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ABSTRACT

INVESTIGATION OF THE RELATION BETWEEN
SURFACTANT HEAD GROUP SIZE AND FORMATION OF
DIFFERENT TYPES OF LYOTROPIC NEMATIC PHASES IN
BINARY SURFACTANT/DYE SYSTEMS
MSC THESIS
BARIS OKUYAN
BOLU ABANT IZZET BAYSAL UNIVERSITY
INSTITUTE OF GRADUATE STUDIES
DEPARTMENT OF CHEMISTRY
(SUPERVISOR: PROF. DR. EROL AKPINAR)

BOLU, JULY 2024
(xviii + 103)

In the frame of this thesis, properties of some lyotropic binary surfactant mixtures,
composed of surfactant, Sunset Yellow, dodecanol, and water, were studied at
constant total surfactant concentrations. Dodecyldimethylammonium bromide
(DDMABY), dodecyldimethylethylammonium bromide (DDMEABYr), and
dodecyltriethylammonium bromide (DTEABr) were chosen as surfactant
molecules. The binary surfactant mixtures consisted of DDEMABr/DDMABTr and
DDMEABI/DTEABTr. By changing the relative concentrations of each surfactant
in the mixtures, lyotropic mixtures presenting lamellar, nematic, and hexagonal
phases were obtained. The textures of the lyotropic phases were analyzed using a
polarized optical microscope. The uniaxial to biaxial nematic phase transitions
were obtained from the temperature dependences of the birefringences of the
nematic phases via laser conoscopy technique. Small-angle X-ray Scattering was
used to determine some micellar parameters. The results indicated that the
formation of different lyotropic structures, especially biaxial nematic phases, is
related to the average area surfactant head group. Those results were interpreted
from the interactions between ionic species, considering their kosmotropic and
chaotropic properties.

KEYWORDS: Lyotropic Liquid Crystals, Uniaxial Nematic Phase, Biaxial
Nematic Phase, Lamellar Phase, Hexagonal Phase, Birefringence, Surfactant-Dye
Molecule Interactions

Vi



OZET

SURFAKTAN BAS GRUP BUYUKLUGU iLE FARKLI TURDE
LIYOTROPIK NEMATIK FAZ OLUSUMLARI ARASINDAKI ILISKININ
IKILi SURFAKTAN/BOYAR MADDE SISTEMLERINDE
ARASTIRILMASI
YUKSEK LiSANS TEZI
BARIS OKUYAN
BOLU ABANT iZZET BAYSAL UNIVERSITESI
LiSANSUSTU EGIiTIiM ENSTITUSU
KIMYA ANABILIM DALI
(TEZ DANISMANI: PROF. DR. EROL AKPINAR)

BOLU, TEMMUZ - 2024
(xviii + 103)

Bu tez kapsaminda; siirfaktan, Sunset Yellow, dodekanol ve sudan olusan bazi
liyotropik ikili siirfaktan karigimlarinin ozellikleri sabit toplam siirfaktan
konsantrasyonlarinda incelenmistir. Stirfaktan molekiilleri olarak
dodesildimetilamonyum bromiir (DDMABFr), dodesildimetiletilamonyum bromiir
(DDMEABr) ve dodesiltrietilamonyum bromiir (DTEABr) secilmistir. Ikili
sirfaktan  karistmlarn  DDEMABr/DDMABr ve DDMEABr/DTEABr'den
olusturulmustur. Karigimlardaki her siirfaktanin goreceli konsantrasyonlari
degistirilerek lamel, nematik ve hekzagonal fazlar veren liyotropik karisimlar elde
edilmistir. Liyotropik fazlarin dokulari polarize optik mikroskop kullanilarak
analiz edilmistir. Tek eksenliden ¢ift eksenliye nematik faz gegisleri, lazer
konoskopi teknigi ile nematik fazlarin ¢ift kirilmalariin sicakliga bagimliligindan
elde edilmistir. Baz1 misel parametrelerini belirlemek i¢in Kiigiik Ac¢ili X-151n1
Sagilimi kullanilmistir. Sonuglar, farkli liyotropik yapilarin, 6zellikle ¢ift eksenli
nematik fazlarin olusumunun siirfaktan bas grubu basina diisen ortalama alanla
iliskili oldugunu gostermistir. Bu sonuglar, iyonik tiirlerin kozmotropik ve
kaotropik  Ozellikleri dikkate alinarak kendi aralarindak etkilesimleriyle
yorumlanmustir.

ANAHTAR KELIMELER: Liyotropik Sivi Kristaller, Tek-Eksenli Nematik
Faz, Cift Eksenli Nematik Faz, Lamel Faz, Hekzagonal Faz, Cift Kirinim,
Siirfaktant-Boyar Molekiil Etkilesimleri
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1. INTRODUCTION

Surfactants have hydrophilic and hydrophobic parts in their molecular
structures (Figure 1.1), and they have been used in many industrial and
biotechnological application areas due to the formation of the supramolecular
structure, so-called ‘micelle’, in their solution environment (Figure 1.2) (1-6).
These application areas include detergents, pharmacy, engine oils, emulsions,
adhesives, inks, paints, etc. (7-11). They also have applications in textiles, food,
cosmetics, and wetting/dispersing processes (8,12-15). In all these applications,
low surfactant concentrations are generally necessary, and their agueous solution
properties have been widely investigated among researchers. Surfactants may
form liquid crystal structures, which have potential
biotechnological/biotechnological applications, at relatively high surfactant

concentrations.

Figure 1.1. Surfactant molecule, potassium laurate. Part a is a water-insoluble
hydrophobic part; b is an ionic head group, which is a water-soluble hydrophilic
part; ¢ is a counterion of the surfactant.



Hydrophobic parts
/Hydrophilic parts

Figure 1.2. Schematic representation of a spherical micelle around the critical
micelle concentration.

Surfactant molecules are surrounded by solvents (e.g. water) at their low
concentrations in solutions. When surfactants are dissolved in water, first they are
adsorbed at the air/water interface by reducing the surface tension of the solution
with their hydrophobic parts oriented towards the air, and their hydrophilic parts
are in contact with water molecules at the interface. Then, after the surface of the
solution is saturated by surfactant molecules, further addition of the surfactant
causes the transfer of the excess surfactant molecules in the bulk solution and they
self-assemble to form micelles at a certain concentration (critical micelle

concentration, cmc), Figure 1.3.
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)
)
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Figure 1.3 Schematic representation of micelle formation via dynamic
equilibrium among air/water interface adsorbed surfactant monomers, surfactant
monomers in water and micelles.



Surfactants may form different micelles in shape, depending on the
aggregation type of surfactant molecules in the micelles. The most common
micelle structures and their geometries are given in Figure 1.4. Some factors
affect the micellization of surfactants. The important ones are pH, temperature,
additives (e.g. electrolytes), solvent, and surfactant types, etc (16-18). For
instance, when an electrolyte is added to the solution, its oppositely charged ions
with respect to the charge of the surfactant head group bind to the micelle surfaces
and reduce the repulsions between the head groups, which favors the

micellization, i.e. cmc decreases.

I

Spherical

Cylindrical

Lamellar

Figure 1.4 The most common micelle structures in micellar solutions.

At around cmc of the surfactants, the micelles are spherical and optically
isotropic. At high surfactant concentrations, the micelles turn into more
anisometric (cylindrical, lamellar, orthorhombic, etc.) to form optically

anisotropic liquid crystal structures.



1.1 Liquid Crystals

The main difference between the solid and liquid states of matter is that
the atoms or molecules in a solid are in an ordered state, whereas, in a liquid, they
are not as shown in Figure 1.5. Solids have both orientational and positional
orders, i.e., the molecules occupy specific positions, and their molecular axes are
in certain directions. Contrarily, the molecules in liquids tend to take the shape of
the container, and their molecular axes constantly change (rotating, tumbling,
oscillating). There exists a phase in nature between these two states of matter,
which has more order than the liquid but less than the solid. This phase is called
‘Liquid Crystal’ and has properties associated with both solid and liquid. The
substances in all liquid crystal phases diffuse like the molecules of a liquid, but
while doing this, the degree of fluctuating orientational order and local positional
order is maintained. However, the degree of order in liquid crystal is lower than
that in solid. This relatively small amount of order in liquid crystals has caused
them to acquire some properties specific to solids, such as mechanical, electrical,
magnetic, and optical properties. Due to these properties of liquid crystals, they
have attracted the attention of scientists. Liquid crystal phases are
thermodynamically stable thus putting them on equal footing with the solid,
liquid, and gas phases.

Crystalline Solid Liquid Crystal Isotropic Liquid

1 M
it 104

o

Figure 1.5 Schematic representation of molecular arrangment of crystalline solid,
liquid crystal and isotropic liquid.

The simplest liquid crystal phase is nematic. As the molecules undergo
diffusion, the molecular axes tend to point along a preferred direction. This

preferred direction is called the phase director or optical axis and is denoted by the



unit vector 7, where 7 = — 7, because the preferred direction can be defined to be
in either of two opposite directions. The degree of order in such a liquid crystal
phase is described by order parameter (S) (Equation 1.1). The most useful
formulation is to find the average of a specific function of 6 called the second
Legendre polynomial, P2(cos6), where the brackets denote an average over many
molecules at the same time or an average over time for a single molecule. Figure
1.6

S = (Py(cos®))

3 5 1
<2CUb 92>

(1.1)

Figure 1.6 Molecular order in a nematic liquid crystal. The vertical arrow
represents the director and the arrow at an angle 0 to the director represents the
long axis of one of the molecules.

The value of S is equal to zero when the mesomorphic system is disorder
completely, i.e., isotropic liquid state and the value of S is equal to in a
completely ordered system, i.e., solid crystal state. The order parameters of liquid
crystal, in general, take a value between 0.3 to 0.9. Liquid crystal systems become
completely disordered at temperature which is called critical temperature, Te.

Figure 1.7 shows the variation of order parameters depending on the temperature.
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Figure 1.7 Representation of the change in the order parameter of a liquid crystal
substance with temperature.

In general, liquid crystals are classified into two sub-classes: thermotropic
liquid crystals and lyotropic liquid crystals. Thermotropic liquid crystals are only
observed with the effect of temperature, as the name suggested. However,
lyotropic liquid crystals depend on both the concentration of surfactant molecules
and temperature in the proper solvent (in general, water) (19).This is the main

difference between the two types of liquid crystals.

1.1.1 Lyotropic Liquid Crystals

Lyotropic liquid crystal structures are obtained depending on the structure
and organization of the micelles. The most important structures are lamellar,
hexagonal, and nematic phases. In addition, temperature, pH, magnetic field, type
of surfactant, and additives affect the structure of the lyotropic liquid crystals (16—
18). The micelle structures formed by surfactant molecules in these phases are
schematically shown in Figure 1.8, and the characteristic phase textures obtained

under the polarized optical microscope are given in Figure 1.9.



(c)

Figure 1.8. (a) In the lamellar phase, surfactants cluster as an infinitely wide
double layer. Surfactant alkyl chains (shown in black) are located inside the
bilayer and polar or ionic surfactant head groups (shown in blue sphere) are
located on the surface. There is a water region between the double layer. (b) In the
hexagonal phase, there are infinitely long cylindrical micelles. (c) Nematic phase
with disk-shaped micelles. Red spheres symbolize the surfactant head groups on
the micelle surface.

Figure 1.9. Lyotropic (a) lamellar, (b) discotic nematic, Np, (c) biaxial nematic,
Ng, (d) calamitic nematic, Nc, and (e) hexagonal phase textures observed under
the polarized optical microscope (20).



