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Preamble

The focus of this work is the design and investigations of different classes of photoswichtable
nanostructured self-assembled materials to understand the fundamental factors leading to the
macroscopic chirality in soft matter systems of achiral molecules. This is a contemporary
research topic with great importance for the general understanding of spontaneous mirror
symmetry breaking and has an impact on the discussion around the emergence of uniform
chirality in biological systems and technological applications. This thesis deals with two
different classes of liquid crystalline materials. The first part is devoted to bent-core liquid
crystals (BCLCs), while the second one is focusing on multichain (polycatenars) liquid
crystalline materials.

| hope that the overview of the two classes, highlighting different types of interesting
liquid crystalline phases observed in each type, could stimulate interesting new research ideas.

My research would not have been possible without the help from many collaborators.
My entrance into the field of liquid crystals would have been very much more difficult without
the generous and open attitudes of friends and colleagues from these communities that | have
come to know in the last few years. Prof. Dr. Carsten Tschierske was the one who got me
interested in bent-core liquid crystals. | came to know Prof. Tschierske from his very interesting
publications in the field of liquid crystals. | owe a great deal of my understanding about these
materials to him. | started my postdoctoral research in Germany by spending a few months in
his group at Martin-Luther university through DAAD fellowship. Although it was very short,
this stay was most rewarding, the pleasant atmosphere in this lab inspiring to many new ideas.
Also, a long-lasting friendship with several colleagues in Tschierske’s group started, with
whom | am still interacting actively. Later | got the Alexander von Humboldt fellowship to
pursue my postdoctoral research again in the Tschierske’s group for additional two years from
2012 to 2014. My stay as a post-doc in Tschierske’s group at the University of Halle was a
period of fascinating research, during which | came to know other research groups and
collaborators inside and outside Germany. Therefore, for my achievements in the field of liquid
crystals I am much indebted to Prof. Tschierske for his support and for a very pleasant working
environment in his working group. Based on the fruitful cooperation between me and other
collaborators it was possible to carry out extensive characterization of many interesting
materials using several techniques such as X-ray diffraction (XRD) with synchrotron source,
second harmonic generation, DFT calculations, etc. This results in stablishing long standing

cooperation channels and publishing the results in high reputation peer reviewed journals.



Moreover, based on the experience | gained during my work | was able to get my own funded
DFG project which is recently extended for additional three years.

I would like to thank the DFG for financial support of my current position in Halle. |
would like also to express my deep thanks to Prof. René Csuk for his continuous support.

I am also grateful to my parents, my wife Samaa Aladawy and my children for their

endless encouragement and support.

Halle, February 2023
Mohamed Alaasar

mohamed.alaasar@chemie.uni-halle.de



Preliminary remark

The cumulative form was chosen to present the results. The selected most important

publications with me as the first and as a corresponding author [AAnN] are attached and contain

the experimental data as well as the detailed discussion of the respective results. In the text part

of the work, the essential results are briefly presented, the focus is on the classification of the

individual works in a larger context. The original publications are organized according to their

appearance in the discussion and are attached as appendices; corresponding references to the

relevant publication can be found in the text. Other publications which | co-authored with

collaborators [An] are included in the general references [n]. Publications [An] contain more

detailed XRD and other physical studies, which were performed with my materials by the

collaborating scientists.
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1. Introduction

Since the initial discovery of Reinitzer [31] — and subsequent early pioneering work of
Vorlander [32] — the occasional existence of an intermediate state of matter between the
crystalline solid and the isotropic liquid phases has been established and nowadays developed
into a large research area with significant technological applications. This state of matter is
called Liquid Crystal (LC) or mesophase. Liquid crystalline materials combine between order
and mobility on a molecular level. According to their modes of formation LCs can be divided
in two main groups, the thermotropic and lyotropic LCs.[33] Thermotropic substances show
mesophases as a function of temperature, while lyotropic systems are solutions having liquid
crystalline behaviour depending on the temperature and concentration of the solution. The
scope of this thesis is thermotropic systems.

Due to its fascinating properties, LCs triggered numerous scientists. It resulted in a rapid
development of liquid crystal displays (LCDs) which have totally replaced cathode ray tube
displays. This results in revolutionizing of our daily life by mobile and communication
devices.[34] Besides LCDs, there are other promising application fields such as organic
semiconductor for photovoltaics,[35] steerable antennas in SATCOM and 5G communication
systems,[36] responsive materials for biosensor applications,[37] active matter [37] and
photonic applications.[38,39] So one can claim that without the liquid crystalline materials,
many things of modern life would not exist.

The shape anisotropy of the molecules is very important for the formation of liquid
crystalline materials. Therefore, many examples of elongated, rod-like (so called calamitic)
molecules have been produced since the birth of the LCs research (Figure 1a). Most of them
contained rigid aromatic cores substituted in terminal para positions with flexible moieties
(alkyl- or alkoxy-chains), leading to both order and mobility at the same time. The rigid parts
align in a preferred direction and due to the high mobility of the flexible part, its configuration
can be changed by external stimuli e.g. electric or magnetic.[40] LCs phases are not limited to
molecules with rigid and flexible part, but more generaly appear in molecules composed of two
incompatible parts. For example, amphiphilic mesogens composed of hydrophilic and
hydrophobic segments are known to exhibit distinct nanometer-scale order on a one-
dimensional, two dimensional, or three-dimensional periodic lattice.[40] Likewise, the
segregation of fluorinated and nonfluorinated segments can stabilize or induce LC phases.
Overall, the degree of order of the LC phases is affected by several factors such as the rigidness,

mobility, anisometricity, nano-segregation and specific intermolecular interactions (e.g.



hydrogen-bonding or halogen-bonding). This leads to orientational long-range order in the

different types of LC phases such as nematic, smectic and columnar phases (Figure 2).

. Rigid unit

% Alkyl or alkoxy chain

Figure 1. Different molecular geometries that can form liquid-crystalline phases: a) rod-like (calamitic); b)
multichain (polycatenar); ¢) bent-core and d) disc-like (discotic) shape.

While discotic molecules mostly form columnar [41] and nematic [42] phases, calamitic
mesogens prefer layer structures (smectic phases), nematic [43] and cubic [44] phases. The
smectic phase is characterized by high positional and orientational long-range order (Figure
2b,c). Variation of the molecular arrangement inside the layers result in various mesophase
types. The most important mesophase types are shown in Figure 2. So, these can be either

orthogonal (smectic A, SmA, Figure 2b,) or tilted to the layer plane (smectic C, SmC, Figure

2¢).

D

a) b).'mum” c) d)
m% (e /m! =
WAL N iy =

e
Nematic Smectic A Smectic C Columnar
(N) (SmA) (SmC) (Col)

Figure 2. Examples of different types of liquid crystalline phases.

Due the long-range order N, Sm and Col mesophases show birefringence and these
birefringent phases are used to characterize LC phases. Figure 3 show representative examples
for textures observed in different types of LC phases. By using polarized optical microscopy
(POM) between crossed polarizers, e.g. in the nematic phase a schlieren texture with four brush
declinations is observed (Figure 3a), while in the SmA phase a fan-shaped texture is observed
(Figure 3b). More detailed characterization of LCs could be performed using different methods



including X-scattering, calorimetric studies of the phase transitions and electrooptical

investigations.[33]

a)

. . "

Figure 3. Representative textures for different types of liquid crystal phases: a) nematic (N); b) smectic A (SmA);
c) smectic C (SmC) and hexagonal columnar phase (Colhex). &, ¢, d) In a homeotropic alignment and b) in a planar
alignment.

The simplest and best studied LC phase is the nematic phase (abbreviated N). In the N
phase, there is no positional long-range order but the molecules orient themselves to each other
so that their long axis point on average in one direction (the director, D, Figure 2a).[45] The N
phase has much in common with ordinary liquids, the phase is fluid, the molecules are moving
rather free, rotation around the short and long axes are possible. Nevertheless, exciting versions
of N phases have been discovered in the recent years, among them the twist-bend nematic (Ntg)
phase which is spontaneously chiral [46-61] and the ferroelectric nematic (Nr) phase being
spontaneously polar.[62-70]

Besides the classic rod-like and disc-like molecules, dimers, oligomers, dendrimers,
polycatenars and polyphilic mesogens and specially the class of the so-called bent-core

mesogens have been developed.

1.1. Bent-core molecules

Bent-core mesogens represent a special class of LC compounds having a curved rigid unit and
for this reason they show special characteristics. The first bent-core mesogens were synthesized
and described by Vorlander in 1929 in Halle. The synthesized nonlinear molecules were derived
from resorcinol and isophthalic acid, however due to their heigh transition temperatures the
special features of their LC behaviour stayed for many years undiscovered.[71,72] Later
investigations of these non-linear materials by Pelzl, Wirth and Weissflog proved that they
exhibit LC phases that were typically observed for bent-core mesogens,[73] which were firstly
reported by Niori et al. in 1996. Therein, the formation of polar smectic LC phases by achiral
molecules was reported for the first time.[74] Previously, polar order was assumed to require
the reduction of the phase symmetry of tilted smectic (SmC) phases by uniform chirality

induced by permanent molecular chirality of the involved molecules.[75-79]
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1.1.1. Designing bent-core mesogens

As the name suggests, bent-core (BC) mesogenic compounds have a bent molecular core. This
core is formed by a rigid unit, which usually consists in most cases of five to six benzene rings,
which are directly or covalently linked to each other through various bridging groups Y, Z
(COO, OOC, N=N, single bond). Other examples of BCLCs with smaller [80] or larger [81,82]
rigid units are also known.[83,84,85]

Central bent

unit X

Rod-Like
i Rod-Lik
z Bending z
/©/ anele \©\
Linking
. R R,
fle"‘.blel/ \_ groups TN Flexible
ermina .

t 1

alkyl chain Y ermina’
Bent Core alkyl chain

Figure 4. General structure of bent-core mesogens.

As can be seen from Figure 4, to design the curved shape of a bent-core mesogen a
central core unit is required to induce the bending angle (y) of the mesogen. When using
resorcinol (X = H) the bending angle is ~ 120°, which could be also obtained with other bent-
core units such as 3,4’-disubstituted biphenyl [86,87] and 2,6-disubstituted pyridine
moieties.[88,89] Other central core units have been used to vary the bending angle such as
cyclic urea [90] and 5-ring heteroaromatic system (1,3,4-oxadiazole).[91] Another successful
tool to influence the bend angle is the introduction of a lateral substituent (X) at the central core
unit, especially if placed beside one or both of the linking units Y (see Figure 4). Halogens (X
=F, CI, Br, 1) and cyano group (X = CN) have been applied and found to be very effective in
varying the bending angle which in turn results in the observation of interesting LC phases as
will be discussed later.[92,93,94]

To reach the liquid crystalline state, the rigid unit must be connected terminally to
flexible segments, usually n-alkyl or n-alkoxy chains. These terminal chains inhibit the
crystallization and simultaneously raise the molecular mobility. The segregation of the rigid
cores and the flexible chains results in a preferred arrangement of the bent-core mesogens in

layered structures.



1.1.2. Polar phases of bent-core mesogens

Bent-core mesogens are capable of producing conventional nonpolar LC phases such as nematic
and smectic phases as well as polar LC phases. The formation of a permanent polar vector is
only possible through the restriction of the freedom of rotation around the long axis of the
molecule, which is the case due to the bent shape of the molecule.

For rod-shaped mesogens (D.n-Symmetry) there is a possibility of free rotation of the
molecules around their long axis (Figure 5a). Therefore, no polarization could be observed in
the mesophase since these molecules have no preferred polar direction. Under electric field
these calamitic mesogens tend to orient themselves to a limited extent. In the case of bent-core
molecules, the rotation of molecules is inhibited and this leads to a reduced symmetry of the
system (Cav-symmetry) and thus the molecules have a polar direction, which is a result of the
parallel arrangement of the uniformly bended molecules within a smectic layer (Figure 5c).[83]
The polar direction is perpendicular to the long axis of the molecule and parallel to the layer
plane (Figure 5b). Polar mesophases are denoted by the letter P. A distinction of different polar
mesophases is possible through the application of an electrical field because the molecules align

themselves along the field lines and thus create a macroscopic polar direction.

< X

L
—> 00

LKA

) b o)

P =

Figure 5. a) Calamitic and b) bent-core molecule. ¢) Due to restricted rotation of bent core molecules around their
long axis they form this preferred parallel arrangements and layered structures.

