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ABSTRACT

EFFECT OF THE INTERACTIONS OF SURFACTANT/DYE AND
SURFACTANT/DRUG ON THE FORMATION OF DIFFERENT TYPES
OF LYOTROPIC NEMATIC PHASE
MSC THESIS
MERVE TABAK
BOLU ABANT IZZET BAYSAL UNIVERSITY
INSTITUTE OF GRADUATE STUDIES
DEPARTMENT OF CHEMISTRY
(SUPERVISOR: PROF. DR. EROL AKPINAR)

BOLU, JULY 2023
(xv + 88)

Lyotropic nematic liquid crystal phases, a subclass of lyotropic liquid crystals,
have continued to attract the attention of many research groups due to the
magnetic field sensitivity of their phase directors or optical axes ( 77 ) compared to
other liquid crystal phases. Lyotropic nematic phases are divided into two uniaxial
(Np, Nc) and biaxial (Ng) based on their orientations, micelle symmetries or
geometries. Lyotropic nematic phase properties of some novel mixtures of
dodecyltrimethylammonium bromide (DTMABr)/1-dodecanol (DDeOH)/water,
doping with some anionic azo dyes (Sunset Yellow, amaranth, and tartrazine) and
a drug molecule disodium cromoglycate (cromolyn, DSCG), were investigated in
the present study. The textural analysis of the uniaxial and biaxial nematic phases
was performed by a conventional technique, polarizing optical microscopy
(POM). Uniaxial-to-biaxial nematic phase transitions were determined from the
temperature dependence of the birefringences of the nematic phases via laser
conoscopy. Partial phase diagrams of the mixtures were constructed as a function
of dyes/drug "molecules’ concentrations™ by combining the POM and laser
conoscopy results. Small-angle X-ray scattering (SAXS) was performed to
evaluate micellar structure parameters. The results indicate that dye and drug
molecules have a greater effect on (a) the nematic-nematic phase transitions, (b)
the biaxial nematic phase domain range in the partial phase diagrams, and (c)
micelle shape anisotropy than the conventional inorganic electrolyte ions.
Furthermore, dye/drug molecules may be sequenced in the Hofmeister series of
ions, considering the number of ionic groups in their molecular structures and also
the chaotropic and/or kosmotropic degrees of the ionic groups. Since the dye/drug
molecules may have a resonance structure (e.g. DSCG) as a result of the existence
of the aromatic parts in their structure, this resonance structure should be
considered to investigate their effects on the formation of the lyotropic nematic
phases.

KEYWORDS: Lyotropic nematic phases, biaxial phase, nematic-nematic phase
transitions, surfactant-dye/drug interactions, birefringence, partial phase diagram,
polarizing optical microscopy, laser conoscopy, micelle structural parameters,
Small-angle X-ray scattering



OZET

SURFAKTAN/BOYAR MADDE VE SURFAKTAN/ILAC
ETKILESIMLERININ FARKLI TURDE LIYOTROPIK NEMATIK FAZ
OLUSUMLARI UZERINE ETKILERI
YUKSEK LiSANS TEZi
MERVE TABAK
BOLU ABANT iZZET BAYSAL UNIiVERSITESI
LISANSUSTU EGITiM ENSTITUSU
KIiMYA ANABILIM DALI

(TEZ DANISMANI: PROF. DR. EROL AKPINAR)

BOLU, TEMMUZ - 2023
(xv + 88)

Liyotropik nematik sivi kristal fazlar, liyotropik sivi kristallerin bir alt sinifi olup,
diger sivi kristal fazlarma gore faz direktorlerinin veya optik eksenlerinin (1)
manyetik alan duyarlilig1 nedeniyle bir¢ok aragtirma grubunun dikkatini ¢ekmeye
devam etmektedir. Liyotropik nematik fazlar yonelimleri, misel simetrilerine veya
geometrilerine bagh olarak tek eksenli (Np, Nc) ve ¢ift eksenli (Ng) olarak ikiye
ayrimaktadir. Bu calismada, dodesiltrimetilamonyum bromiir (DTMABr)/1-
dodekanol (DDeOH)/su bazi yeni karigimlarinin, anyonik azo boyalar (Sunset
Yellow, amaranth ve tartrazin) ve bir ilag molekiilii olan disodyum kromoglisat
(kromolin, DSCGQG) ile katkilanmis lyotropik nematik faz 6zellikleri incelenmistir.
Tek eksenli ve ¢ift eksenli nematik fazlarin dokusal analizi, geleneksel bir teknik
olan polarize optik mikroskopisi (POM) ile gerceklestirilmistir. Tek eksenliden
cift eksenli nematik faz gegisler, lazer konoskopisi yoluyla nematik fazlarin ¢ift
kirilmasinin sicakliga bagimliligindan belirlenmistir. Karigimlarin kismi faz
diyagramlari, POM ve lazer konoskopi sonuglari birlestirilerek boyalarin/ilag
molekiillerin konsantrasyonlarmin bir fonksiyonu olarak olusturulmustur. Misel
yap1 parametrelerini degerlendirmek i¢in kiiciik acilit X-151m1 sagilimi (SAXS)
yapilmigtir. Sonuglar, boya ve ilag molekiillerinin (a) nematik-nematik faz
gecisleri, (b) kismi faz diyagramlarindaki ¢ift eksenli nematik faz alani araligi ve
(c) misel sekil anizotropisi lizerinde geleneksel inorganik elektrolit iyonlarindan
daha biiyiik bir etkiye sahip oldugunu gostermektedir. Ayrica boya/ilag molekiiller
molekiiler yapilarindaki iyonik gruplarin sayist ve ayrica iyonik gruplarin
kaotropik ve/veya kozmotropik dereceleri dikkate alimarak Hofmeister iyon
serisinde siralanabilir. Boya/ilag molekiiller, yapilarinda aromatik kisimlarin
varligindan dolay1 rezonans yapisina sahip olabilir (6rnegin DSCQG); bu rezonans
yap, liyotropik nematik fazlarin olusumu tizerindeki etkilerini aragtirirken dikkate
alinmalidir.

ANAHTAR KELIMELER: Liyotropik nematik fazlar, ¢ift eksenli faz, nematik-
nematik faz gecisleri, siirfaktan-boya/ilag etkilesimleri, ¢ift kirinim, kismi faz
diyagrami, polarize optik mikroskopisi, lazer konoskopisi, misel yapisal
parametreler, Kiigiik a¢ili X-151n1 sagilmast
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1. INTRODUCTION

In 1888, Australian botanist Friedrich Reinitzer in a study with cholesterol
derivatives (cholesterol and cholesterol benzoate) detected that the cholesterol
benzoate had two different melting points (145 °C-179 °C) (1). Depending on the
increase in temperature, Reinitzer's observation showed that matter (solid) turns to
a blurry liquid and then a clear liquid (2). Afterward, the German physicist D.
Lehmann examined in more detail the physical properties of crystals for this phase
using a polarizing microscope (1,3) and detected that this intermediate phase
exhibits birefringence like the property of a crystal. With this discovery of the
new phase of the matter, "liquid crystal" phenomenon was, for the first time, used
for this thermodynamically stable phase (1).

Liquid crystals (LCs) are defined as the peculiar phase observed between
liquid and solid states, Figure 1.1. LCs behave as a liquid with some degree of
fluidity, but their molecules have a similar orientation pattern to solids. This
orientation pattern causes the light to be refracted because they resemble crystals.

LCs are formed by the self-assembly of molecules in an ordered structure.
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Figure 1.1. Alignment of the molecules in (from left to right) solid, liquid crystals
and liquid phases of a matter (4).




Liquid crystals have the properties of anisotropic crystalline solids (i.e.,
optical, electrical, and magnetic properties) and isotropic liquids (1,5). Because of
this, LCs can be termed mesophases (6). Some of the properties that apply to
liquid crystal materials can be listed as follows: rod-like molecular structure,
stability of their long axes, strong dipoles, or being easily polarized (7). Similar to
crystals, liquid crystal materials exhibit anisotropy, which is defined as the change
of physical properties depending on the direction. That is, the molecular order in
the liquid crystal can be easily changed by the effect of the electric or magnetic
field. LCs have weak intermolecular forces and therefore show high sensitivity to
external influences. Depending on the features of liquid crystals (orientation and
alignment), LCs materials can show extraordinary properties with various external
stimulants (i.e., temperature, pressure, light, electromagnetic fields, surface
effects, optical properties, chemical analytes, and mechanical forces) (8). For
scientists, liquid crystal materials have become preferred in technological fields,
thanks to their adaptability to external stimuli and their matchless physical
properties. LCs are preferred in biosensor applications thanks to their property of
orientability because these properties avoid the need for complicated instrumental
analysis to detect certain biomolecular entities (9). Also, compared to the
biosensing technologies in use, devices containing liquid crystals are known to be
more reliable in detecting binding events (chemical and biochemical). The
inherent and incredible properties of LCs, especially lyotropic nematics, have
made them notable components in carbon nanotube technology as well, where the
carbon nanotubes can be oriented in a particular direction. In addition, lyotropic
nematic phases (LNPs) which are a type of liquid crystals can act as a carrier
medium for carbon nanotubes and are preferred in nanotube applications due to
these properties (10). LCs are also preferred to meet material needs for liquid
crystal display (LCD) technology, especially thermotropic liquid crystals (11). In
addition, LCs polymers are preferred in the biomimicry of color-producing
structures as lenses and muscle-like actuators in biomedical (12). Many studies
related to the industries of food, cosmetics, and foams are supported by lyotropic
mixtures exhibiting LNPs (13). Depending on these application areas, the
determination of the potentials of liquid crystal materials, classification of them

and figuring out their physical properties considered important.



LCs are divided into two main classes, thermotropic liquid crystals (TLCs)
and lyotropic liquid crystals (LLCs). Although they exhibit similar properties the
prominent differences between them are, in general, their molecular arrangements,
optical textures, and physical properties (14). Generally, temperature is
substantially important a parameter for liquid crystals, and it affects their
molecular arrangement. At high temperatures, an isotropic phase is formed due to
the disruption of the molecular arrangement of a liquid crystal, while at low
temperatures it is observed as an anisotropic phase (15). Liquid crystals formed
within a certain temperature range are called TLCs whose structure is formed by
the combination of thin-rod and disk-like molecules (16). The orientation of the
molecules is near and parallel to each other in TLCs. Thanks to these orientation
features, they can illustrate linear and non-linear optical properties, thus there are
a lot of studies focused on TLCs (17). TLCs are divided into three groups which
are nematic, smectic (SmA, SmC), and cholesteric as seen in Figure 1.2, which is
highly dependent on the variation of the temperature (14). The nematic phase is
the mesophase in which the molecules are aligned along the director field. There
are many different types of smectic phases, usually based on their position and
orientation. Smectic phases show a positional alignment in one direction. In the
smectic A phase, the molecules are normally oriented on the layer, while in the
smectic C phase, they orient at a certain angle. Cholesteric liquid crystal has a

helical structure.
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Figure 1.2. Demonstration of molecular arrangement for thermotropic liquid
crystal types (18).



The formation of LLCs is related to the concentration of constituents in
lyotropic mixtures and the temperature. Lyotropic liquid crystals have a regular
structure and exhibit high performance in many applications thanks to their high
adaptability, so LLC systems have distinct advantages due to their existing

properties (19).

1.1 Lyotropic liquid crystals (LLCs)

LLCs have a significant role in the materials science due to their desirable
physicochemical properties, which enable us to produce low-scale structures and
high chemical functionality with easy applicability. Because of these properties,
LLCs have been found applications in many fields such as biology (20),
biotechnology (10), drug delivery systems (21), LCs display, LCs thermometers,
optical imaging (22), polymer dispersed LCs, and cosmetics (23), and they have
the potential to be used in different fields in the future. In addition, LLCs are
present in the molecular structure of the lipids, which act as a biological
membrane. Thus, scientists have focused on the production of LLCs with

improved properties with proper methods (24).

