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1 Introduction

In this thesis a lyotropic analog of the thermotcaghiral smectic C (SmC*) phase is presented
for the first time. So far, only very scarce exaegobf the achiral variant of this phase have
been known in lyotropic liquid crystals and no coefensive studies have been performed on
them. Thus, the focus of the present thesis idierptoof of existence and characterization of
this novel phase. Furthermore, a tentative modethef lyotropic SmC* analog phase is
introduced. Thereby, this thesis contributes to uh#ication of the often separately treated

fields of lyotropic and thermotropic liquid cryssal

To start with, the present chapter will addressestundamental concepts of liquid crystals to
enable a thorough comprehension of the aims amksuithis thesis. The properties of and the
discovery of the thermotropic SmC* phase will baltdeith in more detail, as they are essential
for understanding the significance of the thesissented. Finally, examples of lyotropic
analogs of the achiral smectic C (SmC) phase, white known up to now, will be discussed

in this introductory chapter.

1.1 The liquid crystalline state of matter

The liquid crystalline state ranges between thiel soid the fluid states of matter. Moreover, it
combines characteristic features known from crgstaid liquids. Hence, it is also called
mesomorphic state to emphasize its intermediaté@odn Figure 1 the four states crystalline,
liquid crystalline, liquid and gaseous are dispthgehematically. While there is positional as
well as orientational long-range order of the moles in the crystalline state, there is no such
thing in the liquid state. In liquids only shortagee order exists. Both concepts apply for liquid
crystals. Depending on the degree of order initigd crystalline structure, different phases
are distinguished. They are termed mesophasedaidutilding blocks are called mesogens.

In the simplest case of a nematic (N) mesophaseshawn in Figure 1, only long-range
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orientational order of the mesogenic main axesdsgnt. The lack of any long-range positional
order causes a fluid-like short range order ofrtlesogenic centers in three dimensions. The
mesophase thus combines the fluidity of a liquidhwanisotropic properties known from
crystals,e.g.an anisotropic dielectric permittivity. In moremaplex liquid crystalline phases a
one- or two-dimensional long-range positional oroiethe mesogenic centers may occur. But

at least in one direction, a fluid-like order hagersist.

One of the most important physical quantities fesatibing liquid crystalline phases is the
directorn. It indicates the average direction of the mesmgprinciple axis with the highest
symmetry, as shown in Figure 1. The directions and —n are physically indistinguishable,
independent of the nature of the mesogen. The tyuafi the orientational order of the
mesogenic main axes along the directés described by the orientational order param@&ter
It considers the angla between the directerand the principle axis with the highest symmetry

of every mesogen The orientational order paramefercan be written as:
S, :1<3005201i —1>. (1)
2

In isotropic liquids the orientational order parderes is 0, as the mesogens are oriented
randomly. In liquid crystals the orientational orgarametes rises to values of at least 0.4

[1] and may reach values close to 1.0 [2].

In general, two types of liquid crystals can bdidguished. On the one hand, there are the so-
called thermotropic liquid crystals. The mesoganshis type of liquid crystals are organic

molecules with an anisotropic shape. The appearainsgecific thermotropic phases depends
n N\
WAL R
Tm ' ' Tc ' Tb
AN =W 0= =
\\\\ NA \ v

crystalline liquid crystalline liquid gaseous

Figure 1: Sketch of the molecular arrangement in the threensonly known states of matter, crystalline, lic
and gaseous, as well as the intermediary liquidtatyne state. The molecules or mesogens arietéelpas rod
Transitions from a higher ordered state to the tmxer ordered state take place by increasingahgpératur
above the melting poinfTf), the clearing pointTg) or the boiling point Typ), respectively. In the case of
liquid crystalline state the directar, which is fundamental for the description of ligurystalline phases,

indicated.
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solely on the temperature at a constant pressuréhé€other hand, there are the lyotropic liquid
crystals. The mesophases of lyotropic liquid cigstae composed of surfactant molecules,
which are organic molecules with competing polasitin different parts of the molecule and a
solvent, which is typically water. By solving therfactant molecules in the solvent, the
molecules assemble themselves into aggregateshwide their hydrophobic parts from the

polar solvent. These aggregates are called micellegs, in lyotropic liquid crystals the

mesogens are no single molecules, but micelles avitbometric shape. The most important
parameter for the formation of a specific mesophthseefore, is the solvent concentration. The

temperature plays a secondary role.

From a historical point of view as well as duelteit applications, thermotropic and lyotropic
liquid crystals have always been treated separat®hjle thermotropics and the concept of
liquid crystallinity in general were discovered late as in 1888 [3], lyotropic phases were
“known” to mankind since the Bronze Age [4], asytloecur during the soap-making process.
Due to this, lyotropic liquid crystals find theiramm applications in the detergent industry and
in cosmetics. As various biological systenmasg. cell membranes, take a lyotropic liquid
crystalline form, they also possess some medicdl @marmaceutical importance [5]. In
contrast, thermotropic liquid crystals are used dompletely different applications,g. for
displays, thermography, tunable filters or laséisThus, it is not astonishing, that two distinct
fields of research evolved for the two types oliidycrystals. However, thermotropic and
lyotropic liquid crystals share a common state atter with many similarities. For example,
many mesophases which occur in thermotropics mked found in lyotropics. Still, there are

some thermotropic phases which do not seem to &déy@ropic counterpart.

One of the most outstanding examples of this iglieamotropic SmC phase and especially its
chiral variant SmC*. Due to its unique propertid®® SmC* phase attracted considerable
scientific interest over the last four decades.réfwee, the investigation of a lyotropic analog
of the SmC* phase would be especially interestmgegard to the formation and properties of
this so far unknown lyotropic mesophase. To exglagsignificance of the thermotropic SmC*

phase, a brief synopsis of its discovery and ptazewill be given in the following chapter.



4 The SmC* phase: a ferroelectric fluid

1.2 The SmC* phase: a ferroelectric fluid

The SmC phase as such was first discovered in k@38eans of X-ray diffraction [7]. In the
SmC phase the molecules are arranged in two diomaldayers, which are stacked upon each
other in the third dimension of space. An illustratof this is shown in Figure 2a. Within those
smectic layers a fluid-like order can be found, levlai long range positional order exists in the
stacking direction along the layer norrkalAs the molecules in the layers are tilted witbpesct

to the layer normai, the directon and the layer normél include the so-called tilt angte

In the case of the SmC* phase, which is a SmC phasgosed of chiral molecules, the
structure is significantly modified by the moleauthirality. As shown in Figure 2b, the tilt
direction, which is indicated by the directymprecesses from layer to layer, thus leadingéo th
formation of a helical superstructure. The heljmi&th p usually takes values between 0.5 and
50 pm, which relates to approximately? stnectic layers [8, 9]. The helical structure mesti

itself macroscopically in the ability to selectiyekflect circular polarized light with a wave

a) SmC b) SmC* A«

NN \/
AN U
WA )
WAV N

J

AL ANV A
AR i

Figure 2: a) Cut through the structure of the SmC phase iniditated directions of the directorand the laye

normalk. The smectic layers are extended wimensionally parallel and perpendicular to thewdng plane
b) lllustration of the helical structure of the SmChgse. For the sake of clarity, only one mesogerigyer it
shown. From one layer to the next, the directiothet-director, and thus the orientation of the molecutéange

gradually. The distance which is necessary foictd@ector to rotate by2is called the helical pitcp.
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length corresponding to the helical pitch and betwerossed polarizers in a striped texture

due to a changing effective birefringence.

Even though the first SmC* materials were synthesiat the beginning of the ®@entury
[10], it took decades until the macroscopic chiyatif the SmC* phase was discovered. The
existence of a hypothetical twisted smectic phaas fivst discussed by Saupe in 1969 [11].
Two years later, in 1971, Helfrich and Oh [12] d&tel the SmC* phase as such for the first
time due to its ability to selectively reflect lighThe ferroelectricity of the SmC* phase was
then theoretically predicted, explained and expenitally proved by Meyeet al.[13] in 1975

for the first time. Five years later, Clark and kagall published their groundbreaking work

[14], which demonstrated the ferroelectric switchof the SmC* phase if surface-stabilized.

To understand why the SmC* phase is ferroeledine,symmetries of the SmC as well as of
the SmC* phase have to be considered. The symmogthe SmC phase is described by the
point groupCazn, as it possesses a mirror plane within the tdnpland a two-folded rotation
axis perpendicular to it, if considering that = -n. An illustration of this is shown in FiguBa.

If the phase is instead composed of chiral molexids it is the case in the SmC* phase, the

mirror plane is removed, resulting in the pointugr€.. This situation is depicted in Figure 3b.

b) z.k
—-.__\ /” ’’’’’ ~<
\\} /7 \\'
\
/7 7/
/// \\\--. X ’//
n 7" 1""4n
y ()
tilt plane,
mirror plane
—_——/
L > X

Figure 3: Symmetry elements in a) the SmC phase, which bsltmdghe point grou,» and b) the SmC
phase in which the symmetry is reduced to the ppimiipC,. The smectic layers are supposed to be withi
x,y-plane. The angle between the layer norknahd the directon is the tilt angled. The projection of on the

x,y-plane results in the director They-axis and the directarinclude the azimuth angje(redrawn after [§.

1 The term ‘texture’ is described in detail in Crexpt.3.
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The point grougt: is a polar point group with they-axis being a polar axis allowing a nonzero
spontaneous electric polarizati®é®. In a molecular picture, this means that the trarse

dipole moments are not canceled due to the lacthefmirror plane. In consequence, a
spontaneous electric polarizati®s occurs along the pol&»-axis and thus perpendicular to

the plane spanned loyandk:
Ps Ok xn. (2

Furthermore, the magnitude of this spontaneoudralguolarizationPs is related to the tilt

angleB according to:
P/ O'sind. 3)

However, due to the helical super structure ofSheC* phase, the spontaneous polarizaien

of the individual smectic layers is averaged olierEfore, the formation of the helix has to be
suppressed in order to achieve a macroscopic fentoeity of the SmC* phase. This can be

done effectively by surface stabilization in vemnt samples, as demonstrated by Clark and
Lagerwall in 1980 [14]. They showed that under ¢hesnditions only two states may occur

and that it is possible to switch between the ttates within the range of microseconds by

reversing the direction of the applied electri¢died sketch of this is given in Figure 4.

The SmC* phase attracted considerable intereshenliuid crystal research community,
especially after its ferroelectricity was shownrrBelectricity was discovered as late as 1921
[16] and was solely known for solid materials ugfe pioneering work of Meyeat al. [13].
The fluid state of the SmC* phase opened up a cet@lyinew and fascinating field of research.

Furthermore, the fluidity of the new ferroelectnnaterial allowed the development of unique

y tilt cone

glass —
plates

Figure 4: Sketch of the surface-stabilized ferroelectrizigcrystal (SSFLC) cell structure. Due to the acef

stabilization, the helical structure of the Shphase is unwound as only two director orientation the tilt con

can be realized. These two director states cornesfmeither UP or DOWN polarization (redrawn aftes]).
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applications,i.e. fast switching electro-optic devices [17]. Up ke tpresent date, the SmC*
phase is the only known ferroelectric material vahis fluid? and thus it is still one of the
thermotropic liquid crystalline phases attracting most attention. However, in lyotropic liquid

crystals an analog phase was not found so far.

1.3 The lyotropic SmC analog phase

Lyotropic liquid crystals tend to form layered sttwres, which are called lamellar phases. Yet,
the mesogens are usually parallel to the layer abknfcf. lamellar L« phase, Chapter 3.2.2)
and not tilted with respect to it, as is the casthe thermotropic SmC phase. A very plausible
explanation is commonly accepted for this behawolyotropic liquid crystals the lamellas are
composed of alternating bilayers of surfactant soldent molecules as shown in Figure 5a.
The individual layers of surfactant molecules &weréfore separated from each other by layers
of solvent molecules, which only possess shorte@amgler as in common liquids. Thus, the
disordered layers of solvent molecules prevent @myelation of the director tilt between
adjacent surfactant layers. In consequence, atamge correlation of the director tilt, as
depicted in Figure 5b, or moreover of chirality,iethwould be necessary for the formation of
a lyotropic analog of the SmC* phase, does not dedme possible in lyotropic liquid crystals.
Still, there are very rare examples in literatufdyotropic analogs of the thermotropic SmC

phase, which will be presented in this chapter.
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Figure 5: a) The well-known lamellar d_phase is composed of bilayers of surfactant moésculvhich ar
separated from each other by layers of solvent cotds. The surfactant molecules are on the averegste(
parallel to the layer normal. b) The structure e tarely found lyotropic S@analog phase is assumed ti
similar to the structure of the lamellag phase, though the surfactant molecules shouldtbd tiith respect

the layer normal. However, in literature there moesuggestions for the structure of this phase.

2 Actually, there are two higher ordered smecticsgisa namely SmF* and Smi*, which are also ferrdetec
These phases, however, are significantly more us@nd thus do not attract the same amount of tffaen
attention.
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Most often, lyotropic SmC analog phases mentiomeliterature appear at very low solvent
concentrations in direct connection to a thermatr@mC phase [18—-21]. Such phases should
be considered as solvent swollen thermotropicseratiman as lyotropics, because they get
destabilized by the addition of the solvent andstlare no real lyotropic mesophase.
Furthermore, the amount of solvent molecules i®®o that the solvent layers do not possess
a substantial thickness. Hence, only mesophaseshveppear solely upon the addition of a

solvent are considered to be real lyotropic anatdgee SmC phase in the following.

The phase diagram of an often cited example ofordpic SmC analog phase reported by
Pietschmanmt al.[22] is shown in Figure 6. Here an unconventiafialic surfactant with an

aromatic phenylpyrimidine core was claimed to fawery broad lyotropic SmC analog phase
in mixtures with water. Unfortunately, the authdrg not provide any evidence for the correct
phase assignment of the lyotropic SmC analog pleas |ater investigations of the system

showed, that the phase was indeed a rather convptedimensional correlated columnar phase
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Figure 6: Phase diagram of 5-[4-(&heptylpyrimidine-2-yl)phenyloxy]-pentane-1¢iel and water (pha:
diagram redrawn after [2R It was shown in later work, that the lyotro@mC analog phase is indeed a colur
phase [23, 24]. The isotropic phase is denoted thvéabbreviation ‘Iso’ and the two crystalline paawith ‘Cy’

or ‘Cry, respectively. For an explanation of the occugrimesophases and their abbreviations see Chapter 3.
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[23, 24]. Actually, there are only two examplesyaftropic SmC analog phases in literature, in

which the authors included clear proof of the exist of those phases.

The first example is a homologous series of rod-knphiphiles synthesized by Schafheetle
al. [25]. The molecules possess several ethylene glyats and form lyotropic SmC analog
phases in mixtures with water. An exemplary phaagrdm of one of the homologous series
of surfactant molecules and water is displayediguie 7. The considered mesophase forms
between 20 and 45 wt% of water and can therefonegarded as a true lyotropic phase, the
existence of which was proven by X-ray diffractidnpicture of a two-dimensional diffraction
pattern of an aligned sample is shown in the ims&ligure 7. As the directions of the small-
angle and the wide-angle maxima deviate slightynfa perpendicular orientation, the presence

of a tilted structure with a quite small tilt anggeverified ¢f. Chapters 4.7).

Iso + Iso

ice + Iso

T X o

80 100

w(H,0) / wt%

Figure 7: Phase diagram of 1,4-phenylene bis(4-((2,5,8,117texaoxanonadecan-19-yl)oxy)benzoate)
water (redrawn after [3h The abbreviation ‘D’ stands for dystetic, ‘IS0 isotropic and ‘Cr’ for crystalline. Tl
inset shows a two-dimensionalrdy diffraction image of an aligned sample of thetlopic SmC analog pha
The direction of an applied magnetic fididis indicated (adapted from [RSCopyright 1988 Taylor & Franc

www.tandfonline.com).
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The second example is a system composed of wateraionic amphiphile which incorporates
several ethylene imine units and hydroxyl grou.[Zhe phase diagram is shown in Figure 8.
The lyotropic SmC analog phase is stabilized ovguite broad concentration range. To prove
the correct phase assignment of the lyotropic Sm&log phase, the authors provided X-ray
diffraction data as well as texture images, whighileit the characteristic schlieren texture

known from thermotropic SmC phases. (nset of Figure 8).

Summing up, there are so far only two exampleyatfdpic SmC analog phases to be found
in literature. None of them has been investigatedietail. Thus, little is known about the
necessary conditions for the formation of a lyoitopmC analog phase, its structure or the

influence of the solvent on its properties.
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Figure 8: Phase diagram of 1-(2-hydroxyethyl)-1-(2-((2-hydrethyl)(2-((2-hydroxyethyl)(12-(4-((4-nitro-
phenyl)diazenyl)phenoxy)dodecyl)amino)ethyl)aminbydaziridin-1-ium bromideand water (redrawn af
[26]). The inset shows the texture between crossearigelts of the lyotropic SmC analog phase (adafrted

[26] with permission of the Royal Society of Chetmyk



2 Aims and scope of this thesis

Thermotropic and lyotropic liquid crystals shareoamon state of matter with many analogies
in their structural and physical properties. Howewbese two fields of liquid crystalline
research are usually treated completely separalig. is partially due to historical reasons,
but also to striking differences in some aspecthese two classes of liquid crystals. One of
these differences is the occurrence of thermotrpbiases which do not have a lyotropic
counterpart. A compelling example of this is therthotropic ferroelectric SmC* phase. Due
to its unique chirality effects.e. ferroelectricity and a helical configuration oéttilt-direction,

this phase attracted considerable scientific isteveer the last decades. However, there are no

reports found in literature about a SmC* analogseha lyotropic liquid crystals.

To bridge this gap between thermotropic and lyatréiquid crystals, efforts were made in our
research group for quite some time in the scopgbeDFG project Gi243/4 to find a lyotropic
analog of the SmC* phase. Now, preliminary invesimns in the framework of this thesis led
to a promising series of diol molecules, which nigkhibit this so far unknown phase. Based
on this, the present thesis deals with the first@very and description of a lyotropic analog of
the SmC* phase. Furthermore, the physical progedi¢his novel phase shall be investigated,

especially with focus on its chirality effects.detail, the following points will be addressed:

= Screening of promising surfactant / solvent systéonghe formation of a lyotropic
SmC* analog phase and selection of proper systemfuifther investigations. In this
process, necessary structural features of the ctarfis and the solvents shall be

elucidated.

= Measurement of the phase diagrams of the seleatéactant / solvent systems using

polarized optical microscopy and characterizatiballopphases observed.
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Aims and scope of this thesis

Proof of the existence of the potential lyotropieestic C* analog phase using several

independent methods.

Detailed investigation of structural and physicabgerties of the lyotropic SmC*
analog phase by means of X-ray diffraction, tilglenmeasurements and differential
scanning calorimetry. The impact of changes in tenaifpire and solvent concentration

on the structure of the lyotropic SmC* analog prstsa! be analyzed.

Study of potential chirality effects like the halictwist of the tilt-direction and

ferroelectricity in the lyotropic analog of the Smghase.

Design of a first structural model of the lyotro@mC* analog phase.



3 Thermotropic and lyotropic liquid crystals

In this chapter, the structural properties of thetmopic and lyotropic liquid will be compared.

In a first step, the driving forces for the fornoatiof the mesophases, as well as the building
blocks of the two types of liquid crystals will laalyzed. Afterwards, the structures and

properties of the most important liquid crystallipleases will be described, as far as they are

important in the context of this thesis.

3.1 The building blocks

Even though lyotropic and thermotropic liquid calstshare the same state of matter, the
driving forces for the formation of the mesophadifer substantially. To understand this, the
molecules which form the respective liquid crystalphases have to be examined in more

detail. Figure 9 shows typical examples of suchetuales.

Thermotropic liquid crystals are most often compgbstelongated rod-like or plane disc-like
organic moleculesct. Figure 9, top part). However, the molecules mayp ahke other geom-

etries as long as they are anisotropig,a banana-like shape as found for bent-core maecul
[27]. This anisotropic shape is essential, as tatemnal order cannot be defined for building

blocks with an isotropic shape.

Rod-shaped molecules forming liquid crystalline sgsare called ‘calamitic’. A prominent
example of such a calamitic molecule is terephlirsifp-butylaniline) (TBBA) [28]. Its
chemical structure is shown in the upper left coofd-igure 9. The molecule possesses a rigid
aromatic core as well as flexible alkyl chains. Hrematic core favors a parallel packing of
the molecules, while the flexible chains keep tHemm crystallizing. These intermolecular
interactions, as well as entropic effects and sieteractions between the mesogens, promote

the formation of mesophases, as discussed by On§2@je The mesophases formed by
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thermotropics

calamitic discotic

rod ; 6
disc
N /
lyotropics
0] ° O@ N o
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lamella disc-like micelle rod-like micelle spherical micelle

Figure 9: Building blocks of thermotropic and lyotropic liglicrystalline phases. The upper part of the fi
shows two examples of typical thermotropic mesogeRalamitic mesogens, such as terephthal{pis-(
butylaniline) (TBBA) [28], can be represented bylate ellipsoidsor rigid rods, while discotic mesogens, s
as benzene-hexaoctanoate (BH8) [JQ are usually described by oblate ellipsoids acsdi The lower part of t
figure shows the typical surfactant molecule sodimaedyl sulfate (SDS), which forms lyotropic phaséth
water [31]. Such a surfactant molecule is basicatigposed of a polar head group and a flexible hydrbja
tail. These amphiphilic molecules aggregate inffecint types of micelles, which are the actual ogess ¢

lyotropic liquid crystals. The shape of the micgltiepends mainly on the solvent concentration.
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calamitic mesogens frequently possess a layeradtsgte, but different phase types are also

possible.

Disc-shaped molecules forming mesophases are caliscbtic’. An example for such a
discotic mesogen is benzene-hexaetanoate (BH8) [30] which is depicted in the uppght
corner of Figure 9. Again, aromatic cores lead stagking of the molecules due to core-core
interactions and the alkyl chains hinder the ctiigedion. Consequently, the most favorable

mesophases of discotic liquid crystals are colurphases.

Summing up, the molecular interactions which cahgeformation of mesophases are quite
similar for both subtypes of thermotropic liquidystals, i.e. intermolecular and steric
interactions as well as entropic effects. Furtheemtor both types the mesogens which built

up the mesophases are the molecules themselves.

Lyotropic liquid crystals are usually formed by dmghilic molecules,i.e. surfactants, in
mixtures with polar solvents. A common example stiactant forming lyotropic phases with
water is sodium dodecyl sulfate (SDS) [31]. Ithewn at the bottom of Figure 9. The molecule
holds a polar head group as well as an apolar &ilyIBy dissolving surfactant molecules in
water, the molecules cluster together into aggesgadhe so-called micelles, which shield their
apolar tails from the surrounding water. To underdtthis behavior, it is relevant to recall that
the hydrogen bonds formed between water molecuéaiach stronger than the van der Waals
forces between water molecules and the alkyl chafitise surfactant molecules. Due to this, if
the surfactant is molecularly dissolved, the watetecules have to form cavities within the
hydrogen bond network in which the alkyl chains laeated. The formation of cavities only
allows certain orientations of the water moleculegkich causes a dramatic loss of entropy.
Due to the connected thermodynamically unfavoraideease of the Gibbs free energy, the
solvation of single molecules is impeded and tihesformation of micelles is promoted. This
effect is called the ‘hydrophobic effect’ or, in mreogeneral terms, it is also denoted as

‘solvophobic effect’.

