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ABSTRACT

This study is conducted with the purpose of understanding the effect of inorganic salt
(sodium bromide, NaBr) on the phase states, phase behaviour and physical properties
of a binary lyotropic liquid crystal system (tetradecyl trimethyl ammonium bromide,
TTAB + water). For this purpose, first the phase behaviour, lyotropic and thermotropic
phase transitions, of the binary system was investigated and the phase diagram of the
binary system was constructed. The refractive index and electrical conductivity values
of all the mesophases defined in the binary system were determined in large

temperature intervals.

The refractive index — temperature, refractive index — concentration,
electroconductivity — temperature and electroconductivity — concentration
dependences were graphed analysed and presented. Later, we prepared a solution of
ultrapure water and sodium bromide, with 95wt% water and 5wt% NaBr, and used it
as solvent, instead of ultrapure water used in binary system, to prepare the samples.
We repeated the procedure for the binary system, constructed a phase diagram and

investigated the behaviour of physical parameters for this new system.

To understand the effect of salt on the phase behaviour, lyotropic and thermotropic
phase transitions and the polymorphism of the binary system the two-phase diagrams
were compared, and the results were discussed. Likewise, to understand the effect on
physical parameters all the dependences obtained and represented were compared and

discussed.

Keywords: Lyotropic liquid crystal, conductivity, refractive index, salt effect



Oz

Bu ¢alisma inorganik tuzun (NaBr) ikili bir liyotropik siv1 kristal sistemin (tetradesil
trimetil amoyum bromid, TTAB + su) faz helleri, faz davranislari ve fiziksel 6zellikleri

Uzerine olan etkisinin incelenmesi amaci ile yapilmistir.

Bu amag¢ Dogrultusunda ilk once ikili sistemin faz davraniglar ile liyotropik ve
termotropik faz gegisleri incelenmis ve ikili sistemin faz diyagrami kurulmustur. ikili
sistemde belirlenen tiim ara fazlarin kirilma indisi ve elektriksel iletkenlik degerleri
genis sicaklik araliklarinda belirlenmistir. Kirilma indisi — sicaklik, Kirilma indisi —
konsantrasyon, elektriksel iletkenlik — sicaklik ve elektriksel iletkenlik —

konsantrasyon baglilik grafikleri ¢izilmis, analiz edilmis ve sunulmustur.

Daha sonra, 6rneklerin hazirlanmasi i¢in ultra saf su yerine 95%wt ultra saf su ve
5%wt NaBr c¢ozeltisi kullanilmistir. Yukarida ikili sistem icin anlatilan prosediir
kullanilarak bu sistemin de faz diyagrami kurulmus ve fiziksel parametrelerinin

davraniglar1 belirlenmistir.

Tuzun faz davranislarina, liyotropik ve termotropik faz gecislerine ve ikili sistemin
polimorfizmine etkisinin anlagilmas1 i¢in iki faz diyagrami kiyaslanmis ve
tartisilmistir. Benzer sekilde tuzun fiziksel parametreler lizerine etkisinin anlagilmasi

icin de elde edilen ve sunulan tiim baghliklar kiyaslanmig ve tartisilmistir.

Anahtar kelimeler: Liyotropik sivi kristal, iletkenlik, kirtlma indisi, tuz etkisi
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Chapter 1

INTRODUCTION

1.1 Historical Background

In 1888, Friedrich Reintizer, an Austrian botanist was investigating a variety of
cholesterol derivatives with the aim of understanding their physio-chemical properties.
He found that cholesteryl benzoate had a strange melting behaviour. In his study, he
noticed that the solid specimen of cholesteryl benzoate he was investigating did not
melt directly into a transparent liquid as expected upon heating. Rather, its crystals
first melted into a hazy liquid and then into a transparent liquid at a higher temperature,
as presented in Figurel.1l. Based on repeated observations, Reintizer claimed that the
substance has two observable melting points. He also mentioned that the hazy liquid
observed after the first melting still had some order contrary to the later formed

transparent liquid [1].

T = 145.5°C T = 178.5°C

SOLID HAZY LIQUID TRANSPARENT LIQUD

i )
L at |

Increasing Temperature

Figure 1. Schematic representation of the change of molecular order/packing of
cholesteryl benzoate with temperature



Otto Lehmann, who specialised in crystallography and microscopy continued the
studies that Reintizer started after receiving letters and samples from him. He started
his investigations with cholesteryl benzoate and continued with related compounds.
The systematic studies he performed confirmed the double melting observed by
Reintizer. He also used a polarized microscope equipped with a hot stage enabling him
to make investigations at high temperatures. He concluded that the observed cloudy
melt maintained flow as well as some properties of solids and coined the term
“flussiger Kristalle” (liquid crystal, LC). As the initial studies belong to Reintizer, the
discovery of the liquid crystal phase as a new state of matter is generally attributed to

him [1].

Chronological Milestone:

= 1888 Friedrich Reintizer: the strange melting behaviour of cholesterol, as
having two melting points, was observed [2].

= 1890 Otto Lehmann: the liquid crystal phase was identified as a novel
peculiarity of matter [3].

= 1890 Gattermann and Ritschke: p-azoxyanilosole, the first chemically
synthesized material having a liquid crystal behaviour, was generated [4].

= 1903 Vorlander and co-workers: first thermotropic smectic compound was
synthesised [5].

= 1904 Merck-AG: first commercial liquid crystals were introduced [1].

= 1907 Vorléander: the polymorphism of liquid crystals was detected and a paper
detailing the relation between chemical structure and liquid crystallinity was
published [6].

= 1922 Friedel: names nematic, smectic and cholesteric referring to the



subphases of liquid crystals were used. Defects in liquid crystals was observed
and the orienting effect caused by electric fields was explained [7].

1930s Carl Oseen and co-workers: the first theoretical study to produce a
mathematical basis for understanding liquid crystal behaviour was conducted
and the Order Parameter S, the averaged orientation of liquid crystals, was
defined. Later a continuum theory was developed, by using the work of Oseen
on the elastic properties of LC [8-10].

1930s-1950s: as no application field was discovered scientists lost their interest
in LC materials.

1958 Saupe and Maier: a molecular theory of LCs not involving permanent
dipoles was developed, which later gave rise to Maier-Saupe Theory [11].
1969: MBBA was discovered to display a nematic subphase at room
temperature [12].

End of 1960s: the first application fields of cholesteric LCs were suggested as
temperature indicators, analytical metrology, cancer diagnostics and non-
destructive testing of materials [13].