Among the surfactant-based lyotropic liquid crystals, nematic phases have
a special place due to the existence of the preferred orientational properties. The
nematic phases were first introduced to the literature in 1967 (21), then their phase
diagrams and physicochemical properties depending on temperature and/or
concentration have been examined in many studies (22—-28). In general, lyotropic
mixtures giving a nematic phase are obtained by dissolving surfactant molecules
in water. In many cases, electrolyte or a co-surfactant or both are added to such
mixtures (27,29). In terms of the optical axes of the micelles, lyotropic nematic
phases are known as uniaxial (discotic nematic, Np, and calamitic nematic, Nc)
and biaxial nematic (Ng) phases. Since the first experimental introduction of
biaxial lyotropic nematic phases into the literature in 1980 (30), until today, there
is still no full consensus on the existence of these phases. One of the most
important reasons for this is that researchers have not been able to find a sufficient
amount of lyotropic mixtures that give a biaxial nematic phase. Furthermore, a
limited number of models have been proposed in the literature to explain the
formation of both biaxial and uniaxial nematic phases. The most useful model was
proposed by Antonio and Galerne, which is called ‘Instrinsically Biaxial Micelles,
IBM’ model (31). In the IBM model, it is suggested that micelles are flattened in
shape with orthorhombic symmetry and the orientational fluctuations are
responsible for the formation of different nematic phases. Another important
problem is that it has not been fully determined which parameters or factors play a
role in the formation of these phases and in obtaining a wide range of biaxial

nematic phases in phase diagrams.

Uniaxial and biaxial lyotropic nematic phases are described with different
symmetry: while uniaxial Np and Nc phases have D.-h symmetry, and Ng phase
has Dzn symmetry (32-35). In the case of uniaxial nematic phases, the local
symmetry axes of micelles show an average orientation along the direction of the

phase director or optical axis (7). Biaxial nematic phases have two optical axes

and three perpendicular two-fold symmetry axes (I, 7 and i, where 7 = I x )
(34,36), and it has been suggested by strong experimental results that all three
lyotropic nematic phases consist of micelles with the same orthorhombic
symmetry. Furthermore it has been observed that the Ng phase regions are



generally located between the other two uniaxial nematic phase regions in the
phase diagrams of mixtures giving all three nematic phases (30,35,37). As
suggested theoretically according to the Landau type mean field theory and
experimentally proven by many studies, the transitions from uniaxial nematic

phases to biaxial nematic phases are of second-order (30,35,37,38).

It is known from the literature that lyotropic nematic phases like lamellar
and hexagonal ones have some technological/biotechnological applications (39).
For example, nematic phases are used for obtaining thin film E-type polarizers
(Extraordinary mode polarizers) in vertically aligned liquid crystal devices (40).
Additionally, lyotropic nematic phases have a high potential to contribute to drug
delivery systems (41) and future applications in biotechnology and medicine (42).
Another application of lyotropic nematic phases in biotechnology is the
commercial biomedical product "magnetic latex" used for cell labeling and cell
sorting due to the magnetic particles added to the medium (43,44). In addition,
one of the commercialized applications of magnetic nanoparticles is magnetic
resonance imaging, where hybrid systems obtained by adding these particles to a
medium act as contrast agents (45-48).

Other important application areas of lyotropic nematic phases are
nanoscale electronics (49,50), field-emission sources (50,51), local drug release at
the molecular level through technological and biological molecule detection
(52,53) such as actuators (54,55). Lyotropic nematic phases serve as a carrier or
guiding solvent/medium (56) for carbon nanotubes, which are used as

Nnanosensors.

Surfactants are also used in systems containing dye molecules. Since
surfactant/dye molecule interactions have an important place in industrial and
biotechnological applications, such interactions have been extensively studied in
dilute surfactant/dye aqueous solutions (57—62). The role of such interactions in
the stabilization of lyotropic nematic phases was examined for the first time by
Akpinar et al., 2020, 2021 (63,64). The results showed that the Sunset Yellow dye
molecule is more effective in the stabilization of nematic phases and obtaining a

wide biaxial nematic phase region in partial phase diagrams than the traditional



inorganic electrolyte ions. Furthermore, it was observed that the area per
surfactant head group on the micellar surfaces (ao) is a very important parameter
in obtaining nematic phases. Mitchell and his colleagues suggested that there may
be a relationship between the formation of different types of lyotropic structures
or micelle shapes and ag values (65,66). However, in the references, the formation
of the biaxial nematic phase was ignored because there were not enough studies to
prove the existence of that phase. The data obtained from Akpinar et al., 2020,
2021 has shown, for the first time in the literature, that a biaxial nematic phase
can be obtained from mixtures of surfactants with 52 A% > ap> 57 A? in the binary
surfactant systems of dodecyl trimethylammonium bromide (DTMABTr)/
dodecylalkylammonium bromides. Their study only dealt with nematic phases,

but not hexagonal and/or lamellar phases (63,64).

1.1.2  Optical and Magnetic Properties of Liquid Crystals

Liquid crystals are anisotropic materials, meaning that their physical
properties differ when measured parallel or perpendicular to the alignment of their
structural units. When polarized light passes through an anisotropic liquid crystal,
it splits into two plane-polarized rays (ordinary and extraordinary rays) that travel
at different velocities, resulting in different refractive indices. This phenomenon is
called birefringence or double refraction (An). The birefringence (An) is defined as
the difference between the refractive indices of the extraordinary (ne) and ordinary

rays (no) as shown in Figure 1.10.

An=nc—ne 1.2
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Figure 1.10 The light passing through anisotropic material (e.g. liquid crystal)
double refraction scheme; an extraordinary ray (E-ray) is polarized perpendicular
to the optic axis and experiences a different index of refraction than the ordinary

Under a polarizing optical microscope, conoscopic investigations help to
determine the sign of optical anisotropy (An). In nematic phases, alignment of the
phase director perpendicular or parallel to a magnetic field yields homeotropic or
planar textures, respectively Figure 1.11. The sign of birefringence can be
observed using interference colors with a % retardation plate. If the laboratory
frame axes are selected along 1, 2, and 3 directions, which are orthogonal to each
other, the axis-3 is perpendicular to the 1-2 plane. Uniaxial nematics have one
birefringence, while biaxial nematics have two, described by An = nz—n1 and 6n =
ns—n2 where n1 # n2 # ns. If n3—nz > np-n1, the biaxial phase has positive
birefringence . In the contrast case, i.e. n3—n2 < nz-nz, the biaxial phase is

described with negative birefringence (67).

Figure 1.11 Properly aligned homeotropic and planar textures of uniaxial (a) Np
and (b) Nc phases, respectively. A and P are analyzer and polarizer, respectively.
H: magnetic field direction; 1, 2, and 3 are the laboratory frame axes.

Conoscopic images reveal optical anisotropy, with uniaxial crystals show a
dark-corss (Maltese cross) and the center of the dark cross is named melatope. In

this dark cross consist of two L shaped fingers (isogyres) and colored concentric
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fringes (isochromes) (67). Biaxial crystals display two melatopes as shown Figure
1.12. Laser light can also be used to investigate optical properties, where the

application of an electric field can induce biaxial behavior.

melatope

isochrome isogyre isochrome 1sogyre

isochrome

Figure 1.12 Images of dark cross conoscopic interference of a (a) uniaxial crystal,
(b) biaxial crystals and (c) biaxial with 45° rotation (68)

Wang demonstrated the study of the optical properties of uniaxal crystals
using polarized optical microscopy (69). In this study, they managed to obtain
conoscopic interference images by applying the electric field shown in Figure
1.13. When the electric field strength is incresead, the conoscopic interference
pattern is changed from uniaxal phase to the biaxial phase. Similar results were
reported in the reference (70), Figure 1.14. These laser conoscopic interference
images are quite similar to those produced by our laser conoscopy set-up.
However, in our thesis, a magnetic field is applied instead of an electric field, and
hyperbolic isogyres are observed at 0° rotation (i.e., no rotation) due to the

experimental design.
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Figure 1.13 Conoscopic interference images of LiNbO3 at different voltages. (2)
and (e), V= 0; (b) and (f), V =Vm; (c) and (g), V =2Vm; (d) and (h), V=3Vxn. In
(e)—(h) the spinning polarizer and analyzer method is employed. (69).
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Figure 1.14 Conoscopic interference pattern (first row) and the polarization
ellipse map (second row) of the output beam for different applied fields, Ex = 0
V/m (a,d), Ex=10.7 x 102/ m (b,e) and Ex=2 x 10> V/ m (c,f) (70).

Liquid crystals are diamagnetic, and their magnetization (M) is
proportional to the magnetic field strength (B) with magnetic susceptibility (y)
being negative. The diamagnetic susceptibility anisotropy (Ay) is defined by the
difference in magnetic susceptibilities measured parallel (y/) and perpendicular

(xL) to the optical axis. Positive (negative) Ay means alignment parallel to the

13



magnetic field, while negative Ay means perpendicular alignment. Generally, the
signs of optical anisotropy (An) and diamagnetic susceptibility anisotropy (Ay) are
opposite. Biaxial nematic phases have three two-fold magnetic susceptibilities,

and their alignment depends on the sign of Ay.
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2. AIM AND SCOPE OF THE STUDY

Lyotropic liquid crystal structures are widely studied by many researchers
in the literature. In a recent study, Akpinar et. al., 2020 examined the effect of the
anionic azo dye Sunset Yellow (SSY) on the lyotropic nematic properties of
dodecytrimethylammonium bromide (DTMABTr)/dodecanol/water mixtures by
comparing its effect with some inorganic electrolytes and showed that Sunset
Yellow dye binds to the micelle surfaces by interacting with the surfactant head
groups like electrolyte ions. Furthermore, they revealed the chaotropic property of
SSY for the first time. The same authors also investigated the presence of SSY in
lyotropic mixtures of some binary DTMABr/dodecylalkylammonium bromide
surfactants (64). However, in both studies, the author limited their studies to the

formation of only nematic phases from the investigation of specific interactions

at the micelle surface point of view.

In this thesis, we aimed to investigate the effect of the interactions between
SSY and surfactant head group on the formation of the lamellar and hexagonal
phases in addition to that of the nematic phases. In this way, unlike the studies in
the literature (63-65), the effect of the change in the average area per surfactant
head groups, which is a result of the specific interactions between the anionic
parts of the SSY and the ionic head groups of the surfactants, on the phase
sequence of lamellar — discotic nematic — biaxial nematic — calamitic nematic
— hexagonal was revealed in a different binary surfactant systems of
dodecyldimethylethylammonium bromide(DDMEABF)/ dodecyl-
dimethylammonium bromide (DDMABI) and
DDMEABr/dodecyltriethylammonium bromide (DTEABTY).

15



3. MATERIALS AND METHODS

3.1 Chemicals

Three surfactant molecules were selected for the experimental parts of this
thesis. Among them, dodecyldimethylethylammonium bromide (DDMEABY) was
purchased commercially with a minimum purity of 98% (Sigma).
Dodecyldimethylammonium bromide (DDMABT) and dodecyltriethylammonium
bromide (DTEABTr) were synthesized in our research laboratory according to the

procedure given below.

Sunset Yellow was provided commercially with a minimum purity of
90%, and purified before its use to increase its purity to >99% (71,72). This
purification method includes first dissolution of Sunset Yellow in a minimum
amount of pure water, and then precipitation by adding absolute ethanol. Finally,
it is obtained in pure form by filtration and vacuum drying. The same purification
method was applied 3 times.

Ultrapure water was used in the preparation of lyotropic samples and it
was provided from the Millipore Direct-Q3 UV purification system with a
resistivity of 18.2 MQ.cm at 25°C. Dodecanol (DDeOH) was commercially
available from Sigma-Aldrich with 99% purity.

3.2 Synthesis Procedure and Characterization of Surfactants

DDMABr and DTEABr molecules were synthesized (see below for
details) and characterized by IR and NMR techniques. *H-NMR measurements
were obtained from solutions of surfactant molecules in CDCls. IR and NMR
spectroscopy results of both molecules are given below. Commercially available
DDMEABr was also characterized to compare its IR and NMR spectra with the
synthesized molecules (Figures 3.1 and 3.2). As can be seen, the spectra of
DDMABr (Figures 3.3-3.4) and DTEABr (Figures 3.5-3.6) are quite compatible
with DDMEABTY.
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Figure 3.2. 400 MHz 'H NMR spectrum of DDMEABr (solvent: CDCls) 'H
NMR (400 MHz), 8 (ppm, CDClz): 0.81 (CHs, 3H, t), 1.18 (CHz, 14H, br m), 1.29

(CHa, 2H, br m), 1.34 (CHs, 3H, 1), 1.65 (CHz, 2H, br m), 3.33 (N*CHs, 6H, s),
3.45 (N*CHz, 2H, 1), 3.66 (N*CH, 2H, q).
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3.2.1 Synthesis of dodecyldimethylammonium bromide

0.3237 mol dodecyldimethylamine is dissolved in 136 mL of ethanol in a
500 mL beaker by stirring on a magnetic stirrer and 40.00 mL (0.3462 mol)
HBr(aq) is added. After the addition of all HBr(aqg) is completed, the reaction
vessel (beaker) is cooled by placing it in an ice bath and then placed in the deep
freezer at —18°C for one day to precipitate dodecyldimethylammonium bromide.
The product is separated from the solution by vacuum filtration and purified by
recrystallization from chloroform/diethylether at least three times. Then, it is dried

thoroughly in a vacuum oven at 40°C.
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Figure 3.3. FTIR spectrum of DDMABT.
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Figure 3.4.400 MHz 'H NMR spectrum of DDMABT (solvent: CDCls3); *H NMR
(400 MHz), § (ppm, CDCls): 0.83 (CH3, 3H, t), 1.20-1.29 (CH2, 18H, br m), 1.78-
1.86 (CHz, 2H, m), 2.79 (N*CHs, 6H, t), 2.99 (N*CHa, 2H, t), 11.17 (N*H, 1H, br
S).

