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Introduction

Nowadays, people are surrounded by a variety of different and complex electronics with
integrated circuits which are established in plenty of areas. These electronics are integrated in
devices which are of essential importance for our daily life and improve substantially the
peoples standard of living. But due to the rapid technological progression and the introduction

of novel electronics, our close environment is exposed to permanent changes.

Most of the technology is based on metals and inorganic semiconductors. Undoubtedly,
these materials possess excellent conductive properties, but nevertheless other materials with
novel properties are intensively investigated which could fulfill the great demand for further
device miniaturization on the one hand and allow low cost production of these devices on the
other. Following these requirements organic materials appear to be currently the most
potential candidates for the partial replacement of metals and silicon in field-effect transistor,
light-emitting diodes or photovoltaic devices. Furthermore, organic semiconductors are very
promising due to their low cost and their easy processibility. Both academic and industrial
research put considerable effort in the investigation of the suitable organic materials for
electronic devices. For instance, the number of scientific publications concerning organic
compounds exploited in electronic devices increased extremely since the beginning of the
90’ies, whereby many of the reports were placed in high-ranking journals. Recently, Siemens
announced the successful construction of a photovoltiac cell based on organic compound with
an efficiency of more than five percent being a breakthrough in this field. These two examples
should emphasize the great impact of the field of organic semiconductors. Thereby, the most
essential parameter is the charge carrier mobility in these materials, which determinates in a

high degree the successful application of the compounds.

One can distinguish between two technological progresses; on one hand the ongoing
circuits miniaturization leads to molecular devices (molecular electronics) which consists of
only one single molecule. These devices are characterized by a very high electronic
efficiency. For instance, a single carbon nanotube exploited in a FET device showed recently
mobilities up to 79,000 cm*Vs." This value is significantly higher in comparison to the
common MOSFETSs (1000 cm?/Vs) based on the inorganic counterpart silicon.” On the other
hand there is a great demand of producing cheap electronics (plastic electronics) in mass
production for one-way use which is not possible by using inorganic materials. For the latter

kind of application the electronic performance is secondary, since device mobilities up to 1.0
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cm?/Vs are necessary in order to replace amorphous silicon, which is mainly used today in

cheap devices.

One concept for the fabrication of low-cost devices is to apply organic materials,
consisting of molecules which show the tendency to self-assembly. These molecules which
can be regarded as single building blocks, self-organize via specific intermolecular
interactions into complex supramolecular structures. One group of this kind of materials is
polycyclic aromatic hydrocarbons (PAHs) consisting of a planar aromatic core which can
be substituted in order to control the bulk properties. Due to m-interactions between the
aromatic cores these molecules self-organize into supramolecular columnar structures along
which a one-dimensional charge carrier migration takes place. Local charge carrier mobilities
of up to 1.1 cm?/Vs for hexa-peri-hexabenzocoronene derivatives have been observed making

these compounds very promising for practical application.

However, the transfer of these properties into electronic devices is difficult and requires
a detailed investigation of adequate processing techniques. In devices the most essential
requirement for an undisturbed one-dimensional charge migration along the columns is a high
long-range order in the active layer which is deposited between the electrodes. Local defects
at domain boundaries in unoriented layers can trap the charge carriers and decrease

considerably the device performance leading to significantly lower charge carrier mobilities.

Thus, the development of appropriate processing techniques became an essential
challenge for the fabrication of unperturbed long-range oriented organic semiconductors. This
close relationship between supramolecular structure and electronic properties has been
investigated impressively for thiophene oligomers and polymers or phthaloyanines. However,
no breakthrough could be achieved in the design of a processing technique, so that the
performance of the devices based on these organic compounds is still under the desired
properties for practical application. The most important requirement is surely the fabrication
of highly ordered samples resulting in excellent device performance. Today no processing
technique could completely satisfy this demand. Vacuum deposition is an exception which
however is not in agreement with the next requirement of simplicity in manufacturing and low
cost fabrication. An additional need from the industrial point of view is the production of

large ordered areas, which is mainly possible by solution processing.

One reason for the general lack of success in processing of organic materials might be
the insufficient consideration of the intrinsic behavior of the compounds in solution or in the
isotropic phase for the processing procedure. Transfer of knowledge between the synthesis
and the final application is only possible by the establishment of a materials scientist as a link

which can give a feedback to the supramolecular chemistry. The morphology formation is a
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fundamental property for any processing method and their detailed investigation leads to the
successful processing of the materials. Moreover, the nucleation and growth ability of
compounds, consisting of molecules which self-assemble into superstructures, depends
strongly on the degree of interaction between the single building blocks controlled by the
molecular design. Therefore, all aspects such as the molecular architecture, the self-assembly
into complex supramolecular structures, bulk properties and finally processing conditions

have to be considered for a successful implementation of the material in electronic devices.

In this study, the fundamental understanding of the relationship between the
molecular architecture and the supramolecular organization in various discotic systems based
on polycyclic aromatic hydrocarbons plays a key role. Since the supramolecular arrangement
of the single building blocks has a great effect on the one-dimensional intrinsic charge carrier
mobility and on the device performance, one major objective is the investigation of the intra-
and intercolumnar organization of the discotic molecules in bulk dependent on the aromatic

core size and the length and architecture of the substituents.

MECHANICAL LONG-RANGE SOLUTION

ORDER

deformation concentration
gradient gradient

temperature field gradient
gradient
THERMAL EXTERNAL FIELDS
TEMPLATES

MACROSCOPIC PROPERTIES

Figure 2.1. Overview of the different processing techniques by which the long-range
order of discotic molecules can be controlled. Each alignment technique is based on a
gradient along which the materials are transformed into highly ordered systems within
the defined zone.

Another important subject of this work is the influence of the different substituents on
the interaction between molecules and therefore the self-aggregation into the superstructures

which is essential for the processibility of the materials from the solution and the isotropic
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phase. Therefore, the relationship between the self-aggregation of different discotic
derivatives and their morphology formation in both solution processed and crystallized from
the isotropic state films is studied. Since the latter processing method requires a low
isotropization temperature of the materials, the control of the thermal behavior by using
different substituents is a fundamental point. The final major objective in this work is the
transfer of the morphology formation in the bulk into the processing from solution or the
isotropic phase. Different processing techniques (schematic overview shown in Figure 2.1)
have to be developed in strong correlation with the optimal nucleation and growth abilities of
the materials in different environments, which are closely connected with the degree of self-
aggregation of corresponding materials. Furthermore, it is important to compare the
supramolecular structure of the highly oriented systems with the organization in the bulk in

order to reveal the most essential processing parameters.

a)

Figure 2.2. Two characteristic supramolecular organizations of discotic molecules on
surfaces; a) the edge-on arrangement with uniaxially oriented columns required for
FET devices and b) the molecular face-on organization leading to homeotropic
alignment demanded for the design of photovoltaic cells.