1968 George Heilmeier: first liquid crystal displays, LCDs, were prototyped
[14].

1969 Saupe: pure smectic C subphase was discovered [15].

1970-71 Schadt and Helfrich: the twisted nematic (TN) cell was invented [16].
1974 MacMillan and R. Meyer: a mean-field theory for smectic mesophase was
proposed [17].

1975 Patricia Cladis: re-entrant nematic phase was observed [18].

1975 Bob Meyer: ferroelectricity in liquid crystals was suggested [19].



= 1978 S. Chandrasekhar: the existence of discotic liquid crystals was reported
[20].

= 1980 Yu and Saupe: biaxiality in nematic mesophase was observed [21].

= 1980s-1990s: LCDs took the place of the typical displays used in technological
devices such as computers, televisions, calculators, watches, telephones, etc
[21].

= Present: wide application fields in display and opto-electronic devices, side by
side the health sciences, especially pharmaceutical usages in targeted drug

delivery [13, 22-24].
1.2 Phases of Matter

Matter is a substance that occupies space and has inertia (resistivity against the changes
in its velocity). In advanced material science, matter is comprised of different sorts of
particles, each having both mass and size. More than 100 distinct atoms, which each
constitute a unique chemical element, are known to exist. A molecule is formed by

elements and to form a compound atoms and molecules may join [25].

In thermodynamics, a chemically and physically uniform or homogeneous quantity of
matter is called phase. When phase changes from one form to another, a phase
change/transition is said to have occurred. Energy is the capacity to cause change.
Matter may exist in several states, also known as phases. Figure 2 gives the properties

of the three well known states namely solid, liquid and gas [26].



The particles of a solid are so strongly bonded that they
have fixed positions, although the atoms have small
vibrations as their electrons are in motion. Thus, solid
particles have very low Kinetic energy and definite shapes
and volumes. As their particles are tightly packed together,
they can not be compressed by increasing the pressure.

Compared to solids, the particles of a liquid are not
regularly arranged. However, they still have enough
bonding keeping them close to each other in a definite
volume. As its particles have more freedom to move
compared to solids they have more kinetic energy. Liquids
are incompressible also. Because of their arrangements the
particles of a liquid can flow, meaning liquids do not have a
definite shape.

The space between gas particles is great as they have high
Kinetic energy. The gas particles are free to move and
expand all arround, however if they are closed in a
container they will fill the volume of the container. As the
mentioned high energy of the gass particles are enough to
overcome the bonding forces between them, gases have
indefinite volume and shape.

Figure 2: Properties of the three well known phases and their schematic
representations [25, 26]

The moment a solid is subjected to heat, its particles start to agitate faster due to the
increase in their Kinetic energy and thus move further apart. Upon heating, its
temperature will start rising till it reaches the melting temperature. Solid and liquid
phases coexist during phase transition and the temperature will stay constant until the

whole sample is liquified [25, 26].



1.3 Liquid Crystal State

LC is a thermodynamic stable phase between a solid and a liquid, hence the term
mesophase is used to define the subphases of LC, as represented in Figure 3.

Compounds displaying LC properties are called mesogens [27].

A LC flows like a fluid but has the anisotropic properties of a crystal lacking the 3-
dimensional lattice they possess. The molecules of a crystal have orientational order
as well as 3-dimensional positional order, whereas the molecules do not have any long-
range order in isotropic phases. In LCs, the particles neither have 3-dimensional

positional order nor are they completely non-ordered [27, 28].

Different types of LC mesophases exist that are determined by various optical
peculiarities such as textures. They show rare structural and physical characteristics

[27-30].

There are 3 essential necessities a LC should meet [27-29]:
» LC mesophases must have first order phase transitions to isotropic liquid phase
and solid phase, at high temperatures and low temperatures consecutively.
= In LCs the molecules must have 1 or 2-dimensional order only, as they are
between a crystal (3-dimensional order) and an isotropic liquid (completely
disordered).

» Ina LC material some degree of fluidity must be present.



CRYSTALLINE PHASE MESOPHASE AMORPHOUS PHASES
3D ORDER 2D, 1D ORDER NO LONG RANGE

Figure 3: Structural order; crystalline phases, sub-phases of LC (mesophases),
amorphous phases

1.3.1 Order in LCs
LC structures are described by using two main parameters as [27-30].
= Orientational order: Defines how the molecules tend to align along a specific
direction in long-range.
= Positional order: Defines the range of translational symmetry regarding the

position of a molecule or group of molecules.

Each parameter defines the amount of order the LC sample has. Generally, LCs display
multi mesophases, so they are polymorphous.

1.3.1.1 Order Parameter (S)

The mean alignment direction of LC is called the vector director (72) or simply director.
The orientational order of a LC is defined by the order parameter (S), which is
calculated by considering the deviation of each molecule from the director. The order

parameter is defined as in Figure 4.



k Director, i

0

long axis|

S = ! 3cos%60 — 1
—<§>(cos —-1)

0 is the angle between long axis of each molecule and the
director, . The bracket is known as the average of all
molecules in the sample.

Figure 4: Schematic representation and mathematical equation of the director (1),
long axis and the equation for calculating order parameter, S [27-29]

The average (3cos?6 — 1) is zero in an isotropic liquid, and thus S = 0. The order
parameter equals 1 for a perfect crystal, and every molecule is aligned parallel to the
director. In LCs the typical values for order parameter are 0.85 < S < 0.95 for the
smectic phase and 0.45 < S < 0.65 for the nematic phase. By using diffraction

measurements, order parameters can be calculated.

1.0
(0]
]
E
S 05
(3]
o
S
=
o
0.0

TE‘
Temperature, T

Figure 5: Plot of typical temperature, T, dependence of the order parameter, S. Tc
represents the temperature at which LC to liquid phase transition occurs

The order parameter is temperature dependent. As can be seen in Figure 5, the increase
in temperature decreases the order parameter and at a temperature denoted as T¢ the

order parameter immediately becomes zero, as the phase transition from mesophase to



isotropic liquid takes place. As the molecules of LC tend to lie along the director, they
are anisotropic. This implies that the properties of LC rely on the direction in which

the measurements are taken.

LCs have anisotropic nature like solids, and they can flow like liquids. This unique

behaviour gives rise to a huge application field in science and technology [27-29].
1.4 Classification of Liquid Crystals

LCs are categorised into two major groups as thermotropic liquid crystals (TLC) and
lyotropic liquid crystals (LLC), based on the effect inducing the phase transition [27-
30].