To prepare different LLC structures, an amphiphilic molecule (surfactant) is
dissolved in a suitable solvent. Solvents may be organic liquids or ionic liquids, or
water (generally preferred). From this respect, the surfactants are indispensable
functional molecules for LLCs. Surfactants are known as surface-active molecules
and, they are used to decrease surface free energy of the solutions by entering
between the water and air interfaces (25). Surfactant molecules consist of two
main segments: (1) hydrophilic (water-loving polar terminal head) and (II)
hydrophobic (long linear or branched hydrocarbon chains), as seen in Figure 1.3.
The hydrophilic part provides high solubility to the surfactant molecule in a polar
solvent, whereas the hydrophobic part depicts similar behavior in the

hydrocarbon-based solvents.



Hydrophilic head

I

/lw_

Hydrophobic tail

Figure 1.3. Simple representation of the segments of a surfactant (26).

The amphiphilic molecules can possess ionic, nonionic, or zwitterionic
characteristics dependent on the hydrophilic fragment. Correspondingly, an ionic
surfactant has positively (cationic surfactant) or negatively (anionic surfactant)
charged head groups, while zwitterionic surfactants bear both negative and
positive charges in the head groups. Moreover, the surfactant molecules with no
electrical charge on their head groups are known as non-ionic surfactant (27),
Figure 1.4. Also, the ionic surfactants can be classified depending on the type of
hydrophilic groups such as carboxylate (-COQO"), sulfobetaine (-
N(CH3)2C3HeSO37), sulfate (-OSOsz7), carboxybetaine (—-NR2CH2COO"),

sulfonate (SO3") and quaternary ammonium (—R4N™) (28).
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Figure 1.4. Schematic representation of surfactants molecules in terms of charge.



In the light of that mentioned above, amphiphilic molecules show the
property of self-assembly with small shape anisotropy at certain conditions
through the intermolecular interactions formed between them. This self-assembly
creates a peculiar structure called a "micelle’. Thanks to this spontaneously
organization, these molecules can form the molecular clusters with various shapes
such as spheres, cylindrical, and lamaller with the increasing surfactant
concentration (29) as seen in Figure 1.5. Furthermore, adding a co-surfactant or

salt to a surfactant solution affects micelle aggregation.
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Figure 1.5. Representation of various micelles organizations (29).

In micelle formation, the concentration, temperature, solvent type,
chemical structure of the surfactants, use of co-surfactant and additives in the
medium are significant parameters since these parameters directly affect the
anisotropy during the self-assembly and change the forms (direct or reverse) of
the molecular clusters (30). Among them, the most significant one is undoubtedly
the concentration of the surfactant. Namely, the concentration must be at the
critical value to form the micelle, which is defined as “critical micelle
concentration (CMC)" (31). In other words, CMC implies the lowest
concentration level, which is necessary for the micelle formation in the solution.
The surfactant concentration in the micelle solution higher than the CMC provides
aggregation of amphiphilic molecules, and accordingly the increase in the entropy
of water (13). There are some theoretical approaches for micelle formation in the
literature (32). Because hydrophobic and hydrophilic parts of the surfactants have
a significant role in the micelle formation, the CMC values are different for each
surfactant types, which depends on the chemical structure of the surfactant,

especially characteristics of the terminal functional groups.



Correspondingly, by considering the hydrophobic chain length of surfactant
molecules, the CMC value of surfactant molecules decreases as the chain length
increases. For example, dodecyltrimethylammonium bromide with 12 carbon
atoms have a value of 1.56x102 mol/kg, while decyltrimethylammonium bromide
with ionic 10 carbon atoms have a value of 6.5x102 mol/kg (33). When
hydrophobic effect is evaluated, it would be more accurate to classify the
surfactants as ionic and non-ionic surfactants. Generally, charged surfactant
molecules have larger CMC values than non-ionic molecules because ionic

surfactant molecules have greater solubility in water (33).

In the vicinity of CMC, the surfactant solution is isotropic. The surfactant
concentration must be much higher than the CMC about x10? in the micellar
solution to obtain anisotropic lyotropic liquid crystals (11). That is, the micelles
begin to interact with each other through repulsive electrostatic forces, which
result in the formation of an anisotropic solution with a some degree of viscosity.
In addition, some studies in the literature stated that the results obtained from
dilute aqueous isotropic micellar solutions may be applicable to explain some
properties of lyotropic systems obtained at higher surfactant concentrations (34).
For example, CMC value of the potassium laurate/water mixture is equal to 0.027
M (35) and the concentration is recorded as ¢> 2 M at which liquid crystalline

phases are observed in the temperature range of 20-350°C (36,37).

Another crucial parameter for the formation of lyotropic liquid crystal
phases is temperature. With temperature variation, surfactant molecules move
towards each other. Like CMC, there exists a critical minimum temperature value
for the micelle formation. This minimum temperature is defined as the Krafft
temperature. The solubility at the Krafft point is almost equal to the critical
micelle concentration (CMC) (38). However, at temperatures below of the Krafft
temperature, which brings about that the solubility of surfactant is less than CMC,
micelles cannot be present in the medium (31). Besides, the formation of different
types of lyotropic liquid crystals depends on the degree of ordering of the
surfactant molecules in the solvent, which can be controlled by change in the
temperature and the amphiliphic molecule concentration. In addition to the

concentration and temperature, other parameters such as the ionic character of the



polar head, the presence or absence of another surfactant (generally named as co-
surfactant) or salt in the mixture, the pH and ionic strength of the solution, the
purity of the compounds have a considerable effect on the formation of the
lyotropic liquid crystal phases (39). The addition of co-surfactants changes the
micellar cluster and its structural features. For instance, the co-surfactant, hexane,
in a mixture of cetylpyridinium bromide/salt/water, turns the micelle surface
curvature less curved or linear (13). Furthermore, adding a salt to this mixture also
leads to difference in the micelle shapes, i.e., the shape of the micelle becomes
relatively more anisometric (15). Figure 1.6. shows the temperature-surfactant
concentration phase diagram. The critical micelle concentration line implies the
representation of micelles formed by crossing the CMC concentration of free
amphiphilic molecules. The micelles can be cylindrical or spherical in shapes. As
observed in Figure 1.6., a Krafft line is the line which seperates the crystalline
phase region from the liquid crystals one. Below Krafft line, a crystalline phase

may include coagel or gels (28).
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Figure 1.6. The phase diagrams of the surfactants depending on the temperature
and concentration changes in the solvent during the formation of lyotropic phase
(39).

Hexagonal phase

Krafft line




As seen from the graph, the diversity of liquid crystal phases can be
observed with the increase in the surfactant concentration. The increasing of the
surfactant concentration reduces the distance between the micelles, and also
affects the phase diversity in the hydrophobic effect caused by long-range
repulsive forces between the micelle interface (40). Different LLC structures such
as hexagonal, lamellar, nematic, cholesteric (chiral nematic) and cubic are formed
with increasing surfactant concentration. The hexagonal phase is composed of
rod-shaped micelle clusters of infinite length, and the packing of the parallel
cylinders is in the form of a two-dimensional hexagonal lattice on the axes. The
hexagonal lyotropic liquid crystal phase has two different structures: the direct
hexagonal phase (Hi) and the inverted hexagonal phase (Hz2) (41). In direct
structure the hydrocarbon chains in the inside of the cylinders show a liquid-like
arrangement, Figure 1.7a. It has a high-water content, but it is a dense phase (42).
In an inverted structure the polar solvent is placed in the inside of the cylinders
and the carbonic chains are outward, Figure 1.7b. The inverted structure is
observed in a narrower nonpolar solvent concentration range compared to the
direct hexagonal structure (13). With increasing surfactant concentration, a
lamellar or a nematic phase may be observed.

Figure 1.7. The hexagonal phase structures: (a) direct and (b) inverted (43).



The structural units of the lamellar phase are bilayers formed by the
surfactant and water molecules. In the bilayers, surfactant molecules are
sandwiched between two water layers. In other words, these bilayers are separated
from each other by water, Figure 1.8. The surfactant head groups interact with the
aqueous medium, but the hydrocarbon chains do not interact in this bilayer. About
twice the length of the surfactant molecule is equivalent to the thickness of the
bilayer. Also, the thickness of the double layer can be increased by adding a non-
polar solvent, and another factor affecting the thickness is the temperature (14) .
The lamellar phases can be characterized in two ways, neat soap (L«) (25) and gel
phase (L) (44). The difference between these phases arises from the properties of
the carbonic chains of the surfactants. The surfactant molecules exhibit liquid-like
properties in L, phase but has less chain motions such as solid in Lg phase.
Furthermore, in the L state, the hydrocarbon chains in the surfactant often have
an all-trans alkyl-chain conformation in the bilayers (45).

Polar head group
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Figure 1.8. Schematic representation of the structure of lamellar phase (43).
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The cubic phase is formed by the collection of micelles in a cubic order
with a three-dimensional repetition pattern. According to their molecular
assembly, they produce two types of structures: bicontinuous cubic phase and

simple cubic phase in three dimensions, Figure 1.9 (46).

a) b)

Figure 1.9. Schematic illustration of (a) bicontinuous cubic and (b) simple cubic
(47).
As depicted in Figure 1.10, the simple cubic phase may be in body-

centered or face-centered arrangements by spherical micelles (40). These phases
include curved regions (negatively and positively) (47). Cubic phases are very
viscous compared to hexagonal and lameller phases. Therefore, they can act as the
solid at certain conditions. Hence, they are called ‘viscous isotropic phases’ (48).
Generally, the cubic phase is usually located between the lamellar and hexagonal
phases in the phase diagrams. Moreover, depending on the surfactant
concentration, the shapes and types of micelles can be modified by using a

suitable solvent, Figure 1.10.
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Figure 1.10. Schematic illustration of typical phase progression based on
surfactant concentration in a certain solvent and micellar surface curvature (48).
The cholesteric phase consists of the stacking layers showing little angle
deviations between the layers where the molecules in the layers are at different
intervals but in the same direction. Cholesteric phases are obtained by adding a
chiral molecule to a mixture exhibiting nematic phase properties (49). The
addition of both chiral amphiphilic or non-amphiphilic molecules to the nematic
phase can be seen as a practical route to obtain cholesteric phase. For this purpose,
L-n-lauroyl potassium alaninate and 2-sodium dodecyl sulfate, and L/D-octanol
can be utilized as chiral amphiphilic molecules, whereas brucine sulfate, tartaric
acid, cholesterol, I-sorbose, diacetone-sorbose and diacetone-2-ceto potassium
gulonate can be given as examples of the non-amphiphilic chiral molecules (13).
Additionally, the use of enantiomers of a racemic mixture (L- or D-enantiomers of
DL- forms) as well as a chiral solvent are another way to form the cholesteric
phase. Moreover, the cholesterics phases are divided into two types depending on
the characteristics of the chiral molecule in the nematic mixture, and these are the
intrinsic and extrinsic cholesterics phases. For example, the mixture composed of
the potassium laurate, decanol, water, and L-N-lauroyl potassium alaninate
depicted an intrinsic cholesteric phase (50), while the mixture formed by the
combination of the ammonium decylsulfate, ammonium, sulfate, decanol, water

and brucine sulfate shown extrinsic cholesteric phase (51). Additionally, it can be
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said that the cholesteric phases are structurally formed by the helical arrangement
of micelles as seen in Figure 1.11. In the helical organization, the local directors
of the micelles, which are perpendicular to the largest micelle surfaces in the
discotic cholesteric phase (Chp) and parallel to the longest micelle dimension
(Chc), rotate with 360° around the helical axis by remaining their initial position.
The helical axis can also be called the optical axis of the cholesteric phase.
Another important property of the cholesteric phase is the pitch length (P) which
is described as the distance required for the phase director to make a full turn
along the helix axis. The relative molar concentration of the chiral molecules (Cm)
depending on the level of the main amphiphiles in the medium and the shape
anisotropy of the micelles (Sa) are the main factors affecting the pitch of the

cholesteric structure (P) (52).

m

P/2

X
Figure 1.11. Representation of organization of orthorhombic micelles with their
local directors along the helix axis (53).
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Three types of cholesteric phases have been recognized, namely discotic
(Chp), calamitic (Chc), and biaxial (Chg) (54,55). The texture differences in the
cholesteric phases vary depending on the optical axis orientation as seen in Figure
1.12. In the Chp phase, the local optical axes of the micelles are oriented
perpendicular to the magnetic field, while the helix axis is oriented parallel to the
magnetic field. The black regions indicated by the arrow in Figure 1.12a are called
the pseudo-isotropic or homeotropic regions located in the Chp phase. The change
in the homeotropic region is an indication of the phase transition between Chp and
Chg, and this region is not seen as black in the Chg phase as seen Figure 1.12b.
Homeotropic alignment does not occur in Chg because it has two optical axes. In
the Chc phase as seen in Figure 1.12.c, the local axis of the micelles is oriented

parallel to the magnetic field direction and the helix structure is unwound.