A further point represents the interaction of the molecules during nucleation with polar
surface. Discotic molecules can adopt two characteristic supermolecular arrangements which
are required for electronic devices with different geometries. In FETs the edge-on
arrangement of the molecules is needed (Figure 2.2a) with columns uniaxially oriented and
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organized in-plane to the substrate to ensure the charge migration between the electrodes. For
this orientation specific alignment techniques are applied by processing the material from
solution or the isotropic state. One the other hand, homeotropical alignment is expected to be
beneficial for the performance in photovoltaic cells (Figure 2.2b), but requires the processing
from the isotropic state. In literature the mechanism leading to this orientation of discotics is
not clear. It is claimed that specific chemical units introduced within the side chains can
effectively increase the affinity of the molecules towards surfaces; however, the homeotropic
alignment has not been studied for all-hydrocarbon discotics as a function of the side chain
length. Therefore, a detailed investigation is necessary in order to gain insight into the exact

mechanism of the homeotropic orientation for discotic materials.



Chapter 1

Supramolecular Organization of Discotic

Liquid Crystals

1.1. Discotic Liquid Crystals

The definition of mesophases was first given by the discoverer, Chandrasekhar,’ of the
discotic liquid crystals 1977 as a state of order between crystals and liquids revealing long-
range orientation and imperfect positional order. Two different mesomorphisms were found.
Lyotropic phases are formed by dissolving amphiphilic compounds under certain conditions
in suitable solvents,* whereby thermotropic liquid crystals are formed by heating a solid or
cooling an isotropic liquid. Thermotropic mesogens consist of a rigid conjugated aromatic
core with flexible side chains. These specific geometries of the molecules such as rods or
discs lead to an enhanced packing of the mesogens accompanied by the nanophase separation

of the different intramolecular segments and to the formation of the liquid crystalline state.

Liquid crystalline materials can be assigned on the basis of their molecular shape into
calamitic mesogens, characterized by the rod-like shape of the molecules, and discotic
mesogens, characterized by the disc-like shape of the molecules. Since the discovery of the
first discotic molecules, this research field developed immense bringing up a large variety of

discotic molecules.’ The most prominent discotic molecules are presented in Figure 1.1
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14,15
2 and

showing as examples triphenylenes,”” phthalocyanines (Pc),'®"® porphyrins
16-18

hexabenzocoronenes (HBCs)

Figure 1.1. Examples of some of the most prominent discotic liquid crystals such as a)
triphenylenes, b) porphyrins, c) phthalocyanines and d) hexabenzocoronenes.

The discotic molecules consist of a flat and rigid aromatic core peripheral substituted by
a different number long alkyl side chains. Today the aromatic core size varies from a simple
benzene ring'’ to extended large cores consisting of more than 132 carbon atoms™ belonging

to the class of large polyaromatic hydrocarbons (PAHs).

The main organization types which were found for these disc-like molecules can be
divided into columnar, discotic-nematic, columnar-nematic and lamellar (smectic-like)
phases, whereby the first organization type is the most common one (Figure 1.2.) The nematic
phases reveal an orientationally ordered arrangement of the discs, but no long-range
translational order. In the columnar phase the discotic molecules stack one on top of each
other into columns which in turn arrange laterally into a two-dimensional unit cell. Thereby,

different intercolumnar arrangements are possible which were found by Levelut.*'*
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Figure 1.2. lllustration of the different mesophases of discotic liquid crystals with a)
discotic-nematic, b) columnar-nematic and c) columnar arrangement.

He found that the main columnar structures can be attributed to a hexagonal lattice
(Coly), rectangular lattice (Col;), or an oblique lattice (Colo,) which are presented in Figure
1.3. During the self-assembling into the columnar structures the intermolecular interactions
play a significant role. The main driving force for the columnar self-assembly is the so-called
7 stacking. When specific side groups are introduced into the side chains, hydrogen bondings
can also dominate the intermolecular interaction.”>?> In same cases these two different
interaction forces act cooperatively leading to the formation of more stabilized columnar

superstructures.’®*’ The third possible forces are metal coordinations.

a)

Figure 1.3. Different two-dimensional intercolumnar arrangements with a) hexagonal
(Coly) lattice, b) rectangular lattice (Col,) and c) an oblique lattice (Col,p).
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Discotic liquid crystals possess three important phases presented in Figure 1.4. The
phases are characterized by the order and the mobility of the molecules. The low temperature
phases show higher intracolumnar organization, whereby the side chains are in a disordered
state in the core periphery. Typically, due to the packing conditions of the two nanophases
and the reduced molecular mobility, the aromatic cores are tilted with respect to the columnar
axis as schematically shown in Figure 1.5. In general this phase is assigned as crystalline,
what might be not correct in the precise sense. Nevertheless, in order to follow the
nomenclature used to assign the different phases for triphenylenes, this term will be used in
this study to refer to this higher order phase. The designation “plastic crystalline”
distinguishes another low temperature phase also with high structural order, but points out the
increase of molecular mobility. Also in the plastic crystalline the molecules can reveal a tilted

arrangement.

Figure 1.4. Schematic illustration of the characteristic phases of discotic liquid
crystals with a) the crystalline phase at low temperatures, b) the intermediate liquid
crystalline state and c) the isotropic phase.

The phase transition to the liquid crystalline phase is accompanied by a significant
increase in molecular mobility such as the rotation of the discs about the columnar axis. Both
the intra- and intercolumnar organization changes in comparison to the low temperature
phase. The discotic molecules adopt an orthogonal arrangement with parallel cores being
perpendicular to the columnar axis. However, due to a higher steric demand of the side chains
the interaction between the aromatic cores can be disturbed leading to a disordered columnar
phase. This effect is more pronounced at higher temperatures at which the molecular
dynamics reaches the maximum value and the steric hindrance of the side chains increases
significantly. For symmetrically substituted derivatives a hexagonal columnar organization is

characteristic for the mesophase.
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a) b)

Figure 1.5. Schematic illustration of the different molecular intracolumnar
arrangements with a) the orthogonal organization of the discs and b) the tilted
arrangement with respect to the columnar axis. Two distances are characteristic: the
cofacial distance (d.) and the intracolumnar period (d) .

At the transition to the isotropic phase the columnar aggregates break leading to a
disordered liquid. The isotropization temperature depends strongly on the steric requirements
of the side chains and their influence on the m-m interaction of the aromatic cores. For
discotics with larger cores the isotropic phase occurs at usually very high temperatures, which

are often even higher than the onset of decomposition.

