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ABSTRACT

INVESTIGATION OF UNIAXIAL AND BIAXIAL NEMATIC PHASE
PROPERTIES OF DYE-DOPED LYOTROPIC LIQUID CRYSTALS
MSC THESIS
GOKHAN TOPCU
BOLU ABANT IZZET BAYSAL UNIVERSITY INSTITUTE OF GRADUATE
STUDIES
DEPARTMENT OF CHEMISTRY
(SUPERVISOR: ASSOC. PROF. DR. EROL AKPINAR)

BOLU, OCTOBER 2020

In this study, the effects of the anionic azo dye Sunset Yellow on the stabilization of
lyotropic uniaxial and biaxial nematic phases and the uniaxial to biaxial phase
transitions were investigated. The dye was added in different concentrations to the
host ternary mixture of cationic surfactant dodecyltrimethylammonium bromide, 1-
dodecanol, and water. Furthermore, a comparative investigation was performed to
examine the role of the dye in lyotropic mixtures by adding some inorganic salts to the
same host mixture. Salts used for this purpose were NaBr, NaNO3z, NaClOs, Nal,
NaSCN, and NaClO4. The lyotropic nematic liquid crystal properties of all the samples
were investigated by polarizing optical microscopy, laser conoscopy, and small-angle
X-ray scattering. The results indicated that (a) the anionic dye Sunset Yellow has a
chaotropic character between that of the I- and SCN ions, being similar to the second
one, (b) it gives a larger biaxial nematic phase temperature range in the partial phase
diagram in comparison with the SCN™ ion and other inorganic salts, and (c) it shifts the
temperatures of both uniaxial to biaxial nematic phase transitions. The small-angle X-
ray scattering results also indicated that, at least in the investigated concentration
range, the dye is mainly located on the micelle surfaces, just like a conventional ion,
and that on increasing concentration of the dye induces higher surfactant aggregation
number in the micelles.

KEYWORDS: Lyotropic liquid crystal, Nematic phase, Biaxial nematic phase,
Anionic azo dye sunset yellow, Surfactant-dye interactions, Polarizing optical
microscopy, Laser conoscopy, Small-angle X-ray scattering.



OZET

BOYAR MADDE EKLENMIS LIYOTROPIK SIVI KRISTALLERIN TEK
EKSENLI VE CIiFT EKSENLI NEMATIK FAZ OZELLIKLERININ
INCELENMESI
YUKSEK LISANS TEZI
GOKHAN TOPCU
BOLU ABANT iZZET BAYSAL UNIVERSITESI
LiSANSUSTU EGITiM ENSTITUSU
KiMYA ANABILiM DALI
(TEZ DANISMANI: DOC. DR. EROL AKPINAR)

BOLU, EKIM - 2020

Bu c¢alismada, anyonik azo boyar madde olan Sunset Yellow'un lyotropik
tek eksenli ve ¢ift eksenli nematik fazlarin stabilizasyonu ile tek eksenli-gift
eksenli faz gecisleri tlizerindeki etkileri arastirildi. Boyar madde farkl
konsantrasyonlarda katyonik siirfaktant dodesiltrimetilamonyum bromiir, 1-
dodekanol ve su ana i¢lii karisimima eklendi. Ayrica, liyotropik karigimlarda
boyar maddenin roliinii incelemek i¢in ayni ana karisima bazi inorganik tuzlarin
eklenmesiyle karsilastirmali bir arastirma da yapilmistir. Bu amagla kullanilan
tuzlar NaBr, NaNOs, NaClOs, Nal, NaSCN ve NaClOs’tir. Tiim o&rnekler
polarize optik mikroskopisi, lazer konoskopisi ve kiigiik ag1 X-1s1n1 sagilmasi ile
arastirilmistir. Elde edilen sonuglar anyonik boyar madde Sunset Yellow’un (a)
I~ ve SCN™ iyonlari arasinda daha ¢ok ikincisine yakin bir kaotropik karaktere
sahip oldugunu, (b) SCN™ ve diger anorganik tuz iyonlariyla karsilastirildiginda
kismi faz diyagramlarinda daha genis ¢ift eksenli nematik faz sicaklik aralig
verdigini ve (c) her iki tek eksenli fazdan ¢ift eksenli nematik faza gecis
sicakliklarmi  kaydirdigint (degistirdigini) gostermistir. Kiiciik ac1 X-151m1
sacilmas1 sonuglari, en azindan arastirilan konsantrasyon araliginda, boyar
maddenin esas olarak geleneksel iyonlar gibi misel yiizeylerinde lokalize
olduklarin ve artan boyar madde konsantrasyonuyla daha ytiksek misel i¢inde
stirfaktant kiimelenme sayilarina sebep oldugunu da gostermistir.

ANAHTAR KELIMELER: Liyotropik siv1 kristal, Nematik faz, Cift eksenli nematik
faz, Anyonik azo boyar madde Sunset Yellow, Siirfaktant-boyar madde etkilesimleri,
Polarize optik mikroskopisi, Lazer konoskopisi, Kiigiik a¢1 X-151n1 sacilmasi.
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1. INTRODUCTION

Surfactants are amphiphilic molecules having a hydrophobic part that is a
nonpolar hydrocarbon, fluorocarbon, or siloxane, and the hydrophilic part that is a
polar part of a molecule (Neto and Salinas, 2005). At low surfactant concentrations,
they align themselves side by side in the polar solvent medium at air-water or oil-
water interface (Panizza et al., 2005). The hydrophobic parts of the surfactants exist
in the air (or oil) while the hydrophilic ones are surrounded by water. When the
concentration of the surfactant in the solution is increased, a supramolecular
structure, so-called ‘micelle’ (Chakraborty and Moulik, 2005), is formed at critical
micelle concentration (cmc) and micelles generally have spherical shape around the
cmc. It is important to emphasize that micelles are the main structural unit of the two
different systems which are called isotropic micellar solutions and anisotropic
lyotropic liquid crystals. These two systems differ in terms of the preparation of
samples. While isotropic micellar solutions can be prepared at low surfactant
concentrations, on the contrary, lyotropic liquid crystalline phases are obtained at

high surfactant concentrations, about 102 times of cmc (Neto and Salinas, 2005).

Both micellar systems may exhibit some similar properties. For instance, the
addition of electrolyte screens the repulsions between the head groups on the micelle
surfaces, which causes modifications on not only micelle size or shape but also the
formation of different lyotropic structures. From this respect, the interactions
between the surfactant head groups and the electrolyte ions or the surfactant
counterions play a key role in the formation of different lyotropic liquid crystal

phases.

Among the lyotropic liquid crystals, one of the common structures is the
nematic phases. They have some biotechnological applications because of their well-
known property that the micelles with their local directors tend to align with respect
to a preferred direction. Some studies were performed in the literature to understand
the formation mechanisms of different nematic phases, however, there still exist

some controversies on those mechanisms. Considering the aim of the present thesis,
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it will be shown for the first time how surfactant-dye interactions on the micelle
surfaces induce different lyotropic nematic phases. Furthermore, the effects of
surfactant-dye interactions on uniaxial-to-biaxial phase transitions and the formation
of wider biaxial nematic phase region in the partial phase diagrams will be revealed

in the frame of this thesis with strong experimental evidences.

In the following parts, some important theory related to the liquid crystals is

given before discussing the experimental results of the thesis.

1.1 Liquid Crystals

Liquid crystals were firstly noticed by Austrian plant botanist Friedrich
Reinitzer and German physicist Otto Lehmann (1888) for some derivatives of
cholesterol (Geelhaar et al., 2013). The discovery of this liquid crystal material
caused a lot of inventions in the area of technology, biotechnology, industry, and
pharmacology, etc (Neto and Salinas, 2005). The liquid crystals are accepted as a
meta-state of matter between liquid and solid states and hence the term “mesophase”
is also used to describe the liquid crystalline phases (Figure 1.1). They are also
considered as the fourth state of matter and they can show some properties of both
solid and liquid. For example, they have some degree of fluidity like a liquid, and, at
the same time, their molecules may be oriented in a crystal-like way. Ordinary solids
and liquids can be turned into each other as the temperature increases or decreases. In
the solid state, the molecules have positional and orientational orders. However, the
molecules lose both orders in the liquid state with free flow and random molecular
motion. The liquid crystals possess, in general, no positional order but a certain
degree of orientational orders, however, for some liquid crystal structures, it was
reported that the molecules may have some degree of positional order (Neto and
Salinas, 2005). From the positional and orientational orders point of view, the liquid
crystal material may be more liquid like or solid-like. The degree of order is
guantitatively characterized by the order parameter, S, which is given by the

following equation (Senyuk, 2020)

S =~ (3cos20 — 1) (1.1)

2



where 0 is the average angle between the long axes of the molecules in the liquid
crystal material and a certain axis or direction, so-called “phase director” or “optical
axis”, along which the molecules tend to align (Figure 1.2). The brackets denote

spatial average.

Increase increase
temperature temperature
solid liquid crystals liquid

Figure 1.1. Representation of the molecular arrangement in three states of
matter with the change in temperature (Ibrhim et al., 2017).

Director direction

Figure 1.2. Local alignment of long axes of the molecules (Ishihara and
Mizusaki, 2019).

The order parameter can take a value between 0 and 1. In the case of S=0, the
molecules align in all directions in space. So, the average value of the term
(3cos?0 — 1) in the equation 1.1 is zero and the material is called an isotropic liquid.
If the S=1, all molecules align parallel to the director, 8=0°, which is seen in a
perfect crystal (solid). In other words, while there exists a completely random
molecular order in the isotropic liquid, the molecules are perfectly aligned in the
perfect crystal. Generally, the order parameter takes a value of about 0.3-0.8 for a
liquid crystal sample and it decreases with temperature (Senyuk, 2020). A sharp
decrease in the order parameter is observed at a specific temperature, so-called
“critical transition temperature, T¢”, at which a phase transition from a liquid crystal

phase to an isotropic liquid phase occurs (Figure 1.3).

3
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Figure 1.3. Order parameter as a function of temperature (Gennes, 1974).

Two main types of liquid crystals are defined: thermotropic (TLCs) and
lyotropic (LLCs) liquid crystals. LLCs are generated with interactions between
anisotropic aggregation of surfactant molecules in fluid anisotropy, and the formation
of different LLC structures depends on both (a) the relative concentration of
constituents in the solution and (b) temperature (Singh, 2002), while TLCs have
arisen with interactions among partially rigid anisotropic molecules in orientational
order and only a function of temperature. For both types of liquid crystals, the
temperature is an important driving force for obtaining different mesophase
structures. If the temperature is increased extremely, the delicate cooperative
ordering of the LC phase is suffered from thermal motion and the material goes into
the conventional isotropic liquid phase (Birdi, 2014). If the temperature is too low,
most materials transform into the conventional crystal. Their molecular structures are
represented by 'rigid rods' which is quite complicated. These rigid rods form the
distinctive ordered structure by interacting with one another. TLCs can be seen in
many variations of phases depending on the changing of the temperature. TLCs have
three main phases as nematic, cholesteric, and smectic but TLCs are not the main
subject of this thesis, therefore, this issue will not be discussed further. LLCs and
their properties will be discussed in detail in the next parts.