Figure 1.12. Characteristic cholesteric phase texture identified using polarizing
optical microscopy for KL/Brucine/DeOH/H>O mixture. Fully oriented a) ChD
and b) ChB phases in the magnetic field, homeotropic regions are shown with
arrows in the texture. ¢) ChC phase, without magnetic field. x, y, and z are
representative of the laboratory frame axes (52).

Considering all the LLC types, the structural change between lyotropic
phases depends on factors such as the length, structure and nature of hydrophobic
chains, nature and charge in hydrophilic parts, electrolyte concentration, and also

some thermodynamic factors such as temperature and pressure (56).
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1.1.1 Lyotropic nematic phases (LNPs)

Nematic liquid crystals are the simplest and most common liquid crystal
structures. The structural units of nematic liquid crystals are characterized by
long-range orientational order. The director field orientation of nematic liquid
crystals can be modified or controlled by applying different surface anchoring
conditions on the walls or external fields (57).

In 1967, Flautt and Lawson discovered that a mixture formed by
combining a surfactant, salt, water, and alcohol in certain concentration ranges
yielded a surfactant-based lyotropic liquid crystal nematic phase (58). After the
discovery, lots of studies were made to explain the formation mechanisms, phase
diagrams, and physicochemical properties of LNPs depending on temperature and
concentration (59,60). In general, the mixture exhibiting lyotropic nematic phase
properties is obtained by dissolving the surfactant molecules in water.
Furthermore, in many cases, an electrolyte, a co-surfactant, or both together can
be added to such mixtures (61-63).

LNPs have attracted the attention of the researchers because of the
arrangement of the local director of the micelles concerning a preferred direction.
This direction is called phase director or optical axis of the nematic phases.
Optically, nematic phases are divided into two uniaxial nematic phases (Np, Nc)
and biaxial nematic phase (Ng). Uniaxial lyotropic phases have only one optical

axis, while biaxial nematic phases have three orthogonal and two-fold symmetry

axes (I, mand 7,7 =10xmi) and two optical axes perpendicular to each other
(64). Due to having two optical axes, the Ng phases are optically more
advantageous over the other uniaxial nematic phases because one of the optical
axes can be oriented instead of the other in the magnetic field, and this is a
prominent and important feature for faster switching (65), especially for display
technology. Also, Ng phases have diamagnetic properties, and magnetic field
strengths (H) must be high (~10kG) to be able to orient in experimental processes
(59). When the laboratory frame axes are chosen as perpendicular to each other in
directions 1, 2, and 3, and axis-3 is perpendicular to plane 1-2, the refractive
indices along the three axes can be shown in Figure 1.13.
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Figure 1.13. Schematic representation of molecular orientation for (a) uniaxial
and (b) biaxial nematic phases (66).

Some applications of lyotropic nematic phases were reported in the
literature. They are used in the production of carbon nanotubes which have
applications in the fields of nanoscale electronics (67,68), field-emission sources
(69-73), actuators (74), and nanosensors for both biological molecular
determination (75) and drug release in molecular level (76). It is known that it is
important to direct carbon nanotubes in a certain direction in carbon
nanotubes/LLC hybrid systems (77). Indeed, lyotropic nematic phases act as a
carrier (78) or directing solvent/medium (34) for carbon nanotubes and control
the direction of alignment of nanotubes with their director (10,79-81). As a result
of their independent studies, Lagerwall (34) and Okano (82) stated that LLC/CNT
systems may have advantageous in directing carbon nanotubes compared to
thermotropic liquid crystal/CNT systems with an approach developed for the
orientation of CNTs dispersed in the lyotropic nematic phase (83). Although, in
another important study on carbon nanotubes, uniaxial and biaxial single-wall
CNT and multi-wall CNT films could be obtained in different lengths and film
thicknesses using thermotropic nematic liquid crystals (79), however, it is not
reported in the literature that any single-wall and multi-wall CNT films can be
obtained by using lyotropic biaxial nematic phase.

As seen from some applications of the lyotropic nematic phases summarized

above, lyotropic nematic phases, especially biaxial ones, may play a crucial role.
The main property of Np and Nc phases is that the local symmetry axes of

their structural units, micelles, shows an orientation in a preferred direction

(director) in the magnetic field. It can also be said that they exhibit different
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structural anisotropy. In early studies it was assumed that, the Nc phase consists
of cylindrical-like micelles, while Np is composed of planar disk-like micelles
(84), Figure 1.14.

Figure 1.14. The orientations of the micelles in the a) discotic and b) calamitic
phases, considering the presence of magnetic field and phase director (77) (59).
The biaxial nematic phase was first detected in a mixture of potassium
laurate, decanol, water by Yu and Saupe (85). The biaxial nematic phases usually
occur between the uniaxial Np and Nc phases in the phase diagrams (86,87). The
transitions from the uniaxial phase to the biaxial phase are of second order as
experimentally substantiated (88,89) and theoretically proven (90). After the
exploration of the biaxial phase, the studies (88) continued by focusing on the
investigations of the Ng phase regions in the partial phase diagrams by obtaining
novelmixtures. Contrary to uniaxial phases, questions about the stability of biaxial
phases have come to the about in studies of lyotropic nematic phases. The biaxial
phases were found to be thermodynamically stable, and this result was supported
experimentally (62). However, to explain the interpretations of the nature and
structure of the biaxial phase more clearly, considering that the biaxial nematic
phases are intermediate phase, some approaches have claimed that the Ng is
caused by the coexistence of uniaxial phases. To interpret this approach, some
models to explain the formation of nematic biaxial phases have been proposed in
the literature. Stroobants and Lekkerkerker, in 1984, put forward a mixture of
cylindrical and disk-like, MCD, model, which is compatible with Onsager theory
to explain the formation mechanism of the biaxial nematic phases (91). Their

model proposes that disk- and cylindrical-like micelles coexist to form the biaxial
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nematic phase. In 2000, Kooij and Lekkerkerker showed that rod or cylindrical-
like and disk-like micelles cannot coexist in a mixture, which gives the Ng phase,
and the phase separation occurs. In addition, theoretical and experimental studies
showed that the MCD-type models are not sufficient to explain the formation

mechanism of the biaxial nematic phase (92,93).

Another important model was proposed by Neto and Galerne in 1985. This
model is called “the intrinsically biaxial micelle, (IBM)” model. The IBM model
emphasizes that both the uniaxial and biaxial phases are composed of micelles
with orthorhombic symmetry. An X-ray diffraction study on the KL/DeOH/D20
mixture confirmed that the micelles were similar in terms of local symmetry in the
uniaxial and biaxial phases, as proposed in the IBM model (94). The IBM model
is based on two basic assumptions: micelle symmetry and micelle orientational
fluctuations. The orthorhombic micelles in the nematic phases can be sketched
with the dimensions A', B', and C', Figure 1.15a. The micelle bilayer formed by
the surfactant molecule corresponds to C'. The symmetry axes of the local
coordinate system fixed in the micelles are @, f, and y. According to the IBM
model, changes in orientational fluctuations around these coordinate axes are
responsible for the formation of different types of LNPs. The Np phase is caused
by changes in orientational fluctuations around the axis (along the y-axis)
perpendicular to the largest micelle surface, Figure 1.15b. In this case, the micelle
size A" has approximately the same values as the micelle size B'. At the transition
from Np to Ng phase, the size of the micelle along the axis of symmetry a (A')
begins to elongate, and the orientational fluctuations along three symmetry axes
with small amplitude lead to the formation of the Ng phase, Figure 1.15c. In the
Nc phase, the micelle size along the axis of symmetry a continues to get longer
and the orientational fluctuations around the a-axis become dominant and the Nc
phase is formed, Figure 1.15d. The reliability of the IBM model has also been
supported by some studies in the literature (59,87,95).
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(a)

Figure 1.15. (a) Representation of an orthorhombic micelle. Formation of (b)
discotic nematic (Np), (c) biaxial nematic (Ng) and (d) calamitic nematic (Nc)
phases due to different directional fluctuations in the IBM model (94).

To obtain lyotropic nematic phases, if necessary, a cosurfactant (e.g., 1-
decanol) or an electrolyte (e.g., NaCl) may be added to the mixtures (59). Both
components screen the repulsions between the surfactant headgroups at micelle
surfaces and cause efficient packing of the surfactants in the micelles.
Furthermore, they modify the micelle surface curvature, which is an important
control parameter to obtain different nematic phases, especially the biaxial phase.
In a very recent study, it was reported that a dye molecule Sunset Yellow, which
produces lyotropic chromonic liquid crystals (LCLCs), may also use in lyotropic
mixtures to form nematic phases, behaving as an electrolyte (96). It has been
shown that dye molecules may be doped into the lyotropic mixtures to obtain
biaxial nematic phases and be more efficient compared to the electrolytes. The
advantage of the use of the dye molecules arises from the surfactant-dye
interactions. However, there are no sufficient studies in the literature on obtaining
lyotropic surfactant-based and dye-included mixtures to obtain lyotropic nematic
phases. So, it would be, scientifically, useful to clarify the mechanism of the
surfactant-dye interactions in lyotropic mixtures on the formation of different

nematic phases.
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1.2 Optical and magnetic properties of liquid crystals

Because liquid crystals are anisotropic materials, their physical properties
change depending on the direction of the average alignment of their structural
units with respect to the phase director. When a polarized light beam is passed
through a liquid crystal sample, it travels in it by splitting into two plane-polarized
rays, so-called “ordinary and extraordinary rays”, Figure 1.16. While the electrical
vector of the ordinary ray vibrates perpendicular to the 72, that of extraordinary
one vibrates along the 7. The velocities of these two rays are different, which
leads to the existence of two principal refractive indices, and the difference
between these two refractive indices corresponds to ““ birefringence” or “optical

anisotropy” (An):
An:ne—nozn//'nl (11)

where ne and no are the refractive indices of the extraordinary and ordinary rays,
respectively. For an anisotropic sample, there are two possibilities: ne > no or ne

<No.

Birefringement material

Unpolarized light

Extraordinary ray

Ordinary ray

Figure 1.16. Light passing through a birefringent material travel in two paths as
o-ray and e-ray (ordinary and extra ordinary) (97).

The sign of An for the nematic phases can be determined by conoscopic
investigations under the polarizing optical microscope. The uniaxial nematics (Np
or Nc) are described by two different refractive indices. If we choose the
laboratory frame axes along three orthogonal 1, 2, and 3 directions, where axis-3
is perpendicular to the 1-2 plane, An = nz—n1 (n1 # N2 = ng). Thus, the uniaxial

nematics are described with only one birefringence (An). In general, the optical
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birefringence is positive (An>0) for the Np phase but negative (An<0) for the N¢
phase. However, the biaxial nematics have two different birefringences with three
refractive indices, n1, nz and n3: An = na—ng and én = n3—n2, where n1 # n2 # n3. If
nsz—Nn2 > nz-ny, the biaxial phase has positive birefringence. If n3—nz < np—ny, the

biaxial phase is described with negative birefringence (89).

