it appears like a mixture of L; and Ly and the percentage of L, increases as the
MBBA concentration increases. Solutions from this lamellar region do not phase separate
even after two years. Thus, the solutions must be either single phase solutions or two phase
mixtures where the two phases have almost identical densities. Detailed structural analysis
is required to confirm this. It is clear that the MBBA solubilization in a TTAB micellar
solution causes stronger structural changes to the TTAB micelles in comparison to 5CB
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Figure 14: Visual appearances of equilibrium states of liquid crystals in TTAB 25 wt%
solutions at 23°C. (a) Different concentrations of 5CB in TTAB 25 wt% solutions are shown
(Left to right: 0.5, 1, 2, 3, 4, 4.5, 5 wt% 5CB concentrations). For concentrations above 3.5
wt%, white color sediments exist at the bottom of the bottles. They are 5CB droplets that
have settled due to their higher density. Predictably sediment volume fraction increases with
increasing 5CB concentration (b) Equilibrium states of MBBA in TTAB 25 wt% solutions
are shown (Left to right: 1, 2, 4, 6, 7, 8, 10, 12, 14, 16 wt% MBBA concentrations). It is
clearly evident that multiple emulsion phases exist above 14 wt% MBBA concentration. (c)
MBBA in TTAB 25 wt% solutions between crossed polarizers (Left to right: 4, 6, 7, 10, 12,
14, 16 wt% 5CB concentrations). Transition between the L; phase and the lamellar phase
exists between 6 and 7 wt% MBBA concentrations. (d) EBBA in TTAB 25 wt% solutions
with increasing EBBA concentrations from left to right (1, 2, 3, 4, 5, 8, 11 wt%). As in the
case of 5CB, sediment volume fraction increases with increasing EBBA concentration for
concentrations above 4 wt%.

solubilization. Our neutron scattering data shows that the solubilization of 5CB in TTAB
solutions does not cause significant structural changes (see Section 3.1.7). But it seems that
the solubilization of MBBA induces considerable structural changes in the TTAB micelles
and decreases the effective charge on the micelle. After 6.4 wt% MBBA in TTAB 25 wt%
solution at 23°C, the system becomes birefringent as shown in Fig. 14. The birefringence of
the system increases with increasing MBBA concentration. Between 6.4 and 10 wt%, there
exists a temperature where the birefringent system turns non-birefringent (L; phase). This
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Figure 15: Optical microscopy images of LC-TTAB 25 wt% equilibrium solutions at 25° C.
(a) Water in 5CB inverse emulsion phase. The continuous phase is 5CB in a nematic state
and droplets contain aqueous TTAB solution. (b-c) The crossed polarizer and red wave
plate images of the oily streak texture of 12 wt% MBBA in TTAB 25 wt% solution.

transformation is also observed under the optical microscope. While heating the birefringent
sample, the L; phase islands form and spread all over the sample at the transition tempera-
ture. While cooling many multi-lamellar vesicles (MLVs) and batonnets are spontaneously
nucleated on entering the lamellar phase. MLVs show a maltese cross texture when viewed
under crossed polarizers. After 14 wt% MBBA, the TTAB micelles cannot solubilize any
more MBBA at 23°C. Additional MBBA leads to the formation of nematic droplets just
as in the case of 5CB. However it is not easy to compare the properties of two compounds
with very different molecular structures. Hence, the phase behavior of EBBA in TTAB 25
wt% solution is investigated (Fig. 13(c)). The EBBA structure differs from MBBA by an
extra methylene group added at one end of the chain (molecular chain length is 21 A) [45].
The phase behavior of the EBBA system is very similar to 5CB. No lamellar phase exists
between the L; and the multiple emulsion phase. The saturation concentration of EBBA
in TTAB 25 wt% solution is 4 wt% at 23°C. This is in accord with the general trend of
oil solubilization in micellar solutions. Increasing the molecular chain length reduces the
solubilization limit in the micellar solutions [14]. Nor do any in the nCB series (2CB to
12CB) produce any lamellar phase in TTAB 25 wt% solutions at or above 23°C. Even here,
as we increase the molecular chain length in the nCB series (5CB, 8CB and 12CB), the
solubilization limit in the TTAB solutions decreases at any given temperature.

3.1.2 Microscopy observations: Solubilization of NLCs in TTAB
solutions

There are two simple ways to perform solubilization experiments (Batch emulsion method,
single droplet method). The Batch emulsion method carries a significant disadvantage if
we want to understand the molecular pathways of solubilization. Two opposite physical
phenomena are observed simultaneously: a decrease in droplet size and number density
due to micellar solubilization, and an increase of the mean droplet size due to Ostwald
ripening. Hence a single droplet in an aqueous micellar solution method is recommended as
it simplifies the system considerably. Following this method, a large nematic parent droplet
of the order of a few hundred microns is injected into a reservoir of TTAB micelles. The
micellar solubilization of the parent droplet is tracked with a polarizing microscope equipped
with a video recorder.
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3.1.3 5CB droplets

When a 5CB droplet is immersed into a TTAB 25 wt% solution at room temperature, the
droplet is in a nematic state and it spontaneously starts to self-propel itself in the aqueous
micellar solution. Self-propulsion of the parent droplet is accompanied by convective flow
inside and around the droplet. Convective flow inside a 5CB droplet is easily observed by the
moving textural features (see Section 3.1.8) of the nematic phase under crossed polarizers.
As we continue to observe the parent droplet under a microscope, one can start to recognize
the evolution of some dirt-like objects inside the droplet. The size and number density
of these objects ('daughter droplets’) increase over time. Daughter droplets formed inside
the parent 5CB droplet are probed with fluorescence confocal microscopy. This experiment
confirms that daughter droplets are made up of the surrounding aqueous micellar solution,
seeping through the 5CB - water interface (Fig. 16(a)).

Formation of stable aqueous daughter droplets inside a 5CB parent droplet requires
TTAB at their interface. As TTAB is not soluble in 5CB, the only way of transferring
TTAB into a 5CB droplet is by means of inverted micelles. More and more inverted micelles

Figure 16: Aqueous daughter droplets in a 5CB parent droplet. (a) A 5CB droplet is initially
immersed in a TTAB 25 wt% solution containing fluorescein. After the formation of daugh-
ter droplets, the parent 5CB droplet is transferred into a pure water solution. A strong
fluorescence signal from the daughter droplets in the 5CB parent droplet clearly proves
that they are made up of aqueous TTAB solution. The black circular region surrounding
daughter droplets represents 5CB bulk. (b-c) White light and crossed polarizer images of
a sandwiched 5CB droplet. Scale bar: 15 um. (d) Schematic diagram of an aqueous water
droplet chain in a nematic host. The big gray colored circles are water droplets and the small
black circles are hyperbolic defects. The thin black lines represent the director orientation
in the nematic host medium. (e) This image shows the formation of complex structures over
time in a 5CB-TTAB 25 wt% system. Inset shows a larger magnification of the area marked
by the red rectangle, whose horizontal width is 35 pm.
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seep into the 5CB droplet over time. This results in an increase in the number density of
inverted micelles and in the frequency of collisions between them. These collisions result in
the merging of inverted micelles which grow in size over time. This is due to the inability
of single chain ionic surfactants such as TTAB and SDS to stabilize the inverted micelles in
an oil (5CB) continuous phase. This process of coalescence does not continue indefinitely
but stops after daughter aqueous droplets reach a critical size that is approximately a few
micrometers. Then these aqueous droplets start to aggregate in the form of linear chains
(Fig. 16(b-d)). These linear chains may also evolve over time into large complex structures
with lateral connections between chains (Fig. 16(e)). Similar behavior is observed during
the phase separation of a binary mixture [47]. This binary mixture consists of an isotropic
fluid (silicone oil) and a liquid crystal (E7). A small amount of silicone oil in E7 forms a
single nematic phase at 50°C. Rapid cooling to room temperature nucleates small silicone oil
droplets, which grow in size until they reach a critical size of a few micrometers. Then these
silicone droplets start forming linear chains just as in the current system. These specific
interactions are a result of orientational elasticity of the continuous phase. The energy scale
of an elastic distortion around a spherical particle with radius “a” is of order "Ka"”, assuming
a single elastic constant K, for splay, twist and bend deformations, whereas surface anchoring
energy of the corresponding spherical particle amounts to Wa®. The constant W is known as
molecular anchoring strength, which is a measure of the ease with which orientation at the
interface can deviate from its preferred anchoring direction. Strong homeotropic anchoring
is achieved at the aqueous droplet interface only when surface anchoring energy becomes
comparable to the energy scale of the elastic distortion around the droplet (i.e., above a
critical radius where Wa? ~ Ka ). Thus, small aqueous droplets (i.e., with radii below the
critical value) can freely diffuse and possibly coalesce when they collide with each other,
as they do not induce significant distortions in the surrounding NLC medium. A droplet
with strong homeotropic anchoring is topologically equivalent to a radial hedgehog defect
of topological charge +1. A hyperbolic hedgehog defect with opposite topological charge -1
becomes nucleated near the surface of the aqueous droplet as shown in Fig. 16(d) [47-51].
Both these defects combine and produce a net charge of zero. This defect pair behaves like
an electrostatic dipole at the long range. Thus droplets attract each other at long range
but the presence of a topological defect between two approaching droplets induces a short
range repulsion. This explains the formation of aqueous droplet chains. These attractive
interactions are much greater than the entropic free energy of the aqueous droplets [48]. As
a result, chains are stable against thermal fluctuations. However, due to the convective flow
inside the parent 5CB droplet, these aqueous droplet chains may disassemble and assemble
repeatedly with or without the same bunch of aqueous droplets. Even though micron-sized
aqueous droplets do not coalesce with each other and form chains, each aqueous droplet in
a chain can still continue to grow. This implies that inverted micelles in the surrounding
5CB medium can still merge with aqueous droplets in the chains.

Increasing the TTAB concentration in the surrounding aqueous medium increases the
rate of formation and number density of aqueous daughter droplet chains inside the parent
5CB droplet. This clearly suggests that the rate of transfer of inverted micelles into a 5CB
droplet increases with increasing TTAB concentration in the surrounding aqueous medium.
Inverted TTAB micelles must be made out of TTAB molecules at the interface. This process
is succeeded by the replenishing of the interface with TTAB molecules from the surrounding
aqueous medium. The rate of replenishing depends on the TTAB micellar density around
the droplet. Hence, it is conceivable that the rate at which aqueous daughter droplet chains
form inside the parent 5CB droplet depends on the TTAB concentration in the surrounding
aqueous medium.
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Figure 17: Rate of dissolution vs initial droplet size. Two significantly different sized 5CB
droplets still dissolve at the same rate in TTAB 25 wt% solution at room temperature
(~23°C).

Convective flows, disclination lines and aqueous daughter droplets in a 5CB parent
droplet provide another kind of interaction. A recent report demonstrates that attractive
interactions exist between disclination lines and aqueous droplets or colloids with normal
anchoring in a flowing nematic host [52]. The only significant difference in the current
system is that flow inside the nematic host (i.e., parent droplet) is not artificially generated.
A single dipolar droplet or dipolar droplet chains produced in a parent 5CB droplet become
attracted toward the disclination lines and position themselves along the disclination lines.
The distance between dipolar aqueous droplets (initially in a chain) before and after merging
with a disclination line remains intact. Convective flow inside the parent 5CB droplets can
drag the trapped aqueous droplets along the disclination line. If the convective flow is
perpendicular to the disclination line, trapped aqueous droplets can be freed from it.

Despite the continuous mass transfer from the aqueous micellar solution into the 5CB
parent droplet, its radius R decreases over time. This implies that there exists a much more
significant continuous mass transfer of 5CB into the aqueous micellar solution as well. As the
5CB molecular solubility in pure water is very limited (0.07 mg/L), 5CB molecules must be
solubilized in the TTAB micelles. Unlike the formation of aqueous daughter droplets inside
the 5CB parent droplet, no such 5CB daughter droplets form in the surrounding aqueous
medium. After several hours, the 5CB droplet is completely solubilized and a viscous opti-
cally clear solution remains. The radiuses of the 5CB droplets decrease linearly over time,
in the investigated range of sizes. Fig. 17 demonstrates that the rate of solubilization is
independent of the initial size of the 5CB droplet for a given concentration of TTAB.

3.1.3.1 Solubilization of 5CB vs Temperature

When the same experiment is conducted at higher temperatures at which the 5CB droplet
is in an isotropic state, a similar behavior is observed. The radius of the 5CB droplet
still decreases linearly but at a faster rate of solubilization (over time, aqueous daughter
droplets do start to emerge in the isotropic parent 5CB droplet, as in the case of the 5CB
droplet in the nematic phase (Fig. 18(a, c)). Aqueous daughter droplet size and number
density increase over time as is the case for 5CB nematic droplets. However, these aqueous
daughter droplets do not form chains (in the isotropic 5CB droplet) as they do in the case
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Figure 18: Effect of temperature on 5CB droplet solubilization rates. (a) The rate of solu-
bilzation of the 5CB droplet in TTAB 25 wt% solution increases with increasing temperature.
(b) Solubilization of a 5CB droplet in TTAB 25 wt% solution during a constant tempera-
ture ramp. This experiment shows that the Nematic - Isotropic transition does not have
any significant effect on the solubilization rates. (c¢) The 5CB isotropic droplet in a TTAB
6 wt% micellar solution at 45°C after five minutes. Point like objects inside the droplet are
indeed aqueous daughter droplets. It is quite clear that no aqueous daughter droplet chains
form inside an isotropic 5CB droplet. Horizontal width of the image is 410 um.

of the nematic 5CB droplet. Fig. 18(b) shows that the presence of an extra molecular order
in the parent 5CB droplet (nematic) does not seem to have any prominent influence on
the solubilization rates. But this is not entirely true in every system. In certain cases,
nematic liquid crystal droplets do solubilize faster at lower temperatures in ionic surfactant
micellar solutions. This is not observed in the case of the same droplets in the isotropic
state. Parent droplets in the isotropic state always solubilize faster at higher temperatures
in ionic micellar solutions. One example of the anomalous faster solubilization at lower
temperatures in nematic droplets is provided in Section 3.1.4.2.

3.1.3.2 Solubilization of 5CB vs TTAB concentration

The critical micellar concentration (CMC) for TTAB is 0.13 wt% at 25°C (CMC increases
slowly with increasing temperature as the molecular solubilization of TTAB molecules in
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water increases). Below the CMC, only the molecular solubilization of 5CB is possible as
there are no micelles available. As a result, the solubilization rate is very low (-dR/dt =
1 nm/s at 30°C and 0.08 wt% TTAB concentration). The solubilization rate of 5CB is
independent of the TTAB concentration (Cs) until Cs reaches CMC. There is a complete
absence of self-propelled motion of 5CB droplets as well as of convective flows inside and
around them for C; < CMC. However, due to the finite molecular solubilization of water in
5CB, aqueous daughter droplets can be observed even for C; < CMC. A similar observation
is made for 5CB films in contact with pure water [53]. 5CB droplet solubilization becomes
much more pronounced for TTAB concentrations, C; > CMC through micellar solubiliza-
tion. The solubilization rate of 5CB droplets increases nonlinearly with increasing TTAB
concentration. More details about this nonlinear dependence are provided in Section 3.1.5.
Self-propelled motion of the 5CB droplet and convective flows inside and around the droplet
increase significantly with increasing TTAB concentration.

3.1.3.3 Effect of solubilizate chain length on solubilization rates

Three different LCs (5CB, 6CB and 7CB) in the nCB series are considered. All three LCs
are in the nematic state at room temperature. Increasing the solubilizate chain length
results in a decrease in the solubilization rate at a given TTAB concentration. As shown
in Fig. 19, this relationship between solubilizate chain length and solubilization rate holds
true irrespective of the parent droplet state (i.e., nematic or isotropic).
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Figure 19: Chain length dependence on solubilization kinetics. (a) Increasing the chain
length of the solubilizate decreases the solubilization rate in TTAB 25 wt% solution at 24°C
(b) The same chain length dependence is observed for LCs in TTAB 25 wt% solution at
64°C. The temperature effect on solubilization kinetics of each LC is also the same. The
rate of solubilization increases with increasing temperature irrespective of the droplet state
(i.e., nematic or isotropic).
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3.1.4 MBBA droplets

MBBA behaves differently in the nematic phase. For a given concentration of TTAB, there
exists a temperature below which the parent MBBA droplet starts ejecting tiny daughter
MBBA droplets spontaneously into the surrounding aqueous phase (Fig. 20(a)). The diam-
eters of these tiny droplets are of order 1 um. These tiny droplets further dissolve into the
surfactant solution completely and thus an optically clear solution is obtained after some
time (in the order of a few minutes to a few hours). If a daughter MBBA droplet is not
crowded by other daughter droplets, then it quietly disappears over time. If the ejected
daughter MBBA droplets are very near to each other (1 um or less), they form a transient
Lyotropic LC phase by mixing with the surrounding TTAB solution. The resulting ma-

£ /.

Figure 20: Solubilization process of MBBA in TTAB solution. (a) The MBBA parent droplet
expels tiny daughter MBBA droplets in TTAB 10 wt% solution at 23°C. The inset shows a
larger magnification of the marked area by a red rectangle (horizontal width 70 um). (b)
A 100 um MBBA droplet in a TTAB 7.5 wt% at 23°C. Microjets are clearly visible along
the interface. Inset shows magnified image of microjets. (c-e) If the expelled droplets are
very near to each other, they form a lyotropic lamellar phase with TTAB 10 wt% solution.
Pictures c-e show polarization microscopy images of an MBBA filament growing out of the
lamellar region. Scale bar in the image b represents 25 um. (f-h) In order to show the
similarity of the MBBA filament with classical myelin figures, the Ci,E3 - water system is
chosen. Pictures f-h show the polarizing microscopy images of myelin figures growing from
the CpE3 - water interface into an aqueous medium. Structurally, MBBA filaments are
almost identical to classical myelin figures except that the tube diameter is not constant in
the case of the MBBA filament. More structural details of these kind of cylindrical objects
are provided in Chapter 4. Scale bar in image e represents 50 um. A, P and A symbols
indicate the analyzer, polarizer and red wave plate configurations applied for taking pictures.
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terial has a lamellar structure (Fig. 20(c)). Owing to its lamellar structure, this material
forms transient lyotropic myelin-like figures (MBBA filament, Fig. 20(c-e). These MBBA
filaments are different to the myelinic figures formed by systems such as CjpE3 - water. In
the case of classical systems like CjpF3 - water, the myelinic figures that grow from the C2E3
- water interface are in an almost perfect cylindrical shape as shown in Fig. 20(f-h) [54].
It is reported that there is no significant mass transfer between the aqueous medium and
the myelinic figure across the surface of the myelinic figure [55,56]. However, in the present
case, the MBBA filaments rarely have a perfect cylindrical shape. The cross-sectional diam-
eter of the filaments continuously decreases from the root to the tip. This clearly suggests
that there is a significant mass transfer across the MBBA filament and aqueous micellar
solution interface. We have not observed similar behavior in the 5CB-TTAB-water system
at or above room temperature (23°C) for TTAB concentrations up to 25 wt%. This may
be due to the fact that the MBBA-TTAB-water system can form an equilibrium lamellar
phase, whereas the bCB-TTAB-water system does not form lamellar phases at or above
room temperature (see Section 3.1.1). Please note that we restricted ourselves to TTAB
25 wt% in the TTAB-water system as we wanted to work only with low viscosity aqueous
TTAB micellar solutions (L;, solution phase). Preliminary experiments show that even 5CB
droplets expel tiny daughter 5CB droplets well below room temperature (~5°C) in TTAB
25 wt% solution. Similarly, all the different NLC droplets tested eject tiny daughter NLC
droplets under certain specific conditions of temperature, surfactant concentration, and ad-
ditives such as salts. This shows that the ejection of daughter NLC droplets is a universal
behavior of all NLCs.

3.1.4.1 Spontaneous expulsion of daughter MBBA droplets - Threshold
temperature (7;)

The threshold temperature below which the parent MBBA droplet expels daughter MBBA
droplets can be manipulated by changing the concentration of surfactant in the surrounding
aqueous micellar solution. As shown in Fig. 21, the temperature at which the ejection
starts (7.) increases with increasing surfactant concentration. Apart from the expulsion
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Figure 21: Effect of surfactant concentration on threshold temperature. The threshold tem-
perature (7.) below which the MBBA parent droplet expels daughter droplets is significantly
higher for the CTAB solution than the TTAB solution at any given concentration.
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of the daughter MBBA droplet below T, , MBBA droplets behave similarly in aqueous
micellar solutions on either side of the threshold temperature. This includes the constant
solubilization rate, convective flows, self-propelled motion and the formation of tiny aqueous
daughter droplets inside the parent MBBA droplet.

Fig. 21 also shows threshold temperature dependence on the type of the surfactant
present in the aqueous medium. TTAB and its higher homologue, CTAB, are used to
investigate the expulsion behavior. It is well known that CTAB is much more efficient in
reducing the interfacial tension in comparison to TTAB [14]. Efficiency of a surfactant is
measured by the surfactant concentration required to achieve a certain interfacial tension.
For a particular molar concentration of both surfactants, the threshold temperature obtained
by CTAB is much higher than in the case of TTAB. These observations clearly suggest that a
sudden drop in the interfacial tension exists at the threshold temperature, which facilitates
the expansion of the interface without any need of external energy. The MBBA droplet
surface area expands by forming jets (Fig. 20(b)). However, these jets are not stable and
they instantly break up into tiny LC daughter droplets. Stable jets are also possible under
certain conditions. More details about stable jets (or nematic filaments) are provided in
Section 3.1.9. This morphological change of the MBBA droplet surface is a result of the
competition between the bulk elastic energy and the surface energy of the MBBA droplets.
It is noteworthy that threshold temperatures are always below the Nematic - Isotropic phase
transition temperature of MBBA (48°C) for all investigated surfactant concentrations.

3.1.4.2 Solubilization of MBBA vs Temperature

As explained in the above section, the solubilization of MBBA droplets follows two differ-
ent routes depending upon whether the temperature of the system is above or below the
threshold temperature. Fig. 22 shows the behavior of parent MBBA droplets in TTAB 10
wt% solution at different temperatures. The threshold temperature for this current system
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Figure 22: Solubilization rate of MBBA droplets vs Temperature. MBBA droplets are put
into TTAB 10 wt% solutions. The threshold temperature is at 27.5°C for this system.
Above the threshold temperature, the general behavior of solubilization is observed. The
solubilization rate at 44°C is higher than the rate at 32°C. But, an anomalous solubilzation
rate value is observed for the system at 25.3°C. This apparent high solubilization rate at
lower temperature is due to the expulsion of daughter droplets by the parent MBBA droplet.
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is 27.5°C. Above the threshold temperature, the solubilization rate of the MBBA droplet in
the aqueous micellar solution increases with increasing temperature. This holds true even
when the parent MBBA droplet is in an isotropic state. Due to the expulsion of the tiny
daughter droplets from a parent MBBA droplet below T, the solubilization rates apparently
become enhanced. Thus, as shown in Fig. 22, the solubilization rate of a MBBA droplet
at 25.3°C is much greater than the solubilization rates at 32°C and 44°C. It must be noted
that the experimental line at 25.3°C in Fig. 22 represents the diameter of the parent MBBA
droplet only. The expelled daughter droplets from the parent MBBA droplet take more time
to solubilize completely in the aqueous micellar solution. However, the complete solubiliza-
tion of the parent MBBA droplet at 25.3°C is still much faster than the solubilization at
32°C and 44°C. As mentioned previously, this is one of the rare situations where the parent
oil droplet solubilizes faster at lower temperatures in ionic surfactant micellar solutions. As
we decrease the temperature (i.e., in the region below T;), the rate of expulsion of daughter
MBBA droplets increases significantly, but the time required for the complete solubilization
of expelled daughter droplets in the aqueous micellar solution also increases significantly.
Hence, within the region below the threshold temperature, T, the time required for the
complete solubilization of the parent MBBA droplet decreases with increasing temperature.
The existence of interfacial instability (i.e., droplet ejection) at lower temperatures in the
nematic phase is in line with earlier reports [57,58]. These reports show that the interfacial
tension of the nematic liquid crystal-aqueous ionic micellar solution interface decreases with
decreasing temperature.