In lyotropic liquid crystals theses micelles are thesogens which built up the liquid crystalline
phases. Depending on the solvent concentratioferelift types of micelles are possible. The
most common micelles,e. rod-like micelles, disc-like micelles and sphekindcelles, are
depicted in the lower part of Figure 9. Furthermdne surfactant molecules may also aggregate

into lamellas which represent full or partiallyendigitated bilayers of the molecules. Those
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lamellas are, strictly speaking, no micelles ay #aend infinitely into two dimensions, but

yet the driving force for their formation is thersa

The reason for the formation of different typesnidelles is the effective shape of the surfactant
molecules. This effective shape is indicated irygnathe respective micelles in Figure 9 and
is also shown in more detail in Figure 10. Dueh® increasing solvation of the amphiphiles’
polar headgroups, the head groups become effectwditier and bulkier by raising the solvent
concentration. Thus, at high solvent concentratigpiserical micelles are preferred, which
require a conic effective shape of the amphiphidse lamellas are formed at low solvent
concentrations at which the amphiphiles possestiraddcal effective shape. A mathematical
description of this is given by the packing paramBt[32], which relates the effective volume
V of the amphiphile to the lengthof the hydrophobic chain and the cross-sectioa ajsof

the polar head group:

\%
i “

For values of the packing paramdiesmaller than 1/3, spherical micelles can be exgke¢tor
values up to 1/2, rod-like micelles are most likébllowed by disc-like micelles at increasing
values off1. For values of approximately 1 the formation oh&dlas dominates. At very low
solvent concentrations or if using apolar solvéinéspacking parameter may take values larger
than 1. Under these conditions inverse micelle§@raed. They look similar to the micelles
shown in Figure 9, but instead of the alkyl chathg, hydrophilic head groups are located in

the centers of the micelles.

In conclusion, thermotropic and lyotropic liquidystalline phases are built up by mesogens
with rather similar shape®.g. rods or discs. However, in the case of thermotspthe

mesogens are single molecules, while in lyotropies are micelles which form due to the

7 YO0 A

[1<1/3 113>11<1/2 12>11<1 ~

Figure 10 Effective amphiphile shapes and correspondindsipggarametersl.
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hydrophobic effect. Even though the driving fordes the formation of the two types of
mesophases are rather different, it is not astorgdhat analog phases emerge quite often, in
view of the similar symmetry and shapes of the mess. To point out the analogies, a
comparative synopsis of the most important mesashatthermotropic and lyotropic liquid

crystals will be given in the following section.

3.2 Survey of important mesophases

In general, there are three main types of liquigstalline phases. All of them appear in
thermotropic as well as in lyotropic liquid crystah one or another variation. Unfortunately,
due to historical reasons, the nomenclature ohtb&opics [33, 34] and lyotropics [35, 36] is
not uniform, making it sometimes complicated tantify analog phases. For the sake of clarity,

the notation of thermotropics is sometimes adofiiet/otropics within this thesis.

The first mesophase type is represented by thetieptase or its chiral variant, the so-called
cholesteric phase, which is fluid in all three dimei@ns of space. The second type is defined by
layered phases, which are two-dimensionally fluichey are denoted as smectic in
thermotropics and as lamellar in lyotropics. Th&t kgpe of liquid crystalline phases, which
possess a fluid-like order in one dimension of epawly, is frequently called columnar in
thermotropics as well as in lyotropics. However, Iyotropic liquid crystals such two-

dimensionally correlated mesophases are also eef¢éoras ribbon phases.

In Table 1 analogies between some thermotropiclystdopic mesophases are pointed out.
Only mesophases commonly accepted in literaturenaheded in this synopsis. It is classified
into the three major mesophase types discussetpsty. From this comparison it is obvious,
that there is a considerable amount of thermotro@sophases, mainly smectics, for which no

lyotropic analog is known.

A more detailed description of the structure anopprties of the mesophases in Table 1 is
provided in the following subchapters. In princighk properties and textures of analog phases
are also similar due to the equivalent structuréghef mesophases and thus are discussed
simultaneously. However, the textures of lyotrolmiid crystals often appear less colorful.
This is due to the lack of aromatic units in masthe typically used surfactant molecules, as

the aromatic cores of thermotropic liquid crystahrgely contribute to their
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Table 1: Analogies between some thermotropic and lyotramsophases. Blank fields represent mesophases, for
which usually no distinction is made in literatinetween the chiral and the achiral version. Hatdteddss indicate

that the respective mesophase does not existnot isommonly accepted in literature.

degree of fluidity ) ) ) )
) achiral chiral achiral chiral
generic term
nematic (N) chiral nematic /
(composed of cholesteric (N*)
3D ) chiral nematic / )
nematic (N) ) rod-like (Nc) or (composed of rod-
nematic cholesteric (N*) | .~ N S
disk-like micelles like (N;) or disk-
(Nb)) like micelles (NE))
chiral smectic A
(SmAY)
smectic A (SmA) twist grain lamellar Lo (La)
boundary A*
(TGBAY¥)
2D chiral smectic C
(SmC*)
smectic )
smectic C (SmC*) twist grain
boundary C*
(TGBC*)
) ) chiral
hexatic smectics ] )
hexatic smectics
(SmB, SmF, Sml)
(SmF*, SmI*)
Modulated
antiphases
(Sm,& , Smé)
columnar
hexagonal (Ha)
hexagonal (Coln)
1D columnar
rectangular (R)
columnar rectangular (Coly)
columnar o
_ monoclinic (Ma)
oblique (Colob)
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birefringence. Exemplary texture images of the used thermotropic mesophase are shown
in references 37 and 38, while texture images atfdpic mesophases are found in references
4,5 and 39.

3.2.1 The nematic phases

Of all liquid crystalline phases, the nematic phiasthe phase with the highest symmetsy,
D.h, and the least order. As shown in Figure 1la andhé® mesogens solely possess
orientational order. Positional order of the mamsters does not occur in this phase. Nematic
phases are usually built up by either rod-like iscdike mesogens. For thermotropic liquid
crystals these mesogens are therefore calamitdisgotic molecules, respectively. In both
cases the phase is simply denoted with the abhi@vid. For lyotropics, the notation typically
distinguishes between nematic phaseswhich are formed by rod-like micelles, and nemati

phases N, which are composed of disc-like micelles.

Mt i Mt
i

[egocd]

Figure 11: Structural sketches of nematic phases composédafamitic and b) discotic mesogens with indic

direction of the directon. In the sketches of the corresponding cholestitases of ¢) calamitic and d) diso

mesogens, only the local directogca is drawn in.
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Nematic phases typically show a schlieren textaetevben crossed polarizers if the director is
oriented perpendicular to the viewing direction.eCfeature of the schlieren texture is the
occurrence of topological point defects. At thesspdefects either two or four dark brushes
meet. The corresponding defects are denoted d@sar ¥/1, respectively. Further characteristic
textures of the nematic phase are the threaddikieite, which exhibitst disclinations parallel

to the substrate, and the marble texture, in waiels of differing uniform director orientations

occur.

If the nematic phase is composed of chiral molewdehiral nematic phase (N*) forms, which
is synonymous with a cholesteric phase. The chigedion of the N phase still only possesses
orientational order, but additionally it exhibitdalical superstructure. A sketch of this helical
precession of the director orientation is depidtedrigure 11c and d. The precession of the
local directomiocal may either be right- or left-handed. The distaneeessary for its rotation
of 2t corresponds to the helical pitgh The pitchp usually takes values in the order of
101 - 10% um [38].

The helical superstructure of the N* phase stronglyences the properties and textures of the
mesophase compared to its achiral version. One @eaior this is the selective reflection of
light leading to an iridescent appearance of tingpdaif the value op is in the range of visible
light. A second consequence is the occurrencesoddhcalled fingerprint texture, which can be
seen between crossed polarizers if the samplagseal in a manner that the helix axis is
perpendicular to the viewing direction. Along witte helical modulation of the local director
Niocal, the effective birefringence changes graduallyisTéads to the occurrence of a striped
pattern of dark and light lines. Asis equivalent ten, the distance between two lines of equal
brightness corresponds pi2. If the value ofp is very small, a fan-like texture may appear
instead of the fingerprint texture. This textureks similar to a texture typically observed for
SmA phases and reflects the layer-like arrangemitiite twisted mesogens. If the helix axis
is aligned parallel to the viewing direction, acled oily streak texture occurs, in which the
oily steaks correspond to small areas with a dengaalignment. If the upper and lower
boundaries of such a sample are not parallel tb eteer but tilted, as it is the case in a wedge
cell, Grandjean steps form, which originate frorddgn changes in the number of helical turns
within the cholesteric sample. The valueptan therefore be deduced from the distance

between the Grandjean steps, if the angle of tlageveell is known.
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3.2.2 The smectic phases

Smectic phases are characterized by a layeredwsteum which a two-dimensional fluid order
prevails. In Figure 12a, a schematic picture osttedeton structure of a smectic phase is shown.
The two-dimensional fluid layers are stacked upacheother with the periodicity distande
causing a one-dimensional positional order aloegditection of the layer normkl In the case

of the lyotropic lamellar & phase one smectic layer is usually referred ta &snella. The
lamella can be separated into two parts, as shoviaigure 12b. The first part is a surfactant
bilayer, in which the molecules are on the averagented perpendicular to the layer plane.
For conventional lyotropic mixtures polar solvearg used, which cause the hydrophobic
chains to point towards the middle of the bilayditsis arrangement can be inverted by using
apolar solventsi.e. alkyls. If the surfactant molecules are interditgtd to some degree, the
term ‘partial bilayer’ is used. The second parthef lamella is a layer of solvent molecules, in
which the molecules are believed to solely posadissd-like order. The solvent layers separate
the surfactant bilayers from each other and shttuld inhibit the transfer of information from

one surfactant layer to the next. Consequentlylaimellar La phase is the only fluid, layered

Ik -

NANN

Ml/m1

Zl
/7

Figure 12: Sketch of a) the skeletal structure of all smeptiases with indicated periodicity distamtenc
direction of the layer norm#, b) the lamellar k. phase with indicated directions of the layer ndrknand thi
directorn, ¢) the SmA phase and d) the SmC phase in whihatfer normak and the directon include the til

angleb.
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mesophase in lyotropics, which is commonly obsearatlaccepted. Furthermore, a distinction
in the denotation between lamellar thases with and without chiral molecules is notenas

no significant differences in their properties hiseen observed so far.

The SmA phase, which is depicted in Figure 12thaesthermotropic analog of the lamellar L
phase. The mesogens within the smectic layersgaim ariented perpendicular to the layer
planes, causing andk to be parallel. Usually, the smectic layer thicknée corresponds
directly to the molecular length [40], if the smectic phase is composed of singlgeis
(SmAy). It is also possible to find values fomup to 2., if bilayers (SmA) or partial bilayers
(SmAg) are formed. This normally happens for strongliapor amphiphilic molecules [41].
The quality of the translational order of the mesmgwithin the smectic layers can be described

with the smectic order parameexvhich is defined as [42]:

ot

In this equatiorr, describes the position of a mesogevith respect to the-axis of Cartesian
coordinate system in which is parallel to the layer norm& andd is the smectic layer
thickness. For a hypothetical mesophase with apesimectic orde. would take a value of

> ~ 1. For real SmA phases, typical valuesare0.7 [43, 44].

The structure of the SmA phase does not chandeeifitesogens are chiral, but some of its
properties dog.g.the response to an applied electric field [45kBfore, the chiral SmA phase
is denoted as SmA*. Between crossed polarizersStha, the SmA* as well as the lamellar
La phase initially form so-called batonnets undemataanchoring conditions if emerging
directly from the isotropic phase. These batontreta condense into a focal conic fan-shaped
texture. If the director is oriented parallel t@ thiewing direction, the texture appears black
between crossed polarizers, which is referred tbh@seotropic’. It is also possible to find oily

streaks within the homeotropic texture, if the mirgent of the sample is imperfect.

The SmC phase basically possesses the same strasttine SmA phase with the difference
that the mesogen are on the average tilted byltlagle6 with respect to the layer normal
Hence, the directan is also tilted byd. The tilt angle increases with decreasing tempeeat
until reaching a saturated value. Typical valuegtie saturated tilt angle lie between 25° and
35° [38]. If the high temperature phase is a N ph#se phase transition to the SmC phase is
usually of ®' order. In consequence, the tilt angel as wellh@sarder parameters escalate

directly after the phase transition. Whereas, éf ligh temperature phase is a SmA phase, the
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phase transition is most often df2rder. In this case, the tilt angel as well as dhder

parameters increase continuously.

In the course of the tilting of the mesogens, thedic layer thicknesd shrinks with respect
to the SmA phase. This can already be seen by giogphparing Figure 12c and d. The layer
thicknessd(SmC) in the SmC phase is connected to the thiskal(&nA) in the SmA phase

via the equation
d(SmC) =d(SmA) [cos(). (6)

A further consequence of the director tilt is tthat fan-shaped texture of the SmA phase turns
into a broken fan-shaped texture in the SmC pHasery thin, planarly oriented samples only
the two tilt directions are favored, which allowetldirectorn to be parallel to the sample
boundaries, leading to the formation of clearly ssaped tilt domains [46]. Furthermore,
characteristic defects appear, which are callezbrjglefects and are related to the shrinkage of
the smectic layer thickness [47]. If the layer natkis oriented along the viewing direction,
the SmC phase exhibits a schlieren texture, duts toiaxiality. In contrast to the schlieren
texture of the N phase, all point singularitiested SmC schlieren texture are of the s =+ 1
type. Lyotropic analogs of the SmC phase are onlywk in exceptional casesf(Chapter
1.3).

Compared to its achiral variant, the chiral SmC’agds exhibits a considerably modified
structure and propertiesf(Chapter 1.2). The introduction of chiral mesogemsses a breaking
of the symmetry fronCzh to C; as well as the formation of a helical superstmectuith the
helix axis parallel to the layer normalcf. Figure 2b). Therefore, the SmC* phase may exhibit
selective reflection of circularly polarized ligint analogy to the N* phase, if the value of the
pitch p is in the same order as the wavelength of thdiatad light. Furthermore, in addition
to the textures observed for SmC phases, the Sth&emay show a striped texture, which is
caused by the spatial modulation of the effectiveftingence along the direction of the helix

axis and is often referred to as ‘pitch lines’.

Besides the SmA and the SmC phases in which theaulels are two-dimensionally fluid

within the layers, there are also smectic phaseshngxhibit some degree of intra-layer order.
Those phases are called hexatic smectics. Withansthectic layers of the hexatic smectic
phases a local hexagonal arrangement of the mesagdéound, which possess a long-range

orientational order. However, in contrast to a lyexel crystalline phase, which is depicted in
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Figure13a, the hexagonal arrangement in hexatic smelstiegs does not show a long-range
positional order [48, 49]. This situation is derbteith the term ‘bond-orientational order’ and
is illustrated in Figurd.3b. The mesogens within the layers may in aveedther be parallel
(SmB) or tilted (Sml, SmF) with respect to the lapermal. For the tilted hexatic smectic

phases a distinction between achiral and chirad@h&Sml*, SmF*) is made.

In lyotropics, phases with a structure comparabtbé ones of the thermotropic hexatic smectic
phases exist, as pointed out by Sneitkal. [50]. Again, the surfactant molecules show a bond-
orientational order within the layers and can eithe parallel (lamellar d) [51] or tilted
(lamellar Lg') [52] with respect to the layer normial These phases are called gel-like rather
than liquid crystalline, due to their dramaticailhgreased viscosity compared to the lamellar
La phase. This increased viscosity can be explainedhe all-trans confirmation of the

surfactants’ alkyl chains, which is also referrecs ‘frozen’.

In some cases, chiral liquid crystals which possessry strong tendency to segregate into
smectic layers and at the same time exhibit a eglp twisting power form so-called twist
grain boundary phases (TGB) [53]. This kind of npdsse represents a connecting link
between smectic and nematic phases. In Figureskétah of the TGBA* phase is shown. The
TGBA* phase is composed of smectic blocks, whichksess locally the same structure as the
SmA* phase. However, the individual blocks are tadswith respect to each other causing the
formation of a helical superstructure with the kelkis being perpendicular to the layer normal
k. A full rotation of the smectic blocks ofixorresponds to the pitch lengthThe smectic
blocks are separated from each other by grain kanes] which are formed by regular arrays
of screw dislocations. Several types of TGB phaseknownge.g.the TGBC* phase, which

has a local SmC* structure or the undulated twisingboundary phase (UTGBC*). TGB

Figure 13: a) Longrange orientational and positional order as fowrdafcrystal. b) Hexatic smectic phase !

long-range orientational but only short-rage positil order (redrawn after [48]).
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Figure 14: Structure of the TGBA* phase. The phase is builbyblocks of smectic layers, which are slig

rotated with respect to the adjacent blocks. TloeKks are separated from each other by grain boigsjavhict
are composed of regular sets of screwodstions. The distance necessary for a rotaticgheomectic blocks
21tis equivalent to the pitgh The helix axis always lies within the layer plangdependently of the orientat

of the individual smectic block.

phases usually appear between N* phases and snpbetses and are typically stable only
within the range of a few Kelvin. If the helix axis aligned perpendicular to the viewing
direction, the TGBA* phase exhibits a filament @&t similar to the fingerprint texture of the
N* phases but much more pronounced due to theezxistof the grain boundaries. If the helix
axis is oriented parallel to the viewing directianGGrandjean texture is often observed. Up to
now only thermotropic TGB phases are known, evengh the existence of a lyotropic TGB
phase was already predicted in 1997 by Kamien aibehsky [54]. In this lyotropic TGB phase

the smectic blocks should possess the same logatwte as known from the lamellag phase.

A link between the one-dimensionally correlated sisephases and the two-dimensionally
correlated columnar phases is given by the modii&tesctic phases, which are also sometimes
referred to as antiphases. Modulated phases amefbby amphiphilic [55, 56] or strongly
polar mesogen®.g. mesogens with cyano or nitro groups [57-59]. Duéheir polarity, the
mesogens arrange into bilayers similar to lyotrdgmsellar phases. Modulated phases however
only occur in thermotropics. In contrast to theeatty discussed smectic phases, the bilayers
are not straight but undulated. A distinction betwehe SmA and theSmC is made, in
analogy to the orthogonal SmA and the tilted Sm@sphSmK phases most often possess a
centered rectangular structure, whigenC phases exhibit an oblique lattice as shown in

Figure 15.
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Figure 15: Sketch of the modulated smectic phases. For the gladarity, the sinusoidal modulations are dr

in an exaggerated way. a) Shows fheA phase, which is described with a centered rectandaitice and t

shows theSmC phase in which the mesogens are fouad oblique lattice.

3.2.3 The columnar phases

Columnar phases are typically formed by eithentiaropic liquid crystals made up of discotic
mesogens stacking upon each other to form columby tyotropic liquid crystals composed
of rod-like micelles. These columns or rods arranmg® two-dimensionally correlated
structures. Alongside the long axis of the coluitirese is no long-range positional correlation
between the molecules, making the columnar phaseslionensionally fluid. Depending on
the symmetry of the two-dimensional lattice, difflet types of columnar phases are
distinguished. In Figure 16 the structure and sytmynaf the most common columnar phases
is depicted. They can either possess a hexagoredtangular or an obligue symmetry and are
categorized corresponding to their plane group sgmm[60]. In thermotropics the
abbreviation for a columnar phase is simply Coke Siimmetry of the explicit columnar phase
can be indicated by the subscript crystallogragtaup. In lyotropics the symbols for the
individual columnar phases differ for every lattigpe. The abbreviation for the hexagonal
phase is H, for rectangular phases R is used and the obtgliemnar phase is denoted with
Ma.

The most fundamental columnar phase is the hexdgbase. In this phase the columns pack
into a highly symmetrical hexagonal arrangementhéfcross section of the columns deviates
from a perfect circular shape.g.because the discs are tilted within the columrexagonal
arrangement is not possible. Thus, such columnsaly form rectangular or oblique lattices

to avoid this unfavorable situation.

Between crossed polarizers, the phase transittonaircolumnar phase is often accompanied

by a dendritic growth of the texture. If the dir@cts oriented perpendicular to the viewing
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Figure 16: Sketch of the cross sections of the most commounuadr phases, showing a) the structure c
hexagonal columnar phase,d)columnar phases with rectangular lattices anaf @n oblique columnar pha

For every structure the unit cells as well as theesponding plane crystallographic groups arergive

direction, pseudo-focal conic fan-shaped textuesslme observed. If the viewing direction is

parallel to the director, a platelet texture igried.

3.2.4 Phase sequences of thermotropic and lyotropic ligdicrystals

The appearance of specific liquid crystalline plamsd especially the sequence in which they
occur is not random but follows certain rules. As triving forces behind the formation of
thermotropic and lyotropic liquid crystalline phagkffer from each other, these rules are also

different for the two types of liquid crystals.

In thermotropic liquid crystals, the formation adrpicular mesophases depends mainly on the
temperature. On cooling, the structure of the mieasgs becomes more and more ordered and
thus less symmetric. For thermotropic mesophaseseid by calamitic mesogens a fixed

sequence was found [61, 62]:

isotropic— N — TGB — SmA— SmC— SmB— Sml— SmF— soft crystalline— crystalline
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Of course not all of these mesophase have to app@asingle liquid crystalline system. For
very few liquid crystals, exceptions from this senqce rule are known to exist. In these liquid
crystals a mesophase with a higher symmetry reappaa cooling, even though a less
symmetric mesophase has already formed at highgreiatures. Such phases are called re-
entrant and are indicated with a subscript ‘RE’-éR&ant behavior was first observed for a
N — SmA — zke — Cr phase sequence [63], but it was also foundtfeer types of mesophases
[64, 65]. It is not completely clarified when anchyre-entrant phases appear. Different
approaches to explain the re-entrant behavior wesde,e.g. on the basis of frustration,

geometric complexity or competing fluctuations [68].

For lyotropic liquid crystals, the temperature glay secondary role in the formation of the
individual mesophases. The primary influence onpii@se sequence is exerted by the solvent
concentration. The solvent concentration is digectinnected to the packing parameter and
thus to the micellar shapef(Chapter 3.1), which largely determines the messplhygpe. At
low solvent concentrations lamellar phases are llysé@med. By increasing the solvent
concentration, columnar and nematic phases appeaery high solvent concentrations an

isotropic micellar solution dominates. An illustoat of this phase behavior is shown in the

T/°C

Cr +ice

0 100
w(solvent) / wt%

Figure 17: Theoretical phase diagram of a lyotropic liquidstay. The phase transition from one lyotropic ld

crystalline phase into another mainly depends erstiivent concentration.
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theoretical phase diagram depicted in Figurect{%]). The individual phases in Figure 17 are

separated by diphase regions.

In some cases it is also possible to observe tinegfiion of inverse micelles at very low solvent
concentrations. This leads to a mirror imaged pligasgram of the one shown in Figure 17.
Even though the solvent concentration is the mugbirtant parameter for the occurrence of
particular mesophases, the effect of temperatuneticompletely negligible. Hence, it is also

possible to find high and low temperature mesomhaséhe same solvent concentration.






4 Materials and experimental techniques

In this chapter the materials as well as the pedmar of samples for further investigations will
be described. Additionally, experimental technigteesall applied methods will be explained

in detail.

4.1 Materials and preparation of samples

A series of similar surfactant molecules, whicHatifonly in the length and composition of a
linking unit, was investigated. The chemical stanes and systematic names of the molecules
are shown in Table 2. For a simplified handling slurfactant molecules are denoted with the

abbreviations given in Table 2.