1.4.1 Thermotropic Liquid Crystals, TLCs

LCs that undergo phase transitions only with thermal effects are categorised as TLCs
and this type of phase transitions are called thermotropic phase transitions. Usually,

pure compounds or mixtures of compounds fall into this category [31].

TLCs can be formed by different structural arrangements of their molecules as; be
disc-shaped, rod-shaped, board-shaped, or bent-shaped. Schematic representations for
those structural arrangements are given in Figure 6. Mesogens with level disk-shaped
structural arrangements comprising of an adjoining aromatic ring centre, allowing two-
dimensional ordering of columns, form discotic LCs. Mesogens with rod-shaped
structural arrangements that have anisotropic geometry which permits for an
arrangement along spatial course form calamitic LCs. Mesogens with board-shaped
structural arrangements whose orientation reflects the symmetry of their constituent
molecules form Sanidic LCs. Mesogens with bent-shaped structural order, which have

polar order, although the molecules are not chiral form bent-core LCs [27, 30, 31].



TLCs

discotic (W sanidic (& bent core

¢y

[
i

Figure 6: Classification of thermotropic LCs according to molecular arrangement
with their schematic representations and example molecular structure [30, 31]

The thermotropic phase transitions can be reversible or irreversible [31]:
= Enantiotropic refers to the phase transitions that are reversible, in which the
phase transition occurs both on heating and cooling.
= Monotropic refers to the phase transitions that are irreversible, in which the

phase transition occurs only on heating or cooling, but not both.

1.4.2 Lyotropic Liquid Crystals, LLCs
LCs that undergo phase transitions not only with thermal effects but also with the
changes in the concentration are called LLCs. LLCs display both thermotropic and

lyotropic phase transitions.

LLCs are usually the mixtures of amphiphilic molecules consisting of polar and
nonpolar parts with solutes such as water or oil. Anisotropic micelles are the basic
units of these systems. Several distinct lyotropic mesophases can arise from different
arrangements of these micelles, as represented in Figure 7. Amphiphiles can form
several different types of micelles such as spheres, cylinders, and bilayers, under
certain concentrations and temperature intervals, which then form lyotropic

mesophase [28].
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lamellar

bi-layer
./ micelles

=] rod-shaped

micelles 7 micelles

Figure 7: Different arrangement of micelles, lamellar-hexagonal-cubic, forming LLC
mesophases [28]

Depending on the aim of the investigation, alcohol, organic, and inorganic salts can

also be added to the sample.

Over limited ranges of composition and temperature, two mesophases will coexist
[28]. Researchers have constructed significant number of phase diagrams for different
binary lyotropic systems (BLSs) [32-39]. For each of the mesophases there is a direct
phase transition from mesophase to isotropic liquid. The mesophases displayed by a
BLS are formed again when more components are added to the system making it
ternary lyotropic system (TLS) or a higher component system. With the addition of
more components new mesophases that were not displayed by the binary system can
also arise. The phase diagrams of those ternary or higher component systems are much

more complex [28].

In nature, liquid lyotropic crystals occur widely, becoming widespread in living
systems. Their mechanisms are complicated and not exactly clarified yet. In various
everyday scenes, LLCs can be found in detergents, shampoos, and many other

household items [40].
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1.4.2.1 The Hydrophobic and Hydrophilic Effect - Amphiphilic Molecules

Water is the main solvent used in LLCs. The interactions between the amphiphilic
molecules and water molecules are the primary effect responsible for the formation of
the lyotropic mesophases. The interactions involved are electrostatic in nature, as

water molecules have permanent dipole moments.

The term amphiphilic was coned per a Greek name amphi, meaning duo or dual, and
phile, meaning like or love. It is used to describe molecules consisting of a
hydrocarbon chain that is insoluble in water alongside a polar group that is soluble in
water. These parts are referred as hydrophilic and hydrophobic, represented in Figure
8 as an example [28].

= Hydrophilic: have a strong affinity for water, i.e., it is attracted to water, and

can dissolve in water.
= Hydrophobic: not attracted to water, it resists mixing with water, the opposite

of hydrophilic.

— polar head group
non-polar tai (hydrophilic)
(hydrophobic)

[e]
H,C o—ggoe e

Figure 8: Representation of an amphiphilic molecular structure, sodium dodecyl
sulphate

There are various types of amphiphilic molecules that are chemically synthesized:
anionic amphiphiles (fatty acid soaps, e.g., potassium laurate), detergents (e.g., sodium

decylsulfate); cationic amphiphiles (e.g., hexadecyl trimethylammonium bromide);
12



non-ionic amphiphiles (e.g., pentaethyleneglycol dodecyl ether); and zwitterionic
amphiphiles (e.g., hexadecyl trimethylammonium bromide). Lyotropic mesophase are

formed when anelydes (wetting agent) are added to amphiphilic molecules.

There are molecules having multiple polar groups that form lyotropic mesophases also,

as represented in Figure 9 [27, 28].

Amphiphilic molecules

pr—— Single-chain: a hydrophilic head group is linked covalently \
[ ] [ with a hdrophobic tail group.

J

Double or triple-chain: two or more hydrophobic tail groups |
connected covalently to a hydrophilic head group.

J

—= Gemini: two molecular amphiphiles connected covalently at \
[ ] [ their charged head groups.

J

#] Bola-form: two hydrophilic head groups conneted covalently \
o= by one or two hdrophobic tail groups.

J

Figure 9: Types of amphiphilic molecules

1.4.2.2 Critical Micelle Concentration

When amphiphilic molecules meet with water, majority of the molecules will disperse,
while some will move to the surface to prevent the contact of water with their
hydrocarbon tails. Aggregates (or micelles) begin to form, to prevent the contact
between the hydrophobic tails and the aqueous environment, at a concentration called

critical micelle concentration (CMC) [27, 28], as represented in Figure 10.

13
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surface tension

log C
critical micelle concentration

Figure 10: Critical Micelle Concentration

Considering that the nature of these molecules is fluid like we can determine the form
of micelles by looking at how the amphiphiles pack together. The equation used for

this determination is given as.