The behavior of materials under the effect of a magnetic field is an
important physical property. Magnetic materials are classified as diamagnetic,
paramagnetic and ferromagnetic. LCs are diamagnetic materials. The diamagnetic
susceptibility leads to a coupling between external magnetic fields and the
orientation of the anisotropic part of LC molecules (98). LCs are sensitive to
application of the external magnetic fields, enabling them to be used in many
technological advances (99).

The magnetization, M, for diamagnetic materials is proportional to the
magnetic field strength H,

M=yH 1.2)

where y is the magnetic susceptibility and, for diamagnetics materials, y is always
negative. The difference between the components of magnetic susceptibilities,
measured taking into account the direction of the applied magnetic field,
determines the sign of the diamagnetic susceptibility anisotropy. If the direction of
the applied magnetic field is parallel (perpendicular) to that of the optical axis of
the phase, the resultant magnetic susceptibility is indicated as yy (). Thus, the
diamagnetic susceptibility anisotropy Ay of a liquid crystal sample can be defined
by y and 1 with the following equation:
Ax = XL (1.3)
When a LC sample has a positive diamagnetic susceptibility anisotropy
(Ay>0), the optical axis of the LC aligns parallel to the magnetic field. When it is
negative (Ayx<0), the direction of the optical axis is perpendicular to the magnetic
field. When it equals zero, the system is isotropic.
Similar to the sign of An, Ay is also a criterion for characterization of
nematic phases, i.e., in general, An and Ay have opposite signs. For instance, if the
optical axis of a uniaxial nematic liquid crystal sample aligns perpendicular to the

magnetic field direction, Ay<0 but An>0, and vice versa.
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The Ng phases exhibit three two-fold magnetic susceptibilities. In the presence of
the magnetic field, Ay of the Ng phase is

1
Ay = x33 — 2 (11 + X22) (1.4)

where the subscripts 11, 22 and 33, correspond to the three orthogonal directions.
If a Ng phase aligns with the axis of the largest diamagnetic susceptibility parallel

(perpendicular) to the magnetic field direction, Ay>0 (Ax<0) (100).
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2. AIM AND SCOPE OF THE STUDY

In the literature, various studies have been carried out to explain the
formation mechanisms and physicochemical properties of surfactant-based LNPs
(60,101,102). Especially, it has become important to define the formation
mechanisms of the Ng phase regions in the phase diagrams and to reveal the

factors that cause the formation of biaxial nematic phases.

In lyotropic mixtures, the main component is surfactant molecules. In
general, strong/weak electrolytes and/or long-chain alcohols (e.g decanol) can be
added to the mixtures. The types of electrolytes and the alkyl chain length of
alcohols determine the properties of the nematic phases. In 2020, it was reported
the lyotropic nematic phase properties of dodecyltrimethylammonium bromide
(DTMABT)/dodecanol (DDeOH)/water ternary mixture by doping with an anionic
azo dye Sunset Yellow. That study showed that Sunset Yellow molecule is more
effective for obtaining different nematic phases, especially the biaxial one, than
conventional inorganic electrolytes (e.g. NaCl, NaBr, etc.). Furthermore, for the
first time, it was shown that Sunset Yellow molecule has a chaotropic character
and it can be sequenced in the Hofmeister series of ions. However, novel lyotropic
mixtures with different dyes have to be found, investigated and characterized to
clarify the effect of surfactant-dye interactions on the formation of different

nematic phases.

In the present thesis, we concentrate on finding novel lyotropic mixtures
including different dyes (amaranth and tartrazine) and a drug molecule (DSCG) to
examine their relative effects on finding different nematic phases via laser
conoscopy, polarizing optical microscopy and small-angle X-ray scattering
(SAXS). All molecules gave similar partial phase diagrams. However, they
affected the nematic-nematic phase transitions and biaxial phase temperature
range differently. Furthermore, we classified those molecules in the Hofmeister
series of ions by considering the number of ionic groups in their structures.
Consequently, the results indicated that dye/drug molecules can also be used to

obtain different nematic phases.

23



3. MATERIALS AND METHODS

3.1 Materials used in the thesis.

Surfactant molecule (DTMABr) was commercially available with a
minimum purity of 98% (Sigma), and characterized by FTIR (Perkin-Elmer
Spectrum Two FTIR Spectrometer) and *H-NMR (JEOL NMR spectrometer, 400
MHZz), Figure 3.1. and Figure 3.2., respectively. The FTIR spectrum is quite
compatible with the literature (103), and the chemical shift values obtained from
the NMR spectrum also agree with the expected values. In particular, the NMR
spectrum shows that DTMABT is pure enough.

The dye molecules amaranth (85-95%), and tartrazine (85%) and the drug
molecule disodium cromoglycate (>95%) were purchased from Sigma-Aldrich.
The purification method applied for Sunset Yellow in the literature was also
applied for amaranth and tartrazine (96,104,105). Disodium cromoglicate (DSCG)
was used as purchased without purification as in the literature. The ultrapure
water required for the preparation of lyotropic liquid crystal samples was obtained
from the Millipore Direct-Q3 UV purification system (18.2 MQ.cm resistivity at
25°C). 1-dodecanol (DDeOH) used in lyotropic mixtures was purchased from
Sigma-Aldrich with 99% purity.
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Figure 3.1. FTIR spectrum of the DTMABr molecule (103).
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Figure 3.2. 1 H-NMR spectrum of DTMABr in CDCl; solvent; 1H NMR (400
MHz), 6 (ppm, CDCl3): 0.83 (CHs, 3H, t), 1.20 (CH>, 14H, br m), 1.30 (CH, 4H,
br m), 1.70 (CHz, 2H, br m), 3.40 (N+CHs, 9H, s), 3.55 (N+CHy, 2H, t). s=singlet,
t=triplet, g=quartet, m=multiplet, br s=broad singlet, br m=broad multiplet (103).

3.2 Experimental techniques

3.2.1 Preparation of liquid crystal samples

Lyotropic liquid crystal mixtures were prepared by weighing the
constituents of the desired mixtures (surfactant, co-surfactant, electrolyte,
amaranth/tartrazine/DSCG, water) in pyrex glass tubes with caps. A high-
precision balance (Radwag, £0.00001 mg) was used in the weighing procedure.
Then, samples were homogenized by applying vortex (lka) and centrifuge
(Hettich). Because well-oriented nematic phases in the presence of the magnetic
field (~2.0, ~1.0 kG, respectively) are required for laser conoscopy, polarizing
optical microscopy and small-angle X-ray scattering measurements, a water-based
ferrofluid (Ferrotec, EMG-605) was added at a ratio of 1 uL ferrofluid per 1 g of
lyotropic mixtures. Previous experiments in the literature showed that the addition
of this amount of ferrofluid did not cause any deformation in the phase topology

or an error in the measurements (102).
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In this thesis, a total of 41 new lyotropic mixtures were prepared by
adding amaranth, tartrazine and DSCG molecules separately to the
dodecyltrimethylammonium bromide (DTMABr)/dodecanol (DDeOH)/water host
mixture at different concentrations. However, to better understand the
experimental results, some mixtures containing the Sunset Yellow molecule
examined in the reference study (96) were also examined within the scope of the
thesis. The total number of lyotropic mixtures studied was 52, including 1 main
mixture, 10 mixtures containing Sunset Yellow, 13 mixtures containing amaranth,
18 mixtures containing tartrazine, and 10 mixtures containing DSCG. The reason
for the different number of mixtures studied for the molecules is that they interact
with the DTMABT surfactant molecule at different level as intended in the thesis,
and different numbers of mixtures are needed to obtain clear phase diagrams. The
compositions of the mixtures obtained by adding guest molecules to the main

mixture are given in Tables of “Results and Discussions”.
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3.2.2 Laser conoscopy

As mentioned before, lyotropic nematic phases are defined by two
different optical birefringences, An and én (An =n>—n1 and dn = n3—ny, where ny,
nz, and nsz are the refractive indices of the medium along the three selected
perpendicular laboratory frame axes (1, 2 and 3). While only birefringence An can
be measured using a Berek compensator under polarizing optical microscope,
both An and 6n can be evaluated by laser conoscopy. In addition, laser conoscopy
is a method that provides very useful and sensitive results in determining the
phase transition temperatures between uniaxial nematic phases and biaxial
nematic phases, which is of second order according to the "mean-field theory".
Laser conoscopy measurements were started from the well-oriented Np phase,
Figure 3.3a. In these measurements, it is very important to start with the well-
oriented Np phase. Uniaxial-biaxial nematic phase transitions were determined
from the temperature dependence of the birefringence values of the nematic
phases. The interference patterns observed for all three nematic phases are given

in Figure 3.3.

Figure 3.3. Characteristic conoscopic interference patterns of LNPs by laser
conoscopy (106). Interference patterns of (@) Np, (b) Ns around Np-Ng phase
transitions, (¢) Ns around Ng-Nc phase transitions, and (d) Nc phases obtained by
changing temperature. (d) 1, 2, 3 selected laboratory coordinate axes; A and P are
the analyzer and polarizer direction, respectively; H 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.
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In laser conoscopy measurements, lyotropic liquid crystal samples are
placed between two 2.5 cm diameter round optical glasses (Helma) using a 2.5
mm thick hollow glass ring, Figure 3.4. Afterward, the prepared sample is placed
in the specially designed sample holder and measurements are performed. The
experimental setup of laser conoscopy is roughly given in Figure 3.5. After the
measurements are completed, the birefringence values are calculated with

specially developed computer software depending on the temperature Figure 3.6.

Liquid Crystal Sample

Round Optical Glasses

Figure 3.4. A lyotropic liquid crystal sample prepared between two round optical
glasses.
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Figure 3.5. Laser conoscopy setup. The light from the HeNe (632.8 nm) laser
source is reflected vertically to the lens by passing through the polarizer with a
45° angled mirror. Laser light passing through the lyotropic nematic sample
passes through a second polarizer (in this case, the analyzer) perpendicular to the
first polarizer, creating an interference pattern on the screen.
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Figure 3.6. The change of birefringence values of nematic phases with
temperature for potassium alkanoate/Rb2SO4/DeOH/water mixtures obtained from
studies (86): (a) giving only uniaxial Np phase; (b) yielding three nematic phases
depending on temperature; (c) giving only uniaxial Nc phase.

Temperature control is very important in the laser conoscopy system. For
this purpose, a temperature controller (Lakeshore 335) with a sensitivity of
0.001°C and a Pt102 sensor were used. A water-circulating bath (Polyscience
ADO7R) with a sensitivity of 0.01° C was used for a homogeneous distribution of
the temperature in the system. The strength of the magnetic field (2.2 kG) in the

system was controlled with a gaussmeter (Lakeshore, Model 455) during the
measurements.
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3.2.3 Polarizing optical microscopy

The phase textures of the lyotropic liquid crystals were characterized by
Nikon Eclipse Ci-POL (Nikon, Japan) polarizing optical microscope (POM),
Figure 3.7. For POM measurements, well-homogenized liquid crystal samples
were transferred into a 0.2, 0.3, and/or 0.4 mm rectangular microslide (Vitrocom,
Japan). Both ends of the microslides were coated with a special fluid
nanocomposite (DLine, Lithuania), and then UV light was applied to the ends.
Microslides containing lyotropic liquid crystal samples were placed in a
temperature control unit (Linkam LTS120E, 0.1°C sensitivity) and homogeneous
heat distribution was provided by a water bath with a circulator connected to this
temperature control unit. The phase textures of the lyotropic liquid crystal samples
were recorded with a color camera (DFK41AU02, The Imaging Source,
Germany) and characterized with special software (NIS-Element-D computer
software, Nikon). The experimental measurement configuration in the polarizing

optical microscope is shown in Figure 3.8.