The basic motif of all surfactant molecules used B-phenylpyrimidine core with a heptyl

chain attached to the 5-position of the pyrimidimgy. All surfactant molecules posses a
terminating 1,2-diol unit as hydrophilic headgrolipis headgroup is connected to the phenyl
ring via an ether bond and varying lengths of Imkialkyl or alkoxy chains. At room

temperature all substances are white, flaky soliéh® enantiomeric excess of C3, C50 and
C60 is in each case 99 %, due to the syntethigrdtie diols C5 and C6 have an enantiomeric
excess of 66 % or 78 %, respectively. The substaweee synthesized and kindly provided by
Dr. Jan H. Porada, except for the surfactant CG¢hwhvas synthesized by Diana Zauser in
colaboration with Dr. Jan H. Porada. Details on $kethesis of C5 and C50 are found in

reference 24 or 68, respectively.

Most of the solvents used were commercially avélabd were bought in the highest available
purity. Double distilled water was provided by ttieemical-technical service of the Institute of

Physical Chemistry at the University of Stuttg@xetails on all solvents are listed in Table 3.
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Table 2: The basic structure of the surfactant molecules tisgether with the variation of headgroups, syate

names and abbreviations.

R= Systematic name Abbreviation
/_(OH (R)-3-(4-(5-heptylpyrimidin-2-yl)phenoxy) c3
T2 OH propane-1,2-diol
OH .
/_/_( (S)-5-(4-(5-heptylpyrimidin-2-yl)phenoxy) cs
OH pentane-1,2-diol
Tn
HO ~ OH
f (R)-3-(2-(4-(5-heptylpyrimidin-2-yl)phenoxy)
0 ) C50
/ ethoxy)propane-1,2-diol
T
HO , OH
J—/ (rac)-3-(2-(4-(5-heptylpyrimidin-2-yl)phenoxy)
0 ) rac-C50
/ ethoxy)propane-1,2-diol
T
HO ~ OH
/ (S)-6-(4-(5-heptylpyrimidin-2-yl)phenoxy) c6
hexane-1,2-diol
/
~
R)-3-(3-(4-(5-heptylpyrimidin-2-yl)phenox
(R)-3-(3-(4-(5-heptylpy yhp y) 60

/_/70 OH propoxy)propane-1,2-diol
T

To produce solvent / surfactant mixtures with aaiersolvent concentration, the substances
were weighed into small glass tubes with the artbalanceExcellence PlugMettler
Toledo) with a total mass of approximately 10 tan2§) The mixtures were quickly heated into
the liquid state and centrifuged with an EppendairfiSpincentrifuge, to make sure that all of
the substance was at the bottom of the glass flibeensure a sufficient mixing of the

solvent / surfactant system, the samples were ikeptthermos-shakePET-60 HL plusat
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Table 3: Source and purity of the solvents used.

Solvent Purity Source
Chemical-technical service at the Institute
Double ] ] . )
Water (H20) of Physical Chemistry, University of
distilled
Stuttgart
Ethylene glycol (EG) 99.8 % Sigma-Aldrich
Polyethylene glycol 2002 (PEG
Bio Ultra Sigma-Aldrich
200)
Polyethylene glycol 300 (PEG 300) Bio Ultra Sigma-Aldrich
Formamide (HCONH2) 99.5 % Sigma-Aldrich
N-Methylformamide (NMF) 99.0 % Sigma-Aldrich
Dimethylformamide (DMF) 99.8 % Sigma-Aldrich

40°C for at least 24 h. Even though great care takesn in avoiding solvent evaporation, a
certain loss of solvent has to be taken into actcdue to the preparation process. Nonetheless,
this loss should be similar in every sample, cayusinly a slight absolute but not a relative

error.

The sample preparation techniques required forviddal measurement methods are described

in the particular subsection of this method.

4.2 Differential scanning calorimetry

Differential scanning calorimetry (DSC) is a methiodietermine phase transition temperatures
and enthalpies [69]. In this thesis a power comaigms DSC of the Perkin EImer Corporation
(DSC 8000 was used.

3 Polyethylene glycol (PEG) is an oligomer or polyméth varying numbers of ethylene glycol units.€Tgiven
number indicates its average molecular weight Aod ts a measure for the degree of polymerization.
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For measurements 2 to 5 mg of the sample were wéigtio small aluminum pans. In case of
lyotropic liquid crystals, pans with a wall thiclsgeof 0.25 um were used, instead of the
conventionally used pans with a wall thickness .4f dm. This ensured that the pans do not
blow up in the unfavorable event of an increasingspure due to solvent evaporation. The
sealed pan as well as a second empty pan whiclessas reference, were then placed into two
separate microfurnaces. The furnaces were heatdd aviconstant heat rate while the
temperatures of sample and reference were measitretivo independent thermo-sensors. If
a phase transition occurs in the sample, a temperdifference arises between sample and
reference due to the transformation enthalpy. Tngperature difference was compensated by
an increased heating power in the colder samplmbbia The difference in heating power was
recorded as measurement signal versus time. Asatmd@éemperature are related to each other

via the heat rate, the resulting thermogram wagctigpas heat flow versus temperature.

If a first order phase transition takes place ia #ample, a peak can be observed in the
thermogram. The integrated area of the peak caynelspto the transition enthalpy and its onset
to the phase transition temperature. In case etarsl order phase transition, only a step-like

discontinuity orA-shaped singularity occurs.

The measurements in this thesis were performed dyri@e Brauning. A heating rate of

5 K mint was applied for every sample.

4.3 Polarizing optical microscopy

Polarizing optical microscopy is one of the moswpdul tools for the characterization of liquid
crystals. With this method phase transition tempees as well as phase types can be
determined [37, 38].

The property utilized for this method is the bineflence/An of optical anisotropic materials. In
these materials, which include almost all liquigistals, the refractive indexdepends on the
propagation direction of the light. This process ba visualized descriptively in the following
manner: If a beam of light hits a birefringent mete it is split into two rays with different
velocity inducing a phase shift. Furthermore, tivealion of polarization of those two rays is
perpendicular to each other. In general, afteritepthe material those two beams interfere
with each other to become elliptical polarized ligin uniaxial phases the ray in which the

electrical polarization is parallel to the dired®denoted by the refractive indexand is called
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the extraordinary beam. The second ray, for whietréfractive indexrg is important, is called
the ordinary beam. The birefringence can then ligenrasAn = ny - nz. A graphic description
of the birefringence can be given by the so calldecatrix, an ellipsoid in which the semiaxes
match the refractive indiceg andnz. Depending on the direction of the highest pokility,
this indicatrix can either be oblate, which is atatled optically negative, or prolate, which is
then called optically positive. The distance frone tcenter of the indicatrix to its surface

corresponds to the refractive index in this di@ctdf the polarization.

A sketch of a typical polarizing optical microscapegiven in Figure 18. White light from a
lamp is led through a polarizer to give linearlygszed light. The linearly polarized light is
focused on the sample which is placed in a hoestéigen the light is collected by an objective
and passes a second polarizer, the so-called @nalyze analyzer is turned by 90° with respect
to the polarizer. If the sample is optically anispic in the plane perpendicular to the light
path, it converts the linearly polarized light irgtiptically polarized light and the observed
picture appears bright. If the material betweendtwssed polarizers is isotropic and thus not
birefringent, the picture seen through the ocublgspears black. In case of liquid crystals,
characteristic textures can be observed, whichraepe the local orientation of the director

and especially on characteristic defects. Hence, itivestigation of liquid crystals with

extension tube —»

oculars —»

analyzer

objectives ———p

hot stage
c:ondenser-.,\_1>
polarizer ———p

focus

lens
i light source
( mirro\ ®

Figure 18: Polarizing optical microscopy set-up with labelimftthe most important components.
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polarized optical microscopy gives important indigas for the determination of their

mesophases as well as their corresponding phasstiva temperatures.

If not denoted otherwise, the measurements predentéhis thesis were carried out on an
OlympusBH2 microscope. Pictures of the textures were takéim asNikonCoolpix 990digital
camera, which was placed on the extension tub&sSefrpictures were made with a software-
controlled ScopeTeWCM500digital camera. For temperature control a Linkai$350hot
stage with an accuracy of 0.1 K was used, whiadwalcooling with liquid nitrogen as well as

electric heating.

Samples for polarizing optical microscopy were Uliguprepared between untreated glass
plates, which typically leads to a perpendicularsorcalled homeotropic alignment of the
surfactant molecules’ long axes with respect taglhss. For this, a glass slide was cut into two
rectangular pieces, one of them being slightly erghgan the other one. The prepared mixture
was put between the plates, which were then pretsgether by a specially designed
compression block which is depicted in Figure 1Be purpose of this block was to achieve
samples as thin as possible so that the charditdestures could be observed. If the sample
was not fluid at room temperature the compressiogkbwas heated up quickly until the
substance became fluid. While being compressegsdrbthe UV-curable adhesinOA 71
(Norland) were placed at the four corners of the glass plates. By capillary forces, the
adhesive was sucked in between the two glass mattshereby encased the substance. For
curing of the adhesive, the sample was firstlydiaged with UV light for 5 minutes and then
kept at 50°C for at least 12 hours. Thus, the sawgals sealed off from the atmosphere which
inhibits solvent evaporation even at elevated teatpees. If a planar alignment of the

molecules was needed, a liquid crystal measurirly etner coated with nylon or with

spring wire aluminium block substance UV adhesive

glass plates screw spring \ 7
wire \
N k | screw
X 1
g
g:afs ] <«—|_aluminium
plates block

Figure 19: Side and top view of the compression block desigonegrepare thin samples. The glass plate

pressed against each other with a spring wire.cbhapression strength can be adjusted with a screw.
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polyimide (AWAT, Poland) was broke open and thea sample was prepared in the same

manner between these coated glass plates.

So-called contact preparations were made for pneting investigations and for measurements
of schematic phase diagrams. For this the neatautes was brought between two cut glass
slides and surrounded with UV adhesive from thiéess Then the solvent was added from the
open side and the sample was sealed and curedeashéd above. With this method a long-
lasting solvent gradient can be achieved in théammegion of the sample, which allows the

observation of all phases formed by the sampléffareint concentrations and temperatures.

4.4 Measurement of the director tilt angle

For optical measurements of the director tilt amgligotropic SmC and lyotropic SmC* analog
phases, very thin samples being well aligned itaagr geometry were needed. As the method
usually applied for thermotropic liquid crystalsdbtain such samples requires heating over a
longer period of time — thus leading to the evaponeof the solvent — and the method described
in chapter 4.3 results in poorly aligned samplesea method had to be developed. For this
method, liquid crystal measuring cells with a timeks of 1.6 um and a single-side rubbed nylon
coating AWAT, Poland) were used, as the best alignment coutthieved with this cell type.
To avoid lengthy heating of the sample to the matr state, underpressure was used to quickly
suck the sample into the cell. Therefore, in & 8tep, the cell was enclosed with UV adhesive
(NOA71, Norland) until there were only two small openirig. Then, in a second step, the
cell was attached to a syringe via two heat shbl&ké&ubings and a rubber hose. A sketch of
this is depicted in Figure 20. The purpose of thatlshrinkable tubing was to make an airtight
connection between the syringe and the cell, wthgentermediate rubber hose made sure that
air can be exchanged from the cell to the syrifddee cell was then heated to approximately
100°C with a Kofler bench of typ&ME. In this state, the sample was placed at the rengi
opening of the hot cell and turned isotropic imnagely. As fast as possible the sample was
sucked into the cell with the syringe. Afterwartle heat shrinkable tubing was removed and
the two openings in the cell were closed with U\heslve. With this method liquid crystal

measuring cells can be filled with lyotropic liquedystals at a minimum loss of solvent.

The measurement of the director tilt was then edraut following a standard proceduesq(

[70]). For this, the cell was placed in the Indbet stagel S620f the Leica polarizing optical
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Figure 20: Suction method applied for the filling of liquidystal measuring clsl. a) Syringe attached to the
via heat shrinkable tubings, b) top view of thd shbwing the enclosure with UV adhesive, and d§ siiew o

the cell.

microscopeDMP, heated up into the isotropic state and then dodlewvn rapidly into the
lamellar L« phase, to obtain a planarly aligned and orientaedpde. At the phase transition
towards the lyotropic SmC* analog phase, two kiold$omains with opposite directions of the
director tilt angle appeared. Using the rotatiragstof the polarizing optical microscope, one
of those domains was brought into extinction arel ¢brresponding angle inscribed on the
rotating stage was noted. Then the sample wasetbtgain until the extinction of domains
with opposite tilt direction was reached. The cepanding angle was noted again. Half of the
difference between those two angles matches tleetdir tilt angle of the lyotropic SmC*
analog phase. Statistical measurement errors veeleced by averaging over four repeated

measurements.

4.5 Measurement of the helical pitch

The helical pitch of the SmC* phase and its lyoitopnalog can be measured by several
methods. In this thesis two of them were used ubscheck the obtained results. The first
applied technique is the so-called ‘direct’ meth@tl], which requires an orientation of the
layer normak normal to the direction of observation (‘planagament’). The second one is
the Cano method [71, 72] in which the layer nortahas to be parallel to this direction

(‘homeotropic’).

4.5.1 The ‘direct’ method

With the so-called ‘direct’ method, pitch lines che observed directly by using polarizing

optical microscopy. A SmC* or SmC* analog samplesuwificient thickness in which the helix
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axis is aligned parallel to the glass plates shawsriodic pattern of dark and light stripes due
to the helical precession of the local directoentation €f. Figure 22a). But, the primary effect
of the modulation of the local birefringence is sumposed by a secondary effect which is due
to the appearance of disclination lines [73—-75]edéh so-called unwinding lines mediate
between the helical structure in the center ofsgmaple and the planar alignment close to the
upper and lower glass plate. An exemplary sketcahisffor antiparallel and parallel anchoring
conditions is shown in Figure 21. The distance betwtwo unwinding lines corresponds
directly to the length of the pitgh However, unwinding lines at the top and the butpart of
the sample may be shifted p§2 if the anchoring conditions are antiparalleldapicted in
Figure 21a. Thus, the observed periodic patteadt and light stripes may correspongt®
instead ofp. To check if this is the case, the sample hastbrbught slightly out of focus. If
every second stripe becomes sharper and every bdwmes more diffuse, the distance
between two lines is equal pi2 (Figure 21a), whereas if every stripe behaveslaily, the
distance corresponds po(Figure 21b). If the sample is too thin, the hadlistructure is either
partially unwound or completely suppressed (‘swefatabilized’, cf. [14]). A sufficient
thickness to avoid unwinding seems to be about26Q76] or at least five times the value of
the pitch [71].

Samples were prepared as described in chapter ih3pwlyimide coated cells (AWAT,
Poland). For temperature-dependent measuremefgsvitil a gap of 30 um were used, which
is already thicker than five times the length & iitch. Unfortunately, unwinding still appeared
in those cells at lower temperatures. Thus, foceatration-dependent measurements samples

with a cell gap of 250 um were prepared usagtonfilm (DuPont) as spacer. After the curing

a) | | b) | |
e e e M e e B B T B A B e e e T e e B B T T B B T e B B I
~ 2@ A=~ @A 4 A ~ 5@ A A A @ A
SN A AA A~y SN = =y T N e R R R T T P G R R
NS Y 4 NS Y Y SN NS Y Y A N A e Y Y N
N Y Y a4 Nk~EY ¥ - =N N~ Y ¥ a4 4 N~FY Y 4= =N
A G IR I S T SRR A A T e B S SN SRR AN
Nk i A~ XN~k j -~ X N~ Vv 7 A~ N~y AN
N A AN REHERYE A Q-5 A NI g R R I T AN
e e i e B S e e S a8 B A T M T A S S G R
— = = o PO L = e OO — L A A~ O A A~
I N e e e e e e S e S S S S B T e B B e T I B e I B B B G
[ ] [ ]
' P : )

Figure 21: Unwinding lines in a SmC* sample with a) antipagb#ind b) parallel planar anchoring condition
the upper and lower substrate. The local diredttiedSmC* phase is represented by a nail. The symbaliwlo

correspond to cross sections ofreghd -2t disclinations (redrawn after [75]).
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process the cells were placed in a magnetic fiéldbmut 1 T and cooled with a rate of
0.05 kmin from the isotropic state to the lamellarpthase. This procedure led to an improved
alignment in addition to the alignment induced bg tubbed coating of the cells and allowed
the observation of the helical pitch lines. Textumages were taken in a cooling run after the
sample was equilibrated for 10 min at each selaetegerature. These images were analyzed
with the programmageJby plotting the intensity profile perpendicularttee observed stripe
texture, as shown in Figure 22. The distance betwsseral maxima of the profile was
measured and converted into the value of the pitith the aid of a calibration lattice. To
minimize measurement errors this procedure wasategdour times at different positions in

the sample. Finally, the obtained values were @esta

4.5.2 The Cano method

Usually the Cano method [72] is used for chiral agaliquid crystals. It can also be applied
to SmC* phases, but then the demands on the aii@emtzt the liquid crystal are more extensive

as a nearly perfect orientation of the layer norknak well as of the-director are required.
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Figure 22 a) Stripe texture of the SmC* phase formed byttremotropic liquid crystal 4-(2Znethylbutyl)-
phenyl-4-n-octyl-biphenyl-4-carboxylate (CES8). By plottitige intensity profile in the highlightearea with th
programlimageJthe graph shown in b) is obtained. From this phet Yalue of the pitch can be deduced it

relation between the distance in pixels and thiadi® in micrometers is known.
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Figure 23: a) Sketch of the Cano preparation showing the idebn lines as black vertical lines separe
integer valuedN of the pitchp, the latter is depted as gray double helix. b) Exemplary pictureao€an:
preparation of the lyotropic cholesteric phase fdrby cellulose tricarbanilate and diethylene dlyedyl ethe

(adapted from [78] with permission of the author).

The presented method utilizes the different thiskes which occur in a sample if a lens is
placed on top of it. A sketch of this is shown igu¥e 23a. Due to the anchoring conditions,
only helical structures with integer multipldsof the pitchp are allowed and regions with
different values oN are separated by disclination lines [77]. Thugsicture similar to the one
shown in Figure 23b occurs [78]. If the radius oivatureR; of the lens is known, the value of

the pitchp can be calculated according to [73]

X2 =2NRp. W

To obtain good alignment of the sample, the ungctaiass lens was rubbed slightly with a
brush from the center to the edge of the lens. sEmple was put on an object carrier in an
especially designed housing, which should avoigeration of the solvent. A picture of this
housing is shown in Figure 24. The lens was plaxretbp of the sample and several drops of
solvent were set around it with some distance. 8dditional solvent should cause a solvent
saturated vapor in the housing, which should agaimimize the amount of solvent evaporating
from the sample. Finally, the housing was closeith @isecond object carrier, which was fixed
with four screws. The housing with the sample wasqd in the Instec hot stag&62mounted

on the Leica polarizing optical microscop®ILP. To achieve an alignment of the layer normal
k, the sample was quickly heated up to the isotrppiase and cooled down slowly. After
reaching the lamellardphase, the sample was cooled down faster to theepinansition into
the lyotropic SmC* analog phase. At this tempemtthie sample was kept for at least 48 h to

improve the alignment of the sample. If the samgilewed the desired disclination lines,
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Figure 24: As the orientation process of the sample takesrakglays, the Cano preparation was enclosed

pictured housing which avoided evaporation of thieent.

pictures were taken with the Nikon digital camB#0 at different temperatures while cooling.
For every temperature step the sample was equédbfar 10 minutes to achieve a homogenous
temperature in the sample. The ragiwere determined graphically from the pictures &

programCorelDraw X4 The helical pitctp was then calculated by applying Equation 7.

4.6 Electric and electro-optical measurements

To investigate the influence of an electric fieldthe SmC* phase or its lyotropic analog, the
liquid crystal has to be filled into very thin liglcrystal measuring cellef( Figure 20) with a
thickness of 3 um or less which enables surfadaligi@ion of the samples. These surface-
stabilized polar liquid crystals can then be swetthbetween two ferroelectric states by applying
an electric voltage [14Lf. Figure 4). Such samples of the lyotropic SmC* aggdhase were
either produced with the compression block or wit suction methodcf. chapters 4.3 and
4.4). For a precise temperature setting, the samageplaced in a LinkahTS350hot stage.
Via the indium tin oxide (ITO) layer, it was poslelio apply an electric field to the liquid

crystal in the region of the active electrode aea

The electric field was generated with the funcgeneratoif G-121B(NF Circuit Design Block
Co. LTD., Japan) and amplified with a Krohn-Hite@ifler model 7500To connect the cell

to the electric circuit, copper wires were soldet@the ITO layer on the overlapping ends of
the cell. As the electric conductivity of the salv@ised in the lyotropic mixtures is quite high,
dielectric break downs of the measuring cells oszueasily. Therefore, the measurements

were performed as fast as possible with as lififgiad voltage as absolutely necessary.
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4.6.1 Measurement of the spontaneous electric polarizatio

The spontaneous electric polarizatesof a thermotropic ferroelectric liquid crystalusually
measured with the so-called triangular wave meffi®fl For this method, a triangular voltage
U is applied to the liquid crystal and the so inducarrent in the liquid crystal is measured.
This current can be divided into several contritmsi If measuring a thermotropic SmC* liquid
crystal, the main contributors to the total curremtare the ohmic current, caused by the
resistancdRe. of the liquid crystal, the capacitive current, daehe capacity of the cell, and
the polarization reversal current, which origindtesn the spontaneous electric polarizatien

of the polar liquid crystal.

In Figure 25 an exemplary plot of the current res@ois given together with the applied electric
field E, as commonly observed for thermotropic SmC* phasée areas marked in gray
correspond to the contribution of the spontanebeirec polarizatiorPs. By integrating these
gray areag\.i andAz, the value oPs can be calculated according to
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Figure 25: Applied electric fieldE (dashed line) and measured current resptnémlid line), as expected fo
thermotropic SmC* phase. The integrated peak ekeasdA, each represent twice the spontaneous polari:
Ps.
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For measurements a triangular voltagi@evas applied to the liquid crystal measuring cell a
described above. The so induced current responseegarded with a Cleverscope oscillo-
scopeCS320Aand its associated software by using a load esisR_ of 50 Q, which was

negligible compared to the resistance of the dalithermore, the measured signal was

averaged 16 times and a low pass filter was emglayenhance the signal’s quality.

4.6.2 Measurement of the switching time

As the brightness of the texture depends on tlentaiion of the directar with respect to the
crossed polarizers, a change from dark to bright ma observed if the SmC* phase or its
lyotropic analog are switched from one surfaceibtaiol state to the other by reversing the
direction of the applied electric fieldf( Figure 4). This effect can be used to determime th
switching time of the ferroelectric liquid cryst&lor measurements of the switching time, a
rectangular voltage was applied to the liquid alysheasurement cell as described at the
beginning of this chapter. Additionally, the haagg was mounted on an Olymid2 polar-
izing optical microscope. The change in intensigswecorded with a Burle photomultiplier
1P28which was mounted on the extension tube of theaseope in dependence of the applied

electric fieldE.

In Figure 26 a hypothetical measurement of theivelantensitylre. is shown in dependence
of the timet. The switching tima is measured in the range between 10 % and 90 tteof
maximum signal and is thus denoted t@asee The switching timetio-g0 is linked to the

spontaneous electric polarizatiBg and the rotational viscosity via the Equation [80, 81]

1
Yo = EngoPsE- 9

Unfortunately, the only method to gain the rotasibwiscosity is to measure the switching
times. However, in literature the values of theedbe types of viscosity often only differ
marginally and mainly depend on the temperatureusTht is possible to make a rough
estimation of the spontaneous electric polarizaRerby inserting the viscosity of a similar

system.
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Figure 26: Theoretical measurement of the switching times in which the change in intensity. is plottec

versus the timé

4.7 X-ray diffraction

4.7.1 Basic concepts of X-ray diffraction

X-ray diffraction is one of the most powerful todds the investigation of correlated structures
in the length scale from 0.1 nm up to approximaf€l® nm. Already in 1923 de Broglie and
Friedel showed that scattering experiments witlaysrcan also be applied to liquid crystals to
identify their structure [82].