1.1.1 Lyotropic Liquid Crystals

LLCs are in close contact with biology and the understanding of their
physicochemical properties plays an extremely important role in some
technological/biotechnological applications such as soap, pharmacy, cosmetics, food,
etc. (Neto and Salinas, 2005). They are obtained by dissolution of amphiphilic or
surfactant molecule in a suitable polar solvent (mostly water). The surfactant
molecule consists of two parts: water-miscible hydrophilic and immiscible
hydrophobic parts, Figure 1.4 (Fairhurst et al., 1998). When these compounds are
dissolved in water, they spontaneously self-assemble to produce supramolecular
structure “micelle” at a certain surfactant concentration (Figure 1.5). This

concentration is called “cmc” and each surfactant has a specific cmc value.

Hydrophilic part_
of the molecule . |

H}'druﬁﬁuhic part
of the molecule

Figure 1.4. Representation of the hydrophilic and hydrophobic parts of the
surfactant molecule, for instance, dodecyltrimethylammonium
bromide.



Figure 1.5. Representation of spherical and cylindrical micelles (Oliveira,
2006).

The micelles are spherical and consequently not anisotropic around cmc.
When the concentration of surfactant molecules is high enough (about ~10%.cmc) at a
suitable temperature, LLCs are obtained by forming micelles of small shape
anisotropy. For instance, potassium laurate/water mixture, cmc= 0.024 moles/kg
(Kale and Zana, 1977) and liquid crystalline phases are csurf > 2 M (Lenglet et al.,
2002). Temperature and concentration of the surfactant are so important in LLCs for
obtaining different mesophases. The importance of these parameters can easily be
seen in the graph of temperature versus amphiphile concentration (Figure 1.6). Krafft
temperature is defined as the point at which amphiphile starts to be dissolved in a
solvent and below this temperature, no micelles exist in the solution (Heakal and
Elkholy, 2017). When we look at the left side of the graph, we can easily see free
amphiphiles. As the temperature and concentration of the amphiphile increase,
various phases of the LLCs are formed. At any point in the concentration, after the
system reaches the crystal state, there is an intermediate gel phase (Neto and Salinas,
2005). This phase is normally stable if the temperature does not decrease extremely.
If it does, it goes spontaneously towards the crystalline phase. (Neto and Salinas,
2005).
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Figure 1.6. A typical phase diagram for lyotropic liquid crystals obtained
from the dissolution of surfactants in a selective solvent
(Lombardo et al., 2015)

Some parameters affect the formation of different types of lyotropic
structures such as the ionic character of the polar head of the surfactant molecule, the
concentration and structure of cosurfactant, the pH and ionic strength of the solution,

purity of the compounds, the existence of electrolyte, etc.

1.1.1.1 Lyotropic liquid crystalline structures

Lyotropic liquid crystals are one of most of the richest examples in terms of
polymorphism. They are divided into five main categories according to their various
property such as structural shape, birefringences, symmetry axes, dimensional
ordering (Bilinov, 2011; Burducea, 2004). These are hexagonal, lamellar, nematic,
cubic, and cholesteric (chiral nematic) phases. In the frame of the thesis, the main
subject is nematic phases, but brief information will give about other structures of the

lyotropic liquid crystals.



In the lamellar phase, surfactant molecules present at relatively higher
concentrations and form bilayers separated by water layers with a large shape
anisotropy in one direction (Figure 1.7). The thickness of the layers is up to the
length of the two main surfactant molecules (but the single-layered structure can be
observed in some cases) (Neto and Salinas, 2005). The thickness of the bilayers

depends on the polarity of the solvent and temperature of the sample.
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Figure 1.7. Representation of aggregation of the surfactant molecules in the
bilayers of the lamellar phase.

The lamellar phase is commonly present in organisms (Garti and Aserin,
2012). It is basically characterized in two ways as L, and Lg. The L, is observed at
very high surfactant concentration and differs from the other one due to properties of
having liquid-like state, and flat view. This phase is also called "neat soap"” (Lenglet
et al., 2002). The main property that separates Lg from L, is the state of the carbonic
chains of the surfactants. Lg phase is stiff and has solid-like ordered hydrocarbon
chains which are packed in a two dimensional and exhibit all-trans conformations.

This phase is also called the "gel"” phase (Alfutimie et al., 2014).

In the hexagonal phase, cylindrical micelles are constructed by surfactant
molecules with a large shape anisotropy. The diameter of the cylinders is up to the
length of the two main surfactant molecules and the length of the cylinders is larger
than its diameter about 50 times (Neto and Salinas, 2005). Parallel cylinders are

disposed of a hexagonal lattice and perpendicular to axes in the plane. There are two
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different structures in the hexagonal phase as a direct and inverted structure (Neto
and Salinas, 2005). Direct structures are prepared by using polar solvent and they
display liquid-like ordering. This phase is also called "middle soap” and denoted H
or Hq or E (Lenglet et al., 2002). In contrast to direct structure, an inverted structure
presents with a large concentration of the nonpolar solvents (Neto and Salinas,
2005). The aggregation of polar and nonpolar groups is exactly opposite of the direct
structure. This phase is denoted F or H> (Lenglet et al., 2002). There are examples of

the direct and inverted structures in Figure 1.8.

Figure 1.8. Representation of (a) inverted and (b) direct structures of the
hexagonal phases of the lyotropic liquid crystals. (Tresset, 2009).

In the cubic phase, surfactant molecules aggregate in the form of spherical
micelles and have three-dimensional repeating order (Lombardo et al., 2015). Two
arrangements are available in this phase as cubic centered and bicontinuous
arrangements (Rizwan et al., 2010). Space between repeating units is filled by water
molecules similar to the lamellar phase. Lyotropic cubic phases are also known as
"viscous isotropic phases” (Fontell, 1990) because they display isotropic property
unlike other phases of the lyotropic liquid crystals. Distinguishing property of the
lyotropic cubic phases from other lyotropic ones is their very high viscosities. They
can be observed as dark and featureless under a polarizing optical microscope.
Hexagonal and cubic phases are used in the drug delivery systems as a solubilizing
component of the drug in blood and take a strong role to release and transfer drugs
towards living metabolism systems (Chen et al., 2014; Shah et al., 2001; Chang and
Bodmeier, 1997; Fong et al., 2016).



Cholesteric phases arise from the existence of a chiral dopant molecule in a
lyotropic mixture (Kroin and Neto, 1987; Fontaini et al., 1996). Adding any chiral
molecule to the mixture that gives a nematic phase is already enough for obtaining a
cholesteric phase if the concentration of the chiral dopant is greater than the critical
concentration. They are named in two ways according to preparation. The first one is
the intrinsic cholesteric phase which is obtained by using chiral
amphiphilic/surfactant molecule as a main surfactant molecule of the mixture (e.g.
potassium N-dodecanoyl-L-alaninate (Akpinar et al., 2013)) (Neto and Salinas,
2005). The second one is the extrinsic cholesteric phase which is obtained by adding
a non-amphiphilic chiral molecule (e.g. brucine sulfate (Akpinar et al., 2018b)) to the
mixture (Neto and salinas, 2005). There are three types of cholesteric phases as
discotic (Chp), calamitic (Chc) and biaxial (Chg) (Fontaini et al., 1996) (Kroin and
Neto, 1987) (Nehring and Saupe, 1972). It is reported that the concentration of chiral
molecules must be at least 0.05 M % in the sample to obtain a cholesteric structure
(Neto and Salinas, 2005). Cholesterics form helical structure and they have the helix
axis that is optical director of the cholesteric phases. They are characterized by the
polarizing optical microscopy with their characteristic fingerprint or spaghetti-like
textures (Figure 1.9).
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Figure 1.9. Magnetically well-aligned lyotropic cholesteric (a) discotic, (b)
biaxial and (c) calamitic textures (Akpinar et al., 2019a)

In the case of the uniaxial Chp phase, there are dark (black) regions between
the cholesteric lines (for example, Figure 1.9a). In fact, these regions correspond to
the homeotropic alignment of the local optical axes of the micelles along the z-axis
direction, which is parallel to the incoming light propagation direction (Figure 1.10).
In the homeotropic regions, the local optical axes of the micelles (m) is parallel to the
light coming under polarized optical microscope, but perpendicular to both the
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magnetic field and the helix axis directions. In the Chp phase, the local director is
oriented perpendicular to the helix axis but also rotates around this axis. When the
Chp-Chg phase transition occurs, homeotropic regions between cholesteric lines are
no longer observed because the system has two optical axes rotating along a plane in
the direction of the magnetic field and around the helix axis (Figure 1.9b) (Neto and
Salinas, 2005; Neto, 2014). The angle (6) between these two optical axes has a rather
small value in the vicinity of Chp-Chg phase transition, and this angle grows within
the Chg region. When temperature is changed more, the Chc phase is now stabilized
and 0 = n. In the uniaxial Chc phase, the helix structure is lost due to the local
director of the micelles parallel to the magnetic field and helix axis direction, that is,
no cholesteric line is observed (Figure 1.9c). How the local optical axes are oriented

in all three cholesteric phases is summarized in Figure 1.11 (Neto, 2014).

m

P/2

Figure 1.10. Representation of the organization of the orthorhombic micelles
(Neto et al., 1985) with their local directors (m) along the helix
axis, which is in the direction of the z-axis.

Che

Helix axis

H

Figure 1.11. Orientation of local optical axes (indicated by a black arrow) in
all three nematic phases in the presence of a magnetic field, H

(Neto, 2014). 5D, 53 (531, 532) and 5C show local optical axes
in the Chp, Chg and Chc phases, respectively.
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Another lyotropic structure is nematic phases and there are several studies
reported in the literature to investigate their physicochemical properties. They are
also subject to this thesis, thus a detailed information about them can be found

below.

1.1.1.2 Lyotropic Nematic Phases

Lyotropic nematic phases were firstly reported by Lawson and Flautt for a
mixture sodium decyl sulfate/sodium sulfate/decanol/water (Lawson and Flautt,
1967). Three types of lyotropic nematic phases are available as Np (discotic) and Nc
(calamitic) phases, which display uniaxial character (Berejnov et al., 1998; Galerne
et al., 1987), and Ng (biaxial) phase (Galerne et al., 1987; Oliveira et al., 1996).
Uniaxial systems are identified by exhibiting preferential orientation of their phase
directors with respect to applied external magnetic field direction (Boden et al.,
1981). The decisive factor of the director orientation for the nematic phases is
diamagnetic susceptibility anisotropy of alkyl chains of the surfactant molecules, Ay
= x//—y1, Where // and L represent the alignment of the nematic phase’s director in
parallel and perpendicular directions, respectively, to the applied magnetic field
(Boden et al., 1981). If Ax<O (y# <yx.), the director of the nematic phase aligns
perpendicular to the magnetic field direction and this is seen in the Np phase (Figure
1.12a). If Ax>0 (ys>y.L), which means that the director of a phase aligns parallel to
the magnetic field direction, this indicates the Nc phase (Figure 1.12b).

y y
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Figure 1.12. Alignment of the nematic phase director, n’, in (a) the Np and
(b) the Nc phases. According to the early studies on the nematic
phases, it was assumed that the Np and Nc phases were
composed of disc-like and cylindrical-like micelles, respectively.