There are two distinguishable ways for the polar smectic layers to be organized. Either
the direction of the polar order in adjacent layers can be parallel which is designated as
ferroelectric (FE) or antiparallel, designated as antiferroelectric (AF), as shown in Figure 6.
The FE state (SmPF) represents a macroscopic polar structure whereas the AF structure (SmPa)
is macroscopic apolar and usually more stable than the FE states.

The FE state represents an arrangement with anticlinic interlayer interfaces (state (2)
and (3), Fig. 6), i.e., the alkyl chains cannot align parallel at the interlayer interfaces. Therefore,

the FE state is destabilised by the inhibition of out-of plane interlayer fluctuations in this



structure. These interlayer fluctuations are possible in the AF state, which represents an

arrangement with synclinic interlayer interfaces (state (1), Fig. 6).[83]

FE Switching

N |
5 UL TV~ I -

ggggggg_. &’ —2222222
1" 1e

AF Switching

Figure 6. Switching behaviour of polar smectic phases in bent-core mesogens under an electric field. The different

states can be antiferroelectric (AF, antipolar) or ferroelectric (FE, synpolar). The red arrows indicate the out-of-
plane interlayer fluctuations.

For most polar smectic phases of bent-core molecules the ground state is AF. Because
there is only a small energy barrier between the two different states (AF and FE), the FE state
can be induced by alignment under an applied electric field and stabilized by polar surface
interactions. Typical switching current curves obtained for the AF and FE phases of a bent-core
compound under a triangular-wave field is shown in Figure 7.

a) 8o 1,0 b)
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Figure 7. Switching current response curves obtained on applying a triangular wave voltage in: a) an AF
mesophase and b) in FE mesophase. The letter C Refers to the triangular waveform for comparison.

The AF switching is characterized by the occurrence of two separate polarization peaks
in each half period of the applied triangular voltage (FE1— AF < FE2, Fig. 7a), while the FE
switching is characterized by the occurrence of one polarization peak (FE1 <« FE2 Fig. 7b).
Most of the LC phases exhibited by BCLCs could display polar electric response and depending
on the shape of the current switching curves they are subdivided.

Beside the polar switching, there are additional differences of BCLCs compared to the

mesophases exhibited by classical rod-like mesogens. For example, the X-ray diffraction
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pattern of polar smectic phases are characterised by numerous harmonics of the layer reflection.
Typically, reflections up to the 3rd or even up to the 6th order can be found in BCLCs, which
indicate very well-defined layers with sharp interfaces. In smectic phases of rod-like molecules
these interfaces are much more diffuse. Mostly, only the 1st order reflection and in some cases
also the 2nd or 3rd order, can be found in the smectic LC phases (though hexatic phases can
show more).

In addition, the enthalpy values for the clearing transition i.e. the transition between a
polar smectic phase and the isotropic liquid state are in the range of AH = 15-25 kJ mol, which
is significantly larger than the values found for conventional smectic phases of rod-like
mesogens (AH = 1-10 kJ mol™?).[83]

1.1.3. Chirality and mirror symmetry breaking in polar mesophases of bent-core molecules

The SmC phases, found very frequently for BCLCs are characterized by inclination of the
molecules within the layers. If the tilt direction in the adjacent layers is identical, the phase is a
synclinic phase (SmCs). In case of opposite tilt direction between adjacent layers, the phase is
anticlinic (SmC,). Therefore, beside the non-polar SmC phase this tilt organization results in

four different types of polar SmC phases: SmCsPr, SMCsPa, SMCaPr and SmCaPa (Figure 8b).

direction
- SmC.PA SmC.P

direction ferroelectric

polar antiferroelectric
' homogeneous homog_eneous
chiral S
SmCaPF SmCsPA
ferroelectric antiferroelectric
racemic racemic

LAV
#ooE W

achiral

@ (b)
Figure 8. Different polar SmC phases. a) Layer normal, tilt direction and the polar axis define either a right-handed
coordinate system (+) shown in blue, whereas in the mirror image these vectors define a left-handed system (-),
shown in red. b) Polar SmC phases, which can be chiral or achiral depending on the orientation of the molecules.
Mesogens with a dot in the middle point towards the viewer, crosses away. The blue and red colours indicate (+)
and (-) enantiomers.[83]

Because of the tilt, these phases are biaxial. The tilt direction, layer normal and polar
direction form a right-handed (+) or left-handed (-) coordinate system (Figure 8a). Both

resemble each other like image and mirror image, whereby a chirality is generated in these
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mesophase. Thus, chirality is induced in LC phases of achiral molecules through the
combination of polar order and molecular tilt (Figure 8a).[83,95] Therefore, SmCaPa and
SmCsPr mesophases show chirality of the mesophase because molecules of adjacent layers
share the same sense of chirality, leading to the formation of two enantiomeric forms (Figure
8b). With the help of an electric field, it is possible to switch between different chiralities. To
retain the tilt direction, the switching process must be carried out by rotating the molecules
around their long axis. If the molecules rotate on a cone, which is usually the case, the chirality
is reversed (Figure 8b). For the other two SmC phases i.e. the SmCaPr and SmCsPa phases, the
molecules of adjacent layers show a different sense of chirality, leading to achiral

structures.[83]

1.1.4. Development of tilt and polar order

In the SmA phases of BCLCs the bent-core mesogens are arranged on average orthogonal in
the layers, therefore they are achiral. The simple uniaxial SmA and the biaxial SmAy phase can
be easily distinguished by POM if there is no polar order, because SmA is optically uniaxial
and SmA,, is biaxial. Samulski et al. reported in 1998 a biaxial SmA phase (SmAy) for
oxadiazole derivatives.[96] Biaxiality in a SmAy phase results from freezing of the free rotation
around the long axis of the molecule. Polar SmA phases are rare, since the onset of a polar order
is usually accompanied by a tilt and thus a phase transformation of SmA to SmC often takes
place.[97,98] Special SmCa phases with small anticlinic tilt are difficult to distinguish from the
SmAGs phases.

As described above, according to the polar order in neighbouring layers the polar SmAg
phases are subdivided to SmAPA and SmAPE phases. The latter phase was reported for the first
time for a bent-core mesogen by Reddy et al. in 2011.[99] Based on theoretical considerations,
Pociecha et al. reported three additional SmA phases that exhibit local polar order.[100] Later
the SmMAPRr phase was reported, in which the polar director is randomly distributed in the
layers.[101,102,103,104] In this case polar order can be induced by applying an electric field
of appropriate strength.

The SmAP, phase shows a helicoidally modulated polarization with a short pitch. A
repeating bilayer structure characterizes the SmAP2 phase, which has not yet been confirmed
in the literature for any bent-core mesogen. Gomola et al. describes a phase assigned as SmAPar
phase with local antiferroelectric order.[105] Electro-optical investigations and simulations by
Panarin et al. indicate that the reported SmAPar phase could agree with the theoretically
predicted SmAP, phase.[106]
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Because of their properties in an electric field, bent-core mesogens offer a variety of
applications such as electro-optical switches. Thus, by using e.g. SmAPRr phases, biaxiality can
be achieved by applying an electric field. This could enable the use of the SmAPr phase forming
material in LCD applications with very short switching times.[107,108] For the chiral SmCaPa
and SmCsPr phases, under an electric field, there is a change between the transparent state of
the SmCaPa phase and the non-transparent (opaque) state of the SmCsPr phase. This offers
possibilities to use such systems as optical switches.[109] In addition due to the non-centro
symmetric structure of the synpolar smectic phases, BCLCs could be used as materials for non-
linear optics (NLO).[110]

1.1.5. Bent-core molecules involving azobenzene units
Azobenzene-based molecules were among the first recognised liquid-crystalline
materials.[111] Initially because of their photosensitive nature they were considered to not be
used in LCDs industry. However, today the same phenomenon (cis-trans photoisomerization)
is the basis of their applications. Therefore, azobenzene derivatives are well known for potential
applications in photonics such as optical data storage,[112,113] photochemical molecular
switches,[114,115] polarization holography[116] and nonlinear optics.[117,118] Combining
photoswitchable azobenzenes with liquid crystalline ferroelectrics or chiral phases provides
access to potential new multifunctional materials where polar response can be modulated by
light.

Pioneering work in the field of azo-containing bent-core mesogens has been done by
Prasad et al.[119-121] but as mentioned earlier the first BCLC derived from isophthalic acid as
the central core unit was synthesized by Vorlander in 1929 in Halle.[71] Indeed this material
represent the first example of azobenzene-based BCLC (compound Azol, Figure 9). Later the
first examples of azobenzene containing BCLCs with a central resorcinol unit were reported by
Prasad et al. in 2001 (compounds Azo2/n with n > 12).[120,122]

Q"YQWOQ
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H2n+1CnO OCnH2n+1

Figure 9. Chemical structure of the first example of azobenzene containing bent-core molecule (Azo1l) synthesized
by Vorléander [71] and the materials synthesized by Prasad (Az02/n).[120,122]
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A detailed overview over known azobenzene containing BCLCs up to 2016 is given in

my review in the journal of Liquid Crystals in reference [A123].

1.2. Polycatenar liquid crystals

Polycatenar LCs are materials in which the rod-like structure is ‘decorated’ with more than two
terminal flexible chains (mutli-chain compounds).[124] They are named according to the
number of the terminal chains, e.g. tetracatenar mesogens have four terminal chains,
hexacatenars six chains and so on. A stepwise variation of the terminal chains in number, length,
and substitution pattern on the aromatic backbone leads to a successive change in the volume
of this molecular segment, whereby the interfaces become progressively more curved and thus
a bridge was built between the lamellar structures of conventional calamitic and the columnar
phases of discotic molecules.[125,126] The most interesting LC phase observed in recent years
for polycatenar systems is the bicontinuous cubic phase (Cubyi). Therefore, in the following a
short introduction about this phase and its history is given.

1.2.1. Bicontinuous cubic phase (Cubp;)

Among the most complex LC phases there are the bicontinuous cubic phases (Cubgi), which
occur as intermediate phases at the transition from lamellar (1D) to columnar (2D) mesophases
(Figure 10).[127,128]

a) Lamellar
Phases |:> Cub,; phases |:> Columnar
(SmA, SmC) phases

la3d
(double gyroid)
racemic chiral

Figure 10. a) Transition from lamellar to columnar phases via bicontinuous cubic (Cuby;) phases by increasing
interface curvature between the nano-segregated compartments, as observed for polycatenar compounds, b) the
double gyroid Cuby; phase with 1a3d symmetry (Cubyi/la3d) and c) the triple network Cubygi phase with 123
symmetry (Cubyi/123). Both b) and c) show cubic phases with three-way network junctions.

These Cubyi phases with a 3D lattice represent networks of branched columns.
Bicontinuous means that there is a continuum and additional continuous networks, independent
of the actual number of these networks. The networks are distinguished by the valence of their

junctions (mostly three, but also four and six [129]) and the number of networks per unit cell
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(in most cases two [129,130], but in some cases also one [131,132] or three [133]). The
continuum is, in most cases, either formed by a solvent in the lyotropic systems, or by flexible
chains in the solvent-free thermotropic systems. The fluidity of solvents or chains contributes
significantly to the mobility and to the segregation of networks and continuum.

Thermotropic Cubyi phases, which will be in the focus of this thesis, are rarely observed
for polycatenar rod-like mesogens or those combining long chains with polar core units. The
first organic molecules reported to have such phase are 4'-n-alkoxy-3'-nitrobiphenyl-4-
carboxylic acids ANBC-n (Figure 1l1a) with X=NO,[134] and the dibenzoylydrazines
(BABH-n, Figure 11b).[135]

X ANBC-n X X=NO,
0
b) H OCnH2n+1
N/N
Hyns1CrO H
0
BANH-n

Figure 11. The first examples of bicontinuous cubic (Cuby;) phase forming materials.[134,135]

Because of their cubic symmetry both types of Cubyi phases are optically isotropic like
ordinary liquids. Cubic phases are very viscous due to their 3D-structure and thus could be
distinguished from the ordinary liquids. Also, each type of Cubyi phase has a characteristic X-
ray diffraction (XRD) pattern with several sharp signals in the small angle region, while for the
isotropic liquid there is only a diffuse small angle scattering.[133,136] Figure 10b,c shows the
two common cases of networks with three-way junctions, namely the double gyroid (la3d) and
the more complex triple network 123 phase. The double gyroid Cubyi/la3d phase consists of
two infinite networks with three-way junctions with opposite chirality sense (Fig. 10b), and
thus, this phase is an achiral racemate or meso-form and optically inactive.[127,125, A136,137]
The second type of Cubyp; with three-way junctions has more complex structure and a larger
lattice parameter compared to the la3d phase. It was initially supposed to have Im3m space
group,[138] but more recently after the discovery of the inherent chirality [138] it was proved
to have 123 space group involving three networks.[133] Because they do not show any linear
birefringence their optical activity could easily be detected by optical investigations under
POM.