3.2.2 Synthesis of dodecyltriethylammonium bromide

0.33 mol of triethylamine is added to 0.30 mol of 1-bromododecane
dissolved in 150 mL of ethanol in a 500 mL round-bottomed two-necked flask,
and then the reaction mixture is refluxed. The refluxis carried out (for
approximately two days) until all 1-bromododecane is consumed, which is
checked by TLC occasionally. After the reaction is completed, the reaction flask
is allowed to cool at room temperature followed by the removal of ethanol as
much as possible with a rotary evaporator. Diethyl ether is added to the remaining
concentrated ethanol-product solution and kept in the deep freezer at —18°C for a
day. Dodecyltriethylammonium bromide, which precipitates as a white solid, is
obtained by filtration under vacuum. Then, it is recrystallized from
chloroform/diethyl ether at least three times and dried thoroughly in a vacuum
oven at 40°C.
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Figure 3.6. 400 MHz *H NMR spectrum of DTEABr (solvent: CDCl3) 1H NMR
(400 MHz), & (ppm, CDCls): 0.82 (CHs, 3H, t), 1.19 (CH2, 18H, br m), 1.33 (CHs,
9H, t), 1.59-1.67 (CHz, 2H, m), 3.21 (N*CHa, 2H, t), 3.46 (N*CH>, 6H, q).
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3.3 Experimental Techniques/Methods

3.3.1 Preparation of Lyotropic Liquid Crystal Mixtures

Lyotropic liquid crystal mixtures were prepared by weighing the required
amounts of each component (surfactant, co-surfactant, Sunset Yellow, and water)
in capped glass test tubes at appropriate concentrations using a precision balance
(Radwag, £0.00001 g). After the weighing process was completed, mixing with a
vortex (lka) and centrifugation (Hettich) processes were applied several times to
homogenize them. Because highly oriented nematic phases are necessary for laser
conoscopy, polarized optical microscopy, and small-angle X-ray scattering
measurements, a water-based ferrofluid (Ferrotec, EMG-607) was added at 1 uL
per 1 g of lyotropic mixtures in the presence of the magnetic field (~2.0, ~1.0 kG
and ~1.0 kG, respectively). Previous experiments in the literature showed that the
addition of ferrofluid in these amounts does not cause any deformation in the
phase structure or any error in measurements (27,73).

The host mixture (sO) consists of DDMEABI/SSY/DDeOH/water. By
keeping the total composition of the mixtures and the total surfactant
concentration constant, the amount of DDMEABTr was replaced by DDMABr and
DTEABT, separately, in some portions (in mole fraction). The binary surfactant
mixtures were prepared at 15 different DDMEABr/DDMABr (mixtures s1-s15)
and DDMEABI/DTEABr (mixtures s17-s31) in percent mole fraction, i.e. total of
30 mixtures. Furthermore, the mixtures with single surfactant (100% DDMABF;
s16 and 100% DTEABT; s32) were also prepared.

Compositions of DDMEABI/DDMABr/Sunset Yellow/DDeOH/water and
DDMEABI/DTEABr/Sunset Yellow/DDeOH/water single and binary surfactant
mixtures are given in Tables 3.1 and 3.2, respectively. These mixtures were used
for polarizing optical microscopy, laser conoscopy, and small-angle X-ray

Scattering (SAXS) measurements.
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Table 3.1 Compositions of DDMEABr/DDMABTr/Sunset Yellow/DDeOH/water
binary surfactant samples. X corresponds to the percent mole fraction of each
component. sO and s16 mixtures were composed of single surfactants.

Sample XDDMEABr XbbmABr Xssy XbDeoH Kwater
s0 5.218 0.000 0.131 2.131 92,519
sl 5.114 0.104 0.131 2131 92.519
s2 5.010 0.209 0.131 2131 92,519
s3 4.905 0.313 0.131 2.131 92.519
s4 4.801 0.417 0.131 2.131 92.519
S5 4.697 0.522 0.131 2.131 92.519
s6 4,592 0.626 0.131 2.131 92.519
s7 4.488 0.731 0.131 2.131 92.519
s8 4.175 1.044 0.131 2.131 92.519
s9 3.653 1.566 0.131 2.131 92.519
s10 3.131 2.087 0.131 2.131 92.519
sl1 2.609 2.609 0.131 2.131 92.519
s12 2.087 3.131 0.131 2.131 92.519
s13 1.566 3.653 0.131 2.131 92.519
sl4 1.044 4.175 0.131 2.131 92.519
s15 0.522 4.697 0.131 2.131 92.519
s16 0.000 5.218 0.131 2.131 92.519

22



Table 3.2 Compositions of DDMEABI/DTEABI/Sunset Yellow/DDeOH/water
binary surfactant samples. X corresponds to the percent mole fraction of each
component. s32 mixture was composed of a single surfactant.

Mixture XppMEABF XpTEABF Xssy XbpeoH Xwater
sO 5.218 0.000 0.131 2.131 92.519
s17 5.114 0.104 0.131 2131 92.519
s18 5.010 0.209 0.131 2.131 92.519
s19 4.905 0.313 0.131 2131 92.519
s20 4.801 0.417 0.131 2.131 92.519
s21 4.697 0.522 0.131 2131 92.519
s22 4,592 0.626 0.131 2.131 92.519
s23 4.488 0.731 0.131 2.131 92.519
s24 4.175 1.044 0.131 2.131 92.519
s25 3.653 1.566 0.131 2.131 92.519
s26 3.131 2.087 0.131 2.131 92.519
s27 2.609 2.609 0.131 2.131 92.519
s28 2.087 3.131 0.131 2.131 92.519
529 1.566 3.653 0.131 2.131 92.519
s30 1.044 4.175 0.131 2.131 92.519
s31 0.522 4.697 0.131 2.131 92.519
532 0.000 5.218 0.131 2131 92.519
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3.3.2 Polarized Optical Microscopy (POM)

The phase textures of lyotropic liquid crystal samples prepared within the
scope of this thesis were characterized by a Nikon Eclipse Ci-POL (Nikon, Japan)
polarized optical microscope. For these measurements, well-homogenized liquid
crystal samples were transferred into a flat capillary tube or microslide (Vitrocom,
Japan) with a thickness of 0.2, 0.3, and/or 0.4 mm. Both ends of the microslides
(capillaries) were coated with a special fluidic nanocomposite (DLine, Lithuania)
and then UV light was applied to prevent water loss. Microslides containing
lyotropic liquid crystal samples were placed in a temperature control unit (Linkam
LTS120E, 0.1°C precision) and homogeneous heat distribution was provided by a
circulating water bath (Polyscience) connected to this temperature control unit.
The phase textures of lyotropic liquid crystal samples were recorded with a digital
microscope camera (DFK41AU02, The Imaging Source, Germany) and
characterized with special software (NIS-Element-D computer software, Nikon).
The samples were placed in the temperature control unit in a position of 45°

concerning both the analyzer and polarizer, Figure 3.7.

Figure 3.7 Selected measurement configuration for texture analysis of lyotropic
samples under polarized optical microscopy: X, vy, z selected laboratory coordinate
axes; A and P are analyzer and polarizer directions, respectively; B indicates the
direction of the magnetic field. The long axis of the capillary containing the
lyotropic liquid crystal samples was placed parallel to the y-axis (perpendicular to
the magnetic field direction).

3.3.3 Laser Conoscopy Measurements

Lyotropic nematic phases are characterized by two different optical
birefringences (An and 6n): An =n>—nz and 6n = n3—ny. Here, n1, nz, and nz are the
refractive index values of the medium along the three perpendicular laboratory

frame axes (1, 2, and 3). While birefringence can only be measured in one
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direction (An) using a Berek or Senarmont compensator under a polarized optical
microscope, birefringence values (An/n) of micelles with orthorhombic symmetry
in both directions can be calculated with laser conoscopy. In addition, laser
conoscopy is a method that provides very useful and sensitive results in
determining the second-order phase transition temperatures between uniaxial and

biaxial nematic phases.

Laser conoscopy measurements were applied starting from the well-
aligned Np phase in the presence of the magnetic field (Figure 3.8a). It is a crucial
point that the Np phase must be fully oriented in these measurements. Uniaxial-to-
biaxial nematic phase transitions were determined from the temperature
dependence of the birefringence values of each nematic phase. Figure 3.7 shows
the interference patterns observed for three nematic phases in the screen of the

laser conoscopy set-up.

Figure 3.8 Interference patterns of (a) Np, (b) Ne around Np-Ng phase transitions,
(c) Ng around Ng-Nc phase transitions, and (d) Nc phases obtained from laser
conoscopy by changing the temperature. (d) 1, 2, and 3 are laboratory frame axes;
A and P are analyzer and polarizer directions, respectively; B indicates the
direction of the magnetic field. The optical direction of the laser light beam
directed on the sample is parallel to the axis-3 direction.

In laser conoscopy measurements, lyotropic liquid crystal samples were
placed between two circular optical glasses (Helma) with a diameter of 2.5 cm,
using a 2.5 mm thick glass ring. Then, measurements were made by placing the

sample in a specially designed sample holder. After the measurements are

25



completed, birefringence values were calculated depending on the temperature
with a specially developed computer software (Figure 3.9).
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Figure 3.9 Variation of birefringence values of nematic phases with temperature
for potassium alkanoate/Rb.SO4/DeOH/water mixtures obtained from our
previous studies (Akpinar et al., 2018): (a) only a uniaxial Np phase; (b) Np, Ns
and Nc phases depending on temperature; (c) only uniaxial Nc phase.

Temperature control is very important in the laser conoscopy system. For
this purpose, a temperature controller (Lakeshore 335) and Pt102 sensor with
0.001°C sensitivity was used. To distribute the temperature homogeneously, a
circulating water bath (Polyscience AD0O7R) with an accuracy of 0.01°C was
used. The strength of the magnetic field in the system was checked with a

Gaussmeter (Lakeshore, Model 455) during the measurements.

In general, a crystalline-like phase was observed at temperatures lower
than 12°C, and isotropic (I) or two-phase regions (2P: isotropic + nematic) were
observed at temperatures above 30°C, similar to dodecyltrimethylammonium
bromide (DTMABr) surfactant system (74). Because such phases are not
subjected to this thesis, they were not investigated in detail. Thus, the optimum
working temperature range for laser conoscopy and polarized optical microscopy
investigations of the nematic phases was determined as 12-30°C. The
birefringence values (6n and An) as a function of temperature for the mixtures,
which exhibited nematic phases (Tables 3.1 and 3.2), are given in Tables 3.3-3.20.
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Table 3.3 Birefringence values of the sO mixture (Table 3.1) depending on
temperature.

T/°C on/103°  An/103 T/°C on/10°  An/103
29.25 1.82 0 20.30 1.37 0.94
28.25 1.92 0.00 20.10 1.06 1.17
27.50 1.99 0.00 19.90 0.87 1.40
27.00 2.02 0.00 19.70 0.72 1.62
26.50 2.05 0.00 19.50 0.57 1.87
26.00 2.09 0.00 19.30 0.43 2.11
25.50 2.12 0.00 19.10 0.17 2.31
25.00 2.15 0.00 19.00 0.00 2.46
24.50 2.17 0.00 18.90 0.00 2.58
24.00 2.20 0.00 18.70 0.00 2.66
23.50 2.25 0.00 18.40 0.00 2.70
23.00 2.28 0.00 18.00 0.00 2.77
22.50 2.32 0.00 17.50 0.00 2.81
22.00 2.33 0.00 17.00 0.00 2.86
21.50 2.35 0.00 16.50 0.00 2.92
21.30 2.36 0.00 16.00 0.00 2.98
21.10 2.36 0.01 15.50 0.00 3.03
21.00 2.23 0.07 14.75 0.00 3.06
20.90 2.08 0.17 14.00 0.00 3.11
20.70 1.95 0.38 13.00 0.00 3.17
20.50 1.62 0.70
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Table 3.4 Birefringence values of the s1 mixture (Table 3.1) depending on
temperature.