The thermotropic phase behavior of discotic liquid crystals is usually studied by using
differential scanning calorimetry (DSC), polarized optical microscopy (POM),
thermogravimetric analysis (TGA), wide-angle X-ray scattering and solid-state nuclear
magnetic resonance (NMR). DSC is used to determine the phase temperatures and enthalpy
changes related to each transition providing information about the relative change during the
phase transitions, whereas by using POM it is possible to assign the type of mesophase due to
the appearance of specific birefringence of the corresponding optical textures. The thermal
stability is investigated by the TGA which is important for possible thermal processing of the
material. The intra- and intercolumnar order and the corresponding packing parameters in

3032 Burthermore, this method

each phase can be studied in detail by using X-ray diffraction.
provides information about the change in the supramolecular structure due to thermal
treatment or any other processing. Solid-state NMR is one of the most powerful tools for the
study of the molecular dynamics.”>** By using this method it is possible to distinguish
between the dynamics of different intramolecular elements and to derive independent
conclusions about the rotation of the core or about the peripheral mobility of side chains.

Thus, each phase can be assigned exactly on the basis of the solid-state NMR results.
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Moreover, due to different electronic environments of the aromatic protons in the
intracolumnar packing, the tilted arrangement of the discs in the solid phase can be
determined as well. In general, for the successful materials science dealing with discotic liquid
crystals it is necessary to apply these experimental methods complementary in order to gain a
full picture about the bulk behavior.

1.2. Mechanism of the Charge Carrier Transport

Discotic molecules have extensive molecular =-
orbitals in which the electrons are delocalized. Due to the
interaction between the m-orbitals of adjacent cores a one-
dimensional pathway for charge migration along the
columnar structures is possible (Figure 1.6). Thereby, the
peripheral substitution of the aromatic cores with long
aliphatic hydrocarbon chains provides an insulation of the
conducting core. In such cases one can regard these
supramolecular structures as “nanowires”. The charge
transfer takes place via hopping between localized states of
neighboring aromatic molecules with assumed jump-time
between 75 to 750 fs for HBCs in the mesophase®® being in
an identical range as for phthalocyanines®. The main

difference between the delocalized, which is characteristic

-

for the hopping in metals, and localized transport is that, in

the former, the transport is limited by phonon scattering,
Figure 1.6. Columnar
pathway for charge
migration.

whereas in the latter, it is phonon assisted.’’ The
localization of the states in organic semiconductors, which
leads to lower mobilities, has origins such as weak

interactions between the single building blocks and disorder.*®

A detailed study of the charge transport mechanism in discotic liquid crystalline
materials was performed by van de Craats by using the pulse-radiolysis time-resolved
microwave conductivity (PR-TRMC) technique.” By using this PR-TRMC method it is
possible to determine the charge carrier mobility on a nanometre length scale (interface effects
caused by electrodes are avoided and electric field effects are minimized), so traps caused by
structural defects and impurities are far less disturbing. It is very important to emphasize that
the charge carrier mobilities determined by this technique provide different information than

techniques such as time-of-flight (TOF)**** or field-effect transistor (FET) experiments. The
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PR-TRMC technique reveals only intrinsic or local charge carrier mobilities which migrate
only between several molecules, whereas the mobilities in the bulk, which are obtained by the
TOF and FET experiments, are usually several orders of magnitude lower due to a higher
degree of disorder and possible trapping sites at grain boundaries. These latter values are
strongly dependent also on the long-range order of the sample which can be prepared by
different processing techniques. The charge carrier mobilities revealed by the PR-TRMC
technique can be considered as the maximum possible values. For triphenylenes it was

possible to confirm the intrinsic mobility by TOF measurements.”’

In general, the charge transfer along an ideal conjugated system is more efficient than
the charge hopping between neighboring aromatic molecules. Nevertheless, high mobilities up
to 1.1 cm*/Vs at room temperature for the columnar discotics were obtained due to their
pronounced self-organization propensity into highly ordered supramolecular structures,®
which might be considered to be an upper limit attainable for non-covalently-bonded

materials.

It was found that the charge carrier mobility in the hexagonal liquid crystalline phase
is more dependent on the size of the aromatic core than on the cofacial distance between
neighboring cores within the columnar stack.** This relationship was explained by the
increased m-m interaction in the case of the larger aromatic cores leading to a more stable
columnar structure thus increasing the intracolumnar charge transport. The mobility increased

from 0.1 cm?Vs for triphenylenes®*™* over 0.7 cm?Vs for phthalocyanines®>' up to 1.0
cm?/Vs for HBCs,”* whereby the influence of the chain length on the charge carrier mobility

became negligible for discotic compounds with larger aromatic cores.

1.3. Electronic Devices based on Organic Materials

The device geometry of an organic
light emitting diode (OLED) is shown

schematically in Figure 1.7. The simplest

cathode

emitter
anode

substrate

type of an OLED consists of a thin film of

an organic emitter is sandwiched between a ~_— light

transparent anode and a metallic cathode. Figure 1.7. Schematic representation of a
Under an external voltage electrons and single layer organic light emitting diode.
holes, which are injected into the lowest

unoccupied molecular orbital (LUMO) and highest occupied molecular orbital (HOMO), drift
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though the material under the influence of the electric field until they encounter each other

and recombine to form an exciton which can emit light.

For an efficient performance of the OLED, discotic liquid crystals have to possess a
high charge carrier mobility accompanied with a high fluorescence quantum efficiency.
Examples of successfully incorporated discotics in charge transporting/compensating layers
have been reported.”® The fabrication of multilayers OLEDs is performed by expensive
techniques such as vapor deposition. Furthermore, another requirement for the design of an
OLEDs is the homeotropical alignment of the discotics in order to ensure an unhindered
charge transport which occurs due to the device geometry in the direction perpendicular to the

substrate.

cathode The device construction of a photovoltaic

@S a:;::;o):or anode cells based on organic materials is similar to
substrate tlTe OLEPS (Figure 1.8). One wa.y to oibta1.n

high efficiency of the photovoltaic device is

light the blending if two organic compounds with

Figure 1.8. Schematic illustration of an different relative preferences for positive
organic photovoltaic cell. and negative charges. Thereby it is

important to increase the interfacial areas between the two materials. The absorbed light
photogenerates electron-hole pairs which charge-separated and then transported due to the
applied electrical field for collection at the cathode and anode, respectively. The ideal
segregation of the acceptor-donor domains into an interpenetrating network seems to be the
most desired morphology in photovoltaics ensuring the high charge separation as well as the
pathway of charges to the electrodes. Therefore, the most desired organization of the discotic
columnar structures is a homeotropical alignment which might enhance the charge migration

across the layers and the charge collection.