3.1.4.3 Solubilization of MBBA vs TTAB concentration

The rates of solubilization of parent MBBA droplets are investigated for different TTAB
concentrations (0.5 - 3 wt%) at 29°C. MBBA droplets do not expel daughter droplets at
these concentrations and this temperature. As shown in Fig. 23, the solubilization rate
-(dR/dt) non-linearly approaches towards zero as Cy; decreases. A comparison between the
5CB and the MBBA droplet dissolution rate, dependent on the TTAB concentration, is
also presented in Fig. 23. The solubilization rate of MBBA droplets is at least two times
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Figure 23: Rate of solubulization of LC droplets vs TTAB concentration. Solubilization rate
-dR/dt is plotted as a function of TTAB concentration at a constant temperature (29°C).
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higher than a 5CB droplet at any investigated TTAB concentrations. It is noteworthy
that the molecular solubilization of MBBA in pure water (5.6 mg/L) is 80 times higher than
5CB (0.07mg/L) at 25°C. The possible relationship between molecular solubilization in pure
water and micellar solubilization is discussed in the following section.

3.1.5 Plausible molecular pathways in the micellar solubiliza-
tion of LC droplets

Several mechanisms have been considered to explain the results of the micellar solubilization
rates of organic liquids. Two mechanisms are generally accepted based on the type of the
surfactant (ionic or non-ionic) and on the molecular solubility of the oil in pure water.

Ionic surfactants: In the case of ionic surfactants, the oil droplet - water (O/W) inter-
face and micelles repel each other due to electrostatic repulsion. Individual oil molecules from
a parent oil droplet dissolve in the aqueous phase initially. These solubilized oil molecules
diffuse away from the O/W interface and are subsequently captured by micelles [33,37,38,40].
Depending upon the molecular solubility and the concentration of the surfactant, individ-
ual oil molecules become incorporated into micelles within the diffusion boundary layer or
after they enter the bulk aqueous solution. This molecular pathway generally explains the
behavior of oils which have considerable molecular solubility in water. However, the case
of extremely insoluble oils like triglycerides cannot be explained with this mechanism. A
schematic diagram of this plausible mechanism (i.e., molecular pathway) for ionic surfactants
is provided in Fig. 24(a).

Non-ionic surfactants: Due to the lack of electrostatic repulsions, micelles can di-
rectly adsorb onto the parent oil droplet. But it is very well known that micelles are not
particularly surface active. Thus, realistically, micelles dissociate into separate surfactant
molecules (monomers) in the diffusion boundary layer. The dissociation of micelles or the
demicellization process is expected to happen through the step-by-step removal of monomers
from the micelles rather than through the one step disintegration of micelles. These disso-
ciated individual surfactant molecules adsorb onto the O/W interface due to their strong
surface activity. Adsorbed excess surfactant molecules are subsequently detached from the
O/W interface in the form of micelles fully or partially filled with oil molecules from the par-
ent oil droplet (Fig. 24(b)). The molecular pathway can also still play a significant role along
with this micelle-mediated pathway in solubilizing the oil droplets in a non-ionic surfactant
solution, if the molecular solubility of oil in water increases significantly [35-37].

Our experiments are restricted to LC droplets in aqueous ionic micellar solutions. LC
droplets in non-ionic surfactants are not a suitable system for us as our goal is to understand
the effect of the nematic order on the solubilization behavior of oil droplets in aqueous
micellar solutions. Non-ionic surfactants are soluble in both water and LCs to some extent.
When a pure nematic droplet is introduced into a non-ionic surfactant solution, surfactant
molecules are redistributed between the parent LC droplet and the water medium. This
inevitable reorganization of non-ionic surfactants may cause the parent LC droplets to lose
their nematic order and turn into isotropic droplets over time. Thus we restricted ourselves
to ionic surfactants whose molecular solubility in oils is negligible.

Based on the solubilization results obtained for decane and benzene in SDS solutions,
Todorov et al. developed a theoretical model that describes the solubilization of a single oil
droplet in an aqueous ionic micellar solution [40]. A difference of five orders of magnitude
exists between the molecular solubility of decane (65 pug/L) and benzene (0.94 g/L) in pure
water. This difference in molecular solubility in water has a profound effect on the solubiliza-
tion rates. While the decane droplet radius decreases linearly over time, the benzene droplet
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Figure 24: Schematic diagram of plausible o0il solubilization pathways. (a) Molecular path-
way. If the solubility of oil in water is very high, oil droplets dissolve molecularly in the bulk
water solution at first and later micelles may capture oil molecules solubilized in bulk water.
If the molecular solubility of oil in water is very low, micellar solubilization only occurs in
a small region around the oil droplet called the diffusion boundary layer or solubility zone.

(b) Micelle mediated pathway. In the case of high hydrophobic oils, solubilization follows
this path in non-ionic surfactant solutions.

radius decreases non-linearly over time (the rate of solubilization increases over time). In
SDS 0.25 M solution, the rate of solubilization of benzene droplets is >70 nm/s, whereas
the rate of solubilization of decane droplets is very low, ~ 2 nm/s. The molecular solubility
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of investigated LC molecules (5CB, 70 ug/L; MBBA, 0.56 mg/L) in water is comparable to
that of decane and all these three organic liquid droplets show a linear decrease in the size

of droplets over time. Thus, Todorov’s decane droplet solubilization model is applied to the
LC droplets.

3.1.5.1 Todorov’s theoretical model

The basic assumption of the model is that the concentration of full micelles (i.e., a full micelle
cannot accommodate any more new oil molecules) within the diffusion boundary layer is
zero. This means micellar diffusion is sufficiently faster than the micellar solubilization of
oil molecules. Active micelles leave the diffusion boundary layer before they become full
micelles. It is also assumed that oil molecules diffuse into the aqueous medium and are
then captured by active micelles within the diffusion boundary layer (solubility zone). For
sparingly soluble oil like decane, it is quite reasonable to assume that the characteristic
length of the solubility zone (k~! ) is very small in comparison to the radius of the droplet
at any given moment (R) during the entire length of the experiment. Concentration of active
micelles (c,) within the solubility zone is assumed to be constant and equal to rf—; = S,
Here ¢ stands for surfactant concentration in the bulk solution, and cmc is the critical
micellar concentration of the surfactant and n, is the mean aggregation number of the
micelles.

For all the above conditions, the local concentration of oil molecules in the aqueous
medium (c,;) obeys the equation

Vzcoil = chm'l, (4)
k
K= (5)
Doil

here D,; stands for the diffusivity of oil molecules dissolved in water and k; for the rate
constant of solubilization. The imposed boundary conditions for solving Eq. 4 in spherical
coordinates are: no oil in the micelles at the infinity and no mass flux of the micelles into
the parent oil droplet.

_ acoil
or

=0 (Ceq — Coil (R)) ) C()il|r:oo =0, (6)
r=R

where 1 is the radial distance from center of the oil droplet and c, is the equilibrium
solubility of oil in water. 0 represents the mass-transfer coefficient across the O/W interface.
By solving Eq. 4 for conditions of Eq. 5 and Eq. 6 results in the following equation

cogR  el<R)

14 [K+§*‘] r

C()il(r) = (7)

The number of oil molecules dissolved in water per unit area of the parent oil droplet surface
and per unit time (Q,;) is obtained with the help of Eq. 7.

K+R™!
= 17Doilceq- (8)
r=k 1+ [T}

dc il
Qoil = _Doil Tm
r

The rate of decrease in the volume of the parent oil droplet can be obtained by using
Eq. 8.
_dv

gy = Vel (47R*) Qoir, (9)
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here v,; is the molar volume of the oil. Substituting the volume of the oil droplet (V = %nR3)
and Eq. 8 in Eq. 9 gives the required expression for the rate of decrease in the radius of the
oil droplet.

dR  OB(1+«R)

dt — 1+(8+K)R
B = voilDoilCeq- (11)

(10)

According to our initial assumption, the radius of the parent oil droplet at any given time
R is much larger than the characteristic length k~! of the solubilization zone (kR >>1). In
the limit kR >> 1, which corresponds to a narrow solubilization zone around the parent oil
droplet, Eq. 10 can be approximated into the following form

4R _ 3
dt ~ 8+«K

= u = constant, (12)
R(t) = Ry —ut. (13)

From Eq. 5 and Eq. 12 we can ascertain the relation between the rate of solubilization of oil
droplets (#) and the bulk surfactant concentration.

_ 05 05
Y a(c—cmc) __acy ’ (14)
b+ (c—cmc)®>  b+4c03
D yiiny, 2702
where a=08B, b= {;{’:5] . (15)

According to Eq. 14, the rate of solubilization of oil droplets should vary as ¢?° at small
surfactant concentrations and approaches a constant value at high surfactant concentrations.
This model represents the decane droplet micellar solubilization in SDS solution adequately
[40].

Fig. 25 shows the Todorov’s model fitting for the LC droplet (5CB and MBBA) disso-
lution data. Todorov’s decane droplet model does not really fit the LC droplet dissolution
experimental data. At small surfactant concentrations, Todorov’s model overestimates the
dissolution rates, whereas at high surfactant concentrations, the model significantly under-
estimates the LC droplet solubilization rates. However, if the power of ¢, in the Eq. 14 is
treated as a variable instead of fixing it at 0.5, excellent matches to the experimental obser-
vations can be obtained. Through this method, the obtained powers for 5CB and MBBA
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Figure 25: Model fittings for LC solubilization in TTAB solutions. (a-b) The rate of sol-
ublization varies non-linearly for both MBBA and 5CB with TTAB concentration. Model
fittings are shown for MBBA (a) and 5CB (b) respectively.
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droplet solubilization in TTAB solutions are 0.79 and 0.96 respectively. This suggests that
Eq. 4 and Eq. 5 may not be entirely correct for LC droplet micellar solubilization. Todorov’s
model assumes that active micellar concentration in the bulk and solubilization zone is the
same and constant. This assumption holds true in the case of decane. However, this may
not really apply for LC droplets, especially at small surfactant concentrations. Ionic surfac-
tants do not diffuse into the parent decane droplet. But as we know, there is a continuous
mass flux of surfactant monomers (individual molecules) into the parent LC droplet during
the entire length of its solubilization period. Surfactant monomers at the LC droplet-water
interface must continuously transform into inverted micelles and carry water in their hy-
drophilic cores. In order to replenish the interface continuously with surfactant monomers,
active micelles entering into the solubility zone must dissociate into monomers partially or
completely. This results in the decreasing density of active micelles in the solubility zone.
If the active micellar concentration in the solubility zone is smaller than in the bulk solu-
tion, the apparent rate of solubilization goes down. This may explain the overestimation of
solubilization rates by Todorov’s model at small surfactant concentrations.

As the surfactant concentration increases, the influx of inverted micelles into the par-
ent LC droplet also increases significantly. Thus, active micelles in the solubility zone must
dissociate to replenish the interface continuously much more frequently than at the small sur-
factant concentration. But solubilization rates at high surfactant concentrations are higher
than Todorov’s model estimates. This may be explained through the possible formation of
nematic nanojets at the LC droplet-water interface. As mentioned already, high surfactant
concentrations and low interfacial tensions make the LC parent droplet-water interface very
unstable and produce jets with several microns of cross-sectional diameter (microjets). The
formation of jets greatly enhances the apparent rate of solubilization (see Section 3.1.4.2). It
is conceivable to have nanojets (at the LC droplet interface) between the regions of molecu-
lar solubilization of oil and microjets, at intermediate surfactant concentrations. This could
explain the differences between experimental results and estimations from Todorov’s model
for high surfactant concentrations. Attempts are being made in our lab to find out whether
this nanojets hypothesis is indeed a true phenomenon. Similarly, extensive convections in-
side and around the parent oil droplets caused by Marangoni stresses may also affect the
solubilization rates significantly at high surfactant concentrations. Convective flows inside
and around the LC droplet increases significantly with increasing surfactant concentration.

3.1.6 Rheology of LCs in TTAB solutions at equilibrium

The incorporation of solubilizates into the micelles may induce significant changes in the
micellar properties such as shape and size. There are several possible loci of solubilization
in a micelle as shown in Fig. 26. The precise location at which solubilization occurs depends
on the interaction between surfactant and solubilizate. The locus of solubilization in a
micelle determines the extent of solubilization (solubilization capacity/power of the micelle)
[14]. As mentioned in Section 3.1.1, MBBA forms single phase systems until ~14 wt% (L,
phase until ~6.4 wt% ) in TTAB 25 wt% solution at 23°C. However, 5CB forms single
phase systems in TTAB 25 wt% until ~3.5 wt% only at 23°C. These differences in the
solubilization capacity of TTAB micelles clearly suggest that the loci of solubilization are
significantly different for 5CB and MBBA. Exact locations of solubilizates after solubilization
in aqueous micellar solutions can be obtained using UV, NMR and fluorescence spectra [59—
64]. Changes in the micellar dimensions can be obtained through diffraction studies (SANS)
[65—69]. The viscosity values of the TTAB micellar solutions saturated with either 5CB or
MBBA are significantly higher than the viscosity values of pure TTAB solutions. Rheological
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Figure 26: Possible loci of solubilization. The exact location of the solubilizate in a micelle
depends upon the interaction between the solubilizate, surfactant monomers and the sol-
vent. Solubilization can occur at four different sites in a micelle (a) at the micelle-solvent
interface (b) in the inner core of the micelle (c) somewhere in the palisade layer (outer
core) which consists of the hydrophilic head group and the first few carbon atoms of the
hydrophobic group and (d) between the hydrophilic head groups of non-ionic surfactants.
Closed circles represent the hydrophilic head groups of a surfactant. The black bold lines
represent solubilizates. The light black curved lines represent surfactant tails and the black
bold curved lines represent hydrophilic head groups of a non-ionic surfactant.

properties were investigated systematically for both 5CB-TTAB and MBBA-TTAB systems.
The structural change of micelles induced by 5CB solubilization in TTAB samples were
investigated by means of small-angle neutron scattering (SANS). SANS experimental data
for 5CB-TTAB system is provided in Section 3.1.7.

3.1.6.1 5CB in TTAB 25 wt% solutions: Steady shear flow curves

Fig. 27(a) shows flow properties for 5CB-TTAB solutions as a function of 5CB concentration
at 23°C. Pure TTAB 25 wt% solution showed a Newtonian behavior within the region of
investigated shear rates. Pure TTAB 25 wt% obeys Newton’s postulate (Eq. 13) which
states that the force resisting the motion of liquids is proportional to the range of applied
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Figure 27: Steady shear flow curves of 5CB in TTAB 25 wt% solutions. (a) Steady shear
flow curves as a function of 5CB concentration in the (0 - 3.5) wt% range at 23°C. (b)
Generalized flow equilibrium curve of non-Newtonian fluids. Region I is the first Newtonian
plateau, Region II is the shear thinning (power law) regime and Region III is the second
Newtonian plateau.
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shear rates (ideal viscous flow behavior).

T=nY (16)

T, 7 and 7 represent shear stress, the shear rate applied to the liquid and the viscosity of the
liquid respectively. All the investigated 5CB-TTAB mixtures exhibit Newtonian behavior at
a low shear rate regime. However, 5CB-TTAB mixtures do not obey Newton’s law over the
total range of investigated shear rates (non-Newtonian behavior). After a certain critical
shear rate, apparent viscosity decreases with increasing applied shear rate for each 5CB-
TTAB mixture. Fig. 27(b) shows a generalized equilibrium flow curve which represents the
shear rate against viscosity for non-Newtonian fluids. This figure consists of a low shear
rate Newtonian regime (Region I), an exponential shear thinning regime (Region II) and a
high shear Newtonian regime (Region III). Shear thickening and time-dependent behaviors of
liquids are ignored here. Several model functions are available for describing the equilibrium
flow curves including zero-shear (1) and infinite-shear viscosities (Nw).

Zero shear viscosity 1o : No = 1in}) n(y). (17)
Y—
Infinite shear viscosity N : N = lim (7). (18)
Froo

Fig. 28(a) illustrates the fitting quality of the results obtained by the two most popular
models (Cross [70] and Carreau [71]). The cross model for viscosity is

n(¥) — e L
= ~7 (19)
No—"n 1+ <%>
simplified form : n(7) ! (20)

o - 1+<%)p.

Ye is the critical shear rate for the onset of a shear thinning response. As the shear rate
approaches the critical shear rate, shear induced ordering becomes more prominent than
the thermal randomizing in the liquid sample. It results in a steady decrease in apparent
viscosity with an increasing shear rate (Region II). After attaining the maximum possible
shear-induced ordering in the liquid sample, the apparent viscosity becomes independent
of the applied shear rate (Region IIT). High shear Newtonian behavior, Region III, is not
really observed for any 5CB-TTAB samples within the investigated range of shear rates
(Fig. 27(a)). p is a parameter related to the slope of Region II. For the simplified form (Eq.
20), it is assumed that 7. is very small in comparison to 1o.

The Carreau model for viscosity is

o = T @)
(@)
simplified form : n(7) = ! . (22)

Mo A\
()
Simplified forms of both models are used for fitting to the data (Fig. 28(a)). It is quite
evident from Fig. 28(a) that the Carreau model fits the experimental data better than the
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5CB concentration | Zero shear viscosity | Critical shear rate p
(wt%) (Pa.s) (s

0 0.01329 - -

0.5 0.04764 4892.81892 0.14385
1 0.16851 1585.46587 0.29969
1.5 0.66327 561.53676 0.46352
2 1.75505 234.32463 0.60475
2.5 3.01969 131.15627 0.67494
3 3.49454 124.5805 0.66595
3.5 3.08155 166.47605 0.5967
4 2.95213 181.13027 0.5883
4.5 3.05315 178.04231 0.58039
5 3.05136 172.09482 0.57035

Table 4: Carreau model fitting parameters for 5CB in TTAB 25 wt% solutions. All the three
parameters in the simplified Carreau model are listed as a function of 5CB concentration.

Cross model. Values of the parameters ( 19, 7. and p ) obtained from the Carreau model
are shown in Table 4.

As shown in Fig. 28(b) the zero-shear Newtonian viscosity value, 1o, significantly in-
creases with 5CB concentration up to 3 wt%. After that there is a slight decrease in the
TNo value until the solution phase (L;) ends. However, the 1y value does stay approximately
constant within the explored range of the droplet emulsion phase as shown in Fig. 28(b) (3.5
wt% - 5 wt% 5CB). The presence of a maximum in 1 values (at 3 wt% 5CB) does indicate
the presence of two different ways that micells are structurally changed upon addition of
5CB on either side of the maximum.

As mentioned earlier, systematic neutron scattering investigations revealed that pure

a) 0.18-n ” T T LI b) 4.0 T T T T —T T
0.16 - ® ] :
0.14 - 3.5 o E
0123 o Experiment @ 30] o o, e o ]
013 o Cross T f
g 0.08 - Carreau > 2.5 : ]
a ‘3 2.0 : :
= 0.06 3 . :
2 £ 15 r ]
g - |
@ 0.041 3 & 1.0+ : i
> < .
& 05- ® : -
= - Droplet
o _ o ° . .
N 007 ¢ L emulsion
0.02 e N T -0.5 T T T T : T T
100 1000 10000 0 1 2 3 4 5
o -1
Shear rate (y,s") 5CB concentration (wt%)

Figure 28: Comparing models for a steady shear flow curve of 5CB in TTAB 25 wt% solution.
(a) Cross and Carreau models are fitted for steady shear flow curve of 1 wt% 5CB in
TTAB 25 wt% solution. The Carreau model evidently provides better fitting for this 5CB
concentration. At higher 5CB concentrations, both models fail to predict values at high
shear rates. (b) Zero shear viscosity values of 5CB-TTAB 25 wt% systems are obtained
from the Carreau model. Rheological experiments for droplet emulsions are performed after
homogenizing the emulsions.
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TTAB micelles are already prolate ellipsoidal in shape at 25 mM (0.83 wt%) concentration
(average axial ratio ~1.43) [44]. While the minor axes (a and b) of the ellipsoids are almost
independent of TTAB concentration, the half-major axis ¢ increases from 28.9 A at 25 mM
to 57.2 A at 673 mM (18.5 wt%). Extrapolating these values to 25 wt% gives 23.7 A and
72.9 A as half-minor axes and half-major axis values of TTAB micelles respectively. This
gives the average axial ratio of the micelles at 25 wt% as ~3.1. Zero shear viscosity of the
pure TTAB 25 wt% solution is 13.3 mPas. As we increase the concentration of 5CB in
TTAB 25 wt% solutions, we see a dramatic increase in viscosity (3.5 Pas for 3 wt% 5CB in
TTAB 25 wt% solution). The addition of 3 wt% 5CB in TTAB 25 wt% solution increases
viscosity by a factor of ~250. This clearly suggests that the contour length of the micelles
must be increased as we add 5CB to TTAB solution. Even a slight increase in the contour
length should be enough to explain the observations as TTAB 25 wt% solution is already a
concentrated charged micellar solution. As mentioned earlier, it is interesting to note that
the addition of more 5CB to 3 wt% 5CB-TTAB 25 wt% solution has a negative impact on
the viscosity of the 5CB-TTAB system. These observations for the 5CB-TTAB system fit
perfectly into the observations made for the solubilization of polar molecules in the micellar
solutions [66,67,72-74].

Non-polar molecules such as saturated aliphatic and alicyclic compounds solubilize in
the inner core region of the micelles (between the ends of surfactant tails, Fig. 26(b)).
The situation with polar or polarizable solubilizates is slightly complicated as they have
multiple possible loci of solubilization. The extent of the solubilization of polar molecules
depends heavily on the locus of the solubilization. A two-state model is proposed for polar or
polarizable solubilizates [75]. Solubilizates are distributed between an adsorbed state at the
micellar-water interface and a dissolved state in the micellar core. A solubilizate with high
polarity favors the adsorbed state but increased concentration of the solubilizate produces a
redistribution favoring the dissolved state. This two-state model can explain the existence
of a maximum in zero shear viscosity vs a 5CB concentration plot (Fig. 28(b)). 5CB is a
polarizable molecule owing to its m-electron cloud of the aromatic nucleus. The interaction
between the m-electron cloud of 5CB and the positively charged quarternary ammonium
group of the surfactant at the micelle-water interface results in the preferential dissolution
of 5CB molecules at or near the micelle-water interface (adsorption state). Adsorption
of 5CB molecules at or near the micelle-water interface reduces the electrostatic repulsion
between head groups of the surfactants and thereby promotes the uniaxial growth of the
prolate ellipsoidal TTAB micelles along its major axis. This increase in the contour length
of the TTAB micelles explains the dramatic increase in viscosity of the 5CB-TTAB system
until 3 wt% 5CB concentration. When the outer region of the micelle is saturated with 5CB,
further solubilization takes place inside the micellar core. This results in a transition from
prolate ellipsoidal to slightly globular TTAB micelles, which explains a slight decrease in the
viscosity as we add more 5CB to 3 wt% 5CB in the TTAB 25 wt% system (a reduction in the
contour length of the micelle). Neutron scattering data is required to back up this structural
transformation speculation based on the rheology data. Neutron scattering experiments also
provide the values of the degree of the ionization, ¢, of the micelles. It is extremely important
to know the value of the degree of ionization of the micelles as it can have a profound effect
on the values of the major axis of micelles and viscosity. More discussion about the effect
of a on the viscosity is provided in Section 3.1.6.4.