Because Cubpi phases contain nano-segregated networks of one component in the
continuum of the other component, they can build continuous conduction channels in all three
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spatial dimensions.[139] The junctions in these cubic phases provide abundant transport routes
for ions, electrons or holes. Thus, these 3D Networks minimize distortions induced by structural
defects in lamellar (1D) and columnar structures (2D), as recently demonstrated for ion carrying
ionic amphiphiles.[140] This makes Cubsi phase involving m-conjugated units excellent
candidates for organic semiconductors.[141]

An especially exciting feature of specifically designed polycatenars is their ability to
show mirror symmetry breaking in the isotropic liquid state assigned as (Iso:*1).[138] The
discovery of Iso1™] phase is one of the most exciting achievements in recent years representing
a new step in complexity of mesophase structure and is of fundamental interest for basic science
and also has wide prospects for technological applications.[142] All polycatenars reported to
date which show this phase are non-symmetric molecules having the terminal chains non-
symmetrically distributed at both ends.[125,137,138,143] The Iso1™*! phase could be observed
on heating the chiral 123 phase, where the helical organization is retained in local clusters even
during the transition to the isotropic liquid state, leading to a liquid polyamorphism involving
a mirror symmetry broken liquid (Iso1™J). It could be also formed during cooling from an
achiral cybotactic isotropic liquid phase (Iso1) leading to the development of helical networks.
At the Iso1-1so1™ transition the chirality synchronization between the networks becomes long
range, but without formation of a long-range cubic lattice. Further cooling of 1so:[*! leads to the
achiral Cubyi/la3d or a chiral Cubyi/123 depending on the aliphatic chain lengths. In the recent
years such phases were found for numerous polycatenar mesogens,[136,138,141] as well as for

so-called double-swallow-tailed compounds.[126,144,A16]

2. Objectives

In the present work two different classes of photoresponsive functional materials have been
synthesised and investigated in detail. The materials are azobenzene-based liquid crystals either
in the form of bent-core mesogens or multichain rod-like molecules (polycatenars) or
combination of both. This aims to combine the optical properties and stimuli responsive
characteristics of LCs with photoisomerizable azobenzene units in single molecules, which in
turn could lead to potentially fascinating multifunctional materials with novel and/or enhanced
properties for fundamental studies as well as for practical applications.

Besides polar ordered phases an additional goal was to get mirror-symmtery broken LC
phases from photoisomerizable achiral molecules. Mirror symmetry breaking was observed in
new types of fluid smectic and dark conglomerate phases of bent-core LCs as well as in
isotropic liquids and bicontinuous cubic mesophases of polycatenars. Because the synthesized

materials are photoswichtable fine tuning of the molecular structure leads to photoresponsive
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LCs exhibiting a fast and reversible photo-induced change of the mode of the switching between
ferroelectric-like and antiferroelectric-like states as well as a light-induced switching between
achiral and chiral LC phases. Also, structure property relationships were investigated in detail
and design rules for interesting chiral LC phases were successfully established in the course of

the work.

3. Photo-responsive bent-core liquid crystals

The work on azobenzene based resorcinolbisbenzoates by Prasad et el initially lead to nonpolar
and achiral rectangular columnar phases (so called B1-phases).[119] Therefore, | decided to
investigate the influence of different substituents at the resorcinol unit on the self-assembly of
azobenzene based BCLCs. During the presented work several BCLCs related to compounds
Azo2/n (Figure 9) were synthesized and investigated in detail. The substitution patterns were
varied from the highly polar cyano group (CN) to different halogen groups (I, Br, Cl, F) in
addition to the methyl group (CHs). The substituents were in all cases located adjacent to one
of the COO linking groups. In few cases double substitutions were also used. The side wings
were identical in most compounds, but also different side arms were used. Also, the lengths of
the side arms were kept constant or two different lengths were used. In the latter case the
obtained materials are named as hockey-stick LCs, where one arm is relatively long and the
other one is short. The effect of lateral substitution of the side arms was also investigated.
Moreover, several BCLCs involving different linking units (mostly N=N + COQ) in the distinct
wings were also synthesized.

This modification of molecular structure leads to a wide variety of new and interesting
L C phases and phase sequences as will be discussed in the following sections, which are derived

by the kind of substituent at the resorcinol unit.

3.1. 4-Cyanoresorcinol derived BCLCs (Pub. AA1-AA5, AA8)

3.1.1. Previous work

The first examples of 4-cyanoresorcinol based BCLCs have been synthesized and investigated
by Weissflog’s group in Halle. The focus of his work was on Schiff base derived materials. The
LC phases of his materials were conventional LC phases of rod-like molecules such as N, SmA
and SmC phases in addition to the polar SmCPa phase.[145,146,147,148,149,150] Also, the
effect of peripheral core-fluorination was investigated, where based on X-ray studies and
optical investigations a non-tilted single layer biaxial SmAPa phase was reported for the first

time.[150] Further work was focused on the uniaxial-biaxial smectic phase transition in thin
films [151] and in bulk state[152]. The bending angle (y) between the two Schiff base arms
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was carefully investigated with NMR studies and was found to be larger than 120° (typically
observed for resorcinol based BCLCs) and its value ~ 136° which raises to 143 °C with
increasing temperature.[153] This large value of y is due to a combination of dipole
compensation between C=0 and CN, steric and stereoelectronic interactions around the COO
group in 3-position. This results in molecules with an effective average shape at the border line
between classical rod-like and bent-core molecules. Therefore, non-polar and polar LC phases
are observed for 4-cyanoresorcinol derived BCLCs.[148] This large value of the bending angle
is also the reason for the observation of nematic phases in 4-cyanoresrcinol-based
BCLCs,[148,150] which are rare for other bent-core mesogens with a typical bend angle of
~120°.[119-121] Later Tschierske’s group reported several examples of such BCLCs with
interesting LC phases.[101,106,154,155]

3.1.2. Compounds and synthesis

The first azobenezene-based BCLC derived from 4-cyanoresorcinol was reported in 2013
(compound AA16 with n = 16, Scheme 1),[in Pub. AA1] and later a full series of this type of
molecules was published in 2014 (compounds AAn, Scheme 1).[in Pub. AA2] Additional
related molecules (see Scheme 1) with symmetric or non-symmetric wings were also published

over several scientific papers in [AA3-AA5] and proved to show new LC phases and interesting
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phase behaviour.
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Compound | X Y Publications

AAN H N=N | AAl, AA2
AAnNsF 3-F | N=N | AA3, AA4
AANzF 2-F | N=N | AA4
AAN23F 2,3-F | N=N | AA4
ATn H COO | AA5
ABnN H 0O0C | AA5

ArT16 3-F COO | AA5
A2rB16 3-F OO0C | AA5S

Scheme 1. Molecular structures of 4-cyanoresorcinol derived BCLCs reported in Pub. AA1-AAS5 and their codes.
The numbers (2 and 3) in the chemical structure indicate the position of the substituent X. The type of the rod-like
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arm is indicated by the letters in the compound abbreviations: A = azobenzene, B = phenylbenzoate and T =
phenylterephthalate. The fluorinated compounds have additional F in their abbreviations.

The synthesis of the 4-cyanoresorcinol based BCLCs under discussion is shown in

Scheme 2 and described in detail in the supplementary information of publications AA1-AADb.

CN CHO
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HO™ OH  Bno OH BnO OH
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Scheme 2. Synthesis of the 4-cyanoresorcinol based bent-core materials. Reagents and conditions: i: 1. HoNOH,
2. Ac,0; ii: NaOH/H0; iii: 1. SOCIy, 80°C, 1 h., 2. removal of excess SOCI, under pressure, 3. 2 (0.5 equ) or 6
(1.0 equ), DCM, pyridine, 50°C, 6 hrs.; iv: Ho/Pd/C; v. 1. NaNO,, HCI, H20, 0-5 °C, 2. Phenol or substituted
phenol, NaOH, 3. NaHCOg; vi. 1. ChHan+1Br, Kl, K.CO3, 2-butanone, reflux 18 hrs., 2. EtOH, KOH, reflux, 1 h.,
3. HCI/H20, 0-5 °C.[AAl1-AA5]

The synthesis starts from commercially available materials either 2,4-
dihydroxybenzaldehyde (1) for symmetric molecules or 4-benzyloxy-2-hydroxybenzaldehyde
(3) for non-symmetric molecules.

The synthesis of the side arms without azobenzene units and combining two different
core units 5 were performed as follows: 4-(4-Tetradecyloxyphenoxycarbonyl)benzoic acid (5a)
was prepared starting with the esterification of 4-n-tetradecyloxyphenol with 4-formylbenzoic
acid followed by oxidation using sodium chlorite as oxidizing agent,[A156] while the isomeric
4-(4-tetradecyloxybenzoyloxy)benzoic acid (5b) was prepared by the esterification of 4-
tetradecyloxybenzoic acid with  benzyl-4-hydroxybenzoate followed by catalytic
hydrogenation.[157]

19



The synthesis of the azobenzene-based side arm (9n and 9Fn) is accomplished in four
steps starting from diazotization of ethyl 4-aminobenzoate (7) and coupling of the resulting
diazonium salt with phenol or substituted phenols followed by alkylation of the obtained
intermediate (8) with the appropriate alkyl halide, then basic hydrolysis of the resulting esters
and a final step of acidification to get the desired benzoic acids (9n, 9Fn, Scheme 2).

Though the synthesis of the final materials is straight forward and uses well established
procedures, it requires experience to obtain sufficiently pure and long-time stable products.
Especially, it must be considered that the CN group increases the reactivity of the adjacent COO
groups (especially in position 3) against nucleophilic attack. Such ‘active esters’ are prone to
acyl group transfer, scrambling the COO groups in a process known as transesterification in the
molecules not only during synthesis, but also during chromatography and recrystallization
(purification), storage and even during investigation in the mesophases. For this reason, the use
of dicyclohexylcarbodiimide (DCC) with 4-dimethylaminopyridine (DMAP) as a catalyst,[158]
for the esterification reaction between 4-cyanoresorcionl and benzoic acid derivatives is not
recommended. Tiny traces of DCC or DMAP catalyse the transesterification. To overcome this
problem, neat thionyl chloride (SOCI2) was used to first activate the benzoic acids (5, 9 or 9Fn)
by converting it to the corresponding benzoyl chloride, followed by careful removal of SOCI.,
then adding the appropriate phenols with triethylamine and a catalytic amount of pyridine in a
second step. This synthetic route usually leads to long term stable pure products.

3.1.3. Cybotaxis in the nematic phases (Pub. AAL, AA2, AAG-AA8, AA23)

The nematic phases of BCLCs are of special interest due to their potential biaxiality and polar
order.[159,160,161] The main characteristic feature of these N phases is the formation of local
smectic clusters, known as cybotaxis. This phenomenon was assumed for a long time to be a
pre-transitional state,[162] but research with BCLCs, especially those derived from 4-
cyanoresorcinol,[154] and oxadiazoles,[163,164,165] has shown that cybotaxis in the nematic
phases of these BC molecules is a general feature.

For BC mesogens, the usually observed cybotacic nematic (Ncyb) phase type is the
skewed cybotactic nematic phase composed of synclinic tilted smectic (SmCs) clusters known
as Ncync.[154,163,AA6] Another type of (Ncyn) composed of non-tilted SmA clusters (Ncyba)
could be also formed by BCLCs but it is rarely observed.[159,166]

As reported in Pub. [AA1 and AA2], for the synthesized azobenzene-based BCLCs with
nonfluorinated side arms (AAnN, Figurel2a) the Ncybc phase was observed for all homologues

except the one with longest terminal chains (n = 18). In the temperature range of the Ncync
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phases of all AAn materials the XRD patterns of magnetically aligned samples (B ~ 1T) show
a diffuse scattering in the wide-angle region (WAXS) centred at the equator (Figure 13a), while
in the small-angle region (SAXS) a dumbbell-like shape scattering is observed (Figure 13Db),

which is typically observed for such Ncync phases.