source drain In Figure 1.9 one typical top-contact FET
| ——

semiconductor configuration is shown (the other possible

geometry is the bottom-contact). In a FET the

 E— insulator current between source and drain contacts
gate

Figure 1.9. Schematic illustration of a

field-effect transistor in the top-contact . o
geometry. semiconductor within the channel between the

depends on the gate voltage. For instance, the

accumulation of charges in a hole-transporting

source and drain occurs when the gate voltage is
negative with respect to the source. The variation of the gate voltage allows the control of the

charge carrier density in the channel at a given source-to-drain voltage. The efficiency of a
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FET is determined by the time which the charge carriers require to drift through the channel.
The mobility is strongly dependent on the long-range order of the organic semiconductor
exploited between the contacts. Grain boundaries or single defects of unoriented layers can
trap the charges and significantly reduce the device performance. In order to attain high
mobilities of the discotics materials it is necessary to uniaxially align the columnar structures

in the direction of the applied electrical field between the source and drain.

1.4. Homeotropic Alignment

Various device configurations require specific modes of order between the electrodes
which are accomplished by different processing techniques. The main charge transport in
field-effect transistors takes place parallel to the insulating substrate and therefore requires an
edge-on arrangement (schematic illustration in Figure 1.10a) of the discotic molecules with
uniaxial columnar orientation in charge transport direction. In general, edge-on arrangement
of the molecules results from a minimization of the surface contact of molecules with the
substrate of different polarity. But the uniaxial long-range columnar order requires adequate

processing techniques which will be presented in the next section.

In contrast, optimized photovoltaic devices or OLEDs require a migration of charges
foremost perpendicular to the substrate. Different discotic systems reveal spontaneous face-on
arrangement (see Figure 1.10b) inducing macroscopic homeotropic alignment with the
columnar axis perpendicular to the substrate. The surface affinity of the molecules can be
modified by changing the chemical nature of the aromatic core or of the side chains.'' During
solution processing of alkylated HBC on molybdenum disulfide'? or highly oriented pyrolitic
graphite13 the interaction between the aromatic core with the surfaces plays an important role
during the alignment leading to monolayer formation with molecules lying flat on the
substrate. On the other hand, examples of homeotropic alignment from the isotropic state of
triphenylenes'* and phthalocyanines'® bearing heteroatoms in the side chains imply a strong
influence of the substituents on the arrangement of the molecules. This was confirmed for
triphenylene derivatives self-assembled in monolayers on gold.>*It was shown that the discotic
molecules could be oriented either face-on or edge-on only depending on the number and

position of the tethering points.



Supramolecular Organization of Discotic Liquid Crystals 15

Figure 1.10. Schematic representation of the different type of supramolecular
arrangement on surfaces with a) edge-on orientation of the molecules, where the
columnar axis is oriented parallel to the substrate and b) face-on arrangement
resulting in homeotropical order.

Since the homeotropic alignment of these materials takes place only at the liquid — solid
phase transition, a low viscosity in the isotropic state is essential to ensure a sufficient
molecular mobility. Furthermore, a low temperature of the isotropic phase transition is
important for adequate processibility. But it occurs at still too high temperatures for discotic
systems based on larger aromatic cores such as alkylated HBC derivatives.'® A substitution of
the HBC core by 3,7,11,15-tetramethylhexadecyl (HBC-Ci64) led to an isotropization
temperature (T;) decrease to 231 °C in comparison to the alkylated HBCs with a T; of 420
°C."” The lowered processing temperature allowed homeotropic alignment of this material
between two ITO surfaces and the investigation of the relationship between photoconductivity
and columnar order. Short circuit photocurrents were 5 times higher at better-ordered regions
compared to those in poorly oriented parts. Another efficient way to determine the
relationship between the homeotropic orientation and electronic properties are time-of-flight
experiments. Thereby, the sample, which is sandwiched between semitransparent electrodes,
is illuminated by a short laser pulse which generates charges. Due to an applied electrical
field, the generated charges can migrate through the sample to the opposite electrode of the
contrary polarity, whereby the transit time is monitored. Until now only TOF examples on

. - . 41-44,47,55-57
aligned triphenylenes have been carried out.™ """
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1.5. Alignment Techniques

Since the first investigations of FET devices based on organic materials the importance
of molecular order within the active layer was realized.”® Already at that time it was predicted
that the increase of the degree of order and orientation would significantly improve the device
performance by the reduction of possible trapping sites such as defects and grain boundaries
for charge carriers. Indeed, a half decade later the first processing technique was applied for
the FET fabrication of the organic semiconductors leading to an increase in performance.”
This triggered an enormous progress in this research field which maintains until today and
brings out new device designs with new record values.**' In the following section, which is
not restricted to discotic liquid crystals, the main processing techniques discussed in the

literature will be presented.

1.5.1. Single Crystal Growth

The fabrication of single crystals is limited to small weight molecules such as perylene,
anthracene® and rubrene®™ and is connected a high technical effort. On the other hand, single
crystals provide atomically perfect structures leading to unique electronic properties in the
bulk. The investigation of the electronic transport is thereby not limited to any structural
defects and can be undertaken in an extraordinarily detailed manner. Typically the time-of-
flight experiments were the only possible way to determine the charge transport in single
crystals.®*®® But recently, the first single-crystal FETs were realized which opened a new type
for the study of charge transport in highly ordered molecular systems.®®®” The application of
single-crystal FETs is of high interest because this experimental tool enables the investigation
of aspects of charge transport in organic materials that could not be determined in the TOF
experiments. One of the important distinctions between these two types of experiments is the
magnitude of carrier densities.®” This is the reason why the progress in this research field has
been remarkably rapid, with new record values of carrier mobility for the FETs being
achieved like for pentacene up to 3 cm?/Vs *(thin film device) and for rubrene (single-crystal)
even up to 15 cm*Vs,” new promising organic materials being introduced, and new device

processing techniques being developed.