H: magnetic field direction.
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Unlike the wuniaxial nematic phases, there are three diamagnetic
susceptibilities along their respective two-fold symmetry axes or directors for the
biaxial nematic phases: yii, where i=1, 2 and 3 (Luckhurst and Sluckin, 2015). Then,

the diamagnetic susceptibility anisotropy is given by

AZ:Ze,a_le;ZZZ (1.2)

for the lyotropic biaxial nematic phases. Two different Ay are possible being as
Ax>0 or Ayx<0. In the former (latter) case, the largest (smallest) diamagnetic
susceptibility is greater (smaller) than the average of the diamagnetic susceptibilites
of other axes and the biaxial phase aligns parallel (perpendicular) to the magnetic
field direction (Quist, 1995; Filho et al., 2003). Thus, from the alignment property of
the biaxial phase point of view, the presence of the external magnetic field causes the
classification of two different biaxial nematic phases, N5 and N5 . However, they
thermodynamically belong to same and unique biaxial nematic phase, i.e. they are

not a distinct phase from one another.

Liquid crystals, of course lyotropic nematics, are anisotropic materials. When
a polarized light beam is sent to those kind of materials, two rays are produced being
as ordinary and extraordinary rays. They pass through the liquid crystal sample with
different velocities and this causes two different refractive indices, no and ne,
respectively. Furthermore, the vibration direction of the electric vectors of the
ordinary and extraordinary rays may be perpendicular or parallel to the optical axis
of the nematic phase. It is known that the electric vector of the ordinary
(extraordinary) ray is perpendicular (parallel) to the optical axis, no (ne), and no=n.
and ne=ny. The difference between these two refractive indices gives double
refraction or birefringence, An=ne—no=ny—n.. Similar to the definition of the
diamagnetic susceptibility anisotropy, the An may take values greater than zero (n,>
n1) or smaller than (ns<n.). Thus, in the case of the lyotropic nematic phase, two
different nematic phases are described with positive and negative birefringences. If
the diamagnetic susceptibility anisotropy is compared with the birefringence, the
former has opposite sign with respect to the latter, i.e., for instance, Ax<0 and An>0

for the Np phase, and Ay>0 and An<0 for the Nc phase.
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In addition to the Ay and An for the characterization or classification of the
lyotropic nematic phases, the micelle shape is another criterion. In early studies, it
was assumed that the micelles have disc- or cylindrical-like shape, as shown in the
Figure 1.12., for the Np and Nc phases, respectively. However, this was only an
assumption because there were no strong experimental evidences to support the
existence of those types of the micelles in the lyotropic nematic phases. After
reporting first lyotropic nematic phase in the literature, Freiser theoretically predicted
for the first time that the micelles may have biaxial symmetry in the nematic phases
by considering the interaction energy and the orientations of two non-symmetric
molecules (Freiser, 1970, 1971). The Freiser’s prediction was experimentally
realized in 1980 by finding the first lyotropic mixture, potassium laurate
(KL)/decanol (DeOH)/D:0, exhibiting biaxial nematic phase in addition to the

uniaxial ones (Yu and Saupe, 1980).

After the discovery of the lyotropic biaxial nematic phase, several studies
were conducted to understand the formation mechanisms of the lyotropic nematic
phases (Akpinar and Neto, 2019). Those studies were mostly concentrated on
whether the biaxial nematic phase is a thermodynamically stable phase or a
consequence of the coexistence of other two uniaxial nematic phases (Np and Nc).
Later, studies in the following years revealed with strong experimental findings such
as conoscopic investigations by polarizing optical microscopy, small-angle x-ray
scattering and laser conoscopy showed that the biaxial nematic phase is a

thermodynamically stable (Akpinar et al., 2012b)

Some models were proposed for the formation mechanism of the nematic
phases. A reliable and an important one was suggested by Neto (Neto et al., 1985)
and Galerne (Galerne et al., 1987), for the Ng phases by rejecting the idea of the
coexistence of two uniaxial phases. They carried out some X-ray diffraction studies
on the mixture KL/DeOH/D>0 and showed that the micelles are built up of biaxial
platelets or pseudo-lamellar structure in all three nematic phases. It means that three
nematic phases consist of micelles with similar shape. Their model is called
“intrinsically biaxial micelles, IBM, model”, and it mainly assumes two parameters:
(@ micelle symmetry and (b) orientational fluctuations. According to the IBM
model, the micelles have orthorhombic symmetry (Figure 1.13a), with typical
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dimensions A’, B and C’, and a,  and y may be chosen as the axes of the coordinate
system, fixed in the micelles. The orthorhombic micelles exhibit different
“orientational fluctuations” to give Np, Ns or Nc phases. The orientational
fluctuations around the axis 3 perpendicular to the largest micelle surface (along the
symmetry axis y) give rise to the formation of the Np phase (Figure 1.13b), with the
micelle size A’~ B’. The small amplitude orientational fluctuations along three axes
(1, 2 and 3) lead to the formation of the Ng phase. The orientational fluctuations
around the long micellar axis (parallel to the axis 1 and along the symmetry axis a),

the Nc phase is now obtained (Figure 1.13c).

>

(a) (b)

»

(© (d)

Figure 1.13. (a) Sketch of the orthorhombic micelle in the framework of the
IBM model. The detergent amphiphilic bilayer is represented by
C’. (b) Np phase (c) Ng phase and (d) Nc phase (Akpinar and
Neto, 2019).

Unlike the early studies, the factors that affect the formation of the nematic
phases, especially biaxial one, have been reported in the recent studies from the
lyotropic mixture preparation point of view. For instance, it was shown that relative
alkyl chain lengths of both (a) surfactants (Akpinar et al., 2018a) and (b) long chain
alcohols (Akpinar et al., 2012b) play very important roles on the formation of the

nematic phases. Furthermore, (c) kosmotrope and chaotrope properties of
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counterions and ions (Akpinar et al., 2016a), and (d) localization of dopant molecules
on the micelle surfaces (Akpinar et al., 2016b) are important factors on the
stabilization of different nematic phases. The studies of Refs. (Akpinar et al., 2012a;
Oliveira et al., 1989) indicated that a molecular segregation between the surfactant
and the co-surfactant (i.e., long chain alcohols) in the micelles should occur to obtain
the N phase region in the partial phase diagrams, and there is a relationship between
the alkyl chain length of alcohol (nac) and main surfactant (nsurf) molecules: Nac =
nsurf = 2 (Akpinar et al., 2012a) (Figure 1.14).

65

2

55 F

T/°C 35|

Figure 1.14. Partial phase diagram of KL/K>SOs/alcohol/water mixtures
(Akpinar et al., 2012a). n is the number of carbon atoms in the
alkyl chain of the alcohol molecules. I, 2P, MP and C represent
an isotropic phase, two-phase region, multi-phase region and
crystalline-like phase.

1.1.1.3 Lyotropic Chromonic Liquid Crystals

Another sub-class of the lyotropic liquid crystals is “Lyotropic chromonic
liquid crystals (LCLCs)”, which are obtained from the binary aqueous solutions of
dye (Lydon, 2004) or drug (Collings et al.,, 2016) molecules. Those kinds of
molecules have multi-aromatic rings, polar substituents, and ionic groups. Structural
units of LCLCs are stacks of noncovalent molecules which are the process of
reversible self-assembly on top of each other in aqueous solution. This is also called
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"H aggregates" (Tam-Chang and Huang, 2008; Lydon, 2010). The molecules in the
LCLCs have a central core that has a plank-like or disk-like polyaromatic parts with
polar groups at the periphery (Tam-Chang and Huang, 2008). When the
concentration of stacks (aggregates) is high, they form mesophase by ordering
regularly (Edwards et al., 2008; Tidy et al., 1995). There are two chromonic
mesophases, known as uniaxial nematic (N) and the columnar hexagonal (C or M)
phase (Figure 1.15) (Tam-Chang and Huang, 2008; Lydon, 2010). The first study of
LCLCs came from Alfred Saupe and L.J. Yu in 1982. They investigated the stability
of the nematic phases obtained from a drug molecule, disodium cromoglycate
(DSCGQG), by using deuteron magnetic resonance spectroscopy (Yu and Saupe, 1982).

Figure 1.15. Stacks of the molecules in lyotropic chromonic N and M phases.

As seen in Figure 1.15, while the molecules aggregate by stacking in columns
with no positional order in a nematic array, however, in the M phase, the columns are
in a hexagonal array (Lydon, 2011). The molecules have a short-range arrangement
of 150-700 A in layer planes. The hexagonal packing spreads out to long distances
while the positional ordering has a short-range. The hexagonal packing matrix, which
has the same direction both in the plane and between the planes of the layers, can
extend in three dimensions. The ordering has an orientation of the hexagonal packing
array, which extends to infinity in three dimensions in the well-aligned system, and is

called long-range bond orientational order (Halperin and Nelson, 1978).

One of the most common dye molecules to obtain LCLC is “Edicol Sunset
Yellow”. It is a food colorizing azo dye that gives both nematic and hexagonal forms

in water depending on the concentration. The phase diagram and the polarizing
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optical microscope textures of the sunset yellow/water system are given in Figure
1.16 (Park et al., 2008).
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Figure 1.16. (a) Phase diagram of the SSY/water system and (b) polarizing
optical microscope textures (Park et al., 2008).