Fig. 29(a) shows the relationship between shear stress and applied shear rates for 5CB-
TTAB 25 wt% systems. Shear stress plateaus exist in certain regions of applied shear rates
for solutions with higher concentrations of 5CB. The critical shear rates at which stress
plateaus start, decrease with increasing 5CB concentration. The general explanation for



Results and discussion 43

T T T
a) b)
100 i ©
© o
g_/ -
- )
$ — 0 Wt% n
= — 0.5wt% g
? 104 — Wt% o =
g —1.5wt% ®
5 2 wt% ©
— 2.5Wt% 2
3wt% (7]

14 — 3.5wt% : Shear banding Hidh sh
T T T Low shear ! Co-existence : High shear
100 1000 10000 : ( ) :
L] - e -
Shear rate (7,s™) Shear rate (y,s”)

Figure 29: Shear banding phenomenon in 5CB-TTAB 25 wt% systems. (a) Shear stress as
a function of the shear rates for different concentrations of 5CB in TTAB 25 wt% solutions.
(b) Schematic flow curve of a material exhibiting shear banding. At a fixed stress, two
significantly different shear rates may co-exist.

stress plateaus is the shear banding phenomenon (Fig. 29(b)). Shear banding has been ob-
served in a variety of systems such as worm-like micellar solutions, colloidal crystals and
lamellar surfactant systems [76-81]. Shear banding can be interpreted as a system undergo-
ing Isotropic-Nematic phase transition partially where a disordered phase (Isotropic) coexists
with an ordered phase (Nematic). More experimental studies such as flow birefringence and
neutron scattering are necessary to understand this type of flow instability.

3.1.6.2 nCB compounds in TTAB 25 wt% solutions: Effect of added sol-
ubilizate chain length on steady shear flow properties

The effect of the solubilizate’s chain length on the viscosity of the micellar solutions is
investigated by using homologous series of 4’-n-alkyl-4-cyanobiphenyls (nCB series where
n= 2 to 12). The molar concentration of LC molecules in all TTAB 25 wt% solutions
is kept constant at 72.9 mM. It is not quite possible to go beyond this concentration as
higher homologues have very limited solubility in TTAB 25 wt% solutions. This limited
solubility of the higher homologues in the nCB series is due to their longer terminal alkyl
chain lengths. For micellar shapes which are not so asymmetrical, more solubilization sites
are available at the micelle-water interface than at the hydrocarbon core of the micelle.
Thus, the solubilizates that are solubilized close to the micelle-water interface should be
solubilized more than the solubilizates whose locus of solubilization lies in the micellar core.
As the terminal alkyl chain length increases in the nCB compounds, they preferentially
solubilize more and more deeply into the palisade layers of the micelles (Fig. 26(c)). Thus,
the longer the terminal alkyl chain length of the nCB compounds, the smaller the degree of
the solubilization.

Fig. 30(a) shows the steady shear rate (¥) vs the apparent viscosity curves for 72.9 mM
nCB compounds in TTAB 25 wt% solutions. The 12CB-TTAB system shows Newtonian
behavior over the entire range of investigated shear rates. All other nCB-TTAB systems
show shear thinning behavior. It is quite interesting to note that the addition of 12CB
molecules to the TTAB 25 wt% solution has almost no effect on the viscosity. Fig. 30(b)
shows the effect of the chain lengths of the solubilizates on the zero shear viscosities of the
TTAB solutions. The Carreau model (Eq. 22) is used to obtain zero shear viscosity values.
At this chosen molar concentration of 72.9 mM, the addition of 3CB molecules produces
the maximum zero shear viscosity value. The interaction of the solubilizate with water
molecules at the micelle-water interface (case- I), the polar head group of the surfactant



44 Results and discussion

(case- II) and the surfactant hydrophobic tail (case- III) determines the micellar structure
and the viscosity of the solution. Methylene groups are electron-donating in nature. Thus,
an increase in the terminal alkyl chain length increases the interaction of the m-electron
cloud of nCB molecules with polar head groups of the surfactant (case-II). This results in
the promotion of uniaxial growth of the TTAB micelles along its major axis. Increasing the
terminal alkyl chain length results in an increase of the van der Waals interaction between
solubilizate and surfactant tail (case- III). Finally, increasing the terminal alkyl chain length
weakens the solubilizate’s interaction with water molecules at the micelle-water interface
due to an increase in the hydrophobicity of the solubilizate (case- I). While case-II favors
the adsorbed state for solubilizates at the micelle-water interface, cases I and III favor
the dissolved state in the hydrocarbon core. As a result, case-II promotes the formation
of asymmetrical micelles (increase in viscosity) and cases I & III promote the formation
of globular micelles (reduction in viscosity). The presence of the maximum in zero shear
viscosity values at 3CB shows that the collective effect of cases I and III take over the effect
of case- II as the terminal alkyl chain length of the solubilizate increases. The insignificant
effect of the addition of 12CB molecules to the viscosity of the TTAB 25 wt% solution
suggests that all the three effects cancel each other out.

The addition of two different cyanobiphenyls at the same time in a TTAB solution
provides further insight into the interaction between solubilizates and micelles. Fig. 30(c)
shows the steady shear rate vs viscosity curves for a few micellar solutions. The addition
of 54 mM 12CB to the TTAB 25 wt% solution does not change the viscosity. It is quite
interesting to note that 54.5 mM 5CB - 54.5 mM 12CB mixture in the TTAB 25 wt% solution
shows the same flow behavior as 54 mM 5CB in the TTAB 25 wt% solution. This indicates
that 5CB and 12CB molecules solubilize in TTAB micelles independently. However, this
experiment does not provide information about the possibility of finding both 5CB and
12CB molecules simultaneously in the same TTAB micelle.
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Figure 30: Effect of the molecular chain length of solubilizate on viscosity values. (a) Steady
shear flow curves for several solubilizates from nCB series in TTAB 25 wt% solution at 23°C.
"Pure TTAB” in the legend represents pure TTAB 25 wt% solution. The solubilizate’s
concentration is fixed at 72.9 mM. (b) Zero shear viscosity values for above steady shear
flow curves using the simplified Carreau model. “0” value in the abscissa represents pure
TTAB 25 wt% solution. (c) The effect of the addition of two different solubilizates (5CB
and 12CB) simultaneously in a TTAB 25 wt% solution at 23°C. Please note that 109 mM
12CB is not completely soluble in TTAB 25 wt% solution.
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3.1.6.3 5CB in TTAB 25 wt% solutions: Oscillatory shear measurements

Oscillatory shear measurements were performed to understand the viscoelastic behavior
of the 5CB in TTAB 25 wt% solutions. Fig. 31(a) shows the variation of the dynamic
moduli (elastic or storage modulus (G’) and viscous or loss modulus (G'')) with oscillation
frequency () for different concentrations of 5CB in TTAB 25 wt% solution. The storage
modulus values are not shown for 0.5 wt% of the 5CB-TTAB 25 wt% solution. The storage
modulus values of pure TTAB 25 wt% and 0.5 wt% 5CB-TTAB 25 wt% solutions are
well below the accuracy limit of the rheometer. The storage modulus values increase with
increasing 5CB concentration in the TTAB micellar solution. However for all investigated
5CB concentrations, storage modulus values are always less than loss modulus values at all
applied frequencies (G” > G’). Thus it is clear that all investigated 5CB-TTAB solutions
show only a liquid-like behavior at all applied frequencies. This type of exclusive liquid-like
behavior is generally shown by dilute random coil polymer solutions and dilute suspensions
of the rod-like particles [82]. Fig. 31(b) shows the typical behavior of the dynamic moduli
for various systems. Worm-like micellar solutions always show viscoelastic behavior [67,69].
Thus, it is clear that the micelles in 5CB-TTAB 25 wt% systems are not worm-like.
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Figure 31: Oscillatory shear flow curves of 5CB in TTAB 25 wt% solutions. (a) Dynamic
shear moduli (elastic and viscous moduli) for different 5CB concentrations as a function of
angular frequency. (b) Typical oscillatory shear behavior of various types of solutions are
presented. The positions of each system are arbitrarily chosen in the plot.

3.1.6.4 MBBA in TTAB 25 wt% solutions: Steady shear flow curves

As mentioned in the earlier sections, MBBA (5.6 mg/L) is eighty times more soluble than
5CB (0.07 mg/L) in pure water at 25°C. Because of this significant difference in the in-
teraction with water, it is easy to expect that the phase behavior of the MBBA may also
be significantly different from 5CB in TTAB 25 wt% solutions (see Section 3.1.1). It is
interesting to note that the addition of MBBA in TTAB 25 wt% produces a lyotropic lamel-
lar phase whereas TTAB on its own cannot form lamellar phases at all with water below
80°C [43]. The locus of solubilization of MBBA in a TTAB micelle should be much closer to
the micelle-water interface (Fig. 26(a)) than in the case of 5CB due to its greater hydrophilic
nature. Thus, space available for solubilization is greater for MBBA than for 5CB. This may
explain the much higher saturation limit for MBBA.
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L; Phase:  Fig. 32(a) shows the steady shear rate () vs viscosity (1) curves of MBBA
in TTAB 25 wt% solutions at different MBBA concentrations within the solution phase
region. Just as in the case of the 5CB-TTAB 25 wt% solution phases, all the investigated
MBBA-TTAB 25 wt% samples show Newtonian behavior at low shear rates and shear
thinning behavior at high shear rates. The Carreau model (Eq. 22) is used to obtain zero
shear viscosity values (1p). But the Carreau model grossly overestimates the values of critical
shear rates (7. ) for MBBA concentrations above 4 wt% (in these cases, the Cross model (Eq.
20) is used to obtain the 9. values). The changes in the 1 values with increasing MBBA
concentration are shown in Fig. 32(b). no values of the 5CB-TTAB 25 wt% systems are
also added to Fig. 32(b) for comparison. Overlapping values of 1y for both 5CB and MBBA
systems (for concentrations below 3 wt%) suggest that similar solulibizate-water-TTAB
micelle interactions are in action in both cases. But arguments provided for the rheological
behavior of the 5CB-TTAB 25 wt% system cannot explain the complete rheological behavior
of MBBA in TTAB 25 wt% micellar solutions, i.e., the significant decrease in the 19 values
for MBBA concentration above 3 wt% and the existence of a lamellar phase. The significant
decrease in the zero shear viscosity values above 3 wt% MBBA concentration is likely due to
the counter-ion condensation on the TTAB micelles. Counter-ion condensation is a general
phenomenon for charged interfaces. Osawa and Manning showed that when the charge
density on an infinitely long cylinder is increased beyond a certain critical value, counter-
ions condensate onto the cylinder in order to reduce the effective charge density [83, 84].
Similarly, in the case of ionic micelles the degree of counter-ion binding to the micelle (1-o)
is very much related to the surface area per head group (a,,) in the micelle [65,85]. Counter-
ion binding increases as the a,, value is decreased (i.e., degree of ionization & decreases). The
solubilization of MBBA in the TTAB micelle decreases the a,, value and in turn increases
the degree of the counter-ion binding. Reduction in the o« value has a profound effect
on the rheology of the ionic micellar solutions (i.e., charged colloidal suspension) [86] and
induces the growth of the micelles. The growth of micelles further enhances the counter-
ion condensation due to the further reduction in the a, value [65]. This self-amplifying
process makes the micelles grow in such a way that lamellar bilayers start to form in the
micellar solution above a 6.4 wt% MBBA concentration in TTAB 25 wt% at 23°C. Optical
microscopy observations show that birefringence continuously increases upon the further
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Figure 32: Steady shear flow curves of Ly phase MBBA-TTAB 25 wt% solutions at 25°C.
(a) Steady shear flow curves are plotted for several MBBA concentrations. Even though 7
wt% MBBA produces a birefringent phase in a TTAB 25 wt% solution, its flow behavior
is still similar to L; phase solutions. (b) Zero shear viscosity values of above flow curves
are obtained from the Carreau model. Zero shear viscosity values of 5CB-TTAB 25 wt%
systems are also included.
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addition of MBBA until it reaches 14 wt% (Fig. 14). As mentioned before, it is not yet
clear whether this birefringent phase (6.4 wt% - 14 wt% at 23°C) is a single Ly phase or a
mixture of L; and Ly phases.

The viscosity of ionic micellar solution is significantly greater than the viscosity of non-
ionic micellar solution with the exact same size and shape of the micelles [86]. Due to the
electrical double layers (EDL) surrounding the ionic micelles, the effective size of the micelle
increases. In concentrated micellar solutions like TTAB 25 wt%, the overlapping of the EDL
of micelles produces strong repulsive forces that control the phase behavior and rheology.
Thus, the viscosity of the ionic micellar solutions depends on the effective charge on the
micelles as well as on their size and shape. The effective charge on the micelles decreases via
counter-ion condensation in such a way that the effect of the change in the micellar shape
and size on viscosity values becomes increasingly insignificant for high MBBA concentrations
(> 3 wt% ) in the L; phase.

Birefringent phase: Several studies are conducted to investigate the rheological be-
havior of the lyotropic and thermotropic liquid crystalline phases [87-91]. LC phases always
show a complex flow behavior as the mechanical deformations induce several structural
changes. Generally bulk LC samples are not homogeneously aligned and contain several
types of defects. In the current birefringent systems, an oily streak structure or a poly-
domain mosaic texture is observed (Fig. 15(b-c)). Fig. 33(a) shows the flow properties of
the lyotropic liquid crystalline TTAB solutions as a function of MBBA concentration (8 wt%
- 14 wt%). Fig. 33(b) shows a representative plot of the flow behavior of MBBA-TTAB 25
wt% samples with all observed shear-induced microstructural transformations.

7 wt% MBBA in a TTAB 25 wt% solution still shows the typical behavior of a shear
thinning micellar solution (Fig. 32(a)). However from 8 wt% MBBA concentration onwards
complex flow behaviors are observed. As shown in Fig. 33(b), five different regimes can be
observed. At very low shear rates (Region I), a disordered birefringent sample shows a shear
thinning behavior. In this regime, flow is maintained by the sliding of the bilayers upon
each other. A power-law decrease in the apparent viscosity is a result of the alignment of
the bilayer structures or oily streak structures along the flow direction. This shear-induced
ordering results in less structural resistance to the flow. A Newtonian regime (Region II)
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Figure 33: Steady shear flow curves of lamellar phase MBBA-TTAB 25 wt% solutions at
2% C. (a) Steady shear flow curves are plotted for MBBA concentrations between 8 wt%
and 14 wt% (b) The generalized flow behavior of lamellar phase solutions is presented. Five
different regions are observed. Region I: first shear thinning, Region II: first Newtonian
plateau, Region III: shear thickening, Region IV: second shear thinning and Region V:
second Newtonian plateau.
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follows with a further increase in the shear rate. The Newtonian regime expands with
increasing MBBA concentration. A shear thickening regime (Region III) follows the New-
tonian regime. Shear thickening is a result of the significant shear-induced microstructural
change in the LC sample. Shear rates in this region are high enough to oscillate the bilayers
in such a way that an undulation instability sets in. This undulation instability ultimately
results in the formation of multi lamellar vesicles (MLVs) which disturb the flow. The in-
crease in the number density of MLVs with increasing shear rate causes an increase in the
apparent viscosity. After going through a local maximum in the viscosity, the LC sample
experiences another shear thinning regime (Region IV). In this region, increasing the shear
rate causes the alignment of the MLVs along the flow, as well as a reduction in the size
of the MLVs. The last Newtonian regime (Region V) represents the complete rupture of
MLVs and total alignment of the bilayers. Even though rheological responses of the LC sam-
ples are quite sufficient to understand the overall behavior, in situ optical observations and
light scattering investigations are necessary to understand the shear induced microstructural
transformations completely. Linear viscoelastic and transient flow experiments are also very
much recommended.

3.1.7 5CB in TTAB 25 wt% solution: Small-angle neutron
scattering (SANS)

Small angle neutron scattering is a powerful technique which is widely used to obtain struc-
tural information (size, shape and fractional charge on the micellar surface) of the micellar
solutions [65—69]. A detailed structural analysis of pure TTAB micellar solutions using the
SANS technique is already available [44]. TTAB micelles are almost spherical at or near
critical micellar concentration (CMC). Increasing TTAB concentration favors the growth of
the micelles along one of the axial directions (major axis) of the micelles. The growth of the
micelles is restricted in the other two axial directions (minor axes) by the maximum chain
length of the TTAB monomer in order to avoid the unfavorable penetration of the water
molecules into the micelles. Thus at high concentrations, TTAB micelles are prolate ellip-
soidal in shape. Our SANS results of the pure TTAB micellar solutions also point towards
the prolate ellipsoidal shape of the TTAB micelles.

The addition of a solubilizate to the micellar solutions removes the restriction on the
growth of the micelles along the minor axes if the locus of the solubilization of the solubi-
lizate is at or near to the hydrophobic core. Thus, growth of the micelles significantly varies
according to the interaction between the solubilizate, water and micelles. The rheological
behavior of 5CB in TTAB 25 wt% micellar solutions does suggest changes in the TTAB
micellar properties with increasing 5CB concentration. Preliminary neutron scattering ex-
periments are done for 5CB in TTAB 25 wt% micellar solutions. Fig. 34(a) shows the SANS
data for TTAB micellar solutions with varying 5CB concentrations (0 wt% - 3 wt%). Strong
correlation peaks observed at all concentrations indicate the strong inter-micellar interac-
tions. The peak value (Qmqy) of the scattering intensity (I(Q)) curves shifts to the lower
scattering vector (Q) values as 5CB concentrations increase. Q. is inversely related to
the average distance between the micelles (d). It is assumed that micelles are monodisperse
with prolate ellipsoidal shapes with major axis, a, and minor axes value, b, for investigated
5CB concentrations.
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where N is the total number of micelles in the solution with total volume V. ¢ is the
volume fraction of the micelles in the solution. NV, and Vg represent the volume occupied
by all micelles in the solution and the remaining volume of the solution (~solvent volume)
respectively. Assuming the volume fraction of the micelle and the minor axes value remain
approximately constant during the addition of 5CB,

1

Qmax = Qmax,O (%) ’ . (25)
Here Qpax0 and ag represent the peak value of the scattering curve and major axis value of
the micelles of the pure TTAB 25 wt% solution respectively. Fig. 34(b) shows the changes
in the values of Q. and a at various 5CB concentrations in TTAB 25 wt% solutions. The
major axis value increases by approximately 28%. Thus, an increase in viscosity by adding
5CB to TTAB 25 wt% solutions can be accounted for by the increase in contour length of the
TTAB micelles. Unfortunately, SANS data is not available for 3.5 wt% 5CB concentration.
Detailed quantitative SANS data analysis is yet to be done. SANS experiments for MBBA
in TTAB 25 wt% solutions are highly desired. It is also worthwhile finding out the locus of
solubilization of solubilizates in the TTAB micelles for different solubilizate concentrations
by using UV or NMR spectroscopy. Morphological changes in the micelles induced by
the addition of a solublizate can further be confirmed by using the cryo-TEM technique
[69,74,76].

40 T T 0.100 . . . 1.35
a) 1 b) _.L Qma
—~ 354 —o—0wt% i 1 1130
€ —o—1wt% };& 1 0.098 - * —e—ala, .o
i 304 —a—2wt% \Q 1 | 125
S ol —v—aw% & 1<
= Ko « 0.096 0 +120 o
2 5] £ 1= ] ] Sy
2 1 é e -1.15
L 15 " 1 g€ 0.094 o -
E S | F1.10
2 104 . .
o] 1 0.092 —+ 1.05
g ° ] | F1.00
o 1 o o 1.
2 oo¢0 b —
0.000.020.040.060.080.100.120.140.160.18 0 1 2 3
Q (A 5CB concentration (wt%)

Figure 34: SANS spectra for 5CB-TTAB 25 wt% systems with varying 5CB concentration.
The right image shows the variation of peak positions in the SANS data (left image) and
the major axis value as a function of 5CB concentration.

3.1.8 5CB droplets in aqueous ionic micellar solutions: Self-
propelled motion

Several types of interfacial instabilities may spontaneously arise when a ternary liquid-
liquid-amphiphile system (whose equilibrium state is a microemulsion) is initially brought
into contact in a macroscopically phase separated state [92-95]. The strict thermodynamic
meaning of the “spontaneity” is not a very useful one here as it refers only to the lowering of
the free energy of the system without considering the kinetics of the process (i.e., whether the
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process occurs or not). In our case, the spontaneous process is characterized by negative free
energy change as well as by a very low activation energy under the experimental conditions.

When a 5CB droplet is introduced into a pure water solution, there is no observable
motion at both sides of the 5CB - water interface as shown in Fig. 35(a). But as men-
tioned before, the introduction of a 5CB droplet into an ionic micellar solution results in a
spontaneous solubilization process. This solubilization process continues until all the active
micelles in the aqueous medium are exhausted. Solubilization of 5CB in an ionic micellar
solution has two side effects: (i) 5CB droplets propel themselves in the aqueous medium.
This self-propelled motion of the 5CB droplets depends on the parameters such as surfactant
concentration and temperature of the system. (ii) Along with self-propulsion of the 5CB
droplets, strong convection is also observed in and around 5CB droplets. Convective flows

Figure 35: Nematic director profile in a self-propelled 5CB droplet. (a) The 5CB-pure
water interface is absolutely still. Scale bar: 50 um. (b) A pinned 5CB droplet in a
TTAB 6 wt% solution. Numerous disclination lines are generated due to the convective flow
generated inside the 5CB droplet. Scale bar: 400 um. (c¢) A magnified image of the same
droplet’s surface. Scale bar: 50 um. (d) A crossed polarizer image of a 13.5 um radial
nematic 8CB droplet in CTAB 5 mM solution at 37°C. (e) A schematic representation of
the director orientation inside a radial nematic droplet. (f) A schematic representation of
the flow fields inside and around a self-propelling 5CB droplet. The circle represents a 5CB
droplet. Thin curved arrows inside and outside the circle represent the flow field inside and
outside the droplet respectively. The thick dotted arrow represents the direction of the 5CB
droplet motion. (g-h) A white light image and a crossed polarizer image of a self-propelling
5CB droplet in a square capillary whose inner side edge length is 50 um. (i) A schematic
representation of the director orientation structure inside a self-propelling nematic droplet.
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and self-propelled motion of the droplet do not need to happen simultaneously. Convection
is still observed in the pinned droplets as shown in Fig. 35(b-c). Both convective flows and
self-propelled motion become less pronounced with decreasing amphiphile concentration in
the aqueous medium and stop altogether for concentrations below CMC of the amphiphile.
Convective flows are generated due to the reorganization of the materials in the system. It is
very clear from the optical observations that flows of materials exist in both directions at the
5CB - aqueous solution interface. The material transfer from the 5CB droplet into the micel-
lar solution outweighs the material transfer from the aqueous solution into the 5CB droplet
(i.e., the 5CB droplet radius always decreases over time). Material transfer pathways are
yet very unclear and attempts are being made in our lab to determine these pathways. Ma-
terial transfer across the interface induces interfacial tension gradients (Marangoni stresses)
around the droplet which in turn drive the convective flows at the interface. Propulsion of
the 5CB droplet depends upon the type and intensity of the convective flows in the aqueous
solution (i.e., the hydrodynamic flow field around the droplet) [96].

Fig. 35(d-e) shows the nematic director field in a still 5CB droplet in a dilute ionic
surfactant solution. Surfactants at the interface induce a strong homeotropic anchoring at
the droplet surface which results in a point defect of strength +1 at the center of the droplet.
Fig. 35(f-h) shows the effect of convective flow in the 5CB droplet on its director field.
Convective flow within the self-propelled 5CB droplet drives the central point defect toward
the surface of the droplet. Just as in this case, flow-induced director field transformations
are also observed in bipolar nematic LC droplets [97]. However in the latter case, convective
flows inside the bipolar LC droplets are not self-generated. It is interesting that the self-
propelled motion of 5CB droplets resembles the butterfly swimming stroke.

The behavior of self-propelled 5CB droplets in a quasi one-dimensional environment is
investigated. Initially, a 5CB droplet dilute aqueous emulsion is created. A 5 cm long square
capillary (the side length of the square cross-section is 50 um) is dipped into the emulsion.
Because of the capillary force, the emulsion spontaneously fills the capillary completely. Both
ends of the capillary are finally closed with a two-minute epoxy. Experiments are made with
5CB droplets whose diameters are almost equal to the edge of the square capillary. If the
final state of the created dilute aqueous emulsion is a microemulsion, then the 5CB droplets
continue to self-propel themselves until they solubilize completely. Fig. 36(a) shows the
displacement of a 5CB droplet in a capillary vs time curves for several aqueous micellar
solutions. These optical observations show that 5CB droplets attain a constant velocity
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Figure 36: The equilibrium wvelocities of self-propelled 5CB droplets vs surfactant concen-
tration at 23°C. (a) Displacement is plotted as a function of time, at different surfactant
concentrations. (b) Velocity of a 5CB droplet as a function of TTAB concentration.
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almost instantly. At low TTAB concentrations, 5CB droplets move almost in straight lines.
Fig. 36(b) shows that the maximum velocity of a 5CB droplet is attained with TTAB 20
wt% concentration. The apparent dip in the velocity value for TTAB 25 wt% concentration
is due to the increased non-straight line motion of the 5CB droplet with increasing TTAB
concentration (zigzag motion). The velocity values for TTAB and SDS solutions clearly
suggest that they significantly depend on the efficiency and effectiveness of the surfactants.