1.5.2. Vacuum Deposition

Similar to the growth of single crystals the fabrication of highly ordered samples by

vacuum deposition is limited to a certain group of materials. The sublimation can take place in
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a variety of vacuum deposition systems, utilizing techniques in which the deposition
parameters vary widely. In general, the main advantages of this technique are the facile
control of the thickness, high purity and high order of the obtained films. Furthermore, the
optimal processing parameters can be easily controlled by the monitoring of the deposition
rate and the temperature of the substrate. However, similar to the preparation of single crystals
the fabrication of highly ordered sample requires also instrumental effort. Furthermore, due to
the high application temperature compounds such as polymers or molecules substituted by
longer side chains tend to decompose by cracking during the processing. The most prominent
examples for the successful preparation of highly ordered surface layers by this technique are
small molecules such as pentacene,” which holds the highest bulk charge carrier mobility of
1.5 cm?/Vs for vacuum deposited films, n-conjugated rod-like molecules such as thiophene

7072 and unsubstitued disc-shape molecules like phthalocyanine derivatives. For

oligomers
vacuum deposited thin layers of phthalocyanine, the mobility varied between 10* cm?/Vs for
nickel Pc”*and 0.02 cm?/Vs for copper Pc.”*" In all cases the large p-conjugation length along
the long axis of the molecules and close molecular packing of the molecules along at least one

of the short molecular axes lead to n-stacking and to good performance in FETs.

1.5.3. Simple Solution Processing (Spin-Coating, Drop-Casting)

The simple coating of a solution onto a spinning substrate is one of the most elegant
ways to realize a homogenous film of an organic material. The only requirement for any
processing technique based on solution processing is a sufficient solubility of the organic
compound. Therefore, most of the larger molecules have to be substituted by alkyl chains in
order to provide the solubility. This technology is believed to have the highest potential
impact on manufacturing costs of soluble organic semiconductors. When the spin-coating
technique is well handled, it allows the production of very homogeneous films with perfect
control of their thickness over relatively large areas. This is in contrast to drop-cast surface
layers which are often non-uniform in thickness, morphology, and electrical properties due to
an irregular deposition of the material during the solvent evaporation. In general, the film
morphology depends strongly on the processing conditions which can be controlled by
solution concentration, substrate temperature during casting, solvent choice, and
environmental conditions during film drying. The relation between these parameters is very
complex for the morphology formation in a drop-cast film. Field-effect measurements were
mainly carried out on spin-coat or drop-cast films based on thiophenes oligomers and

polymers’®”” due to simplicity of the morphology control. Molecules with self-assembly
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propensity require first a detailed investigation of their self-association in solution in order to
understand the morphology formation. Furthermore, the interaction of the molecules with the
corresponding surfaces of different properties is extremely important, but also quite complex.
This relation has to be regarded for every system separately. For the disc-shaped molecules
different molecular arrangements are possible leading to changes in the supramolecular

organization and different properties of the surface layers.

1.5.4. Langmuir-Blodgett Technique

An alternative means to produce well-organized thin films is the Langmuir-Blodgett
(LB) technique,78’79 which is one of the most conventional methods of nano-film fabrication
allowing fine control of both the structure and thickness of the films. However, the LB
technique is in principle restricted to amphiphilic molecules and macromolecules. Monolayers
can be fabricated at the air-water interface by lateral compression and deposited onto a solid

support by either vertical transfer or a horizontal lift.*

The LB technique and its variations have also been explored for the preparation of
poly(3-alkylthiophene) FETs.*'™® The maximum mobility measured from these multilayer LB
films was 0.02 cm?/Vs.* Intensive investigations of LB films consisting of planar molecules

84-91 . 92
were also carried out.”” One

such as triphenylenes, phthalocyanines and prophyrins
essential goal was to obtain highly ordered superstructured surfaces layers and to enhance
their stability by the chemical modification of the molecules. In order to obtain the desired
organization like a molecular edge-on arrangement on the substrate a hydrophilic side group
has to be introduced to the aromatic core which leads to the corresponding arrangement of the
discs at the air — water interface. The principle of the processing of discotic molecules by the
LB technique is presented in Figure 1.11. Surface spreading pressure isotherm measurements
indicated that depending on their architecture, discogenic phthalocyanines typically exhibit
one of two possible orientations when placed at the air-water interface. In one case the core
lies flat on the water surface and the hydrocarbon chains extend away from the interface
leading to the face-on arrangement. This molecular configuration can be achieved if the core
of the molecules is capable of hydrogen bonding, and it also maximizes the configuration
space available to the aliphatic tails. In the other case the core sits perpendicular to the
interface with two or more side chains submerged in the water resulting in the edge-on
arrangement. Such a configuration maximizes the m-stacking interactions between the
conjugated cores if the molecules are arranged into columns parallel to the water surface

forming a two-dimensional columnar phase.
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The phthalocyanine ring is rigid, conjugated and hydrophobic and tends therefore to
aggregation in face-to-face dimers, at least when the central metallic ion does not bear any
bulky axial ligand. Thus, anchoring the phthalocyanine ring parallel to the water surface

93-95

requires strong polar substituents, either in the center or on the periphery’®® of the

macrocycle.
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Figure 1.11. Schematic illustration of the fabrication of the Langmuir-Blodgett films of
on the example of discotic molecules onto a substrate with the edge-on arrangement:
a) formation of the first monolayer at the substrate surface during the first downstroke
dip. A monolayer is formed at the air-water interface with hydrophilic side chains
bearing a functional group spread over the water surface with the hydrophilic side
groups oriented towards the air and is transferred onto the hydrophobized substrate
surface, b) a second molecular layer with opposite orientation of discotic groups is
formed on top of the first monolayer during the upstroke mode.

The orientation obtained from Pc molecules bearing weak polar groups is very difficult
to predict, since it results from the competition between the affinity of the polar substituents
for the water surface and the aggregation ability of the Pc derivatives. Three different
strategies were designed to get edge-on Pc rings in LB films. One way was to use

asymmetrically substituted phthalocyanines, which bear strong polar groups only on one part

95,100-105

of its core Another possibility was to prepare LB films from polymeric

phthalocyanines such as phthalo-cyaninato-polysiloxanes''%

110-116

or just rely on fully
symmetrical mesogenic phthalocyanines, able to form stable columnar assemblies at the
air-water interface without any amphiphilic character. Among the latter examples, one

exhibits, by far, the best order parameters. The highest charge carrier mobility for the LB
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aligned phthalocyanine films was found to be up to 10 cm?Vs.""”"'*! This is a significantly
lower value in comparison to vacuum deposited Pc derivatives. It is suggested than the
introduction of flexible side chains, which are required for the LB processing, increase

considerably the intracolumnar disorder.

The study of the LB alignment of triphenylene derivatives was not carried out in such
intensive manner, as was the case for the above described phthalocyanines and porphyrins.
The main work was performed in the early 90ies independently by two different groups, by

122-124

Ringsdorf and his coworkers and on the other side Heiney et al.'">'*® Both groups

studied first the edge-on arrangement of asymmetrically substituted amphiphilic triphenylenes
and reported later a high uniaxial columnar orientation in the dipping direction.'””"* In
further studies the behavior of triphenylene oligomers and polymers was investigated and a
similar edge-on configuration was found as it was the case for the monomers."**'** The face-

on arrangement of triphenylenes at the air-water surface was not reported.