1.2.2 Dye-Surfactant Interactions

The interactions between dye and surfactant molecules in dilute solutions
have been widely used in various dyeing processes due to their practical importance
and applications like photography, textile dyeing, hair coloring, etc (Fazeli et al.,
2012). Knowledge of dye surfactant interactions has been helped to understand
chemical equilibria, fluorescence reactions, mechanism and kinetics of the reaction
between surfactant and sensitized color (Gokturk and Tuncay, 2003a). Many various
parameters can affect the interactions between dye and surfactant molecules such as
the charge and the alkyl tail length of the surfactants, and the type and the position of
the substituents in the aromatic ring of the dye molecules (Tunc and Duman, 2007).
In surfactant-dye interactions, surfactants that are used in the solution may be
conventional or gemini (Fazeli et al., 2012). As mentioned in previous sections,
surfactants are molecules that include both hydrophobic and hydrophilic parts in their
structure. On the other hand, gemini surfactants are the molecules that contain two

surfactant alkyl chains in which their heads are chemically bonded to each other by a
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spacer (Kirby et al., 2003). In the contrary to other surfactants, gemini surfactants
display different properties such as much lower critical micelle concentration, higher
surface activity, better dispersing, wetting, and solubilizing properties (Sohrabi et al.,
2010; Jennings et al., 2002). The addition of small amounts of surfactant can change
the solution properties of dye solutions such as electrical conductivity and absorption
spectrum (Yang, 2004). These changes are a function of surfactant concentration in
the measured quantities and indicate a small variation in the solution (Yang, 2004).
Dye-surfactant complex in the solution is formed by the attractive forces between the
dye and surfactant molecules when the charge of the dye molecule is contrary to the
charge of the surfactant (Simoncic and Kovac, 1998). There are mainly many reasons
for the formation of dye-surfactant aggregates in oppositely charged dye-surfactant
interactions such as the formation of dye-surfactant salts, ion-pairs, the existence of
ion-association complexes between ionic surfactants and dyes, and self-aggregation
of dye (Gokturk and Tuncay, 2003b; Gohain and Dutta, 2008). Many noncovalent
interactions  (electrostatic, hydrophobic, hydrogen-bond and pep stacking
interactions) help to organize the aggregations with the attachment of dye molecules
to surfactants (Zhang et al., 2007).

In this thesis, Sunset Yellow was used to investigate dye-surfactant
interactions and its behavior in the lyotropic nematic liquid crystals. Sunset Yellow
(sodium (E)-6-hydroxy-5-((4-sulfonatophenyl) diazenyl naphthalene-2-sulfonate)
(shown in Figure 1.17) is a dye molecule that is also dianionic monoazo dye
compound and already used to form lyotropic liquid crystal phases depending on
composition and temperature (Renshaw and Day, 2010). It is used to obtain red or
yellow color in different industry, and it is also used in foods (Almeida et al., 2010).
Sunset Yellow has two sulfonate groups at either end of the molecule and becomes
well soluble in aqueous solution (Fazeli et al., 2012). In the forming of dye
aggregates (H-aggregates rather than J-aggregates), this compound has more affinity
because of the azo-hydrazone tautomerism as reported by pep stacking interactions
between the aromatic rings in aqueous solution (Nehalatha et al., 2008; Chami and
Wilson, 2010)
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2. AIM AND SCOPE OF THE STUDY

Surfactant-based lyotropic nematic phases (LNPs) and their phase diagrams
as a function of concentration and/or temperature have been investigated in a wide
range of studies (Boden et al., 1987; Oliveira et al., 1989; Ho et al., 1981; Nicolettat
et al., 1991; Filho et al., 2003; Akpinar et al., 2012a; Wolff and Klaussner, 1995). In
general, the mixtures presenting the LNPs are obtained by the dissolution of
surfactant molecules in water. In most cases, electrolytes and/or cosurfactants are
added to those solutions (Vasilevskaya et al., 1990; Braga et al., 2007; Simoes et al.,
2010; Akpinar et al., 2012b; Akpinar et al., 2016a). Considering the symmetry of the
LNPs, they are classified as uniaxial (discotic, Np, and calamitic, Nc) with Den
symmetry and biaxial (Ng) with Doy symmetry (Madsen et al., 2004; Akpinar and
Neto, 2019). The main characteristic of those uniaxial phases is that the local
symmetry axis of their structural units, micelles, exhibits an average alignment along
a preferred direction (optical axis or director, 77). While only one optical axis exists in

the Np and Nc phases, the Ng phase has two optical axes and three orthogonal two-

fold symmetry axes ([, 77 and 7, where 7 = [x7) (Nasrin et al., 2016; Kim et al.,
2014; Kim et al., 2016). Another important point for the LNPs is that the Ng phase is
mainly located between the other two uniaxial phases in the phase diagrams of
lyotropic mixtures presenting the three nematic phases (Yu and Saupe, 1980;
Bartolino et al., 1982; Akpinar et al., 2019b). As theoretically predicted by a Landau-
type mean-field theory and experimentally verified, the uniaxial to biaxial transition
is of second-order (Yu and Saupe, 1980; Bartolino et al., 1982; Akpinar et al., 2019b;
Freiser, 1970; Alben, 1973).

Not only in surfactant-based LNPs but also in lyotropic chromonic nematic
phases (LCNPs), some aspects about the stabilization mechanism of those phases
have been investigated. For instance, Kumar et al. studied the effect of dye
concentration, temperature, and ionic additives from the inter- and intra-aggregate
spacings change point of view via x-ray diffraction and polarizing microscopy (Joshi
et al., 2009). However, the surfactant-based LNPs were more investigated if
compared with LCNPs. Especially, after the discovery of the first lyotropic mixture
presenting the biaxial nematic phase (Yu and Saupe, 1980), numerous studies have
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been performed for characterization of properties and structures of both uniaxial and
biaxial LNPs. Researchers worked to understand the aspects that affect the
stabilization of different nematic phases. Among them, it was shown that the
interactions between ionic species (the ionic head group of the surfactants and
counterions and/or ions of the electrolytes) at the micelle surfaces play a key role in
the stabilization of different LNPs (Akpinar et al., 2016a).

The surfactant-dye interactions have been studied for some dye/surfactant
dilute-aqueous solutions because such interactions are important for both industrial
and biotechnological applications (Fazeli et al., 2012; Buwalda and Engberts, 2001,
Gokturk and Tuncay, 2003b; Khan and Sarwar, 2006; Shahir et al., 2011; Erdinc and
Gokturk, 2014). However, the effect of those interactions on the stabilization of
uniaxial and biaxial LNPs has not been investigated. In the present study, we
combine molecules that, in water, present chromonic lyotropic mesophases with
usual micellar lyotropic mixtures to stabilize the three nematic mesophases. We
chose a cationic surfactant dodecyltrimethylammonium bromide (DTMABFr) and an
azo dye Sunset Yellow (SSY). The lyotropic nematic phase properties of the
DTMABTr/1-dodecanol/water mixtures containing SSY were studied by polarizing

optical microscopy, laser conoscopy, and small-angle X-ray scattering.
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3. MATERIALS AND METHODS

3.1 Materials

Dodecyltrimethylammonium bromide was from Sigma. SSY was also from
Sigma with a dye content of 90% and it was purified three times according to the
procedure given in the Refs. (Horowitz et al., 2005; Park et al., 2008). The purity of
SSY is very important to obtain reliable and reproducible results. In the literature, the
phase transitions’ temperatures from the nematic phase (N) to nematic+isotropic
(N+1) phase coexistence (Tn—n+1) and from N+ to the isotropic phase (Tn+i—1) for
the lyotropic chromonic mixture of 30% well-purified SSY in water were reported to
be around Tn—n+1 = 35°C and Tn+i—1 = 47°C in Ref. (Edwards et al., 2008) and
Tnon+1 = 38 °C and Tn+i—1 = 49 °C, respectively, in Ref. (Joshi et al., 2009). For the
same concentrations, we had Tn—n+1 = 34.4°C and Tn+1-1 = 46.4°C, with a heating
rate of 0.4°C/min by polarizing optical microscopy connected with a temperature
control unit (Linkam). Thus, it was accepted that the SSY was well purified. 1-
dodecanol (DDeOH) and inorganic salts were from Sigma, Merck, Aldrich and Carlo
Erba in high purities (>99%). Ultrapure water was used for the preparation of
lyotropic liquid crystalline mixtures (Millipore Direct-Q3 UV purification system,

which produces water having 18.2 MQ.cm of resistivity at 25°C).

3.2 Sample Preparation

Lyotropic liquid crystalline mixtures with and without SSY were prepared
into well-sealed glass test tubes, and then well-homogenized by occasionally
applying vortex and centrifuging at 25°C using a temperature-controlled centrifuge.
No extra heat was applied to the samples during the preparation step. A small amount
of water-based ferrofluid (Ferrotec) was added into the samples at a concentration of
1 pL per 1 g of the mixture. In this way, it was possible to obtain well-oriented
nematic samples under the magnetic field for polarizing optical microscopy, laser

conoscopy, and small-angle X-ray scattering.
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The mixtures were prepared in three different series in order to investigate the
effects of (a) the co-surfactant 1-dodecanol and electrolyte NaBr, Table 3.1, (b) the
Hofmeister anions, Table 3.2, and (c) the concentration of SSY, Table 3.3, on the

stabilization of the lyotropic nematic phases.

Table 3.1. Compositions of the lyotropic mixtures by changing the
concentrations of 1-dodecanol and NaBr. X:mole fraction percent.

Mixture XDTMABr XNaBr XDDeOH Xwater
sl 4.970 0.318 1.778 92.924
s2 4.969 0.316 1.821 92.894
s3 4.968 0.315 1.852 92.865
s4 4974 0.263 1.789 92.974

Table 3.2. Compositions of mixtures containing different types of Hofmeister
anion. Mixture identification, electrolyte used in the mixtures,
substance concentrations in the mixture given in molar fraction
percent (X).

Mixture Electrolyte | Xormasr Kelectrolyte | XDDeOH Xwater

S5 NaNOs3 4974 0.263 1.789 92.974
s6 NaClOs 4974 0.263 1.789 92.974
s7 Nal 4974 0.263 1.789 92.974
s8 NaxSSY™* 4974 0.263 1.789 92.974
s9 NaSCN 4.974 0.263 1.789 92.974
s10 NaClO4 4.974 0.263 1.789 92.974

* Since the SSY molecule contains two —SOs3™ anionic groups, its number of moles is
taken as Y4 times relative to other Na salts (electrolytes) in the lyotropic mixtures. In
other words,since SSY consists of two Na* ions and its anionic part (SSY? ) has two
—S0s" anionic groups with the total charge 2—, its mole number was multiplied by the
factor 2 in the calculations. In this way, the number of ions to adhere to the micelle
surfaces was kept constant in all mixtures.
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Table 3.3. Compositions and molar percentage (X) of substances in mixtures
containing different concentrations of SSY.

Mixture Xortmasr Xssy XDDeoH Xwater
s11 4.988 0.000 1.794 93.218
s12 4.985 0.053 1.793 93.169
s13 4.982 0.106 1.792 93.120
s14 4.980 0.132 1.792 93.096
s15 4.980 0.158 1.791 93.071
s16 4978 0.185 1.791 93.046
s17 4977 0.212 1.790 93.021
s18 4.975 0.238 1.790 92.997
s19 4.973 0.289 1.789 92.949
s20 4.970 0.318 1.788 92.924
s21 4.970 0.342 1.788 92.900
§22 4.969 0.368 1.787 92.875
s23 4.966 0.421 1.786 92.826
s24 4.963 0.474 1.785 92.778

3.3 Texture Analysis by Polarizing Optical Microscopy

The textures were analyzed in a polarizing optical microscope (Nikon Eclipse
E200POL, Japan). A small amount of the lyotropic sample was transferred into 0.2
mm of flat capillaries (Vitrocom, Japan). Because the lyotropic mixtures are very
sensitive to the concentration change, both ends of the microslides were closed with
a specific photopolymer (Medental Al, USA), on which UV-light was applied, to

prevent water loss. Then, the capillaries were put in a precise temperature-control
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unit (Linkam LTS120E with temperature stability of, at least, 0.1°C) with water
circulation (Polyscience SDO7R with an accuracy of +0.04°C) to provide a

homogenous heat distribution in the temperature control unit.