T/°C An/10°3 T/°C An/1073 T/°C An/10°3
22.00 0.00 19.00 0.53 16.90 224
21.50 0.00 18.80 0.63 16.80 2.26
21.00 0.00 18.60 0.71 16.60 231
20.50 0.00 18.40 0.81 16.30 2.35
20.10 0.00 18.20 0.92 16.00 240
19.90 0.00 18.00 1.04 1550 245
19.80 0.00 17.80 1.19 15.00 2.50
19.70 0.08 17.60 1.36 1450  2.55
19.60 0.18 17.40 1.59 14.00 2.62
19.40 0.32 17.20 1.78

19.20 0.44 17.00 1.99

Table 3.5 Birefringence values of the s2 mixture (Table 3.1) depending on
temperature.

T/°C An/10°3 T/°C An/1073 T/°C An/1073
22.00 0.00 16.80 0.19 13.90 1.37
21.00 0.00 16.60 0.38 13.60 1.60
20.00 0.00 16.30 0.51 13.50 1.79
19.00 0.00 16.00 0.64 13.40 1.98
18.50 0.00 15.70 0.72 1330 1.98
18.00 0.00 15.40 0.80 1310 2.01
17.50 0.00 15.10 0.85 1270  2.06
17.20 0.00 14.80 0.94 1240 210
17.00 0.00 14.50 1.04 1200 2.16
16.90 0.06 14.20 1.19
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Table 3.6 Birefringence values of the s3 mixture (Table 3.1) depending on
temperature.

T/°C on/10°3 An/1073 T/°C én/10°  An/103
30.00 2.44 0.00 15.50 3.19 0.00
28.25 2.61 0.00 15.20 3.20 0.00
26.50 2.69 0.00 15.00 3.20 0.00
25.00 2.76 0.00 14.90 3.19 0.02
23.50 2.84 0.00 14.80 3.00 0.14
22.25 2.90 0.00 14.60 2.90 0.26
21.00 2.97 0.00 14.40 2.71 0.40
20.00 3.01 0.00 14.10 2.43 0.63
19.00 3.06 0.00 13.80 2.21 0.93
18.25 3.08 0.00 13.40 2.03 1.33
17.50 3.11 0.00 13.00 1.93 1.56
17.00 3.13 0.00 12.70 1.78 1.82
16.50 3.16 0.00 12.40 1.60 2.01
16.00 3.17 0.00 12.10 1.45 2.19
15.70 3.18 0.00
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Table 3.7 Birefringence values of the s4 mixture (Table 3.1) depending on
temperature.

T/°C on/103 An/1073 T/°C on/10°  An/103
30.00 2.58 0.00 15.50 3.33 0.00
28.00 2.81 0.00 15.00 3.35 0.00
26.50 2.90 0.00 14.50 3.37 0.00
25.00 2.97 0.00 14.00 3.39 0.00
23.75 3.01 0.00 13.70 3.42 0.00
22.50 3.06 0.00 13.50 3.43 0.00
21.50 3.08 0.00 13.40 3.39 0.04
20.50 3.12 0.00 13.30 3.12 0.18
19.50 3.16 0.00 13.20 2.86 0.48
18.50 3.19 0.00 13.00 2.61 0.77
17.75 3.21 0.00 12.80 2.44 1.22
17.00 3.25 0.00 12.60 2.25 1.50
16.50 3.28 0.00 12.40 2.02 1.78
16.00 3.30 0.00

Table 3.8 Birefringence values of the s5 mixture (Table 3.1) depending on
temperature.

T/°C on/10°3 An/1073 T/°C én/10°  An/103
33.00 2.00 0.00 21.00 3.42 0.00
31.50 2.68 0.00 19.50 3.49 0.00
30.00 2.96 0.00 18.00 3.52 0.00
28.50 3.11 0.00 16.50 3.54 0.00
27.00 3.21 0.00 15.00 3.55 0.00
25.50 3.27 0.00 13.50 3.58 0.00
24.00 3.35 0.00 12.00 3.62 0.00
22.50 3.40 0.00
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Table 3.9 Birefringence values of the s6 mixture (Table 3.1) depending on
temperature.

T/°C on/1073 An/10°3 T/°C én/10°  An/103
29.00 3.10 0.00 20.00 3.60 0.00
27.50 3.24 0.00 18.50 3.65 0.00
26.00 3.32 0.00 17.00 3.73 0.00
24.50 3.39 0.00 15.50 3.79 0.00
23.00 3.47 0.00 14.00 3.86 0.00
21.50 3.53 0.00 12.50 3.96 0.00

Table 3.10 Birefringence values of the s7 mixture (Table 3.1) depending on
temperature.

T/°C on/103 An/1073 T/°C on/10°  An/103
29.00 3.15 0.00 20.00 3.94 0.00
27.50 3.38 0.00 18.50 4.03 0.00
26.00 3.53 0.00 17.00 4.10 0.00
24.50 3.64 0.00 15.50 4.17 0.00
23.00 3.76 0.00 14.00 4.25 0.00
21.50 3.85 0.00 12.50 4.33 0.00
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Table 3.11 Birefringence values of the s8 mixture (Table 3.1) depending on
temperature.

T/°C on/10°3 An/1073 T/°C én/10°  An/103
30.00 3.03 0.00 19.50 3.50 0.00
28.50 3.13 0.00 18.00 3.55 0.00
27.00 3.17 0.00 16.50 3.60 0.00
25.50 3.24 0.00 15.00 3.67 0.00
24.00 3.33 0.00 13.50 3.75 0.00
22.50 3.39 0.00 12.00 3.81 0.00
21.00 3.43 0.00
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Table 3.12 Birefringence values of the s17 mixture (Table 3.2) depending on
temperature.

T/°C on/10°3 An/103 T/°C on/103 An/103
29.75 1.44 0.00 21.20 0.72 1.36
28.50 1.58 0.00 21.10 0.58 1.55
27.50 1.67 0.00 21.00 0.29 1.79
26.50 1.76 0.00 20.90 0.15 2.00
25.50 1.84 0.00 20.80 0.08 2.08
25.00 1.87 0.00 20.60 0.00 2.12
24.50 1.91 0.00 20.30 0.00 2.17
24.00 1.93 0.00 20.00 0.00 2.24
23.50 1.94 0.00 19.50 0.00 2.34
23.00 1.96 0.00 19.00 0.00 2.44
22.50 1.98 0.00 18.50 0.00 2.57
22.20 1.98 0.00 18.00 0.00 2.67
22.00 1.99 0.01 17.50 0.00 2.76
21.90 1.988 0.06 17.00 0.00 2.86
21.80 1.93 0.19 16.00 0.00 3.02
21.70 1.74 0.41 15.00 0.00 3.20
21.60 1.57 0.58 14.00 0.00 3.36
21.50 1.35 0.77 13.00 0.00 3.58
21.40 1.09 1.00 12.00 0.00 3.71
21.30 0.88 1.20
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Table 3.13 Birefringence values of the s18 mixture (Table 3.2) depending on
temperature.

T/°C on/10°3 An/1073 T/°C on/10°3 An/1073
30.00 1.01 0.00 21.80 0.66 1.13
29.00 1.14 0.00 21.70 0.48 1.34
28.00 1.28 0.00 21.60 0.25 151
27.25 1.36 0.00 21.50 0.14 1.70
26.50 1.45 0.00 21.40 0.04 1.85
26.00 1.51 0.00 21.30 0.00 1.97
25.50 1.55 0.00 21.10 0.00 2.17
25.00 1.59 0.00 20.80 0.00 2.48
24.50 1.63 0.00 20.40 0.00 2.66
24.00 1.66 0.00 20.00 0.00 2.86
23.50 1.70 0.00 19.50 0.00 3.00
23.00 1.73 0.00 19.00 0.00 3.16
22.70 1.75 0.00 18.50 0.00 3.29
22.50 1.75 0.00 18.00 0.00 3.41
22.40 1.70 0.04 17.50 0.00 3.54
22.30 1.56 0.12 17.00 0.00 3.67
22.25 1.39 0.30 16.25 0.00 3.84
22.20 1.25 0.48 15.50 0.00 4.01
22.10 1.11 0.64 14.50 0.00 412
22.00 0.98 0.82 13.25 0.00 4.32
21.90 0.78 1.00
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Table 3.14 Birefringence values of the s19 mixture (Table 3.2) depending on
temperature.

T/°C on/10°3 An/1073 T/°C on/103 An/1073
29.00 0.81 0.00 22.65 0.50 1.15
28.25 0.97 0.00 22.60 0.37 1.32
27.50 1.12 0.00 22.55 0.25 1.42
27.00 1.20 0.00 22.50 0.22 1.49
26.50 1.27 0.00 22.45 0.00 1.68
26.00 1.32 0.00 22.30 0.00 1.87
25.50 1.37 0.00 22.10 0.00 2.04
25.00 1.41 0.00 21.80 0.00 2.30
24.50 1.44 0.00 21.50 0.00 2.49
24.00 1.47 0.00 21.00 0.00 2.59
23.60 1.49 0.00 20.50 0.00 2.78
23.30 1.50 0.00 20.00 0.00 2.93
23.10 1.50 0.01 19.25 0.00 3.13
23.00 1.34 0.06 18.50 0.00 3.30
22.95 1.21 0.27 17.50 0.00 3.45
22.90 1.09 0.47 16.50 0.00 3.72
22.85 0.93 0.69 15.50 0.00 3.98
22.80 0.82 0.82 14.50 0.00 4.25
22.75 0.65 0.97 13.00 0.00 4.42
22.70 0.56 1.06
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Table 3.15 Birefringence values of the s20 mixture (Table 3.2) depending on
temperature.

T/°C on/103 An/1073 T/°C on/103 An/1073
27.00 0.78 0.00 23.20 0.00 1.28
26.50 0.91 0.00 23.10 0.00 1.38
26.00 1.02 0.00 22.90 0.00 1.50
25.50 1.08 0.00 22.50 0.00 1.67
25.00 1.15 0.00 22.00 0.00 1.83
24.50 1.20 0.00 21.50 0.00 2.02
24.10 1.23 0.00 21.00 0.00 2.19
23.80 1.25 0.00 20.50 0.00 2.34
23.70 1.24 0.00 19.75 0.00 2.58
23.60 1.19 0.07 19.00 0.00 2.77
23.55 1.12 0.14 18.00 0.00 2.99
23.50 1.01 0.33 17.00 0.00 3.22
23.45 0.79 0.49 16.00 0.00 3.40
23.40 0.62 0.72 14.75 0.00 3.63
23.35 0.53 0.88 13.50 0.00 3.85
23.30 0.35 0.99 12.00 0.00 4.01
23.25 0.12 1.13
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Table 3.16 Birefringence values of the s21 mixture (Table 3.2) depending on
temperature.

T/°C on/10°3 An/10°3 T/°C on/10°3 An/10°3
25.50 0.74 0.00 23.50 0.00 1.44
25.00 0.83 0.00 23.00 0.00 1.53
24.60 0.88 0.00 22.50 0.00 1.68
24.40 0.91 0.00 22.00 0.00 1.80
24.30 0.92 0.00 21.00 0.00 1.97
24.20 0.92 0.01 20.00 0.00 2.15
24.10 0.90 0.06 18.75 0.00 2.42
24.05 0.78 0.54 17.50 0.00 2.72
24.00 0.03 1.15 16.00 0.00 3.09
23.95 0.00 1.19 14.50 0.00 3.35
23.80 0.00 1.28 13.00 0.00 3.61

Table 3.17 Birefringence values of the s22 mixture (Table 3.2) depending on
temperature.