1.5.5. Epitaxial Growth on PTFE Alignment Layers

A breakthrough in the epitaxial growth of various materials on polymer films, which
were pre-oriented, was achieved by Wittmann and Smith by the introduction of friction-
deposited poly(tetrafluoroethylene) (PTFE) surface layers.'** The principle of the preparation
technique is schematically illustrated in Figure 1.12. A bar of solid PTFE is moved against a
smooth counterface such as glass at a controlled rate and temperature, while applying a
controlled pressure. This simple procedure leaves a thin layer of highly oriented PTFE on the
glass surface. It was reported that the film thickness of the deposited layer could vary from 2
nm to 100 nm. Structure investigations revealed that the chain axis of the PTFE
macromolecules was oriented parallel to the glass surface and along the sliding direction. A
single-crystalline order over the whole film could be established. The one of the main
advantages of PTFE is its very high melting temperature (340 °C) and excellent resistance

against most of the chemicals.
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Figure 1.12. Schematic illustration of the fabrication of the friction-deposited PTFE
polymer layers (taken from '>).

Wittmann and Smith observed that most of the materials such as polymers, liquid
crystals, and small molecules were highly aligned by depositing the substances onto the pre-
oriented PTFE layer. Thereby, the high orientation of the molecules was achieved by
crystallization from the isotropic state, by casting from solution or by vapor deposition. The
orienting capacity of the PTFE layers was explained by the combination of a specific surface
topography and a favorable crystal structure.

136-141

Besides the investigation of only the crystallization behavior of various polymers

and small molecules'**'%

on the pre-oriented PTFE films, Wittmann and Smith realized
already in their first work the impact of this alignment technique on the fabrication of
electronic devices based of organic materials. The successful alignment of small molecules

146-1 152-154 1.
6-150 52154 which were all

such as sexithiophene, pentacene'”! and phthalocyanine derivatives,
vacuum sublimated, opened the possibility of the exploitation in FETs. Mobilities up to 0.25
cm?/Vs for pentacene and 0.023 cm?Vs for phthalocyanines were observed.'” Recently,
polymers such as poly(3-alkylthiophene)s semiconductors were oriented on the PTFE layers
revealing a hole mobility along the drawing direction which was enhanced by a factor of 25
compared with that of spin-coated films.">*'**Besides the alignment of classical liquid

159-163

crystals, examples for the processing of discotic liquid crystal are rare. The alignment of

triphenylene is the only case, next to the one of HBC which will discussed more in detail

later, for a PTEE aligned discotic molecule.'®*

The discotic liquid crystal was based on 2-hydroxy-3,6,7,10,11-penta-(1-
butoxy)triphenylene, which was derivatized with 1-adamantenecarboxylic acid (Ada-PBT)
and 10-undecenoic acid ("-undecenoyl-PBT), respectively. By spin-coating this material onto

the PTFE orientation layer a uniaxial in-plane alignment of columns along the orientation
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direction was determined from the high optical anisotropy observed in polarized optical
microscopy and absorption. Annealing of the films at higher temperatures at which the

material was in its hexagonal mesophase even increased the degree of orientation.

Recently, it was shown that polyimide is an alternative material to PTFE for the
utilization as a pre-oriented polymer layer.'®'” Moreover, it was shown that the
dioctylfluorene-bithiophene copolymer (F8T2), which is a nematic liquid crystalline
conjugated polymer semiconductor, can be preferentially oriented by rubbed polyimide layers,
and when used as the active channel in FETs it exhibits a mobility of 0.02 cm*/Vs and an

on/off ratio of 10°.'¢%1¢

1.5.6. Alignment from the Isotropic Phase

The natural nucleation and growth influence to a great extent the morphology and
structure of a material and are dependent on the change of the temperature within the time
scale. The solidification of the material from the isotropic phase is characterized by its
crystallization kinetics. It is also known that the temperature gradient leads to anisotropic

spherulite shapes and affects the directions of

oo OO spherulite growth. The growth takes place along a
temperature gradient (change of the temperature
along a defined distance), being normal to the
growth front. Lovinger was the first who applied
e e this technique for the investigation of the
crystallization of poly(ethyleneoxide) at steady
conditions.'”® This concept was afterwards also
applied for other polymeric systems.'”"'”? The
changes in interspherulitic boundary shapes have
v el also been reported. Recently, it was shown that the
temperature  gradient could accelerate the
R — conversion of the melt into spherulites. An
Figure 1.13. Schematic illustration ~identical technique is applied for the alignment of

of the zone-melting apparatus inorganic crystals at surfaces.!”>!7*

applied by Bard et al.'”?
Bard and his coworkers picked up this

technique to fabricate highly oriented films based on porphyrin derivatives.'”> They used a
home-build device which is schematically shown in Figure 1.13. This zone-melting technique

was based on an electrically heated wire which generated a narrow molten zone on the organic
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layer sandwiched between two pieces of glass. When the molten zone was moved slowly
across the layer from one end of the sample to the other, it was reported that a single-crystal
film was produced after a single pass. An additional effect was the significant improvement of
the purity of the materials due to the zone-refinement effect. After this treatment, the steady-

state short-circuit photocurrent was improved by several orders of magnitude.

1.5.7. Alignment from Solution along a Concentration Gradient

The first time this processing technique was applied in the early 80ies in order to align
polycarbonate films doped with a tetrathiotetracene-tetracyanoquinodimethane complex. At
optimum conditions a high alignment was observed which was characterized by the high
anisotropy in electrical conductivity up to 10%'7® Later similar results were made for the
alignment of poly(ethylene) and polypropylene.'”” The zone-casting technique will be
discussed more in detailed concerning the alignment of discotic materials. The principle of
this technique was also used by another group which applied a slightly changed device in

order to distribute latex particles into a two-dimensional array onto a glass surface.'”*'”’

1.6. Alignment of HBC molecules

The general synthetic route for six-fold alkyl substituted HBC is presented in Figure
1.14a. First, the cyclotrimerization of 4,4’-diphenylacetylene in the presence of dicobalt
octacarbonyl yields the hexaphenylbenzol. It should be noted that diphenylacetylene can be
obtained by different ways. Afterwards the cyclodehydrogenation reaction of the
hexaphenylbenzo gives the desired product. The synthesis of asymmetrically substituted
HBC derivatives requires another route which is presented in Figure 1.14b. Thereby, 2,3,4,5-
tetraarylcyclopenta-2,4-dien-1-one, which is the product of a double Knoevenagel
condensation between a 4,4’-substituted benzil and a 1,3-diarylacetone, is transformed by the

Diels-Alder reaction into the hexaphenylbenzene.
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Figure 1.14. General synthetic route for a) six-fold substituted and b) asymmetrical
hexa-peri-hexaenzocoronene derivatives.