74
aolc

critical packaging parameter, cpp: y =

Where V is the volume of hydrocarbons, a, is the optimum area for the head group

and [.. is the critical chain-length in Figure 11 [27, 28].

a

/ 0
v—*@y A

Figure 11: The schematic representation of an amphiphile with the parameters
needed to define Cpp
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1.5 LLC Mesophases

1.5.1 Isotropic Micellar L1 Phase

As aforementioned, when amphiphiles are added into a solvent, which is mainly water,
the aggregated amphiphiles will start to form micelles/reverse micelles, because of
their nature, after the critical micelle concentration. Before the concentration of the
amphiphile is enough to form other structures. LLC mesophase, the micelles will
disperse in the solvent. Such a solution is isotropic and called a micellar solution, hence
Isotropic Micellar L1 phase [28, 30].

1.5.2 Hexagonal E Mesophase

E mesophase is the first ever reported lyotropic mesophase by McBain, in a soap +
water system. In the hexagonal or middle phase, the layers are packed into cylinders,
and those cylinders having indefinite length are arranged parallel to each other in a
hexagonal array, as shown in Figure 12. This mesophase is uniaxial, with an optical
axis parallel to the long axis of the micelles, and forms at concentrations higher than

those of micellar L, phase at certain temperature intervals [28, 30].

Figure 12: Schematic representation of the structure of hexagonal mesophase

1.5.3 Nematic Mesophase
Nematic mesophases were first introduced in quaternary systems by Lawson and
Flautt, and Reeves simultaneously, consisting of amphiphile + inorganic salt + alcohol

+ water in 1967. Today binary, ternary, and quaternary systems displaying nematic
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mesophases are known [28, 30, 32, 33, 35, 40]. Anionic, cationic or zwitterionic
amphiphiles lead the formation of those mesophases. There are three forms of nematic
mesophases identified: the nematic calamitic, Nc, mesophase that is produced by rod
like micelles, the nematic discotic, Np, mesophase produced by discs likes micelles

and optically biaxial, Nsx, mesophase as represented in Figure 13.

The structure of Ngx, discovered in 1980s, is not completely understood yet. The
cholesteric mesophase is often referred to as the chiral nematic mesophase is not

considered as a type of nematic mesophase but the chiral form [28, 30].

. _ nematic
uniaxial nematic mesophases biaxial nematic

ny Ny ¥ N3

Nematic Discotic
(No)
Figure 13: Schematic representation of the structures and optical axes of nematic

mesophases

Nematic Calamitic (N,)

1.5.4 Cholesteric Mesophase (Chiral Nematic)
Cholesteric mesophase is characterised as having long-range orientational order
however it does not have long-range positional order when mass centres of molecules

are considered. The cholesteric mesophase is close to the nematic mesophase, however
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it differs from the nematic mesophase as its director's direction changes constantly.
When a nematic mesophase aligned along the y-axis is twisted along the x-axis, the

structure of cholesteric mesophase is obtained.

The structure is charecterised by its pitch, as shown in Figure 14. The length of this
pitch is in the wavelenght of visible light, several hundred nanometres. The spiral
structure derives the typical colours displayed by the cholesterics, through Bragg

reflection.

= D Gy, g helical axis

[

pitch (P)

l

| uniaxially aligned nematic mesophase | | supermolecular cholesteric helix |

Figure 14: Schematic representation of the structures of uniaxial nematic and
cholesteric mesophases

G“?_?_—";”—"c».é;’f_ + Chiral dopant

L0015
ot -1 -

e i el -

Chiral materials with large twisting power have reported to display Blue Phases, in a
very narrow temperature range between a chiral nematic phase and an isotropic liquid
phase [28, 30].

1.5.5 Lamellar D Mesophase

The most common lamellar mesophase is the “soap boilers’ neat soap”, first studied
by McBain. It forms at extremely high amphiphile concentrations, 60-90%. The
arrangement in lamellar mesophase is such that the polar heads sandwich water

molecules, keeping the disordered hydrocarbon tails in a non-polar environment as
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represented in Figure 15. Lamellar mesophase can be in balance with all the other

mesophases in amphiphile + water systems via two—phase or three—phase regions.

In binary systems of amphiphile + water the lamellar mesophase forms before the solid
crystalline phase at low water concentrations (high amphiphile concentrations) and/or
after the hexagonal E mesophase at higher concentrations of water (lower

concentrations of amphiphile).

L

o
Fluid lamellar

Figure 15: Schematic representation of the structure of lamellar mesophase

Lamellar mesophase, with 1-10 poise viscosity values, is in a mucous form through its

existence region and the sample is half transparent and optically anisotropic [28, 30].
1.6 Applications of Liquid Crystals

The initial usage of LCs were the thermometers that were based on the temperature
dependence of the cholesteric LC pitch. Whereas flat panel display technologies are
the predominant application for LCs (LCDs). According to their anisotropic behaviour
and their sensitivity to electrical fields, liquid crystals are present in the display devices
of all technologic equipment. Liquid crystals have broad variety of applications
because of their electro — optical, magneto — optical, electro — chromic, and thermo —
chromic peculiarities. Biological membranes, DNA, and RNA are few examples of
important biological structures. LCs are invaluable in manufacturing and medical

applications [29, 41, 42].
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Applications are still being discovered for this unique kind of material and continue to

have useful solutions to several issues. LCs are part of our daily life.

1.7 Aims and Objectives.

The aim of this research is to determine the effect of salt on the phase states and

physical parameters of a BLS. To reach this purpose the followings steps will be

followed:

v

The phase diagram of TTAB + water BLS will be constructed.

The phase diagram will be reconstructed using 95 wt% water + 5 wt%
salt as the solvent, instead of water itself.

The RI — temperature and electroconductivity — temperature
dependences will be defined for both systems.

The obtained phase diagrams will be compared to understand the effect
of salt on the thermotropic, mesomorphic and polymorphic behaviour
of the BLS.

The physical property — temperature dependences will be compared for
the samples with same amphiphile concentrations to understand the

effect of salt on the physical parameters of BLS.
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Chapter 2

EXPERIMENTAL METHODOLOGY

2.1 Preparation of Lyotropic Liquid Crystal Samples

LLC systems are sensitive. For this reason, to obtain reliable and accurate results, a
clean laboratory environment and tools are necessary. In addition, the components
need to be weighted in high sensitivity when preparing the samples. For this purpose,
we used a precision scale with a draft shield, having a sensitivity of 10™*g (Ohaus

AX224).