Figure 3.7. Polarizing optical microscopy measurement setup. 1: polarizing
optical microscopy; 2: Linkam LTS120E heater/cooler plate; 3: Linkam T95-PE
heating/cooling controller; 4: connector and display of parts 2 and 3 (Linkpad); 5:
water bath; 6: camera; 7: NIS-Element-D computer software.
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Figure 3.8. The measurement configuration chosen for the examination of phase
under polarizing optical microscopy: X, y, z selected laboratory coordinate axes; A
and P are the analyzer and polarizer direction, respectively; H indicates the
direction of the magnetic field. The long axis of the capillary containing the
lyotropic liquid crystal samples is placed parallel to the y-axis (perpendicular to
the magnetic field direction).

3.2.4 Small-angle x-ray scattering (SAXS)

Small-angle X-ray scattering (SAXS) is a very useful and strong
experimental technique to evaluate micelle structure parameters (micelle
dimensions, intermicellar distances, surfactant aggregation numbers, packing
parameter, etc.). In this thesis, the small-angle X-ray scattering (SAXS)
measurements procedure and data treatment were based on those given in the
Supplementary Information of Ref. (53). The experimental part of the SAXS can
be summarized as follows. A Xeuss 2.0 laboratory-based system (Xenocs, France)
was applied to lyotropic mixtures. The monochromatic and collimated incident X-
ray beam has a square cross section with 0.7 mm side in sample’s position and
wavelength of 1.5419 A. A Genix3D beam delivery system was used to generate
the beam. This systems consists of a Cu anode microfocus' X-ray source and a
FOX3D X-ray mirror. A sample-to-detector distance was 936 mm. A Pilatus
300K detector (Dectris, Switzerland) enabled to measure the images of the two-
dimensional X-ray scattering patterns. Lyotropic samples were transferred into
cylindrical Mark-capillary of 1.5 mm diameter (Hilgenberg, Germany). The end
of capillary was closed with a UV-sensitive photopolymer. During the SAXS
measurement, a capillary was placed in a temperature-controlled sample holder
with precision of £0.2 °C. Rectangular bars of permanent NdFeB magnets (~1
kG) were attached to the sidewalls of the sample holder to generate a sufficiently

homogeneous magnetic field.
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4. RESULTS AND DISCUSSIONS

4.1 Polarizing optical microscopy and phase transitions

Figure 4.1. shows the molecular structures of dye/drug molecules Sunset
Yellow, amaranth, tartrazine, and DSCG. Note that we recently investigated the
uniaxial and biaxial nematic phase properties of lyotropic mixtures including
Sunset Yellow in another study (96,107), thus the investigation of the nematic
phase properties of Sunset Yellow-included mixtures has been repeated in the

present study just for the comparison with other dye/drug molecules.
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Figure 4.1. Molecular structures of dye/drug molecules: (a) Sunset Yellow, (b)
amaranth, (c) tartrazine, and (d) DSCG.

The compositions of lyotropic mixtures of DTMABr/DDeOH/water doped
with Sunset Yellow, amaranth, tartrazine, and DSCG are given in Tables 4.1-4.4,
respectively, at different dye/drug concentrations. The nematic textures of the
mixtures were confirmed by polarizing optical microscopy investigations with
characteristic “schlieren textures” of nematic phases, and also their homeotropic
and planar alignments in the presence of a magnetic field (Figures 4.2-4.5). Notice
that the Np (Nc and Ng) phase(s) is (are) characterized by homeotropic (planar)
alignment. While the Np phases may be easily distinguished from other nematics,
the birefringence measurements by optical conoscopy with compensators or laser
conoscopy help to distinguish the Nc phase from the Ng one. The latter was used
in the present study to evaluate the second-order uniaxial-to-biaxial nematic phase
transitions from the temperature dependence of the birefringences of three
nematic phases and to determine the temperature range of the biaxial nematic

phase domain in the partial phase diagrams.
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Table 4.1. Compositions of the lyotropic host mixture DTMABr/DDeOH/water
(D0) and the mixtures obtained from doping it with Sunset Yellow (SSY),
nematic-nematic phase transition temperatures, and biaxial nematic phase range
observed in the partial phase diagram -ATy,. X corresponds to the percent mole
fraction of each component of the mixtures. Similar results were reported in our
recent study and repeated in the present study for comparison (96).

Mixture | Xotmaer | Xssy | Xobeon | Xwater Phase transitions ATy, /°C
DO 4988 | 0.000 | 1.794 | 93.218 Ne
s1 4986 | 0026 | 1.794 | 93.194 Ne
s2 4985 | 0053 | 1.793 | 93.169 Ne
s3 4984 | 0079 | 1.793 | 93.144 Ne
s4 | 4982 | 0106 | 1792 | 93120 | n, SN, 2SN, | 1.90
s5 4980 | 0132 | 1791 | 93.097 | pn ZZ5N TICN | 410
s6 4980 | 0144 | 1792 | 93.084 | n, 225N 75N | 460
s7 4979 | 0458 | 1.791 | 93.072 Ny LS N,
s8 4978 | 0184 | 1.791 | 93.047 Ny 255 N,
s9 4977 | 0211 | 1.790 | 93.022 No
510 4975 | 0237 | 1.790 | 92.998 No
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Table 4.2. Compositions of the lyotropic mixtures obtained from doping the host
mixture with amaranth, nematic-nematic phase transition temperatures, and
biaxial nematic phase range observed in the partial phase diagram -ATy ..

Mixture | Xprmaer | Xamaranth | XppeoH | Xwater Phase transitions ATy, /°C
al 4.985 0.036 1.793 | 93.186 N,
a2 4,984 0.056 1.793 | 93.167 N,

a3 | 4983 | 0.066 | 1793 | 93.158 | y 2y 24Ty | 18

266°C _ 24.5°C
ad 4.983 0.070 1.793 | 93.154 | N, —> Ny —> N¢ 2.1

a5 4983 | 0.079 | 1.792 | 93.146 NDﬂ:NgﬂNC 2.3

a6 4982 | 0088 | 1792 | 93138 | y, 25N 205N 24

a7 | 4982 | 0096 | 1792 | 93130 | n, BTy BTN | 32

a8 4981 | 0106 | 1.792 | 93.121 NDﬂ:Ngﬂ:NC 3.1

15.2°C

a9 4981 | 0.114 | 1792 | 93.113 Np —= N
al0 4980 | 0126 | 1.792 | 93.102 Np T Ng
all 4980 | 0129 | 1.792 | 93.099 Ny 134 Ng
al2 4.980 0.141 | 1.791 | 93.088 Np
al3 4.979 0.153 | 1.791 | 93.077 Np
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Table 4.3. Compositions of the lyotropic mixtures obtained from doping the host
mixture with tartrazine, nematic-nematic phase transition temperatures, and biaxial
nematic phase range observed in the partial phase diagram -AT)y,,.

Mixture | Xprmasr | Xtartrazine | XooeoH | Xwater Phase transitions ATy, /°C
tl 4,985 0.036 1.793 | 93.186 N¢ ---
t2 4.984 0.057 1.793 | 93.166 N ---
t3 4.983 0.066 1.793 | 93.158 N ---
t4 4.983 0.070 1.793 | 93,154 N ---

t5 | 4983 | 0078 | 1792 | 93147 | N, %N, PN | 06

t6 | 4982 | 0088 | 1792 | 93138 | N, TSN, P%5N. | 08

7 | 4982 | 0095 | 1792 | 93131 | N, 25N, ESN | 12

8 | 4981 | 0106 | 1792 | 93.121 | n, 225N, 2N, | 17

0 | 4981 | 0114 | 1792 | 93113 | n, Z%5N, B%0n, | 21

0 | 4980 | 0130 | 1.792 | 93.098 | n, 225N, BN, | 24

t1l | 4980 | 0141 | 1791 | 93088 | N, TSN MN, | 27

t12 | 4979 | 0153 | 1791 | 93.077 | N, 275N, 25N, | 34

15.2°C

t13 | 4978 | 0.165 | 1.791 | 93.066 Np =25 Ny
t14 | 4978 | 0177 | 1791 | 93.054 Ny =25
t15 | 4977 | 0.189 | 1.790 | 93.044 Np
t16 | 4977 | 0.200 | 1.790 | 93.033 Np
t17 4976 | 0.212 | 1.790 | 93.022 Np
t18 4975 | 0.224 | 1.790 | 93.011 Np
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Table 4.4. Compositions of the lyotropic mixtures obtained from doping the host
mixture with DSCG, nematic-nematic phase transition temperatures, and biaxial
nematic phase range observed in the partial phase diagram -ATy,.

Mixture | Xotmaer | Xbosce | XopeoH | Xwater Phase transitions | ATy, /°C
dl 4984 | 0.053 | 1.793 | 93.170 N¢
d2 4983 | 0.084 | 1.792 | 93.141 N¢

d3 | 4982 | 0009 | 1792 | 93127 | N 22N 20N | 13

229°C_ 21.3°C
d4 4.981 0.105 1.792 | 93.122 Np —> Ng — N, 1.6

d5 4981 | 0.118 | 1792 | 93.109 NDEENBﬁENC 2.3

d6 | 4980 | 0132 | 1791 | 93007 | p, 2Ty BN | 28

d7 | 4979 | 0143 | 1791 | 93087 | p, %0y BZCN | 28

16.4°C

d8 | 4979 | 0158 | 1.791 | 93.072 N, SN
d9 | 4978 | 0171 | 1.791 | 93.060 N, 255N,
d10 | 4977 | 0189 | 1.790 | 93.044 N
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Figure 4.2. Polarizing optical microscope textures of magnetically non-aligned
lyotropic nematic phases for DTMABTr/Sunset Yellow/DDeOH/water mixture, s5:
(@ Np at 22.0°C, (b) Ng at 18.0°C, and (e) Nc at 14.0°C. After applying the
magnetic field of 0.9 kG to those nematic phases at the corresponding
temperatures: (d) homeotropic Np, (e) planar Ng and (f) planar Nc. Objective is
10x and the white bars corresponds to 200 um. A, P, 1 and 2 are the directions of
analyzer, polarizer, long capillary axis and magnetic field (only for d, e and f) for
all textures, respectively. Similar experimental set-up was applied to amaranth,
tartrazine and DSCG-included mixtures. The observed textures were very similar
to the ones in Ref (96).

Figure 4.3. Polarizing optical microscope textures of magnetically non-aligned
lyotropic nematic phases for DTMABr/amaranth/DDeOH/water mixture, a6: (a)
Np at 22.0°C, (b) N at 20.0°C, and (e) Nc at 15.0°C. After applying the magnetic
field of 0.9 kG to those nematic phases at the corresponding temperatures: (d)
homeotropic Np, (e) planar Ng and (f) planar Nc.
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Figure 4.4. Polarizing optical microscope textures of magnetically non-aligned
lyotropic nematic phases for DTMABTr/tartrazine/DDeOH/water mixture, t6: (a)
Np at 30.0°C, (b) Ngat 27.3°C, and (e) Nc at 22.0°C. After applying the magnetic
field of 0.9 kG to those nematic phases at the corresponding temperatures: (d)
homeotropic Np, (e) planar Ng and (f) planar Nc.