3.4 Laser Conoscopy

Laser conoscopy is a very useful technique to determine the temperature
dependence of the birefringences of the nematic phases with accuracy better than
10*. For the measurements, 2.5 mm thick lyotropic samples were prepared by
putting them into a sample holder made of two discs of optical glasses separated by a
2.5 mm thick glass ring (Hellma). The temperature was controlled by a Lakeshore
335 model temperature controller (with Pt102 sensor and accuracy of £0.001°C) and
the heat distribution to all systems was provided by a water circulating bath
(Polyscience ADO7R) with a precision of £0.01°C. The laboratory frame axes were
chosen as follows: while two orthogonal axes 1 and 2 forms a horizontal plane
consisted, axis 3 is vertical to it. The laser beam propagates along axis 3 and the
magnetic field direction is parallel to the axis 1. This configuration leads to three
different refractive indices, defined as ni, nz, and ns. Then, two optical birefringences
are evaluated: An = n2—n1 and 6n = n3—ny. The experimental set-up had a HeNe laser
(4 = 632,8 nm) and the static magnetic field (~2.04 kG) to align the samples was
provided by a Walker Sci. electromagnet. The alignment procedure for the laser

conoscopy was described elsewhere (Akpinar et al., 2012a).

3.5 Small-angle X-ray Scattering

Small-angle X-ray scattering (SAXS) measurements were taken with a Xeuss
2.0 laboratory-based system (Xenocs, France). 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. The beam is generated by a Genix®® beam delivery
system, which consists of a Cu anode microfocus' X-ray source and a FOX3P X-ray
mirror, and it is further collimated by two sets of scatterless slits. The measurements

were taken in transmission geometry at a sample-to-detector distance of 936 mm.
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The images of the two-dimensional X-ray scattering patterns were measured by a
Pilatus 300K detector (Dectris, Switzerland). The samples were put into cylindrical
borosilicate glass capillaries of 1.5 mm diameter, known as Mark-tubes (Hilgenberg,
Germany). The open end of each capillary was closed with a UV-sensitive
photopolymer. For each measurement, a capillary was placed inside a temperature-
controlled sample holder with precision of + 0.2 °C. Rectangular bars of permanent
NdFeB magnets were attached to the sidewalls of the sample holder to generate a

sufficiently homogeneous magnetic field of about 1 kG in sample’s position.

The SAXS measurements and analysis procedures follow closely those set
out in (Galerne et al., 1987; Neto et al., 1985). The sample’s alignment procedure in
the magnetic field in order to have a well-aligned single domain of each nematic
phase is the same as that for laser conoscopy (Galerne et al., 1987; Galerne and
Marcerou, 1985). A local frame of reference was defined with Axis 1 parallel to the
magnetic field in the horizontal direction, Axis 3 parallel to the capillary long axis
along the vertical direction, and Axis 2 perpendicular to both axes. By a rotation of
90° of the sample’s capillary together with the magnets around Axis 3, the X-ray
beam can propagate along the directions of Axis 1 or Axis 2, i.e., parallel or
perpendicular to the magnetic field directions, respectively. After sample’s alignment
at a given temperature and respective nematic phase (Np, Nc or Ng), it was measured
in two perpendicular orientations, due to the nematic phases symmetries (Neto et al.,
1985): (i) with the X-ray beam along Axis 2 and therefore perpendicular to the
magnetic field direction; and (ii) with the X-ray beam along Axis 1 and therefore
parallel to the “magnetic field” direction. However, in case (ii), as the permanent
magnets would block the X-ray beam, they were removed, and the measurement of
an image took at most 30 minutes to avoid loss of sample’s alignment. It was verified
that, after alignment in magnetic field, it takes some hours to the significant loss of
our samples’ alignments in the absence of magnetic field. In case (i), as the magnets
are always present, the measurement time of an image varied from 30 minutes to one
hour. Each sample was measured in all its nematic phases at these two orientations,
(i) and (ii), by changing its temperature and taking into account the laser conoscopy

results.
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The 2D X-ray scattering patterns for the aligned nematic phases were
anisotropic. Therefore, two azimuthal averages were applied in each image, around
the Axis 1 or 2 directions and around the Axis 3 direction, in an azimuthal angular
range of Ay = 20°. The azimuthal averaging, image’s corrections for solid angle and
for beam polarization, and noise and capillary scattering subtractions were applied
using a homemade Python software using the fabio (Knudsen et al., 2013) and pyFAl
(Ashiotis et al., 2015) libraries. Finally, for each image there result two scattering
curves of scattering intensity as a function of the scattering vector modulus q =
(4n/2) sin 6, where 26 is the scattering angle. Due to the geometry of the
experimental setup, there results a useful g range of 0.01 < q < 0.18 At in the Axis 1
or 2 directions and of 0.01 < q < 0.37 At in the Axis 3 direction.
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4. RESULTS AND DISCUSSIONS

4.1 Polarizing Optical Microscopy

The textures of the different lyotropic phases were observed in a polarized
optical microscope between crossed polarizers in the temperature range from 10°C to
50°C. This study is concerned only with the nematic phases; therefore, the partial
phase diagrams have been investigated up to the phases or the phase coexistence
regions adjacent to the nematic phase regions. At low temperatures, a white and
highly turbid texture was observed, most probably from a ‘coagel’ phase (Figure
4.1a). An isotropic phase rich two-phase (2P) region was observed at high
temperatures next to the nematic region, Figure 4.1b. The nematic phase textures
obtained from all mixtures have a characteristic “Schlieren” structure and similar
textures were observed in all nematic phase yielding mixtures. As an example, the
textures of the s8 mixture are given in Figures 4.1 and 4.2.

Figure 4.1. Textures of mixture s8, whose composition is given in Table 3.2:
(@) a gel-type phase texture observed at 10°C, and (b) a two
phases (2P) texture at 45°C. The white bar represents 200 pum. (c)
X, y and z are the laboratory frame axes; P and A are the
directions of polarizer and analyzer, respectively. The long
capillary axis is parallel to the y-axis. Same geometry of the
experiment was applied to the textures given in Figure 4.2.

29



Figure 4.2. Textures of non-aligned nematic phases in the absence of
magnetic field for the mixture s8 from: (a) Np phase at 23°C; (¢)
Ng phase around the Np-Ng phase transition at 21°C; (e) Ns
phase around the Ng-Nc phase transition at 17.2°C; (g) Nc phase
at 15°C. Well-aligned textures of those nematic phases by
applying a magnetic field of 0.9 kG along x-axis direction, as
shown in Figure 4.1c: (b) 23°C; (d) 21°C; (f) 17.2°C; (h) 15°C.
The white bar represents 200 um.
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4.2 Analysis of Small-angle X-ray Scattering Measurements

Tables 4.1 and 4.2 show the results for the average dimensions (A, B, C) of
the available volume per micelle for all the samples measured by SAXS. The values
of (A, B, C) for each sample were measured from the 2D SAXS patterns according to
Galerne et al (Boden et al., 1987).

Table 4.1. Average dimensions (A, B, C) of the available volume per micelle
for some samples of Table 3.2. These results were also used for the
parameters’ calculations of Table 4.5.

Mixture A (A) B A) C A)

s7 60.8+1.9 |494+0.7 [44.0+02
s8 61.3+12 |49.6+0.6 |43.8+0.1
s9 62.6+13 [502+08 |43.7+02
s10 65.8+£2.0 [51.0+09 [43.6+0.1

Table 4.2. Average dimensions (A, B, C) of the available volume per micelle
for some samples of Table 3.2 and Table 3.3. These results were
also used for the parameters’ calculations of Table 4.7.

Mixture |A (A) B (A) C @A)

s8 61312 [49.6+0.6 [43.8+0.1
s19 622+14 [502+1.0 [43.7+0.1
s20 63.3+1.1 |51.7+0.7 |43.6+0.1
s23 66.7+1.4 |549+0.7 |43.3+02
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For the analysis of the SAXS results, intrinsic biaxial micelle, or IBM, model
was assumed (see the part 1.1.1.2 for more information) (Galerne et al., 1987; Neto
et al., 1985). Remember that, in this model, the micelles are supposed to have
approximately the same average shape with an orthorhombic or biaxial symmetry in
the three nematic phases. Therefore, as a first order approximation, both the available
volume per micelle and the micelle itself have the average shape of a rectangular
parallelepiped, as sketched in Figure 4.3. The typical dimensions of the available
volume per micelle are A, B, C and were measured by SAXS as presented in the
previous section. This model was used here for an estimate of the average micelle’s
aggregation number (Nagg), Of the average polar layer thickness (Wpolar), Of the

micelle’s core average dimensions (A’, B’, C"), and of the average area per polar head

(20).

Figure 4.3. Schematic representation of the average available volume per
micelle with dimensions A, B, C, and of the micelle’s
hydrocarbon core with dimensions A’, B, C’, represented by the
colored part. The polar layer around the micelles’ core is
supposed to be of uniform thickness w.

The total available volume is divided in two parts. The first part is the
hydrophobic core composed of the hydrocarbon chains of the surfactant and the
cosurfactant. It is represented by the colored part in the sketch of Figure 4.3 and has
dimensions A’, B’, C', where C' is the main surfactant bilayer dimension by
definition. Henceforward, the quantities related to the micelle’s core will be indexed
by the word core. The second part is the layer around the micelle’s hydrophobic
core. This layer is composed of the surfactants’ polar groups attached to the
hydrophobic core surface, and a water layer that occupies the rest of the volume with

dissociated ions of the electrolytes and counter ions from the main surfactant.
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Henceforward, this layer will be called polar layer and the related quantitites will be
indexed by the word polar.

For a unit of the available volume per micelle, the relation between its total

mass m and its volume V is given by

m = pV (4.1)

where p is the average density over all the volume. As the samples present
homogeneous nematic phases, this average microscopic density is assumed to be
equal to the macroscopic density of the sample and it is supposed here 5~1.0 g/cm?
for all of the samples.

Similarly, the mass and volume of the micelle’s hydrophobic core are related
by

Meore = PeoreVeore (4-2)

where p.- IS its average density. The hydrophobic core is composed of the single
saturated hydrocarbon chains of the surfactant and cosurfactant. As discussed by
Tanford (Tanford, 1980), the hydrocarbon chains in the core are in a liquid-like state,
so that p.,. Can be approximated by the typical density of liquid hydrocarbons, i.e.,

Peore = 0.8 glcm?,

From the above relations,

Vcore ( p >
= (- 43
V p—core ¢COT€ ( )
where ¢eore = _m::;re is the micelle’s core mass fraction. By the reasoning used for p

above, ¢, IS supposed to be equal to the macroscopic mass fraction of the
hydrocarbon chains in relation to the total mass of the sample. Observe that no
hipothesis for the shapes of the parts were necessary for the above calculations.