Fig. 37 shows a time lapse representation of a head-on collision between two almost
equal-sized self-propelled droplets in a square capillary. As long as the density of the active
micelles around the droplets is not affected significantly by the continuous exhaust of the
5CB molecules from the droplets, the velocities of the droplets do not change even after
the collision. Hydrodynamic flow fields around the droplets decide the possible proximity
between the droplets during the collision process. As the concentration of the surfactant
increases, droplets repel each other at increased distances and reverse their direction of the
motion. Predictably, the nematic director fields in the moving droplets also reorient after

t=21.69 s

Figure 37: Head-on collision between two self-propelling 5CB droplets in a square capillary.
The droplets’ size is almost the same as the inner edge length of the square capillary (50
pm). Any noticeable change in the equilibrium velocities of the droplets is not observed due
to the reversal of their respective direction of motion. However, droplets take some time to
reach their equilibrium velocities after the collision.
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the collision.

Self-propelled motion is not exclusive for nematic droplets. Motion also exists for
droplets in isotropic, cholesteric and smectic states. The presence of the motion in the
isotropic state suggests that a liquid crystalline structure in the droplet is not essential.
However it was observed that surfactants induce a liquid crystalline thin film at the sta-
tionary isotropic oil-aqueous micellar solution interface [98,99]. These observations suggest
that a liquid crystalline thin film may be present around a moving isotropic droplet but
experimental evidence is necessary to back up this hypothesis. Self-propelled nematic and
isotropic droplets have only translational motion but self-propelled cholesteric (chiral ne-
matic) droplets have an extra rotational motion. The self-propelled motion of the smectic
droplets is entirely different from the above mentioned LC phase droplets (nematic, isotropic
and cholesteric) and preliminary observations are discussed in Section 3.2.6. Detailed inves-
tigation of the role of liquid crystallinity in the self-propelled motion is very much recom-
mended.

3.1.9 Nematic filaments

When a 5CB droplet in the nematic state is introduced into a TTAB 25 wt% solution at
23°C whose final equilibrium state is the L; phase, strong convective flows are generated
around the 5CB droplet. As discussed earlier, these convective flows produced by Marangoni
stresses around the droplet may amplify the solubilization process as well as cause the self-
propelled motion of the droplet until it solubilizes completely in the TTAB solution. Another
type of interfacial instability also comes into play if the effectiveness of the surfactant is
increased considerably (effective surfactants reduce the interfacial tension values effectively).
The interfacial tension value of the nematic LC and ionic micellar solution decreases with
decreasing temperature [57]. The interfacial tension exhibits a maximum near the bulk LC
oil Nematic - Isotropic (Ty;) transition temperature. As reported in the earlier sections, 5CB
droplets start to eject tiny 5CB daughter droplets at around 5°C in TTAB 25 wt% solution.
This observation is only possible if the interfacial tension value of the 5CB droplet - aqueous
micellar solution at 5°C is significantly less than the value at 23°C. The dependence of the
daughter droplet ejection in an MBBA-TTAB system on the effectiveness of the surfactant
also supports this hypothesis (Fig. 21). Real-time dynamic interfacial tension measurements
for 5CB-TTAB and MBBA-TTAB systems are very much needed. Similar spontaneous
ejections of the daughter droplets due to ultra-low interfacial tension values are observed in
some isotropic oil-water systems [100-102]. Low interfacial tension values are attributed to
the existence of a weak lyotropic birefringent material at the interface of these systems. It is
also noteworthy that L.C parent droplets only eject the daughter droplets in TTAB x wt%
solution if the LC is able to form an equilibrium lamellar phase with TTAB x wt% aqueous
solution (at a given temperature and at least at any one particular weight ratio of LC to
TTAB x wt% aqueous solution). This suggests that spontaneous ejection of the daughter
droplets from LC droplets in TTAB solutions during the solubilization may not be due to
the nematic character of the droplet. Instead, it may be due to a possible lyotropic lamellar
thin film around the LC droplets.

Single tail ionic surfactants such as TTAB are generally neither effective nor efficient
in reducing the interfacial tension values due to the repulsion between head groups of the
surfactant monomers at the interface. However, the addition of a co-surfactant can sig-
nificantly reduce the interfacial tension [14]. When the interfacial tension between two
immiscible liquids is ultralow or negative, the interface roughens and develops a variety of
interfacial structures [93,94]. Unlike the earlier experiments of an LC droplet solubilization
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Figure 38: Interfacial instability in a large nematic 8CB droplet. (a-b) A white light and a
crossed polarizer image of a distorted nematic 8CB droplet in a CTAB 0.75 mM solution.
The 8CB droplet contains 2 wt% monoolein. Scale bar: 100 pm. Unlike small nematic
droplets, large nematic droplets can host several defects. Low interfacial tension drives the
nematic liquid crystal (surrounding the defects) to escape into a third dimension (i.e., into
the aqueous medium) through the formation of numerous filaments.

in an aqueous micellar solution, this time a system is chosen in such a way that the micellar
solubilization of L.C molecules in the aqueous solution is negligible. As a result, it is possible
to study the influence of the nematic character on the behavior of the LC-aqueous solution
interface exclusively.

In recent years, there is an increased interest in exploiting the unique properties of
the dispersion of liquid crystals droplets in immiscible isotropic mediums. Mostly these
anisotropic dispersions are used for optical and sensing applications. Optical applications
exploit the structural properties of the droplets of various liquid crystalline phases [103-106],
sensing applications are based on the effect of external molecules on the anchoring properties
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of the LC (dispersed phase) - water (continuous phase) interface [107-109]. Apart from
studies on anchoring, interfacial phenomena of the liquid crystal dispersions are largely
unexplored [58,110-112]. This vacuum of knowledge propelled us to investigate the LC -
water interfacial behavior.

Surfactants are generally used for obtaining a strong homeotropic anchoring at an LC
- water interface. But this also results in the reduction in the interfacial tension of the
LC - water interface. When the interfacial tension decreases beyond a certain value, the
LC-water interface expands spontaneously in order to reduce the total free energy of the
system (i.e., by reducing the elastic distortions in the LC bulk). This effect is observed
in a few LC droplet emulsions [58,111,112]. Toquer et al., [58] show that some specially-
designed surfactants possessing a mesogenic moiety can transiently induce a shape instability
in 5CB droplets through harsh temperature quenching. This shape instability results in the
transformation from a spherical 5CB droplet to an elongated nematic filament. This report
is unintentionally misleading as it demonstrates that harsh quenching and specially-designed
amphitropic surfactants are required to induce this type of shape instability. Our findings
suggest that none of the above conditions is necessary.

Experiments are done with 8CB in nematic state and aqueous CTAB solutions. CTAB
is more efficient and effective than TTAB in reducing the interfacial tension values [14]. In
order to nullify the micellar solubilization of 8CB in CTAB solutions, only concentrations
below CMC are used (~1 mM at 25°C). Even though CTAB is better than TTAB, it is still
not good enough to create shape instabilities at the LC - aqueous solution interface. Thus,
8CB is doped with small amounts of the monoolein which acts as a co-surfactant. This
combination of surfactants is sufficient enough to create an instability at the LC - aqueous
solution interface as shown in Fig. 38. A stock emulsion of 8CB droplets is prepared in
0.06 mM CTAB solution. Nematic filaments are produced when a small amount of this
stock emulsion is brought into contact with 0.5 mM CTAB aqueous solution in a sandwich
cell. The dimensions and the stability of nematic filaments unsurprisingly depend upon the
surfactant concentrations and the temperature of the system.

3.1.9.1 Reversible transformation: Isotropic droplet <> nematic filament

Interfacial tension between an 8CB droplet and the surrounding aqueous solution can be
manipulated by changing the temperature of the system. Fig. 39(a) shows the reversible
transformation of an isotropic droplet into a nematic filament. As the temperature is de-
creased, the isotropic 8CB droplet turns into a radial nematic droplet. A further decrease
in the temperature changes the elastic constants of 8CB in such a way that a twisted radial
configuration is preferred over a radial configuration [113]. The twisted radial droplet finally
turns into a nematic filament upon a further decrease in temperature. The internal texture
of the nematic filaments is a radial organization of molecules with an escaped core instead
of an axial line defect [58]. It is important to note that this process is only reversible for a
limited time. This is due to the continuous reorganization of the surfactants in the system.
Monoolein slowly diffuses into the aqueous phase from the 8CB droplet over time. Due to
this reason, monoolein concentration at the interface continuously decreases. As a result,
the interfacial tension value increases over time and eventually this reversible shape instabil-
ity vanishes. A more hydrophobic non-ionic surfactant than monolein should considerably
rectify this problem. Fig. 40 also demonstrates the influence of the temperature on the
surface area of a nematic filament. The surface area of a filament decreases with increasing
temperature.

It is interesting to note that the point defect is necessarily present at its original position
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Figure 39: Reversible transformation between an isotropic droplet and a nematic filament.
(a-g) A series of micrographs show the transformation from an isotropic droplet into a long
thin nematic filament while cooling. Initial droplet size is 22 um. (h-m) Exact opposite
process while heating. During elongation, small nematic droplets are separated from the
parent nematic filament at the growing end. The smaller filament observed in the figure
(f-1) is further formed by one such separated droplet (indicated with arrow). Due to this
division process, the droplet size in the figure m is 18 um. Scale bar in image f: 14 pm.
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Figure 40: Effect of temperature on the surface area of a nematic filament. (a-c) The series
of pictures represents a nematic filament in a CTAB 0.75 mM solution at 35°C, 36.2°C and
35°C respectively. The filament contains 3 wt% monolein concentration in its bulk. Scale
bar in image a: 25 um (d) The surface area of the upper filament in the above pictures is
continuously tracked and plotted as a function of time. Heating/cooling rate is 0.1 °C/min.

even after the nematic droplets’ transformation into a filament. This elastic driven elon-
gation of a nematic droplet may produce small daughter nematic droplets at the growing
end of the nematic filament. As soon as a daughter droplet is separated from its parent
nematic filament, a point defect spontaneously forms at the center of the droplet for topo-
logical reasons. These daughter droplets may produce further offspring (nematic droplets)
through the same elongation process. This process is remarkably similar to the cell division
processes.

Unidirectional growth of a nematic filament produces a hypothetical body with a first-
generation arm. But a nematic droplet does not necessarily grow in a single direction.
Multidirectional growth is also observed very frequently. The probability of finding droplets
with 1 arm > 2 arms > 3 arms 3> 4 arms. Nematic droplets with more than four first
generation arms have not yet been observed. It is unknown whether a radial droplet with five
first-generation arms or more is topologically possible. Fig. 41 shows the nematic droplets
with different numbers of first-generation arms. It is also clear from Fig. 41 that the point
defect is still present at the interjection of first-generation arms. These first-generation arms
can further split and produce next generation arms. This process of splitting can continue
indefinitely and produce complex structures as shown in Fig. 41(e-f).

The existence of a smectic-A phase below the nematic phase for 8CB provides an op-
portunity to study the effect of a Nematic - Smectic-A transition (Ty_sma) on the nematic
filaments. As soon as the temperature of the system approaches the Ty_gua, the nematic
filament spontaneously breaks into equal-sized droplets. The transformation of the nematic
filament into a smectic filament is never observed. A similar phenomenon is observed at
the Cholesteric - Smectic-A phase transition by Lavrentovich and Nastishin [111]. Another
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Figure 41: Observed structural distortions of a radial 8CB nematic droplet with a hedgehog
defect at the center. (a-b) Distorted radial droplets with one and two first generation arms
respectively. Scale bars: 25 um. (c-d) Distorted radial droplets with three and four first
generation arms respectively. Scale bars: 50 ym. (e-f) A white light and a cross polarizer
image of complex structural patterns produced due to the further splitting of first generation
arms. Scale bars: 50 pm.

simple experiment is carried out by varying the monoolein concentration in 8CB but keeping
the CTAB concentration in the aqueous phase constant at 0.5 mM. This time, a sandwich
cell is prepared at 60°C and then the temperature is quenched to Ty_gma. Nematic filaments
start to grow at Ty; and eventually all the filaments spontaneously break into droplets at
Tv_sma- As shown in Fig. 42, the average smectic droplet size clearly depends on the initial
monoolein concentration in the 8CB droplets. This observation also indirectly demonstrates
that the average cross-sectional diameter of the nematic filaments at a given temperature
decreases with increasing monoolein concentration.
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Figure 42: Average smectic droplet size vs monoolein concentration. The average size of the
smectic droplets formed due to the breakage of the nematic filaments at Ty_g,4 decreases
with an increase in the initial monolein concentration in the 8CB droplets’ bulk.
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3.2 Smectic liquid crystals in aqueous ionic mi-
celler solutions

The behavior of the thermotropic fluid smectic LCs (smectic-A, smectic-C and smectic-C*)
in aqueous ionic surfactant solutions is investigated. The positional order (molecular layered
structure) in smectic liquid crystals has a striking influence on their interaction with ionic
micellar solutions. Smectic liquid crystals in aqueous ionic micellar solutions spontaneously
show the formation smectic filaments at the interface which resemble myelin figures observed
in lyotropic lamellar systems [39,55,56,114-143,143-155]. Detailed structural investigation
of the smectic filaments is undertaken. The effect of various parameters on the growth
behavior and the stability of these filaments are discussed. Smectic droplets can also self-
propel themselves in aqueous ionic micellar solutions but in a very different way than nematic
and isotropic droplets do. Smectic filaments are strongly birefringent and their refractive
indices are larger than that of the surrounding aqueous medium. Thus, the smectic filaments
show interesting optical properties which may lead to soft matter photonic applications.
Light guiding and whispering gallery mode lasing in a plane perpendicular to the major
axis of the smectic-A filaments are demonstrated. Owing to the helical arrangement of the
molecules in smectic-C* filaments, photonic bandgap light guiding is also observed. The
differences and similarities between the properties of thermotropic smectic systems and
lyotropic lamellar systems are discussed.

3.2.1 Lyotropic lamellar liquid crystals: Myelin figures

The lyotropic lamellar phase (L) is the first ever liquid crystalline phase observed. A whitish
soft substance, myelin, which is present on the surface of axons, was extracted and put into
contact with water by Virchow and Mettenheimer in the 1850s [116, 156]. The myelin-
water interface is unstable and produces spectacular life-like cylindrical structures. These
cylindrical structures are named after myelin and called myelin figures. Myelin is a lipid-rich
substance in which lipids constitute 70 wt% of dry myelin and water constitutes 40% of the
total weight [157]. At these high concentrations, lipids form bilayers in water (L, phase)
[158]. Due to this reason, myelin has a multilamellar membrane structure. When these
multilamellar membranes are in contact with excess water, they rearrange their structure
and form myelin figures at the interface (Fig. 43). Myelin figures consist of multilamellar
tubules of alternating lipid bilayers and water layers with a core axis of water. Later myelin
figures are observed in various systems which have an Ly phase and no hexagonal phase
at the investigated temperatures (Fig. 20) [56,127]. A necessary condition for observing
myelin figures is that there must be a significant miscibility gap between the L; and Lg
phases (i.e., lyotropic lamellar liquid crystal in the L, phase must exhibit a low solubility
in water). The smaller the miscibility gap, the harder it is to observe them with an optical
microscope. If the miscibility gap is very small, a lyotropic lamellar liquid crystal dissolves
in water without forming myelin figures at the interface. It is very interesting that no
myelin figures are observed at a perfectly annealed lamellar liquid crystal-water interface
(i.e., no defects in the liquid crystal) even though a large miscibility gap exists between
these two phases [117]. However, if defects are created artificially in the annealed liquid
crystal (using fibers or optical tweezers), myelin figures may start to grow spontaneously
from the disordered regions. This shows that the presence of a large miscibility gap between
the L; and L, phases, and defects in the liquid crystal’s bulk are necessary conditions for
the formation of myelin figures at a lyotropic liquid crystal-water interface. The solvent
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phase does not need to be water as long as the above-mentioned necessary conditions are
satisfied (tested solvents: glycerol, ethylene glycol and silicone oil). All myelin-forming
systems (during the dissolution) reported so far are based on the lyotropic L, phase.

Even after 160 years of discovering myelin figures, there is still no clarity regarding
the sufficient conditions for the formation of myelin figures. Buchanan et al. suggested
a "formation and growth by swelling” mechanism [55]. They suggested that excess water
enters the lamellar phase and causes the interface to swell through the formation and growth
of myelin figures. They also proposed that water exclusively enters the interface at the
base of the myelin figures rather than entering through the tips by tracking the motion
of tracer particles in the aqueous medium. According to this swelling mechanism, myelin
figures must form and grow as long as there is a water flux into the lamellar phase. This
mechanism contradicts one of the necessary conditions (defects in the lamellar phase). Huang
et al., proposed a geometric model based on free energy minimization [129]. They showed
that bilayer repeat spacing increases when a multilamellar disc is converted into a myelin,
assuming the number of bilayers and the amount of material remains constant during the
transition. An increase in the bilayer repeat distance reduces the bilayer repulsion, which
in turn can compensate for curvature energy costs. Zou et al., suggested that hydration
gradients or external solvent phase flows are required for the formation and retention of the
myelin structures at the LC-water interface [117].

As there is a continuous water flux into the lamellar phase from the aqueous phase, anal-
ysis of the myelin figures formation and growth becomes very complicated. Thermotropic
smectic liquid crystals provide a very simple alternative system for studying the myelin
figures. Our experiments with thermotropic smectic liquid crystals suggest that interfacial
tension between the LC phase-aqueous medium and the defects in the LC bulk play a key
role in the formation, stability and growth of the myelin figures [159,160]. It is important
to note that no report is available about the possible myelin figures with lyotropic lamellar

Figure 43: Instability at a lipid - water interface. (a-c) Polarizing microscopy images of
myelin formed at the interface between Ly- Phosphatidylcholine and water. Top and bottom
parts of images represent aqueous and pure lipid phases respectively. Scale bar in the image
‘a’ represents 100 um. (d-f) Magnified images of the longest straight myelin figure in image
‘a’. Scale bar in the image ’d’ represents 20 um. These images clearly show the presence of
a defect core along the major axis of the myelin figure, as well as its internal structure.
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phases other than the Ly phase. Our experiments with thermotropic smectic liquid crystals
suggest that all liquid crystalline phases with a molecular layered structure form myelin
figures. Thus, we replaced the term ’'myelin figures’” with a more general term ’smectic
filaments’.

3.2.2 Three dimensional structure of the smectic filaments

Thermotropic smectic liquid crystals (TSLCs) and aqueous ionic micellar solutions also sat-
isfy the main necessary conditions for the formation of smectic filaments at their interfaces.
TSLCs also contain a molecular-layered structure in the same way that lyotropic lamellar
phases do. Thermotropic smectic phases can be formed by one-component systems (rod-like
organic molecules), whereas lyotropic lamellar phases consist of at least two components.
Owing to their high hydrophobic nature, TSLCs have a very limited solubility in aqueous
ionic micellar solutions (rates of solubilization are very low).

No interfacial phenomenon exists at the TSLC-pure water interface. CTAB is used to
reduce the interfacial tension values. As we increase the concentration of CTAB in the
aqueous medium, the interfacial tensional value decreases. The liquid crystal surrounding
the defects in the LC bulk diffuses into the surrounding aqueous solution (in the form of
smectic filaments) in order to reduce the free energy of the system. The formation of smectic
filaments is a direct result of the competition between the energy of LC bulk defects and
the interfacial energy. As shown in Fig. 44(a-b), the interface of LC-CTAB solution expands
in order to increase the order in the LC bulk. If the LC bulk is perfectly ordered before
contact with the CTAB solution, no smectic filaments form at the interface (just as in the
case of the perfectly ordered lyotropic Ly sample). However, this is not true for high CTAB
concentrations, which can induce significant Marangoni stresses at the LC-aqueous solution
interface. Strong Marangoni stresses create new defects inside the pre-ordered smectic liquid
crystal and this may result in the formation of smectic filaments.

Almost all previous studies on lyotropic myelin figures used a sandwich method to ob-
serve and study the myelin figures. In this method, a small amount of lyotropic lamellar
liquid crystal is sandwiched between two microscope glass slides which are separated by
using spacers. LC is then put into contact with water by filling the remaining space be-
tween the glass slides with water via capillary action. The same sandwich method is used
to produce thermotropic smectic filaments as shown in Fig. 44(a-b). Fluorescence confocal
polarization microscopy (FCPM) is used to investigate the three-dimensional structure of
the smectic filaments. As the smectic filaments are very sensitive to temperature, they con-
tinuously move in the aqueous medium or even change their structure while they are exposed
to lasers (due to the lack of any kind of confinement). Thus, this method is not suitable
for investigating the three-dimensional structure of smectic filaments. While looking for an
experimental configuration that would offer a stronger confinement, we found that a single
smectic filament can be grown in a glass capillary possessing a square cross section. A glass
capillary is initially filled completely with an aqueous CTAB solution. Then, one end of the
capillary is dipped into an LC droplet until a sufficient amount of LC replaces the aqueous
solution (generally until it fills a few mm of the capillary). As shown in Fig. 44(c-f), a single
smectic filament is achievable such that it exactly fits the square cross section of the capil-
lary by tuning the system parameters (i.e., temperature, surfactant concentration and side
length of the square capillary). The confinement in a capillary enables structural studies of
a single filament using polarizing microscopy and FCPM.

The three-dimensional structure of the 8CB filaments (Smectic-A phase, 23°C) is inves-
tigated. Fig. 45(a-b) shows polarizing microscopy images of a single 8CB filament. Only one
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Figure 44: Employed methods for investigating filaments’ formation and growth. (a-b) Sand-
wich method. Micrographs (crossed polarizers) of an 8CB droplet sandwiched between two
glass plates separated by 100 um spacers. Two images show the sandwich 8 CB droplet mor-
phology before and after contact with CTAB 20 mM aqueous solution. Horizontal width of
the images is 3.85 mm. (c-e) Capillary method: Polarizing microscopy images of a growing
filament (from left to right) at the 8CB-aqueous interface. Left and right hand parts of the
capillary contain disordered 8CB and CTAB 10 mM solution respectively. Inner width of
the square capillary is 50 um. (f) Almost all of the disordered 8CB is transformed into a
well-ordered smectic filament (different experiment). Inner width of the square capillary is
50 um.

way of arranging the smectic-A layers can possibly produce these microscopy images. An
8CB filament consists of concentric molecular layers wrapped around a line defect running
along its major axis and 8CB molecules in each molecular layer are oriented along its layer
normal (Fig. 45(c-d)). The concentric arrangement of layers can easily be deduced from
the red wave plate images of a very thin filament (Fig. 45(e-f)). Filaments appeared blue
and yellow in color when they are positioned parallel and perpendicular to the red wave
plate respectively. For a positive birefringent uniaxial material, 8CB, this combination of
colors is possible if, and only if, the molecules inside a filament are oriented perpendicular
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Figure 45: Polarizing microscopy images of smectic-A filaments. (a-b) A freely floating
thick 8CB filament in CTAB 20 mM aqueous solution. Due to the large birefringence
of 8CB (~0.16 at 25°C), it is difficult to extract the internal director structure from the
polarizing microscopy images of thick filaments. (c-d) Schematic drawings of the coaxial
arrangement of the smectic layers in a filament. (c): Cross section parallel to the filament
axis. (d): Cross section perpendicular to the filament axis. The red line or dot indicates the
topological line defect. The rod-like LC molecules (not shown in the drawings) are oriented
perpendicular to the layer planes and the filament surface. (e-f) Red wave plate images of
a thin 8CB filament in CTAB 20 mM solution suggest that the local optical axis is always
aligned perpendicular to the surface of the filament.

to its surface. The concentric arrangement of the smectic layers is additionally confirmed
by taking the FCPM images of an 8CB filament doped with Nile red (Fig. 46). Nile red
molecules are known to orient along the LC molecules [161]. Thus, the brightest fluores-
cence must be observed when the polarization of the excitation light is set parallel to the
LC director. If the polarization of the excitation beam is parallel to the major axis of the
filament, maximum fluorescence intensity must be observed in the tip of the filament (if our
expected arrangement of smectic layers is true). As shown in Fig. 46(c-h), experimental
observations are in exact accordance with our expectations. The FCPM experiments also
give direct proof of the cylindrical shape of the filaments (Fig. 46(e,h)).