Figure 4.5. Polarizing optical microscope textures of magnetically non-aligned
lyotropic nematic phases for DTMABr/DSCG/DDeOH/water mixture, d6: (a) Np
at 25.0°C, (b) Ng at 17.0°C, and (e) Nc at 14.0°C. After applying the magnetic
field of 0.9 kG to those nematic phases at the corresponding temperatures: (d)
homeotropic Np, (€) planar Ng and (f) planar Nc.
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4.2 Laser conoscopy: nematic-nematic phase transitions

The birefringences of the three nematic phases as a function of temperature

for the mixtures given in Tables 4.1-4.4 were determined from the laser

conoscopy. The results are presented in Figures 4.6-4.9 for each dye/drug

molecule.
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Figure 4.6. The temperature dependences of the birefringences of the nematic
phases for (a) the host mixture DTMABr/DDeOH/water (DO) and
DTMABTI/Sunset Yellow/DDeOH/water (Table 4.1): (b) s1, (c) s2, (d) s3, (e) s4,

(f) s5, (g) s6, (h) s7, (i) s8, (j) s9, and (k) s10. Similar results were obtained in
Ref. (96).
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Figure 4.7. The temperature dependences of the birefringences of the nematic
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Figure 4.8. The temperature dependences of the birefringences of the nematic
phases for DTMAB-/tartrazine/DDeOH/water mixtures (Table 4.3.): (a) t4 (b) t5,
(c) t6, (d) t7, (e) t8, (f) t9, (g) t10, (h) t11, (i) t12, (j) t13, (k) t14, and (I) t15.
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Figure 4.9. The temperature dependences of the birefringences of the nematic
phases for DTMABr/DSCG/DDeOH/water mixtures (Table 4.4.): (a) d1 (b) d2,
(c) d3, (d) d4, (e) d5, (f) d6, (g) d7, (h) d8, (i) d9, and (j) d10.
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4.3 Phase diagram

Considering the polarizing optical microscopy investigations and the laser
conoscopy results together, the temperature-concentration partial phase diagrams
for each guest molecule, i.e., dye and drug molecules, were constructed, Figures
4.10-4.13. The partial phase diagram of DTMABr/Sunset Yellow/DDeOH/water
is, within the experimental error limits, very similar to the one reported before
(96). Because it was aimed to compare the effect of each guest molecule on the
host mixture DTMABr/DDeOH/water under the same conditions, the phase

diagrams were studied in the temperature range of 12.0-30.0°C.

30

25

T/°C
20

151

~0.05 0.10 0.15 0.20
Xssy

Figure 4.10. The partial phase diagram of DTMABr/Sunset
Yellow/DDeOH/water mixtures whose compositions were given in Table 4.1,
Similar partial phase diagram were reported in Ref. (96).
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Figure 4.11. The partial phase diagram of DTMABr/amaranth/DDeOH/water
mixtures whose compositions were given in Table 4.2.
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Figure 4.12. The partial phase diagram of DTMABTf/tartrazine/DDeOH/water
mixtures whose compositions were given in Table 4.3.
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30

T/°C

Figure 4.13. The partial phase diagram of DTMABr/DSCG/DDeOH/water
mixtures whose compositions were given in Table 4.4. 2P: two-phase region.

As can be seen from the phase diagram of each of the four selected guest
molecules, the Np-Ng and Nge-Nc phase transitions shift to lower temperatures
with the addition of guest molecules to the main mixture (D0), which gives only
the lyotropic Nc phase depending on the temperature.

This means that the dye/drug guest molecules interact with the micelles by acting
as electrolytes in lyotropic mixtures (61). In addition, with the increase in the
concentration of guest molecules, the Nc phase region narrows in the partial phase
diagrams, while the Np and Ng phase regions expand. This can only be possible if
the anionic groups of dyes and drug molecules on the micelle surfaces interact
with the cationic head groups of DTMABFr surfactant. As it is known, electrolyte
ions added to the medium in micellar systems interact with surfactant head groups
on the micelle surfaces and change the micelle surface curvature or micellar shape
(108,109). This change is actually a result of the shielding of the repulsive forces
between the surfactant head groups on the micelle surfaces by electrolyte ions
(110). In a study that we recently brought to the literature, it was demonstrated
with strong experimental results (laser conoscopy and small-angle X-ray
scattering) that it is possible to obtain different types of nematic phases by
controlling the micelle surface curvatures in lyotropic nematic phases (107). In
that study, it was revealed that the micelle surface curvatures were different in all

three nematic phases.
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In the partial phase diagrams, the least and highest micelle surface curvatures are
observed in the Np and Nc phases, respectively, remaining in the nematic phase
region. In the case of micelle surface curvature at moderate levels, the Ng phase is
most likely to occur, Figure 4.14. So, if we go back to the partial phase diagrams;
since guest molecules cause Np and/or Ng phase formation, they interact
effectively with the head groups of DTMABT surfactant molecules on the micelle

surfaces and change the micelle surface curvatures.

Extent of micelle surface curvature

Intermediate Low
Surfactant s
head OB
group | AL
Surfactant N1 RT0Y
alkyl chain Np
ay(N¢) > ao(Ng) > ay(Np)

Figure 4.14. Relationship between the possible extent of micelle surface
curvature and the formation of lyotropic nematic phases.
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4.4 Determination of the sequence of dye/drug molecules in

Hofmeister series

It is important in the present thesis to determine which guest molecule is
more effective in obtaining different types of nematic phases. Among the mixtures
given in Table 4.1- 4.4, the concentrations of guest molecules in percent mole
fractions (X: 0.13) and the total mixture compositions in the mixtures of s5
(Sunset Yellow), all (amaranth), tartrazine (t10), and d6 (DSCG) are same within
the experimental error limits. Therefore, by comparing the lyotropic nematic
liquid crystal properties of these mixtures, the effects of those molecules and their
places in the Hofmeister series can be relatively determined. Among the selected
molecules, only Sunset Yellow's place in the Hofmeister series has been
determined by us before (96), and there is no information about the others in the
literature, to the best of our knowledge. However, before starting a relative
comparison as intended, it would be appropriate to thoroughly examine the
molecular structures of the guest molecules given in Figure 4.1. Sunset Yellow
and amaranth have two and three, respectively, chaotropic —SO3~ anionic groups.
While tartrazine has two —SO3™ and one kosmotropic -COO™~, DSCG includes two
—COO". The nematic-nematic phase transition temperatures and biaxial nematic
phase region range in the partial phase diagrams given previously for the mixtures

in Tables 4.1-4.4 are summarized in Table 4.5.

Table 4.5. Nematic-nematic phase transitions and biaxial nematic phase range
determined without considering the number of ions possessed by the molecules at
the same dye/drug molecule concentration (X: 0.13).

Number of Number of

Mixture chaotropic kosmotropic ND/O_éNB NBO_éNC/ ATy, /°C
—S03” —-COO"

s5 2 - 21.2 17.1 4.1

all 3 - 134 --- -

t10 2 1 19.2 16.8 2.4

dé -—- 2 18.6 15.8 2.8

o1



Before proceeding to the interpretation of the data summarized in Table
4.5, it would be useful to remind some points. It is well known that the
interactions between ionic surfactant head groups and electrolyte ions at micelle
surfaces play important role on the formation of different lyotropic nematic
phases (61,111). If there are strong chaotropic-chaotropic or kosmotropic-
kosmotropic interactions between two ionic species, tightly bound ion pairs are
formed (112), resulting in the formation of lyotropic Np phases. In the opposite
case, that is, between two types of ions with quite opposite chaotropic or
kosmotropic properties, the interactions are weak and ion pairs weakly bound to
each other are formed. This indicates weak chaotropic-kosmotropic interactions
and favors the formation of the lyotropic Nc phase. If there are relatively
moderate chaotropic-kosmotropic interactions between ionic species, then Ng
phases are formed. Comparing the all mixture with the t10 mixture, it is seen that
although amaranth and tartrazine molecules with the same mole number contain
the same number of ionic groups, the mixture containing amaranth molecule
lowered the Np-Ng phase transition more than tartrazine (about 5.8°C). In other
words, in the studied temperature range, the Np phase region for the all mixture
was wider in the partial phase diagrams with respect to that for the t10 mixture. In
addition, there is no Nc phase region in the mixture all. This means that the
amaranth molecule interacts more strongly with the chaotropic headgroups of
DTMABT surfactant molecule at the micelle surfaces compared to the interactions
between DTMABTr and tartrazine. Therefore, in terms of chaotropy, amaranth is
more chaotropic than the tartrazine molecule. This is an expected situation
because the amaranth molecule interacts with the chaotropic DTMABT surfactant
headgroups (113) with three chaotropic ionic groups compared to tartrazine,
which has two chaotropic and one kosmotropic group, and screens the interactions
between the headgroups on the micelle surfaces and then reduces the micelle
surface curvature more. As a result, the order of these two molecules in order of
increasing chaotropic degree in the Hofmeister series is “amaranth > tartrazine”.

Similarly, the effects of Sunset Yellow and DSCG molecules, each of
which has two ionic groups, can be compared. Here, our expectation was that the
mixture containing Sunset Yellow molecule with two chaotropic ionic groups

would have a wider Np region and lower nematic-nematic phase transition
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temperatures than the mixture containing DSCG with two kosmotropic ionic
groups. However, as can be seen in Table 4.5, the opposite situation was observed
in our experimental results. This is only possible with a more comprehensive
analysis of the molecular structures of both molecules. In the structure of both
molecules (Figure 4.1), there are two ionic groups and polar OH groups that can
partially interact with the head groups of the surfactant DTMABTr on the micelle
surfaces. Therefore, from this point of view, the same number of ionic/polar
groups are present in the structure of both molecules. The question to be asked at
this point is “Why does the DSCG molecule reduce the nematic-nematic phase
transitions more and favor the formation (expense) of the Np (Nc) phase, although
the chaotropic ionic groups of the Sunset Yellow molecule interact more strongly
with DTMABr head groups than the kosmotropic ionic groups of the DSCG
molecule and form tightly bound ion pairs?”. The first aromatic structure to which
the carboxylate group is attached in the DSCG molecule is the pyran-4-one
structure. In this structure, there is one ether and one ketone group. It is known
that pyran-2-one, which is a similar structure to the pyran-4-one, has a resonance
structure as shown in Figure 4.15 (114). A similar resonance structure is expected
in pyran-4-one: as given in Ref. (115). 'H-NMR studies on pyran-4-ones proved
the existence of their aromatic nature and resonance structures by observing
chemical shifts at 6-8 ppm. Similar chemical shifts in the structure of DSCG were
also reported (116). Thus, the formation of resonance structure for DSCG,
yielding two more negative charges in its structure, which can also interact with
the positively charged surfactant head groups on the micelle surfaces, is most
likely possible. Consequently, according to our results, the molecular structure of
DSCG may be in the form of the resonance structure in the micellar solutions,

Figure 4.16, at least, in the lyotropic mixtures studied in this study.
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Figure 4.15. Formation of the resonance structures of (a) pyran-2-one and
(b) pyran-4-one (114,115).
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Figure 4.16. Possible resonance structure of DSCG molecule.

Positively charged groups in the resonance structure of DSCG molecule
will most likely interact with the free Br~ ions by the ionization of DTMABT in
water or water molecules, while four negatively charged ionic groups interact with
the head groups of DTMABTr. Therefore, it is understandable that such a
resonance structure is formed in DSCG molecule and that it remains stable in the
presence of positively charged micelles in the solution. As a result, the fact that
DSCG is more chaotropic than Sunset Yellow can only be explained by the
formation of a resonance structure of DSCG. Thus, in terms of the chaotropic
degree, DSCG > Sunset Yellow. Consequently, considering only the mole
fractions of the guest molecules in the mixtures, regardless of the number of ions
they contain, the ranking in terms of the degree of chaotropy according to the

results given in Table 4.5 should be as follows.

Amaranth > DSCG > Tartrazine > Sunset Yellow

Considering the chaotropic properties of Hofmeister series of conventional
inorganic anions, the following sequence is valid (117,118).