8 10 12 14 16 18 4 6 8 10 12 14 16 18 20
n —e= ] —

Figure 12. Chemical structures and phase behaviour of 4-cyanoresorcinol derived azobenzene-based BCLCs with
symmetric side arms depending on terminal chain length as a function of temperature: a) Non fluorinated BCLCs
(AAN, X=H)[AAL, AA2] and b) Fluorinated BCLCs (AAnsr, X=F).[AA3, AA4]

Due to the unique combination of high polarity and low polarizability, and its
conformational and steric effects,[167] fluorination of the aromatic core is considered as a
powerful tool for tailoring the LC properties for modern LC technologies[168-171] and BCLCs
for new applications.[172-177] Therefore, peripheral fluorination of the aromatic core of
compounds AAn at the ortho position next to the alkoxy chain was also performed, as described
in Pub. [AA3, AA4]. This results in compounds AAnsr with two identical fluorinated wings
and leads to the replacement of the Ncybc phases by the less common Ncyba phases, which are
observed only for the shorter derivatives with n = 4 and 6 (Figure 12b). Moreover, the nematic
phase is suppressed for n > 6 and the smectic phases of the AAnsr materials are also different
from those of AAn compounds as can be seen from Fig. 12a,b and as will be discussed later.

The Ncybc phase was also reported for other related BCLCs derived from 4,6-
dichlororesorcinol instead of 4-cyanoresorinol.JAAG6] It was also found for hockey-stick (HS)

molecules derived from 4-bromoresorcinol.[AA7] Moreover, the type of the Ncyb phases was
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successfully controlled in 4-cyanoresorcinol-based HS materials by changing the position of
the cyano group in the bent-core unit, where Ncyba phase was observed if the CN group is
located close to the short side arm and changed to Ncybc phase if the CN group was shifted to
the other side to be in the same side of the long arm.[AAS8]

It should be noted that the main reason for cybotaxis is not the bend molecular shape,
but the extended aromatic core with > 5 benzene rings used as building blocks for BCLCs in
most cases. This provides a significant source of nano-scale segregation from the flexible
terminal chains, which increases with chain length elongation.[161,178] Therefore, wide range
of the Ncync phase was also reported for azobenzene-based polycatenars having four terminal

chains and extend rod-like aromatic backbone as reported in Pub. [AA23].
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Figure 13. XRD investigation of an aligned sample of compound AA10: a) wide angle and b) small angle
scattering of the Ncyoc phase at T = 130 °C; c¢) wide angle and d) small angle scattering of the SmCsPr["! phase at
T =90 °C; e) small angle scattering with reciprocal lattice and indexation of the centred rectangular columnar
phase Colrec1 (Birev phase) at T = 70 °C and f) of the non-centred rectangular columnar phase Coliecz at T = 60
°C.[AA2]



3.1.4. Development of polar order and tilt (Pub. AA1-AA4)

As shown in Fig. 12a and outlined in Pub. [AA1,AA2] compounds AAn with relatively electron
rich side arms have a strong tendency for uniform tilt (~30 °) and exhibit exclusively synclinic
tilted Ncync and SmCs phases in addition to Colrec for the shorter two homologues (with n = 8
and 10) as the lower temperature LC phases as indicated from the optical textures and XRD
investigations (Fig.13c-f).[AA2] On the other hand, the related fluorinated analogues AAnsF
with reduced electron deficient wings due to the electron withdrawing effect of the fluorine
atoms, exhibit a reduced tilt (~15-20°) as reported in Pub. [AA3,AA4]. This leads to the
formation of Ncyba and SmA phases for the short chain homologues of AAnsk series. The SmA
phases of the fluorinated materials represent uniaxial orthogonal phases. The SmA phase for all
compounds with n > 12 is a low permittivity paraelectric phase as no polarization peak could
be recorded in its temperature range, while the SmA phases exhibited by shorter homologues
represent high permittivity paraelectric SmA phases with randomized polar order with one
polarization peak (SmAPR) or two polarization peaks (SmAPar). Moreover, there is an
additional transition from synclinic to anticlinic tilt in the titled polar antiferroelectric SmCPa
phases at lowest temperature (Fig. 12b). In both series of compounds with X=H or F, on
growing the terminal chain length the synclinic tilt becomes more dominating (i.e. the order
parameter along the tilt axis is increased), though the tilt angle itself does not change
significantly. The effect of changing the position of the F atoms to inner 2-positions, using
double 2,3-fluorination, or using other larger groups was also investigated in detail in Pub.
[AA4] and will be discussed later (section 3.1.6.).

3.1.5. Mirror symmetry breaking in fluid smectic phases (Pub. AA1-5, AA8)

Mirror symmetry breaking by conglomerate formation was occasionally observed in the
nematic phases of BCLCs (N*).[179] This was also found for the Ncync phases of some 4-
cyanoresorcinol based BCLCs [180] and shown to be due to twisted states developing between
the cell surfaces.[165,181] Though this surface supported mode of mirror symmetry breaking
would not require any source of chirality, it is assumed to be supported by the pronounced
transient helicity of bent-core molecules.

Conglomerate formation by surface supported mirror symmetry breaking is for the first
time reported in the paraelectric SmCs phase observed in compounds AAn (X=H)[AA1,AA2]
and AAnzr (X= F).[AA3,AA4] The chiral SmCs phases designated as SmCs*! and SmCsPr[*],
where the star in brackets stands for the conglomerate structure and subscript R stands for
randomized polar order in these high permittivity paraelectric LC phases.
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As described in Pub. AA1 and Pub. AA2 and shown in Figure 14a-c under slightly
uncrossed polarizers dark and bright domains can be distinguished which invert their brightness
by inverting the direction of the analyzer, confirming chiral conglomerates formation. Rotation
of the sample between crossed polarizers (Fig. 14d,e) does not lead to any change of the
brightness of the texture, meaning that simple tilt domains can be excluded and formation of a
conglomerate of optical active domains is observed. The chiral domains are lost at the transition
to the SmCsPar, Which is racemic due to the synclinic and antipolar organization of the

molecules (see Section 1.1.3).

Figure 14. Textures of the SmCs*! phase of compound AA14 at T = 130 °C between glass slides (homeotropic
alignment): ¢) between crossed polarizers and a, b) between slightly uncrossed polarizers, showing dark and bright
domains, indicating the presence of areas with opposite chirality sense; d,e) show the texture between crossed
polarizers, but after rotation of the sample by 20° either clockwise or anticlockwise; the birefringence does not
change which confirms chirality as origin of the effects seen in a-c); there is no change of the textures at the
transition to the SmCsPr™*] phase.[AA2]

That conglomerates formation in the SmCs™*! and SmCsPr[*! phases cannot be observed
in freely suspended films or in thick samples [AAZ2] indicates that the mirror symmetry breaking

in these materials is surface supported, similar to that observed in the Ncync phases.[179]
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However, conglomerate formation is more easy reproduced than in the NI*! phases. This is
presumably a result of the enhanced cooperativity provided by the quasi-infinite layers in
comparison to the cybotactic clusters. In Pub. AA2 it is also showed that, there is a relation
between the appearance of a broad single peak in the current response curves and conglomerate
formation. The formation of the the SmCsPr™! phases is accompanied with the observation of
a single broad current peak under the triangular wave electric field, similar to this one shown
in Fig. 7b, whereas SmCs phases without this peak do not show chiral domains. This means that
also a growing coherence length of polar order has a stabilizing effect on conglomerate

formation.

3.1.6. Effect of changing F position and using different substituents (Pub. AA4)

Pub. AA4 deals with the effect of partial core fluorination on the LC phases. Shifting the
position of fluorine atom at the outer benzene ring from the peripheral ortho positions in AAnsr
to the inner meta positions with respect to the terminal alkoxy chains leads to compounds
AANzr (Scheme 1 with n = 8-16). This modification results in reducing the melting and clearing
temperatures. Moreover, only LC phases with tilted organization (Ncybc phases and SmCs
phases) were observed instead of the orthogonal SmA phases. Neither chiral domain formation
nor any polarization current peaks and optical response under applied electric field could be
found in AAnzr materials. Therefore, introducing F substitution in inner positions favours tilt,
reduces mesophase stability and removes polar order. This is attributed to the unfavourable
steric effect of fluorine in this inside-directed position.

Using double fluorine substitution at ortho and meta positions (series AAnz3r, Scheme 1)
leads to higher transition temperatures compared to series AAnzr, but lower if compared with
the series AAnsr. The nematic phase is totally removed and the SmA phase appears only as a
metastable phase for n = 10, which is replaced by the chiral non-polar SmCs*! phase for all
derivatives with n > 12.

Replacing fluorine (crystal volume cv = 12.8 nm®)[182] in AA183r (with n = 18) by the
larger and less polar bromine atom (cv = 33.0 nm?®) retains a phase sequence of 1so-SmA-
SMC4*1-SmCsPar without the observation of SmMCPa phase before crystallization and reduces
the phase transition temperatures.[AA4]

As shown in Pub. [AA4], keeping the chain length fixed with n = 18 and replacing the
F atom by the non-polar CHs group (cv = 31.7 nm?, compound AA183cH3) with similar volume
compared to Br further reduces the LC phase stability considerably, removes the non-tilted
SmA phase and removes polar order completely, leaving only a nematic (Ncync) and a nonpolar
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and nonchiral SmC phase. This is mainly attributed to the unfavorable reduction of core-core

interactions by the non-polar and electron donating CHs group.

CN
o) /Oi o
X N AA183p, X =F _N X
SN AA1835,, X = Br N
AA185¢, X =Cl
C18H37O AA183CH3s X = CH3 OC18H37

These systematic investigations provided fundamental insights into the general
understanding of the development of polar order in soft matter and the unusual phenomena
associated with the formation and growth of polar domains, as for example, spontaneous mirror

symmetry breaking and electric field induced tilt by a non-classical electroclinic effect, and the
relations of these phenomena to the molecular structure.

3.1.7. Effect of replacing one azo group by ester group (Pub. AA5)

Additional structural modifications were done in Pub. [AA5] by replacing one of the
azobenzene side arms by a terephathalate-based side arm (ATn, Figure 15a) or a benzoate-
based wing having the direction of one ester group inverted (ABn, Figure 15b).JAA5]
Moreover, the effect of core fluorination was also investigated in one selected example from
each series (A2rT16 and A2rB16, Fig. 15a,b).[AA5]

As can be seen from Fig. 15, Compounds ATn have phase sequences like those
exhibited by the fluorinated AAnsr materials (compare Figures 15a and 12b). This also applies
if we compare the phase sequence of the non-fluorinated AAn (Fig. 12b) compounds with that
of ABn series (Fig. 15a). The main difference is that the compounds having one azobenzene
wing replaced by the electron rich phenyl benzoate wing (ABnN) display lower phase stability
as only monotropic phases were observed compared to AAn series.[AA1,AA2] On the other
hand, compounds ATn involving the electron deficit phenyl terephthalate wing show much
higher isotropization temperatures, a smaller tilt and have a SmA high temperature phase, which
is more comparable to the fluorinated materials discussed above (AAnNsF).[AA3,AA4]
Complete details are given in Pub. [AA5].