Another important result of the FCPM experiments is that there is absolutely no indi-
cation of water inside the filament. This result provides insight into the more complicated
process of lyotropic myelin figures. As mentioned earlier, lyotropic myelin figures are be-
lieved to be formed and grown due to the hydration gradient. It was observed that the
creation of a defect on the surface of a pre-ordered lamellar liquid crystal shortly after im-
mersing the sample in excess water produces myelin figures which grow from the defect
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Figure 46: FCPM images of a smectic-A 8CB (doped with nile red) filament. The 8CB fila-
ment growing in a square capillary (inner width 35 um) filled with CTAB 20 mM solution
(doped with fluorescein). The red/yellow color indicates the fluorescence signal stemming
from Nile red (smectic phase), and the green color indicates the fluorescence signal of fluo-
rescein (aqueous phase). The color code describes the relative intensities of the Nile red and
fluorescein signals respectively. (a) Schematic diagram of a square capillary. The capillary
axis (growing direction of the filament) is along the x direction and the capillary is observed
through the microscope along the z direction. (b) Cross section perpendicular to the capil-
lary axis in a region that is filled with disordered bulk-like smectic 8CB (not shown here). (c)
Cross section through the central region of the capillary along the xy plane (top view). The
white double arrow indicates the polarization of the exciting laser light. The yellow color in
the tip of the tube corresponds to a high intensity of the Nile red signal, indicating that in
this region the dye molecules and the liquid crystal molecules are parallel to the polarization
of the laser light. (d) Cross section through the central region of the capillary along the xz
plane (side view). The decrease of the fluorescence intensity from top to bottom is a result
of the relatively large thickness (35 um) of the sample. (e) Cross section perpendicular to
the capillary axis along the blue line drawn in (c¢), demonstrating the cylindrical shape of the
filament. It is to be noted that no bright spots are observed throughout the cross section.
(f-h) Repetition of above experiment except that polarization of the exciting laser beam is
perpendicular to the major axis of the filament. In this configuration, the tip of the filament
exhibits the minimum fluorescence as expected.

region within a few seconds [117]. However, it was observed that these myelin figures stop
growing and retract back into the LC sample after a few hours. It was suggested that re-
traction occurs once the water saturates the bilayer stack in the LC sample, thus removing
the hydration gradient and internal stress. This may be false as our experiments suggest
that interfacial tension (of Ly-water interface) and defects (in the L, phase) are the rea-
sons for the formation and growth of the cylindrical structures (myelin figures). Hydration
gradients do cause excess water to flow into the L, phase and increase the water volume
fraction. It is known that increasing the water content tends to increase the lateral repul-
sions between head groups of the amphiphile [158]. Lateral repulsions between head groups
increase the interfacial area per amphiphile molecule which in turn increase the extent of
water-hydrocarbon contact. Thus, interfacial tension between Ly-water may increase over
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time and result in the retraction of myelin figures back into the LC bulk.

If there is no influx of aqueous solution into the thermotropic smectic filaments, the
volume of the smectic liquid crystal must be conserved during the transformation from the
disordered LC bulk into a smectic filament. This is proved by taking a known amount of
liquid crystal in a square capillary and tracking the transformation process. Fig. 47 shows
the volume data for a single filament growing in the capillary configuration: the magnitude
of the volume change AV;, by which the tube has grown in a given time interval, equals
exactly the amount of the volume change AV,, by which the volume of the reservoir of the
disordered bulk-like smectic material has decreased, and the sum of the filament volume
and the reservoir volume remains constant. These measurements, as well as the fluorescence
confocal microscopy results, clearly indicate that the growth of the smectic filaments takes
place without the incorporation of material from the aqueous phase (with the exception of
the surfactant molecules adsorbed at the newly created smectic-aqueous interface). Rather
it appears basically as a process of the rearrangement of the smectic layers.
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Figure 47: Volume data for a growing 8CB filament in a square capillary. 8CB is in contact
with the CTAB 40 mM aqueous solution. FV: growing filament’s volume, BV: volume of
the disordered bulk-like 8CB, and TV: sum of both volumes which remains constant. TV
= FV+BV.

In the case of a nematic liquid crystal droplet in an aqueous micellar solution, there is a
continuous water influx into the nematic droplet which results in the formation of aqueous
daughter droplet chains. Thus, it is quite surprising that no water traces are found inside
the 8CB smectic filaments during FCPM experiments. Smectic filaments can be stable if
they are confined in a square capillary for at least several months. No water droplets are
formed inside the smectic filaments (in a capillary) even after a prolonged exposure to the
aqueous medium. This observation is in line with the results obtained for lyotropic myelin
figures by Buchanan et al [55]. As mentioned earlier, they observed that the excess water
from the surrounding aqueous phase exclusively diffuses into the lyotropic Ly, phase at the
myelin figures’ roots. This means water flows into the lyotropic Ly bulk but not into the
myelin figures (i.e., no water transport exists across the myelin-water interface). The flow of
water continues until the bilayer stack becomes saturated. Similar behavior is observed for
the 8CB-CTAB system (sandwich method). As soon as an 8CB sandwich droplet is brought
into contact with a CTAB aqueous micellar solution, smectic filaments form, but over time
they either retract back into the LC bulk or break into smaller fragments (smaller filaments,
droplets and vesicles). Even though no water is observed inside the filaments, water influx
into the LC bulk is observed. Water enters into the LC bulk through the defects which
exist at the interface. over time, several water islands can be observed along the defects
inside the LC bulk. The size of each water island and the number of water islands increase
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over time. Fig. 48 provides the evidence for the formation of water islands inside the LC
bulk. As shown in Fig. 48(c-d), water islands also form inside the LC droplets which are
detached from the parent LC sandwich droplet. This phenomenon becomes much clearer
if experiments are done using the capillary method. Initially a smectic filament is created
inside a capillary as shown in Fig. 49(a). Small changes in the conditions such as temperature
can destabilize the smectic filaments and induce defects inside them (Fig. 49(b)). There is
no water inside the destabilized filament initially. But it is evidently clear from Fig. 49(c-e)
that the water volume fraction increases inside the smectic filament continuously over time.
Another simple experiment where disordered LC bulk and an ordered filament co-exist in
a capillary provides further insight into the water transport. It is clear from Fig. 50 that
the aqueous CTAB solution cannot diffuse through the ordered smectic-A region whereas a
significant amount of water is transferred into the disordered smectic-A region.

Tilted smectic phases can also form filament-like structures at their interface with an
aqueous CTAB solution. The macroscopic structure of the filaments is still the same as

a). S, BB ¢

Figure 48: Optical micrographs of an 8cb sandwiched droplet. The droplet is in contact with
CTAB 5 wt% for two days. (a) Polarizing microscopy image of the 8CB-aqueous interface.
Earlier formed smectic filaments are either transformed into tiny droplets or retracted back
into the bulk of the original drop. Scale bar: 200 um (b) Magnified image of the 8CB-aqueous
interface. Scale bar: 50 um. (c-d) Polarizing microscopy image of a bulged 8CB droplet.
Scale bar: 50 um. (e-f) Some material can detach from the bulged droplet by forming
multi-lamellar vesicles (smectic shell). The red wave plate image confirms the homeotropic
arrangement of the smectic layers in the shell. Scale bar: 50 um.
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Figure 49: Water transport into a confined 8CB smectic filament. (a) An 8CB smectic
filament in a CTAB 20 mM solution. (b) Filament lost its cylindrical shape and assumed a
square cross-sectional shape after destabilization. (c-e) Volume fraction of the water inside
the filament increases over time. Inner edge length of the square capillary is 50 gum. ’h’ and
'd’ represents hours and days respectively.

Figure 50: FEleven-months-old partially ordered smectic-A filament in CTAB 5 mM aqueous
solution. Inner edge length of the square capillary is 50 um. Black colored region of the
filament (disordered region) contains numerous water islands. No traces of water are found
in the ordered region of the filament even after eleven months. This observation indirectly
suggests that water, as well as CTAB, cannot diffuse through the perfectly ordered smectic
layers.

that of smectic-A filaments (cylindrical objects with hemispherical caps at each end). A
concentric organization of the molecular layers still persists with the only difference being
the molecular arrangement inside the layers (Fig. 51). Smectic-C* filaments show interesting
optical effects due to the helical arrangement of the molecules. An important phenomenon
called ’selective reflection’ occurs when the wavelength of incident light is of the same order
as the pitch of the smectic-C* liquid crystal. Fig. 52 shows a smectic-C* filament under
crossed polarizers at different temperatures. The pitch of the smectic-C* liquid crystals
increases with temperature and becomes infinity at the Smectic-C* - Smectic A transition
temperature. Thus, different wavelengths from white light are reflected at different tem-
peratures. Due to the selective reflection phenomenon, photonic bandgap light guiding is
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Figure 51: Comparison between smectic-A and smectic-C* filaments’ structures. Filaments
in both phases contain the same cylindrical shape and a line defect along their major axes.
However, their internal molecular arrangements are very different, which means they respond
differently to externally applied fields.

observed in smectic-C* filaments. More details about the light guiding in smectic-C* fila-
ments are provided in Section 3.2.7.3.

It is important to note that the aqueous CTAB solutions alone cannot destabilize the
SLC-water interface for many materials. Of all the materials tried, only nCB (8CB-12CB)
compounds could produce smectic filaments in CTAB solutions. The addition of a co-
surfactant reduces the interfacial tension values considerably [14]. Thus, the addition of a
small amount of a co-surfactant makes all the tested materials produce smectic filaments.
In our case, a few weight percent of a non-ionic surfactant (monoolein or C,E,) is added
to the liquid crystals. This method (addition of a co-surfactant) also works for producing
nematic and cholesteric filaments.

It is observed that lyotropic myelin figures (L, phase) may bend to form single coils and
double helices. As shown in Fig. 53(a-f), two different types of double helices are observed
in lyotropic Ly systems. It was reported that myelin figures remain either uncoiled or tightly
coiled (without deforming the cylindrical structure) [139]. Irregular coils (Fig. 53(g)) without
a well-defined chirality are also observed along with regular helices. There is no detectable
change in the volume or surface area of the myelin figures due to the coiling. Several
theories for myelin coiling instabilities have been proposed. Lin et al. [146] reported that in
the presence of Ca’*t ions, binary mixtures of cardiolipin and phosphatidylcholines readily
form tightly-folded single coils and double helices. The coiling tendency of the myelin figures
formed by charged amphiphiles increases significantly with increasing salt concentration. It
is shown that weak Ca’" -mediated membrane-membrane binding energies can overcome
curvature elastic energy and stabilize the coil configurations. Mishima et al. observed that
egg-yolk phosphatidylcholine (egg-PC) forms double helices even in pure water [138]. Coiling
instabilities are also observed during the dissolution of non-ionic surfactants in pure water
[55]. Frette et al. observed that above a certain critical concentration of a specially-designed
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Figure 52: Crossed polarizer images of a C7 filament at different temperatures. (a) White
light image of a C7 filament (smectic-C* phase) in 50 um square capillary at 50°C. (b)
Crystallized C7 filament at 40°C. (c-k) These optical micrographs show the C7 filament
at temperatures (in ascending order) 47°C, 48°C, 49°C, 50°C, 51°C, 52°C, 53°C and 54°C
respectively. Images are taken in transmission mode. Helical pitch of C7 increases with
increasing temperature. Thus, wavelengths that get reflected from the surface of the filament
increase with increasing temperature. Glowing colors of the capillary represent the reflected
wavelengths from the surface of the filament. (1) Optical micrograph of a smectic-A filament.
As the period of the structure is well below the visible wavelengths of light, selective reflection
is not observed in the smectic-A filament.

polymer in the aqueous solution, a writhing instability sets in and myelin figures form single
coils, double helices and many irregular structures. It was suggested that coiling is a result
of a coupling between local bilayer curvature and polymer concentration [139]. Santangelo
et al. proposed that myelin figures are unstable to coiling when they acquire a spontaneous
curvature or when the equilibrium distance between membranes is decreased [142].

Thermotropic smectic-A liquid crystals (the thermotropic analogue of L, phase) also
show all the above coiling instabilities. 8CB generally does not produce any helically ar-
ranged smectic-A filaments in CTAB solutions. The addition of salts to the CTAB solutions
significantly reduces the electrostatic repulsion between smectic-A filaments and invokes
strong attraction between the filaments (Fig. 54(a)). Fig. 54 shows different types of coils
produced by smectic-A liquid crystals. In an egg-PC-water system, the helix formation
progresses at a slow rate of about 10 seconds per pitch [138]. The helix formation in 8CB-
water-CTAB-salt systems can be extremely fast (<1 second per pitch).

Sparingly water-soluble chiral amphiphiles can self-assemble into many more varieties of
bilayer-sheet based microstructures [162-167]. The most interesting morphologies are rib-
bons (helical ribbons and twisted ribbons) and cylindrical tubules. It is observed that chiral-
ity is often expressed in the morphology of these curved aggregates. R- and S-enantiomers
of chiral amphiphiles generally produce right- and left-handed aggregates respectively. In-
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Figure 53: Optical micrographs of double helical myelin figures formed at lipid-aqueous inter-
face. (a-c) Double helical structure formed by one myelin tube at a Ly- Phosphatidylcholine
(PC) - pure water interface. Scale bar: 100 um (d-f) Double helical structure formed by
two myelin tubes at a PC- pure water interface. Scale bar: 50 um (g) Irregular structure
at a lipid mixture-aqueous interface. Lipid mixture consists of 80% PC and 20% PS (Phos-
phatidylserine). Aqueous solution contain 0.5 M NaCl and 80 mM CTAB. Scale bar: 100

pum.

terestingly, some achiral amphiphiles (also a few pure enantiomers) produce equal numbers
of right- and left-handed aggregates. This clearly demonstrates that chirality is not essential
for the formation of helices and tubules. In this case, it was suggested that curved aggregates
form due to spontaneously broken chiral symmetry rather than due to a chiral molecular
packing. Our experiments with thermotropic smectic-C liquid crystals also show that chiral-
ity is not necessary for the formation of helical structures. 8OPhPy8 in the smectic-C phase
produces an equimolar mixture of right- and left-handed helical filaments (Fig. 55). There
is no preferred diameter and pitch for the helical filaments. No ribbon-based aggregates are
observed in smectic-C liquid crystals.

As with chiral amphiphiles, thermotropic smectic-C* liquid crystals form ribbon-based
aggregates. Asshown in Fig. 56, both twisted ribbons and helical ribbons are observed along
with normal filament-like structures (both straight and helical). The ratio of right-handed
to left-handed helical ribbons (or filaments) is yet to be determined. Helical structures with
different pitches and diameters are observed. In the case of amphiphiles, it is observed that
helical ribbons slowly evolve into cylindrical tubules. This transition is not yet observed with
thermotropic smectic-C* liquid crystals. However, helical structures do further reorganize
and form super helical structures as shown in Fig. 56(d). Detailed structural analysis of the
super helical structures is not yet completed.
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Figure 54: Optical micrographs of various structures formed by thermotropic smectic-A fila-
ments. These structures are observed in a 12CB-CTAB 10 wt% system. The aqueous CTAB
solution also contains 0.5 M NaCl. (a) Strong attraction between two filaments causes them
to grow together. It requires a significant amount of energy (using optical tweezers) to sep-
arate them. Scale bar: 50 um. (b) A single stranded coil with an open end. Scale bar: 25
um. (c) A double stranded helical structure formed by two filaments. Scale bar: 50 pm.
(d) An example for irregular coils. Scale bar: 50 um. (e-h) A double helix formed by a
single filament. This series of images (left to right) shows the unwinding of the helix. Scale
bar: 25 um.
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Figure 55: Optical micrographs of various thermotropic smectic-C filaments. 8OPhPy8
is doped with 1 wt% monoolein and the aqueous solution contains 1.5 mM CTAB. Scale
bars in all images represent 15 um. Black arrows in images d-f point to the regions of
interest. (a-b) Helical filaments with opposite handedness. (c) Tightly packed low pitch
helical filament. (d) Partially curved smectic-C filament. (e) Smectic-C droplet with a high
pitch helical filament as a tail. (f) One smectic droplet contains a straight filament as a tail
whereas another droplet contains low pitch helical filament as a tail. It is important to note
that normal straight filaments (like smectic-A filaments) are the most frequently observed
structures.

/\ membrane

Twisted ribbon Helical ribbon

Figure 56: Optical micrographs of the observed structures in a smectic-C* LC-water system.
The LC mixture contains 75 wt% C7 and 25 wt% 8.0.6. This LC mixture is doped with
1 wt% monoolein. The aqueous solution contains 1.5 mM CTAB. (a-c) The smectic-C*
membrane can morph into any one of the two ribbon structures. Scale bars in b and c
images represent 25 um. (d) A superhelical structure formed by a helical ribbon. Scale bar:
25 um. Bottom row of images shows the expanding smectic-C* membrane (left to right).
The membrane expands and produces a helical ribbon. Scale bar: 10 um.
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3.2.3 Growth behavior of thermotropic smectic-A filaments

Both sandwich and capillary methods are employed to study the growth behavior of smectic-
A filaments. 8CB and aqueous CTAB micellar solutions are used to produce smectic-A
filaments. 8CB is very convenient for these experiments as it is in the smectic-A phase at
room temperature. The effect of various parameters on the filament growth behavior, such
as surfactant concentration and temperature, is discussed below.

3.2.3.1 Sandwich method

For a sandwich experiment, a small amount of 8CB is sandwiched between two glass slides
which are separated by thin Mylar spacers. Then, the remaining empty space between the
glass slides is filled via capillary action with an aqueous CTAB solution, thereby bringing
the smectic liquid crystal into contact with the CTAB solution. Fig. 57 shows a typical
time evolution of the 8CB-aqueous interface. Smectic-A filaments grow almost uniformly in
all directions at the expense of the bulk of the original 8CB droplet. However, smectic-A
filaments do not grow indefinitely. The growth rate of the filaments gradually reduces over
time and completely stops after a certain amount of time. And as shown in Fig. 57, subse-
quently, all the filaments lose their order and merge with their respective neighbors. This is
due to the finite amount of surfactant in the aqueous solution. The micellar solubilization of
the 8CB sandwich droplet in the surrounding aqueous solution and the transfer of aqueous
solution into the 8CB sandwich droplet simultaneously continue with the growth dynamics
of the filaments. Due to this reorganization of the components of the system, active mi-
celles that are necessary to replenish the 8CB-aqueous interface gradually decrease. As a
result, the interfacial coverage of the CTAB reduces over time, which in turn increases the
interfacial tension as well as decreases the electrostatic repulsions between the neighbor-
ing filaments. The increase in interfacial tension makes these filaments unstable and they
gradually lose their respective ordered structures. Subsequently, the disordered neighboring
filaments merge with each other as soon as the Van der Waals attractions between them

t =102 min

Figure 57: Sandwich method - time evolution of the 8CB-aqueous interface. An 8CB droplet
is sandwiched between two glass plates separated by 100 um spacers. Aqueous solution
contains 5 mM CTAB. (a) The smectic droplet just before contact with the 5 mM CTAB
solution. (b-f) Filament-like structures are observed at the LC-aqueous interface initially
and they continue to grow for a while. But they eventually cease to grow and merge with
each other to again produce bulk-like 8CB. Horizontal width of all the images is the same
(3 mm). Images are taken under crossed polarizers.
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overcome the electrostatic repulsions.

3.2.3.2 Growth rates of smectic-A filaments: Effect of CTAB concentra-
tion

To quantify the growth of the smectic filaments, both the droplet-filament interface and the
outer edge of the total birefringent region (i.e., the total area occupied by filaments and
the remaining part of the original 8CB droplet) are approximated by circles. The difference
between their radii, i.e., the width L of the filament-filled region, is determined as a function
of the time ¢ which has elapsed since the initial contact between the smectic liquid crystal
and the surfactant solution. A sample filament growth behavior at an 8CB - 20 mM CTAB
solution interface is shown in Fig. 58(a). After an initial period of about 10 to 20 seconds
(ballistic regime), L grows for a longer time interval as - (diffusive regime) until, after about
500 seconds, the data suggest a slowing of the growth (sub-diffusive regime). Eventually
filaments cease to grow as is the case shown in Fig. 57. A diffusive growth behavior for a
longer period is a common observation when lyotropic myelin figures are studied using the
sandwich method [118,153]. As mentioned earlier, it is attributed to the collective diffusion
of surfactant molecules induced by the hydration gradient in the Lyg-water contact zone.
We investigated the diffusional regime for different CTAB concentrations. Diffusional
regimes exist for all investigated CTAB concentrations (5 mM - 80 mM). The dependence
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Figure 58: Sandwich method - effect of CTAB concentration on the growth behavior of
smectic-A filaments. 100 um spacers are used to prepare sandwich cells. (a) Growth be-
havior of 8CB filaments in CTAB 20 mM solution. The solid line represents a hypothetical
line (slope = 0.5) which acts a guide for identifying the diffusional regime. (b) Slopes (L*/1)
from diffusional regimes of growth plots obtained for various concentrations of CTAB. (c)
Average diameter of the filaments observed as a function of CTAB concentration. The av-
erage diameter value for 5 mM concentration lies above the spacers’ thickness (100 pm).
Thus, experiments are conducted only for higher concentrations. (d) This plot clearly shows
that the 8CB-aqueous interfacial area is higher for higher concentrations at any time of
observation.
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of I?/t on CTAB concentration is shown in Fig. 58(b). Apparently, the growth rate first
increases with increasing CTAB concentration, is maximal for 10 mM concentration, and
then decreases with increasing values of CTAB concentration. On the contrary, one would
expect that the growth becomes faster with increasing CTAB concentration. This is due
to the fact that the interfacial tension decreases with increasing CTAB concentration. This
apparent contradiction is resolved after investigating the cross-sectional diameters of the
filaments. The average diameter of the smectic filaments decreases with increasing CTAB
concentration (Fig. 58(c)) while the packing density does not show an obvious change. In
other words, with increasing CTAB concentration, the average diameter of the filaments
decreases but their number density significantly increases. These observations suggest that,
instead of their length, the surface area of the filaments per unit area of the initial smectic
LC-aqueous interface should be used as a measure of the filament growth. If we assume
that the type of packing of filaments remains the same when the filament diameter changes,
we can simply divide the surface area S of a filament (calculated from L and D assuming a
cylindrical geometry) by the area A of the cross section of the filament in order to obtain
an appropriate measure. A plot of (S/A)2 vs. t has, of course, the same shape as L? vs. t
but it quantifies the growth behavior of the total surface area instead of the length of the
filaments. Fig. 58(d) shows the result when the slope L?/t is replaced by the slope (S/4)? /1,
indicating now that the growth rate of the filaments (i.e., the growth rate of 8CB-aqueous
interfacial area) increases monotonously with increasing CTAB concentration.