Br <NOs3 <CIO3 < I"<SCN < ClO4
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In some studies, the relationship between Br~ and NOz™ is also given as Br ~
NO3z™ or Br < NOsz™ (119) and this can be attributed to the close chaotropic
degrees of both ions. To determine the location of the guest molecules in the
Hofmeister series, it would be a more accurate approach to compare them as ions
with the same electrical charge, because the electrical charge of the ions to be
compared in the Hofmeister series is “—1”. For this reason, a comparison method
followed in our previous study will also be applied here (96). Since the anionic
part of the Sunset Yellow molecule has two —1 charged groups, it has a total
charge of —2 (S*). Similarly, amaranth, tartrazine, and DSCG, considering its
pyran-4-one structure, have -3 (A*), -3 (T*"), and —4 (D*), respectively. As
stated earlier, the concentrations of guest molecules in moles or mole fractions are
same in the compared mixtures. This means that the same number of guest
molecules were added to the host mixture. In the case of the same number of ions,
it will be taken as (Xguest) X (Nion) = Xion for comparison. Here, since the ionic parts
of both the inorganic ions in the Hofmeister series and the dye/drug molecules
used in the present thesis have an electrical charge of —1, the total mole fraction
values of the ions (Xion) were calculated from the product of the number of the ion
(nion) and the mole fraction values of the guest molecules added to the host
mixture (Table 4.6). Thus, the presence of the same amount of ionic species as the
ions in the Hofmeister series in the mixtures and interacting with the surfactant
head groups on the micelle surfaces were ensured. The DTMABI/Sunset
Yellow/DDeOH/water mixture (named s5 in this study), which we brought to the
literature from our previous studies, was chosen as the starting point for the
comparison. In the same study, laser conoscopy measurements of some
Hofmeister series ions given above were performed, and nematic-nematic phase
transition temperatures and nematic phase types were determined. The results of
the a forementioned study and the present study are given together in Table 4.6

for comparison.
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Table 4.6. Considering the number iof ionic parts present in the molecular
stuructures of dyes/drug molecules (nion), Nematic-nematic phase transitions and
biaxial nematic phase range in the partial phase diagrams.

Observed
lon | Nion | Mixture| Xguest | Xion | nematic | Np—Ng/°C | Ng—Nc/°C| ATy, /°C
phase
2 ND, NB,
s |2 | s |01 oz "o 212 171 41
A | 3| a6 |o0088| 026 NDN'C\'B' 21.4 19.0 2.4
™ | 3| % |o00s8| 026 NDNL\'B' 276 26.8 0.8
D* | 4 | d11* | 0066|026 | Nc
Br | 1| °® |o026]|026 NDNCNB’ 30.1 29.2 0.9
_ b Np, NB,
NOs | 1 0.26 | 026 | "] 29.2 28.0 1.2
clos | 1| ® |026]|026 NDNCNB’ 24.4 22.4 2.0
F 1] ® |o026|026 NDNCNB’ 24.1 21.3 2.8
_ b Np, N,
SCN- | 1 0.26 | 026 | ] 19.3 14.9 4.4
clos| 1| ® |o26]026] No

2 The mole fractions of other components (DTMABr, DDeOH, water) are same
given in Table 4.4; ® From Ref. (96).

The results given in Table 4.6 include some information on the chaotropic
degree of Sunset Yellow/amaranth/tartrazine/DSCG relative to the inorganic ions
in the Hofmeister series. CIO4~ (D*) ion gives only Np (Nc) phase, which means
that it has the strongest (weakest) interaction with the DTMABTr head groups on
the micelle surfaces. Because the SCN™ion has the lowest nematic-nematic phase
transitions and the largest (smallest) Np (Nc) phase domain, it follows the ClO4~
ion in the series. S> and A* has very similar Np-Ng transition, but the Ns-Nc
transition for S*~ shifts to lower temperature by expensing the Nc phase domain.
So, in terms of chaotropic, S>> A*". The nematic phase properties of the mixtures
with 17, CIO37, NOs7, and Br~ obey the Hofmeister series, i.e. the highly (weakly)
chaotropic ion I~ (Br) gives nematic-nematic phase transitions at lower (higher)
temperatures with larger (larger) Np (Nc) phase domain by the increase in the

biaxial phase region.
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According to the phase transition temperatures, T~ should be placed between
ClO3z and NOs™. Thus, the following sequence may be obtained, considering the

Nion OF Xijon Values of dye/drug molecules:

ClO4 > SCN~ > Sunset Yellow > Amaranth > I~ > ClO3™ > Tartrazine > NO3™ >
Br > DSCG

According to the results given in Table 4.5, i.e. if the njon values are not

considered, the following sequence is assumed

ClO4~ > Amaranth > SCN™ > DSCG > Tartrazine > Sunset Yellow > I~ > ClOz™ >
NOsz™ > Br-

However, it seems that the former ordering made by considering the ion numbers
of dye/drug molecules, nematic-nematic phase transition temperatures, and the
biaxial phase regions in the partial phase diagrams, as in our previous study (96),

iS more accurate.

4.5 Small-angle X-ray Scattering

Small-angle X-ray scattering technique is available to evaluate the micellar
structural parameters and to confirm the lyotropic nematic phase types from the
scattering pattern point of view. The SAXS patterns of the Np, Ng, and Nc phases
are well-known in the literature. The SAXS patterns for some samples studied in
this thesis are given in the following figures. The observed 2D-SAXS patterns of
the samples exhibited the characteristic patterns’ shape with the pseudo-lamellar
structure and the patterns’ symmetry in the three aligned nematic phases, when
the SAXS tube or capillary is rotated to obtain PP and PR orientations (see the
Supplementary Information of the reference, (96), for details). In other words, two
different experimental configurations were performed in the SAXS
measurements. The first configuration implies that the magnetic field direction
(~1.0 kG) is perpendicular to the incident X-ray beam. This configuration is called
PP orientation. In the second configuration, the sample was rotated by 90° in the
absence of a magnetic field. This configuration is called PR orientation. In the
case of the Np phase, the scattering patterns and related intensity curves of both

orientations are very similar. When the Ng phase is obtained, the patterns and
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curves for the two configurations are started to be different from one another.
While the integration along the vertical direction (VRT) for each pattern gives
almost the same q (scattering vector) values in the Ng phase, the one along the
horizontal direction (HRZ) starts to change for PP and PR configurations. This
situation continues until the Nc phase is obtained. In the Nc phase, sharp (weak)
intensity along VRT (HRZ) in the PP orientation is obtained, and a characteristic
circular scattering pattern with isotropically distributed intensity for the Nc phase

is observed (details are given in Ref. (96).

SAXS patterns for samples s5, all, t10, d6, a6, and t6 are given in Figures
4.17-4.20, 4.22-4.25, 4.27-4.31, 4.33-4.36, 4.38-4.42, and 4.44-4.49, respectively.
Their respected intensity vs g curves is also given in Figures 4.21, 4.26, 4.32,
4.37, 4.43, and 4.50, respectively. The SAXS patterns are in good agreement with
the laser conoscopy and polarizing optical microscopy results, i.e., the SAXS

results confirm the nematic phase types.
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Figure 4.17. SAXS patterns of the Np phase obtained from the sample with
Sunset Yellow (s5) at 25.0°C for PP (left) and PR (right) orientations.
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Figure 4.18. SAXS patterns of the Ng phase obtained from the sample with
Sunset Yellow (s5) at 19.8°C for PP (left) and PR (right) orientations.
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Figure 4.19. SAXS patterns of the Ng phase obtained from the sample with
Sunset Yellow (s5) at 18.7°C for PP (left) and PR (right) orientations.
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Figure 4.20. SAXS patterns of the Nc phase obtained from the sample with
Sunset Yellow (s5) at 15.2°C for PP (left) and PR (right) orientations.
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Figure 4.21. Scattering intensity vs scattering vector for the sample s5 at different
temperatures. These curves were used to calculate the micellar structural
parameters for the nematic phases, considering the analysis model given in the
Ref. (96). For other curves (Figures 4.26, 4.32, 4.37, 4.43 and 4.50), same model
were applied.
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Figure 4.22. SAXS patterns of the Np phase obtained from the sample with
Amaranth (all) at 25.0°C for PP (left) and PR (right) orientations.
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Figure 4.23. SAXS patterns of the Ng phase obtained from the sample with
Amaranth (all) at 13.0°C for PP (left) and PR (right) orientations.
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Figure 4.24. SAXS patterns of the Ng phase obtained from the sample with
Amaranth (all) at 12.6°C for PP (left) and PR (right) orientations.
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Figure 4.25. SAXS patterns of the C (crystalline-like) phase obtained from the
sample with Amaranth (all) at 11.4°C for PP (left) and PR (right) orientations.
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Figure 4.26. Scattering intensity vs scattering vector for the sample all at
different temperatures to calculate the micellar structural parameters for the
nematic phases.
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Figure 4.27. SAXS patterns of the Np phase obtained from the sample with
Tartrazine (t10) at 25.0°C for PP (left) and PR (right) orientations.
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Figure 4.28. SAXS patterns of the Np phase obtained from the sample with
Tartrazine (t10) at 20.0°C for PP (left) and PR (right) orientations.
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Figure 4.29. SAXS patterns of the Ng phase obtained from the sample with
Tartrazine (t10) at 19.2°C for PP (left) and PR (right) orientations.
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Figure 4.30. SAXS patterns of the Ng phase obtained from the sample with
Tartrazine (t10) at 18.7°C for PP (left) and PR (right) orientations.
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Figure 4.31. SAXS patterns of the Nc phase obtained from the sample with
Tartrazine (t10) at 15.2°C for PP (left) and PR (right) orientations.
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Figure 4.32. Scattering intensity vs scattering vector for the sample t10 at
different temperatures to calculate the micellar structural parameters for the
nematic phases.
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Figure 4.33. SAXS patterns of the Np phase obtained from the sample with
DSCG (d6) at 25.0°C for PP (left) and PR (right) orientations.
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Figure 4.34. SAXS patterns of the Ng phase obtained from the sample with
DSCG (d6) at 18.2°C for PP (left) and PR (right) orientations.
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Figure 4.35. SAXS patterns of the Ng phase obtained from the sample with
DSCG (d6) at 17.5°C for PP (left) and PR (right) orientations.
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Figure 4.36. SAXS patterns of the Nc phase obtained from the sample with
DSCG (d6) at 15.2°C for PP (left) and PR (right) orientations.
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Figure 4.37. Scattering intensity vs scattering vector for the sample d6 at different
temperatures to calculate the micellar structural parameters for the nematic
phases.
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Figure 4.38. SAXS patterns of the Np phase obtained from the sample with
Amaranth (a6) at 25.0°C for PP (left) and PR (right) orientations.
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Figure 4.39. SAXS patterns of the Ng phase obtained from the sample with
Amaranth (a6) at 21.4°C for PP (left) and PR (right) orientations.
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Figure 4.40. SAXS patterns of the Ng phase obtained from the sample with
Amaranth (a6) at 20.8°C for PP (left) and PR (right) orientations.
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Figure 4.41. SAXS patterns of the Ng phase obtained from the sample with
Amaranth (a6) at 20.2°C for PP (left) and PR (right) orientations.
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Figure 4.42. SAXS patterns of the Nc phase obtained from the sample with
Amaranth (a6) at 15.2°C for PP (left) and PR (right) orientations.
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Figure 4.43. Scattering intensity vs scattering vector for the sample a6 at different
temperatures to calculate the micellar structural parameters for the nematic
phases.
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Figure 4.44. SAXS patterns of the Np phase obtained from the sample with
Tartrazine (t6) at 29.1°C for PP (left) and PR (right) orientations.
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Figure 4.45. SAXS patterns of the Np phase obtained from the sample with
Tartrazine (t6) at 28.5°C for PP (left) and PR (right) orientations.
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Figure 4.46. SAXS patterns of the Ng phase obtained from the sample with
Tartrazine (t6) at 27.6°C for PP (left) and PR (right) orientations.
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Figure 4.47. SAXS patterns of the Ng phase obtained from the sample with
Tartrazine (t6) at 27.3°C for PP (left) and PR (right) orientations.
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Figure 4.48. SAXS patterns of the Nc phase obtained from the sample with
Tartrazine (t6) at 25.0°C for PP (left) and PR (right) orientations.
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Figure 4.49. SAXS patterns of the Nc phase obtained from the sample with
Tartrazine (t6) at 15.2°C for PP (left) and PR (right) orientations.
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Figure 4.50. Scattering intensity vs scattering vector for the sample t6 at different
temperatures to calculate the micellar structural parameters for the nematic
phases.