Also, the liquid crystalline behaviour of related 4-cyanoresorcinol BCLCs materials
without azo units either with symmetric or non-symmetric side arms (phenylbenzoate or
phenylterephthalate) are described in detail in references.[A156, A183, A184,A185]
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Figure 15. Chemical structures and phase behaviour of 4-cyanoresorcinol derived azobenzene-based BCLCs with
non-symmetric side arms depending on terminal chain length as a function of temperature: a) Terephthalate-based
materials (ATn, A2rT16) and b) Benzoate-based materials (ABn, A2rB16).[AA5]

3.1.8. Isothermal photo-switching of chirality and polarity (Pub. AA5)

All previous attempts of photoinduced switching involving azobenzene based BCLCs were
focused on a transition from a LC phase such as the antiferrolelectric SmCPa or the helical
superstructure Bz phase [95] to the isotropic liquid state,[186,187,188,A189] whereas with ATn
and ABn compounds it was possible for the first time to report an isothermal photo switching
of the mode of switching under an electric field as well as an on/off switching of superstructural
chirality.[AA5]

For this purpose compound AB16, placed in a6 um ITO cell on a temperature controlled
heating stage, was illuminated in the antiferroelectric (AF) state close to the SmCsPar-
SmC,Pr*! transition temperature, by UV light (wavelength= 405 nm) for 2 s. As shown in
Figure 16, the AF-like double peak switching changes into a ferroelectric (FE)-like single peak
switching and relaxes back almost immediately to the AF-like mode after switching off the light
source (< 3 s). Therefore, this allows for the first time a photoinduced change of the mode of

the switching.
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Figure 16. Reversible isothermal switching between a) antiferroelectric-like and b) ferroelectric-like switching in
the paraelectric SmC phase range as recorded for compound AB16 at T =101 °Cina 6 um ITO cell.[AA5]

For the second case, reported in Pub. [AA5], the chiral SmC,*! phase of AT16 (Figure
17a, b) was successfully switched to the achiral SmA phase under light irradiation (405 nm, 5
mW/mm?, Figure 17a-c). The transition to a SmA phase is evident from the optical isotropic
appearance in homeotropic alignment, accompanied by the formation of birefringent defects
(Maltese crosses, see inset in Fig. 17c). Also, this process is fast and reversible (< 3s). After
switching off the light, the chiral domains almost immediately (within < 3 s) reform (Fig. 17c-
e). However, there appears to be no chiral memory, meaning that the positions of the chiral
domains change during the switching process (Fig. 17a,b—d,e). This is attributed to the fluidity
of these smectic phases, leading to movement of the material, but it also shows that the chirality
in these phases is unlikely to be based exclusively on a chiral surface effect. The change of
molecular shape from a rather well-defined bent shape to a more non-specific one by trans—-cis
photoisomerization leads to a decrease in the packing density and a reduction of the coherence

length of polar order below a critical value, thus the polar order.

28



hv
(405 nm)

achiral

Thermal
relaxation

Figure 17. Reversible isothermal photo-on-off switching of chirality as observed for AT16 at T = 152 °C in a
homeotropic cell (ca. 10 um); the inset in c) shows an enlarged region, indicating that the small spots in c) represent
Maltese crosses as typical for defects in homotropic SmA phases.[AA5]

The reduced packing density and polar order is also responsible for the observed
photoinduced on-off switching of chirality. A related on-off switching of this kind of
superstructural chirality in fluid LCs was only reported in Pub. [AA16] for a sallow shaped
polycatenar molecule (as will be discussed later in section 4.2.) and for the Ntg-N transition in
mesogenic dimers.[190] However, there were no reports of photoinduced chirality switching in

any fluid conglomerate type phase of achiral BCLCs.
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3.2. Other 4-substituents at the resorcinol bent unit (Pub AA9-AA14)

The first examples of azobenezene-based BCLC derived from 4-substituted resorcinol using
different substitution patterns ranging from halogen atoms (I, Br, Cl, F) with different polarities
to the non-polar methyl (CHz) group were also reported (Scheme 3). In Pub. [AA9-AA14] this
was done in a systematic study and leads to a better understanding and new insights about the
formation of dark conglomerate (DC) phases, which will be discussed in the following section.

Compound | X | Y Z Publications
AAFN H|N=N | F AA9
AACIn H | N=N | CI AA9
AABrn H | N=N | Br | AA9
AAIFNn F | N=N | I AA10
AABrFn F | N=N | Br | AAll
AAMnN H | N=N | CH; | AAl12
ABBrn H| OOC | Br | AAl13
ATBrn H| COO | Br | AAl13

Scheme 3. Molecular structures of the 4-substitued resorcinol derived BCLCs and their codes.

3.2.1. Synthesis

The synthesis of the 4-substitued resorcinol BCLCs is shown in Scheme 4. The synthesis of
these compounds starts from commercially available 4-bromoresorcinol (10), 4-
chlororesorcinol (16, Z = Cl), 4-fluororesorcinol (16, Z = F) and 4-methylresorcinol (16, Z =
CHpg) core units or by synthesizing the 4-iodoresorcinol (15) or the protected 4-bromoresorcinol
(12) as shown in Scheme 4. The synthesis of the final compounds was done in analogues way
to that described before for the 4-cyanoresorcinol derived BCLCs (Scheme 2). All synthetic
details are described in the corresponding supporting information of Pub. [AA9-AA14].
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Scheme 4. Synthesis of the 4-substituted resorcinol bent-core materials. Reagents and conditions: i: 1. TsCl,
K2COs, acetone, reflux, 16 hrs, 2. Benzylbromide, reflux, 16 hrs.; ii: NaOH, CH3OH, reflux, 12 hrs.; iii: 1. SOCIy,
80 °C, 1 h., 2. removal of excess SOCI, under pressure, 3. 10 or 13 or 15 or 16, DCM, pyridine, 50 °C, 6 hrs; iv:
Ho/Pd/C, THF, 48 hrs., 25 °C.[AA9-AA14]

3.2.2. Dark Conglomerate formation

An interesting mesophase which could be exhibited by bent core mesogen is the so-called dark
conglomerate (DC) phase, representing a mirror symmetry broken mesophase, occurring as an
intermediate state between the long-range ordered crystalline or LC state and the disordered
liquid. The common feature of all DC phases of BCLCs is their homeotropic appearance i.e.
absence of any birefringence under crossed polarizers (Figure 18b) due to the distortion of the
long-range periodic order. In most cases chiral domains with significant optical activity could
be observed by slight rotation of one of the analyzers from the crossed positions in these DC
phases (Figure 18a,c), though the involved molecules themselves are achiral.

There are two distinct major types of DC phases, the first one is the sponge phase
representing a deformed smectic LC phase with sponge like structure and the second type is the
helical nano-filament (HNF known also as B4) phases,[87-89,95,191-204] where the molecules
are organized in stacks of twisted ribbons forming arrays of helical nano-scale filaments.[205-
209,210,215] A major difference between these two types is provided by the local molecular

order. In the sponge phases there is a lamellar organization in layers, where the individual
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molecules have no fixed positions; hence, these are considered as truly liquid crystalline phases.
In contrast, there is crystal-like packing of the polyaromatic cores in the individual nano-scale
filaments forming the HNF phases, representing robust glassy solids. Further modifications and
intermediate structures between these two types have been also reported.[216-221] For
example, there are liquid crystalline DC phases composed of ribbons (modulated DC

phases)[222,223] and also sponge-like structures involving hexatic and possibly crystal-like

order.[224]
Br
0 /O: 0
o] o
. N AABrF16 N E

C1gH330 OC1gHa3

Figure 18. Textures of compound AABrF16 (with n = 16) on cooling at T = 60 °C: b) between crossed polarizers;
a) after rotating one polarizer by 7° from the crossed position in clock-wise direction and c) in anticlockwise
direction, showing dark and bright domains, indicating the presence of areas with opposite chirality sense.[AA11]

In Pub. [AA9-AA14] a third major type of DC phases located between the sponge-like
and HNF phases was reported for the azobenzene-based BCLCs derived from 4-substituted
resorcinol bent core units (Scheme 3). This new class of DC phases are composed of helical
nano-crystallite and therefore designated as helical nano-crystallite phases (HNC). Depending
on the type of the substituent (Z) on the central core different subtypes of these HNC phases
were reported but all of them have the same fundamental structure (see Figure 19).

In all cases the formation of HNC phases requires the presence of a bulky substituent at
4-position in the central core units. Therefore, HNC phases were observed in all 4-
iodoresorcinol (Z= 1), 4-bromoresorcinol (Z= Br) and 4-methylresorcinol (Z= CHz) derivatives
having azobenzene wings, compounds AAIFn, AABrn, AABrFn, ABBrn, ATBrn and
AAMN, respectively (Scheme 4).[AA9-AA13] Peripheral core fluorination was found to induce
or suppress HNC phase formation for the complete homologues series depending on the nature
of the substituent Z. In case of 4-iodoresorcinol or 4-bromoresorcinol it induces the HNC, while
it suppresses its formation in case of 4-methylresorcinol. In the latter case the azobenzene-based

wings were replaced by ester-based arms for some selected examples. This modification
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resulted in total removal of the HNC phases and the formation of different types of polar SmC

phases depending on the direction the ester groups in the side arms.[AA12]

b

Helical nano-
crystallites (HNC)

Helical nano-
filaments (HNF)

Crystal-like -
packing
Chirality

synchronization & _ ’
curvature

Amorphous
solids

Figure 19. The distinct types of dark conglomerate phases (DC phases) formed by BCLCs ranging from isotropic
LCs to amorphous solids and their development with increasing average packing density of the involved
molecules.[AA13]

Thus, obviously the formation of these HNC requires a rigid side arm with trans double
bonds in the linking units such as azobenzene-based or Schiff base containing wings. The more
flexible COO linking appears to disfavor formation of crystalline nanofilaments. Therefore, the
focus of the work was mainly the azobenzene containing materials.

Replacing the bulky substituent at the apex of the bent-core molecule (Z = I, Br, CH3)
with a smaller halogen group (Z = F or CI) removes the HNC and instead N, B6 phases or even
crystalline materials were observed depending on the nature of the side arms. The B6 phase is
characterized by a focal-conic fan-shaped texture with the extinction crosses parallel to
polariser and analyser. By shearing this texture no homeotropic alignment with pseudoisotropic
texture or schlieren texture could be achieved.[AA9,119,163] Therefore, for symmetrically
nonfluorinated side arms with Z= F, only crystalline materials were obtained except for the
longest derivative with n= 16, which displays a modulated SmC phase.[AA9] Using the
chlorine atom (Z= CI) induces the formation of N, SmC or B6 phases depending on the nature
of the side arms and the direction of the Cl atom with respect to the azobenzene-side arm in
case of nonsymmetric bent-core mesogens.[AA9, AA13] Moreover, the presence of ClI group
induces the formation of the paraelectric SmCs*! phase in a short range before the formation of
the antiferroelectric SmCsPar phase.[AA13, AA14]
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The effect of replacing one of the azobenzene wings with ester-based wing in case of 4-
bromoresocinol derived BCLCs was also investigated (compounds ABBrn and ATBrn,
Scheme 3).[JAA13] It was found that the direction of the ester group plays an important rule on
the formation of the HNC phases. Therefore, using a phenyl benzoate wing (compounds
ABBrn, Scheme 3) mainly stabilizes the conglomerate phases, while inverting the direction of
the ester unit i.e. replacing the benzoate unit with a terephthalate one suppress the formation of
the HNC phases and induces smectic phases, which were found to be polar phases.[AA13]

The effect of double core fluorination on the formation of HNC and polar LC phases
was also investigated in detail using different 4-bromoresorcinol or 4-chlororesorcinol units
and symmetrically difluorinated azobenzene-based wings and the results are given in Pub.
[AA14].

From XRD investigations, there are clear difference in the XRD patterns of the methyl
substituted and the halogen substituted BCLCs (see Figure 20a), indicating that the HNC
phases of compounds AAMn are different from those of AABrFn and AAIFn. The presence
of only lower harmonics (up to the 4™) of the layer reflections (5™ and 6™ order harmonics of
the layer reflections has been reported for typical B4 phases, see for example Fig. 20b [207])
and the significantly increased broadness of the wide-angle scatterings indicates a stronger
distortion of layer structures and filament formation in the case of the halogen substituted

compounds.
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Figure 20. a) Comparison of the 26-scans of the HNC phases of compounds AABrF14, AAIF14 and AAM14
and (b) typical 26-scans of a HNF phase (B4 phase) of a benzylideneaniline based bent-core mesogen (P-8-
OPIMB).[ AA11,207]

The missing of HNC phases in 4-cyanoresorcinol derived materials discussed before
(Scheme 1) compared to the materials discussed in this section (Scheme 3) was understood

based on the DFT calculations as reported in Pub. AA11. From the DFT calculations it appears
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that the 4-CN group reduces the molecular bend (larger opening angle ), but induces a
relatively large twist o between the n-planes of the wings (o = 86°, Figure 21).[AA11] This
obviously retains flat layers and supports the development of a heliconical twist between the
layers by the twist between the alkyl end-chain orientations, thus supporting the formation of
the heliconical phases, namely the short pitch Sm(CP)"' phase [A156,A183,A185] and the
surface stabilized long pitch heliconical states in the N and SmCsPrM™]
phases.[179,A1,AError! Bookmark not defined.] However, this twist o obviously does not
produce a sufficient transversal twist of the layers themselves, required for the formation of
HNC phases. This transversal twist obviously requires a stronger molecular bend, i.e. an
opening angle y close to 120°. In addition, the bulkiness of the halogens and CHz provide
significant layer distortion, destabilizing the layers and allowing an easier layer deformation,

which support HNC phases formation.

a) 4-Bromo b) 4-Cyano
W= 120° W= 1307
a=41° o= 86°

Figure 21. Energy minimum conformations obtained by DFT calculations for (a) the 4-bromo- and (b) 4-
cyanoresorcinol based BCLCs with azobenzene wings.[ AA11]

Therefore, this systematic study in Pub. AA13 contributes to the understanding of DC
phase formation by achiral bent-core systems and provides important guidelines for the
molecular design of new materials forming mirror-symmetry broken HNC phases. The most
important results could be understood from Figure 19, with growing packing density there are
at least three distinct major types of DC phases, (i) the fluid sponge phases, (ii) the HNC phases
and (iii) the HNF phases.