3.2.3.3 Growth rates of smectic-A filaments: Effect of temperature

Fig. 59 shows the effect of temperature on the growth of 8CB smectic-A filaments. The
concentration of CTAB and spacers’ thickness are fixed at 40 mM and 100 pum respectively.
Snapshots of the 8CB-CTAB 40 mM system at different temperatures are taken five min-
utes after the initial contact between the 8CB sandwich droplet and an aqueous micellar
solution. The width L of the filament-filled region is calculated as in the previous Section
3.2.3.2. The average length of the filament (L) decreases with increasing temperature at any
given time. In other words, as the system temperature approaches the smectic to nematic
transition temperature Tsua—ny (33°C), the tendency to form smectic filaments at the LC-

0.9
0.8 4
0.7 1 4
0.6 4
T 097 ]
E 04/ . ]
= 54 ,
0.3 4
0.2 K 4
011 R

0.0 | T T T T T T T T T T
2 24 26 28 30 32

Temperature (°C)

Figure 59: Sandwich method - effect of temperature on growth rates of smectic filaments.
Filaments grow faster and for longer time periods as the temperature of the system is
decreased. The L values are measured after allowing the filaments to grow for five minutes.
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aqueous interface significantly reduces. Instead, several smectic droplet jets are observed
along the LC-aqueous interface. More details about these spontaneous smectic droplet jets
are provided in the Section 3.2.4.2. The LC-aqueous interface becomes extremely unstable
at temperatures very close to Tsma—n. For example, smectic layers break apart continu-
ously and produce droplets. More detailed investigation of the LC-aqueous interface at
temperatures near to Ts4—n is highly warranted.

3.2.3.4 Effect of the confining walls on the morphology of smectic-A fila-
ments

Fig. 60 shows the effect of the confining walls (or more precisely the effect of the sandwich cell
thickness) on the average cross-sectional diameter ((d)) of the 8CB smectic filaments. The
concentration of CTAB and the temperature of the system are maintained at a constant of 40
mM and 23°C respectively. Mylar spacers of different thicknesses are used to study the effect
of glass slides on the values of (d). Glass slides are cleaned using plasma cleaner and they
are not treated with any surface coupling agents. The influence of the confining walls on the
morphology of smectic filaments decreases with increasing spacers’ thickness. Predictably,
confining walls influence the morphology of lyotropic myelin figures similarly [118]. It is
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Figure 60: Sandwich method - effect of confining walls on the morphology of smectic fil-
aments. Experiments are conducted with 8CB and a CTAB 40 mM solution. Filaments
increasingly do not feel the presence of confining walls as the spacers’ thickness increases.
The effect of confining walls on the growth rates of filaments is not yet investigated.

important to note that there is no evidence for the direct influence of the confining walls on
the mechanism of filament formation itself. However, if the glass slides are treated with any
agent which promotes the ordering in the original liquid crystal sandwich droplet, then the
formation of filaments at the LC-aqueous interface becomes unlikely.

3.2.3.5 Growth rates of smectic-A filaments: Surfactant chain length de-
pendence

Experiments are carried out with four surfactants from a homologous series of n - alkyltrimethy-
lammonium bromides (C,TAB where n= 10, 12, 14 and 16). Fig. 61 shows the effect of
surfactant tail length on the growth of 8CB smectic-A filaments. Surfactant concentration,
temperature and the spacers’ thickness are kept constant at 20 mM, 23°C and 100 um re-
spectively. Snapshots of the 8CB- C,TAB 20 mM systems are taken ten minutes after the
initial contact between the 8CB sandwich droplet and an aqueous C, TAB micellar solution.
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The width L of the filament-filled region is calculated as in Section 3.2.3.2. The average
length of the filament (L) increases and the average cross-sectional diameter of the filament
decreases with the increasing chain length of the surfactant. This is due to the increased ef-
fectiveness of the higher homologues in reducing the interfacial tension values. The addition
of a co-surfactant to the 8CB- C, TAB systems significantly increases the interfacial activity
(i.e., the cross-sectional diameter of the filaments decreases and the number density of the
filaments significantly increases.).
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Figure 61: Sandwich method - effect of surfactant chain length on the growth rates of smectic-
A filaments. The L values are measured after allowing the filaments to grow for ten minutes.
At the investigated concentration (20 mM), filaments grow much faster with increasing
chain length of the surfactant. However, this type of behavior is unlikely to be observed at
very high concentrations. But the LC-aqueous interfacial area is always higher for higher
homologues at any given concentration and time of observation.

3.2.3.6 Capillary method

It is impossible to obtain stable filaments through the sandwich method. As shown in
Fig. 62, freely floating filaments are only transient structures and they either transform
into discs or smectic droplets. Smectic discs may also further transform into vesicles. If
there are enough active micelles available in the aqueous CTAB solution, smectic-A liquid
crystal emulsion containing all the above mentioned transient structures eventually dissolves
completely in the aqueous micellar solution. For example, up to ~3 wt% of 8CB produces
a clear solution with a TTAB 25 wt% solution (i.e., all 8CB molecules are transferred into
the TTAB micelles in the aqueous phase). It is important to find a way to stabilize the
filaments for any possible practical applications. Stable filaments can be achieved by using
the capillary method.

The details of this experimental method are provided in Section 3.2.2. This method
provides a way to study the stability and the growth of single filaments. Circular capil-
laries must be avoided whereas square and rectangular capillaries are best suited for this
work. Circular geometry (capillaries with constant diameters or diverging diameters) induce
unwanted surface effects on the smectic liquid crystals as shown in Fig. 62(g). As we in-
vestigated the properties of strongly confined single filaments only, we used capillaries with
square cross-sections exclusively. As shown in Fig. 62(h), square geometry cannot make
smectic liquid crystal focal conical defect-free unlike circular geometry. Thus, square capil-
laries provide an excellent opportunity to study the effect of the ionic surfactant solutions
on the disordered smectic liquid crystals.
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d) e)

Figure 62: Sandwich method - instabilities in smectic-A filaments. (a-e) A freely floating
thick 8CB smectic-A filament in CTAB 20 mM aqueous solution. These images show the
transformation of a filament into a disc. It takes a few minutes to complete the process.
Scale bar in image ’a’ represents 20 um. (f) Thin filaments often break into small droplets
instead of forming discs. Black arrows indicate the regions of interest. Scale bar: 50 pum.
(g) 8CB in an empty circular capillary of 50 ym inner diameter. Circular capillary itself
induces ordering in 8CB. Thus, they are not suitable for our studies. (h) 8CB in an empty
square capillary of 50 um inner width. 8CB is full of defects even after confinement in the
capillary for a long time. This makes square geometry ideal for our experiments. Images ’f’
and g’ are taken under slightly uncrossed polarizers.

3.2.3.7 Confined single filaments: Effect of the capillary dimensions and
the surfactant concentration

Formation of a single filament in a square capillary (of a given inner edge length) unsur-
prisingly depends upon the CTAB concentration in the surrounding aqueous solution. Fig.
63(a-c) shows the effect of the capillary edge length and the CTAB concentration on the for-
mation, growth and stability of the single filaments. Fig. 63(a) shows the effect of the CTAB
concentration on the growth behavior of an 8CB filament in a 50 pum capillary. It is evi-
dently clear that the initial growth rate of the singe filaments decrease with increasing CTAB
concentration. But equilibrium lengths of the filaments increase with increasing CTAB con-
centration (i.e., despite the non-trivial growth kinetics of the filaments, the equilibrium
LC-aqueous interfacial area increases monotonously with increasing CTAB concentration).
Another important observation is that 8CB is highly unlikely to form single filaments in a 50
um capillary for CTAB concentrations greater than or equal to 20 mM. This can be easily
understood if we consider the fact that the average cross-sectional diameter of filaments
(sandwich method, see Fig. 58(c)) decreases with increasing CTAB concentration. A simple
experiment with a capillary of a smaller edge length (35 pm) confirms this. Single filaments
are produced at much higher CTAB concentrations (< 60 mM) in 35 pum capillaries, which
suggests that the probability of the formation of a single filament decreases with increasing
CTAB concentration.

Even though single filaments form inside a capillary, they do not always stay stable
indefinitely. There exists a threshold CTAB concentration for a given inner edge length of
the capillary below which filaments are unstable. This threshold CTAB concentration seems
to be increasing with decreasing capillary dimensions (Fig. 63(c)). Below threshold CTAB
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Figure 63: Capillary method - growth behavior of smectic-A filaments in different sizes
of capillaries. ’S’ and "U’ characters in the legends of the graphs represent the stable
and unstable filaments respectively. (a) An 8CB filament’s growth behavior in a 50 yum
square capillary. Initial growth rate is maximum for lowest investigated CTAB concentration
but the length of the filament at equilibrium is minimum at this concentration. A stable
filament is difficult to achieve for a concentration below 2.5 mM (The threshold CTAB
concentration) in a 50 um capillary. (b) An 8CB filament’s growth behavior in a 35 um
square capillary. The minimum (or threshold) CTAB concentration needed to form stable
filaments is increased to >10 mM. (c¢) A comparison between the stability of filaments in 35
um and 50 um capillaries. Apparently, more surfactant is needed to stabilize the filaments in
capillaries with a smaller inner width. (d) An 8CB filament in a 35 um capillary just before
the onset of instability. (e) The same filament after destabilization. Cylindrical morphology
is lost and 8CB assumes the structure of the capillary (i.e. square cross section).

concentrations, filaments grow for some time before they abruptly stop and lose their ordered
structure. Filaments assume a square cross-sectional shape (i.e., filling the total inner cross-
sectional area of the capillaries) from their pre-destabilization circular cross-sectional shape
(Fig. 63(d-e)). Above the threshold concentrations, filaments stay stable indefinitely after
reaching their equilibrium size.

3.2.3.8 Smectic-A filaments’ growth: Comparison between sandwich and
capillary methods

Fig. 64 compares the growth behavior of smectic-A filaments in a sandwich cell and a square
capillary. Surprisingly the initial growth behavior of the smectic-A filaments is almost
identical in both methods. But the filament growth slows down much faster in the case
of the sandwich method. Due to the lack of confinement, smectic filaments buckle and
form complex structures such as coils and curls after an initial growth period of almost
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perfect radial motion (see Section 3.2.2). This means unconfined filaments in a sandwich
cell have an extra dimension for motion (angular dimension). But, the capillary method does
not allow the filaments to explore more than one dimension (one-dimensional translational
motion) which makes them to grow relatively faster than in the case of the sandwich method.
Another important difference is that it is impossible to produce stable filaments using the
sandwich method, whereas the single filaments in square capillaries can be stable for at least
a few months. The reason behind the stability of the filaments in square capillaries is not
yet understood.

Joa0 Capillary method
4004 o Sandwich method 1

Length (um)

0 4000 8000 12000 16000
Time (seconds)

Figure 64: Comparison between sandwich and capillary methods. Experiments are conducted
with 8CB and CTAB 2.5 mM aqueous solutions. Inner edge length of the capillary is 50
um. Thickness of the spacers used for the sandwich experiment is 100 gm. Initially, there is
no effect of geometry on the growth behavior of smectic filaments. Filaments in a sandwich
cell eventually destabilize whereas filaments in square capillaries can be stable indefinitely.

3.2.4 Surface instabilities of smectic filaments: Liquid crystal
(LC) ropes

As shown previously, smectic filaments are only transient structures and they eventually
become destabilized through various pathways (except strongly confined single filaments).
One particular destabilization pathway may have important biological relevance. As shown
in Fig. 65(a), smectic filaments ("parent” filaments) are not stable and thinner smectic
filaments ("daughter filaments”) may spontaneously start to grow on the surface of the parent
filaments. Daughter filaments are pure liquid crystal filaments (just like parent filaments)
with no traces of surrounding aqueous solution. This means the total combined volume
of parent and daughter filaments is always conserved (Fig. 65(c-f)). The diameter of the
daughter filaments can be quite small (of the order of 1 um) and their growth appears as an
ejection process by which a random coil of the daughter filament is formed. We named the
daughter filaments also as liquid crystal ropes. Buckling instabilities of the L.C ropes which
lead to the formation of several beautiful structures are discussed in detail in the following
sections. Long daughter filaments eventually decompose into smaller fragments, which can
adopt different shapes such as short tubes, small droplets, or vesicle-like structures.

The destabilization of the parent filaments through the generation of daughter filaments
is also not yet reported for lyotropic systems. Several studies were conducted previously to
investigate the effect of salt or surfactants in the aqueous medium on the lyotropic myelin
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Figure 65: LC ropes - surface instability on thermotropic and lyotropic filaments. White
arrows indicate the regions of interest. (a) Optical micrograph of a 12CB filament sponta-
neously ejecting a daughter filament. Concentration of CTAB = 280 mM. Temperature =
50°C. Scale bar: 50 um. Point of ejection on the surface of the filament (indicated by a
white arrow) is not stationary. It can freely move upon the surface of the filament. (b) Lg-
Phosphatidylcholine in CTAB 200 mM solution at 23°C. Scale bar: 20 ym. (c-f) Images
d-f provide the snapshots of an ejecting smectic-A filament taken at different times. The
conservation of volume is observed throughout the ejection process (image c). This indi-
cates that LC ropes are devoid of any surrounding aqueous solution. Scale bar in image ’d’
represents 100 um. Images a and d-f are taken under slightly uncrossed polarizers.

figures formed by lipid-water systems [121,135,168], but none of the studies investigated the
destabilization pathways of the lyotropic myelin figures. Our preliminary observations show
that lyotropic myelin figures also destabilize through the formation of daughter filaments
when they are brought into contact with an aqueous CTAB solution or a brine solution
instead of pure water (Fig. 65(b)).

Thus, it seems like this process may provide key information about myelin sheath desta-
bilization (demyelination) [157]. The myelin sheath, a fatty insulatory layer around the
nerve fibers, enables messages to be transmitted from the brain to anywhere in the body.
It is composed of alternating layers of lipids and water, with proteins acting as the binding
agents to keep this layered structure intact. Loss of the myelin sheath causes several neu-
rological disorders. The myelin sheath is surrounded by extra-cellular fluid (ECF) which
contains several ions and proteins. It has been observed that the myelin sheath gets severely
destabilized when its composition of lipids and proteins changes [169-171]. The exact routes
of destabilization or fragmentation are yet to be discovered. Thus, a detailed investigation
of the surface instabilities of lyotropic and thermotropic filaments is necessary. Our follow-
ing experimental results with thermotropic smectic filaments do suggest that myelin sheath
stability may depend on the ionic strength of the ECF and the interfacial tension between
the myelin sheath and the ECF.

3.2.4.1 LC ropes: Why do they form on the surface of smectic filaments?

It is argued in the earlier sections that smectic filaments form at the LC-aqueous interface
as a result of competition between the LC bulk defects’ energy and interfacial energy. Thus,
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Figure 66: Destabilization of the LC-aqueous interface using different methods. (a) The
number of spontaneous ejections observed along the 8CB-aqueous interface is plotted against
the concentration of TTAB in the aqueous solution. (b-c) Laser tweezers method: Infrared
laser tweezers can be used to heat the surface smectic layers and produce LC ropes. But
for improved heat distribution, 0.01 wt% Nile red is added to 8CB. A continuous wave
(514 nm) Ar" laser is used to heat the smectic layers locally as shown in Figure b. As
indicated by white arrows, an LC rope is generated exactly at the point of exposure to the
laser beam. Ignore the bright white spot in the image (c) as it represents the new position
of the Ar't laser. Horizontal width of the images is 143 pm. (d) The minimum power of
infrared laser (1064 nm) needed for destabilizing the 8CB surface layers is plotted against
the concentration of TTAB in an aqueous solution. (e) If we use infrared laser tweezers,
they will heat up a large LC surface area which results in the formation of a numerous
number of filaments instead of just one. Inner smectic layers are clearly visible as well as
with damaged surface layers (indicated by the white arrow). Some of the produced filaments
at the 8CB-aqueous interface can further self-assemble to produce complex structures. The
blue arrow indicates one such case where we observe a double stranded helix formed by two
filaments. (f) A double stranded helix grows very rapidly (< 1 second per pitch). Horizontal
width of both ’e’ and ’f’ images is 83.75 um. (g-j) Fiber method: An 8CB-aqueous interface
can also be destabilized by scratching the surface with a fiber. The white arrow in image
’g’ indicates the position of scratching. Damaged surface layers are cast off by the smectic
droplet (but they do not necessarily get detached completely from the droplet). This process
is reminiscent of the moulting phenomenon observed in Biology. Initial size of the droplet
is 29 um.
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it should be quite surprising to see the formation of LC ropes on the surfaces of perfectly
ordered smectic filaments. But our following results show that LC ropes do form due to the
same reason that smectic filaments form in the first place.

Fig. 66(a) shows the dependence of 8CB-aqueous interface (i.e., smectic-A filaments)
stability on the TTAB concentration in the aqueous medium. The temperature of the
sandwich cells and the spacers’ thickness are kept constant at 23°C and 100 um respectively.
1 mg of 8CB is used as an original sandwich droplet for each experiment. This means the
initial exposed free surface area of 8CB to the TTAB solutions is 1.13 mm?. The total
observation period for counting the number of spontaneous ejections of LC ropes from the
surfaces of smectic filaments at the 8CB-aqueous interface is chosen as 10 minutes. The
ejection of LC ropes is not a constant process over time and the number of ejections from
the LC-aqueous interface (i.e. from the surfaces of the smectic-A filaments) decreases almost
exponentially over time.

It is clear from Fig. 66(a) that the 8CB-aqueous interface (more precisely, the smectic-
A filaments at the 8CB-aqueous interface) becomes increasingly susceptible to ejecting LC
ropes out into the aqueous medium with increasing TTAB concentration. Similarly, increas-
ing susceptibility of the 8CB-aqueous interface is observed by increasing salt concentration
in the aqueous medium instead of TTAB concentration. The addition of small amounts of
co-surfactants also significantly increases the number of ropes ejected from the LC-aqueous
interface per unit area per unit time. These observations show that interfacial tension plays
a major role in destabilizing the LC-aqueous interface. LC ropes can also be initiated force-

Figure 67: Self-healing lyotropic myelin figure. Ly~ Phosphatidylcholine in CTAB 200 mM
solution at 23°C. Optical tweezers are used to disturb the surfaces of myelin figures. Enlarged
sections of the images (a) and (b) are shown in the bottom row. (a) The white arrow in the
enlarged section of the image (a) indicates the leaking position on the surface of a myelin
figure. The leaking of material in the form of an LC rope happens exactly at the point of
exposure to the optical tweezers. Scale bar: 40 um. (b) If we wait for a few minutes, the
ejection process stops and the ejected LC rope starts to retract into the parent structure.
(c) The ejected LC rope is completely retracted into the parent structure. The reintegration
process of the LC rope into the parent structure is so perfect that later it is impossible
to find the spot from where it was ejected. It is important to note that this self-healing
process is only possible if the ejected LC rope retains its structure and does not undergo any
structural transformation (such as into the vesicular structure) during this entire process.
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fully by creating defects on the surface of parent filaments, either by using short heat pulses
generated by optical tweezers or by mechanically disturbing their surfaces with microfibers
(Fig. 66(b-j)). Experimental observations show that the threshold power (of the incident in-
frared beam) required for producing LC ropes on the surfaces of smectic filaments decreases
with increasing TTAB concentrations (Fig. 66(d)). This means that even the slightest dis-
turbance on the surface of a smectic filament in a highly concentrated TTAB solution results
in the formation of one or more LC ropes at the point of disturbance. Combining the results
of both spontaneous and artificially-forced ejections of LC ropes, it is fair to conclude that
daughter filaments are also a result of the interplay between bulk and interfacial energies.

Another simple experiment with lyotropic myelins further explains the dynamics of the
LC ropes. As shown in Fig. 67(a), an LC rope is ejected from a lyotropic myelin figure
after exposing it to a short heat pulse produced by an infrared laser beam. The supplied
energy must have been enough to produce more interfacial area in the form of an LC rope.
However, the destabilized myelin figure heals itself as the heat energy is dissipated into the
surroundings over time (Fig. 67(b-c)). This observation further supports our arguments
about the instability’s origin.

3.2.4.2 Temperature dependence of the spontaneous ejections of LC ropes

Fig. 68 shows the temperature dependence of the spontaneous ejections of L.C ropes from an
8CB-aqueous interface (more precisely, from the surfaces of the smectic-A filaments at an
8CB-aqueous interface). The concentration of TTAB, the spacers’ thickness and the weight
of the 8CB sandwich droplet are fixed at 6 wt%, 100 pm and 1 mg respectively. Even
though Fig. 68 suggests a complex relationship between ejections and temperature, the
number of ejections per unit area becomes almost zero as we approach smectic-A to nematic
phase transition. Another important point to take note of is that the LC-aqueous interface

60
50 - } |
2 40 ]
RS
?, ] ]
2 30 i
5 | ]
S 204 \{ % i
Z ] . E |
Smectic-A [}
10 <
0+ T T T T T T T T ‘\.\ T B
24 26 28 30 32 34 36
Temperature

Figure 68: Sandwich method - effect of temperature on the stability of 8CB-aqueous interface.
The number of ejections observed along the SCB-TTAB 6 wt% solution interface is plotted
against the temperature of the system. Please note that the temperatures on the abscissa are
the values shown by the heating device. At the Smectic-A - Nematic transition temperature,
smectic layers at the interface directly break into tiny nematic droplets (this does not happen
at an 8CB-pure water interface). It is important to note that we do not differentiate between
rope ejections and droplet ejections while counting the number of ejections.
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leaks smectic droplets instead of LC ropes with increasing temperature. In the case of the
investigated 8CB-TTAB 6 wt% system, the probability of the ejection of droplets becomes
significantly higher than the ejection of LC ropes above 31°C. Similarly, the probability of
ejecting droplets instead of LC ropes increases with increasing TTAB concentration.

3.2.4.3 LC ropes: Liquid rope coiling effect

The liquid rope coiling effect is observed when a thin stream of viscous fluid is poured onto
a surface [172-175]. Instead of approaching the surface vertically, viscous fluid streams form
beautiful ordered structures. For example, a thin stream of honey builds a spectacular
helical structure of radius R that resembles a pile of coiled rope. The liquid rope coiling
phenomenon is fundamentally a buckling instability in which a fluid stream is subjected
to an axial compressive stress. Under axial compressive stress, thin viscous fluid streams
become unstable to deformation by bending. Coiling occurs in three distinct dynamical
regimes (viscous, gravitational, and inertial) depending on how the viscous forces in the
helical coil are balanced. The dynamical regime in which coiling takes place is determined
by the magnitudes of the viscous (Fy), gravitational (Fg) and inertial (Fj) forces per unit
length of the coil.

Fy ~ pva*UR™*, (26)
Fg ~ P8027 (27)
Fy~pa®U’R™", (28)
_ 0
U=_5, (29)

0

where p and v are the density and the viscosity of the viscous fluid respectively. ’a
represents the radius of the liquid rope, which is assumed to be constant. This assumption
holds true only in the current LC ropes’ case as the effect of gravity on them is highly
insignificant (Fg ~ 0). @ represents the volumetric rate of the ejected liquid crystal.

Fig. 69(a) shows the typical helical structure formed by LC ropes. An ejected LC rope
generally forms a helical coil of radius R that rotates with an angular coiling frequency Q
about an axis normal to the filament surface at the point of leaking. The conservation of
mass flux requires U = RQ. Experiments show that both gravity and inertia are negligible
and the net viscous force is zero at any position inside the LC ropes (viscous regime). In
this viscous regime, the Q is independent of material constants and it depends only on
and a values.

R~L, Q~ I (30)
where L is the distance between the point of leaking and the onset point of coiling (Fig.
69(b)). As expected, there is no preferred sense of rotation for LC rope coiling. Interestingly,
the sense of rotation flips between clockwise to counter-clockwise randomly. It is not yet
known whether it is possible to control the values of ) and a. Finding a way to control these
parameters is highly desired as it would provide a way to investigate the LC rope coiling
effect systematically. Apart from helical structures, folded in-plane micro threads are also
occasionally observed as shown in Fig. 69(c).
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Figure 69: Typical coiling structures observed in LC-aqueous systems. White arrows in
images ’a’ and ’c¢’ indicate the points of ejection at the LC-aqueous interface. (a) A helical
coil is being ejected from a 12CB filament. The aqueous solution contains 80 mM CTAB
and 0.5 M NaCl. Temperature = 50°C. Scale bar: 25 um. Image is taken under slightly
uncrossed polarizers. (b) Magnified version of image ’a’ showing the helical coil emanating
from the 12CB filament. (c) If the position of the defect lies very close to the glass slides,
folded micro-threads form instead of helical coils due to geometrical constraints. Scale bar:
30 um.