Tetradecyl trimethyl ammonium bromide (TTAB - Sigma, cat. No.: T4762) as the
amphiphile, sodium bromide (NaBr - BioXtra, cat. No: S4547) as the inorganic salt,
and ultra-pure water as solvent were used in the preparation of samples. TTAB and
NaBr had high purity degree, > 99%, and were used as bought. All compositions were

prepared as wt-wt%.

In order to prepare the ternary sample, a homogeneous mixture of NaBr and water was
obtained. Then, TTAB and the homogeneous mixture were mixed in desired amounts
in glass vials. The glass vials were hermitically sealed and all samples were held in a
thermoset at constant temperature, 310 K, till they become homogenous. The
homogeneities of the samples were tested through texture homogeneity analysis before

the samples were used for investigations.

20



-,
1

B g =
g e .
:‘.?3-.‘ 4 1 - wr
Scale Glass vial Thermostat | Schematic  representation of
and cup sandwich-cell  type plane
capillaries.
1- referance glass surfaces
2- spacer

Figure 16: Equipment used for sample preparation

Figure 16 represents the equipment used during sample preparation. Sandwich-cell
type plane capillaries were prepared for the investigations with Polarized Optical
Microscope. The thickness of the liquid crystalline layer was fixed as 70pm.

2.2 Polarizing Optical Microscopy (POM)

LC systems display textures which reflect the arrangement of micelles forming them,
and this arrangement changes due to the changes in concentration and/or temperature
of the composition. LC mesophases exhibit a definite number of specific and non-
specific textures with various morphological and optical characteristics. The unique
textures make it possible to classify the mesophases [30]. The POM method is used to
observe and analyse the textures displayed by LC mesophases. This technique is of
great significance as it offers the ability to evaluate not only the mesophases, but also

the regions of phase transition [41].

There is a polychromatic light source, polarizer, and analyser in a standard POM. The
target is set while the eyepiece is moved to the necessary magnification. The polarizers
and analysers are crossed, so there is no visible light. When a liquid crystal is added,
the polarization plane is rotated by liquid crystal and a texture is seen in the

microscope.
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Optical Mapping is the main and most widely used method to identify the mesophases
by texture analysis. In this method, the textures examined using POM are matched
with the specific textures of the mesophases in the literature to identify the mesophases

[30].

Recording, retrieval and saving features are available. The texture seen via the
eyepiece can be pictured or video recorded by using a high-resolution pixel camera,
mounted to the microscope. A special software can be used to measure the
dimensions/areas of the formations seen in the textures if needed. Hot and cold stages
can also be used to investigate the changes in the texture dynamics by temperature.
Optical filters, A-plates, special lenses etc. can be added to the system whenever
needed.

2.2.1 Experimental Setup

Figure 17: Experimental setup used for POM investigations

The setup, represented in Figure 17, consists of polarized microscope (Olympus

BX53M), microphotographic system (Olympus SC35), a special software (Olympus
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cellSens Entry 2), and a custom-made heater thermostat system with temperature

control.
2.3 Refractive Index Measurements

Refractometry is known to be the most appropriate method used to determine the
refractive indices (RI) of transparent and semi-transparent samples. RI is generally
dependent on the temperature of the material and this method allows us to measure the
changes in refractive index with the changes in temperature [42]. Once the temperature
dependences of RI values are obtained for the system, it is also possible to obtain the
concentration dependences of the RI values at constant temperatures. LCs are optically
anisotropic and birefringent (or bi-refractive), their refractive indices depend on the

direction of polarization and the direction of propagation of light.

When light enters to a birefringent medium it separates into two rays, namely ordinary
and extraordinary. The electric vector of the ordinary ray is perpendicular to the optical
axis whereas it is parallel for an extraordinary ray. As being birefringent materials,
LCs have two RI values corresponding to those two rays, ordinary Rl (n, = n,) and
extraordinary Rl (n, = n;). The difference An = n, —n, gives the value of the
birefringence and generally n, > n, the birefringence value is positive, An > 0, for

most of the LCs [30].

Abbé refractometer is the oldest and most frequently used tool for measuring the
refractive index of an optical material [43]. Abbé refractometers use the critical angle
principle. Light enters the sample through illuminating prism and reflects from the
bottom of the measuring prism at a critical angle. A rotary knob on the Abbé

refractometer is used to adjust the mirror so that the position of the boundary between
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light and dark regions intersects with the crosshairs of the telescope. Once the
adjustment mentioned is achieved, the refractive index and the temperature of the
sample can be read from the vernier scale and digital display respectively. The picture
is inverted by the telescope, so the black region appears towards the bottom, even
though it should be at the upper portion of the field of vision. The matted surface of
the illuminating prism provides light entrance to the sample in all possible angles. A
schematic representation of Abbé refractometer’s optical system is shown in Figure

18.

telescope G

shadow boundary
seen through the telescope

measuring prism

sample
illuminating prism
>

matted surface ® light source

Figure 18: Schematic diagram of Abbé refractometer (light entering the illuminating
prism producing dark and bright regions in the field of view)

Abbé refractometers can measure the RI values both for solids and liquids, with a

fourth decimal place accuracy of roughly one to two units [43].
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2.3.1 Experimental Setup

Figure 19: Exeritl setup used to determine RI — temperature dependences

The setup, represented in Figure 19, includes a Deluxe Illuminated Abbé

Refractometer (Kriiss AR4) and a thermostatic water circulation system (Phywe).
2.4 Electroconductivity Measurements

Electrical conductivity, o, is a material property which determines how well electricity

will be conducted by a given sample [38]. Electrical conductivity is inversely related
to resistivity via the equation o = %. Conductivity measures the total amount of ions
in a solution, but since it is unable to differentiate between electrolytes or ions, it is not
specific. Conductivity measurements are classified as either contacting or inductive.

The inductive method is used when the sample has high conductivity, suspended solids

or is corrosive. The contacting approach was used in this study.

Most contacting conductivity probes have sensors made of stainless steel or titanium

electrodes. The electrodes that are in contact with the sample produce an electric field
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when subjected to an alternating voltage, forcing the ions in the sample to move, thus,
generate an ionic current. The conductance of the sample is calculated by the analyser

using current and voltage.

A conductivity probe with four electrodes is used in this investigation. Four-electrode
sensors eliminate the charge transfer effects at the metal-liquid interface as the voltage
measurement circuit consumes minimal current, providing a significantly larger
measuring range [45].