In a scattering experiment [83, 84], a monochrocndtray beam with the wave vector hits
a material and is scattered elastically on theteldes of the atoms at the anglBqi2
(Figure 27a). As the scattering is elastic, theohls values of the wave vectiorof the initial

beam and the wave vectayof the scattered beam are equal:

2n
| = =, 1

The difference between these two vectors corresptimthe scattering vectgr(Figure 27b)

—k.. (11)
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Figure 27: a) The initial X-ray beam with the wave veckothits the material and is scattered at the an@lép
The difference between the wave vedtoof the initial beam and the wave veckeof the scattered beam is ec

to the scattering vectar.

Its absolute value is thus equal to
4 .
|Q| = Tsm(ediﬁ. ) (12)

The intensityl(q) of the scattered beam depends on the electrasitgelistribution within the

probed material and is proportional to
I (q) O Nf 2S(q). (13)

N is the number of moleculekjs the molecular form factor which refers to théerference
within single molecules, while the structure factu) describes the interference on different
molecules within the sample. The structure fa&q) can obtained by Fourier transformation

of the pair correlation functiog(r) according to

S(q) :1+J'ng(r)exp(—iqr)d3r. (14)

The pair correlation functiog(r) specifies how often the intermolecular distancer; - rg
occurs in the scattering volumé& in time average. Thus, the pair correlation fusrci(r)
strongly depends on the degree of periodicity witthie material. In Figure 28 two examples
of characteristic pair correlation functiog§) and the resulting scattering intensitiés) are
shown. Due to the periodic structure, the pair edation functiong(r) of ideal crystalline
materials (Figure 28a) exhibi&functions in multiple distances of a set valdewhich
corresponds to the periodicity distance within thaterial. In consequence, the Fourier
transform of this pair correlation functig(r) (Figure 28b), which corresponds to the scattering

profile, again shows multiple ordems of sharp scattering peaks at

2ngm
=, 15
4= (15)
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Scattering from isotropic liquids

Figure 28: a) Pair correlation functiog(r) of an ideal crystal and b) the correspondingrisity distributionl (q)
obtained by Fourier transform (FT). a) For isotmoljuids the pair correlation functiag(r) is characterized |
an exponentially decaying wave function which resub) a Lorentzian intensity distributid(g) in the scatterin

image.

The combination of the Equations 12 and 15 leatiedBragg’s law [85]
2dsin(0,, )= ngh (16)

which states the condition for constructive intexfece and allows the calculation of the

periodicity distancel out of the scattering experiment.

For isotropic liquids the pair correlation functigfr) takes the shape of a wave function, which
decays proportionally to exp(¢) (Figure 28c). This is due to the lack of longgarorder
within the liquid. Ifa is the average distance from one patrticle to the,rthe corresponding
scattering profile shows a Lorentzian function watmaximum at &/a (Figure 28d). The half
width of this peak is reciprocally proportionaltte correlation lengtg of the short range order

within the liquid.
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For liquid crystals an intermediate situation betwéhe scattering on crystals and on liquids is
found. In Figure 29 typical diffraction patternsasf aligned thermotropic smectic liquid crystal
are shown [86]. For small scattering angles twaegsinarp Bragg-like diffraction peaks can be
found, which originate from scattering on the laagge ordered layer structure. In the wide-
angle scattering regime two rather diffuse scattemaxima appear caused by the scattering
on the liquid-like distributed mesogens within tagers. In the picture shown in Figure 29a the
diffraction pattern of a SmA phase is displayedreiehe small and wide-angle scattering
maxima are perpendicular to each other showinglieatnean molecular orientation within the
smectic layers is parallel to the layer normalcémtrast, in the scattering pattern of a SmC

phase (Figure 29b) the scattering maxima are ngeloperpendicular due to the director tilt.

For more complex liquid crystalline structures, esal X-ray reflections may appear in the
small-angle regime in dependence of the azimuthglex and the scattering vectqr A set of
integershkl can be assigned to every reflection. This setioflvers is called the Miller indices.
Every reflex originates from a bunch of latticerga, which are described with the same set of
integers Kkl). Hence, the Miller indices describe the oriewtatdf the individual planes with
respect to the lattice. In Figure 30 examples @fedint lattice planes and the according
indexations are given. For a simplified illustratia two-dimensional lattice is used for which

only the Miller indicesh andk are important. A particular lattice plane intersethe lattice

a) b)

Figure 29: Two-dimensional diffraction patterns of an aligne@imple ofthe thermotropic liquid crystallir
material 5-(octyloxy)-2-(4-(octyloxy)phenyl)pyrimiite a) at 100°C in the SmA phase and b) at 50°C irsth€
phase [86].
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vectorsa andb at the points/h andb/k. Thus, the Miller indiceshk) of a particular lattice
plane are the inverse of the intercepts. For exanii lattice plane does not intercept a lattice

vector at allj.e. the intercept is at infinity, the according Milledex is zero.

In general, liquid crystals only possess a peristtiecture in one or two dimensions. Therefore,
the Miller indexl and often also the Miller indéxcan be omitted. In case of a one-dimensional
periodic structure, the periodicity distanckis: Equations 15 and 16 and are directly linked to
the layer spacing. Hence, this layer spacing is denoted withd. For two-dimensional
structures more complex correlations are needethie a statement about the lattice constants
a andb. Depending on the plane group of the liquid ciystdnich is the two-dimensional
analog of the space group, different equationseegled. For a hexagonal lattice the correlation

1 :ﬂdw2+k2+hk
dz, 3 az

(17)

has to be applied. The hexagonal lattice is thet mymmetric two-dimensional lattice. It is
found quite often in liquid crystalline systemstuither important lattice type is the rectangular

lattice. The lattice constants of a phase with sifimmetry can be calculated according to

1 _h* k?
a = ¥+b—2. (18)
The plane lattice with the least symmetry is thégole one. For the calculation of its lattice
vectors the variable angteof the unit cell has to be considered:
1 __h2 K _2hkcosy_
& ~a%sin2y b2sin?2y absin?y

(19)

As can be seen from Equations 17 to 19, the knayeled the Miller indices is crucial for the
understanding of two-dimensional correlated stmasuA simplistic method to determine the
Miller indices of a given scattering pattern issigperimpose this pattern with a lattice. The

lattice is applicable if reflexes only occur onmisiof intersection. If this condition is fulfilled

a) " b) :/O ) c) :/2/’}'/{7:
: e = = 29 c; o/: : a/://

Figure 30: Examples for different lattice planes in a tdioaensional rectangular lattice spanned by thécé

vectorsa andb. For a) the Miller indices are (10), for b) (1hdafor c) (21).

\
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the position of the reflex in the lattice corresgsrio its Miller indices. This superimposed

lattice is called the reciprocal lattice and haeaper meaning in crystallography.

4.7.2 X-ray diffraction experiments

For X-ray experiments, samples in Hilgenberg Maikkaries with a diameter of 0.7 mm were
used. To avoid solvent evaporation due to heasirgpecial method was applied to prepare the
samples. At first a truncated and deflashed canpiudasyringe was poked repeatedly into the
prepared mixture. By doing this, the substance pvassed into the cannula. Afterwards the
substance was squeezed out of the cannula diretdlyhe Mark capillary with a thin piece of
spring steel. In case of rather fluid samples wiittked to the walls of the Mark capillary, the
capillary was additionally centrifuged with the EpplorfminiSpincentrifuge. Thereby all of
the substance was brought to the bottom of thdlaapiThe upper part of the Mark capillary
was truncated and sealed by melting it with a Bghin this process, attention was given to

minimize the free volume in the capillary to comfithe solvent within the mixture.

Small-angle X-ray scattering (SAXS) experimentseyeerformed with the Anton Paar small-
angle scattering systeBAXSessThe Cu-k X-ray radiation § = 0.15418 nm) used was gen-
erated by theSO-DEBYEFLEX 300X-ray generator (GE Inspection Technologies GmbH),
which was operated with a voltage of 40 kV andlkzetaurrent of 50 mA. The radiation was
focused and monochromatized by a bent-multilayeraniTo achieve a high resolution of the
scattering signal, the X-ray beam was line colliedaby a collimation block. The X-ray beam
then hit the sample, which was placed in the teatpeg controllable sample holdéCS 120
This sample holder can produce temperatures betw3fC and 120°C by using a Peltier
element. The housing of tIsAXSeswas evacuated to avoid unwanted scattering. Afiesing
the sample, the scattered as well as the primaagnidet the CCD detector, which has a pixel
size of 24x24 urh The primary beam is attenuated by a semipermezdden stop, which
allows an intern calibration. Temperature-dependeeasurements were managed with the
software SAXSquant 3.5Finally, the one-dimensional scattering profilelstained were

analyzed with the prograf@riginPro 9.0G which offers a semi-automated peak fitting.

Two-dimensional X-ray patterns in the small (SAX®) well as in the wide angel regime
(WAXS), were measured with a Bruker AXSanoStarsystem. The X-ray radiation was
generated by a Siemelsstalloflex 770X-ray generator. The radiation was monochromatized

and focused with two Gobel mirrors. The resultingK& X-ray radiation with a wavelength
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of A = 0.15418 nm was then led into the evacuated saof@mber after passing two pinholes.
The sample was placed in a specially designed sahgdtler. The temperature of the sample
was controlled with a Eurother@216eregulator, which was integrated in an mri Physsddie
Gerate GmbH CPU Hcontrol unit. For cooling, a Hubémichiller was connected, which was
operated with a water / glycerol mixture. Therebbyemperature range of 10°C to 180°C was
accessible. For an improved sample alignment, taranpnent magnets were attached to the
sample holder, which generated a magnetic fieppfoximately 1 T. Furthermore, the sample
holder was moveable in all three directions in spdderefore, it was possible to find a well
aligned position in the sample to probe. With telptof extension tubes, the sample to detector
distance was variable in a range between 11 cml@bdcm. The exact sample to detector
distance was determined by a calibration measurewiém silver behenate. The scattered X-
ray radiation was detected with a Bruker AX® Star area detector with a resolution of
1024x1024 pixel. The primary data analysis wasi@hmut with the attached softwaB&XS
4.1.35 (Bruker AXS) or datasqueeze 3.0 (Paul A. HeindyQr further data processing
OriginPro 9.0Gwas used.






5 Results and discussion

The experimental results of the present thesisheilpresented and discussed in the following
chapter. The main focus will be upon the detecéind characterization of the novel lyotropic
SmC* analog phase, even though a variety of othesgs occurs in the investigated
solvent / surfactant mixtures. Furthermore, theioletd results will be discussed in detail in the

course of this chapter.

5.1 Preliminary investigations

5.1.1 Design strategy

For quite some time, the lyotropic analog of th@atSmC* phase (lyo-SmC* phadeyas
searched for without success. This is not astamjshs even for the achiral version there are
only very rare examples in literature. Thus, thstfstep for the detection of a lyotropic SmC*
analog phase was to devise a reasonable desi¢ggstfar the synthesis of suitable surfactant

molecules. This design strategy was discussedrigraup during the last years.

As a starting point for the design strategy, thestmmrominent examples of lyotropic SmC
analog phases in literature were analyzdédGhapter 1.3). The first example is an amphiphilic
diol molecule reported by Pietschmaginal. [22]. The chemical structure of this molecule is
given in Figure 31a. Even though the molecule haenger of chirality, it was only investigated
as racemic mixture by Pietschmaat al. The molecule is composed of three chemically
different parts. The first part is a flexible algitt chain. The second part is an aromatic core

or more precisely a phenylpyrimidine unit. Suchhampylpyrimidine core is known to be a

4 In order to facilitate the readability of this g the lyotropic analog of the chiral SmC* phag# be
abbreviated with the term ‘lyo-SmC* phase’ in tb#idwing if expedient.
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a) OH
=N : /—/—(OT'I

Figure 31: Molecules regarded for the design strategy: d)rdaecule synthesized by Pietschmatial.[22], b)
amphiphile by Schafheutket al. [25] c) ionic amphiphile by Ujiiet al. [26] and d) basic module of the devi:
surfactant molecules. X symbolizes varying lengthalkyl or alkoxy chains, which link the diol hegdoup tc

the ether bond attached to the aromatic core.

SmC-promoting motif [87, 88] and therefore this swmlle should be well suited for the
formation of tilted phases. Up to this point, thentioned structural elements are typical for
thermotropic liquid crystals. Hence, to provide swubility necessary for lyotropic liquid
crystals, the last part of the molecule is a deddigroup [89, 90]. This diol group is linked to
the aromatic core via an alkoxy chain. All of theseee parts together make the discussed
molecule an ideal candidate for the formation dfaropic SmC analog phase. However, in
previous work [23, 24], we showed that the lyotoo@mC analog phase supposed by
Pietschmaneet al.is actually a two-dimensionally correlated columplaase. Nonetheless, the
structural elements of this molecule seem to bg peomising for the formation of a lyotropic,

fluid and tilted phase and thus were kept in mmthie further process.
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The second example in literature is a rod-like aipiple synthesized by Schafheudeal.[25].

Its chemical structure is shown in Figure 31bhiis tase the authors proved the existence of a
lyotropic SmC phase in mixture with water by tworensional X-ray diffraction of an aligned
sample. Again, this molecule possesses a quitd agimatic system, which seems to be a
crucial element for an intra-layer tilt correlatio®n both sides of the tripartite core,
polyethylene glycol units are attached. These pbiyene glycol units serve as flexible side
chains and at the same time as hydrophilic moletythermore, the repeated oxygen atoms

enable the formation of multiple hydrogen bondswiater which was used as solvent.

A third example of a surfactant molecule which feranlyotropic SmC analog phase in water
is the ionic amphiphile reported by Ujiet al. [26] (Figure 31c). The molecule possesses a

polyethylenimine unit, analog to the polyethylemgcgl units of the Schafheutle molecule.

Based on these considerations, a new series alcsant moleculesc{. Figure 31d) was de-
vised, which were expected to exhibit the lyotropimalog of the thermotropic SmC* phase.
The basic module of this series of molecules wastme 4-(5-heptylpyrimidin-2-yl)phenoxy
moiety as used in the molecule by Pietschredmh Moreover, a diol unit served as hydrophilic
head group. A difference was made in the linkingsunsed between those two structural
elements: several different alkyl and alkoxy chaiwere useddf. Chapter 4.1, Table 2),
imitating the ethylene glycol units of the molecplesented by Schafheute al With this
design strategy several new surfactant molecule® wgnthesized and investigated with

respect to their lyotropic phase behavior. Thetstnt work was done by Dr. Jan H. Porada.

5.1.2 Screening of the diverse surfactant / solvent systes

To gain a first impression of the lyotropic andrthetropic phases exhibited by the synthesized
surfactant molecules, contact preparations wereembad a contact preparation a solvent
gradient exists over the whole sample. All phasesiging in the phase diagram at a given
temperature can thus be detected in a single saplexemplary texture image of this is

shown in Figure 32. The phase boundaries whiclvothe concentration gradient can clearly
be seen, making it possible to derive a simpleitpile phase diagram. In contrast to a proper
phase diagram, the actual concentrations are unknidanetheless, this is a valid method for
screening whether the lyo-SmC* phase exists inrhestigated solvent / surfactant system or

not.
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‘ increasing solvent concentration

100 um
—>

Figure 32: Texture image as seémough crossed polarizers in the contact regiothefdiol C50 and ethyle
glycol at 59°C. Sharp boundary lines separate tdévidual liquid crystalline phases, which appeae do th

concentration gradient.

In a first attempt, double distilled water was ussdsolvent for all surfactant molecules. The
obtained schematic phase diagrams for the indivVsludactant molecules will be presented in
the following. Next to the schematic phase diagragasured while heating, the schematic
phase diagram obtained while cooling will be shawrenever monotropic phases appear in

the investigated system.

Variation of the surfactant molecule

Figure 33 shows the schematic phase diagram ofn@d3aater. All liquid crystalline phases
occurring in this system are monotropic. The digpthphase diagram was thus measured on
cooling. In the neat state, no liquid crystallifeape exists, but already the addition of very
small amounts of solvent leads to the appearaneeNsf phase. The dominating phase in the
phase diagram is the chiral lamellarghas€e. Between those two phases a further phase occurs

which is quite unstable and thus could not be erathin detail. It exhibits a filament texture,

5 The International Union of Pure and Applied Cherngi§lUPAC) recommended in 2001 [34], that evequld
crystalline phase composed of chiral molecules Ishioel denoted with a superscript asterisk. Howehés is not
customary in lyotropic liquid crystal nomenclatuexcept for the chiral nematic phase (N*). Thus,dt other
conventional lyotropic liquid crystalline phase< thsterisk will be omitted. Whenever the chiralitfy the
molecules seems to be especially important, therdoty phase will be denoted as ‘chiral’.
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Figure 33: Schematic phase diagram based on a contact prigpandC3 and double distilled water measure

cooling.

which is known from thermotropic twist grain bounglphases. Therefore, this phase might be
a lyotropic analog of the thermotropic TGBA* phaBet as this phase is unknown in lyotropic
liquid crystals so far, further experiments areessary to identify this phase with certainty.
Furthermore, two different columnar phases occws. the symmetry of these phases is
unknown, they will simply be denoted with the ablméon Col, whereas Coktands for the
high temperature phase and £fr the low temperature phase. It seems quite tidd,the
Col; phase should appear at higher temperature thalartalar La phase, as the columnar
phase possesses a more complex structure. Howlkegrhase sequence was checked several

times, always leading to the same result.

The schematic phase diagram of the C5Q@ Hystem in Figure 34 was already determined in
work preceding this thesis [23, 24]. Hence, itepaated here to complete the series of diol
molecules and their qualitative phase diagrams.il&irto the system discussed before, the
C5 / O system forms a N* phase and a lamellaphase. Furthermore, three different types

of columnar phases can be found in the phase dagkaintermediate water concentrations
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Figure 34: Qualitative phase diagram of C5 and water (redrafter [24]).

an oblique M phase occurs, which is stable over a quite broadentration and temperature
range. At high water concentrations a hexagonapkhse appears at high temperatures. By
cooling down the hexagonakhbhase a rectangular R phase emerges. Detaileairtitture

of the columnar phases can be found in reference 24

In the upper part of Figure 35 the schematic pldasgram of C50 and water is depicted. Again
a N* phase appears at low solvent concentratiomsthe dominating phase in the phase
diagram is the lamellardphase. At high solvent concentrations a high aludvatemperature
columnar phase occur. At higher water concentrateofifth phase can be found, which seems
to be very promising. This phase shows quite cherigtic textures as known from the
thermotropic SmC* phaseg. broken fan shaped texture and schlieren textuneeXemplary
texture image of the homeotropically aligned conpaieparation is shown in the lower part of
Figure 35. The left side of the image shows thekéed texture of the low temperature €ol
phase. To the right side of the picture, the texturns into a schlieren texture as typically
exhibited by homeotropically aligned thermotropraG* phases. But as the designation of

phases based solely on the texture are rather yagnleer evidence has to be provided to
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Figure 35: Schematic phase diagrams of the C5@afer system (top). The blue line indicates theptematur:

and concentration range of the contact preperatiovhich the texture image (bottom) was taken.

prove if this phase is really the searched forrtyoit analog of the SmC* phase. Hence, the
C50 surfactant molecule as well as the C5G0 I8ystem were selected for more detailed

investigations, which will be discussed in theduling chapters.
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The surfactant molecule C6 possesses almost thed@@mical structure as the molecule C50.
The only difference is that the oxygen atom in lthking unit is replaced by a carbon atom.
Therefore, it is not astonishing, that the scheenaltiase diagram of the C6 / water system in
the lower part of Figure 36 possesses similartiiethe one of the C50 / water system. In
analogy to the already discussed system, the Gfier\gystem exhibits no enantiotropic liquid
crystalline phase in the neat state, but the aditif small amounts of solvent leads to the
induction of several lyotropic phases. Again thglsases are an N* phase, a lamellaphase
and two columnar phases. In contrast to the foyn@dsented system, no further phase can be
found in the phase diagram, which might be a Sm@iay phase. Thus, the removal of the
oxygen atom does not have a very big impact offaimeation of conventional lyotropic liquid

crystalline phases but on the stabilization of ssgiae tilted phase.

The last investigated surfactant / solvent systenomposed of the surfactant C60 and water.
Its schematic phase diagram is shown in FigureA37ifferent phases appear while heating

and while cooling, schematic phase diagrams foh lppbcesses were measured. The only
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Figure 36: Qualitative phase diagram derived from the corpagparation of C6 and water.
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Figure 37: Schematic phase diagrams of the C60.0 t$ystem, measured on heating (top) and on cc
(bottom). In addition to the enantiotropic lamellar phase a Col phase appears on cooling at elevates

concentrations.
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enantiotropic stable liquid crystalline phase is thmellar l« phase. In contrast to the other
investigated systems, this phase also exists as* pim#se in the neat state. Most likely this is
due to the elongated linking unit causing a highexibility and thus hindering crystallization.
On cooling, a second liquid crystalline phase csaithigher solvent concentrations. Based on
its texture, this phase was identified as colum&aen though the surfactant molecule C60
possesses an alkoxy chain in analogy to C50, nsiljedyo-SmC* phase was found in this

system.

Out of the five surfactant / water systems preskatgy one possibly exhibits a lyotropic SmC*
analog phase. The corresponding surfactant mol€eb@ holds an ethoxypropane chain as
linking unit. The overall design of the moleculesexy delicate. If the oxygen atom is replaced
by a carbon atom as it is the case in the C6 mideouthe ethoxy group is elongated by one
carbon atom to a propoxy group as in the molecut®,Cno lyo-SmC* phase forms.

Nonetheless, the devised design strategy was siates

Up to now, only the structural demands on the stafet were considered. But as the solvent is
the second important component of the lyotropicitigcrystalline system, the nature of the
solvent has to be reflected, too. Thus, to learremabout the role of the solvent, contact prep-
arations of C50 and diverse hydrophilic solventsengereened. The schematic phase diagrams

obtained will be discussed in the following section

Variation of the solvent

Besides water, typical solvents used in literafiorelyotropic liquid crystalline systems are
ethylene glycol and formamide [91, 92]. This is sotprising, as all of these solvents are polar
protic solvents and thus share a couple of pragseetig.a low molecular weight, a highly polar
structure and the ability to form hydrogen bond3[90 gain further insight into the influence
of the solvent’s chemical structure on the formabbthe lyo-SmC* phase, additional solvents
were used. The solvents are polyethylene glycol, 206lyethylene glycol 300,N-
methylformamide and dimethylformamide. A summangome fundamental physical data of

the solvents used is given in Table 4.

The schematic phase diagram based on the contgmmation of C50 and ethylene glycol is

shown in Figure 38. Similar to the schematic prdiagram with water, a N* phase and two
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Table 4: Fundamental physical data of the solvents usetbtlflenoted differently all data are taken from][9

Solvent Molecular weight ~ Melting point Boiling point Density (25°C/*20°C)
M / g'molt Tmp / °C Top / °C p/gem3
Water 18.02  [95] 0 [95] 100 [95] 0.997 [95]
Ethylene
62.07 -13 195 -198 1.113
glycol
PEG 200 2000  [96] .38 --36 [96] >150  [96] 1124  [96]
PEG 300 3000  [96] 15 --10 [96] 5220 [96] 1125  [96]
Formamide 45.04 2-3 210 1.134
NMF 59.07 -4 198-199 1.011
DMF 73.10 -61 153 0.944

columnar phases appear at low solvent concentgatibine most stable phase in the phase
diagram is again the lamellas bhase. No lyo-SmC* phase was found with ethyldgpeod as

solvent.