3.2.4.4 LC rope helical coils: Effect of salt in the aqueous phase

Due to its charged surface, intra-membrane contacts of an LC rope in a pure CTAB solution
are not favorable. LC ropes spontaneously transform their structure into ’bunch of grapes’-
like structures as shown in Fig. 70. Transition from a liquid rope to a bunch of vesicles is
extremely favorable due to the reduction in the interfacial area. The addition of a small
amount of salt to the aqueous phase significantly alters the dynamics of the LC ropes. It was
already shown earlier that the addition of a salt to the aqueous phase greatly enhances the
membrane-membrane attractions. This membrane-membrane attraction causes the ejected
LC rope to turn into a compact hollow cylindrical structure (Fig. 69(a-b)). The cylindrical
structure further destabilizes and forms a spectacular beads-on-a-string (BOAS) structure
in order to achieve a lower energy state (Fig. 71). The three dimensional structure of the
BOAS morphology can be easily visualized through the red wave plate images (Fig. 71(g-
i)). The BOAS structures appear yellow and blue in color when they are positioned parallel
and perpendicular to the red wave plate respectively. For a positive birefringent uniaxial

Figure 70: LC rope to vesicle transformation. (a) 8CB in CTAB 40 mM solution at 23°C.
An ejected LC rope transforms into interconnected ’bunch of grapes’-like vesicles. Scale bar:
25 pum. (b-f) These images provide snapshots of the rope to vesicle transformation. A few
regions in an LC rope expand and form disc-like structures. These discs eventually collapse
to form vesicles. Scale bar in image ’b’ represents 25 pum.
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Figure 71: BOAS structure - effect of salt on the LC rope helical coil structure. The LC mix-
ture contains 85 wt% 12CB and 15 wt% CB15. Pure 8CB and 12CB can also produce these
structures. Aqueous solution contains 80 mM CTAB and 0.5 M NaCl. (a-b) Black arrows
indicate the onset of undulation whose wavelength is much higher than the circumference of
the circular cross-section. Scale bar in image ’a’ represents 50 um. (c) Black arrows show
the formation of crests and troughs. (d-f) Transformation into a bead structure is complete
but two of its neighbors start to fuse into each other (as indicated by black arrows). (g-
i) Polarizing microscopy images of a completely transformed and a partially transformed
BOAS structure. Horizontal width of all three images is 110 pum.

material (8CB or 12CB), this combination of colors suggests a hollow ’single layer’ LC rope
structure with a variable cross-sectional area.

The transformation from a hollow cylindrical structure into a BOAS structure is a result
of classic Rayleigh-Plateau instability. This transformation is driven by interfacial tension
which results in the net decrease of the LC rope-aqueous interfacial area. For wavelengths
larger than a cylinder’s circumference, axisymmetric undulations of the cylinder can reduce
its surface area while maintaining constant volume. For perturbations obeying this condi-
tion, the internal pressure in the troughs is higher than that in the crests, thereby leading
to an instability. For wavelengths shorter than the cylinder’s circumference, the pressure in
the troughs is smaller than that in the crests and therefore the undulations die down.

3.2.5 UV photo-polymerization of smectic filaments

Freely floating smectic filaments are thermodynamically unstable and this makes it difficult
to use these filaments for any possible practical applications. It was shown earlier that
filaments are stable indefinitely if they are strongly confined in capillaries. Even though the
confined filaments are highly stable, confinement severely restricts the scope of their utility.
There is a possible way to circumvent this problem and produce free floating stable smectic
filaments. This can be achieved by using the UV photo-polymerization method through
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which freely floating smectic filaments can be immobilized in their non-equilibrium states.

Liquid crystal (12CB) is doped with a liquid crystalline acrylate monomer (RM 305), a
cross linker (RM 257) and a photo-initiator (Irgacure 907). Predictably, the phase transition
temperature of this mixture changes with the dopants’ concentration as shown in Fig. 72(a).
Irgacure 907 exhibits maximum UV absorbance at 320 nm. RM 305 molecules always align
parallel to the liquid crystal molecules due to their rod-like structure. Thus, the resulting
polymer network also retains the original alignment of the liquid crystal. Once the polymer
network is formed, smectic filaments can be removed from the aqueous solution and used
for any purpose. It is important to note that liquid crystal molecules surrounded by the
polymer network still retain their liquid crystalline properties. Thus, even polymerized
filaments must be maintained at temperatures where liquid crystal molecules are in smectic
phase in order to avoid changes in the internal molecular structure.

Fig. 72(b-c) shows a polymerized 12CB sandwich droplet with polymerized smectic fil-
aments at an LC-aqueous interface. The polymerizability of the smectic filaments clearly
suggests that all the four components in the sandwich droplet diffuse into the aqueous
medium from the bulk of the LC droplet. It is also possible to stabilize smectic filaments
with attached LC ropes as shown in Fig. 72(d). Even more complicated structures like
the double stranded helix are also retained after polymerization (Fig. 72(e)). Even though
this method is successful in producing stable smectic filaments, there is one glaring disad-
vantage. The surface of the smectic filaments is extremely smooth before polymerization.
This enables them to be used for optical applications which are discussed in the following
sections. Polymerization of the smectic filaments causes their surface to buckle and become
rough. Filaments with rough surfaces are not suitable for optical applications due to huge
scattering losses.
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Figure 72: UV photo-polymerization of smectic-A filaments. (a) Two different mixtures
are prepared separately. Mixture-1 contains 24 mg of Irgacure 907 and 450 mg 12CB.
Mixture-2 contains equal amounts of RM 305 and RM 257. PA mixture wt% = (Mixture-
2)*100/(Mixture-1+Mixture-2). N - nematic; SmA - smectic-A; Iso - isotropic; Cr - crystal,
SmA - Iso - coexistence region of smectic and isotropic phases; and N-Iso - coexistence region
of nematic and isotropic phases. (b) A polymerized 12CB droplet with 50 wt% PA mixture.
Horizontal width of the image is 1.7 mm. (c) Magnified version of the previous image
showing the polymerized filaments at the 12CB-aqueous interface. Horizontal width of the
image is 289 um. (d-e) Different structures assumed by filaments are stabilized indefinitely.
Horizontal widths of the images 'd’ and e’ are 136 pm and 109 um respectively.
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3.2.6 Self-propelled motion of smectic droplets

Surface tension gradients drive the motion of nematic and cholesteric droplets with 'no visible
material exchange’ across the LC-aqueous interface. Self-propelled motion of the nematic
and cholesteric droplets is always accompanied by convective flows around the droplets (both
inside and outside the droplet, see Section 3.1.8). But self-propelled motion of the smectic
droplets is very different from that of the nematic and cholesteric droplets.

8CB smectic-A droplets are produced by shaking the mixture of a small amount of
8CB in an aqueous 0.1 mM CTAB solution. This method produces radial droplets with
radial line defects. As shown in Fig. 73(a-b), this line defect extends from the center to
the surface of a radial droplet. There is often a small amount of highly disordered 8CB at
the intersection between the line defect and the surface of the droplet. Smectic droplets
move significantly slower than nematic droplets in a given surfactant solution. No internal
convection is observed at any stage of the self-propulsion of smectic droplets. As we increase
the concentration of surfactant in the surrounding aqueous solution, smectic droplets start to
eject tiny ropes or daughter droplets from the disordered 8CB region existing at the interface,
thereby imparting momentum to the droplets (Fig. 73(c-d)). It seems as though the thrust
force generated by the ejection of droplets is significantly higher than the surface tension
gradients. Thus, self-propelled motion of the smectic droplets is dictated by Newton’s third
law at high surfactant concentrations (> CTAB 5wt %).

Figure 73: Self-propelling motion of an 8CB smectic-A droplet. (a) 8CB droplets are pre-
pared by dispersing 8CB in a CTAB 0.1 mM solution in order to avoid the formation of
filaments at room temperature. Droplets have no motion in this aqueous solution. This
white light image shows an 8CB droplet with a line defect. The black arrow indicates
the disordered 8CB region existing at the 8CB-aqueous interface. Droplet diameter is 63
um. (b) The same droplet as seen under crossed polarizers. (c) If we transfer the smectic
droplets from the CTAB 0.1 mM solution into a CTAB 10 wt% solution, smectic droplets
spontaneously start to propel themselves by ejecting material into the surrounding aqueous
solution. This white light image shows a self-propelling 8CB droplet. It is clearly visible
that tiny 8CB droplets are being ejected from the disordered 8CB region (as indicated by
the black arrow). Droplet diameter is 55 um. (d) The black arrow indicates the trail left
by the self-propelling droplet.
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3.2.7 Optical applications of smectic filaments

The surface tension between two immiscible fluids creates extremely smooth micro-droplets
of a spherical shape. Several groups have successfully shown on a laboratory scale that
the spherical micro-droplets (both isotropic and liquid crystalline) could be used as opti-
cal cavities for tunable resonators, lasers, optical filters, etc [103-105,176-182]. However,
just spherical shapes are not sufficient for the realization of soft photonic circuits. As we
know by now, the interplay between surface energy and elastic bulk energy could produce
filament-like self-assembled structures. It is important for us to stress that both lyotropic
(myelin figures) and thermotropic filament-like structures (nematoids) have been previously
reported by several groups [183-189]. However none of these reported systems are suitable
for any optical applications. In the case of lyotropic myelin figures, the small refractive index
difference between them and their surrounding aqueous environment renders these filaments
unsuitable for optical applications. Nematoids are observed during the phase separation
between thermotropic LCs and isotropic oils. The main drawback of this system is that it is
almost impossible to predict the structures and the positions of these thermotropic filament-
like structures in a phase separated mixture of oils. The current system of LC-water (or any
other immiscible fluid) dispersions clearly overcomes these drawbacks.

a) b)
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Figure 74: Production of the desired structures by manipulating smectic filaments. Infrared
"laser tweezers” (1064 nm) are used to position smectic filaments. These two structures
represent the abbreviated forms of the institutes where I did my thesis related-work. (a)
MPI: Max Planck Institute. (b) IJS: Institut "Jozef Stefan”. Attempts are being made to
produce optically useful structures such as rings (by fusing both end-caps of the filaments).
Horizontal width of the images is 73 pm.

We were extremely excited about investigating the photonic properties of thermotropic
smectic filaments because of the following reasons: (i) The coaxial organization of smectic
layers could give rise to very precise and uniform diameters of the filaments to one molecular
length (2-3 nm). Filaments of various dimensions can be easily produced according to our
needs, from sub-micron to a few hundreds of microns in diameter and several centimeters
in length. (ii) The refractive indices of thermotropic liquid crystals (8CB: n, = 1.516, n,
= 1.673) are significantly higher than that of the surrounding medium containing water
(n = 1.33) and CTAB (n = 1.435). (iii) Smectic filaments can be easily manipulated and
produce desired structures by using laser tweezers® (Fig. 74). (iv) Their smectic nature
should substantially decrease the degree of light scattering losses and enhance the surface
smoothness, as the molecular orientational fluctuations are depressed in smectic phases. (v)
On a molecular level, the chiral smectic phase of LCs leads to the spontaneous formation of
the filaments (if the surface energies are very low) with the intrinsic helical organization of
the internal director structure, whereas achiral smectic phases produce filaments with perfect

IThis is also a disadvantage as the unconfined filaments are not stable for long time. We can
circumvent this problem by placing the filaments in square channels with the desired structures.
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elongated radial structures (see Section 3.2.2). Due to the helical organization of molecules,
chiral smectic filaments can be used as photonic bandgap waveguides while achiral smectic
phase filaments can work as total internal reflection optical waveguides. (vi) Recently it
has been shown that a Gaussian beam is transformed into a Laguerre-Gaussian beam after
passing through a microdroplet of a nematic LC with a topological point defect [190]. This
shows that the topology of the matter strongly influences the topology of light that is passing
through the matter. Smectic filaments always exhibit a topological line defect of the winding
number 1 along their major axis. As a result of this internal director structure, it is to be
expected that the optical modes not only perfectly adjust with this defect, but also have
topological singularity of the electromagnetic field.

3.2.7.1 Waveguiding in smectic-A filaments

The detailed description of the optical setup that was used for investigating the waveguiding
properties of the smectic-A filaments is provided in Section 2.2.4. The light guiding proper-
ties of any microfiber is studied by launching the external light into the fiber and analyzing
the transmitted light at the other end of it. But, due to the method that we employed to
produce smectic-A filaments (sandwich method?), it is quite difficult to follow this general
procedure for studying their waveguiding properties. Therefore, the light guiding proper-
ties of freely floating 8CB filaments were studied by positioning a tightly focused Ar™ laser
beam on a hemispherical end-cap of the dye doped 8CB filament. Consequently, the fluo-
rescently generated light at the excitation spot propagated along the filament and, thereby,
the quality of waveguiding was indirectly obtained by measuring the fluorescent light that
was leaking out of the filament. While this method allows for checking the fluorescent decay
along the filament, it is not adequate enough for quantitative measurements of the quality
of waveguiding.

Hemispherical end-caps of the smectic filaments act as perfect spherical lenses. As a
result, different fluorescent patterns were clearly visible as we moved the focus of the Ar™
beam along the hemispherical cap of the microfiber (Fig. 75). A significant amount of the
fluorescent light in the fiber was internally reflected at apparently very steep angles with
respect to the major axis of the filament (Fig. 75(a-d)), whereas most of the generated light
was leaked into the surroundings at small angles (Fig. 75(e-f)). These fluorescent patterns in
fact represent the ”spiralling” of light along the inner surfaces of the LC-aqueous interfaces
instead of the usual "ray patterns” observed in coaxial fibers.

The following few simple experimental observations provide further information about
the light guiding in smectic-A filaments. If we place the continuous wave Ar* beam anywhere
on a smectic filament (the beam direction is perpendicular to the sandwich cell) other than
its hemispherical caps, it seems as if no light guiding is possible as shown in Fig. 76(a).
From Fig. 76(Db), it is clear that even within the hemispherical caps, light guiding can only
be initiated from the region highlighted in Fig. 76(c). These observations suggest that light
guiding is effectively possible from small regions on the filament’s surface. However, this
problem can be overcome very easily and it is effectively possible to send light from any
point on the surface of the filament. Fig. 76(d-f) shows the experimental setup which makes

2Instead of the sandwich method, it is easy to envisage that the capillary method provides confined
single filaments where it should be easy to couple light into the filament and collect the transmitted
light at the other end of it. Our experiments with single filaments in square glass capillaries were
rather unsuccessful. This was due to the light leaking from the filaments into the glass capillaries.
This problem can be avoided if the experiments are carried out in PDMS channels. This is because
of the relatively lower refractive index of the PDMS (1.4) in comparison to the ordinary refractive
index of 8CB (1.516).
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Figure 75: Light guiding through an 8CB smectic-A filament doped with 0.01 wt% Nile
red. The surrounding aqueous solution contains 20 mM CTAB. The power of the applied
continuous wave Art laser beam for fluorescence excitation is 1mW. The spiral shaped
trajectory of the guided light is changed according to the position of the laser beam on the
hemispherical cap of the filament. (a-d) For these positions of the focused Ar™ laser beam,
very little of the fluorescent light is leaked into the surroundings as it is traveling along
the 8CB-aqueous interface. (e-f) A significant amount of light is leaking from the positions
indicated by white arrows. Thus, the quality of light guiding is very bad for these positions
of the laser beam on the hemispherical cap. These experiments suggest that the point of
intersection of the major axis of the filament and its hemispherical cap is the best position
for focusing the Ar' laser beam in order to achieve the best possible light guiding. Images
are taken under crossed polarizers. Horizontal width of the images is 120 um.

it possible to guide light from anywhere on the surface of the filament. This experiment
clearly shows that there are no forbidden regions from where it is possible to guide light;
instead it only depends on the incident angle of the Ar" beam.

One interesting problem is how light is guided at Y junctions. Our preliminary exper-
iments show that by changing the position of the Ar" beam on the hemispherical cap of
one arm, it is possible to switch light between either of the two arms selectively. As shown
earlier, filaments can also wrap around each other very tightly and produce beautiful double
stranded helical structures. Light guiding through these helical structures is apparently not
so trivial, as shown in Fig. 77(a-c). It is possible to guide light selectively through one
filament at a time as well as exclusively along the principal axis of the helical structure. It
is not yet clear why the light has to guide along the helical axis of this self-assembled double
stranded structure. Instead of forming helical structures, smectic filaments can just grow in
a parallel manner as shown in Fig. 77(d). It is evidently clear from this figure that a signif-
icant amount of the fluorescent light from a filament (which is exposed to laser irradiation)
leaks into its adjacent filament whenever the light in the exposed filament reaches the inter-
face between two filaments. All of the above observations suggest that these self-assembled
structures have enormous potential for photonic applications.
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a)

Figure 76: Possible regions on the surface of an 8CB smectic-A filament through which
light can be guided. A continuous Ar™ laser is used to excite the Nile red molecules in the
filaments. The incident laser beam path is perpendicular to all images’ planes including
image 'c’. (a-b) Nile red doped 8CB filaments in 20 mM CTAB aqueous solutions. These
two images show that light cannot be guided even when the laser beam is focused onto a
hemispherical cap of a filament, let alone anywhere else on the filament. Horizontal width
of the images is 180 um. (c) Figure 33 and the images 34 (a-b) apparently suggest that
light guiding is possible only through the region marked with blue. This would seriously
limit their practical applications. However, this is not entirely true. (d-f) Both droplets and
filaments are doped with 0.01 wt% Nile red and the surrounding aqueous solution contains
5 wt% CTAB. Horizontal width of the images is 560 um. An Ar™ laser beam is focused
at positions indicated by white arrows on 8CB smectic-A droplets. The leaking light from
a droplet is no longer perpendicular to the image planes. It is evidently clear from the
images that the leaking light from a droplet can be used to guide light from anywhere on
the surface of a filament. It should be noted that images (e-f) represent light guiding in the
same filament but from different positions on the surface of the filament.

Previously, thick filaments (cross-sectional diameter of a few tens to hundred pm )
were used to show spiraling patterns of the guided light. But to study the quality of light
guiding, we have chosen thin filaments (cross-sectional diameter of a few um ). They are
chosen such that the complete hemispherical caps of the filaments can be easily illuminated
uniformly with the incident laser beam. Fig. 78(a) shows a thin filament which is exposed
to the continuous wave Ar" laser beam. It is clearly visible that the fluorescent light is
emitted uniformly across and along the filament and a bright spot is observed at the other
hemispherical end of the filament (Fig. 78(b)). Fig. 78(c-d) shows the measured intensity of
the emitted fluorescent light along the filament. No substantial drop (< 5%) of the intensity
is observed along the =~ 360um overall length of the filament if we exclude the regions
surrounding both the hemispherical end-caps. A sudden spike in the fluorescence intensity
value at the exit of the filament suggests that a significant amount of the guided light leaks
into the surroundings at this position. Our preliminary experiments unsurprisingly show
that the light leaking from the exit of the filament can further be used to guide light in a
new adjacent filament.

LCs are birefringent and different polarizations of light sense different refractive indices.
Thus, we could imagine that light guiding in the smectic filaments strongly depends on the
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Figure 77: Light guiding in super structures formed by 8CB smectic-A filaments. 8CB is
doped with 0.01 wt% Nile red and the surrounding aqueous solution contains 80 mM CTAB
and 0.5 M NaCl. (a) White light image of a double stranded helix formed by two 8CB
filaments. (b) A continuous Art laser beam is focused on one of the two loose ends of
the double stranded helix. In this case, light is being guided in the exposed filament. (c¢) A
continuous Ar'" laser beam is focused exactly between the tips of two loose ends of the double
stranded helix. Surprisingly, in this case, light is being guided along the principal axis of
this structure. Horizontal width of the images (a-c) is 120 um. (d) The white arrow shows
the position of the Ar™ laser beam on the hemispherical cap of a filament. Spiraling light
patterns in these two adjacent filaments clearly indicate the light transfer at their interface.
Horizontal width of the image is 250 yum.

polarization of the incident laser beam. Fig. 79 shows the measured intensity of the emit-
ted fluorescent light along a smectic-A filament for different polarizations of the excitation
beam®. When the polarization of the excitation beam matches the major axis of the fila-
ment, we observe substantially enhanced fluorescence emission in comparison to any other
combination. As shown earlier in Fig. 46, dye (Nile red) molecules are known to orient in
the LC matrix so as to have the brightest fluorescence when the polarization of the exci-
tation light is set parallel to the LC director. Thus, when the polarization of the incident
beam matches the molecular orientation in the hemispherical cap as shown in Fig. 79(a),
a maximum amount of the fluorescent light is generated in the exposed hemispherical end-
cap. This polarization dependence of the fluorescent light generation in the hemispherical
end-caps also makes the intensity of the emitted fluorescent light along a smectic filament
polarization dependent.

3The direction of the linearly polarized light is held constant and the filament is rotated in its
plane accordingly in order to investigate the polarization dependence.
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Figure 78: Measurement of the quality of light guiding in a thin (8.5 um) 8CB smectic-A
filament. 8CB filament is doped with 0.01 wt% Rhodamine-B and the surrounding aqueous
solution contains 7.5 wt% CTAB. (a) The brightest spot in the image represents the position
of the Ar™ laser beam. The laser polarization is along the vertical direction in the plane
of the image. The white arrow points to the leaking light at the exit of the filament. (b)
Magnified view of the exit of the filament. (c-d) Intensity of light is measured along the
path indicated by the blue line. Excluding the hemispherical caps of the filaments, the whole
filament is glowing uniformly which indirectly suggests the excellent quality of light guiding.
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Figure 79: Measurements of the emitted fluorescence intensities along a thin 8CB smectic-A
filament for different polarizations of the excitation Ar" laser beam. The concentration of
CTAB in the surrounding aqueous solution is 20 mM. The cross-sectional diameter of the
filament is 3.4 um. The brightest spots and the double-sided white arrows in the images (a-
b) represent the positions of the excitation beam and its polarization directions. The slight
difference in the filament’s length is due to heating caused by prolonged exposure to the
excitation beam (image (a) is taken after image (b)). (c¢) The excited region in each case is
considered as a starting point (x = 0 um) for intensity measurements. The fluorescent light
emitted from the exposed hemispherical caps causes its surroundings to glow apparently
brighter than they should. This is the reason for the apparent low quality guiding observed
in the filament.
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3.2.7.2 Lasing in smectic-A filaments

After studying the wave guiding properties of the dye-doped filaments, the next logical step
was to investigate their lasing characteristics. The detailed description of the optical setup
that was used for this purpose is provided in Section 2.2.5. The beam waist of the pulsed
laser was adjusted to ~ 20um. This laser beam was used to excite the dye-doped 8CB
filaments at randomly chosen positions along the length of the filaments, as shown in Fig.
80. It is quite clear from the Fig. 80 (a) that at low pumping levels, the whole exposed
volume of the filament was uniformly fluorescing without any signature of the lasing. As we
gradually increased the pumping energy levels above a threshold, we observed the sudden
onset of very intense and monochromatic reddish speckles shining from a very thin layer
at the interface of 8CB filament and the aqueous solution, as shown in figure Fig. 80 (b).
The appearance of the reddish speckles means that the 8CB filament started lasing. The
pumping level at which lasing begins is known as lasing threshold. The intensity of these
reddish speckles increased monotonously on increasing the levels of pumping energy. It is
important to take note that the region that shines with reddish speckles extends far beyond
the region of the filament that is exposed to the pulsed laser (Fig. 80(b,d)).