2.4.1 Experimental Setup.

Figure 20: Experimental setup used to determine electroconductivity — temperature
dependences

The experimental setup, represented in Figure 20, consists of Thermo Scientific Orion
Versa Star VSTAR90, VSTAR-CBD Conductivity Module, Electrode Stand, Orion™
DuraProbe™ 4-Electrode Conductivity Cells, and thermostatic water circulation

system (Phywe).
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Chapter 3

RESULTS AND DISCUSSION

3.1 TTAB + Water BLS

3.1.1 Phase States

To define the phase states, compositions prepared as sandwich cells were analysed
under a polarized optical microscope and the mesophases existing were detected and
identified by observing the typical textures representing them. All the compositions
were also subjected to heating during the investigations and the mesophase — isotropic

liquid thermotropic phase transitions were observed and recorded.

The investigations showed that the system did not display any color i.e., it was all
black between crossed polarizers below 37.2 wt% TTAB concentration. That reflects
the isotropic behavior of those samples meaning a micellar solution, L phase, is

present at concentrations ranging from CMC — 37.2 wt% TTAB.

The first texture observed after the L1 phase region was complicated, not specific for
any mesophase, consisting of formations belonging to the texture of nematic-calamitic
Nc mesophase side by side black regions, showing the coexistence of L1 phase and N¢
mesophase. It was defined that L1 phase and Nc mesophase coexist in a narrow range

of 37.2 — 37.4 wt% TTAB, representing L1 — Nc lyotropic phase transition region.
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When samples with TTAB concentrations higher than 37.4 wt% were investigated,
they were defined to be anisotropic, mesophases form beyond this concentration. Two
concentration intervals that samples display specific textures, representing distinct
mesophases, were identified. Between those mesophase intervals, complicated
textures, including texture characteristics from more than one mesophase, were
observed. Those regions represent the coexistence of mesophases, which are lyotropic

phase transition intervals.

In the concentration interval 37.4 — 38.8 wt% TTAB, a texture that is represented in
Figure 21a, well known from the literature [47-51] and specific for Nc mesophase was

observed. This interval represents the region where Nc mesophase exists.

The texture observed after the Nc mesophase region was again complicated, consisting
of formations belonging to the texture of Nc mesophase as well as E mesophase
showing their coexistence. Nc and E mesophases were observed to coexist in the
concentration interval of 38.8 - 39.9 wt% TTAB, representing Nc — E lyotropic phase

transition region.

The existence of E mesophase was defined for the samples starting from 39.9 wt%
TTAB concentration. The texture observed given in Figure 21b, is a specific texture
of E mesophase, that is well known from the literature [47, 49-51]. It should be noted

that we were not able to obtain a homogenous mixture above 47.0 wt% TTAB.
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(b)
Figure 21: The textures (a) Nc, (b) E mesophases displayed by TTAB + water BLS
with 200um scale
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(b)
Figure 22: Mesophases melting into isotropic liquid, both with 200um scale (a) Nc
mesophase — L1 phase thermotropic phase transition (b) E mesophase — L1 phase
thermotropic phase transition
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As aforementioned, the thermotropic phase transitions of the system were also
investigated and the phase transition temperatures were defined. Figure 22 represents
the textures of Nc and E mesophases melting into isotropic liquid at thermotropic

phase transition temperatures respectively.

As examples, the sample of Nc mesophase with 38 wt% TTAB concentration melts
into L; phase at 315K and the sample of E mesophase with 41 wt% TTAB
concentration melts into L1 phase at 329K . The obtained transition temperatures can

be seen from the temperature axis of the constructed phase diagram which is given in

Figure 23.
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Figure 23: The phase diagram of TTAB + water BLS
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3.1.2 Physical Parameters

The changes in refractive index (RI) and electroconductivity values of TTAB + water
system was investigated over large temperature and concentration intervals. The
refractive index — temperature, n = f(T), and electroconductivity — temperature, o =
f(T), dependences of all mesophases defined for the mentioned system were

investigated and represented.

The defined refractive index — temperature dependences are given in Figures 24, 25

and 26 for L1 phase, Nc mesophase and E mesophase regions respectively.

The analysis of the given dependences shows that the refractive indexes decrease
linearly with the increase in temperature for all the samples investigated. As is known,
the density of an LLC usually decreases with increasing temperature. Thus, the speed
of light increases with increase in temperature which is reflected as decreases in RI
values. As so, this result was expected and is in correlation with the literature [34, 48,

49, 52].
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Figure 24: n = f(T) dependences for L phase. (Samples with 35 wt% TTAB
+ 65 wt% water, 36 wt% TTAB + 64 wt% water and 37 wt% TTAB + 63 wt%
water compositions)
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Figure 25: n = f(T) dependences for Nc mesophase. (Samples with 37.5 wt%

TTAB + 62.5 wt% water, 38 wt% TTAB + 62 wt% water and 38.5 wt% TTAB
+ 61.5 wt% water compositions)
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Figure 26: n = f(T) dependences for E mesophase. (Samples with 41 wt% TTAB
+ 59 wt% water, 42 wt% TTAB + 58 wt% water and 43 wt% TTAB + 57 wt%
water compositions)

Figures 27, 28 and 29 represent the temperature dependences of conductivity values.
The analysis of the given dependences shows that the conductivity values increase
exponentially with the increase in temperature. As the ions will have more Kinetic
energy, thus will be more mobile when their temperature is increased, this result was

also expected [45, 53].
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Figure 27: o = f(T) dependences for L1 phase. (Samples with 35 wt% TTAB

+ 65 wt% water, 36 wt% TTAB + 64 wt% water and 37 wt% TTAB + 63 wt%
water compositions)
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Figure 28: ¢ = f(T) dependences for Nc mesophase. (Samples with 37.5 wt%
TTAB + 62.5 wt% water, 38 wt% TTAB + 62 wt% water and 38.5 wt% TTAB
+ 61.5 wt% water compositions)
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Figure 29: ¢ = f(T) dependences for E mesophase. (Samples with 41 wt% TTAB
+ 59 wt% water, 42 wt% TTAB + 58 wt% water and 43 wt% TTAB + 57 wt%
Water compositions)

The analysis of the n = f(T) and o = f(T) dependences shows that the change is
unremitting, without any anomalies, for all the compositions for L1 phase. However,
those dependences show some anomalies at certain temperature intervals for all
compositions belonging to mesophases. Since physical parameters of a sample results
from its structure, we can conclude that the structure of the sample does not change
with temperature in the L1 phase interval however, it does in the mesophase intervals.
If we take the structural change as a phase transition, we simply understand that there
is no thermotropic phase transition for L1 phase however, the mesophases show
thermotropic phase transitions. Comparing the temperatures that those anomalies
appear, inthen = f(T) and o = f(T) dependences, it can be seen that they are almost
same for samples with equal compositions, and they match with the thermotropic

phase transition temperatures obtained in POM investigations, as given in Table 1.
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Table 1: Thermotropic phase transition temperatures obtained by different methods;

POM, n = f(T) dependences and p = f(T) dependences.