In the contact region of C50 and PEG 200, the amlgntiotropic liquid crystalline phase
appearing is a N* phase, as seen in Figure 39. dpoling, a monotropic lamellanlphase is
formed. In contrast to the sample with monometiyleine glycol, the lamellardphase which
forms with PEG 200 is only stable in a range ofwa Kelvin but in a quite broad concentration

range.

In Figure 40 the schematic phase diagrams of ti@@ =G 300 system are shown. Again, the
only enantiotropic phase is a N* phase. On cocditgmellar k. phase appears, which is even
less stable than in the contact preparation wit® RBO, regarding the temperature as well as

the concentration range.

By replacing the monomeric ethylene glycol with gudymeric ethylene glycols PEG 200 and

PEG 300, the overall stabilization of the liquigstalline phases decreases. Only two instead
of four different liquid crystalline phases appisthe phase diagrams, with the N* phase being
the sole enantiotropic mesophase. Furthermoregdheentration and temperature ranges in

which these phases exist become smaller. Thusal srlecular volume and a highly polar
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Figure 38: Schematic phase diagram derived from a contagigpa¢gion of C50 and ethylene glycol.

structure of the solvent seem to be favorablelferformation of lyotropic phasesf(Table 5).

However, no lyotropic SmC* analog phase forms \aitly of these three solvents.

In a second approach, formamide and its derivatN«asethylformamide and dimethylform-
amide are investigated as solvents. The system/Géamide seems to be very promising
for the formation of a lyotropic analog of the Smfhase. As can be seen in Figure 41, five
different enantiotropic liquid crystalline phase® #ormed with formamide as solvent. The
dominating phase in the phase diagram is the lamillphase, as is the case with most solv-
ents. At lower solvent concentrations a N* phageeaps, as well as two different columnar
phases Caland Coj. At higher solvent concentrations a further pHasms below the lamellar

La phase. At the bottom of Figure 41 a texture imagéhe contact region between this
mesophase and the lamellar thase is shown. While the lamellar hthase exhibits a broken
fan texture and insular homeotropic areas, therattesophase shows a broken fan texture as

well as a schlieren texture. Based on this obsemvathe regarded phase might be a lyotropic
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Figure 39: Schematic phase diagrams of the CFREG 200 system, measured on heating (top) and aing
(bottom). The only enantiotropic liquid crystalliplase in this system is a lyotropic N* phase. Qoling, at

additional lamellar L phase appears, which is stable over 40 K butiordyvery narrow concentration range.
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Figure 41: Schematic phase diagram of the C5formamide system, which exhibits a lyotropic Sm@ak¢
phase (top) and texture image (bottom), takeneaptsition in the contact preparation indicatechwitblue be

in the phase diagram.

SmC* analog phase. For clarification, further iigegtions were performed on this system and

will be presented in the subsequent chapters.
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In N-methylformamide one hydrogen atom of the amideigris replaced by a methyl group.
This still allows hydrogen bonding but with loweertsity then in formamide. The contact
region of this solvent and the surfactant molecGEO shows two enantiotropic liquid
crystalline phases (Figure 42). As in the C50 mfamide system, these two phases are the N*
phase and the lamellag Iphase. On cooling, two monotropic columnar phagpgear at low
solvent concentrations. Furthermore, between thelNtse and the lamellas bhase, a phase
occurs which exhibits a texture resembling theuexof the thermotropic twist grain boundary
phase. As already mentioned at the descriptioheofX3 / water system, there are no reports in
literature about lyotropic TGB phases. Due to ttg, C50 /N-methylformamide system is
interesting even though no lyotropic analog of$imeC* phase was found. Thus, the system as
well as its lyotropic liquid crystalline phases w&xamined more closely and will be discussed
in Chapter 5.2.2.

If the remaining hydrogen atom in tNemethylamide group is also replaced by a secontiyhet
group, the solvent dimethylformamide results, whatdes not possess any hydrogen bond
donor atoms. In the contact region of this solweith C50, only an enantiotropic N* phase

and a monotropic lamellarlphase appear (Figure 43).

Thus, by going from formamide td-methylformamide and finally dimethylformamide, the

stabilization of the lyotropic liquid crystallinenpses diminishes. Furthermore, formamide is
the only one of these three solvents in which &dmc SmC* analog phase is formed. Of these
three solvents, formamide is the one with the sssalmolecular volume and the highest
polarity. In addition, it is also the only solventthis row which possesses two hydrogen bond

donor atoms.

Summing up, the only two solvents which possibtiuce a lyotropic analog of the SmC* phase
in contact with the surfactant C50 are water amch&nide. Both solvents possess quite small
molecular volume and a highly polar structure. Hegvethis is true for most of the solvents
used. Thus, the question is which properties oktiieents enable the formation of a lyotropic
SmC* analog phase. In Table 5 some physical datheotelected solvents, which might be
useful to answer this question, are listed. Alltloé solvents possess a quite polar chemical
structure and thus have a relatively high dipolemmant. But while formamide is almost on the
upper end of the scale, water has the smallestedipoment of the solvents used. Hence, the

dipole moment of the solvent should not play anangmt part in the formation of the phase.
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(bottom).
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Figure 43: The upper part of the figure shows the schemdimse diagram of the system C50 / dimethyl-
formamide measured on heating (adapted from [9Gpy€ight 2015 Wiley-VCH Verlag GmbH & Co. BaA.

Reproduced with permission). The lower part displdye one measured on cooling.
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Table 5: Derived physical data of selected solvents. Thaber density is calculated from the values in Table

according tay, = p-Na/M.

Solvent Dipole moment [95] Polarity [98] Number of hydro- Number density
u/D Er3o / kcal'mol? gen bond donor ne/ cm-3

atoms per molecule

Water 1.85 63.1 2 3.266-10%
Ethylene glycol 2.36 56.3 2 1.080-10%2
PEG 200 - - 2 0.338-10%
PEG 300 - - 2 0.226-10%
Formamide 3.73 56.6 2 1.516-10%2
NMF 3.83 555 1 1.031-10%2
DMF 3.82 43.8 0 0.777-10%

Things are different if the polarity of the solvedieduced from solvatochromism [98], is
considered. Here, both water and formamide poskessvo highest polarities of all solvents
investigated. Yet, ethylene glycol aNdmethylformamide exhibit almost the same polarty.
further approach to answer the question is to lal@k at the number of hydrogen bonds
which the solvent molecules can form. Most of tisévents used possess two atoms per
molecule, which can act as hydrogen bond donorselyiéN-methylformamide does only have
one hydrogen bond donor atom and dimethylformarhige none at all. By looking at the
number density, of the solvents, a clear trend can be seen. Fortdeaamd especially water

have by far the highest number density and thusthks highest hydrogen bond density.

In conclusion, the demands on the solvent do nigtr@guire a small molecular volume and a
quite polar structure but also an exceptionallysgemydrogen bond network. This also explains,
why the stabilization of the lyotropic SmC* analplgase seems to be better with water than
with formamide, as the number density of water bsut two times higher as the one of
formamide. Nonetheless, if considering the vapesgure, formamide is the more convenient

solvent from a practical point of view and faciléa and easier preparation of samples.
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5.2 Phase diagrams of selected solvent / surfactant nbixes

In the following subsection detailed phase diagrafrthiree solvent / surfactant mixtures will
be presented. In two of those phase diagramghe C50 / water and the C50 / formamide
system, the lyotropic SmC* analog phase can bedobuarthermore, as a counterexample for
a C50 system in which the lyo-SmC* phase does notip the C50 N-methylformamide
system was measured. Characteristic textures ointhieidual phases will be displayed to
document the correct assignment of the phasestiaddily, the other liquid crystalline phases

which appear in the phase diagrams will be chanaet briefly.

5.2.1 Phase diagrams of C50 / solvent systems exhibititige lyotropic SmC*
analog phase

As the phase diagrams as well as the propertiéiseobccurring phases are very similar, the
C50 / water and the C50 / formamide system wiltlseussed simultaneously. In Figure 44
the phase diagram of mixtures of the diol C50 aatewis shown. As no significant changes

could be observed on cooling, only the phase dmgreeasured on heating is displayed here.
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Figure 44: Phase diagram of the C5Qwhter system measured on heating. No significanhgés could t
observed on cooling (adapted from [97]. Copyright 2 Wiley-VCH Verlag GmbH & Co. KaA. Reproduce

with permission.).
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The dominating phase in the phase diagram is thellar La phase, which is stable over the
entire investigated concentration range. At lowsnt concentrations a narrow N* phase
appears. In mixtures with up to 40 wt% of water tiberent columnar or ribbon phases can
be found, which will simply be denoted Cahd Col. A more detailed characterization of these
2D-correlated phases will be given later in thischapter. In the mass fraction regime between
25 wt% and 70 wt% of water the lyotropic SmC* amgfthase is found over a temperature
range of about 30 K. This clearly shows that thagehs a true lyotropic phase and not just an
artifact of a thermotropic phase, as it only exatglevated solvent concentrations. Thus, the

solvent has to play an important role in its forormt

The phase diagram of C50 and formamide is displayEdyure 45. The sequence of the phases
looks quite similar to the one of the phase diagpaesented in Figure 44. The most significant
difference is that the lamellarnlphase is much more stabilized in mixtures withmfamide
than with water and thus, the other phases appdawar solvent concentrations. As a result,
the lyotropic SmC* analog phase only occurs betwéemt% and 30 wt% of formamide.
Moreover, its temperature is considerably enlamyedooling. Due to this, the phase diagram

of the C50 / formamide system measured on coofiragsio showncf. bottom of Figure 45).

For a tentative proof of the existence and compbetse assignment of the lyotropic analog of
the SmC* phase, the textures between crossed paiarof this phase were investigated. In
Figure 46 a selection of representative texturetheflyo-SmC* phase is shown. All these
textures correspond very well to the charactertstitures known from thermotropic SmC and
SmC* phases [99] and thus emphasize the structumalogy between the lyotropic SmC*

analog and thermotropic SmC* phase.

By cooling down from the homeotropically alignednilar L« phase, a schlieren texture
appears (Figure 46a). This change from the blackdwtropic texture of the lamellas lphase

to the birefringent schlieren texture is a firsgrsiof the formation of a tilted structure.
Furthermore, all point singularities found in tleture are of the s = + 1 type. This indicates
that the observed schlieren texture does not belmaghematic phase, as the schlieren texture

of the nematic phase shows singularities with sl=as well as with s = + 1/2.

Figure 46b shows a broken fan texture, which redulim cooling down the sample from the

focal conic fan texture of the lamellas phase. The continuity of the fans suggests that th
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Figure 45: Phase diagram of C50 and formamide measured dimpétop) (adapted from [97]. Copyright 2015
Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced witknmission) and on cooling (bottom).

lamellar structure persists at the phase transititowever, the breaking of the fans again

indicates the formation of a tilted structure.
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Figure 46: Characteristic textures of the lyotropic SmC* aggbthase formed by C50 and water or forman
a) schlieren texture at 60°C and 42 wt% of watgg broken fan texture at 47°C andweB56 of water, c) and |
domains with opposite tilt directions in a surfatabilized 1.6 pum thick cell at 28°C and W&®6 of formamide
e) zigzag defect lines in a surface-stabilized sarap25°C and 50 wt% of water and f) helip&th lines in i
thick sample at 30°C and 32 wt% of formamide (addgtom [68]. Copyright 2013 Wiley*CH Verlag Gmbt
& Co. KGaA, Weinheim. Reproduced with permission.).

The pictures in Figure 46¢ and Figure 46d belonthéosame section of a surface-stabilized

sample, which is rotated in different directionghmespect to the crossed polarizers. The
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sample is prepared in a 1.6 pum thick liquid crystalmeasuring cell, which is coated with a
nylon layer to give planar alignment. The rubbirfigh®e nylon layer causes a unidirectional
orientation of the lamellard_phase. By cooling down into the lyotropic SmC* lagaphase,

clearly separated domains form, which belong tatweesurface-stabilized orientations of the
now tilted directom. By rotating the sample by two times the tilt an@jl bright domains can

be converted into dark domains and vice versa. Ehignce more strong evidence of the
existence of a tilted and lamellar structure anditamhally provides a possibility to measure

the magnitude of the tilt angte

A further consequence of the director tilt is airgking of the lamellar layer thickness at the
phase transition from the orthogonal to the tiipddse ¢f. Equation 6). This leads to a trans-
formation of the bookshelf configuration to a ch@viconfiguration, which causes the forma-
tion of zigzag defect lines in thin samples [47ph@rently, such zigzag defect lines can also be
observed in surface-stabilized samples of the dyatr SmC* analog phase as shown in

Figure 46e.

Finally, sufficiently thick samples of planarly igihed thermotropic SmC* phases are known
to form a striped texture (‘pitch lines’) causedthg helical precession of the tilt directiaf.
Chapter 3.2.2). Such textures were also foundHerlyotropic analog of the SmC* phase in
mixtures of C50 with water as well as with formamjids shown in in Figure 46f. This indicates
that not only the tilt direction and magnitude etate over a long range, but remarkably also
the more subtle chirality-induced precession ofdinector. A more detailed description of the

chirality effects in the lyotropic SmC* analog pkaaill be given in Chapter 5.4.

The textures presented already deliver strong ecel¢hat the lyotropic phase discussed pos-
sesses a lamellar, fluid and tilted structure. lkamrproof that this phase is indeed a lyotropic
analog of the thermotropic SmC* phase was obtayatore detailed structural investigations
via X-ray diffraction ¢f. Chapter 5.3).

To complete the characterization of the phasesaappein the measured phase diagrams,
typical texture images of the remaining phaseshosvn in Figure 47. The N* phase exhibits
a fingerprint texture with the pitch being in trenge of a few um or an oily streak texture as
displayed in Figure 47a. Most of the time, the |hand.« phase shows a homeotropic texture
with sporadic appearance of oily streaks. On ghiates treated with polyimide a focal conic

fan texture as well as homeotropic areas can berebd (Figure 47b). A typical texture image
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Figure 47: Textures of a) the N* phase at 74°C and 1 wt%oofmaimide, b) the lamellarslphase at 23°C a
11 wt% of formamide, c) the Gobhase at 63°C and 5 wt% of water and d) of the lwse at 59°C in the sa

sample as shown in picture c).

of the Col phase is presented in Figure 47c. Depending ooribatation of the sample, the

Col: phase exhibits either a platelet texture corredmgto the green parts of the image given
or a pseudo-focal conic fan texture which usuadly & grayish color. By cooling down into the
Col; phase, the platelets as well as the pseudo-fooat tans break into a multicolored texture,

which is shown in Figure 47d.

For a comprehensive characterization of the twaroolr phases, X-ray diffraction measure-
ments were performed. The two-dimensional X-rayradtion patterns of partially aligned
samples of the two columnar phases are displayEgyjure 48a and Figure 48b. The scattering
image of the Calphase (Figure 48a) shows sharp reflections whadichlly originate from
two domains, giving a mirror-imaged diffraction feaih. In the high temperature lamellar L
phase, only one layer peak appears which is véyticdented. Thus, the two domains in the

Col: phase suggest that the formerly lamellar structomeaks at the phase transition
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Figure 48: X-ray diffraction data of the two columnar phaseR)iffraction pattern of an aligned sample \
two domains at 70°C and 5.5 wt% of water in the;@bhlse. The Miller indices of the reflexes origingtfron
oneof the domains are inserted in red. Reflexes whalbng to other than the two main domains are nobwkth
a green circle. b) 2D diffraction pattern of thengasample at 60°C in the Gqlhase together with the Mill
indices. c) Calculated electron density map, wisalggests a possible structure for theiQulase. d)Cell
parameters corresponding to the X-ray diffractiatadshown in a) and b).

into two domains with opposite tilt. The indexatiohthe individual reflexes was done by
overlaying the scattering image with a grid basedhe oblique plane crystallographic group
p2. Every reflex which occurs at a crosspoint ofdhid belongs to the considered domain and
its Miller indices can be assigned as shown in fe@gtBa. The indexation shown provides a

good agreement of theoretical and experimentakgallhe X-ray diffraction pattern of the ol
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phase in Figure 48b is less sharp and the refleseesmeared due to a poorer alignment of the
low temperature columnar phase. Nonetheless, axatin of the Calphase on the basis of
the two-dimensional oblique groyg2 is possible, yielding quite good results. The s\atry
and indexation of the two columnar phases is alnuesitical. The only prominent difference
between them is a deformation of the Quhase along the two lattice directions, leading to
unit cell with a rhombic shageThis suggests a close structural relationship eetwthe
columnar phases. As both columnar phases belotigetplane crystallographic gropg, the

conventional lyotropic denotation for both phasesonoclinic M.

To gain an impression of the structure of the:@blase, corresponding electron density maps
were calculated. The most likely one is shown guie 48c. The map can be obtained from the
scattering intensities of an unaligned sample hyrieotransform [100]. Further details on this
method are found in the appendix. Areas of highteda density which can be assigned to the
hydrophilic head groups and the water moleculesl@pécted in blue. The intermediate electron
density of the aromatic cores is illustrated inegr&and the low electron density of the alkyl
chains in red. Several molecules are drawn intorthe to reveal a feasible structure of the;Col
phase. It shows that there is still some structetationship with the lamellar phase as the alkyl
chains reflect the layered structure. Howeverhyyarophilic head groups buckle into columns,
which include the solvent molecules. This inveke lstructure seems to be reasonable because
the mole fraction of the water molecules is onB50in the investigated mixture. Furthermore,
it is evident that the unit cell can be tilted mecor the other direction with respect to the layer
of the lamellar k phase. Due to this, two well aligned domains en@ok phase originate from

a single aligned domain in the lamellar phase.

In case of the Celphase, it was not possible to calculate an eleatsmsity map. This is due

to the insufficient resolution of the X-ray diffriéan detector which does not allow a sufficient
separation of the individual reflexes. Nonethel#dss,Cop phase is expected to look similar to
the Col phase except for the shape of the columns whighldtbe circular instead of oval, as

its lattice parameteisandb have the same valued.(Figure 48d).

6 Due to the rhombic shape of the unit cell, it dtlaalso be possible to index the scattering patbérine Coj
phase on the basis of the plane crystallograpliomerm However, as the groupm possess mirror planes this
would not be conform to the chirality of the moltssu
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5.2.2 The C50 /N-methylformamide system: a counterexample but notdss
interesting

As an example for a solvent with which the diol Céaes not form a IyotropiSmC,E analog
phase,N-methylformamide (NMF) was chosen. The structuratiation with respect to
formamide is rather small; however, the impacttmnlyotropic mesomorphism is substantial.
In Figure 49 the phase diagrams measured on heatidgcooling are displayed. With-
methylformamide as the solvent, only two enantjpittgohases appear: a narrov phase at
low solvent concentrations and a very broad laméllaphase, which gets destabilized with
increasing amount of solvent. Below 0°C the mixsubecome solid but do not properly
crystalize suggesting a transition into a glasatestDuring cooling several monotropic phases
can be observed. Between 3 and 7 wt% the two caumpimases, which already formed with
water and formamide, appear. Besides this, at émar solvent concentrations two so far
unobserved phases appear. The first one turnsodug & twist grain boundary (TGB) phase
and the second one is a re-entrant choleste\@@x phase. For a better visibility of these quite
narrow phases, a magnified section of the phasgatiaof the C50 N-methylformamide

system is given in Figure 50.

Up to now, there are no reports in literature albigotropic or at least solvent-induced twist
grain boundary phases. There is only one theotetiok by Kamien and Lubensky from 1997
[54], which states that lyotropic twist grain boanglphases should exist even though they were
not reported up to then. Considering that the fepbrt of a thermotropic twist grain boundary
phase [101, 102] was only one year after its themeprediction [103], it is astonishing that
no lyotropic analog was found for 17 years. Thas, appearance of such a solvent-induced
twist grain boundary phase is quite remarkablerag@dis further investigations. As no notation
for a solvent-induced twist grain boundary phasistexso far, it is suggested to denote this
phase asTGBLG phase. Besides th€GBL phase, re-entrant cholesteric phases are also
scarcely found in lyotropic systems, especiallyhié re-entrance occurs with respect to the
temperature and not the solvent concentration. efbes, theNEE phase is also worth looking
at. The main focus of this subchapter is, thuspmviding proof of the existence of the twist

grain boundary as well as tng phase.
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Figure 49: Phase diagrams of the C5M4methylformamide system measured on heating (toggpid fror
[97]. Copyright 2015 Wiley-VCH Verlag GmbH & Co.®aA. Reproduced with permission.) and on coc
(bottom).

The two phases only exist in a concentration rdoeje/een approximately 1 and 5 wt%Nf
methylformamide «f. Figure 50). This corresponds to a maximum molectiva of

X(NMF) = 0.26. Therefore, these phases can hardlgdaem as lyotropic in the sense that
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TGBL:

W(NMF) / wt%

Figure 50: Magnified section of the phase diagram of the G3®methylformamidesystem measured wh

cooling.

surfactant molecules are dissolved in a solvennetllmeless, the solvent has to play a very
important role in their formation, as they do nppear in the neat state or with other solvents.

The two phases will thus be referred to as ‘sohnedticed’ rather than as ‘lyotropic’.

Characteristic textures are the first evidenceafoorrect phase assignment. In Figure 51a the
fingerprint texture of thent phase which forms on homeotropic anchoring comaétis shown.

In the TGBLL phase a texture quite similar to the cholestéingerprint texture can be
observed, which is displayed in Figure 51b. Howetlee texture appears sharper due to the
grain boundaries and turns into the so called #atrtexture at the phase transition to the
homeotropically aligned chiral lamellara lphase. This kind of texture is well known for
thermotropic twist grain boundary phases [104] #ne already suggests the existence of a
solvent-induced twist grain boundary phase. Onglanchoring conditions, the chiral lamellar
La phase exhibits a fan shaped texture (Figure 3ddhe NEE phase the oily streak texture
occurs on untreated glass plates as can be sdégure 51d. The observed textures already
strongly indicate that the identification of tHeGBL: phase and thé\IEE phase is correct.
Additional proof was provided by X-ray diffractiaand measurements of the helical pitch in
all macroscopically chiral phases. For these measents a sample with 1 wt% -

methylformamide was chosen, which possesslﬁg-érGBL% - NEE phase sequence.



Phase diagrams of selected solvent / surfactartunes 83

“f'{( (&=

R

I S\
i ey

-:.-Q‘-‘Jp
: .ﬁ;,?’@!"”’k’ 7
| .Wfi";';{'rrmtﬁ{(((((ﬁi

(gl

Figure 51: Texture images C50 / NMF mixtures as seen thraugésed polarizers of a) th&  phase witit%
of NMF at 66°C, b) the phase transition from thenkotropically aligned_. phase to the filament texture of
TGBL: phase in a sample with 2 wt% of NMF at 65.5°Che)L, phase with 1@t% of NMF at 50°C and «
the Ni: phase with 2 wt% of NMF at 55°C.

The results of the X-ray diffraction measuremeiats loe seen in Figure 52. In case of Nie
phase, the measurements clearly show a rathesdiffmmuthal orientation (Figure 52b) and a
low scattering intensity (Figure 52a), which retkethe low order of the cholesteric structure.
The same can be found for tlhéE phase (Figure 52d), which proves the existendbefe-
entrant phase. Additional to this scattering maxma second incommensurate scattering
maximum can be found in tH‘éEE phase at@= 3.8 nm corresponding tb= 2.3 nm, which is
marked with an arrow in Figure 52a. The occurresfdéis second scattering maximum might
possibly be explained by the formation of cybotactusters, related to a re-entrant lamellar

phase, which is composed of monolayers insteadafdrs €f. [65]).