T/°C on/10°3 An/10°3 T/°C on/10°3 An/10°3
23.00 0.00 1.39 17.00 0.00 3.19
22.00 0.00 1.86 16.00 0.00 3.44
21.00 0.00 2.17 15.00 0.00 3.63
20.00 0.00 2.51 14.00 0.00 3.76
19.00 0.00 2.77 13.00 0.00 3.90
18.00 0.00 3.00
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Table 3.18 Birefringence values of the s23 mixture (Table 3.2) depending on

temperature.
T/°C on/10°3 An/1073 T/°C on/10°3 An/1073
23.00 0.00 1.44 17.00 0.00 3.20
22.00 0.00 1.80 16.00 0.00 3.37
21.00 0.00 2.21 15.00 0.00 3.52
20.00 0.00 251 14.00 0.00 3.74
19.00 0.00 2.79 13.00 0.00 3.89
18.00 0.00 2.99 12.00 0.00 3.98

Table 3.19 Birefringence values of the s24 mixture (Table 3.2) depending on

temperature.
T/°C on/103 An/1073 T/°C on/10°3 An/1073
21.00 0.00 1.39 16.00 0.00 3.09
20.00 0.00 1.90 15.00 0.00 3.27
19.00 0.00 2.32 14.00 0.00 3.40
18.00 0.00 2.64 13.00 0.00 3.60
17.00 0.00 2.87 12.00 0.00 3.67

Table 3.20 Birefringence values of the s25 mixture (Table 3.2) depending on

temperatu re.

T/°C on/103 An/103 T/°C on/103 An/1073
22.00 0.00 1.49 16.00 0.00 3.19
21.00 0.00 1.97 15.00 0.00 3.34
20.00 0.00 2.32 14.00 0.00 3.48
19.00 0.00 2.63 13.00 0.00 3.65
18.00 0.00 2.83 12.00 0.00 3.74
17.00 0.00 3.01
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3.3.4 Small-Angle X-Ray Scattering Measurements

The SAXS measurements were performed in a Xeuss 2.0 laboratory-based
system (Xenocs, France), composed of mainly a Cu anode microfocus' X-ray
source, followed by a FOX3P X-ray mirror for monochromatization and
collimation of the X-ray beam, and a pair of Xenocs scatterless slits for futher
collimation. The monochromatic and collimated incident X-ray beam has a
wavelength of 1.5419 A and a square cross-section of 0.7 mm side in the sample
position. The measurements were performed in transmission geometry. The two-
dimensional X-ray scattering patterns were measured in a Pilatus 300K detector

(Dectris, Switzerland). The sample-to-detector distance was chosen as 937 mm.

The samples were transferred into cylindrical Mark-tube capillaries of 1.5
mm diameter (Hilgenberg, Germany), and they were closed with UV-sensitive
photopolymer to prevent sample evaporation. For the measurements, a capillary
was placed in a temperature-controlled sample holder with precision of + 0.2 °C.
A sufficient homogeneous static magnetic field was generated by attaching
rectangular bars of permanent NdFeB magnets (~1 kG) to the sidewalls of the

sample holder.

From the 2D anisotropic scattering patterns, frame integrations were
performed along the directions parallel and perpendicular to the magnetic field
direction. The frame integrations of 2D SAXS were madeobtained in circular
sectors of 20° around the vertical (VRT) and horizontal (HRZ) directions of the
images, Figure 3.10. These operations resulted in curves of X-ray scattering
intensity as a function of the momentum transfer modulus, g=4m/A sin(0)q = (4n/L)

sinf, where 20 is the scattering angle.
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Figure 3.10 Frame integrations of a 2D anisotropic SAXS patterns in circular
sectors of 20° around the vertical (VRT) and horizontal (HRZ) directions of the
images.
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4. RESULTS AND DISCUSSION

The interactions between ionic species (head groups of surfactants,
counterions, electrolyte ions, etc.) play a crucial role in micellar solutions. It is
well known from the literature that those interactions modify the packing of the
surfactant molecules in the micelles, leading to changes in the micelle surface
curvature and the micellar shape anisotropy. Experimental results showed that the
modifications in terms of the ionic interactions at micelle surfaces may control the
stabilization of different lyotropic nematic phases and the temperature range of the
Ng phase in the partial phase diagrams. Furthermore, highly ordered lyotropic
structures such as lamellar and hexagonal ones are also obtained depending on the
strength of those interactions. In a recent study, we showed that the degrees of
kosmotropic and chaotropic properties of the surfactant head groups and the
counterions or ions of the electrolytes present in the lyotropic mixtures have to be
considered to obtain uniaxial and biaxial nematic phases. In addition, the relation
between the average area per surfactant head group and the formation of possible
types of lyotropic structures was reported in a few studies in the literature.
However, when those studies were performed, the existence of the biaxial nematic
phases was not found experimentally. Another deficiency in these studies is that
the results obtained from different lyotropic systems were compared. In the
present study, we aim to investigate the relation between the formation of the
different lyotropic structures (lamellar, hexagonal, and nematic) in the same
system, which gives a biaxial nematic phase, and the experimental data obtained

are presented in the following part of the thesis.

4.1 Determination of Textures of Lyotropic Mixtures: Polarized
Optical Microscopy

Depending on the mixture compositions (Table 3.1 and Table 3.2),
different lyotropic phases (lamellar, hexagonal, and nematic) were obtained from
single and binary surfactant systems. The textures of those phases were analyzed
under the polarized optical microscope. Nematic phases are characterized by their
characteristic “schlieren” textures. Lamellar and hexagonal phase textures are

generally characterized as "oily streak” and "fan-shaped", respectively. Figure 4.1
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shows the phase textures characterized under POM for mixtures s0, s16 and s32
which give three types of nematic phases depending on temperature, only lamellar
phase, and only hexagonal phase, respectively. Similar phase textures were
observed for the phases of other samples. The observed lyotropic phase types for
DDMEABr/DDMABr and DDMEABI/DTEABr single and binary surfactant
mixtures are given in Tables 4.1 and 4.2. The nematic-nematic phase transitions
were obtained from laser conoscopy measurements. The lyotropic phase types

were also confirmed by Small-Angle X-ray Scattering results (see part 4.3).

(a) (b)

Figure 4.1. Lyotropic liquid crystal phase textures observed under a polarized
optical microscope: (a) Np at 22.0°C, (b) Ng at 20.0°C, and (c) Nc at 18.0°C for
sO mixture containing only DDMEABT; (d) L, phase at 25.0°C for s16 mixture
containing only DDMABF; (e) H phase at 25.0°C for s32 mixture containing only
DTEABT. Objective: 10x. Sample thickness: 0.400 mm.



Table 4.1. Lyotropic phase types, nematic-nematic phase transition temperatures
and the range of the biaxial nematic phase region - ATy, for DDMEABI/SSY/
DDeOH/water single surfactant mixture and DDMEABr/DDMABr/Sunset
Yellow/DDeOH/water binary surfactant mixtures. Nematic-nematic phase
transition temperatures and ATy, were determined from laser conoscopy. The
lyotropic phase types were characterized by polarized optical microscopy and
confirmed by the SAXS investigations. L,: lamellar phase.

e R e W
sO Np ﬂs Ng ﬂs N 2.0
sl Np im) Np igcc) N 2.6
s2 Np ﬂ: Np 150(): N¢ 3.2
s3 Np == Ng o
s4 Np =, Ng
$5 Np
S6 Np
s7 Np
s8 Np
s9 Np
s10 L, ---
s11 L, ---
512 L, ---
s13 L, ---
s14 L, ---
s15 L, ---
s16 L.
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Table 4.2. Lyotropic phase types, nematic-nematic phase transition temperatures
and the range of the biaxial nematic phase region - ATy, for DDMEABI/SSY/
DDeOH/water single surfactant mixture and DDMEABr/DDMABTr/Sunset
Yellow/DDeOH/water binary surfactant mixtures. H: hexagonal phase.

sample | YT Pl e e e ] o,
s0 Np 21'_()OENB ﬂch 2.0
517 Ny 285 Ny 255w, 1.4
518 Ny 225, 25N, 0.9
519 Ny 285 Ny 255w, 0.6
520 Ny 255y BZSN, 0.4
s21 Ny 225, 25N, 0.1
§22 N¢
s23 N¢
s24 N
$25 N¢
526 H
s27 H
528 H
s29 H
s30 H
s31 H
s32 H
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4.2 Determination of Nematic-Nematic Phase Transitions and
Birefringences with Laser Conoscopy Measurements

As we mentioned before, lyotropic nematic phases are defined by three
refractive indices and two birefringences: An = n2 — n; and n = n3 — nz. In the
case of the lyotropic discotic nematic phase (Np), n3 > nz = ny, which results in An
=0 and on > 0. In the case of the lyotropic calamitic nematic phase (Nc), n3 =ny >
n1, hence An > 0 and on = 0. In lyotropic biaxial nematic phases (Ng), N1 # n2 # na.
If n3 — n2 >n2-ng (N3 — n2 < nz2 — ny), the Ng phase is defined with positive
(negative) birefringence. An important property is observed in the birefringence-
temperature phase diagrams obtained from laser conoscopy: the existence of a
crossover point at which both birefringences are equal (An = dn). After reaching
this point, the macroscopic birefringence value of the biaxial nematic phase
changes sign (from negative to positive or from positive to negative). We
observed this situation in the laser conoscopy results of the DDMABr/DDMEABTr
and DDMEABI/DTEABr binary surfactant systems, Figure 4.3-4.4. In other
words, in all birefringence-temperature phase diagrams, An = 0 and én > 0 for Np
phases, and An > 0 and dn = 0 for Nc phases; it can be seen from the laser
conoscopy results that when entering the biaxial nematic phase from the Np phase
by changing the temperature, on > An up to the crossover point and én < An from
the crossover point to the Nc phase, which is in a good agreement with the
literature (73,75).

Considering the birefringence values given in Tables 3.3-3.20, the
birefringences-temperature partial phase diagrams for the nematic phases of
DDMABI/DDMEABr and DDMEABI/DTEABr binary surfactant systems are
graphically shown in Figures 4.3 and 4.4. The birefringences for mixtures of sl
and s2 could not be determined in a part of the biaxial nematic phase region after
the crossover point. It was identified as "anomalous behavior" in the literature
(74), and it is due to the decrease in micellar shape anisotropy, which results in
the loss of the orientation of the nematic phase director in the magnetic field. So,
although Np-Ng transitions could be determined accurately from the laser
conoscopy, Ne-Nc transitions could not. For samples s1 and s2, nematic-nematic
phase transition temperatures were determined by using the Senarmont

compensator under POM (Figure 4.2). With this technique, only An values can be
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determined due to the configuration of the microscope. However, these values are

sufficient to determine the nematic-nematic phase transition temperatures.

sl s2
%o o

An (x 1073
[ ]
An(x 1073

[ERN
(J
(]

16 18 20 22 12 14 16 18 20 22
T/°C T/°C

Figure 4.2. Temperature dependence of the birefringence An for the nematic
phases of s1 and s2 mixtures (Table 3.1) obtained from POM measurements by

using the Senarmont compensator.
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Figure 4.3. The birefringences-temperature partial phase diagrams determined
from laser conoscopy for the nematic phases of DDMEABr/DDMABTr mixtures
(Table 3.1). An (e); on (o).
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Figure 4.4a. The birefringences-temperature partial phase diagrams determined
from laser conoscopy for the nematic phases of DDMEABIr/DTEABr mixtures
(Table 3.2). An (®); dn (o). I: Isotropic phase.
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Figure 4.4b. The birefringences-temperature partial phase diagrams determined
from laser conoscopy for the nematic phases of DDMEABIr/DTEABr mixtures
(Table 3.2). An (®) and dn (o). I: Isotropic phase.

4.3 Temperature-Concentration Phase Diagrams

Temperature-concentration partial

phase diagrams for

DDMEABt/

DDMABr and DDMEABI/DTEABT systems were constructed in the temperature

range of 12-30°C by combining the POM investigations with the laser conoscopy

results. Their phase diagrams are given in Figure 4.5 and Figure 4.6, respectively.
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30.0
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T/°C

20.0

15.0

XDDMEABr

Figure 4.5 Partial phase diagram of the DDMEABI/DDMABTr system. Xppwmeasr
is the percent mole fraction of DDMEABr at constant total surfactant
concentration (Xppmeasr + Xppmagr) in the mixtures. ® Np-Ng phase transition
temperatures; © Ng-Nc phase transition temperatures.