The history of discotic liquid crystalline hexa-peri-hexabenzocoronene (HBC)
derivatives as semiconductors is significantly shorter than that of phthalocyanines, porphyrins
and triphenylenes. Therefore, only few different alignment techniques were applied to

enhance the supramolecular alignment of different HBC derivatives.

The most frequently applied method was the LB technique which is currently well
established for the orientation of HBCs. Similar to the above described counterparts, HBC
molecules were also asymmetrically substituted (first terminated by a carboxylic acid group)
leading to the desired amphiphilic character.'™ The molecules formed well-defined LB films
when spread from a solution at the air-water interface. Grazing-incidence X-ray diffraction
and X-ray reflectivity studies of the LB monolayer revealed two crystallographic phases at
room temperature which depended on the surface pressure applied to the film. Amphiphilic
HBC molecules were also prepared by the LB technique on poly(ethylene imine)
functionalized silicon wafers acting as an anchor point for the first layer.'"*''® A macroscopic
in-plane orientation of the columns with their main axis parallel to the dipping direction was

determined by polarized UV-vis spectroscopy.

A further enhancement in the fabrication of LB films was the introduction of a polar

anthraquinone group as an electron acceptor moiety.'®* It was shown that these amphiphilic
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HBCs formed well-defined Langmuir monolayers at the air-water interface, with a n-stacked
columnar structure where the HBC cores were rotated around the surface normal and tilted
relative to the water surface. The HBCs were confined to form a layer lying on top of the layer
of polar groups that were in contact with the water subphase. Efficient transfer of the
monolayer of the anthraquinone-substituted HBC derivative to hydrophobic quartz substrates
by vertical dipping gave well-defined multilayer films. Thermal processing by simple heating
the films resulted in an irreversible rearrangement to a single macroscopically aligned phase
of hexagonally packed columns oriented along the dipping direction with disk planes
perpendicular to the columnar axes and stacked in a cofacial manner.

aromatic
core

insulating
side chains

PTFE
chains

Figure 1.15. Schematic illustration of the aligned HBC molecules on the friction-
deposited PTFE layer.

The alignment of the friction-deposited PTFE film was another technique which was
successfully used for other materials and was then applied to obtain oriented HBC layers.
Thereby, the discotic HBC materials were cast from solution and the solvent slowly
evaporated. Indeed, this method yielded well-aligned films based on the HBC derivatives and
the structure evaluation revealed a parallel orientation of the columnar stacks underlying
PTFE chains (as in Figure 1.15 presented).'®>'® Furthermore, the epitaxial organization of the
2D unit cell of the HBC molecules fitted with a certain number of the PTFE chains as
Wittmann had predicated for a successful alignment.'®” The exploitation in a FET of these
aligned HBC layers showed promising device performance with mobilities up to 5x107
cm?/Vs and a high anisotropy in conductivity with maximum value obtained for the direction

along the columnar alignment.

As described above, it is very difficult to control the morphology and structure in a spin-

coated surface layer. However, it was shown that when a mixture of HBC and perylene
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diimide (PDI) is spin-coated from solution, a controlled phase separation was obtained which
produces vertical layers of both compounds separated by a rough interface.'®*'*® Moreover,
these multilayers revealed a very high efficiency when incorporated into a photovoltaic cell
with an external quantum efficiencies as high as 34% at a wavelength of ~ 490 nm. This high
efficiency was explained by the large surface contact area between the materials and the
absence of charge trapping ‘islands’. Therefore, the performance of the HBC derivative in
photovoltaic cells was significantly more efficient than their liquid crystalline phthalocyanine
counterparts which resulted in photovoltaics with low efficiency, probably due to poor

alignment of the liquid crystal. '*"'*?
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Materials and Alignment Techniques

2.1. Materials

The materials investigated in this work were all provided by the Miillen group at the

Max-Planck Institute for Polymer Research in Mainz.

Figure 2.1. Chemical structures of the investigated polycyclic aromatic hydrocarbons
with different core sizes, a) HBC (C42),”° b) C60, ¢c) C78, d) C78-Star, e) C96°" and f)
Ci32.
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For this study the size of the polycyclic aromatic hydrocarbons (PAHs) were varied
from the hexa-peri-hexabenzocoronene (HBC) core to the extended aromatic core consisting
of 132 carbon atoms, whereby the HBC derivatives were the most intensively investigated
compounds. Since the [UPAC nomenclature is very complex for derivatives with a core larger
than 42 carbon atoms, the PAHs are assigned by the number of carbon atoms. The chemical
structures of the different PAHs are presented in Figure 2.1. These unsubstituted graphite
sheets are planar discs which do not show solubility. The isotropization temperature is far

above the investigated temperature range.

9) e~ Cis 0) /m/\/ Ciano
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Figure 2.2. Structures of different side chains used for the symmetrical substitution of
the aromatic cores. The alkyl chains are described by the number of carbon atoms.
The branched chains are labeled in a separate way.

In order to control the supramolecular organization and the bulk properties such as
solubility and thermal behavior of these materials, the substitution of the aromatic core by
various substituents such as alkyl chains bearing for instance functionalized groups play a
fundamental role in the molecular design of the single building blocks. Therefore, the
influence of various alkyl chains of different length and mass distribution were evaluated.
Figure 2.2 shows the different side chains which were symmetrically attached to the aromatic
cores, whereby in most of the cases the HBC core was used. The side chains were
characterized also by the number of carbon atoms. The branched chains are assigned in an

additional way.
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An additional tool in the tuning the properties of the self-assembly molecules is the
asymmetrical substitution of the aromatic core. The chemical structures of these PAHs are
presented explicitly in the following (Figures 2.3 and 2.4). Additionally, perylene, terrylene
and quaterrylene diimide derivatives were investigated as pure materials and in blends with
other HBC derivatives (Figure 2.5).

Figure 2.3. Chemical structures of a) HBC-(Cjz)y, b) C96 -(C;2)4 and c) trialkoxy
HBC-(0C); .

C12H25
Figure 2.4. Chemical structure of a) C46-(C;3), and b) C98-(C12)4('Bu)>.
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Figure 2.5. Chemical structures of a) N,N’-Di(I-Heptyloctylperylene-3,4:11,12-
tetracarboxdiimide (PDI) and b) N,N’-Di(l-Heptyloctyl)terrylene-3,4:11,12-
tetracarboxdiimide (TDI).
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Since not each PAH was substituted by the same side chains all investigated compounds
are listed in Table 2.1.