Between the two cholesteric phases, the intensiyeoX-ray scattering increases dramatically
(Figure 52a) and turns into rather sharp Bragg-péRigure 52c), related to a one-dimensional

periodic layer structure. As scattering occurslgad@ smectic blocks in which the director is
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Figure 52: X-ray diffraction data of a sample of C50 witiwl% of NMF. a) Scattering intensity profiles of
different phases and the corresponding 2D diffeacinages of b) thed®  phase at 72°C, c)TIﬁBL;k phase ¢
68°C and d) theN 3z  phase at 62°C.

oriented normal to the X-ray beam, only two layeaks are found in the scattering image,
reflecting an orientation of the helix axis perpienthr to the probing direction. Hence, the
phase cannot be distinguished from the lamellar pghase by the performed X-ray

measurements alone.

To show that the observettGBLE phase does not only possess a lamellar steietsi proven
with X-ray diffraction, but that it also possessasacroscopically helical structure, it was also

investigated with polarized optical microscopy. Angple with the same concentration of
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N-methylformamide as used in the X-ray diffractioeaaurements was prepared and annealed
between untreated glass plates to achieve a chasdict fingerprint texture in thed[phase.
Texture images of this sample can be found in B&3: In theN[phase the fingerprint texture

is rather diffuse and faint (Figure 53d). At thexph transition to the twist grain boundary phase,
the texture becomes blurry and then turns intogthiee sharp and more birefringent filament
texture of the twist grain boundary phase (Figuse)5By further cooling down, the texture
becomes blurry again and transforms back into aive find diffuse fingerprint texture of the
NEE phase (Figure 53b). These observations in thegehahthe textures strongly suggest the
presence of three individual macroscopically chpfehses. The value of the pitch was derived
from the texture imagesfi Chapter 4.5.1). The result is plotted in Figura.5he value of the

helical pitch is between 4 and 5 um for all thrémages. Despite this, explicit jumps in the

a) 6.0

N&e TGBL! N*

5.5 - o T o0

3.5

3.0 J T ¥ T . T ’ — T '
60 62 64 66 68 70 72

T/°C

Figure 53: a) Helical pitch versus temperature for the thmescroscopically chiral phas and correspondi

texture images of b) thd\k:  phase at 65°C, c)tBBL:  se@h&68°C and d) ths™  phase at 71°C.
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temperature dependence of the pitch mark the tveselransitions. Together with the X-ray
diffraction data these results confirm that thesghsequenc&lt — TGBLL — NEE is correct.

Up to now, this is the first report of a solventhirced twist grain boundary phase.

5.3 Structural and physical properties of the lyotropic SmC*
analog phase

The following section is devoted to the investigatof the structural properties of the lyotropic
SmC* analog phase. In this context three majoreisswill be addressed. The first issue is to
provide further proof of the existence of the lypmic analog of the thermotropic SmC* phase.
The second one is to find out if the structurenefliyotropic phase differs from its thermotropic
counterpart and the last point is to examine tll@ence of the solvent concentration on the

structural and physical properties of the lyotradpraC* analog phase.

5.3.1 X-ray diffraction measurements

Fundamental insight into the structure of any lifaiystalline phase can be obtained by two-
dimensional X-ray diffraction on an aligned sam@éfraction patterns of a sample of C50
with 65 wt% of water can be found in Figure 54 tte lamellar k phase (Figure 54a) the
maxima of the diffuse wide-angle scattering, whiclginate from the intralamellar distances
between the diol molecules, are perpendicular ¢osthall-angle peaks, which are due to the
Bragg-scattering from the one-dimensional peridaiellar structure. The directarand the
layer normalk are thus parallel to each other and the measwedlimensional diffraction
pattern completely complies with the diffractionttpan expected for a lyotropic lamellas L

phase or a thermotropic SmA* phase.

After cooling down into the lyotropic SmC* analoggse, the diffraction pattern changes into
the one shown in Figure 54b. The scattering imdtjeexhibits diffuse wide-angle peaks,
indicating that the probed phase is fluid. Furthemm the intensity of the layer reflections
increases and d&®order peak appears in the small angel region. 3iisvs that the lamellar
order does not only persist but is strongly enhdnoethe lyo-SmC* phase, resulting in an
increased smectic order parameéfeBut the most noteworthy feature of the scatteimgge

is that azimuthal maxima in the small and wide-anglgime are no longer perpendicular to

each other. Thus, the directoand the layer norm# are no longer parallel to each other, but
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a) b)

Figure 54: 2D-diffraction patterns of an aligned sample & thiol C50 with 65n:% of water in a) the lamell

La phase at 89°C and b) the lyotropic SmC* analogela 38°C. The director;, the layer normak and the til
angleb are indicated in both scattering images (adaptad {68]. Copyright 2013 WileyCH Verlag GmbH é
Co. KGaA, Weinheim. Reproduced with permission.).

include the tilt angl®. Furthermore, this shows that the diol molecutesviery lamella tilt in
the same direction, because otherwise the scajteraxima should not shift to one direction
but should only get broader. In case of Figureh@itilt angled reaches a rather high value of
about 36°.

In conclusion, the two-dimensional scattering imajethe lyotropic SmC* analog phase
measured clearly confirms that the phase possads@sellar structure which is composed of
fluid layers, that the molecules in these layeestdied with respect to the layer nornkahnd
that there is a long range correlation of theditections. Hence, the investigated liquid crys-
talline phase indeed fulfills all conditions to thee lyotropic counterpart of the thermotropic
SmC* phase. This can be considered as sufficiemfpof the existence and correct phase

assignment of the lyotropic SmC* analog phase.

To learn more about the temperature dependendedayer spacing, one dimensional X-ray
diffraction measurements were performed. The regulayer spacings for samples with dif-

ferent concentrations of formamide are plottedigufe 557 For all concentrations the layer

7 The measurements in Figure 55 were partially paéal by Marc Harjung and Friederike Knecht withie t
scope of a supervised research project.
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Figure 55: Temperature-dependent layer spacing of differ&® Cformamide mixtures.

spacing increases in the lamellarghase while cooling down. This negative thermakersion
can be explained by a progressive stiffening ofalkgl chains with decreasing temperature as
well as an increasing orientational order, whichdke to an increase of the smectic layer
thickness [70]. At the phase transition towardslyleeSmC* phase, the layer spacing is at its
maximum value and by further cooling down it stadaslecrease again. This decrease in the
lyotropic SmC* analog phase is due to the incregsinangle, which causes a shrinkage of the
layers €f. Equation 6). This very characteristic temperatlgpendence is well known from

thermotropic SmC* phases and was found likewiserfotures of C50 and water.

As can be seen in Figure 55 the layer spacing ase® with an increasing amount of form-
amide. This is plausible considering the structifrthe lamellar k. phase ¢f. Chapter 3.2.2).

In this phase the repeat distance measured by Miffagction is composed of two parts. The
first part is a partial or full bilayer of surfactamolecules in which the hydrophilic head groups
are surrounded by solvent molecules causing atstgelling of the surfactant layer. If the
solvent concentration exceeds the amount of solvettcules which can be incorporated into
the surfactant layer, the solvent molecules stabuild up a separate solvent layer which
corresponds to the second part of the overall I#hiekness. The easiest way to describe the

layer thicknessl(T,w) is thus to separate it into the thickness ofshlgent layeids(w), which
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in a first approximation solely depends on the nfaasstion w of formamide, and into the

thickness of the diol bilayet,(T), which mainly depends on the temperatlre
d(T,w) = ds(w) + doi (T). (20)

According to this equation the measured layer sppis plotted versus the weight fractian
of formamide for different temperaturd@sTc relative to the lamellar dto lyotropic SmC*
analog phase transition and fitted with a uniforops. In Figure 56 the data sets for six
exemplary relative temperatures and the correspgrdiear fits are shown. For this kind of

diagram, equation 20 can be written as
d(T,w) = wm+du (T) (21)

with the slopem and the intercepdy(T) of the linear fit. With the help of these fit paneters,
theoretical values for the bilayer and the solMeger thickness are calculated as shown in
Figure 57.

5871 d(Tw)=d(w)+d(T)
= w-m +d(T)

=
c
ie]
A
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®
°
sl @ & T-T.=20K
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W(HCONH,) / wt%

Figure 56: Plot of the layer spacing versus the mass fraction of formamidéHCONH,) for several select:
temperature3-Tc relative to the lamellardto lyotropic SmC* analog phase transition. Thedisbow linear fit

to the data with a uniform slope
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Figure 57: Extrapolated values obtained by fitting Equatidnt@ the measured layer spacing. a) Meas
(symbols) and calculated layer spacing (linesyitferent mass fractions of formamide as indicatethe grapt
b) Layer spacing extrapolated to a hypotheticalafi@tion of Ont% of formamide. c) Extrapolated solvent le

thickness for different mass fractions of formamide

By plotting the interceptn(T) versus the relative temperatuiieTc, the temperature
dependence of a hypothetical bilayer thickness Gowt% of formamide is obtained
(Figure 57b). It exhibits the typical temperatuspdndence expected for a thermotropic SmA
to SmC phase transition. The two kinks in the gdlated data af-Tc = -6 and -10 are caused
by the reduction of analyzable data points duéhéodrystallization of the samples with high
solvent concentration. At the lamellas ko lyo-SmC* phase transition the calculated layer
spacing is at its maximum reaching a value of 316 @onsidering the calculated energy

minimized length of the diol C50 being 2.49 frthe diol molecules have to form a partial

8 Derived from molecular modeling with the softw&ieem3D Pro 13.0y CambridgeSoft on the AM1 level.
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bilayer in which the molecules interdigitate sigrahtly, as the extrapolated value lies well

between the one for a single and a full bilayer.

The solvent layer thickness(w) for different mass fractions of formamide is cé#ted from
the slopem (Figure 57c). It varies between 1.1 and 2.3 nrtheinvestigated concentration

regime.

By adding up the values fok(w) anddy(T) ,the calculated repeat distard{@,w) is obtained
and plotted in Figure 57a (lines) together with theasured data points (symbols). The
deviation of the plots shows that the simple asgiompf the solvent layer’s thickness solely
depending on the mass fraction of the solvent, thieddiol bilayer’s thickness being only
influenced by temperature, can give a qualitatigscdption of the measured X-ray data, but
not a quantitative one. Further refinement is ndddecorrectly explain the dependence of the
layer spacing on the temperature and solvent cérateam. Nonetheless, the simple model can
give a rough estimation of the bilayer thicknesshie lamellar kL as well as in the lyotropic
SmC* analog phase and reveals that the thicknedsedfolvent layer is in the range of a few

nanometers.

5.3.2 Measurement of the director tilt

In the preceding subchapter it was already dematestithat the diol molecules in the SmC*
analog phase possess a macroscopig Wwith respect to the layer normal. To gain inforioiat
about its magnitude and temperature dependenceliréneor tilt was measured optically as
described in Chapter 4.4. The results of these uneaments are presented in Figure 58 for
different concentrations of formamidén general, the tilt angle starts at quite lowues right
after the lamellar & to lyo-SmC* phase transition and then increasatewboling. Depending
on the formamide concentration, the maximum vahsesvell as the temperature dependence
of the measured tilt angl@g: differ. To enhance the lucidity of Figure 58 theasured values
are fitted according t@opt O [T —Tc|B. For high formamide concentrations, the slopaiber
gentle and the tilt angle reaches small valuehéndrder of 12° for a sample of C50 with
25 wt% of formamide. By decreasing the formamidacemtration the slope of the curves

becomes steeper and steeper and the tilt reaciteshggh valuese.g.0 = 27.0° for a sample

9 The measurements in Figure 58 were partially pevéal by Friederike Knecht within the scope of aesuised
research project.
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Figure 58: Optically measured director tilt ande,: of different C50 formamide mixtures in dependence of
temperatureT-Tc relative to the lamellar d_to lyotropic SmC* analog phase transition (adapien [97].

Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Reduced with permission).

with 15 wt% of formamide. This change in the tenapere dependence of the measured tilt
angles suggests that the phase transition shifits £9 to 1% order with decreasing amount of
solvent. Further evidence for this change in theneaof the phase transition will be provided

in the following subchapter by means of DSC meanerds

In case of the sample with 13 wt% of formamide, tiieangle rises abruptly to a quiet high,
almost constant value 6fpt = 27°. Here the phase transition towards the Sar@2dog phase

does not take place from the lamellardhase but from the Cobhase.

For a comprehensive understanding of the diretdtan the lyotropic SmC* analog phase, the
tilt angleBsteric was calculated from the layer spacing accordingdoation 6. For this only the
thickness of the bilayet,(T) was used, which corresponds to the layer spaoitrgpolated to

a hypothetical mass fraction of 0 wt% of formamicleChapter 5.3.1). The resulting tilt angles
Bstericare plotted in Figure 59 in dependence of thdiveldemperature. Here, the tilt angle rises

from 0° to values slightly higher than observedhsy optical measurement of the tilt angle.

According to the simple model proposed in Chapt8rl5 the temperature dependence of the

bilayer thicknessly,(T) should be the same for every mass fraction ghénide and thus the
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Figure 59: Tilt angleBswericcalculated from the extrapolated layer spacingm®@vith a hypothetical mass fract
of 0 wt% of formamidedf. Figure 57) in dependence of the temperatufe relative to the lamellardto lyotropic

SmC* analog phase transition.

tilt anglesbsteric sShould also be the same for each formamide coratemt. In consequence,
Bsteric dOes not show any concentration dependence, vBgpledecreases with increasing
formamide concentration. Even though the tilt asgibtained by the two methods cannot be
compared readily, as the methods probe differeginsats of the molecules [70], this is an

interesting observation.

While the optical measurements take the long-raogeslation of the magnitude as well as the
direction of tilt into account, the tilt angles ded from the layer spacing solely include the
magnitude of the tilt angle. Hence, the deviancghtnindicate that the magnitude of the
molecular tilt inside the bilayers does not changth the solvent concentration, whereas the
long-range correlation of the tilt direction doés.a result, the local directors of the individual
lamellas in the lyotropic SmC* analog phase woulift rom highly ordered to rather randomly
orientated with increasing solvent concentrationisTseems to be quite plausible because in
conventional lyotropic liquid crystals, the solvéayer is seen as a rather disordered fluid and
thus an increasing solvent layer thickness migstudb the tilt correlation mechanism between

adjacent bilayers.
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5.3.3 Calorimetric investigations

As already discussed in Chapter 5.3.2, the lamklap lyo-SmC* phase transition seems to
shift from ' to 2'¢ order with increasing formamide concentration. fligher confirm this
crossover, the thermodynamic nature of the phasesition was investigated by differential
scanning calorimetry (DSC). For this, samples witferent concentrations of formamide were
measured on heating and coolirad. Chapter 4.2). The detected heat flow of the irchia

samples is plotted in Figure 60.

In the mixture with 7 wt% of formamide three ligudystalline phases can be found, namely
the lyotropic SmC* analog phase, the Cphase and the lamellar [phase. The mixtures
between 12 and 22 wt% of formamide only exhibit lfrgropic SmC* analog phase and the
lamellar L« phase. While the DSC curves of the sample witlwt®2 of formamide still show

a very pronounced peak at the lyotropic SmC* antddgmellar k. phase transition, the peak
becomes smaller and smaller by increasing the finidw concentration. In the samples with
18 and 22 wt% of formamide the phase transitiomasked by a step in the heat flow rather
than by a real peak (Figure 61). This trend capn aks confirmed by looking at the phase
transition enthalpieAyH in Table 6, which diminish significantly with andreasing amount
of formamide. Thus, the measurments clearly demaiest that the phase transition shifts from
1t to 2" order with increasing formamide concentrationscdse of the sample with 22 wt%
of formamide no transition enthalgy:H could be detected at all. The sample with 27 wi% o

formamide is a reference specimen which only shbdamellar k phase.

Table 6: Transition enthalpy:H of the lyotropic SmC* analog to lamellas br Col phase transition measured

on heating and vice versa on cooling of C50 witlsgriaactions of formamide.

W(HCONH?2) / wt% high temperature phase A«H (heating) / J-g* AwH (cooling) / J-g?
7 Coly 2.0 -2.1
12 La 1.7 -1.8
14 La 0.7 -1.2
18 La 0.5 -0.5

22 La not detectable not detectable
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Figure 60: DSC thermograms measured on heating (top) andnzp(diottom) for different compositions of C
and formamide. Peaks corresponding to a phasattoanisetween the lyotropic SmC* analog and a fertiquid

crystalline phase are highlighted in yellow.

Furthermore, the phase transition temperaturescidetdoy means of differential scanning
calorimetry match those determined by polarizedcapmicroscopy. The DSC measurements

thus also confirm the phase diagrams shown in Eigbr
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Figure 61: Enlargement of the DSC thermograms of the C50 &mpith a) 18 wt% of formamide and b) @6
of formamide. Peaks corresponding to the lamellaollyo-SmC* phase transition and vice versa are highld

in yellow.

5.4 Chirality effects in the lyotropic SmC* analog pha®

The investigated surfactant / solvent mixtures e tiol C50 and water or formamide,
respectively, are the first lyotropic systems tofa lamellar, fluid and tilted liquid crystalline
phase which contains chiral surfactant moleculg. Main issue of the present chapter is thus
to demonstrate whether or not the lyotropic SmGilag phase exhibits similar chirality effects
as known from its thermotropic counterpart. The haegstanding manifestations of chirality
in the thermotropic SmC* phase are helicity, dueatahirality-induced precession of the
director, and ferroelectricity, due to its po@-point group symmetry. Thus, the focus of this

chapter is on the detection and analysis of th@satacroscopic chirality effects.

5.4.1 Investigation of the helical pitch

In samples which are substantially thicker thanhkcal pitch length, a helical director con-
figuration can develop leading to a regularly sidgexture ¢f. Chapters 3.2.2 and 4.5.1). The

observation of such a striped texture in planaflgned samples already accounts for a
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Figure 62: Striped texture of the lyotropic SmC* analog phasa sample of C50 with a) 58t% of water ¢

36°C and b) 32 wt% of formamide at 30°C. Due todbeurrence of unwinding lines, the pitgltorresponds
the distance between two stripes instead of onky @dapted from [68]. Copyright 2013 WilsA4GH Verlac
GmbH & Co. KGaA, Weinheim. Reproduced with pernoss).

macroscopic chirality of the phase and efforts weagle to achieve this texture in the lyotropic

SmC* phase. Representative examples are showigume=62.

Figure 62a shows the striped texture of a samplileeodliol C50 and water. The sample is quite
thick, causing a multicolored, slightly blurry imagNonetheless, the underlying periodic stripe
pattern can be seen. The texture image thus continat the chirality-induced precession of
the director along the layer normhklis not suppressed by the layers of achiral solvent
molecules. From the texture image a valug ef4.7 um can be deduced for the helical pitch
length €f. Chapter 4.5.1), which is in the same order of ntage as typically found in
thermotropic SmC* phases [105-107].

In Figure 62b the striped texture of the lyotroBimC* phase with formamide as solvent can
be seen. The stripes appear much more visiblesiséimple, clearly indicating the macroscopic
helicity of the lyotropic phase. The helical pitwhp = 5.2 um is close to the value found in the
mixture with water. However, there is one significaifference between the two solvents:
While the sample with water had to rest for sevem¢ks before the striped texture could be
detected, the sample with formamide only took sdsaafter the transition into the lyotropic
SmC* analog phase to show the texture displaydegare 62b. This difference in the time-
based evolution of the helical director configusatis quite remarkable and implies that the
solvent plays a very important part in the formatad the helix, even though it has only little

impact on the absolute value of the helical pitebssible explanations might be the more
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extended solvent layer in the case of mixtures walker or a different internal structure in the
solvent layer. However, these points are only siadioms and the reason for the deviating

behavior still has to be understood.

In further temperature and concentration-dependedasurements of the helical pitch, only
mixtures with formamide were chosen as the lengtylution time necessary for mixtures
with water together with the ever present threaobient evaporation make such investigations
of mixtures with water much more complicated. Igu¥e 63 the helical pitghis plotted versus
the reduced temperatuileTc for a sample with 18 wt% of formamide. The pit¢tows the
typical temperature dependence known from therrpa8mC* phases [105]. Right after the
phase transition into the lyotropic SmC* analogg#hdhe pitch increases rapidly to a value of
about 5.5 pum and decreases more slowly towards ddmperature value of about 2.5 pum.
However, by repeating the measurement with othec@atrations of formamide, no significant

difference in the value qf could be detected.

The reason for this behavior can be found in thasueng conditions. The temperature-de-
pendent measurement of the helical pitch was peddrwith the ‘direct’ methodc{. Chapter
4.5.1) in a sample of 30 um thickness. Appareirilguch rather thin samples compared to the
value of the helical pitch, the formation of thdite director configuration cannot take place
undisturbed, but is influenced significantly byardctions with the surfaces of the liquid crystal
cell. Consequently, the observed valug depends rather on the cell gap than on the imtrins
pitch of the lyotropic SmC* analog phase. Nonetbgl¢he measurement in Figure 63 indicate
that the helical pitch of the lyotropic SmC* analolgase varies with temperature and that the

temperature dependence is comparable to the ahermfotropic SmC* phases.

| ¢ 18wt% of HCONH,

T-T./K

Figure 63: Temperature dependence of the helical pitaheasured with the ‘direct’ method in a @én thick
sample of C50 with 18 wt% of formamide.
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To avoid the influence of surface interactions lo@ measurement of the helical pitch length,
two alterations of the experiment are possible. flisé one is to enlarge the thickness of the
sample significantly. The second is to measurehisecal pitch length under homeotropic
boundary conditions which are known to not afféstvalue [108]. Both methodsg. the
‘direct’ method ¢f. Chapter 4.5.1) with samples of 250 um thicknessthe Cano methodf
Chapter 4.5.2), were applied to determine the @mfae of the solvent concentration on the

helical pitch length.

In Figure 64 examples of these measurements avensiiagure 64a shows a Cano preparation
between crossed polarizers. Circular defect lirees loe found in the image, the so called
Grandjean steps, which originate from a suddemerteaise in the number of helical windings
(cf. Figure 23a). According to Equation 7 the helicatipican be derived from the distances
between the Grandjean steps. In Figure 64b an irabgee striped texture between crossed

polarizers in a 250 pum thick liquid crystal measueat cell is shown.

The inverse of the pitch, which corresponds to the helical twist of the ddlars against each

other, is plotted in Figure 65 for different contrations of formamide. The values shown in
the upper part of Figure 65 were determined wigh@ano method, while the bottom part shows
the results obtained by the ‘direct’ method. The plots in Figure 65 basically show the same

behavior. In both plots no clear temperature depeoel of the helical twigi* can be found.

Figure 64: a) Cano preparation of a mixture of C50 with W@ of formamide at 29°C exhibiting circu
Grandjean steps. b) Striped texture in a 250 pok tsample of C50 with 22 wt% of formamide at 5°C.
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Right after the phase transition into the lyotrofimC* analog phase, the helical structure is
only poorly developed and is therefore hardly obsele. The measurements thus start
somewhat below the actual phase transit@nHigure 63). In the case of the ‘direct’ method,
the experimental values scatter (Figure 65, bottdmg reason for this scattering is the large
sample thickness of 250 um, which does not allow slrarp focusing of the sample in the
polarizing microscope, thus leading to consideratdéstical errors in the pitch measurements.
Nonetheless, the obtained values exhibit a siniédravior as the ones determined with the
Cano methoddf. Figure 65, top).