The total mass of each substance in each sample is known from the

preparation procedure. Thus, the core’s mass fraction for each sample was estimated
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by the ratio between the total mass of surfactants’ hydrocarbon chains and the total
mass of the sample. Both surfactant and cosurfactant were considered. The main
surfactant DTMABr molecule CisHzsNBr, with Mprmasr = 308.34 g/mol, was
divided in two parts, the polar head —(CH2)N*(CHs)s with molar mass M54, .. =
73.14 g/mol, and the hydrocarbon chain —(CH2)10CHs, with MSi%, = 155.30
g/mol, that composes the liquid hydrocarbon core. Similarly, for the cosurfactant 1-
dodecanol C12H260, with Mppeor = 186.33 g/mol, the polar head is —(CH2)OH with
Mpead = 31.03 g/mol, and the hydrocarbon chain is —(CH2)10CHa, with MG, =
155.30 g/mol. Thus, M5 /Mpryasr Of the total mass of DTMABr plus
MERR /My peon OF the total mass of 1-dodecanol are the total mass of hydrocarbon

chains in a sample that form the micelles’ core.

The hydrophobic portions of both surfactants are single saturated
hydrocarbon chains. The volume v of a chain is given by Tanford’s empirical
formula (Tanford, 1980) , in A3,

v =27.4+ 2697, (4.4)

where n;. is the number of carbon atoms per chain that are embedded in the micelle
core, and, as in the previous paragraph, n. = 11 for both molecules. Therefore, the

average aggregation number Nagg Of @ micelle is given by

Veore ( p )V
Ny, = =& = L, 4.5
agg " ¢core Deore) V ( )

In order to calculate Nagg, NOw it is assumed a shape for the average available
micellar volume, that of a rectangular parallelepiped, and, therefore, V = ABC.

To calculate other structural parameters, additional hypotheses are necessary.
But first some parameters are defined. The surface area of the available micellar
volume is S = 2 (AB + AC + BC), and the sum of the sides or “perimeter” of the
average available micellar volume is P = A + B + C. By the model of Figure 4.3, the

average available micellar volume is given by
V = Vcore + Vpolar (4-6)
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and, therefore, using equation 4.3,

9]
Vpolar =V —Veore =V [1 - (¢core ﬁ—)] 4.7)

core

All the quantities of the last term are known.

Vpolar Can also be calculated by the geometrical model of Figure 4.3 with the
additional hypotheses of uniform thickness wpoar Of the polar layer around the
micelle’s hydrocarbon core, and of the shape of this hydrophobic core. It implies
that,

A=A + Wpolar
B = B’ + Wpoar (4.8)
C = C’ + Wpolar

and that,
Vpolar =V — Vcore
=ABC-A4'B'C’
= ABC — (A —w)(B —w)(C —w)
= ABC — ABC + ABW + ACw — Aw? + BCw — BW? — Cw? + w3
=(AB+AC+BC)w— (A + B+ C)w? + w?

S
= Ew-Pw2 +w?3

where the definitions of S and P given above were used in the last line, and the

subscript polar were omitted from w for economy. Therefore,
3 2 S
Wpolar - PWpolar + Ewpolar - Vpolar =0 (4-93)

or

Wgolar - ngolar + 5 Wpolar — |4 [1 - (‘pcore p——)] =0 (4-9b)
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where equation 4.7 was used for the coefficient Vpolar. Thus, there results a cubic

equation for the indeterminate Wpolar.

All the coefficients can be calculated from the results of measurements or
estimated for each sample. The coefficients P, S and V were calculated for each
sample from the results for A, B, C of Tables 4.1 and 4.2. p and p.,,. Were estimated
above and assumed the same for all samples. Thus, for each sample, there is a cubic

equation in wpelar With coefficients from experimental quantitites with uncertainties.

Once Wpoiar IS known by solving the cubic equation for a given set of
coefficients and their respective uncertainties, the average dimensions A’, B’, C’ of
the micelles core can be calculated from equation 4.8. Also, the average area per

polar head group, ao, in the micelle’s core surface is given by,

3 2(A'B"+ A'C"+ B'C")

Nag g

Qo (4.10)
The usual propagation of uncertainties was used to estimate the uncertainties in all

quantitites calculated above.

The cubic equation for the polar layer thickness wpolar can be solved for each
sample with the set of average parameters A, B, C given in Tables 4.1 and 4.2.
Figure 4.4 shows an example of a graphical method to solve this equation. First, it is
rewritten in the form (equation 4.9b),

S p
Wp301ar - ngolar + Ewpolar -V [1 - (¢core ﬁ_>]

core

Then, in Figure 4.4, the expression on the left is represented by the blue curve named
“Vpolar from the proposed geometry”, and the right term by the constant black curve
named “Vpolar from the densities”. The intersection of these curves gives the solution

of the equation for wpolar.
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Figure 4.4. Graphical method to solve the cubic equation 4.9b given a set of
average parameters A, B, C. In this example, the parameters for
sample s8 of Table 4.2 were used.

This graphical procedure could be repeated for the cubic equation of all the
samples, for the calculation of their average polar layer thickness Wpoiar. However,
the coefficients of the polynomials are calculated from experimental quantitites and,
therefore, they are not exact quantitites, i.e. they have uncertainties estimated by the

usual propagation method.

Thus, a Monte Carlo-type method was used to solve these cubic equations
with coefficients with uncertainties. First, it was supposed that the coefficients P, S
and Vpolar Of equation 4.9b obey a normal distribution with mean values given by the
values of the coefficients P, S or Vpoiar calculated from the average values of A, B, C,
and standard deviations given by the usual propagation formulas. Then, a given set of
these three coefficients were drawn from these normal distributions using a pseudo-
random number generator. Finally, the drawn cubic equation were solved completely
by a numerical root-finding algorithm and the real solution in the range (0, C') were

taken as a possible value for wpolar.

This procedure was repeated 50000 times for each sample, i.e. for each set of

values A, B, C given in Tables 4.1 or 4.2, 50000 polynomials were solved for Wpolar.
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So that, a distribution of real solutions wpolar results for each sample, of which a mean
and a standard deviation values for wpoiar could be calculated.

An example is given for sample s8 from Table 4.2. Figure 4.5 shows the final
distributions of drawn coefficients P, S and Vpolar from the normal distribution in red.
Figure 4.6 shows the distribuition of all the roots of the drawn from 50000 cubic
polynomials in the complex plane. The colormap measures the absolute frequency of
solutions in a given region of the complex plane. Observe the set of solutions over

the real axis.
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Figure 4.5. Distributions of the polynomials’ coefficients P, S and Vpolar Of

equation 4.9b for sample s8. The coefficients were generated by a
pseudo-random number generator from a normal distribution,
drawn in red, with mean values given by the values of these P, S
or Vpoiar calculated from the average values of A, B, C, and
standard deviations given by the usual propagation formulas.
50000 samples were drawn for each distribution.
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Distribution of Polynomials' Roots in the Complex Plane
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Figure 4.6. Distribution of all the roots of the cubic polynomials of sample s8
in the complex plane. The colormap measures the absolute
frequency of solutions in a given region of the complex plane.
50000 cubic equations were solved for each sample.

The complex solutions were discarded and only the real solutions in the range
(0, C") were taken into account. Figure 4.7 shows the distribution of the real roots of
the cubic polynomials. These are the roots over the real axis in Figure 4.6. The mean
and standard deviation of this distribution were taken as the average polar layer
thickness Wpolar and its uncertainty, respectively. Observe that no probability density

model was fitted to this distribution.

The values of the average polar layer thickness wpolar and its uncertainty
calculated this way were used for the calculations of the parameters in the end of the
previous section. The results for wpolar and those parameters are shown in Tables 4.5
and 4.7.

All the mentioned numerical calculations, pseudo-random number generator,
root-finding routines, and figures were made using the Python programming
language and its numerical (NumPy), scientific (SciPy) and visualization
(Matplotlib) libraries.
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Figure 4.7. Distribution of the real roots wpolar Of the cubic polynomials of
sample s8. These are the roots over the real axis in Figure 4.6.
50000 cubic equations were solved for each sample.

4.3 Effects of Cosurfactant and Electrolyte on the Properties of
Lyotropic Nematic Phases

Before understanding the effect of the dye-surfactant interactions on the
properties of the DTMABr/Sunset Yellow lyotropic mixtures, the roles of the
cosurfactant and the electrolyte used in the preparation of the lyotropic liquid crystal
mixtures need to be well understood. Long-chain alcohols, such as 1-decanol, are
generally used as cosurfactants to form lyotropic liquid crystal mixtures (Yu and
Saupe, 1980). The surfactant molecule dodecyltrimethylammonium bromide, as we
brought to the literature previously, may give lyotropic liquid crystal mixtures with
1-dodecanol (Akpinar et al., 2014; Akpinar et al., 2015). One of the mixtures given
in previous studies (Akpinar et al., 2014; Akpinar et al., 2015) was selected as the
starting point (Table 4.3, mixture s3) and three lyotropic mixtures were prepared by
adding 1-dodecanol in three different concentrations (s1, s2 and s3). As can be seen
from the laser conoscopy results in Figure 4.8 and from Table 4.3, with the
increasing amount of 1-dodecanol in the mixture, both Np-Ng and Ng-Nc¢ phase

transitions shift to lower temperatures, while Np and Ng phases temperature ranges
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increase, and Nc phase region decreases. Furthermore, around both Np-Ng
(maximum value in Np phase region) and Ng-Nc (minimum value in Nc phase
region) transitions, the birefringence values increased with the increasing amount of
1-dodecanol. This corresponds to an increase in micelle size or micellar shape
anisotropy (Neto and Salinas, 2005; Akpinar et al., 2019b). Thus, the 1-dodecanol
molecule causes Np phase stabilization and also causes the growth of micelles.

4.0

3.5 s2

~ 3.0 °
‘525
Z20
1.5
1.0
0.5/

0055

3 s3

x 107

Figure 4.8. Birefringences as a function of temperature for the mixtures given
in Table 1. An (®) and don (0).
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Table 4.3. Phase transition temperatures of the lyotropic mixtures by
changing the concentrations of 1-dodecanol (s1-s3) and NaBr (s1-
s4). ATy, temperature range of the biaxial phase.