In the sponge phases chirality synchronization takes place before crystalline packing is
achieved and thus is based on a dynamic route of mirror symmetry breaking (route a, Fig.
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19).[143] In the HNC and HNF phases macroscopic chirality develops together with the
evolving crystal-like packing of the molecules (routes b, ¢, Fig. 19). In the HNC phases
considered here, layer deformation develops simultaneously with the emergence of crystal-like
core packing, but alternatively, this process could also take place in two separate steps by
crystallization of previously formed sponge phases (route a+d, Fig. 19).[224] It is proposed that
all three sources of chirality, conformational molecular chirality, supramolecular helical twist
and superstructural layer chirality contribute cooperatively to the mirror symmetry breaking in
soft matter systems formed by BCLCs.[143]

As mentioned before, the subject of azobenzene-based containing BCLCs was reviewed
in 2016 in reference [A123]. Moreover, in cooperation with other co-workers detailed
photoisomerization studies for some selected series of the discussed azobenzene-based BCLCs
were performed to study the effect of the substituent at the apex as well as peripheral
substitution on the photo switching process.[A225] In the same work the possibility of using
some selected examples of such BCLCs in optical storage devices was also investigated and

the results are given in reference [A225].
4. Photo-responsive polycatenars (Pub AA15-AA30)

4.1. Overview

The surprising first experimental observation of spontaneous mirror symmetry breaking in the
isotropic liquid phase (Iso:*!) of achiral polycatenar molecule was reported in 2014 for the

bithiophene based compound Th6/6, Figure 22).[226]
CgH130

o)
CeH130
o]

CeH130

OCgH13

Th6/6: Cr 139 M 171 Cub 205 Iso,*] 213 Iso

Figure 22. Chemical structure and phase transition temperatures of the first reported polycatenar compound
(Th6/6) showing mirror symmetry breaking in the isotropic liquid (Iso:™*1); a-c) chiral domains in the 1so;™] phase;
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a), ¢) between polarizers slightly uncrossed in opposite directions, b) between crossed polarizers and d) 1so-1s0,]
transition on cooling showing the formation of chiral domains at the phase transition at T = 213 °C.[226]

Formation of this Iso1™! phase obviously requires a locally twisted cluster structure of
the liquid, providing cooperativity and acting as a template for chirality
synchronization.[226,143] The few examples known to display Iso:™*! phases were in most
cases metastable, with only few exceptions, meaning that they could only be detected on
cooling. Moreover, they were found at high temperatures around ~ 210 °C, where the
decomposition becomes an issue, thus making their investigation and application difficult.

Therefore, the focus was to design new polycatenar materials capable of displaying
Iso1*] phases at reasonable temperature to make their investigations easier. Another target was
to produce materials which could be applied for optical storage devices and other potential
application, and therefore the azobenzene unit was incorporated into the molecular structures
of the target materials as reported in Pub. AA15-AA27. Moreover, different intermolecular
interactions such as hydrogen or halogen bonding were used to obtain azobenzene-based
supramolecular polycatenars (Pub. AA19-AA22). This resulted not only in wide ranges of
Iso1™] phases but also in interesting new liquid crystalline phases and phase sequences. The

results of this work will be the focus of the following sections.

4.1.1 Synthesis

The synthesis of the azobenzene-based polycatenars either having four (Cm/n) or three terminal
(Dm/n) chains is shown in Scheme 5.[Pub. AA15-AA18] The synthesis starts from the
multichain benzoic acids by an acylation reaction with 4,4’-dihydroxybiphenyl to get the mono
ester compounds 18 which then were used in another acylation reaction with the benzoic acids
9n and 9Fn.

The supramolecular polycatenars constructed by intermolecular interaction either
hydrogen (Hm/n and Im/n) or halogen bonding (L6/n and MG6/n), respectively were
synthesized according to the synthetic routes shown in Scheme 5 and 6. The hydrogen-bonded
supramolecules Hm/n and Im/n were constructed using multichain benzoic acid derivatives
Em and Fm as the proton donors and the azopyridine derivatives Gn as the proton acceptors
(Scheme 5).[Pub. AA19-AA21] The halogen-bonded supramolecules L6/n and M6/n were
synthesized according to scheme 6 using the same azopyridines Gn or with additional benzene
ring (Jn) as the halogen bond acceptors [Pub. AA22] and the 4-iodotetrafluorobenzoates K6.
All synthesis details are given in the corresponding publications and described in their
supporting information.[AA15-AA22]
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Scheme 6. Synthesis of the supramolecular halogen-bonded polycatenars L6/n and M6/n. Reagents and

conditions: i. Zn/NHjs aq.;

ii. n-BuLi, I2; iii. DCC, DMAP, DCM, stirring, rt., 24 h; iv. For Gn compounds:
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BrCnHan+1, Kl, K2CO3, DMF, stirring, 50 °C, 48 h; v. For Jn compounds: 4-n-alkoxybenzoic acids, DCC, DMAP,
DCM, stirring, rt., 48 h; vi. Melting with stirring.[AA22]

Related polycatenars Nm/n without azobenzene unit but derived from a bithiophene

core and terminated with thioalkyl chains were synthesized as described in Pub. AA23 and

shown in Scheme 7.
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Scheme 7. Synthesis of bithiophene-based polycatenars without azobenzene unit. Reagents and conditions: i.
DCC, DMAP, DCM, RT, stirring; ii. [Pd(PPhs)4], THF/sat. NaHCOs-solution, reflux; iii. NBS, THF, RT, absence
of light; iv. 1. Absolute EtOH, KOH, Hzn+1CnBr, 2. NaOH solution, reflux, 3. H*; v. 1. SOClIy, 2. Triethylamineg,
pyridine, DCM, reflux.[AA23]

4.2. Isothermal photo switching of chirality with nonpolarized light

Compound C6/8, reported in Pub. AA15 (Scheme 5), represents the first example of
azobenzene-based polycatenar exhibiting mirror-symmetry breaking in the isotropic liquid

phase (Iso1™1), in this case occurring beside tetragonal (Tet) liquid crystalline phase as indicated
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from the optical texture investigationss (Figure 23 a-c). The Tet phase observed in this material
is a 3D non-cubic LC network phase characterized by high viscosity and high birefringence. It
was found that the Isoi*! phase occurs at lower temperature compared to that of the
bithiophene-based material TH6/6 (Figure 22) and therefore, its investigation with XRD was
possible (Fig. 23d).[AA15]
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Figure 23. Chemical structre and transition temperatures of the first example of azobenzene-based polycatenar
(C6/8) exhibiting 1so0;] phase. a) and b) Textures of the Iso;*! phase at T = 180 °C under slightly uncrossed
polarizers either in clockwise or anticlockwise directions; c) texture of the Tet phase T = 150 °C; d) small-angle
and wide-angle (inset) XRD diffractograms at different temperatures for the achiral Iso phase at T= 195 °C, the
chiral 1so;™ phase at T= 180 °C, and Tet phase at T= 170 °C; &) SAXS diffractogram of the Tet phase at T= 160
°C with indexation.[AA15]

XRD investigation of the Iso and Iso:[*! phases of compound C6/8 shown in both Iso
phases a diffuse small- and wide-angle scattering (Fig. 23d). The position of the maximum of
the small angle scattering is at d = 4.3-4.4 nm, corresponding approximately to the molecular
length (d/Lmoi = 0.87-0.90). This indicates that the 1so:™*! phase has a cybotactic structure. The
clusters appear to have a helical or a twisted lamellar local structure acting as template for
helical molecular packing with long range chirality synchronization. At the lso:™*]-Tet
transition the local clusters fuse to a long-range 3D structure forming the tetragonal lattice.

Whether the chirality is retained or lost at the transition to the Tet phase is difficult to decide
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because of the high linear birefringence observed in the Tet phase. However, a related Tet phase
exhibited by another azobenzene-based tetracatenar analogue was recently investigated in
details with resonant soft X-ray scattering (RSoXS) and its exact structure was successfully
solved as described in ref. A227 and as will be discussed later (see section 4.3).

In Pub. AA15 it is shown, how the type of LC phases as well as the range of Iso;*]
phase observed in compound C6/8 were successfully controlled by aromatic core fluorination
either in outer or inner positions of the rod-like backbone or by double fluorination.[AA15]

As described in Pub. AA15, the photoisomerization of C6/8 was investigated in solution
but it was difficult to measure in the bulk state i.e. in the LC phase, which is attributed to the
kinetic hindrance of the three-dimensional structure of the Tet phase. To overcome this
problem, compound D6/8 with Z = H (Scheme 5) i.e. with one terminal chain less at the
crowded end compared to compound C6/8 was designed and synthesized. This slight
modification results in removing the 3D Tet phases and the observation of the Isos™*! phase
beside a fluid lamellar LC (SmA) phase. This allowed the demonstration of the first report of a
fast and reversible photoinduced switching between an achiral LC phase (SmA) and a mirror
symmetry broken isotropic liquid (Iso1™!) with non-polarized light (Figure 24) as outlined in
detail in Pub. AA16.
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Figure 24. Chemical structure and transition temperatures of compound D6/8. a) UV-vis spectra of D6/8 dissolved
in chloroform at 25°C. b-d) Isothermal photo induced SmA-to-I1so.™! transition observed for D6/8 under slightly
uncrossed polarizers at T = 168 °C: b) SmA phase before illumination with non-polarized 405 nm laser light (5
mW/mm?); ¢) during SmA-to-I1so; ™1 transition upon starting of illumination and d) 1so:*] phase as observed during
illumination. The reverse sequence is obtained immediately after switching off the light source.[AA16]
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4.3. From meso-structures to conglomerate formation in liquid and liquid crystalline networks

The Cubyi/la3d phase is one of the nature’s most symmetric and complex structures, the electron
density map of which was established long time ago.[228] It is composed of two
enantiomorphic helical networks and therefore represents an achiral meso-structure (Figure
25a,b), i.e. there is enantiophilic coupling between the networks. Using compound C10/18 and
utilizing small-angle X-ray scattering, resonant soft X-ray (RSoXS) scattering at the carbon K
edge and model-dependent tensor-based scattering theory, Yu Cai et al. elucidate the
morphology and investigated the molecular packing in the double gyroid phases formed by
C10/18.[A136] The study revealed that, the spatial variation of molecular orientation through
the channel junctions in the double gyroid phase can be either continuous in the case of
anisotropic channels or discontinuous in the case of isotropic channels depending on the
molecular structure and shape. Only the anisotropic channels lead to a helical organization of
the rod-like polycatenar molecules along these channels, whereas flexible molecules assume a
randomized organization.[A136]

0 N OC,Hane1

Figure 25. Helical network 3D phases formed by compounds Cm/n: a, ¢, €) the reconstructed 3D electron maps
in the achiral double gyroid Cuby; with 1a3d space group; in Tetyi phase and in the chiral triple network Cuby; with
space group 1231 phase, respectively; b, d, f) corresponding schematic presentations of their network structures;
in b) there are two enantiomorphic networks with opposite helicity (blue/red), in d) one of the networks (grey) has
areduced coherence length of helix sense and in f) there are two similar networks (red) and the third one is different
(yellow).[AA18]

On the other hand, the 123 phase being composed of three networks (Fig. 25¢,f) is always
chiral and typically forms a conglomerate of chiral domains (Cubsit*/123) meaning that the
network coupling becomes enantiophobic.[133] The detailed investigation performed by Yu
Cai et al. for compound C10/18 using different XRD techniques leads to the discovery of a new
bicontinuous tetragonal LC (Tetyi) phase and its structure was successfully solved and shown
to form a pair of chiral P4:2:2 and P432:2 space groups (Figure. 25c,d) as described in ref.