By looking at the concentration dependence of thedl twist in Figure 65 an astonishing
result is revealed. The helical twist increases with an increasing amount of formamidaeé
samples. This behavior is counter-intuitive if ddesing conventional liquid crystals. By
increasing the amount of formamide, the number itdens chiral diol molecules is reduced.
Normally, this should lead to a decrease of thechkwist. This is true for lyotropic N* phases
[109-111] as well as for thermotropic SmC* phas&$2f114], regarding the solvent
concentration or the concentration of a chiral ddpeespectively. Only one publication by
Maxeinet al.[115] describes a comparable behavior of the abeiti pitch in styrene solutions
of chiral polyisocyanate terpolymers. In this paation the pitch passes through a minimum at
about 43 wt% of solvent. By decreasing the soleemicentration, the pitch starts to increase,
which is equivalent to a decrease of the helicasttwihe authors however do not give an
explanation for the unexpected behavior. A posstial@anation for the unexpected behavior
of an increasing helical twist in the lyo-SmC* pbas increasing solvent concentration might
be a competition between the chiral twisting powerich decreases with increasing solvent
concentration, and the elasticity which might pereaisier twisting at increasing thickness of

the solvent layer.

Summing up, the decrease of the pifchvith increasing solvent concentration and thus a
decreasing concentration of chiral molecules isotalie difference between the lyotropic
SmC* analog phase and conventional thermotropic Spifases. Furthermore, the behavior
of the lyotropic SmC* analog pitch provides an easy to adjust it by simply adding or
evaporating solvent. This uncomplicated way ofngrthe helical pitch might turn out to be a

useful feature for future applications.
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Figure 65: Helical twistp? in the lyotropic SmC* phase for different ratios@50 and formamide, determir

with the Cano method (top) and with the ‘direct’thd (bottom).
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5.4.2 Electro-optical investigations

Ferroelectricity in SmC* liquid crystals is diregtbbserved in the surface-stabilized state in
which macroscopic domains of opposite tilt directare connected to opposite directions of
the spontaneous polarizatiari.Chapter 1.2). An electric field-induced reverdahe direction

of spontaneous polarization also reverses thetdreof tilt and thus leads to a polar bi-stable
electro-optic response. In thermotropic SmC* ligaigstals this uniqgue combination of a fluid

ferroelectric material was and is extensively stddi

Since a lyotropic lamellar phase with tilted andralhmolecules has the same polarpoint
group symmetry as the thermotropic SmC* phasentipertant question emerges, whether the
lyotropic SmC* phase might also show ferroelectyi@nd polar electro-optic switching like

its thermotropic counterpart.

In order to prepare a surface-stabilized lyo-Smarhgle, C50 / formamide mixtures with a
mass fraction of 19 wt% of formamide were filledoirthin nylon coated cells of 1.6 pm cell
gap by the suction methodf(Chapter 4.4). Since the cell gap is consideratlgler than the
helical pitch length of several micrometers therfation of the helical structure is suppressed
and instead of the striped texture a typical doneiture as shown in Figure 66 with separate

domains of opposite tilt directions is observed.

Figure 66: Electrooptic investigations of the lyotropic SmC* analdwgge. a) And b) show the texture betw

crossed polarizers of a 1.6 um thick sample of @b 19 wt% of formamide in a nylon coated, singlde
rubbed measurement cell. An alternating electaldfivith a frequency of 0.5 Hz and a voltage of-f ! was
applied to the measurement cell. The two image® walen at the same position in the sample bugatrse
directions of the applied field. The change in sraission and thus in the oriatibn of the director can clearly
seen, yet no full switching of the director is astad (adapted from [68]. Copyright 2013 WINEH Verlag
GmbH & Co. KGaA, Weinheim. Reproduced with pernoss).
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By applying an alternating electric field to thensple, the texture observed between crossed
polarizers changes in dependence of the directfaien applied electric field as shown in
Figure 66a and b. This observation already suggestdar response of the lyo-SmC* phase to
the electric field. However, full switching as knefvom thermotropic SmC* phases cannot be
observed due to the low resistance of the lyotr§onC* analog phase which leads to very high
induced currents and thus to a dielectric breakrdofsthe measurement cell at high voltages

or low frequencies of the applied electric field.

To definitely prove, that this effect is indeed guond not dielectric, the transmission of the
sample between crossed polarizers was recordedawptiotomultiplier. The signal obtained
(red dots) is plotted in the upper part of Figuret@égether with the electric field applied (blue
line). The graph plainly validates that the chaimggansmission observed is polarity-depend-
ent, as the direction of the recorded intensityersgs whenever the direction of the applied
electric field changes. Thus, the lyotropic SmCélag phase shows polar switching in analogy

to the thermotropic ferroelectric SmC* phase.

By integrating the transmission intensity measued plotting it versus the reduced tempera-
ture, the graph at the bottom of Figure 67 is ol@di The measurement starts in the lamellar
L« phase. Here, no effect of the electric field aggblon the sample can be observed and thus
the change in the transmission measured is zeraoBlng down into the lyotropic SmC*
analog phase the signal measured starts to incrdbBest the increase of the intensity change
is quite rapid, but then the values start to fratiat and at a reduced temperaturé-ot = -10 K

a more or less saturated state seems to be reached.

After proving that the lyotropic SmC* analog ph@sadeed ferroelectric, the next logical step
is to determine the value of its spontaneous éteptiarization. In thermotropic SmC* phases
the value oPsis usually measured by means of the triangularewagthod ¢f. Chapter 4.6.1).
However, first experiments on the lyotropic SmCalmg phase showed that this method is not
applicable for lyotropic liquid crystals. Due toetlsolvent and ionic impurities dissolved
therein, the conductivity of lyotropic liquid cryds is rather high compared to thermotropic
liquid crystals. Therefore, the resistance becorery small leading to a quite big ohmic
current which is about 100 times larger than inilsimexperiments with thermotropic SmC*

liquid crystals. It turned out to be nearly impddsi to measure the spontaneous
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Figure 67: Change in transmission of the texture of the ypic SnC* analog phase between crossed polar
induced by an alternating electric field of 73 Hzthe upper part of the figure the intendityf the transmissic
(red dots) is plotted together with the appliedagéU (blue line), whereas in the bottohetintensity measur
is plotted versus the relative temperattiré: (adapted from [68]. Copyright 2013 Wil&€H Verlag GmbH ¢
Co. KGaA, Weinheim. Reproduced with permission.).
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electric polarization in the lyotropic SmC* analolgase with the triangular wave method, since

the spontaneous polarization current is almost ¢etely hidden by the large ohmic current.

In a second approach to determine the contribuifdhe spontaneous electric polarization to
the total current, an experimental set-up was @eweghich simulates all other contributions to
the induced current by an equivalent circuit. T$8tup is referred to as compensation circuit,
as the subtraction of the simulated signal frommieasured signal compensates all irrelevant
contributions. A sketch of this set-up is showrFigure 68. The resistance of the lyotropic
liquid crystals was simulated with an adjustabkeister which is connected in parallel to an
adjustable capacitor mimicking the capacity ofrtteasurement cell. In addition, the resistance
Riro of the ITO layer has to be taken into account iuthe small resistance of the lyotropic
liquid crystal. In contrast to the other contrilouis to the total current, the resistance of the ITO
layer has to be seen as connected in series. Brastibg the two signals only the contribution
of the spontaneous electric polarizatRyito the total current should be left. As theretaree
adjustable variables (B, Rro, C) in this set-up, the obtained results are resy veliable.
However, with this method it is at least possiblel¢tect an additional current which might be

related to the spontaneous polarization reverstiaryotropic SmC* analog phase.

In Figure 69 the measured as well as the simulaigaials are plotted. The upper part of
Figure 69 shows the current measured in the lamiedlgphase (red curve) and the according
simulated signal (black curve). In the examinediaeghe two curves exhibit the same

progression as there is no contribution in the llanéq phase to the reversal current which is

J

E LC cell .
oscilloscope
R, 2 resitance of the LC channel 1
function generator 4‘i'—

R, 2 resitance of

the ITO layer | oscilloscope
| channel 2

C 2 capacity of the cell

)

Figure 68: Measurement set-up for detecting the spontaneleatrieal polarizationPs. The compensatic
circuit composed of two adjustable resistors amd@acitor mimics the current in the cell filled vihe lye

tropic SmC* analog phase.
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Figure 69: Current response to a triangular voltage of-fri* at a frequency of 73 Hz applied to the compen
sation circuit (black curves) and to a C50 / forr@emsample with 13t% of formamide (red curves) in
lamellar L« phase at 36°C (top) and the lyotropic SmC* anglogse at 16°C (bottom).
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not covered by the compensation circuit. In thedopart of Figure 69 the measurement in the
lyotropic analog of the SmC* phase is shown. Harslight deviation between the measured
curve and the simulated curve can be found, whaimot be compensated with the used

equivalent circuit.

Hence, the measurement shows that an additionedrdus observed in the lyotropic SmC*
analog phase, which is not the case in the lamigdl@hase. This additional contribution to the
total current might originate from the spontaneelextric polarization reversal in the lyo-
SmC* phase. However, the measurement also revealssimall this additional current is

compared to the overall current.

For enhanced visibility of the additional polaripat reversal current, the simulated curve is
subtracted from the measured curve. The resultngpensated signal is plotted in Figure 70
for different temperatures. The contributions whiaight be attributed to the spontaneous
electric polarization are marked arrows. At higtenperatures the curve of the compensated
signal runs flat in the examined region. By goingdwer temperatures the marked maxima

and minima become more and more pronounced. Hémeegdditional polarization reversal

3

t/ms

Figure 70: Compensated measurement signal of a C50 sampieapfiroximately 1®t% of formamide fc
different temperatures. The polarization reversatent which can be assigned to the spontaneousielpolar
ization reversal is marked with an arrow. The plfekimaxima or minima do not change with tempematidihus

they do not correlate with the spontaneous eleptilarization but are due to some uncompensatetlilsotion.
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current increases, according to an increasing apeous electric polarization with decreasing

temperature, as expected for the lyotropic anafadgeoSmC* phase.

Next to the additional current just discussed,réhr uncompensated current can be found in
Figure 70 manifesting in a rather sharp maximumramimum. However, this uncompensated

current also appears in the lamellax phase and its amplitude does not change with
temperature. Therefore, it cannot be attributethéospontaneous electric polarization of the
lyotropic SmC* analog phase. Most likely, this unmgmensated current is due to some disre-

garded contribution or imprecision in the setuphef compensation circuit.

In principle, the value of the spontaneous eleghatarizationPs might be derived from
Figure 70 and calculated with Equation 9. Howevepeated measurements show that the
absolute value oPs is irreproducible with this method. Thus, no absslvalue for the
spontaneous electric polarizatiBgwill be given in this context. Nonetheless, theaswegement
proved to be a valuable tool in verifying the appeae of an additional polarization reversal
current possibly due to the spontaneous electi@rizationPs in the lyotropic SmC* analog

phase.

The third approach which was made to determinevidae of the spontaneous electric
polarizationPs in the lyotropic analog of the SmC* phase makesafsts correlation with the
time T, which is necessary for switching between the tufese-stabilized states, and with the
applied electric fielce (cf. Chapter 4.6.2). In Figure 71 the measured switchime T10-90 IS
plotted versus the inverse amplituBe! of the applied electric field. Below the threshold
voltage the switching of the director between the surface-stabilized states is incomplete. At
field amplitudes higher than the threshold fielthaar dependence of the switching timeso
and the inverse electric fielf* emerges. According to Equation 9 the slopef the regression
line is proportional toy / Ps. Unfortunately, the rotational viscosiyy is unknown and its
measurement would require a large amount of thearklowever, a rough estimation feg
can be made by assuming that the order of magndatittee viscosityin general depends on
the state of matter and the temperature mainlyicBywalues for the viscosity of lyotropic
lamellar L« phases determined by microrheology at 25°C wasaddo be in the order of 10—
20 mPas [116-118]. Inserting this value into Equatiore8ults in a spontaneous polarization
of 0.1-0.2 n@m?. Even though this is a very tough estimation, ¢benparatively small
spontaneous electric polarization seems reasownahidering the difficulties which occurred

on trying to measure it.
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5.5 Model of the lyotropic SmC* analog phase

Based on the measurements presented in the prgceluapters, several conclusions can be
drawn concerning the structure of the lyotropic Sna@alog phase. The observations and

corresponding conclusions are as follows:

= Sharp (00-layer peaks ofsland 29 order indicate a one dimensional periodic lamellar

structure.
= Diffuse scattering in the wide-angle regime shoat the investigated phase is fluid.

= An almost linear increase of the layer spacing megbwith X-ray diffraction suggests

the presence of separate solvent and surfactagrislay

= A surfactant layer thickness larger than the caked molecular length hints on the

formation of bilayers.

= The macroscopic tilt angles detected optically byp&-ray diffraction indicate that the
surfactant molecules are tilted inside the bilayerd that the tilt direction is intra- and

interlamellarly correlated over a long distance.

On the basis of these observations it is possgevise a structural model of the lyotropic
SmC* analog. However, chirality effects are notued in this model and it is thus also ap-

plicable to the achiral lyo-SmC phase.

In Figure 72 a true to scale sketch of this stmattmodel is shown, which is consistent with
the results obtained for the sample of C50 withwi%® of formamide at a temperature relative
to the phase transition ®fTc = -10 K. The repeat unit of the lamellar structisreomposed of
two parts: a bilayer of the C50 diol molecules arsblvent layer of formamide. By taking into
account the extrapolated values of the bilayektiess in Figure 57 and the calculated length
of the diol molecule of 2.49 nm, it turns out thia hydrophobic parts of the diol molecules
have to interdigitate considerably. Furthermore, diol molecules within the partial bilayers
are tilted with respect to the layer norrkalcf. Figure 58). The formamide layer is composed
of more or less disordered solvent molecules, whrehdepicted as gray dots in Figure 72. By
extrapolating the layer spacingf.(Figure 55) towards the borders of the concentmat@mge

in which the lyotropic SmC* phase exists, a miniméormamide layer thickness of about



Model of the lyotropic SmC* analog phase 111

Oo

00 Q. O 00
05 oOooo 09 00 0009, 8 OOO 00
oo © 00 OOO Oo 0 o
0 oo 0o Q
ooo o0 O B0% 5B o o

%/ ﬁﬁ/ f N ﬁ%
e WMM

formamide layer ~ 1.7 nm I

canel} e S

Figure 72: Structural model of the lyotropic SmC* analog phbased on the presented measurements of th
sample with 19 wt% of formamide &tTc = -10 K.

0.7 nm and a maximum formamide layer thicknessbofua 2.7 nm can be expected. If the

thickness of the solvent layer is increased furtbely the lamellar kL phase remains.

The maximum thickness of the formamide layer ofrfrvis only slightly higher than the length
of the C50 molecule of 2.49 nm. Thus, one mightkhhat the stability of the lyotropic SmC*
analog phase is based on out of layer fluctuatiwhg;h cannot take place if the solvent layer
is significantly larger than the length of the nwlke. This idea conflicts with measurements
performed on mixtures of C50 and water. Here a smé&yer spacing of up to 7 nm at the
lamellar L« to lyo-SmC* phase transition was measured in apgamwith 64 wt% of water.
Assuming that the structure of the bilayers ofdtué molecules does not depend on the solvent
used, this leads to a solvent layer thickness 48, which is significantly larger than the

molecular length.

In conclusion, the model shown in Figure 72 proside experimentally validated picture of
the structure of the lyo-SmC* phase. However, gslaot answer how the correlation of the
director tilt takes place from one bilayer to tlexinacross the intermediating layers of solvent
molecules. Furthermore, it does not explain howctheality-induced subtle precession of the
director is transmitted, which corresponds to dnBf per lamella in the example shown. Thus,

to address these two issues further consideratiaws to be taken into account.
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In Chapter 5.1.2 it was shown, that two thingsregeessary for the formation of the lyotropic
analog of the SmC* phase. Firstly, the surfactantegule has to exhibit a very balanced
structure in-between the structure of conventidghatmotropic and lyotropic liquid crystals.
Especially, the lyotropic part has to incorporatgotar chain with oxygen atoms connecting
the diol head group to the rest of the moleculeo8dly, the solvent has to possess at least two
hydrogen bond donor atoms allowing the formationpfo four hydrogen bonds per molecule.
The solvent molecules are thus able to build uptevork of hydrogen bonds. Hence, it seems
that the key to understanding the long-range caticai of tilt direction as well as its helical
precession in the lyotropic SmC* analog phase ranounced hydrogen bond network
between the solvent molecules as well as betwemsdlvent and the surfactant molecules.
Based on this observation, the structural mod#i@®fyo-SmC* phase was refined as discussed

in the following.

In Figure 73 the two-dimensional projection of agible molecular arrangement in the lyo-
tropic analog SmC* analog phase is shdffihe hydrophobic parts of the C50 diol molecules,
i.e. the alkyl chains and the aromatic cores, are Iggted in red. The alkyl chains of the diol
molecules interdigitate, thus building up the bawid of the bilayer. The hydrophilic parts of
the diol molecules, which include the diol headupr®as well as the ethylene glycol units, are
marked in purple. Since the ethylene glycol units hydrophilic, solvent molecules can
penetrate into this region of the bilayers. Theecaxes of the diol molecules are tilted with
respect to the layer normal. The directions andntlagnitude of this tilting are sustained in
every bilayer. The region between two bilayersllisd with further formamide molecules. The
formamide molecules form a very dense hydrogen bwetdiork with up to four hydrogen
bonds per solvent molecule [119, 120]. To gaimapression how this hydrogen bond network
could look like, the molecular arrangement in Fggut3 assumes that the structure and
connectivity of the hydrogen bond network in ligéedmamide is similar but less ordered than
its structure in crystalline formamide [121]. Thetpre suggests that there are not only multiple
hydrogen bonds between the solvent molecules botlatween the diol head groups of the
C50 molecules and the formamide molecules. Moreower formamide molecules which

interpenetrate into the bilayers form hydrogen Isorwith the oxygen atoms of the

10 The depicted sketch corresponds to a sample of 8020 wt% of formamide in scale and concentrati®
the number of surfactant molecules is doubled. biaihe surfactant molecules were omitted for saflkdarity.
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Figure 73: Refined model of the lyotropic SmC* analog phadee fydrophobic part of the bilayers is highligt
in red, the hydrophilic part in purple and the famide layer in blue (adapted from [97]. Copyrighi3 Wiley-
VCH Verlag GmbH & Co. KGaA. Reproduced with pernass.
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ethylene glycol units. In consideration of this smllar arrangement, the picture of a complex

and tightly interwoven structure emerges. In cosioln, the model suggests, that the long-range
inter-layer correlation of tilt directions takespé via this very strong and dense hydrogen bond
network.

This assumption is experimentally supported by idvesults presented earlier in this thesis:

= Firstly, the stability of the Iyotropic SmC* analgipase (in temperature and concen-
tration range) is higher with water than with fomride as solven(cf. Chapters 5.2.1).
In comparison no lyo-SmC* phase is formed wikmethylformamide ¢f. Chapter
5.2.2). These observations are in line with theiagdion that the correlation of the tilt
direction takes place via the hydrogen bond netwbdonsidering that the number
density of hydrogen bond donor atoms in water isévas big as in formamide and that

N-methylformamide is not capable of forming a hydmedpond networkcf. Table 5).

= Secondly, a rigid hydrogen bond network should wnprthe correlation of the tilt
directions from one layer to the next. This riggdshould be influenced by the number
density of the hydrogen bonds as well as the lengthe hydrogen bond connection
between the bilayers. Thus, if the thickness ofdbleent layer is increased, the total
rigidity of the hydrogen bond network decreasess Thin line with the experimental
observation that the optically determined tilt @&ti3h: decreases with increasing solvent
concentration while the tilt angReric deduced from X-ray measurements does not.
This suggests that the correlation of the tilt clien from one layer to the next is
reduced by the increasing thickness of the sollaymrs. Furthermore, this is also in
agreement with @ increasing with increasing solvent concentratias,a reduced
rigidity of the hydrogen bond network should faeile the twist of the hydrogen bond
network.

= Finally, in the case of formamide as solvent, thage transition temperature of the
lamellar L« to lyotropic SmC* analog phase transition shitisstaller and smaller
values with increasing formamide concentraticihChapter 5.2.1). This accounts for a
loss of correlation between the partial bilayerthvimcreasing thickness of the solvent
layer. After reaching a critical formamide layeickness of 2.7 nm all correlation is

lost as the hydrogen bond network becomes legs rigi
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In conclusion, the refined model points out the am@nce of a densely woven three-dimen-
sional hydrogen bond network for the long-rangeriaimellar correlation of the tilt directions
which is necessary for the formation of the lyotcoBmC* analog phase. Moreover, it is
consistent with the experimental results presemtethis thesis. Some questions however
remain unclear. Especially, the issue of how thadfer of chirality along the hydrogen bond
network takes places on a molecular scale. Summoymghis thesis lays the foundation for
understanding the novel lyotropic analog of theriwropic SmC* phase and opens a fascin-

ating new field in liquid crystal research.






6 Summary

The subject of this thesis is the discovery andasttarization of the lyotropic analog of the
well-known thermotropic ferroelectric SmC* liquidystal phase. In addition to providing
evidence for the existence of this previously unvnghase, the main focus of the work
presented is on the investigation of its structpraperties and chirality effects. In particular,

the following results were obtained:

= The systematic study of the schematic phase disggainrarious surfactant / solvent
systems indicates that certain structural elemam@sequired for the formation of the
lyotropic SmC* analog phase. In addition to a SnpZdmoting aromatic core and a
hydrogen-bonding head group, the presence of ateatinglycol unit linking those two
elements seems to be crucial for the surfactanecoéd. The overall design of the
surfactant molecule is very delicate, as smallatems of the structure lead to the
disappearance of the lyotropic SmC* analog phase.oDthe investigated surfactant
molecules only one exhibits the lyotropic SmC* aggbhase and was thus selected for
further investigations. The solvent molecules stidag highly polar, possess a small
molecular volume and be able to form multiple hggno bonds leading to a dense three-
dimensional hydrogen bond network. Only water amuinimide have proved to be

suitable solvents so far.

» The detailed phase diagrams of the selected sarfawith water or formamide exhibit
a variety of lyotropic liquid crystalline phases.hii¢ there is only a monotropic
cholesteric phase in the neat surfactant, the iaddiff either one of the solvents leads
to the induction of the following enantiotropic ses: cholesteric, lamellasLhigh and
low temperature two-dimensional monoclinie,Mnd the SmC* analog. Remarkably,
the lyotropic SmC* analog phase occurs only atakd solvent concentrations, which

shows that this is a true lyotropic phase.
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Summary

The SmC* analog nature of the lyotropic phase veasahstrated by the observation of
characteristic textures associated with the thenwpat SmC* phase, such as broken
fan-shaped texture, schlieren texture, zigzag d&fepontaneous tilt domains in the
surface-stabilized state and pitch lines. Furthademce was provided by X-ray
experiments. The two-dimensional diffraction pattef an aligned sample confirms
that the phase is lamellar, tilted and fluid, ahd kayer spacing shows a temperature

dependence typical of thermotropic SmA* to SmC*gehransitions.

Temperature-dependent X-ray diffraction measurementthe layer spacing of the
lyotropic SmC* analog phase in mixtures with diéfet concentrations of formamide
revealed that the layer spacing increases approgiynbnearly with the amount of
solvent. The maximum solvent layer thickness wisith allows the correlation of the
director tilt direction between succeeding surfattayers, was estimated to be about
2.7 nm.