The SAXS curves (Figures 4.21, 4.26, 4.32, 4.37, 4.43, and 4.50) for PP
orientations were analyzed based on the analysis method proposed by Neto (120)
and Galerne (94) by considerig that three nematic phases consist of similar
orthorhombic micelles or micelles with biaxial symmetry, and these micelles are
stacked in blocks of just a few units in the three directions. For the well-aligned
Np phases, the same SAXS patterns and curves are obtained in PP and PR
orientations. However, the SAXS curves in Ng and Nc phases split into two
different curves with almost the same change in the g values if Np curves are
chosen as the starting point. So, only PP orientations are used to analysis of the
curves. Furthermore, it is only possible to calculate the micelle structural
parameters of the samples studied in the Np phases. The reasons for the last two
situations are well-described in the references, (94,96,120) with the
Supplementary Information. It is important to point out here that analysis of only
the curves obtained from the Np phases does not create any risk in the frame of
this thesis because we aim to compare the relative effect of the dyes/drug

molecules on the formation of different nematic phases.
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Considering the biaxial symmetry of the micelles in the nematic phases,
micelles have approximately a rectangular parallelepiped shape with the average
available volume per micelle. In this volume, the micelle has the average
dimensions A, B, and C, each of which can be evaluated from the SAXS intensity
curves with 27t/qx, where gx is the band positions of the SAXS intensity curves as
a function of g in the Axis 1 or 2 directions for dimensions A and B, and in the
Axis 3 direction for C (94). Because the calculation model assumes the existence
of a uniform polar layer around the micelles and the uniform density of the
micelle core composed of alkyl chains of the surfactant and cosurfactant
molecules (96), the micelles core average dimensions A’, B’ and C’ can be
calculated by subtracting the thickness of the polar layer (w) from A, B, and C,

respectively.

Furthermore, the calculation model is also available to calculate the average
aggregation number (Nagg), the average area per polar head (ao), and the shape
anisotropy (SA). The last one can be obtained from the following equation:

! !/
=]
SA = *———

A'+B’
2

(4.1)

It sould be pointed out here that the SA enables us to compare the average
thickness of the micelles core bilayer (C’) relative to the average of the other two
dimensions (A’ and B’) of the micelle core. It means that the SA gives
information on the relative growth of the micelle core in the directions
perpendicular to the amphiphiles bilayer direction. Tables 4.9. and 4.10. include
Nagg, @0, and SA values. Another important parameter is the average number of
guest molecules (dyes/drug) per micelle, Nguest, Which is calculated from the ratio

of the Nagg to the molar ratio between the surfactants and the guest molecules.

For the samples s5, all, t10, d6, a6, and t6, the results of the micelle
structural parameters obtained from the SAXS analysis are given in Tables 4.7-
4.10.
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Table 4.7. Calculated some micelle structural parameters obtained from SAXS
measurement results for s5, all, t10 and d6.

sample |[AA) |BA) |CA |A @A) |BA |CA |wd)
s5 63.9+1.6 | 49.9£1.0 | 43.940.2 | 49.242.0 | 35.3%1.6 | 29.2+1.3 | 14.7+1.3

all 65.1+2.4 | 49.5+1.1 | 43.7+0.2 | 50.3+3.0 | 34.7+2.2 | 28.9+1.9 | 14.8+1.9

t10 64.4+1.9 | 48.840.8 | 43.7+0.2 | 49.7£2.3 | 34.1+1.6 | 29.1+1.4 | 14.6+1.4

dé 72.3£3.2 | 49.0+0.8 | 43.7+0.2 | 57.2+3.8 | 33.94£2.3 | 28.6+2.1 | 15.1+2.1

Table 4.8. Calculated some micelle structural parameters obtained from SAXS
measurement results for a6 and t6. The data for s5 given in Table 4.7 are repeated
here for comparison.

Sample |[A(A) |BA) |cA) [AA) |[BA |CA |w@)

s5 63.9+1.6 | 49.9£1.0 | 43.940.2 | 49.242.0 | 35.3+1.6 | 29.2+1.3 | 14.7+1.3
a6 70.842.6 | 47.8+0.9 | 44.1+0.2 | 56.0+3.1 | 32.942.0 | 29.3+1.8 | 14.9+1.8
t6 54.2+1.8 | 47.5£0.9 | 44.8+0.1 | 40.3+2.4 | 33.6+1.8 | 30.9£1.5 | 13.9+1.5

Laser conoscopy results exhibited that amaranth, tartrazine, and DSCG
molecules bound to the micelles. The micelle bilayer thickness and the average
polar layer thickness give us information about the location of the molecules on
the micelle surfaces or the penetration to the micelle core. In a recent study (96),
the SAXS analysis of DTMABr/DDeOH/water mixture doped with different SSY
concentrations and some inorganic electrolytes, separately, showed that the
micelle core bilayer thickness (C’) and the polar layer thickness values were ~29-
30 A and ~14-15 A, respectively, for SSY and electrolytes. It is well-known that
electrolyte ions are present in the polar layer at the micelles’ surfaces and cannot
penetrate to the micelle core. Thus, obtaining similar C’ and w values for
electrolyte ions and SSY proved that the plank-like SSY molecules do not
penetrate inside the core of the micelles. Instead, they localize on the micelles’
surface or in the water layer region with their largest surface being parallel or at
most inclined to the biaxial micelles surfaces (96). Remember that we used the
same DTMABI/DDeOH/water host mixture with the same mole fractions of each

component given in the reference (96). Because the similar C’ and w values
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(Tables 4.7 and 4.8) are obtained in the present study, the guest molecules
amaranth, tartrazine, and DSCG have to localize on the micelle surfaces like SSY
molecules, i.e., they do not penetrate inside the micelle core and localize on the

micelle surfaces with their largest molecular surfaces.

Table 4.9. SA, Nagg, @ and Nguest Values for s5, all, t10 and d6 samples.

Sample | SA Nagg ao(A) Nguest Np—Ng/°C
s5 0.31+0.04 | 158+5 53+3 3.1+0.1 |21.2
all 0.32+0.05 | 158+7 53+4 3.0+£0.1 | 134
t10 0.31+0.04 | 15445 54+3 3.0+0.1 | 19.2
dé 0.37£0.06 | 17448 52+5 3.4+0.2 | 18.6

Table 4.10. SA, Nagg, a0 and Nguest Values for a6 and t6 samples. The data for s5
given in Table 4.9 are repeated here for comparison.

Sample SA Nagg ao (A) Nguest ND—>NB/OC
s5 0.31+0.04 | 15845 53+3 3.1+0.1 | 21.2
a6 0.34+0.05 | 16947 53+4 22+0.1 | 214
t6 0.16+0.05 | 130+5 56+4 1.7+0.1 | 27.6

The average area per polar head (ao) gives information on the interactions
between the ionic species at the micelle surfaces. If the ions interact strongly or
weakly with the surfactant head groups, they screen the repulsions between the
surfactant head groups and the ap values of the surfactants decrease. The strong
(weak) interactions give rise to the formation of the close-contact (loosely bound)
ion pairs. From the Hofmiester series point of view, while surfactant head groups
and ions with similar chaotropic or kosmotropic character leads to formation of

close-contact ion pairs, those with opposite character form loosely bound ones.

In Tables 4.9 and 4.10, the ao values are given. Considering the charges of
both the head group of DTMABT and the ionic parts of each guest molecules, they
behave as 1:1 electrolyte on the micelle surfaces and the head group of DTMABr

interact with only one ionic part of each guest molecule. So, in our case, it can be
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assumed that the ap is a measure of the strength of the interaction between
surfactant head group and the guest molecule per its ionic part. SSY and amaranth
have two and three same chaotropic (-SOz") groups, and each —SO3™ group causes
the same value of the ao for s5, all and a6 (53 A). When one of the -SO3~ group
in the structure of the amaranth is replaced by one kosmotropic —COQ, i.e.,
tartrazine molecule, it is expected that the average chaotropy per ionic part
slightly decreases with respect to the amaranth molecule, and the interactions
between DTMABTr head group and tartrazine is slightly weaker than DTMABTr
head group and amaranth. The last situation is confirmed with the ao values for
t10 (54 A) and t6 (56 A). DSCG molecule has two kosmotropic—-COO™ groups. In
the literature, there is no information about chaotropic or kosmotropic character of
the additional ionic parts in the aromatic part of DSCG molecule (Figure 4.16).
So, it is not easy to interpret its ag value if the Xion (the total mole fraction values
of the ions) values are not considered. However, as we discussed in the results of
the laser conoscopy, the average degree of the kosmotropic/chaotropic character
of DSCG as a molecule is between SSY and tartrazine if we take into account the
transition from discotic nematic phase to the biaxial nematic phase. From this
respect, it can be said that the SAXS results are in good agreement with both laser

conoscopy and polarizing optical microscopy.

Amoung the micelle structural parameters obtained from the SAXS
analysis, considering by the Xion values, the Nguest values (Table 4.10), which was
calculated from the ratio of the Nagg values to the molar ratio between the
surfactants and the guest molecules, are more appropriate. By this way, all results
obtained from laser conoscopy, polarizing optical microscopy and SAXS
measurements are significant. As it can be seen in Table 4.10 (remember that s5,
a6, t6 and d11 introduce same mole number of ionic parts to the mixtures with
Xion=0.26), as the kosmotropic character of the ionic parts of the guest molecules
increases, the Nguest Values decrease by favoring (unfavoring) the formation of Nc
(Np) phase. Although it cannot be possible to calculate the Nguest value for DSCG-
included mixture (d11), because it gives only Nc phase, experimental results in
the literature showed that the highest micelle surface curvature is observed in the
Nc phase compared with the other nematic phases, which indicates the higher ag

values. So, DSCG has to exhibit the highest (smallest) ao (Nguest) Values with
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respect to the other guest molecules. Consequently, the increasing order of
chaotropic character of the guest molecules in the Hofmeister series by
considering the ion numbers in the structure of dye/drug molecules is
SSY>Amaranth>Tartrazine>DSCG. This order is in good agreement with the

laser conoscopy results and the literature (96):

ClO4 > SCN™ > Sunset Yellow > Amaranth > |- > CIO3 > Tartrazine > NO3z >
Br > DSCG

As a result, the chaotropic degrees of the dyes and drug molecules were
determined by considering the Hofmeister series of ions. It is also seen from the
results of the present study that surfactant-based lyotropic nematic phases can be
obtained by using dye molecules and/or drug molecules containing ionic groups in
addition to traditional inorganic electrolyte ions. Another important point is that
different types of nematic phases can be obtained by using less amount of dye
molecules compared to electrolytes containing inorganic ions, and it is possible to
control for obtaining a larger biaxial nematic phase region in partial phase
diagrams. Because this is an active research field, the results obtained from the

present study have contributed significantly to the studies in this field.
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5. CONCLUSIONS AND RECOMMENDATIONS

In the present study, it was aimed to investigate the effects of interactions
between ionic species on the micelle surfaces in the formation of lyotropic
nematic phases by using cationic surfactant DTMABr and dye/drug guest
molecules containing anionic groups in their molecular structures. The point of
attention in these guest molecules is the number of ionic groups in their molecular
structures and also the chaotropic and/or kosmotropic degrees of the ionic groups
because these properties are an important parameter in the interactions of
surfactant molecules and dye/drug molecules. The results indicate that those guest
molecules have a greater effect on (a) the nematic-nematic phase transitions, (b)
the biaxial nematic phase domain range in the partial phase diagrams, and (c),
because higher birefringences mean higher micelle shape anisotropy, micelle
shape anisotropy, than the conventional inorganic electrolyte ions. Furthermore,
dye/drug molecules containing ionic parts in their structures may be sequenced in
the Hofmeister series of ions. However, it would be pointed out that since the
dye/drug molecules may have a resonance structure as a result of the existence of
the aromatic parts in their structure, this resonance structure should be considered
to investigate their effects on the formation of the lyotropic nematic phases. This
may be also an important point for lyotropic chromonic liquid crystals (LCLCs)

because the drug molecule DSCG has been widely investigated to form LCLCs.
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