[A227]. The tetragonal phase is in this case observed as an intermediate phase at the transition
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from enantiophilic self-assembly in the achiral 1a3d phase to enantiophobic one in the chiral
123 phase. At this transition one of the enantiomorphic networks in the 1a3d meso-structure is
racemized in the Tety phase, which synchronizes its chirality at the transition to the 123 phase.
These findings could help to understand the exact structure of the Tet phase mentioned above
for compound C6/8 [AA15] and other unsolved Tet-phases which are currently under
investigation.

Pub. AA18 reports the synthesis and investigation of a complete series of compounds
C10/n, having m = 10 and n = 5- 20. Depending on the chain length and temperature these
achiral polycatenars self-assemble into a series of liquid crystalline helical network phases
(Figure 26). Whereas the chiral 1so:1*! and Cubyi*}/123 were found for the short chain
compounds, non-cubic and achiral cubic phases dominate for the long chain compounds.
Among them a nanoscale conglomerate with 123 lattice, a tetragonal phase (Tetyi) with P41212
and P43212 space groups combining a chirality synchronized and a non-synchronized achiral
network like that reported for C10/18,[A227] an achiral double network meso-structure with
la3d lattice and an achiral percolated isotropic liquid mesophase (1so1).
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Figure 26. Chemical structure and bar diagram of the tetracatenars (C10/n) showing the mesophases and phase
transition temperatures on cooling (lower bars) and on heating (upper bars).[AA18]
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This sequence is attributed to a decreasing strength of chirality synchronization between
the networks, combined with a change of the preferred interhelical network interaction from
enantiophobic to enantiophilic with growing chain length. This work provided an understanding
of spontaneous mirror symmetry breaking and the factors leading to chirality synchronization
in these achiral materials. Moreover, these nanostructured phases exist over wide temperature
ranges which is of interest for potential applications requiring fast charge transfer.[141]

Pub. AA23 reports 5,5’-diphenyl-2,2’-bithiophene based polycatenars (Nn/m) with a
fork-like triple alkoxylated end and a thioether chain with variable length at the
monosubstituted apex (for the synthesis, see Scheme 7). The effect of the thioalkyl chain length
on the development of helical and mirror symmetry broken soft matter network phases was
investigated and compared to the related analogues terminated with alkoxy chains.[138,226] In
these materials also helical self-assembly of the z-conjugated rods in networks occurs, leading
to broad temperature range (> 200 K) of bicontinuous cubic network phases. Full details are
given in Pub. AA23.

Comparing some of compounds Nn/m with their related alkoxysubstituted derivatives
(Figure 27) indicate that the same phase types and phase sequences are observed in both cases.
However, replacing S by O increases the Iso1™ ranges on the expense of the Cubyi phases. For
the pair N10/1, Th10/1 an increased stability of the cubic phase is observed by replacing O by
S, whereas for the materials with longer chains (n = 6, 10) this order is reversed.
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Figure 27. Phase transitions of the polycatenar compounds N10/1,]AA23] N10/10,[AA23] N6/6 [AA23] and their
related analogues B10/1,[138] B10/10 [138] and B6/6 [226] as observed on cooling (DSC with rate 10 K min™?).
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The main effects of replacing ether by thioether linkages are a decreased C-S-C bonding
angle (99°) compared to C-O-C (114°),[229] a changed molecular shape from almost rod-like
to more bent and an increased C-S bond length (1.82 nm) compared to C-O (1.45 nm).[229]
The latter decreases the rotational barrier around the C-S bonds compared to the C-O bonds (O-
CHs: 11.3 kJ mol?*; S-CHs: 8.4 kJ mol?) and thus increases conformational chain
mobility.[230,231] Increased conformational chain disorder of arylthioethers is also supported
by the decreased conjugation of S with the benzene ring if compared with related
arylethers.[232] Moreover, the reduced electronegativity of S compared to O leads to reduced
dipolar intermolecular interactions whereas its larger electric polarizability provides stronger
dispersion forces between the thioethers. In cases where the conformation is biased, as in
heterocycles, a strong mesophase stabilizing effect of S compared to O of about 20 K per S was
observed.[233] In contrast, the enhanced conformational flexibility around the C-S bonds
reduces the stability of LC phases if an alkyl chain is attached to a core unit via a thioether
linkage.[234,235] The increased stability of the LC phases can be attributed to the increased
attractive dispersion forces provided by the larger sulphur. For the longer chain this stabilizing
effect of S is compensated by its mesophase destabilizing effect due to the increased
conformational chain mobility and therefore the effect of replacing O by S is reversed for the
longer homologues. The increased chain mobility is likely to also contribute to the reduced
melting points and reduced crystallization tendency of the thioethers and widens the Cuby
ranges in all cases.[AA23,138,226]

4.4. Synclinic-anticlinic transitions and spontaneous helix formation
Another interesting series of Y-shaped achiral azobenzene-based tricatenars (compounds D6/n,
Scheme 5) with a 3,5-disubstitution pattern at one end was reported in Pub. AA17.

As mentioned before (section 4.2), it was possible with one member from this series
(compound D6/8) to photo switch between chiral and achiral states.][AA16] However, this was
not the only interesting point with these materials, where it was found that they provide a rich
variety of distinct modes of LC self-assembly, including hexatic phases (HexFs, Hexls, HexB),
synclinic (SmCs) and the rarely observed anticlinic tilted smectic C phases (SmCa), achiral
Cubyi/la3d, and chiral (Iso:*1) as well as achiral (Iso1) isotropic liquid network phases (Figure
28). An additional uniaxial tilted smectic phase is observed at the transition between anticlinic
and synclinic tilt correlation in compounds D6/n and was investigated by soft resonant X-ray
scattering by Chenhui Zhu.JAA17]

Especially notable were the broad regions of the SmC, phases achieved with these

achiral compounds, providing a new design concept for anticlinic smectics, eventually leading
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to practically important orthoconic LCs.[236] Moreover, the phase transitions from smectic to
hexatic phases is associated with a change of the layer correlation from anticlinic to synclinic
on cooling, which is opposite to the usually observed SmCs to SmC, transitions.[AA17]

CeH130

C6H13O
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T/°C

Figure 28. Chemical structure and bar diagram of compounds D6/n showing the mesophases and phase transitions
on heating (upper bars) and on cooling (lower bars); Cub = achiral Cubyi/la3d.[Pub. AA17]

Another remarkable feature of these compounds is the formation of Isoi™*! phase for
compounds with medium alkyl chain length (n = 5-8). Upon further chain elongation (n > 9)
only the achiral Iso1 phase was observed (Figure 28). Development of these 1so1/Isoi™*! phases
(Figure 29) is explained by dynamic network formation after crossing a critical connectivity of
the helical aggregates if a homogeneously chiral local network structure can develop in the
Iso1™*] phase (e.g. 123 like structure). If the critical network density is not achieved or an achiral
network structure (e.g. 1a3d, Fig. 29e) is preferred, then the network liquid is achiral (1so1).

An efficient way to stabilize the Cubpi phases in these materials was the peripheral
fluorination of the aromatic core. This effect of core fluorination is opposite to central core
fluorination of symmetric polycatenars which is known to give only smectic phases.[237]
Therefore, this work provides a new concept for the design of technological interesting LC
materials with anticlinic smectic C phases (SmC.) and spontaneously emerging chirality in self-

assembled systems. More details are explained in Pub. AA17.
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Figure 29. Expanded sections of the DSC traces of compound D6/6 showing () the Iso-1so;*! transition on heating
and cooling and (b) the Iso-1so0;1 transition of compound D6/10; (c) shows the origin of the helical superstructure
due to the clashing of the bulky end chains of the rod-like molecules; (d) illustrates the development of the
networks (from right to left); (e) shows the helical structures in the 1a3d phase (with opposite helix sense in blue
and red networks and three way junctions; the minimal surface separating the networks is shown in yellow),
assumed to represent the local structures in the chiral 1so;™! and the achiral Iso; phase, respectively.[AA17]

4.5. Supramolecular polycatenars forming chiral cubic and Iso:™*! phases

In Pub. AA19 hydrogen bonding was used as intermolecular interaction to design the first
examples of the azobenzene-based supramolecular polycatenars (H6/n, X=H Scheme 5). The
supramolecules were designed using azopyridines with one variable terminal chain (Gn) as the
proton-acceptors and a taper shaped benzoic acid derivative with three terminal chains as the
hydrogen bond-donor (E6). These supramolecules displayed the chiral 1so:*! phase in addition
to the two different versions of the bicontinuous cubic phases i.e. the achiral double gyroid
(Cubpi/la3d) and the chiral triple network cubic (Cubwi*/123) phase in relatively wide
temperature ranges.

In a more recent work (Pub. AA20) the formation of mirror-symmetry broken
Cubpi™/123 and 1s01™! phases was successfully controlled by alkyl chain engineering). For this
purpose, three series of supramolecular photo-switchable polycatenars formed by
intermolecular hydrogen bonding interaction were designed and synthesized (Hm/n and Im/n,
Scheme 5). In all of them the same azopyridines (Gn) were used as the proton acceptors, while
the proton donors were either the taper shaped benzoic acid derivative E10 with longer terminal
chains compared to E6 or Y-shaped benzoic acid derivatives having only two terminal chains
(Fm).[AA20] The Iso:*! phase is observed only adjacent to the 123 cubic phase, which means
that it is likely to be composed of a local 123-like structure. In addition to the chiral Cubpi™*1/123
phases, the achiral Cubpi/la3d phases as well as Colnex phases were observed depending on the

length of the terminal alkyl chains.
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More interesting, with these supramolecules it was possible to report the first case of
fast and reversible photo switching by UV irradiation between the chiral Cubyil*!/123 and the
achiral Cubyi/la3d phases as well as between Cubyi*}/123 and a chiral crystalline (Cr*!) phase
(Figure 30).[AA20] This could lead to interesting perspectives for chirality switching and
phase modulation by interaction with non-polarized light, which in turn could be used to
improve the materials properties to be applied in optical shutters and other optical, electronic,

or mechanical modulation devices.
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Figure 30. (a-c) Reversible isothermal photo-off-on switching of chirality at T = 150 °C and (d-f) switching
between the Cr*1 and the Cubyi*1/123 phase by retaining chirality at T = 70 °C as observed for H10/8 in a
homeotropic cell.[Pub. AA20]

Related supramolecules but designed with halogen bonding interaction instead of the
hydrogen bonding are reported in Pub. AA22 (complexes L6/n and M6/n, Scheme 6). For these
supramolecules, no 3D cubic or tetragonal phases were observed in contrast to those observed
in the hydrogen-bonded supramolecules or in the covalently bonded materials discussed before.
Instead, wide ranges of SmA phases were exhibited by the halogen-bonded materials, which
for one supramolecule was found to be the widest among all previously reported supramolecular
perfluoroarylhalide/pyridine based halogen-bonded LCs.[AA22,238,239] Moreover, a fast and
reversible photoisomerization process in the bulk state between the lamellar SmA phase and
the isotropic liquid was successfully achieved.

The absence of the Cubyi phases in all L6/n and M6/n supramolecules is attributed to
the large size of the four lateral fluorine atoms present in the halogen bond donor (K6) used to

design these materials. The thus increased cross sectional area of the fluorinated aromatic cores
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leads to a reduction of the interface curvature between aromatics and aliphatics and this is
responsible of the formation of only lamellar phases rather than bicontinuous cubic phases with
curved interfaces.[AA22]

It should be mentioned at this point that the hydrogen-bonding interaction was also used
to design nematogenic supramolecular dimers [AA28] as well as bent-shaped supramolecules
[AA30]. The details for these studies are given in references AA28 and AA30.

In Pub. AA21 the design, synthesis, and investigation of fluorinated supramolecular
azobenzene-based polycatenars formed by intermolecular hydrogen-bonding between the taper
shaped benzoic acid (E6) and a variety of fluorinated azopyridine derivatives (supramolecules
H6/n, X=F, Scheme 5) were reported. The effect of core fluorination at different positions of
the aromatic core on the development of soft matter network phases was investigated and
compared to the parent nonfluorinated supramolecules.[AA19] Depending on the position of
the fluorine substitution, helical network formation was observed in the Isoi™! and in the
Cubyit*/123 phase (Figure 31).
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Figure 31. Phase transitions of the fluorinated hydrogen-bonded supramolecules as observed by DSC on cooling
with 10 K min~t.[AA21]

The 1so1™! phase is found for complexes with short chains and without peripheral

fluorine and it occurs besides the Cubpi*1/123 phase, and therefore, a local 123-like network
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structure is proposed. Moreover, the reported materials represent the first examples of
hydrogen-bonded supramolecular complexes exhibiting 3D tetragonal phases (Tet) over
relatively wide temperatures ranges and in different phase sequences, in most cases representing
deformed versions of the 123 lattice, appearing as intermediate phases at the 1a3d-123 transitions
in the overall sequence la3d-(Tet)-123-Tet-1a3d-Colpex.