30.0

25.0

T/°C
20.0

15.0

XDTEABr

Figure 4.6 Partial phase diagram of the DDMEABI/DTEABT system. Xpteasr IS
the percent mole fraction of DTEABr at constant total surfactant concentration
(Xppmeasr + XpTeasr) in the mixtures. ® Np-Np phase transition temperatures; o
Ng-Nc phase transition temperatures.

For dodecylalkylammonium bromides, as the number of the —CH> group

increases the head group size enlarges (76). The increase in the order of the head
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group size or the area per surfactant head group on the micelle surfaces is
DTEABr > DDMEABr > DDMABTr. So, as it is expected, the average area per
surfactant head group (ao) on the micelle surfaces should increase (decrease) with
the replacement of some part of DDMEABr with DTEABr (DDMABY) in the
DDMEABI/DTEABr (DDMEABr/DDMABr) binary surfactant systems.
Experimental results indicated that there is a relation between the formation of
different nematic phases and the ao. Furthermore, while the largest (lowest) ao
value is obtained for the Nc (Np) phase, the surfactant head groups have moderate
level ao values in the Ng phase. This can be seen from the partial phase diagrams:
at a constant total surfactant concentration, the Nc phase region expands with
increasing surfactant head group size in the DDMEABIr/DTEABTr system, while
the Np phase region expands with decreasing surfactant head group size in the
DDMEABIr/DDMABFr system. By combining the partial phase diagrams given in
Figure 4.5 and Figure 4.6, the effect of head group size dependence of nematic
phase formations in our binary surfactant systems can be more understandable,
except that in this case the phase transition temperatures are plotted against the
average number of —CH> groups per surfactant head group (navg) (Figure 4.7) (20).
In this way, the effect of head group size on the biaxial nematic phase region can
be seen in more detail. The nayg values are calculated from the following equation
(Equation 4.1):

XDDMEABT XpDMABr XDTEABr
= +———Npreasr (4-1)

Navg = NppMEABr NppmABrY

Xtotal Xtotal Xtotal

Xoowmeasr, Xopomasr and Xpreasr are the mole fractions of all three
surfactants in the mixtures; npomeasr, Nbomasr and Npteasr are the number of —
CHa groups in the head groups of the surfactants (2, 4 and 6 for DDMAB!,
DDMEABr and DTEABT, respectively); Xwom is the total mole fraction of
surfactants in the mixtures. The nayg values are given in Table 4.3. Furthermore,
the change of ATy, with nayg is shown in Figure 4.8. The partial phase diagram was
constructed according to the dependence of the uniaxial-biaxial nematic phase
transitions on nayg, oObtained from polarized optical microscopy and laser
conoscopy measurements of the mixtures (Figure 4.7). A similar partial phase
diagram was reported for dodecyldimethylammonium
bromide/dodecyltrimethylammonium bromide (DTMABI) and
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DDMEABIr/DTMABT binary surfactant systems, remaining in the nematic phases
but not investigating lamellar and hexagonal phases (64).

Table 4.3 Surfactant percent mole fractions (Xppmeas/oomasr/oteasr) for
mixtures which give three types of nematic phases depending on temperature
from DDMEABr/DDMABT/Sunset Yellow/DDeOH/water and
DDMEABIr/DTEABr/ Sunset Yellow/DDeOH/water binary surfactant systems.
ATy is temperature range of the biaxial nematic phase region; average number of
—CHa groups per surfactant on micellar surfaces (navg); discotic nematic-biaxial
nematic (Np-Ng) and biaxial nematic-calamitic nematic (Ns-Nc) phase transition

temperatures.

Mixture | Xoomeasr | Xoomasr | XpTeasr | Navg | Np-Ne/°C |Ne-N¢/°C | ATy, /°C
s4 4.801 0417 | ----- 3.84 131 | - | -
s3 4.905 0313 | ---- 3.88 148 | - | -
s2 5.010 0209 | ---- 3.92 16.7 13.5 3.2
sl 5.114 0.104 | ---- 3.96 194 16.8 2.6
sO 5.218 0.000 | ----- 4.00 21.0 19.0 2.0
s17 5114 | ----- 0.104 | 4.04 22.0 20.6 14
s18 5010 | ---—-- 0.209 | 4.08 22.3 21.4 0.9
s19 4905 | ----- 0.313 | 4.12 23.0 22.4 0.6
s20 4801 | ---—-- 0.417 | 4.16 23.6 23.2 0.4
s21 4697 | ----- 0.522 | 4.20 24.1 24.0 0.1
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Figure 4.7 Partial phase diagram considering the nayg values for mixtures of
DDMEABIr/DDMABT/Sunset Yellow/DDeOH/water and DDMEABr/DTEABT/
Sunset Yellow/DDeOH/water binary surfactant systems. This phase diagram was
obtained by combining the partial phase diagrams shown in the Figures 4.5 and
4.6.
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Figure 4.8 Variation of temperature range of the biaxial nematic phase region
ATy, with the average number of surfactant head groups navg in the partial phase

diagrams for the mixtures given in Table 4.3.
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According to the IBM model of the lyotropic nematic phases (31) the
driving force for the formation of different nematic phases is the orientational
fluctuations of the orthorhombic or plank-like micelles (see the Introduction part
of the thesis). As the amount of DDMABT is increased in the binary surfactant
system, (from sl to s4), the nayg values decrease and the Np-Ng and Ng-Nc phase
transition temperatures shift to lower values. In addition, the temperature ranges
of the Np and Ng phase regions increase in the partial phase diagrams. The
opposite situation was observed for DDMEABIr/DTEABr system with the
increase in the average surfactant head group size (from mixture s17 to s21): by
increasing the amount of DTEABT in the mixtures, (a) Np-Ng and Ng-Nc phase
transition temperature shifts to higher values and (b) the Nc phase region
increases by expensing the Np/Ng phase regions in the partial phase diagrams.
These results indicate that the decrease (increase) in the average area per
surfactant head group on the micelle surfaces favors the orientational fluctuations
around the symmetry axis perpendicular (parallel) to the largest micelle surfaces
(the longest micelle dimension) to form the Np (Nc) phase with the small
amplitude orientational fluctuations around three symmetry axes in the Ng phase.
Further increase in the amount of DDMABr (DTEABr) favors the formation of
first only the Np (Nc) phase and then the lamellar (hexagonal) phase, which was
confirmed by the POM (Part 4.1) and SAXS (Part 4.3) results.

In the literature, there are some studies to show the relationship between
the formation of the lyotropic structures and surfactant head group size (65,66).

However, in those studies, the existence of the Ng phase was ignored. As it is

expected, micellar surface curvature should increase in the order L,—~Np—Ng—

Nc—H—1. This is due to the increase in repulsive forces between the surfactant

head groups on the micelle surfaces which leads to the increase in the average
area per the surfactant head group. There are two main important factors in
obtaining different lyotropic structures: (a) the temperature and (b) the relative
concentrations of the components in the mixture. In this study, the concentrations
(in mole fractions) of the constituents in the mixtures were kept constant. As can
be seen from Figure 4.8 and the birefringences-temperature partial phase

diagrams, when the temperature was increased, the phase transitions occurred in
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the order of Nc — Ng — Np. This means that as the temperature increases, the

micelle surface curvature becomes more planar due to the screening of the
electrical charges/repulsions between the surfactant head groups on the micellar
surfaces. Such screening can only be explained by the binding of more ionic
species (surfactant counterions and/or electrolyte ions present in the mixture) to
the micelle surfaces. However, according to the experimental results given in the
literature for dodecyltrimethylammonium bromide (DTMABTr)/water isotropic
micelle solutions, which is similar surfactant to the molecules in this thesis, the
degree of binding of Br ions, the counter ion of DTMABT, to the micelle surfaces
decreases with increasing temperature (77,78). Since lyotropic systems have the
same structural units as isotropic micellar solutions, it is known from studies in
the literature that the scientific knowledge obtained from isotropic micellar
solutions can be applied to lyotropic systems (29,79-82). Therefore, our results
can be explained as follows. Since fewer Br ions are bound to the micelle surface
when the temperature is increased, dye molecule-surfactant interactions should be
stronger than Br ions due to the Np phase formation. This may be attributed to
more chaotropic properties of the anionic parts of the Sunset Yellow molecule
than the Br ion (63). The interactions between these parts and the head groups of
dodecylalkylammonium bromide surfactant molecules are stronger than the
interactions between Br ions and surfactant head groups. Considering the IBM
model, the binding of the Sunset Yellow molecule to the micelle surfaces with the
increase in temperature causes the micelle growth in the A’ x B’ plane. Therefore,
orientational fluctuations around the symmetry axis perpendicular to this plane
became more dominant to stabilize the Np phase at relatively high temperatures.
At constant temperature and mixture composition, Nc (No/Ng) phase formation is
favored as the head group size of the selected dodecylalkylammonium bromides
(DDMABr, DDMEABr, and DTEABr) increases (decreases) due to the
weakening (strengthening) of the interactions between the surfactant head groups

on the micelle surfaces and the anionic groups of the Sunset Yellow molecule.

From polarized optical microscopy and laser conoscopy measurements, the
relationship between nematic phase types and nay values has been revealed in
detail, as mentioned above. Some additional mixtures were prepared to reveal the

relationship between the nayg values of the lamellar and hexagonal phase
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structures, which are the other two lyotropic liquid crystal structures within the
scope of this thesis (Table 4.4). Among the mixtures given in Table 3.1, the s9
mixture with the binary surfactant composition of Xppwmeasr:3.653 +
Xopmagr:1.566 (percent mole fraction) gives only the Np phase (Table 4.1). The
lamellar phase was obtained in the s10 mixture with the composition of
Xopmearr:3.131 + Xppmasr:2.087, which has a higher amount of DDMABY than
the s9 mixture. In other words, a nematic-lamellar transition is now observed in
the s10 mixture. Similarly, there was a transition from the Nc phase to the
hexagonal phase when the s26 mixture (Xppmeasr: 3.131 + Xpreasr: 2.087) was
prepared by increasing DTEABr in the s25 mixture (Xppwmeasr: 3.653 +
XpTeasr:1.566).

Table 4.4 Compositions of the mixtures in percent mole fraction (X) for the
determination of nematic-lamellar and nematic-hexagonal boundaries according to
the nay values for the binary surfactant systems DDMABr/DDMEABT/
SSY/DDeOH/water and DDMEABIr/DTEABI/SSY/DDeOH/water.

Mixture| Xoomaer| Xoomeaer | Xoteasr | Xssy | XopeoH | Xwater |Phase typel Nayg

$33 1.722 | 3.496 0.000 |0.131]2.131 |92.519 Lo 3.34

s34 1.670 | 3.548 0.000 |0.131 | 2.131 |92.519 Lo 3.36

s35 1.305 |3.914 0.000 ]0.131|2.131 |92519 | L.+Np | 3.50

s36 0.000 | 3.444 1.774 10.131 | 2.131 | 92,519 N¢ 4.68

s37 0.000 |3.392 1.826 |0.131 | 2.131 |92.519 N¢ 4.70

s38 0.000 |2.871 2.348 10.131 | 2.131 | 92519 H 4.90

Considering the laser conoscopy measurements of the mixtures given in
Table 4.1, Table 4.2, and Table 4.4 that give nematic phases (laser conoscopy

technique cannot be applied to hexagonal and lamellar phases) and the polarized
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optical microscopy measurements of the others, the dependence of the formation
of the lyotropic structures on the head group size (navg) of dodecylalkylammonium

bromides is, with the experimental error as follows:

Ly N Np+N; Np+Ng+N N H
Nayg: 200 345 —5382—25390—— 5420 —5475 6.00

Consequently, the relationship between the average area per head group and the
formation of different lyotropic structures (considering the formation of the Ng,
lamellar and hexagonal phases) in the same lyotropic system (binary
dodecylalkylammonium bromides) by controlling head group size has been
revealed for the first time within the scope of this thesis. In the following part,
some important information is given to support the laser conoscopy and POM

results, and their interpretations.
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4.4 Small-Angle X-ray Scattering Measurements

Small-angle X-ray scattering (SAXS) is a useful technique to estimate some
structural parameters of the different lyotropic phases. In the frame of this thesis,
this technique was used to measure and calculate structural parameters for the
nematic, hexagonal and lamellar lyotropic phases.