A close inspection of the lasing phenomenon in smectic-A filaments shows that the
lasing originates from the resonant WGMs of light. The resonant WGMs circulate along
the cross-sectional circumference of the filament, due to the total internal reflection (TIR)
at the interface of 8CB filament and the aqueous solution. The resonant condition for a
circulating mode is satisfied when it reaches the laser excitation position with the same
phase after one circulation along the circumference of the cavity, such as a microsphere,

Figure 80: Lasing in Nile red dye doped 8CB smectic-A filaments in a 100 mM aqueous
CTAB solution. A pulsed laser beam is used to illuminate the =20 pum diameter regions
encircling the black crosses in images (a), (b) and (d). The laser polarization is along the
vertical direction in the planes of the images. (a-b) The power of the pulsed laser is below
the lasing threshold (=75 uJ/cm?) in case (a) and above the threshold in (b). Scale bar in
image (a) represents 50 um. (c) Magnified view of the region marked with a white color
rectangle in image (b). (d) Another example of lasing in 8CB filaments. The observed lasing
threshold for this configuration is 1.5 mJ/cm?. Scale bar: 100 pum.
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microfiber, microdisc etc [191]. Because of TIR, the WGM cavities exhibit large Q-factors?,
thereby enabling low-threshold lasing with very small mode volume [176,191-193]. If we
look at the lasing cavity under a microscope, we observe the lasing speckles from the thin
interfacial region of the cavity [104]. The smectic-A filaments, having characteristic features
of high refractive index and a circular cross-section, represent cylindrical microresonators.
This means WGMSs circulate in a plane perpendicular to the major axis of the filament.
As a result, the leaked light from the circulating modes leaves the cross-sectional interface
tangential to it’s surface, in both directions. Therefore, we see reddish monochromatic
speckles emanating only from the two edges of the filament (Fig. 80(b-d)). Because of
the cylindrical symmetry of the filaments, we obtain identical pictures from all angles of
observation.

The spectrum of lasing speckles was analyzed at various pumping energy levels and is
shown in Fig. 81(a-b). At low pump powers of the pulsed laser (where no speckles appear
along the LC-aqueous interface), no WGMs are observed in the spectrum. Nor are they
(WGMs) observed, when a filament is excited with a continuous wave Ar™ laser. As the
speckles start to appear at higher pump powers, we observed a set of sharp spectral lines
superposed on a broad fluorescent background, indicating the onset of lasing. These lines can
clearly be attributed to the WGMSs circulating along the cross-sectional circumference on the
inner side of the smectic-A filament - aqueous interface. For pump powers higher than the
lasing threshold, some modes in the wavelength region where the dye has the highest gain,
start to lase. This lasing behavior is very similar to the manner in which a bipolar nematic
droplet lases but an important difference still exists [194]. A bipolar nematic droplet also
does not show WGMs at low pump powers due to low Q-factors®. But when it starts to lase,
instead of single lines, the modes in the bipolar nematic droplet are split and are present as
groups of spectral lines in the spectrum. The mode splitting in bipolar nematic droplets can
be explained due to the lack of symmetry in the optical path. No mode splitting is observed
in perfect cylindrical filaments due to the spherical symmetry in the optical path.

As we observed the strong relation between the light polarization and the wave guiding
in smectic-A filaments, we also investigated lasing characteristics for different orientations
of a linearly polarized pumping beam with respect to the long axis of the filamentsS. When
the polarization of the pumping beam is parallel to the major axis of the filament, the lasing
threshold is ~75 uJ/cm? (Fig. 81(c)). This value is comparable to the lasing threshold
for WGM lasing in spherical radial nematic droplets (0.25 mJ/cm? for a 13.7 um 5CB
droplet) [182] and is also comparable to recently reported low-threshold lasing in dye-doped
polymer fibers (53 uJ /cm? for a fiber with 32 um diameter) [195]. But surprisingly, this value
is much lower than the threshold values observed for radial 8CB smectic-A droplets (1.29
mJ/cm? for a 41.2 um 8CB droplet). When the polarization of the pumping beam makes
an angle of 45° or 90° to the filament axis, the observed thresholds are at ~ 0.9 mJ/cm?
and =~ 2 mJ/cm? respectively (Fig. 81(d-e)). As shown in Fig. 81(f), the lasing threshold
apparently does not depend upon the cross-sectional diameter of the filaments. However, as
the lasing thresholds of smectic filaments are very small, the current setup does not allow us
to obtain the exact values of lasing thresholds (the minimum power produced by our pulsed

4The Q-factor values represent the amount of time for which the light is in the resonator (i.e., the
plane perpendicular to the major axis of the filament in which fluorescent light is trapped).

5Tn case of radial nematic or smectic-A droplets, WGMs are observed even below their respective
lasing thresholds.

6We changed the direction of the linearly polarized pulsed beam at the sample holder by rotating
the linear polarizer which lies right after the quarter wave plate in the experimental setup (see Section
2.2.5 for complete details of the experimental setup)
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Figure 81: Effect of the pulsed laser polarization on lasing threshold values of 8CB smectic-
A filaments. 8CB filaments are doped with 0.01 wt% Nile red and the aqueous solution
contains 100 mM CTAB. (a-c) The polarization direction of the linearly polarized pumping
pulsed laser is along the major axis of the filament. Images (a) and (b) represent lasing
spectra for input energies just above and well above the threshold for lasing respectively.
The cut-off at 650nm in the lasing spectra is due to the IR cut-off filter inserted in the dual
beam laser tweezers. Image (c) represents the plot of the emitted spectral line’s intensity
versus the laser excitation energy. The inset in the image (c) presents the enlarged view
of the encircled region around the lasing threshold. The observed lasing threshold is the
minimum for this combination of laser polarization and the filament’s major axis directions.
(d) The experiment is repeated again after changing the angle between the polarization of
the pulsed laser and the filament’s major axis to 45°. (e) In this case, the angle between the
polarization of the pulsed laser and the filament’s major axis is 90°. The laser line width
is not polarization dependent as we observed the same =0.2 nm width in all of the above
three cases. All the red lines are just a guide for the eye. (f) The lasing threshold values
observed for various filaments are plotted against their respective cross-sectional diameters.

laser is ~10 uJ/cm?). An ultra-low power pulsed laser is needed to confirm this observation.
Ultra-low pumping powers can also be achieved by inserting a neutral density filter in the
current optical setup. Unfortunately the polarization state of the reddish speckles is not yet
investigated in detail. In any case, no significant change in the intensity of reddish speckles
was observed as the polarizer was rotated. Interestingly, the laser light emitted from the
surface of a lasing filament can also cause other filaments or droplets to lase when they are
brought into contact with the lasing filament (Fig. 82).
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Figure 82: Coupled WGM cavities (8CB filaments and droplets). 8CB smectic-A filaments
and droplets are produced in a CTAB 5 wt% aqueous solution at 23°C. 8CB is doped with
0.01 wt% Nile red. A pulsed laser beam is used to illuminate the regions marked with white
crosses in both images. The polarization of the laser beam is along the vertical direction
in the planes of the images. (a) Fluorescent laser light from a filament is coupled into a
droplet when it physically touches the filament. As expected, a bright lasing spot (reddish
speckles) is observed at the diametrically opposite end of the contact between the droplet
and the filament as indicated by a white arrow. This bright spot on the smectic-A droplet
confirms the light coupling between these two objects. (b) Coupling is also observed between
two adjacent filaments with different diameters. Horizontal width of the images is 400 pm.
Images are taken under slightly uncrossed polarizers.

3.2.7.3 Optical properties of smectic-C* objects (droplets and filaments)

The confinement of light is realized in all achiral LC objects such as smectic-A droplets
and filaments through the total internal reflection phenomenon. Light can also be confined
much more efficiently by using photonic structures. A periodic modulation of the refractive
index exists in the photonic structures, which results in a selective reflection band. The
frequency range of this reflection band depends on the refractive indices of the material and
the period of the photonic structure. This reflection band is also known as the photonic
bandgap (PBG). The frequencies in a PBG are forbidden inside its respective photonic
structure. Cholesteric liquid crystals (CLCs) and smectic-C* liquid crystals are formed by
rod-like molecules whose directors are self-organized in helical structures (Fig. 6). In the
planes perpendicular to the helical axis, the LC directors are continuously rotated along
the helical axis. These self-organized helical structures act as PBG materials provided that
their helical pitch p is in the same order of magnitude as the wavelength of the light.

Quite a few studies have been conducted to uncover the optical properties of CLCs. For
example, photonic band-edge dye lasing is observed in planar cholesteric cells and cholesteric
droplets [105,196]. Cholesteric droplets are particularly interesting and their structure is
also known as a spherical Bragg-onion resonator. They have omnidirectional PBG due to
spherical symmetry. The observed dye lasing in cholesteric droplet is also omnidirectional
due to its omnidirectional PBG. This omnidirectional laser emits a coherent laser light
uniformly into full space which means it acts as a 3D laser. It would also be interesting to
investigate the optical properties of our laboratory’s recently discovered cholesteric filaments
(not discussed in this thesis).

The optical properties of the smectic-C* objects such as droplets and filaments are not
yet reported. In the following sections, the optical properties of smectic-C* objects are
described. The helical pitch values of all the investigated smectic-C* objects are maintained
in such a way that a significant amount of the fluorescent light emitted by Nile red could
be trapped inside these objects.
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Smectic-C* droplets:

Dye-doped smectic-C* droplets also show WGMs when they are excited by a continuous wave
Ar™" laser. However, there is a big difference in the way light propagates inside these PBG
materials. Inside the LC droplets formed by achiral rod-like molecules, a resonant condition
is achieved by light circulation along the circumference of the droplet. Light does not get
trapped anywhere except near the surfaces of these LC droplets. However, confinement of
light can be achieved even inside the droplet in the case of smectic-C* droplets, as shown
in Fig. 83. The light circulation path shrinks as we move the laser beam position from the
edge to the center of the smectic-C* droplet”. A bright spot of fluorescent light is observed
at the point of the laser beam as well as at the opposite end of the light circulation path.

In the case of a radial nematic or smectic-A droplet, the confined light circulates only in
the plane that contains both the incident laser beam and the point defect of the droplet [194].
Whereas, in the case of a smectic-C* droplet, the confined light additionally circulates in the
plane that is perpendicular to the incident laser beam, and which also contains the point
defect of the droplet.

It is known that the free spectral range (FSR)® of a radial nematic or smectic-A droplet
increases with the decreasing diameter of the droplet. If we make the analogy with smectic-
C* droplets, one would predict that the FSR should increase with a shrinking light circulation
path (i.e., as we move the position of the laser beam from the edge to the center of the
droplet). On the contrary, FSR value remains constant irrespective of the radius of the
light circulation path?. To sum it up, many unanswered questions still persist regarding the
confinement of light in a smectic-C* droplet.

Figure 83: Circulation of fluorescent light in a smectic-C* droplet. This 100 um smectic-C*
droplet is prepared with a LC mixture which contains 74 wt% C7, 25 wt% 8.0.6 and 1 wt%
monoolein. This LC mixture is doped with 0.01 wt% Nile red. The surrounding aqueous
solution contains 1.5 mM CTAB. A continuous wave Ar" laser beam is used to excite the
dye molecules. The laser beam’s optical path is perpendicular to the planes of the images.
The polarization of the laser beam is along the vertical direction in the planes of the images.
The brightest spots in the images represent the positions of the laser beam. We observed
the same FSR values for these circulation paths (with different diameters) of the emitted
fluorescent light.

"Surprisingly, cholesteric droplets do not display this behavior.

8FSR means the spacing between two neighboring Whispering Gallery modes, which depends on
the length of the optical path.

9But one should note that FSR increases with a decreasing smectic-C* droplet diameter just as
in the case of radial nematic droplets.
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Smectic-C* filaments:

The three-dimensional structure of the smectic-C* filaments is shown in Fig. 51. Filaments
are nothing but elongated droplet structures. Thus, one can assume that the confinement of
light in filaments will not be much different from the circulation of light in droplets. Light
guiding in smectic-C* filaments is investigated using the same experimental method that was
employed for smectic-A filaments. Light guiding properties are investigated by exposing a
dye-doped freely floating C7 filament to a continuous wave Ar™ laser and observing the
propagation of fluorescent light along the filament. Here as well, the fluorescent light splits
into two parts as it was in the case of smectic-C* droplets (Fig. 84(a-c)). One part of the
light circulates in a plane that is perpendicular to the incident laser beam, and which also
contains the line defect. This in-plane light circulation path is an elongated version of the
light circulation path observed in a smectic-C* droplet. It also shrinks as the incident light
beam is moved from the edge to the center of the hemispherical cap. In this experimental
configuration, light guiding is only possible if the position of the laser beam lies anywhere
on the surfaces of the hemispherical caps of a filament.

In order to visualize the second type of light propagation, let us remove the smectic-C*
layers which lie outside the first path of the fluorescent light. The remaining part of the
smectic-C* filament apparently behaves just like a smectic-A filament. This is due to the
fact that we observe the same spiral shape fluorescent light patterns here as well, as it was
in the case of smectic-A filaments. As we move the position of the laser beam along a
hemispherical cap of this hypothetical filament, fluorescence patterns also change just as in
the case of smectic-A filaments. It is reasonable to assume that both types of circulation
of light are a result of a selective reflection phenomenon because smectic-C* filaments are
PBG structures. More detailed investigation is necessary for a complete understanding of
light guiding in smectic-C* filaments.

Since the helical pitch of the smectic-C* materials can be easily modified with external
thermal and electrical fields, thereby, PBG tuning in smectic-C* filaments is possible. Pre-
liminary experiments are conducted to investigate the thermal PBG tuning in smectic-C*
filaments. As shown in Fig. 84(d), a smectic-C* filament is produced in a 50 pm square
capillary. The filament is attached to its bulk reservoir which contains numerous defects.
It is important to take note that the filament does not contain any dye. The hemispheri-
cal cap of the filament is exposed to a white laser source which contains a broad emission
spectrum of light from 470 nm to 830 nm. Depending on the pitch, only part of the light
is coupled into the filament and travels along the filament until it reaches the bulk reser-
voir. Due to the presence of defects, transmitted light is severely scattered as it passes
through the bulk reservoir. Scattered light from the bulk reservoir is collected and analyzed
using a high-resolution imaging spectrometer. The helical pitch of the smectic-C* materi-
als increases with increasing temperature and becomes infinity at Smectic-C* - Smectic-A
transition temperature. This means, an increase in temperature should lead to red shift
of the PBG. Our preliminary experiments show the same expected thermal behavior which
suggests that smectic-C* filaments could find a potential application as tunable photonic
band-gap waveguides.
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Figure 84: Light guiding through C7 smectic-C* filaments. (a-b) The same LC mixture from
Fig. 83 is used to produce smectic-C* filaments. The same experimental setup described
previously in Fig. 83 is used again to investigate the light guiding in smectic-C* filaments.
The brightest spots in the images represent the positions of the Ar' laser beam. Both
types of fluorescent light propagation are clearly visible in both images. (c) Schematic
representation of light guiding in a smectic-C* filament based on experimental observations.
The black color structure with an orange line as its major axis represents the top view of
a smectic-C* filament. Green and blue color structures represent the first and the second
types of the fluorescent light propagation in the filament respectively. The bigger blue dot
represents the position of the Art laser beam. The leaking light at the other end of the
filament is depicted with the smaller blue dot. (d) This C7 filament (doped with 1 wt%
monoolein) is produced in a 1.5 mM aqueous CTAB solution. The black arrow indicates
the position of the incident white-light laser source. The blue arrow indicates the bulk C7
reservoir from where the transmitted light is collected.
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4 Conclusions

In this dissertation, a study of the interactions between thermotropic LCs and aqueous
ionic surfactant solutions was presented. Unlike the interactions between thermotropic LCs
and solid substrates (display devices), the interactions between thermotropic LCs and other
immiscible liquids (water, glycerol, silicone oils and fluorinated oils, etc.) are not that
well understood. Especially, investigating the thermotropic LC-aqueous interfaces might be
exceptionally rewarding. This is due to the fact that an understanding of the thermotropic
LC-aqueous systems may lead to a greater understanding of the complex lyotropic liquid
crystal systems, which are the basis for life itself. For example, consider the case of lyotropic
myelin figures. Lyotropic liquid crystals (through myelin figures) were the first liquid crystals
to be discovered in the 1850s. Lyotropic myelin figures have been observed in various
systems until now but not much progress has been made in the understanding of their
origins. Lyotropic myelin figures, i.e., multi-lamellar cylindrical filaments, are formed when
an amphiphilic lamellar phase comes into contact with excess solvent. They form at the
interface between the lamellar phase and the excess solvent and they grow into the excess
solvent side of the interface. We observed that some unreported structures may also grow
into the other side of the interface (not reported in this thesis). The presence of the solvent
on both sides of the interface makes it difficult to understand the system. We have shown in
this thesis that working with an analogous system of thermotropic smectic LCs in aqueous
surfactant solutions greatly simplifies the problem and enhances our understanding of the
formation, growth and stability of these filament-like structures.

In the first part of the thesis, the interactions between the most simple thermotropic
liquid crystals - nematic LCs - and aqueous ionic surfactant solutions were investigated.
The concentration of an ionic surfactant was always chosen such that its combination with
water does not form any lyotropic LCs. For example, all the chosen concentrations of
TTAB were well below 40 wt%. This is due to the fact that TTAB forms lyotropic liquid
crystals with water at concentrations above 40 wt%. First, the equilibrium phase diagrams of
various nematic LC-aqueous TTAB systems were prepared, which are essential to know the
minimum energy states of the respective systems. The next logical step is to investigate the
routes through which non-equilibrium nematic LC-aqueous systems attain their respective
equilibrium states. This study was carried out by introducing a few hundred pum sized
droplets (i.e. parent droplets) into aqueous ionic micellar solutions and tracking them with
a video recorder. The micellar solubilization behavior of the nematic droplets is very similar
to the isotropic droplets. In both cases, we observe a linear decrease of the parent droplet
size despite the material transfer across the droplet’s surface in both directions. This means
that the material transferred from the parent droplet outweighs the aqueous solution that is
transferred into the droplet during the entire solubilization process. The material transfer
from the parent droplet ceases once the active micelles in the surrounding aqueous solution
are exhausted. The aqueous solution that is transferred into the parent droplet appears
as a few micron-sized droplets (i.e. aqueous daughter droplets). In the case of nematic
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parent droplets, the aqueous daughter droplets have the tendency to form chains due to the
mutual interactions mediated by the elastic deformation of the nematic director field they
induce. The behavior of the nematic droplets in aqueous solutions deviates significantly
from the isotropic droplets when the interfacial tension values are greatly reduced. Our
experiments with various nematic LCs show that for a given nematic LC-aqueous system,
there might exist a temperature below which the nematic parent droplet either expels tiny
nematic daughter droplets or transforms itself into a filament-like structure. This type of
behavior is totally absent in the case of isotropic parent droplets.

During the entire micellar solubilization process, neither a nematic nor an isotropic
parent droplet remains stationary. The material transfer across a parent droplet’s surface
induces convective flows both inside and around the parent droplet. The hydrodynamic
flow field around the droplet can propel the parent droplet itself. The speed of the self-
propelled parent droplet increases with increasing surfactant concentration. Both nematic
and isotropic self-propelled droplets exhibit translational motion only. In contrast, the
cholesteric droplets display an extra rotational motion in addition to the translational mo-
tion. As it is extremely easy to produce these artificial swimmers in monodisperse form as
well as in huge quantities, we believe that this type of microswimmer is a promising exper-
imental model system for the study of squirming swimmers and their collective behavior.

In the second part of the thesis, we investigated the behavior of the fluid thermotropic
smectic LCs in aqueous ionic micellar solutions. As in the case of nematic LCs, the smectic
LCs also completely solubilize in aqueous ionic micellar solutions, provided there are enough
micelles to accommodate all the LC molecules. During the solubilization of smectic droplets,
smectic filaments may form spontaneously at the smectic droplet-aqueous interfaces. The
smectic filaments form due to the competition between the elastic free energy and the inter-
facial energy. The presence of defects in the smectic droplets and the ultra-low interfacial
tension values are the necessary and sufficient conditions for the formation of the smectic
filaments. The structural analysis of the smectic-A filaments reveals that the LC molecules
are oriented perpendicular to the surface of the filament and the layers are wrapped around
its major axis. Other fluid smectic phases produce similar cylindrical structures with the
only difference being in the molecular arrangements. For example, a helical arrangement of
the LC molecules is observed in the case of smectic-C* filaments. It is important to note
that the filaments are devoid of any material from their surrounding aqueous solutions. The
smectic filaments are extremely flexible due to the small ratios of bending to compression
moduli, i.e., the energy related to a bending deformation of the layers is several orders of
magnitude smaller than that related to a compression of the layers. The smectic filaments
are only transient structures, they either retract back into the parent smectic droplet or
spontaneously eject tinier filaments (LC ropes) into the surrounding aqueous solution. The
LC ropes can also be artificially produced by creating defects in the surfaces of the fila-
ments, using a microfiber or a short heat pulse generated by optical tweezers. The LC ropes
may further transform either into vesicles or into a beautiful beads-on-a-string structure
(Section 3.2.4.4), depending on the salt concentration in the surrounding aqueous solution.
In highly concentrated surfactant solutions, the smectic droplets often eject tiny smectic
daughter droplets instead of producing filament-like structures at their surfaces. We ob-
served that these ejecting smectic droplets self-propel themselves using the thrust provided
by this droplet ejection process. In order to realize any practical applications of the smectic
filaments, it is imperative to find ways to stabilize them. We have shown that it is possible
to stabilize these transient structures for at least several months, either by confining them
in square channels or by using a UV photo polymerization technique.

Finally, we demonstrated the optical applications of the smectic filaments. We success-
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fully showed the light guiding through the smectic-A filaments as well as wishpering gallery
mode lasing in a plane perpendicular to the smectic-A filaments. Due to the birefringent
nature of the LCs, both light guiding and lasing phenomena depend significantly on the
polarization of the excitation laser beam. The best quality of light guiding as well as ultra-
low lasing thresholds were achieved when the polarization of the excitation laser beam was
parallel to the major axis of the smectic-A filament. The light guiding properties of sev-
eral types of structures formed by smectic-A filaments (Y junctions, double stranded helical
structures) were also briefly discussed. Due to the helical arrangement of the LC molecules
in the smectic-C* filaments, we found that they behave like photonic band-gap waveguides.
As the smectic filaments have line defects along their major axes, they are likely to support
Gaussian-Laguerre eigenwaves.

Previously, many optical applications of self-assembled spherical cavities were reported.
But, we need many more different self-assembled structures in order to realize soft photonic
circuits. Such a soft photonic circuit has several advantages over hard matter photonic
circuits such as tunability, self-healing and real time reconfigurability. We believe our work
on smectic filaments took us a step closer to realizing this dream. It would be highly desirable
to look into the optical properties of nematic, cholesteric and blue phase filaments.
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Abbreviations
5CB =
8CB = 4'-Octyl-4-cyanobiphenyl
8.0.6 =
8OPhPy8 =
AOD = Acousto-optic deflector
BOAS = Beads-on-a-string
cr =
C.E, =
CFM =
CLC = Cholesteric liquid crystal
CMC =
CMOS =
CTAB =
C,TAB =
CwW = Continuous wave
ECF = Extra-cellular fluid
Egg-PC =
EDL = Electrical double layer
Eq = Equation
FCPM =
Fig = Figure
FSR = Free spectral range
IR = Infrared
LC =
MBBA =
MLV = Multilamellar vesicle
N (N*%) =
NLC = Nematic liquid crystal
PBG = Photonic band gap
PDMS = Polydimethylsiloxane
PMT = Photomultiplier tube
SANS =
SDS = Sodium dodecyl sulfate
Sm-A (C, C*) = Smectic-A (C, C¥)
TIR = Total internal reflection
TSLC =
TTAB =
Uv = Ultra violet
WGM = Whispering-gallery mode
Wt% = Weight percent
3D = Three-dimensional
“I” and "Iso” = Isotropic

4-Pentyl-4’-cyanobiphenyl

4-(Hexyloxy)phenyl 4'-(octyloxy)benzoate
5-Octyl-2-(4-octyloxyphenyl)pyrimidine
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4-(2S,3S)-(2-Chloro-3-methylpentanoyloxy )-4’-heptyloxybiphenyl

Polyoxyethylene surfactant
Confocal fluorescence microscopy

Critical micellar concentration
Complementary metal-oxide semiconductor

Hexadecyltrimethylammonium bromide
n - alkyltrimethylammonium bromide

Egg-yolk phosphatidylcholine

Florescence confocal polarizing microscopy

Liquid crystal or liquid crystalline
N-(4-Methoxybenzylidene)-4-butylaniline

Nematic (chiral nematic) phase

Small-angle neutron scattering

Thermotropic smectic liquid crystal
Tetradecyltrimethylammonium bromide
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