Interestingly, the type of the Tet phase is changing by changing the position of the
fluorine substitution as indicated from the optical texture and the lattice parameters calculated
from the XRD measurements. The formation of these Tet phases is assumed to be the result of
the combined action of minimizing steric frustration and optimizing helix packing in chirality
synchronized helical network structures. Overall, this report provided guidelines for the
application of core fluorination at different positions as a powerful tool for controlling
spontaneous helical self-assembly in supramolecular liquid and liquid crystalline materials.

It should be noted here, that the role of aromatic core fluorination was investigated in
details for simple supramolecular rod-like molecules designed by hydrogen-bonding interaction
in another work.[AA29]

4.6. Nematic polycatenars and their investigation on photo switching properties and
optical storage devices

In another study [A24,A240] the positions of the three alkyl chains at the trisubstituted end of
polycatenars were changed to give compound (Oa-e). These materials were synthesized as

outlined in Scheme 8 and investigated in detail.
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Scheme 8. Synthesis of the polycatenars Oa-e. Reagents and conditions: i. NaNO2, HCI; ii. NaOH, 1,2,3-
trinydroxybenzene; iii. BrC¢His, Kl, K.CO3s, DMF, stirring, 80 °C, 48 h; iv. NaOH, stirring, 85 °C, for 4 h then
H*; v. SOClIy, few drops of DMF, stirring, 80 °C, 1h; vi. 4,4’-dihydroxybiphenyl, pyridine, stirring, 100 °C, 12 h;
vii. DCC, DMAP, DCM, stirring, 48 h.[A24]

Though these compounds cannot be directly compared with the previously discussed

polycatenars (Cn/6),[AA15] the shift of one of the terminal hexyloxy chains into the 2-position
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distorts the core-chain segregation and provides a significant steric distortion. Therefore, these
compounds form exclusively nematic LC phases with cybotactic clusters (Ncync) in wide
temperature ranges beside SmC phases in some cases.[A24] Moreover, they have the advantage
of the incorporation of the azo units in their structures. Therefore, they were selected for further
investigations.

Besides the three hexyloxy chains at one terminus of the polycatenars Oa-e a variable
single chain at the other terminus, which was varied with -OCgH13, -SCeH13, -C7H13, -OC10H21
and -O(CH2)4CeF13 chains was used. The effect of variation of terminal chains on the LC-
phases, the photo-switching properties of these azobenzene-based materials upon light
irradiation and their Kinetic reactions were investigated in ref. [A240]. Surprisingly, trans-cis
conversion in solutions takes around 85 seconds, while relaxing back i.e. cis-trans conversion
takes ~ 30-60 minutes depending on the type of the terminal chain. On the other hand,
irrespective of the nature of the terminal chain all of them exhibit fast thermal back relaxation
time. The potential of one selected example in optical storage device was elucidated (Figure
32) confirming the possibility of using such photoswitchable polycatenars in optical shutters

and other optical devices.
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Figure 32. Demonstration of an optical storage device using compound Od (with X= -OCioH21). Prototype
observed under the crossed polarisers. The system changes from ordered to disordered state with the illumination
of UV light of wavelength 365 nm along with heat filter to avoid any heat effects. One can see the bright regions
(masked area) and dark regions (illuminated area) with respect to UV light illumination. Intensity used is 5mwW/cm?
and time of illumination is 10 minutes.[A240]

5. Combination of structural features of polycatenars with mesogenic dimers and bent-
core mesogens

Aiming to combine the liquid crystalline properties of both bent-core and polycatenars in single
molecules different classes of new LC molecules were reported [AA25-AA27] synthesized and
investigated. Therefore, in Pub AA25 polycatenars in the form of dimers having two different
rigid segments connected with aliphatic spacers were synthesized and investigated (compounds
Pm/n, Scheme 9).
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The spacers were selected to have odd number of carbon atoms to induce bending of the
whole molecular structure aiming to induce polar LC phases formed by bent-core
molecules.[62,66] No cubic or tetragonal phases were observed in these materials as those
formed by polycatenars molecules but only nematic phases were detected. It was not possible
to further investigate these nematic phases because of their monotropic nature and their short
range.

Very recently the first examples of photo responsive hockey-stick (HS) polycatenars
(Qm/nand Rm/n, Scheme 10) were also synthesized and investigated as reported in Pub. AA26
and AA27.
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Scheme 9. Synthesis of the dimeric compounds Pm/n. Reagents and conditions: i. Br(CH2)nBr, Kl, K.CQs, dry
acetone, stirring, reflux, 24 h; ii. 4-hydroxybenzaldehyde, KI, K,COs, DMF, stirring, 85 °C, 6 h; iii. resorcinol,
NaOCl,, NaH2POy4, then H*; vi. 1. SOCI,, few drops of DMF, stirring, 80 °C, 1h; 2. Dry DCM, TEA, few drops of
pyridine, reflux, 6 h.[AA25]
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Scheme 10. Synthesis of the hockey-stick (HS) polycatenars Qm/n and Rm/n. Reagents and conditions: i. 1.
SOCl,, DMF, reflux, 1 h.; 2. EtsN, dry pyridine, DCM, reflux 6 hrs.; ii. Ho/Pd/C, dry THF, stirring 48 hrs., 25 °C.[
AA26,AA27]

In these two articles new azobenzene-based HS polycatenars derived from 4-
cyanoresorcinol bent-core unit connected to two side arms with different lengths were reported.
The long arm is a fork-like double or triple alkoxylated wing, while the short arm is azobenzene-
based wing terminated with a single variable alkoxy chain. In both types of materials differing
in the chain volume at the crowded end, wide temperature ranges of lamellar smectic A phases
(up to 170 K) are observed beside the achiral 1so1 phase for the shorter derivatives. On chain
elongation helical self-assembly of the m-conjugated rods in networks occurs resulting in the
formation of nanostructured Cubyi/la3d phases, in most cases stable even around room
temperatures. At the transition from SmA to Cubn phases, additional unknown three-
dimensional (3D) phase is observed in some materials. For all investigated compounds no
current peak could be observed in the SmC or SmA phases up to a voltage of 200 Vp, in a 10
um or 6 um ITO cell, indicating the non-polar nature of these smectic phases.

Based on the XRD results and using Materials Studio software, a possible explanation
for the loss of polar order in such phases was given. The reason is attributed to the distorted
packing of the molecules giving rise to a significant distortion for the directed packing of the
bent directions of the cores. A polar order could be expected only if a uniform bend-direction
with preferred packing of the bent-core molecules with parallel organization could be achieved,
which is not the case in the studied HS polycatenars.

Shifting the position of the bent 4-cyanoresorcinol core in compound Q6/8 with m = 6
and n =8 to be more close to the crowded end leads to the hockey-stick molecule S6/8.[AA26]

This modification results in complete removing of the SmA phase with no formation of 3D Cub
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or Tet phases. Instead, a nematic phase with SmC-cybotactic clusters (Ncync) in addition to
different types of smectic phases are formed. Obviously, the reduced molecular symmetry,
which requires a mixed packing of the short and long wings leads to a reduced packing density
which is unfavourable for chirality synchronization as required for the formation of helical

network phases. More details are given in Pub. AA26.

OCgH47

Overall, this study can be considered as an important step toward the unification of

polycatenar self-assembly and bent-core self-assembly which requires further work.[241,242]

6. Summary and conclusions

The main goal of the work was to introduce new strategies toward the design and investigations
of novel classes of nanostructured self-assembled functional materials, as well as their
structure-property relationships. This was planned to understand the fundamental factors
leading to the macroscopic chirality in soft matter systems of achiral molecules which is a
contemporary research topic with great importance for the general understanding of
spontaneous mirror symmetry breaking with a great impact on the discussion around the
emergence of uniform chirality in biological systems and for technological applications.
Additionally, photoswichtable materials for the manipulation of the physical and chiroptical
properties by light irradiation were synthesized and investigated.

Therefore, different classes of photo responsive liquid crystalline materials, namely
bent-core LCs and polycatenars were designed and synthesized. Different synthetic strategies
were used, and extensive studies were performed to fully characterize the liquid crystalline
phases exhibited by these materials. This provided very useful insights about the factors leading
to mirror symmetry breaking in soft matter systems and guidelines for molecular design of new
functional materials capable of formation of mirror symmetry broken LC phases.

In the first part of the work, the effect of substitution at the apex of azobenzene-based
bent-core mesogens with different halogen or pesudohalogen groups were systematically
studied. Therefore, several types of central bent-core units have been used to synthesize BCLCs
including 4-cyanoresorcinol, 4-bromoresorcinol, 4-iodoresorcionl, 4-chlororesorcinol, 4-

fluororesorcinol and 4-methylresorcinol. This leads to the discovery and investigations of
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different new LC phases and new phase sequences. Among all of the synthesized compounds
mirror symmetry breaking was observed in the fluid synclinic SmC phases assigen as SmCs*!
and SmCsPr™! exhibited by BCLCs derived from 4-cyanoresorcinol (section 3.1.5) and in a
new type of soft semicrystalline dark conglomerate (DC) phases assigned as HNC phases
(section 3.2.2) formed by 4-bromoresorcinol, 4-iodoresorcionl or 4-methylresorcinol
derivatives. The HNC phases were successfully proven to represent a third type of DC phases
with intermediate properties between the LC sponge phases and the semicrystalline HNF
phases. It was proved from the DFT calculations that the larger the halogen group size, the
stronger is the twisting of the molecule and the stronger the tendency to form HNC phases (I >
Br). Guidelines for the design of materials forming this type of HNC phase were successfully
established.

In the second part of the work, the focus has shifted to photo responsive polycatenar
LCs, which results in interesting optical properties beside the discovery of new LC phase.
Therefore, different types of azobenzene-based polycatenars were designed and synthesized.
The target compounds were designed by covalent bonds or by intermolecular interactions using
either hydrogen or halogen bonding. Ambidextrous mirror symmetry breaking was observed in
different types of LC phases exhibited by these polycatenars including Isoi™*!and Cubyit*1/123
in addition to helical network formation in the achiral Cubyi/la3d phase. It was possible to
identify the molecular packing in the double gyroid (Cubyi/la3d) phase as well as solving the
exact structure of a new bicontinuous tetragonal (Tets) phase, which is considered as step
forward to understand the factors leading to structure complexity in soft matter systems.
Ambidextrous mirror-symmetry breaking in such polycatenars was successfully controlled by
alkyl chain engineering and by aromatic core fluorination (section 4.5).

For both BCLCs and polycatenar LCs new modes of photo switching were reported. For
BCLCs isothermal photo switching between chiral and achiral LC phases as well as between
ferroelectic and antiferroelectric states were demonstrated (section 3.1.8). In the case of
polycatenars, it was possible to photo switch between the chiral Isoi™*1and the achiral SmA
phases (section 4.2), between the Cubyi*}/123 and the achiral Cubyi/la3d phase as well as
between chiral Cubpil*!/123 and a chiral crystalline phase (Cri*], section 4.5). These findings
could lead to interesting perspectives for chirality switching and phase modulation by
interaction with nonpolarized light, which in turn could lead to the possibility of application of
these materials in optical shutters, electronic or mechanical modulation devices. Also, the
possibility of using some selected examples in optical storage devices was demonstrated
(section 4.6). Moreover, some of the synthesized materials exhibiting 3D Cuby; phases are
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currently under investigation for the possibility of their application as semiconductors in
cooperation with Prof. Alexey Eremin (Otto-von-Guericke-Universitat, Magdeburg) and the
results are very promising.

In the last part of the thesis new classes of LC materials were represented (Compounds
Qm/n and Rm/n (section 5) aiming to combine liquid crystalline properties of bent cores and
polycatenars in single molecules. Though, no polar LC phases were observed, wide ranges of
Cubyi phases were exhibited by these materials, making them excellent candidates for
technological applications. Therefore, the current focus of the applicant is the design and
synthesis of related molecules aiming to obtain a novel class of molecules able to display polar
phases as well as 3D mesophases, which is expected to widen the range of possible applications.
Moreover, the relation between the formation of helical networks and deformation of the cubic
lattice or generation of new modes of helical self-assembly in the tetragonal phases is still open

question to be answered in the future which is also in the focus of further research.
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