TTAB phase/mesop | phase anomaly | anomaly | Correspond
concentrat | hase transition | temperat | temperat |ing
ion temperat |[ure on |ure on | thermotrop
ure n=f(T) |p=f(T) |ic phase
obtained | dependen | dependen | transition
from ce ce
POM
35 wt% L1 - - - -
36 wt% L1 - - - -
37 wt% L1 - - - -
37.5 wt% Nc 311.2K 310.8 K 311 K Nc— L1
38 wt% Nc 315.6 K 315.2K 315K Nc— L1
38.5 wt% Nc 320.7K 3205 K 320 K Nc— L1
41 wt% E 329.6 K 329.8K 329 K E-L
42 wt% E 3344K 3345K 334 K E-L
43 wt% E 343.1K 342.0K 343 K E-L

With increase in temperature, the conductivity increases for LLCs [34, 42,45]. When
the observed graphs are analyzed, it comes out that the change in conductivity by
temperature is exponential, rather than the relation in refractive index case which was

determined to be linear.
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Figure 30: n = f(T) dependences for TTAB + water BLS
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Figure 31: ¢ = f(T) dependences for TTAB + water BLS

When the graphs are examined, we can see that the conductivity values are increasing

also with the increase in amphiphile concentration.
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Figure 32: n = f(C); dependence for TTAB + Water BLS at 308K
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Figure 33: ¢ = f(C); dependences for TTAB + Water BLS at 308K
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Figure 30 and Figure 31 represents the n = f(T) dependences and ¢ = f(T)
dependences for TTAB + water BLS respectively. When analyzed, both RI1 values and
electroconductivity values increase with increasing amphiphile concentration for all

compositions/mesophases of the system.

The concentration dependences of RI and electroconductivity at constant temperature
are represented in Figure 32 and Figure 33 respectively. Following the same
understanding we used to define thermotropic phase transitions from temperature
dependence graphs, now we expect to define the lyotropic phase transitions from
concentration dependence graphs. Those dependences are comprised of three different
parts each corresponding to a different phase/mesophase. When compared with POM
observations, we see that these dependences meet our expectations to define the

lyotropic phase transition regions.

The defined phase states, thermotropic and lyotropic phase transitions, refractive index

and conductivity ranges and their behaviour is in correlation with study [34].
3.2 TTAB + Water + Salt TLS

3.2.1 Phase States

As the focus of this study is to understand the effect of salt on a BLS, instead of
constructing a ternary phase diagram we preferred to change our solvent from ultrapure
water to 95 wt% ultrapure water + 5 wt% NaBr and construct a pseudo-binary phase
diagram. The same manner and procedure used to investigate the phase states of BLS
was repeated and the phase states, phase intervals, thermotropic and lyotropic phase

transitions were defined for pseudo-BLS (pBLYS).
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(c)
Figure 34: The textures observed for (a) Nc (b) Np (c) E mesophases for TTAB +
water + NaBr TLS

The investigations show the existence of four phases/mesophases in this system.
Figure 34 represents the typical textures observed for the system, which all are well
known from the literature [47-51]. The system is defined to display L1 phase in the
interval CMC—-37.8wt% TTAB, Nc mesophase in the interval 38.4wt —
% 41.2 wt% TTAB, Np mesophase in the interval 42.5 wt% — 43.5wt% TTAB

and E mesophase after 43.8 wt% TTAB.

The lyotropic phase transitions were defined to be 37.8 — 38.4 wt% for L1 — N,
41.2 — 42.5 wt% for Nc - Np and 43.5 — 43.8 wt% for Np — E. The thermotropic
phase transitions of the system at certain concentrations was also investigated, again
with the same procedure as in BLS. As example, Nc mesophase with 38.5 wt% TTAB

concentration melts into L1 phase at 321K.
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The obtained transition temperature can be seen from the temperature axis of the
constructed phase diagram, represented in Figure 35. The E — L1 phase transition
temperatures could not be obtained as those temperatures are above 373K, which is

not possible to reach with a water circulation system.

Phase Diagram of pBLS
380

1

1
]
]
]
/
370 !
360
350

340

330

Temperature (K)

320

310

300 o .
36 38 40 42 46 48 50

TTAB wt%

Figure 35: Phase Diagram of TTAB + salty water (95 wt% ultrapure water + 5 wt%
NaBr) pBLS

3.2.2 Physical Parameters
The same manner and methodology used to investigate the physical parameters of the
BLS are repeated for the ternary compositions corresponding the same amphiphile

concentrations.

The defined refractive index — temperature dependences for L1 phase, Nc mesophase

and E mesophase are given in the Figures 36, 37 and 38 respectively. Figures 39, 40
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and 41 represents the defined electroconductivity — temperature dependences of L

phase, Nc mesophase and E mesophase regions respectively.
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Figure 36: n = f(T) dependences for L1 phase. (Samples with 35 wt% TTAB
+ 65 wt% salty water, 36 wt% TTAB + 64 wt% salty water and 37 wt% TTAB
+ 63 wt% salty water compositions)
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Figure 37: n = f(T) dependences for Nc mesophase. (Samples with 38.5 wt%
TTAB + 61.5 wt% salty water, 39 wt% TTAB + 61 wt% salty water and 40 wt%
TTAB + 60 wt% salty water compositions)
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Figure 38: n = f(T) dependences for E mesophase. (Samples with 45 wt% TTAB
+ 55 wt% salty water, 46 wt% TTAB + 54 wt% salty water and 47 wt% TTAB
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Figure 39: ¢ = f(T) dependences for L1 phase. (Samples with 35 wt% TTAB
+ 65 wt% salty water, 36 wt% TTAB + 64 wt% salty water and 37 wt% TTAB

+ 63 wt% salty water compositions)
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Figure 40: ¢ = f(T) dependences for Nc mesophase. (Samples with 38.5 wt%
TTAB + 61.5 wt% salty water, 39 wt% TTAB + 61 wt% salty water and 40 wt%
TTAB + 60 wt% salty water compositions)
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Figure 41: ¢ = f(T) dependences for E mesophase. (Samples with 45 wt% TTAB
+ 55 wt% salty water, 46 wt% TTAB + 54 wt% salty water and 47 wt% TTAB
+ 53 wt% salty water compositions)
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Comparing the temperatures at which the anomalies begin to appear in the n = f(T)

and o = f(T) dependences, they are equal for samples with same compositions, and

they match with the thermotropic phase transition temperatures obtained in POM

investigations, given in Table 2, as in BLS.