Mixture Phase transition temperatures ATy,/°C
s1 N, 28.05°C N, 26.95°C N, 1.10
s2 ND 25.15°C NB 23.25°C NC 1.90
s3 . 21.85°C NB 17.05°C NC 4.80
s4 . 30.05°C NB 29.15°C NC 0.90

Another mixture (s4) was prepared by reducing the amount of NaBr with
respect to the s1 mixture. The laser conoscopy results for the s4 mixture are given in
Figure 4.10-4.13. In this way, we can discuss which Hofmeister series electrolyte
anion is characteristic of the anionic portion of the sunset yellow dye molecule. The
results of the mixtures s1 and s4 indicate that the effect of NaBr is similar to that of
1-dodecanol, that is, (a) Np-Ng and Ng-Nc phase transition temperatures decrease
with the increasing amount of NaBr, (b) the Np phase region increases in the partial
phase diagram, and (c) the range of the biaxial phase region is increased. The most
significant difference between 1-dodecanol and NaBr is that, while the amount of 1-
dodecanol is increased by 4.2%, the biaxial phase range increases by 4.4 times, and
while the amount of NaBr increases by 20.1%, the biaxial phase range increases only
1.2 times. Therefore, it is seen that the effect of 1-dodecanol is higher than NaBr on
the biaxial nematic phase-range stabilization when the “unit amounts” in the same

starting mixture are compared.

It is important to determine the properties of the azo dye molecule before
proceeding to the study of the properties of mixtures containing sunset yellow (SSY).
The SSY molecule is a 1:2 type electrolyte, such as Na>SOz electrolyte, which
includes two Na' ions attached to two SOz  groups of the anionic moieties.
Therefore, when it ionizes in water, it gives one SSY? anion and two Na* cations to
the environment. Studies have shown that SSY molecule is present in hydrazone
form rather than azo form in an aqueous medium (Figure 4.9) (Edwards et al., 1996).
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The hydrogen bond formed in the hydrazone form allows the molecule to have a
stable planar structure (Lydon, 2010).

@ @
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| © o
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hydrogen
8039 sof)
Hydrazone Azo form

Figure 4.9. The tautomeric forms of the Sunset yellow molecule (Lydon,
2010).

The electrolytes interact with surfactant head groups on the micelle surfaces
in liquid crystal mixtures, reducing repulsions between the surfactant head groups
and making micellization more preferable (Kumar et al., 2012). Depending on the
strength of the interactions between the electrolyte and the head groups, this
shielding may be more or less effective. It has been demonstrated that those
interactions are important in stabilizing different types of nematic phases (Akpinar et
al., 2016a; Akpinar et al., 2016b). At this point, it is to be noted that the degrees of
kosmotropic, which prefers to be more hydrated by water molecules, and chaotropic,
which prefers to be less hydrated by water molecules, properties of surfactant and
electrolyte ions have an important role in obtaining different types of the nematic
phases. For example, the strong similarity of the surfactant head group and the
electrolyte ion (kosmotropic-kosmotropic or chaotropic-chaotropic) leads to the
stabilization of the lyotropic Np phase, and the weak similarity leads to that of the
lyotropic Nc phase. The lyotropic Ng phase is usually obtained in the case of
moderate kosmotropic-chaotropic interactions at the micelle surfaces (Akpinar et al.,
2016a). DTMABr surfactant molecule includes positively charged chaotropic ionic
head group, -N(CH3)s*, (Marcus, 2009). Therefore, negatively charged chaotropic
electrolyte anions are preferably bound to this head group. Some electrolytes
containing Hofmeister series anions were added to the mixtures containing DTMABr
in a constant molar number, i.e. in the fixed mixture composition, as given in Tables

3.1 for s4 and 3.2 for s5-s10. Given the chaotropic properties of the selected
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Hofmeister series ions, the following sequence applies (Leontidis, 2002; Wen et al.,
2014):

Brr < NO3 <ClO3 < I"<SCN < ClO4

In some studies, Br- and NOs™ sequence is also given as Br- ~ NOs™ or Br >
NO3z~ (Umapathi et al., 2018) and this may be attributed to that the chaotropic
degrees of both ions are close to each other. At this point, it is very important to

determine the property of SSY2~ anion of the SSY molecule.

Table 4.4. Phase transition temperatures of the lyotropic mixtures
containing different types of Hofmeister anion, electrolyte used
in the mixtures, and temperature range of the biaxial nematic
phase. ATy, : temperature range of the biaxial phase.

Mixture |Electrolyte Phase transition temperatures ATy,/°C

s4 NaBr ND 30.05°C NB 29.15°C NC 0.90
s5 NaNOs Ny 225 Ny 225 1.20
s6 NaClOs Ny 5 N, 22 N, 2.00
s7 Nal ND 24.05°C NB 21.25°C NC 280
s8 Na,SSY Ny 225 N, T2 4.10
e NaSCN ND 19.25°C NB 14.85°C NC 4.40
s10 NaClO4 Np -

Table 4.4 also shows nematic-nematic phase transition temperatures, and
biaxial phase temperature ranges of the mixtures prepared with electrolytes
containing different types of Hofmeister anions and SSY (or Na>SSY). The nematic-

nematic phase transitions were measured by laser conoscopy.

In the present study, we also calculated the invariants of the optical dielectric

tensor, €, as second-rank, traceless, symmetric tensor order parameter from the
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experimental values of the optical birefringences. In a uniaxial (biaxial) nematic
phase, there are two (three) different refractive indices and the difference between
the refractive indices are the optical birefringences. The birefringences An and on
vanish in the uniaxial Np and Nc phases, respectively. In the Ng phase both
birefringences are non-null. If the three orthogonal laboratory frame axes are chosen
as 1, 2 and 3, we have three diagonal elements of the anisotropic part of the dielectric

tensor (€a1, €a2 and €as)

4 5
€= —%(Am;) @.11)
€= (An — 8n) (4.12)
ea3=@ (% +8n) 4.13)

where (n) is the average index of refraction of the mixture. The invariants of a tensor
order parameter (o1, 62 and 63) can be written in terms of the diagonal elements of

the dielectric tensor,

01= €1 T€nTE3 (4.14)
2

0= 3 (€51 + €5y + €53) (4.15)

03: 4€a1€a2€a3 (416)

where the first invariant o1 is zero (Neto and Salinas, 2005). The temperature
dependences of both birefringences and the invariants, and the interdependence of
invariants are given in Figure 4.10-4.13. In the following sections, the composition

of the SSY molecule in mixtures will be shown as Na,SSY.

46



54 55
4| 4|
7 » T ) o
- 3 - 3 L ] .
.4 .4 .
b5 £ 2
c c
=1 =
1!
N-C
° 15 20
5
s7
4l

am, &0 (% 107)
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As can be seen from Figure 4.10, in the Hofmeister series, as the Np and/or
Ng phase temperature range increase in the partial phase diagrams, the Nc phase
region decreases going from the lowest chaotropic NaBr containing mixture (s4) to
the mixture with the highest chaotropic NaClO4 (s10). In the mixture containing
NaClOs, only the Np phase is observed. When the highest birefringence values in the
Np-Ng phase transitions, biaxial nematic phase regions, and uniaxial-biaxial phase
transition temperatures are compared in the Np phase regions, it is seen that the SSY
molecule has approximately the same chaotropic behavior as NaSCN. This is also
proved by SAXS results, as shown in Table 4.5. This is an important result because,
when investigating the interaction of SSY molecule with the surfactant systems, it

will be interesting to select the surfactant molecules according to this feature.

The temperature dependences of o2 and o3 shown in Figures 4.11 and 4.12
(Hofmeister anions) are consistent with the literature (Neto and Salinas, 2005). As
can be seen from Figure 4.13, showing the interdependence of o2 and o3 values, as
the chaotropic properties of anions in Hofmeister series increase, 62 and o3 values
increase. The interesting point here is that both 62 and o3 values decrease in the
biaxial phase region in the mixtures of all Hofmeister anions (except the mixture

s10), while o2 values for the mixture of the SSY molecule (mixture s8) increase.
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Figure 4.11. Temperature dependence of the invariant o2 obtained from laser

conoscopy for the mixtures given in Table 4.4. The 2P region

corresponds to the two-phase region
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Figure 4.13. o3 versus o2 plots for the mixtures given in Table 4.4.

The SAXS curves analysis was performed in the framework proposed by
Galerne et al. (Galerne et al., 1987) and Figueiredo et al. (Neto et al., 1985). The 2D
SAXS patterns of our samples showed the same characteristics as theirs: the patterns’
shape; the pseudo-lamellar structure in the three nematic phases; and the patterns’

symmetry in the three aligned nematic phases, when the capillary is rotated to
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orientations (i) and (ii), as described in the Experimental section. Therefore, as in
(Galerne et al., 1987; Neto et al., 1985) it is assumed the so-called intrinsic biaxial
micelle, or IBM, model: the micelles have approximately the same average shape
with an orthorhombic or biaxial symmetry in the three nematic phases; these micelles
are stacked in blocks of just a few units in the three directions; the different nematic
phases being triggered by changes in the orientational fluctuations of these micellar
aggregates. In the uniaxial nematic phases, the orientational fluctuations are full
rotations around the director, while in the biaxial nematic phase the orientational

fluctuations are small amplitude oscillations around the directors.

As shown in (Galerne et al., 1987), the average dimensions A, B, C of the
available volume per micelle can be obtained from 2z/gx, for X = A, B or C, where Qx
is the band positions of the SAXS intensity curves as a function of q in the Axis 1 or
2 directions for dimensions A and B, and in the Axis 3 direction for C. The results
for A, B and C for all the samples measured by SAXS are shown in Tables 4.1 and
4.2.

Once A, B and C were found, the average dimensions of the micelles A’, B/,
C’ were calculated from a model that assumes the thickness of the layer around the
micelle’s core is uniform as well as the density of the micelle’s core made of alkyl
chains of the surfactant and cosurfactant molecules. Details of the model and its
hypothesis as well as the calculations of the average polar layer thickness (w), of the
micelles’ core average dimensions A’, B’, C’, of the average aggregation number
(Nagg) and the average area per polar head (ao) are given in the part 4.2. For some of
the samples listed in Table 4.1, the results of the calculated parameters are shown in
Table 4.5.