The optically measured tilt angle of mixtures withmamide can be as large as 28°.
The magnitude of the tilt angle decreases witheasing solvent concentration. This
can be explained by the increased solvent layekiieiss which leads to a reduced inter-
lamellar tilt correlation. Measurements of the temgpure dependence of the tilt angle
showed that an increasing solvent concentratioredrihe lamellar to SmC* analog
phase transition from first to second order, a drehat was also confirmed by

differential scanning calorimetry.

A significant result of this thesis is that the sealzhirality-induced helical precession
of the tilt direction is correlated over long dista, even though the surfactant bilayers
are separated by substantial layers of achiraksblmolecules. To gain further insight
into this phenomenon, two chirality effects of thietropic SmC* analog phase were
studied.

The first chirality effect is the helical twist tifec-director. For both solventse. water
and formamide, the pitch length is in the ordeseferal micrometers. Remarkably, the
two solvents lead to quite different behavior relgay the dynamics of formation of the
helical structure. While in samples where the saivewater the pitch lines take weeks
to build up, in mixtures with formamide they formtwn seconds. The temperature

dependence of the pitch is comparable to the theopic case. The concentration
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dependence in contrast is counterintuitive, théchktwist increasing with increasing
formamide concentration even though the numberityeas chiral molecules in the

mixtures decreases. A possible explanation for timexpected behavior is that the
rigidity of the solvent layers is reduced by in@ieg the solvent concentration which

in turn facilitates the chirality-induced distontiof the director field.

= The second chirality effect which was observed iawedstigated is the polar electro-
optical switching between two surface-stabilizeded. The polar nature of the observed
effect indicates that the lyotropic SmC* analogg#hpossesses a spontaneous electrical
polarization similar to its thermotropic analog. édto the high conductivity of the
solvent it was not possible to measure this paéon directly. Nonetheless, the
spontaneous electrical polarizatiBawas estimated by field-dependent measurements

of the optical response time to be in the ordeéd.dfnGem2.

= Based on the results obtained in this thesis sariodel of the lyotropic analog of the
SmC* phase was developed. The model suggestshhabtrelation of the director tilt
as well as its helical precession takes place \8&rang, three-dimensional hydrogen
bond network formed by the solvent molecules. Wilhensolvent concentration is in-
creased, the solvent layers become thicker andrilyedity is reduced. After reaching
a critical distance, the tilt correlation betweeatjagent bilayers gets lost. This then
causes the appearance of the lamellaphase in which there is no macroscopic tilt

correlation.

= |n addition to the stated aims of this thesis,thase diagram of the selected surfactant
mixed with N-methylformamide as solvent was investigated toastiat no lyotropic
SmC* analog phase occurs with a solvent that dad¢sfarm a three-dimensional
hydrogen bond network. However, two other intergsphases appear by the addition
of this solvent. The first phase is a rare exangpla re-entrant cholesteric phase and
the second is a solvent-induced twist grain bounghese, the first observation of this

phase in a lyotropic liquid crystal.

In conclusion, this work shows that a lamellattetl| fluid phase exists in lyotropic liquid
crystals and that it exhibits characteristic clitiyagffects, namely helicity and spontaneous
electrical polarization, known from the thermotmperroelectric SmC* phase. These results

contribute significantly to a better understandofglyotropic liquid crystals and bridge a
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substantial gap between the two fields of liquigstalline research. In accordance with the
established nomenclature of lyotropic and thernptrdiquid crystals, the novel phase is
suggested to be denoted as the Iamé.l@e\mhase, where the indexdenotes a tilted fluid phase

and the superscriptindicates that molecules are chiral.



7 Zusammenfassung

Die vorliegende Doktorarbeit befasst sich mit dertdeckung und Charakterisierung des

lyotropen Analogons der bekannten thermotropenoéektrischen SmC*-Flussigkristall-

phase. Neben dem Beweis fur die Existenz dies@angsunbekannten lyotropen Phase liegt

der Fokus der vorgestellten Arbeit auf der Untensing von Struktureigenschaften und Chi-

ralitétseffekten der Phase. Im Einzelnen wurderfagenden Ergebnisse erhalten:

Systematische Untersuchungen verschiedener Tenkiisungsmittel-Systeme und
ihrer schematischen Phasendiagramme deuteten damudass bestimmte Struktur-
elemente zur Bildung der lyotropen SmC*-analogeasehbendtigt werden. Im Hin-
blick auf das Tensidmolekil scheint neben einenmatschen Kern, der die Bildung
von SmC*-Phasen begunstigt und einer Kopfgruppe zdr Ausbildung von Wasser-
stoffbriickenbindungen in der Lage ist, vor allera Giegenwart einer Ethylenglykol-
einheit, die diese beiden Strukturelemente verljngen wesentlicher Bedeutung zu
sein. Die Gesamtkonzeption des Tensids ist sulatibereits kleine Veranderungen der
molekularen Struktur zum Verschwinden der lyotrof@nC*-analogen Phase fuhren.
Nur eines der untersuchten Tensidmolekiile ist zioluBg der lyotropen SmC*-
analogen Phase in der Lage und wurde daher flereditntersuchungen ausgewahlt.
Die Losungsmittelmolekille missen eine hoch-polamek&ir sowie ein geringes
molekulares Volumen aufweisen und in der Lage semehrere Wasserstoff-
briickenbindungen auszubilden, wodurch die Entsiglaines dichten dreidimensio-
nalen Wasserstoffbrickennetzwerkes ermdglicht wiid. geeignete Losungsmittel

erwiesen sich bislang lediglich Wasser und Formamid

Die Phasendiagramme des ausgewahlten Tensids nsgeiVheziehungsweise Form-
amid weisen eine Vielzahl an lyotrop-flissigkrite@n Phasen auf. Wahrend im

I6sungsmittelfreien Fall lediglich eine metastahit®notrope cholesterische Phase
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auftritt, fuhrt die Zugabe jedes der beiden Losomgsl zur Entstehung der folgenden
enantiotropen Phasen: cholesterisch, lamellar Hoch- und Tieftemperatur zwei-
dimensional monoklin Mund SmC*-analog. Bemerkenswerterweise tritt dagrype

SmC*-analoge Phase ausschlie3lich bei erhdhtenngssnittelkonzentrationen auf,

was zeigt, dass es sich hierbei um eine echtedyetPhase handelt.

Die SmC*-analoge Natur der lyotropen Phase wurdectdudie Beobachtung
charakteristischer Texturen, wie sie von der théropen SmC*-Phase bekannt sind,
nachgewiesen. Zu den beobachteten Texturen getli@gebrochene Fachertextur, die
Schlierentextur, Zickzack-Defekte, die Domanentexta oberflachenstabilisierten
Zustand und die Fingerprinttextur, die durch digkiaée Direktorverdrillung entsteht.
Weitere Beweise konnten durch Rontgenbeugungsenpete geliefert werden. Das
zweidimensional gemessene Beugungsbild einer cereent Probe belegt, dass die
Phase lamellar und fluide ist und die Tensidmolekglativ zu den Schichten geneigt
sind. Weiterhin weist die Schichtdicke eine Tempewbhangigkeit, die cha-

rakteristisch fir thermotrope SmA*-SmC*-Phasenubagg ist, auf.

Konzentrations- und temperaturabhangige Réntgeningss der Schichtdicke der
lyotropen SmC*-analogen Phase in Mischungen mitnfaonid zeigen, dass die
Schichtdicke nahezu linear mit dem Ldsungsmitteddferunimmt. Die maximale

Losungsmittelschichtdicke, die gerade noch einerédation der Direktorneigungs-
richtung zwischen aufeinanderfolgenden Tensidsthirckulasst, wurde auf ungefahr

2,7 nm abgeschatzt.

Der optisch gemessene Direktorneigungswinkel drt@ércMischungen mit Formamid
Werte von bis zu 28°. Der Neigungswinkel nimmt muhehmender Losungsmittel-
konzentration ab. Erklart werden kann dies durod wachsende Ldsungsmittel-
schichtdicke, die zu einer Verschlechterung deeriamellaren Korrelation der Di-
rektorneigungsrichtung fihrt. Temperaturabhéngigsadngen des Direktorneigungs-
winkels zeigten, dass die Natur des Phaseniibergangdamellar kk nach SmC*-
analog durch die Erhéhung der Losungsmittelkonadiotn von erster nach zweiter
Ordnung verschoben wird. Dieser Trend konnte awskhhddynamische Differential-

kalorimetrie bestatigt werden.
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Eine wesentliche Erkentnis dieser Arbeit bestehindalass die subtile chiralitats-
induzierte helikale Prazession der Direktorneiguisbtung langreichweitig korreliert
ist, obwohl die Tensiddoppelschichten durch bettétte Schichten achiraler L6-
sungsmittelmolekile voneinander getrennt sind. Umeretieferen Einblick in dieses
Phé&nomen zu erhalten, wurden zwei Chiralitatseffeldr lyotropen SmC*-analogen

Phase naher untersucht.

Der erste untersuchte Chiralitatseffekt ist digkage Verdrillung des-Direktors. Fur
beide LOosungsmittel, das heil3t sowohl fir Wasseraalkch fir Formamid, liegt die
helikale Ganghohe in der GréRenordnung von mehrbtdmometern. Bemerkens-
werterweise fuhren die beiden Losungsmittel zu treciterschiedlichem Verhalten in
Hinblick auf die Bildungsdynamik der helikalen Sttwr. Wahrend die Ausbildung der
Fingerprinttextur in Mischungen des Tensids mit ¥éasnehrere Wochen bendtigt,
bildet sich die Textur in Mischungen mit Formammaeérhalb weniger Sekunden. Die
Temperaturabhangigkeit der helikalen Ganghdhe e@igtergleichbares Verhalten wie
im thermotropen Fall, die Konzentrationsabhangigisi jedoch Uberraschend. Mit
zunehmender Formamidkonzentration nimmt auch dikaie Verdrillung zu, obwohl
die Teilchendichte der chiralen Molekile in der &hisng abnimmt. Eine mogliche
Erklarung fur dieses unerwartete Verhalten bestaetin, dass die Losungsmittelschicht
durch Erhéhung der Lésungsmittelkonzentration aifi§keit verliert, was wiederum

die chiralitatsinduzierte Verdrillung des Direkteides begunstigt.

Der zweite Chiralitatseffekt, der beobachtet undersucht wurde, stellt das polare
elektro-optische Schalten der Direktororientieruagiischen zwei oberflachen-
stabilisierten Zustanden dar. Die polare Natur lokssbachteten Effekts deutet darauf
hin, dass die loytrope SmC*-analoge Phase &ahnliehitw thermotropes Gegensttick
eine spontane elektrische Polarisation aufweistgiind der hohen Leitfahigkeit des
Losungsmittels war es nicht moglich, diese Poléinsadirekt zu messen. Durch feld-
starkenabhangige Messungen der optischen Schdttrmite jedoch ein Wert fur die
spontane elektrische Polarisation in der GroRenorgrvon 0,1 n@m? abgeschatzt

werden.

Auf der Grundlage der in dieser Arbeit erhaltenegeBnisse wurde ein erstes Modell
der lyotropen SmC*-analogen Phase entwickelt. Danid vorgeschlagen, dass sowohl

die Korrelation der Direktorneigungsrichtung alclaueren helikale Prazession Uber
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ein dichtes dreidimensionales Wasserstofforickemerk, welches von den
Losungsmittelmolekilen gebildet wird, stattfindd@ei einer Erhdéhung der LO6-
sungsmittelkonzentration nimmt die Dicke der Lossmgtelschicht zu, verliert aber
gleichzeitig an Steifigkeit. Nach Erreichen einéti&chen Losungsmittelschichtdicke
geht die Korrelation zwischen aufeinanderfolgen@msiddoppelschichten verloren.
Dies fuhrt dann zum Erscheinen der lamellaresPhase, in der es keine makrosko-

pische Korrelation der Direktorneigungsrichtungtgib

= Uber die im Rahmen dieser Arbeit gesetzten Zietas wurde das Phasendiagramm
des ausgewahlten Tensids MiMethylformamid als Losungsmittel aufgenommen, um
zu bestétigen, dass keine loytrope SmC*-analogeséPima Mischungen mit einem
Losungsmittel, welches kein dreidimensionales Wasskbriickennetzwerk bildet,
auftritt. Bei Zugabe dieses Losungsmittels bildeh gedoch zwei andere interessante
Phasen. Die erste Phase stellt eines der seltep@pi®e flr eine cholesterische
Reentrant-Phase dar, wahrend die zweite Phasel@nagsmittelinduzierte Twist-
Grain-Boundary-Phase ist, welche in lyotropen Rijilgsstallen erstmals beobachtet

wurde.

Zusammenfassend zeigt die vorliegende Arbeit, dass fluide lyotrope Mesophase mit in
Schichten angeordneten, geneigten Tensidmolekikestiest und dass sie die gleichen
charakteristischen Chiralitatseffekte wie die themope ferroelektrische SmC*-Phase
aufweist, namlich eine helikale Struktur und eip®rdgane elektrische Polarisation. Diese
Ergebnisse tragen maf3geblich zu einem besseretiNenss lyotroper Flissigkristalle bei und
schlagen eine wichtige neue Briicke zwischen detebdreldern der Flussigkristallforschung.
In Einklang mit der fur lyotrope und thermotropé&igsigkristalle gebrauchlichen Nomenklatur
wird vorgeschlagen, die neuartige Mesophase alsllara LE-Phase zu bezeichnen, wobei der
untere Indexa eine fluide Phase mit geneigten Molekllen besbhnand der obere Index

darauf hinweist, dass die Molekiile chiral sind.
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Appendix






A. Calculation of eectron density maps

In Chapter 5.2.1 the structural properties of the tolumnar phases Gaind Cof formed by
mixtures of C50 and water or formamide are disalis$¢e this appendix details on the
indexation of their X-ray diffraction patterns aslixas on the calculation of the electron density

map of the Calphase are given.

In Table A.1 and Table A.2 the X-ray diffractiontaaf the Caol phase at 70°C and the ¢ol
phase at 60°C measured in a C50 sample with 5.50ki®&ter are shown. To every observed
periodicity distancedons. the Miller indices Ik) were assigned as listed in Table A.1 and
Table A.2. Both mesophases belong to the planepgr@uThe lattice parameters of the high
temperature Celphase and the low temperature {ullase were calculated to e 9.99 nm,
b=7.75nmy=119.0° anch = 12.78 nmp = 12.78 nmy = 142.4°, respectively. To verify
these results, the hypothetical periodicity disémtzac. were calculated using the determined

Miller indices and lattice parametetk(Equation 19). In case of the Cphase ¢f. Table A.1)

Table A.1: X-ray diffraction data of the Cpphase of a C50 sample with 5.5 wt% of water aC70°

(hk) dobs. / NM deac. / nm I(hk) @(hk)
(01) 7.35 7.36 0.1072 0
(11) 4.37 4.37 0.2914 4
(10) 4.37 4.38 0.4246 0
(20) 3.69 3.68 0.0364

(12) 3.36 3.34 0.0311

11) 3.36 3.35 0.0296

(21) 2.30 2.29 0.0723

(22) 2.22 2.19 0.0025

(20) 2.19 2.19 0.0049
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Table A.2: X-ray diffraction data of the Cpphase of a C50 sample with 5.5 wt% of water aC60°

(hk) dobs. / NM deaic. / nm I(hk) @(hk)
(01) 12.07 12.42 0.0502 -
(02) 6.07 6.21 0.0096 -
(11) 412 4.19 0.3002 -
(10) 3.90 3.89 0.4152 -
(12) 3.90 4.05 0.0775 -
(13) 3.44 3.59 0.0373 -
(12) 2.90 2.85 0.0089 -
(22) 2.05 2.10 0.0556 -
(21) 2.05 2.04 0.0139 -
(23) 2.03 2.09 0.0099 -
(20) 1.96 1.95 0.0217 -

the values oflobs. anddcaic. are in agreement. For the €phase ¢f. Table A.2) the deviations
of the measured and calculated values are sligighyer than for the Cobhase, which can be
explained by the declining alignment in the £phase ¢. Figure 48b). Furthermore, the
multiplicity corrected intensitieghk) of every diffraction peak are listed. The phasgles
@(hk) of the structure factor are only stated for tifeattion peaks, which were used for the

calculation of the electron density map.

The electron density map of the €phase ¢f. Figure 48c) was calculated from the data given

in Table A.1. For this the equation

o(%.y) =%Z E (hk) expl-2ri (hx+ ky)] (A1)

was used, which connects the electron densky) to the scattering amplitude(hk) by
Fourier transform [99]. The complex scattering atapgeF(hk) can be split up into its modulus

|F(hk)| and a term including its phase ang{bk) according to

F(hK) =|F (k)| exple(hK)]. (A.2)
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The modulus|F(hk)| of the scattering amplitude is related to thensity I(hk) of the dif-

fraction peaks via

|[F(hk)| O4/1 (k). (A.3)

The electron density can thus be written as

p(x,y) 0D /1 (hk) expf2ri (hx+ky) +ig(hk)] (A.4)

or as

p(x,y) 0> /1 (k) (cosE2nihx+ky) +@(hK)] +i sinf-2n(hx-+ ky) + g(hk)]) (A.5)

if including Euler’s formula. As in the plane gropg for every reflection(hk) a symmetry
equivalent reflection(hk) exists, the term containing the central symmaetine function is

canceled out. Hence, Equation A.5 is reduced to

p(x,y) 0D /I (hk) cosE2m(hx+ky) +@(hk)] (A.6)
for the given plane group.

Equation A.6 makes it possible to calculate theteda density of the probed sample if the
phase angle(hk) of the scattering amplitude is known. Howevererperimental method exits
which enables the determination of this value. R@n-centrosymmetric plane group&ik)
may take every value between 0 amd Eence, the number of possible electron densitysma
is infinite. To enable the calculation of electdensity maps in a finite time, the valuegdfk)

was varied in steps a#4. This results in reasonable approximations efelectron density. To
decide which of the electron density maps obtaisetie one best reflecting the reality, the
maps are compared by means of physical and cheplaagibility. A possible way of doing
this is by comparing the volume fractions of th&edent parts of the molecules with the
histogram of the calculated electron density mépseasonable electron density maps these

volume fractions should match with well separatglons of high and low electron density.

Practical calculations of the electron density mapee performed with the prograwhATLAB
R2013a by The MathWorks (USA). For this a program code was written whichsted below.

Comments in the code are marked with the symbal ‘%’
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MATLAB code for the calculation of electron density mggane group?2):

a=999;

% value of the lattice parameter a

breal = 775;

% value of the lattice parameter b

gamma = 2.0773;

% value of the lattice parameter gamma

b = round(breal*cos(gamma-1.570976));

% value of the lattice parameter after projection o n the x-axis

S=2;
% step size

n = 1:(4*a/s)*(4*bls);
% row vector of calculation points

M = (-2*a:s:2*a-1);
ex = repmat(M,4*b/s,1);
% array for calculation of data points with respect to the direction of b

num = [1:s:4*b];

ta = 1/tan(gamma);

tnum = (num*ta).";

tex = repmat(tnum,1,4*a/s);

X = ex+tex;

% array for calculation of data points with respect to the x-axis, includes
projection of b on the x-axis

O = (-2*b:s:2*b-1);

Or = repmat(0,4*a/s,1);

Y =0r.,

% array for calculation of data points with respect to the direction of a
and the y-axis

11=0.1072;
12 =0.2914;
I3 = 0.4246;
% relative scattering intensities of the three stro ngest diffraction peaks

forul=[01234567];

% permutation of the phase of the structure factor in steps of Pi/4
foru2=[01234567];

% permutation of the phase of the structure factor in steps of Pi/4

for u3=[0];

% the phase of one of the diffraction peaks can be set to a constant value
as it only leads to a shift of the electron density relative to the lattice

hl=1,;
ki=-1;
h2 =1;
k2 =1,
h3 = 2;
k3 =0;
% Miller indices of the diffraction peaks

hla = -hi;
kla = -k1;
h2a = -h2;



Calculation of electron density mg 139

k2a = -k2;

h3a = -h3;

k3a = -k3;

% symmetry-equivalent reflections in the plane grou p p2

r(n) = 11°0.5*(cos(-2*pi*(h1*ex(n)/a +k1*Y(n)/b) +u 1*pi/4))
+ 1270.5*(cos(-2*pi*(h2*ex(n)/a +k2*Y(n)/b) +u2*pi/ 4))
+ 1370.5*(cos(-2*pi*(h3*ex(n)/a +k3*Y(n)/b) +u3*pi/ 4))
+ 1170.5*(cos(-2*pi*(h1a*ex(n)/a +k1la*Y(n)/b) +ul*p i14))
+ 1270.5*(cos(-2*pi*(h2a*ex(n)/a +k2a*Y(n)/b) +u2*p i14))
+ 1370.5*(cos(-2*pi*(h3a*ex(n)/a +k3a*Y(n)/b) +u3*p i4));

% Fourier transform gives electron density as row v ector

roh =reshape(r(n),4*b/s,4*als);
% electron density as array

figure(1)
mesh(X,Y,roh)
% plots the electron density

d = (-3:0.05:3);

figure(2)

hist(r(n),d);

% plots the histogram of the electron density

ne = histc(r(n),d);

ce = cumsum(ne);

% sums up the histogram
figure(3)

bar(d,ce)

ind1 = find(ce>(0.344*ce(121)));

% finds the value in the histogram which correspond s to the volume fraction
of the alkyl chains

ind2 = find(ce>(0.682*ce(121)));

% finds the value in the histogram which correspond s to the volume fraction
of the alkyl chains and the aromatic core

| = zeros(1,121);

I(ind1(1)) = 90000;
I(ind2(1)) = 90000;
[(2,:) = hist(r(n),d);

figure(4)

plot(d,l)

% plots the histogram of the electron density with indication of the volume
fractions

saveas(figure(1),['map’' num2str(ul) num2str(u2) num 2str(u3) ".jpg)
saveas(figure(4),['hist’ num2str(ul) num2str(u2) nu m2str(u3) ".jpg'l)

% saves the figures

end
end
end
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Application of the code results in 64 possible &tat density maps. Further diffraction peaks,
however, can be included into the calculation legdo further, more refined electron density
maps. To decide which of the 64 maps obtaineddsntbst realistic, the histograms of the
electron density were calculated. The histogranthef chosen electron density mag. (
Figure 48c) is shown in Figure A.1. The volume fi@ts of the alkyl chains, the aromatic cores
and the hydrophilic headgroup of the surfactawel as the volume fraction of the solvent in
the mixture were estimated by modeling @anolly solvent excluded volume of the energy
minimized molecules with the progra@hem3D Pro 13.0. Areas corresponding to these
volume fractions are separated with dashed lin€sgare A.1. They exhibit a good correlation
with the histogram. In the region of lowest elentiensity which corresponds to the alkyl
chains two maxima can be found. These two maximabeaexplained by different degrees of
interdigitation of the alkyl chains. At intermediaglectron densities only one maximum is
present which arises from the aromatic cores. @it kiectron densities, which can be attributed
to the oxygen-containing hydrophilic headgroups a@oivent molecules, a rather broad
distribution is found, which reflects the smootarsition between the solvent layers and the

hydrophilic headgroups.

alkyl chains

aromatic cores

hydrohpilic headgroups
and solvent

I

electron density / arb. units —

volume fraction / arb. units —=

FigureA.1: Histogram of the most likely electron density nfefp Figure 48c). The summed-up volume fraws
correponding to the alkyl chains, the aromatic cores tunedhydrophilic parts of the surfactant as welittae

solvent are separated from each other with dashes. |