Table 2: Thermotropic phase transition temperatures obtained by different methods;

POM, n = f(T) dependences and p = f(T) dependences.

TTAB phase/mesop | phase anomaly | anomaly | correspond
concentrat | hase transition | temperat | temperat | ing
ion temperat | ure on | ure on | thermotrop
ure n=f(T) |n=f(T) |ic phase
obtained | dependen | dependen | transition
from ce ce
POM
35 wt% L1 - - - -
36 wt% L1 - - - -
37 wt% L1 - - - -
38.5 wt% Nc 3216 K 3216 K 321K Nc- L1
39 wt% Nc 325.6 K 325.6 K 325K Nc- L1
40 wt% Nc 330.7 K 330.6 K 330K Nc- L1
45 wt% E Over 373 | Over 373 | Over 373 E-L:
K K K

46 wt% E Over 373 | Over 373 | Over 373 E-L:
K K K

47 wt% E Over 373 | Over 373 | Over 373 E-L:
K K K

Figures 42 and 43 represent the n = f(T) dependences and ¢ = f(T) dependences

for TTAB + Salty Water TLS respectively.

47



Refractive index (n)

Conductivity (mS/cm)

1.4300

1.4250

1.4200

1.4150

1.4100

1.4050

1.4000

1.3950

1.3900

1.3850

1.3800

295

305

315

n = f(T)

325 335

Temperature (K)

345 355

= 35% TTAB

* 36% TTAB

+ 37% TTAB

= 38.5% TTAB

x 39% TTAB

» 40% TTAB

- 45% TTAB

+ 46% TTAB

* 47% TTAB

Figure 42: n = f(T) dependences for TTAB + water + NaBr TLS
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3.3 Discussion on the Effect of Salt

Inorganic salt addition had a significant influence both on the phase states and physical
properties of the binary system. Figure 44 shows the two constructed phase diagrams
combined. When analyzed, salt addition shifted the mesophase intervals, increased the
phase transition temperatures and changed the width of the mesophase regions. TTAB
+ Water BLS displayed Nc mesophase in the 37.5 — 38.8 wt% TTAB concentration
interval. This interval has significantly expanded to 38.4 —41.2wt% TTAB
concentration with the addition of inorganic salt. Moreover, the addition of salt has
increased the polymorphism of the system. Np mesophase, which does to exist in the
BLS, is defined to form in 41.9 — 43.2 wt% TTAB concentration interval with the

addition of salt.

Phase Diagrams of BLS and pBLS
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TTAB wt%
Figure 44: The constructed phase diagrams of BLS and pBLS combined
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Figures 45, 46 and 47 represent the n = f(T) and Figures 48, 49 and 50 represent the
o = f(T) dependences of the two systems together for the samples with same TTAB
concentrations, corresponding to Li phase, Nc mesophase and E mesophase
respectively. When the given dependences are analyzed, the addition of inorganic salt
significantly raised both RI and electroconductivity values for all amphiphile
concentrations for all phases/mesophases. Moreover, it raised the amount of increase
of the refractive index and electroconductivity values by concentration while it did not

affect the change rate by temperature.

1.4000 n= f(T)
* 35% wt TTAB (BLS)
1.3950 -
- 36%wt TTAB (BLS)
= .
3 1.3900 + 37%wt TTAB (BLS)
2
(]
2 « 35%wt TTAB (TLS)
% 1.3850
5
& - 36%wt TTAB (TLS)
1.3800
+ 37%wt TTAB (TLS)
1.3750
295 305 315 325 335 345 355

Temperature (K)

Figure 45: n = f(T) dependences for L1 phase corresponding to the same TTAB
concentrations in two systems combined
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Figure 46: n = f(T) dependences for Nc mesophase corresponding to the same
TTAB concentration in two systems combined
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Figure 47: n = f(T) dependences for E mesophase corresponding to the same TTAB
concentrations in two systems combined



59.00

/ - 35%wt TTAB(BLS)
49.00
< / - 36%wt TTAB (BLS)
§ 44.00 / « 37%wt TTAB(BLS)
< e « 35%wt TTAB(TLS)
£ 39.00 - 36%wt TTAB(TLS)
2
3 34.00 + 37%wt TTAB(TLS)
2
S

29.00

24.00

19.00

295 305 315 325 335 345 355

Temperature (K)

Figure 48: ¢ = f(T) dependences for L1 phase corresponding to the same TTAB
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Figure 49: o = f(T) dependences for Nc mesophase corresponding to the same
TTAB concentration in two systems combined
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Figure 50: o = f(T) dependences for E mesophase corresponding to the same TTAB
concentrations in two systems combined
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Chapter 4

CONCLUSION

It is known from the literature [34] that measuring the physical parameters and
analysing their temperature and concentration dependences is a sufficiently successful
method to define the thermotropic and lyotropic phase transitions. Likewise, it is the
general case that all the mesophases displayed by a binary system form again when a
co surfactant is added to it [47, 50]. The results obtained in this study are in line with

those literature.

On the other side, although there are some studies referring to the effect of salt on
some properties of different LLC systems partially [54-58], there is not any extensive
study discussing the effect of salt on the phase states, refractive index and
electroconductivity values, and the dependences of those values on temperature and
concentration. These facts make the following conclusions reached important results

for literature.

The addition of salt shifted thermotropic and lyotropic phase transitions, side by side
widening the nematic calamitic mesophase region. Furthermore, nematic discotic
mesophase that was not observed in the binary system, formed. Those results clearly
implies that addition of salt on a binary system has significant effects on its phase

states and polymorphism.
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The addition of salt has significantly increased the refractive index values and raised
the amount of increase with the increase in amphiphile concentration for all
mesophases. Likewise, the addition of salt has significantly increased the conductivity
values and raised the amount of increase with the increase in amphiphile concentration

for L1 phase, whereas it did it for mesophases.
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