For the three nematic phases, it was supposed that the basic units are
anisometric micelles with orthorhombic or biaxial symmetry, as proposed by the
Intrinsic Biaxial Micelles (IBM) model (31). The biaxial micelles have
approximately the same average shape across the different nematic phases for the
same sample. Therefore, it was supposed an average shape of a rectangular
parallelepiped for the micelles in the three nematic phases. This is the simplest
three-dimensional shape with orthorhombic symmetry. Details of this
approximated model and how to use it to extract information from SAXS
measurements are presented in (63) and in its Supporting Information.

The SAXS aligned patterns of the nematic phases were used to measure the
average dimensions of the available volume per micelle (A, B, C) directly from
the peak positions of the nematic bands (31). The following structural parameters
were calculated from the model-based analysis of (63): average dimensions of the
micelles core (A, B, C), the average area per polar head (ao) and the shape
anisotropy (SA).

For the hexagonal and lamellar phases, simplified models presented in (83)
were used for the calculation of the parameters. Prior to the model analysis, the
phase identities were confirmed by the SAXS patterns, which are formed by a
series of diffraction rings for both phases. For the hexagonal phase, the g positions
of the consecutive rings are in ratios of 1:+/3:v4:4/7: ..., while for the lamellar
phases the ratios are 1:2:3:4:.... The peak positions of first two q values and
their ratios for the lamellar and hexagonal phases of some studied samples are
given in Table 4.5.
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Table 4.5 The q positions of the first two consecutive rings for some samples,
which give only lamellar and hexagonal phases in A with standard deviations
(STD). g2/q1 values are the ratios with their standard deviations.

15t Peak 2"d Peak
Sf‘nmp)'e Phase | T/°C q/qr | STD
ave qu/Al|STD/A1| q2A? | STD/A™
15.0 | 0.1268 | 0.0000 | 0.2532 | 0.0003 | 1.997 | 0.002
s16
(2.00) L. | 25.0 |0.1275| 0.0000 | 0.2547 | 0.0002 | 1.998 | 0.002
30.0 | 0.1282 | 0.0000 | 0.2563 | 0.0003 | 1.999 | 0.002
15.0 | 0.1406 | 0.0001 | 0.2810 | 0.0016 | 1.998 | 0.011
s12
(280) L. | 25.0 | 0.1409 | 0.0000 | 0.2820 | 0.0012 | 1.999 | 0.009
30.0 | 0.1413 | 0.0001 | 0.2820 | 0.0006 | 1.993 | 0.005
s34 25.0 | 0.1459 | 0.0000 | 0.2908 | 0.0014 | 1.993 | 0.010
Lo
(3.36) 30.0 | 0.1460 | 0.0001 | 0.2914 | 0.0015 | 1.996 | 0.011
15.0 | 0.1459 | 0.0004 | 0.2913 | 0.0003 | 1.996 | 0.006
s9
(3.40) L, | 25.0 | 0.1462 | 0.0001 | 0.2903 | 0.0006 | 1.986 | 0.004
30.0 | 0.1474 | 0.0001 | 0.2940 | 0.0004 | 1.994 | 0.003
s35 25.0 | 0.1468 | 0.0000 | 0.2914 | 0.0015 | 1.985 | 0,010
Lo
(3.50) 30.0 | 0.1476 | 0.0001 | 0.2949 | 0.0010 | 1.998 | 0.006
s26
H | 15.0 |0.1485| 0.0001 | 0.2574 | 0.0010 | 1.733 | 0.008
(4.80)
s38
H | 15.0 |0.1343 | 0.0001 | 0.2305 | 0.0015 | 1.716 | 0.011
(4.90)
s29
H | 15.0 |0.1355| 0.0000 | 0.2343 | 0.0008 | 1.729 | 0.006
(5.40)
s32 15.0 | 0.1390 | 0.0001 | 0.2409 | 0.0003 | 1.733 | 0.003
H
(6.00) 30.0 | 0.1446 | 0.0000 | 0.2501 | 0.0006 | 1.730 | 0.004
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The structural model for the hexagonal phase considers an ideal regular
hexagonal set of infinite cylinders formed by amphiphilic molecules such that the
amphiphiles’ alkyl chains form the internal parts of the cylinders, i.e., their
hydrophobic core. The hydrophilic ends of the amphiphiles are on the surface of
the cylinders, in contact with the water. The cylinders are surrounded by water
and other hydrophilic components. The dimension d of the hexagonal lattice is
determined by measuring the spacings of the diffraction lines. From the simple
geometrical model, the diameter d. of the cylinders and the average area available

per polar head ao, at the water-amphiphile interface, are given by,

T e 1 1/2
do = 4| ol “2
a, = —1era 02 (4.3)

daNg

where Ma is the molar mass of the amphiphilic molecule, Na is the Avogadro
number, c is the mass fraction of amphiphilic molecules in the mixture, and
v, and v, are the partial specific volumes of the hydrophilic and hydrophobic

regions, respectively.

The structural model for the lamellar phase considers an infinite stack of
parallel and equidistant plane sheets. The sheets are formed by a double layer of
amphiphilic molecules such that the alkyl chains form its internal parts and the
hydrophilic ends of the amphiphiles are on the surface in contact with the water
layers. The amphiphilic sheets are separated by layers of water and other
hydrophilic components.

From the measurements of the spacings of the diffraction lines, the periodic
distance d of the stack is obtained. From the model, it can be determined the
thickness of the amphiphilic layer da and of the water layer w, and the average

area available per polar head ao,

d

@~ vy, /vg-(A-0)/c] (4.4)
w=d-d, (4.5)
a, = 2Hava 124 (4.6)

daN4
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where the other parameters are the same of the ones described above.

Figures 4.9-4.59 show the 2D small-angle X-ray scattering (SAXS) patterns
and their frame integrations of the lamellar, nematic and hexagonal phases for

some samples in Tables 3.1, 3.2 and 4.4.

Figure 4.9 The 2D small-angle X-ray scattering (SAXS) patterns of the lamellar
(Lo) phase for sample s16 (navg: 2.00). The patterns (a), (b) and (c) were measured
at 15.0 °C, 25.0 °C and 30.0 °C, respectively, where the X-ray beam is along 2
and perpendicular to the magnetic field (B) direction (perpendicular, PP,
position). The patterns (d), (¢) and (f) were obtained at the same temperatures
while the X-ray beam is along 1 and therefore parallel to the B direction (parallel,
PR, position).
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Figure 4.10 Frame integration of the 2D SAXS patterns of the lamellar phase of
sample s16 at 15°C for the PP position.
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Figure 4.11 Frame integration of the 2D SAXS patterns of the lamellar phase of
sample s16 at 15°C for the PR position
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Figure 4.12 Frame integration of the 2D SAXS patterns of the lamellar phase of
sample s16 at 25°C for the PP and PR positions.
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Figure 4.13 Frame integration of the 2D SAXS patterns of the lamellar phase of
sample s16 at 30°C for the PP and PR positions.
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Figure 4.14 The 2D small-angle X-ray scattering (SAXS) patterns of the lamellar
(Lo) phase for sample s12 (navg: 2.80). The patterns (a), (b) and (c) were measured
at 15.0 °C, 25.0 °C and 30.0 °C, respectively, at the PP position. The patterns (d),
(e) and (f) were obtained at the same temperatures at the PR position.
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Figure 4.15 Frame integration of the 2D SAXS patterns of the lamellar phase of
sample s12 at 15°C for the PP and PR positions.
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Figure 4.16 Frame integration of the 2D SAXS patterns of the lamellar phase of
sample s12 at 25°C for the PP and PR positions.
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Figure 4.17 Frame integration of the 2D SAXS patterns of the lamellar phase of
sample s12 at 30°C for the PP and PR positions.
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Figure 4.18 The 2D small-angle X-ray scattering (SAXS) patterns of the lamellar
(L) phase for sample s34 (navg: 3.36). The patterns (a) and (b) were measured at
25.0 °C and 30.0 °C, respectively, at the PP position. The patterns (c) and (d) were
obtained at the same temperatures at the PR position.
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Figure 4.19 Frame integration of the 2D SAXS patterns of the lamellar phase of
sample s34 at 25°C for the PP and PR positions.
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Figure 4.20 Frame integration of the 2D SAXS patterns of the lamellar phase of
sample s34 at 30°C for the PP and PR positions.
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Figure 4.21 The 2D small-angle X-ray scattering (SAXS) patterns of the lamellar
(L) phase for sample s9 (navg: 3.40). The patterns (a), (b) and (c) were measured
at 15.0 °C, 25.0 °C, and 30.0 °C, respectively, at the PP position. The patterns (d),
(e) and (f) were obtained at the same temperatures at the PR position.
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Figure 4.22 Frame integration of the 2D SAXS patterns of the lamellar phase of
sample s9 at 15°C for the PP and PR positions.
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Figure 4.23 Frame integration of the 2D SAXS patterns of the lamellar phase of
sample s9 at 25°C for the PP and PR positions.
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Figure 4.24 Frame integration of the 2D SAXS patterns of the lamellar phase of
sample s9 at 30°C for the PP and PR positions.

71



(b) L +Np

Figure 4.25 The 2D small-angle X-ray scattering (SAXS) patterns of sample s35
(navg: 3.50) at two different temperatures. The patterns (a) and (b) were measured
at 25.0 °C and 30 °C, respectively, at the PP position. The patterns (c), and (d)
were obtained at the same temperatures at the PR position.
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Figure 4.26 Frame integration of the 2D SAXS patterns of the lamellar+Np
phases of sample s35 at 25°C for the PP and PR positions.
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Figure 4.27 Frame integration of the 2D SAXS patterns of the lamellar+Np
phases of sample s35 at 30°C for the PP and PR positions
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Figure 4.28 The 2D small-angle X-ray scattering (SAXS) patterns of the aligned
nematic Np phases at two different temperatures for sample s8 (navg: 3.60). The
patterns (a) and (b) were measured at 15.0 °C and 25 °C, respectively, at the PP
position. The patterns (c) and (d) were obtained at the same temperatures at the
PR position.
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Figure 4.29 Frame integration of the 2D SAXS patterns of the aligned Np phase
of sample s8 at 15.0°C for the PP position. For the PR position, a similar frame
integration was obtained.
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Figure 4.30 Frame integration of the 2D SAXS patterns of the aligned Np phase
of sample s8 at 25.0°C for the PP position. For the PR position, a similar frame
integration was obtained.
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Figure 4.31 The 2D small-angle X-ray scattering (SAXS) patterns of the aligned
nematic Np phases at two different temperatures for sample s17 (navg: 3.72). The
patterns (a) and (b) were measured at 15.0 °C and 25 °C, respectively, at the PP
position. The patterns (c) and (d) were obtained at the same temperatures at the
PR position.
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Figure 4.32 Frame integration of the 2D SAXS patterns of the aligned Np phase
of sample s17 at 15.0°C for the PP position. For the PR position, a similar frame
integration was obtained.
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Figure 4.33 Frame integration of the 2D SAXS patterns of the aligned Np phase
of sample s17 at 25.0°C for the PP position. For the PR position, a similar frame
integration was obtained.
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Figure 4.34 The 2D small-angle X-ray scattering (SAXS) patterns of the aligned
nematic Np phases at two different temperatures for sample s5 (navg: 3.80). The
patterns (a) and (b) were measured at 15.0 °C and 25 °C, respectively, at the PP
position. The patterns (c) and (d) were obtained at the same temperatures at the
PR position.
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Figure 4.35 Frame integration of the 2D SAXS patterns of the aligned Np phase
of sample s5 at 15.0°C for the PP and PR positions.
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Figure 4.36 Frame integration of the 2D SAXS patterns of the aligned Np phase
of sample s5 at 25.0°C for the PP and PR positions.
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Figure 4.37 The 2D small-angle X-ray scattering (SAXS) patterns of the aligned
nematic Ng, Ng and Np phases for sample s4 (navg: 3.84). The patterns (a), (b) and
(c) were measured at 13.7 °C, 14.4 °C, and 15.0 °C, respectively, at the PP
position. The patterns (d), (e) and (f) were obtained at the same temperatures at
the PR position.
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Figure 4.38 Frame integration of the 2D SAXS patterns of the aligned Ng, Ng and
Np phases of sample s4 at 13.7 °C, 14.4 °C, and 15.0 °C, respectively for the PP
position.
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Figure 4.39 The 2D small-angle X-ray scattering (SAXS) patterns of the aligned
nematic Nc, Ng and Np phases for sample sO (navg: 4.00). The patterns were
measured at 15.0 °C, 21.4 °C and 25.0 °C, respectively, at the PP position. The
patterns (d), (e) and (f) were obtained at the same temperatures at the PR position.
In the N phase region, two additional patterns were measured at 21.1°C and 21.9
°C, and similar patterns were obtained as given at 21.4 °C.
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Figure 4.40 Frame integration of the 2D SAXS patterns of the aligned Nc phase
at 15.0°C, and Ng phase at 21.1°C, 21.4°C and 21.9°C, and Np phase 25.0°C,
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Figure 4.41 Frame integration of the 2D SAXS patterns of the aligned Nc phase
at 15.0°C, Ng phase at 21.1°C, 21.4°C and 21.9°C, and Np phase 25.0°C,
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Figure 4.42 The 2D small-angle X-ray scattering (SAXS) patterns of the aligned
nematic Nc, N and Np phases for sample s20 (navg: 4.16). The patterns were
measured at 15.0 °C, 24.4 °C, and 25.0 °C, respectively, at the PP position. The
patterns (d), (e) and (f) were obtained at the same temperatures at the PR position.
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Figure 4.43 Frame integration of the 2D SAXS patterns of the aligned Nc phase
at 15.0°C, Ng phase at 24.4°C, and Np phase 25.0°C, respectively, of sample s20

for the PP position.