The shape anisotropy SA = {[(A'+B")/2] — C'} [(A'+B’)/2] was also included
in Table 4.5. It measures the average thickness of the micelle’s core bilayer C’
relative to the average of the other two dimensions A’ and B’ of the micelle’s core.
The bilayer thickness is given by the lengths of the surfactant’s alkyl chain with very
small variations due to temperature and composition of the mixture. Therefore, this
shape anisotropy measures the relative growth of the micelle’s core in the directions

perpendicular to the amphiphiles’ bilayer direction.
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Table 4.5. Calculated parameters from SAXS measurements results for some
samples listed in Table 3.2. Mixture identification, micelle’s core
average dimensions (A’, B’, C'), average polar layer thickness (w),
average aggregation number (Nagg), average area per polar head
(a0), and shape anisotropy (SA).

ao
Mixture | A’(A) | B’AA) | C'(A) | w(d) SA Nagg A2
46.4 + 350+ | 29.6+ 14.4 + 0.27 +
s7 1505 | 54+4
2.4 1.6 1.4 1.4 0.04
46.8 + 35.1+ 294 + 144 + 0.28 +
s8 150+3 | 54+2
15 11 0.9 0.9 0.03
48.2 + 357+ | 292+ 14.4 + 0.30 +
s9 156 +4 | 53+3
1.7 1.3 1.1 1.1 0.03
51.0+ 36.2 £ 28.8 + 14.8 + 0.34 +
s10 166+6 | 53+4
2.6 1.8 15 15 0.04

4.4 Effect of the Sunset Yellow on the Stabilization of Lyotropic

Nematic Phases

In the present study we concentrate on the effect of the SSY molecule in the
lyotropic mixtures on the stabilization of different nematic phases, and, especially,
on the biaxial nematic phase domain in the partial phase diagram. For this purpose,
the mixtures given in Table 3.3 were prepared at different SSY concentrations. The
results of laser conoscopy applied to these samples (Figures 4.14-4.17) are

summarized in Table 4.6.
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Table 4.6. Nematic-nematic transition temperatures, and temperature range of
the biaxial nematic phase for the mixtures containing different
concentrations of SSY, whose compositions were given in Table
3.3. Laser conoscopy measurements were done in the range from
14.0 °C to 36.0°C, so the phase transition temperatures are given
considering the transitions in this temperature range.

Mixture Phase transitions ATy, /°C
s11 N,
s12 N,
s13 N¢
s14 2p 225 N,
515 2p 225N,
s16 op 34.80°C y 29.05°C NB 28.15°C NC 0.90
s17 ND 26.35°C NB 24.50°C NC 1.85
s18 N, 23.65°C N, 20.55°C N, 290

s8 . 21.15°C : 17.05°C . 4.10
519 N, 19.25°C N, 14.65°C N, 4.60
520 Ny, 25N,
521 Ny =5 N,
522 Ny 25N,
s23 Nb
s24 Np

58



In Table 4.6, the amount of SSY in the lyotropic mixture was increased from
top to bottom. As can be seen, only the uniaxial Nc phase was obtained from the
SSY-free mixture (s11) to the s15 mixture. Subsequently, there were mixtures with
three phases (s8, and s16-s19), then mixtures with the transition from the Ng to a gel-
type phase, without the transition to the Nc phase at low temperature (s20 and s22),
and, finally, mixture with only the Np phase (s23 and s24). As previously mentioned,
the electrolyte ions added to the mixture bind to the surfactant head groups on the
micelle surfaces by reducing the repulsions between the surfactant head groups
(Rhein, 2007; Migan et al., 2013), which causes the decrease in the micellar surface
curvature (Myers, 2006), in order to go from the Nc phase domain to the Np phase
domain (Akpinar et al., 2016a). Considering the mixtures in Table 4.6, it is seen that
the SSY molecule is effectively bound to the micelle surfaces, like the electrolyte
ions, because as the concentration of the SSY increases in the mixtures, the Np phase
is more favorable. It should be noted that for mixtures s16 and 17, the samples (not
completely but almost) lost the alignment around the Ng- to Ng+ crossover, and when
the samples entered the Nc phase region, they aligned again, giving the sharp
interference pattern in the conoscopy experiment. This situation, named anomalous
behavior, was already reported in one of our previous study for some
DTMABr/NaBr/1-dodecanol/water mixtures (Akpinar et al., 2014). This behavior
was attributed to the smaller micellar shape anisotropy according to their SAXS data.
Then, the samples s16 and s17 realigned in the Nc phase region and the
birefringences were measured until the Np- to Ng+ crossover by increasing
temperature. The maximum values of the birefringences at the Nc-Ng phase
transition for s16 and s17 are ~1.4x10°% and ~1.8x10°3, respectively. Then, for the
samples s18, s8 and s19, those values are ~3.3x103, ~3.5x103 and ~3.7x107,
respectively. As previously reported, there is a direct relation between the
birefringences of the nematic phases and the micellar shape anisotropy: the higher
(smaller) the birefringence, the higher (smaller) micellar shape anisotropy (Akpinar
et al., 2012b; Akpinar et al., 2016a). Thus, the anomalous behavior, indicating the
smaller micellar shape anisotropy in the biaxial phase, is observed at low SSY
concentrations (s16 and s17). The further increase in the concentration of the SSY
(s18, s8 and s19, respectively) causes both the increase in the micellar shape

anisotropy and disappearance of the anomalous behavior.
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One intriguing question present in the literature of the biaxial nematic
mesophases is that this phase is stabilized only in small temperature-range domains.
Therefore, it is important to obtain mixtures which give a wider biaxial phase region
and to determine which factors extend the biaxial phase region. As it is known, the
counterions are attached to the surfactant head groups on the surface of the micelles
(in our case, negatively charged Br ions are the counterions of DTMABT surfactant
molecule). In addition, to the mixtures obtained, researchers generally add inorganic
salts, like NaBr, to the lyotropic mixtures if necessary. To determine the extent to
which the SSY molecule enlarges the biaxial region by binding to the micelle
surface, it would be appropriate to compare the mixtures of s4 and sl prepared with
the NaBr salt given in Table 3.1 with the mixtures of s8 (Table 3.2) and s20 (Table
3.3) having the same molar number and total mixture composition. Here, the mixture
s4 has the same composition as the mixture s8 and the mixture sl has the same
composition as the mixture s20. The determined phase transition temperatures for the
lyotropic nematic phases obtained from the s4 mixture containing NaBr are Np-Ng:
30.05°C and Ng-Nc: 29.15°C. For the SSY-containing mixture of the same
composition, those transition temperatures are 21.15°C and 17.05°C, respectively.
When comparing biaxial phase regions, the biaxial nematic phase range for the s4
mixture is 0.90°C, while for s8 it is 4.10°C. A similar result was observed for
mixtures sl (~1.10°C) and s20 (~3.05°C), within the working-temperature range. As
a result, when the SSY molecule is added to the mixtures with the same number of
moles of NaBr, it is seen that the biaxial nematic phase region in the partial phase
diagrams is about 4.5 times larger. This is one of the most important results of the
present study, i.e. the dye molecule enlarges the biaxial phase range more with
respect to the conventional salts. Furthermore, the increase in the concentration of
the SSY molecule in the mixtures causes the enlargement of both Np and Ng phase
domains in the partial phase diagram (Figure 4.18).
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Figure 4.18. The partial phase diagram of the lyotropic mixtures given in
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presenting three nematic phases as a function of the temperature
(s8 and s16-s19).

The effects of the increase of SSY concentration in the structure of the biaxial
micelles for some of the mixtures of Tables 3.2 and 3.3 were also investigated by
small angle X-ray scattering. As previously described, the structural parameters for
the biaxial micelles were calculated from the SAXS results by a model assumption,
the details of which are given in the part 4.2. Table 4.7 shows the results of the

calculated parameters.
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Table 4.7. Calculated parameters from SAXS measurements results for some
samples listed in Table 3.2 and 3.3. Mixture identification,
micelle’s core average dimensions (A’, B’, C'), average polar layer
thickness (w), average aggregation number (Nagg), average area per
polar head (ao), shape anisotropy (SA), and average number of SSY
molecules per micelle (Nssy). A’, B’, C’

ao
Mixture | A’ (A) | B'(A) | C'A) | w(Ad) SA Nagg &) Nssy
g 468+ | 351+ | 294+ | 144+ | 028+ | 150+] 544+ | 58+
S
15 11 0.9 0.9 0.03 3 2 0.1
19 476+ | 357+ | 201+ | 146+ | 030+ | 154+| 54+ | 66+
S
1.9 1.6 13 1.3 0.04 5 3 0.2
2 485+ | 369+ | 2809+ | 148+ | 032+ |160+ | 534+ | 754+
S
1.4 11 0.9 0.9 0.03 4 2 0.2
23 514+ | 396+ | 280+ | 153+ | 038+ |177+ | 52+ | 11.1+
S
1.7 13 1.1 1.1 0.03 4 2 0.3

From Table 4.7, increasing the concentration of SSY in the host mixture
increases the micelles' core dimensions A’ and B’ in the order of a few angstroms, but
decreases the bilayer dimension C’ by a few sub-angstroms or keep it constant within
the errors bars. This is better seen in the results of the SA parameter which measures
the relative size of the bilayer dimension C’" with respect to the average of the other
two perpendicular dimensions, A’ and B’. Figure 4.19 shows that increasing the SSY
content of the mixture causes a growth of the micelles in the directions perpendicular

to the micelle’s bilayer at the working concentration range.

The other parameters calculated from the adopted model suggest that the
micellar growth is accounted by the increase of the average aggregation number,
while the average area per polar head of the surfactants is almost constant for all the

mixtures. It means that the increase of SSY molecules in the mixtures induces more
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surfactant molecules to pack themselves in a single micelle, but the average area per
surfactant molecule in the micelle’s surface is almost the same for all the mixtures.
While the molecules pack in a micelle, they do not stay nearer to each other, i.e., the
micellar growth does not make the packing of molecules more compact. In addition,
the SA parameter results showed that this increasing packing of molecules occurs on

the sides of the micelles perpendicular to the bilayer.

Table 4.7 also shows that the increase in Nagg with the molar fraction of SSY
is accompanied by the increase in the number of SSY molecules per micelle, Nsvy.
This parameter was calculated from the ratio of the aggregation number to the molar
ratio between the surfactants and the SSY molecules. Both the surfactant and

cosurfactant molecules were included in the surfactants’ moles number.

Comparisons of the results of Tables 4.5 and 4.7 for the C' parameter of
mixtures with different electrolytes or with SSY shows that the SSY molecules are
not inside the micelles’ core, but on the micelles’ surface or in the water layer region.
In both cases, the polar layer including the polar groups of the surfactants in the
micelles’ surfaces, the counter ions and the water around the micelles has an
approximate size of 15 A for all the mixtures, and therefore the largest surfaces of
the plank-like SSY molecules have to be parallel or at most inclined to the biaxial

micelles’ faces, but not perpendicular to them due to geometrical reasons.
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percentage of sunset yellow for the mixtures listed in Table 4.7.
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5. CONCLUSIONS

In this study, the presence of the Sunset Yellow dye molecule in the lyotropic
mixtures was studied from the surfactant-dye interaction on the micelle surfaces
point of view. Its effect was also compared with the conventional inorganic
electrolytes in terms of the stabilization of the different lyotropic nematic phases and
the biaxial phase domain in the partial phase diagrams. It was shown that Sunset
Yellow exhibits a chaotropic character similar to the SCN™ ion, which is an important
point to determine the degree of the interactions between the surfactant head groups
and the anionic part of the Sunset Yellow on the micelle surfaces. The results
indicated that Sunset Yellow interacts with the surfactant head groups effectively and
it gives larger biaxial phase region in the partial phase diagrams with respect to the
Hofmeister series anions of sodium salts. Furthermore, the degree of the binding of
Sunset Yellow to the micelle surfaces causes the growth of the micellar shape

anisotropy to mainly give the stabilization of Np and/or Ng phase
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