Figure 4.44 The 2D small-angle X-ray scattering (SAXS) patterns of the aligned
nematic N¢ phase at 15.0 °C for sample 522 (Navg: 4.24) at (a) the PP position and

(b) the PR position.
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Figure 4.45 Frame integration of the 2D SAXS patterns of the aligned Nc phase
of sample s22 at 15.0°C for the PP and PR positions.

Figure 4.46 The 2D small-angle X-ray scattering (SAXS) patterns of the aligned
nematic N¢ phase at 15.0 °C for sample $24 (navg: 4.40) at (a) the PP position and

(b) the PR position.
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Figure 4.47 Frame integration of the 2D SAXS patterns of the aligned Nc phase
of sample s24 at 15.0°C for the PP and PR positions.

Figure 4.48 The 2D small-angle X-ray scattering (SAXS) patterns of the aligned
nematic N¢ phase at 15.0 °C for sample $36 (navg: 4.68) at (a) the PP position and

(b) the PR position.
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Figure 4.49 Frame integration of the 2D SAXS patterns of the aligned Nc phase
of sample s36 at 15.0°C for the PP and PR positions.

Figure 4.50 The 2D small-angle X-ray scattering (SAXS) patterns of the aligned
nematic Nc phase at 15.0 °C for sample s37 (navg: 4.70) at (a) the PP position and

(b) the PR position.
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Figure 4.51 Frame integration of the 2D SAXS patterns of the aligned Nc phase
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Figure 4.52 The 2D small-angle X-ray scattering (SAXS) patterns of the H phase
at 15.0 °C for sample s26 (navg: 4.80) at (a) the PP position and (b) the PR

position.
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Figure 4.53 Frame integration of the 2D SAXS patterns of the aligned H phase
phase of sample s26 at 15.0°C for the PP and PR positions.

Figure 4.54 The 2D small-angle X-ray scattering (SAXS) patterns of the H phase
for sample at 15.0 °C s38 (navg: 4.90) at (a) the PP position and (b) the PR

position.
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Figure 4.55 Frame integration of the 2D SAXS patterns of the aligned H phase
phase of sample s38 at 15.0°C for the PP and PR positions.

Figure 4.56 The 2D small-angle X-ray scattering (SAXS) patterns of the H phase
at 15.0 °C for sample s29 (nayg: 5.40) at (a) the PP position and (b) the PR

position.
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Figure 4.57 Frame integration of the 2D SAXS patterns of the aligned H phase
phase of sample s29 at 15.0°C for the PP and PR positions.
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Figure 4.58 The 2D small-angle X-ray scattering (SAXS) patterns of the H phase
at 15.0 °C (a and c¢) and 30 °C (b and d) for sample s32 (navg: 6.00), The patterns
(@) and (b) were measured at the PP position. The patterns (c) and (d) were
obtained at the same temperatures at the PR position.
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Figure 4.59 Frame integration of the 2D SAXS patterns of the aligned H phase
phase of sample at 15.0°C and 30 °C s32 for the PP and PR positions.

The SAXS patterns and their frame integrations are in good agreement with
the laser conoscopy and polarized optical microscopy results, except that while
sample s9 (navg: 3.40) exhibited lamellar phase properties according to the SAXS
results (Figure 4.23), other techniques gave the properties of the Np phase. The
SAXS (others) measurements were performed in Brazil (in our research
laboratories/Tiirkiye) and it is well-known from the literature that lyotropic
samples are very sensitive experimental conditions, especially impurities of
components and water quality. So, the difference for the sample s9 may be
attributed to the different experimental conditions in those measurements.
However, the sample s35 (nay: 3.50) showed similar properties in all three
measurement techniques. Thus, the average of these two navg values (3.45) may be

taken as the nayg value for the lamellar — Np phase transition.

From the SAXS measurements, we evaluated some micellar parameters:
micelle’s core average micelle dimensions (A, B, C), micelle shape anisotropy
(SA) and the average area per surfactant head group at micelle surfaces (ao). The

SA values is calculated according to the following equation;
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4.7

_([(A+B)/2] - C
54 ‘{ [(A+B)/2] }

The SA is a measure of the average thickness of the micelle bilayer C relative to
the average of the other two dimensions A and B of the micelle's core. The bilayer
thickness is related to the lengths of the surfactant's alkyl chain and it varies very
small variations with temperature and composition of the mixture. Therefore, it
can be said that the SA gives information about the relative growth of the micelle
in the directions perpendicular to the amphiphiles' bilayer direction. Because
lamellar and hexagonal phases consist of infinitely wide and long micelles,
respectively, it is not possible to calculate A and B micelle dimensions. So, only
the micelle dimension C can be calculated for these phases. The micellar

parameters for some samples are given in Tables 4.6-4.8.

Table 4.6 Micelle average dimension, C, and average area per surfactant head
group at micelle surfaces of the samples which give lamellar phases.

Sample (Navg) T/°C | Phase type C/A ao/A?
15.0 Lo 18.5+£0.8 | 34.9+£2.3
516 (2.00) 25.0 Lo 18.4+0.8 | 35.142.3
30.0 Lo 18.3£0.8 | 35.3+2.4
15.0 Lo 16.4+0.7 | 39.242.6
s12 (2.80) 25.0 Ly 16.4+£0.7 | 39.342.6
30.0 Lo 16.4+0.7 | 39.4£2.6
25.0 Lo 15.7£0.7 | 41.1£2.8
s34 (3.36)
30.0 Lo 15.7£0.7 | 41.2+£2.8
15.0 Lo 15.7£0.7 | 41.2£2.8
s9 (3.40) 25.0 Ly 15.6£0.7 | 41.2+2.8
30.0 Lo 15.5+0.7 | 41.6£2.8
25.0 Lo 15.5£0.7 | 41.5+£2.8
$35 (3.50)
30.0 Lo 15.5+0.7 | 41.7£2.8
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Table 4.7 Micelle average dimensions (A, B, C), shape anisotropies and average
area per surfactant head group at micelle surfaces of the samples which give

nematic phases.

Sample Phase Micelle’s core average
P T/°C dimensions SA ao/A2
(Navo) wpe AR | BA | CA
15.0 Np 54.3+2.5145.1+£2.1(27.8£1.6| 0.44+0.04 | 49+3
s8 (3.60)
25.0 Np 51.5+2.6140.5+2.0(28.0+1.6 | 0.39+0.04 | 51+4
15.0 Np 53.844.0141.7+£2.9(27.842.4 ] 0.42+0.06 | 50+5
s17 (3.72)
25.0 Np 50.4+3.0|38.94+2.3(27.94+2.0| 0.37+0.05 | 52+5
15.0 Np 55.2+3.0140.3+1.8 |28.0+£1.7|0.41+£0.04 | 50+4
s5 (3.80)
25.0 Np 46.5+2.4 | 35.1+1.7(28.8+1.5(0.29+0.04 | 5444
15.0 Ng,Np [53.9+3.0|41.24+2.2|27.8+1.9|0.42+0.05 | 50+4
s4 (3.84)
25.0 Ng,Np [47.2+4.0|36.44+2.6[28.5+2.2|0.32+0.06 | 53+5
s0 (4.00) | 25.0 | Nc,Ng,Np 43.342.6|32.7£1.9|29.4+1.6|0.23+0.05 | 564
s20 (4.16) | 25.0 | Nc,Ng,Np [50.94+6.0 [ 31.5+4.0|29.0+3.0| 0.30+0.10 | 54+8

Table 4.8 Micelle average dimension, C, and average area per surfactant head

group at micelle surfaces of the samples which give hexagonal phases.

Sample (Navg) T/°C Phase type C/A ao/A?
$26 (4.80) 15.0 H 29.3+£0.7 | 44.0+2.4
s38 (4.90) 15.0 H 29.2+0.7 | 44.1£2.4
529 (5.40) 15.0 H 28.9£0.7 | 44.742.5

15.0 H 28.0+£0.6 | 46.1£2.5
$32 (6.00)
30.0 H 26.9+0.6 | 47.9£2.6
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From Tables 4.4-4.6, the average thickness of the micelle bilayer C for the
nematic and hexagonal phases is significantly larger than that for the lamellar
phases. While the bilayer thickness in the nematic phases increases with the
increase in the nayg values, it decreases in both lamellar and hexagonal phases.
Furthermore, the ag values increase with the navg values in three different lyotropic
structures. If we compare three types of lyotropic samples together,

ao (nematic) > ao (hexagonal) > ag (lamellar)

This is an unexpected result because as the head group size increases with the
increase of the amount of DDMEABT in the samples, the ag values would increase
to give the order ap (hexagonal) > ao (nematic) > ao (lamellar). The results may be
interpreted as follows. As the number of —CH2 or —CHz group (i.e., Navg) in the
surfactant head groups may cause the formation of van der Waals attractions (or
London forces) between these groups, which leads to the decrease in the
repulsions between the head groups, and the average area per head groups gets
relatively small. Our results indicate that these attractions are more dominant in
the samples which give hexagonal phases with respect to the nematic and lamellar

ones.

5. CONCLUSION AND RECOMMENDATION

This thesis aims to investigate the effect of the interactions between
SSY and surfactant head groups on the formation of the nematic, lamellar and
hexagonal phases in binary surfactant systems of
dodecyldimethylethylammonium bromide
(DDMEABT)/dodecyldimethylammonium bromide (DDMABT) and
DDMEABr/dodecyltriethylammonium bromide (DTEABr). The properties of
lyotropic samples were studied via polarized optical microscopy, laser conoscopy,
and Small-angle X-ray Scattering. The results are in good agreement with each
other and also with the literature. According to the experimental studies, the
following conlusions can be made:
(@) The degree of surfactant-dye interactions on micellar surfaces is

directly related to the degree of chaotropic property of the ionic species of both

97



molecules. When a lamellar phase is obtained in cases where there are strong
surfactant-dye interactions and the chaotropic degree of the Sunset Yellow
molecule is closer to the chaotropic degree of the head group of the DDMABTr
molecule than that of DTEABT.

(b) Considering the IBM model of lyotropic nematic phases, surfactant-
dye interactions play an active role in the orientational fluctuations of the phase
director required to obtain different types of nematic phases.

(c) Surfactant-dye molecule interactions are related to the area per head
group of the surfactants on the micellar surfaces.

(d) Although the average number of —CH2 or —CHz group (navg) in the
surfactant head groups is a parameter to obtain different lyotropic structures, the
interactions between these groups at micelle surfaces are also important in
addition to the nayg values.

In summary, it has been revealed within the scope of this thesis that the
surfactant-dye interactions and the head group size are important parameters in
controlling the properties of surfactant-based lyotropic liquid crystals, especially

the formation of nematic, hexagonal, and lamellar phases.
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