Table 2.1. Summery of all investigated compounds in this study.

Sample C C f Reference
core side chain

HBC 42 0 6

HBC-C, 42 4 6

HBC-C 42 6 6

HBC-Cy, 42 10 6 1%
HBC-Cy 42 10 6 194
HBC-C), 42 12 6 194
HBC-C\4 42 14 6 194
HBC-Cg4 42 20 6 193
HBC-(C»)4 42 12 4 196
HBC-PhC ), 42 18 6 o7
HBC-PhCy* 42 16 6 1%
HBC-PhC 4 10 42 30 6 199
HBC-Cs, 42 8 6 200
HBC-C)g6 42 16 6 200
HBC-C410 42 24 6 200
HBC-C;0CCq, 42 11 6 01
HBC-C;0CC 42 20 6 01
HBC-C;0CC 410 42 28 6 01
HBC-CsOH 42 5 6 196
unwrapped HBC-(OC,); 42 12 3 202
C46-(C12), 46 12 2 196
C60-Cs, 60 10 8 203
C60-C), 60 12 8 203
C78-Ciy 78 12 10 204
C78-Star-Cig4 78 20 6 204
C96 96 0 6 205
C96-C; 96 7 6 205
C96-Cs, 96 10 6 205
C96-Cy, 96 12 6 205
C96-C44 96 20 6 205
C96-(C12)4 96 12 4 206
C96-Ci4.10 96 24 6 206
C98-(C1»)4(Bu), 98 12 4 206
C132-Cy 132 10 8 204
C132-Cy64 132 20 8 204
PDI 24 16 2 207
TDI 34 16 2 207
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2.2. Zone Processing Methods

The morphology and structure formation of each material is determined by its natural
nucleation and growth which are dependent on parameters changed during the time (Figure
2.6a). The principle of the zone processing methods is based on the knowledge obtained from
the investigation of the structure formation. Thereby, the temperature, deformation rate or
solvent concentration are changed within a defined zone resulting in a parameter gradient
which is the driving force for the directed growth. The raw material is moved along this
processing gradient with a certain velocity (Figure 2.6b). The optimal processing parameters
depend strongly on the natural nucleation and directed growth of the material which is
simultaneously a limitation for these processing techniques. In the following work, it will be

shown that only materials with a directed growth ability can be aligned by these techniques.

a) b)
structure formation zone
raw material product raw material product
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- structure formation ' -
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Figure 2.6. a) Structure formation during natural nucleation and growth determined
by the change of the parameters in time, b) concept of the zone-casting where the
operating parameters are changed within a defined zone resulting in a processing
gradient. The different label of the axes in each case should be noted.

The innovation of this concept is the great simplicity. As it was mentioned in the
introduction, the exploitation and the development of low cost electronics is based on an
efficient performance of the used material, but also on the easy fabrication of the devices. To
the knowledge of the author, up to now there is no processing technique for organic
semiconductors described in literature which could satisfy the requirement of efficiency and

simplicity simultaneously.
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It should again be mentioned that the processing techniques described in this work were
occasional reported by different groups. However, this is the first time that the whole principle
is recovered and discussed in great detail to transfer the processing on a whole group of
materials, alkyl substituted PAHs, with regard to the practical application of these materials in

devices.

2.2.1. Filament Extrusion

Pistil

material in
deformable

state
Nozzel \ X=(r/R)2

extruded filament

Figure 2.7. Schematic representation of the filament alignment by extrusion using a
mini-extruder. The maximum shear forces act at the contraction of the nozzle.

Shear-induced alignment of liquid crystalline materials is quite known and was studied
mainly during rheology experiments.?”**!" For this work the samples were prepared by
filament extrusion using a home-built mini-extruder which is presented schematically in
Figure 2.7. Therein, the material is heated up to a phase at which it becomes plastically
deformable and is extruded as thin filament by a constant-rate motion of the piston along the
cylinder. This mechanical processing is controlled by a number of parameters: the velocity of
the piston, diameters of cylinder and orifice and the die shape. The ratio of the cylinder to
orifice diameters defines the macroscopic draw ratio (A = (R/ r)*) and the shape of the die
defines the drawing rate profile. In the case of the conical die, as in the example shown in
Figure 2.7, the drawing rate is constant within the die and is zero within the cylinder and at
the die orifice. In the extruder used, the cylinder had an inner diameter of 2.0 mm and the
orifice diameter was 0.7 mm. In this way, 0.7 mm thick filaments drawn to nearly A=8 were

obtained. The piston has been moved typically with the rate of 5 mm/s which resulted in a
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high drawing rate within the die (dA/dt=20/s.).

The X-ray diffraction experiments revealed that under such conditions the columns are
in all cases well oriented in the direction of the extrusion. No effect of drawing rate on the

structure could be detected.

2.2.2. Zone-casting

The principle of the zone-casting technique is based on observations performed during
the solvent evaporation of a drop-cast solution. One can observe, that the deposited material is
mainly oriented in the direction of the solvent evaporation. Theoretically, at adequate
conditions it should be possible to obtain from simple drop-casting a homogeneous film with
a radial alignment of the superstructure. However, this is quite difficult, since the
concentration within the solution drop changes with ongoing evaporation of the solvent and
material precipitation. Therefore, it is not possible to achieve stationary conditions and a
homogenous film morphology by drop-casting. At close inspection of the drop-cast layer, one
can notice that most of the material is deposited at the rim of the coffee spot, whereas the film
interior is poor of material. Practically, before the investigation of the optimal zone-casting
conditions, first it is important to study the film morphology from solution prepared by drop-
casting by using different concentrations, different solvents (differing in the evaporation
temperature) and casting temperatures. These findings are essential for the application of the

appropriate processing parameters.

For the orientation of large ordered areas without the application of additional alignment
layers it was necessary to find a processing technique based on solution processing that could
work at stationary conditions for a sufficient long processing time. The casting process, which
is based on the findings from drop-casting, should be carried out directly on the desired
substrate. The logical consequence was the development of the zone-casting technique which

ensured a simple stationary processing of highly ordered surface layers.

The principle of this technique is presented in Figure 2.8a. A solution is spread out by
means of a nozzle onto a moving support such as glass or silicon. Thereby, a meniscus is
formed between the nozzle and the support. During the solvent evaporation, a concentration
gradient adjusts within the meniscus. When the critical concentration is attained, the material
begins to precipitate or to nucleate from the solution and then crystallizes directionally onto
the moving support forming in this way the aligned thin layer. The film morphology can be
controlled by the processing parameters which were e.g. the evaporation temperature and
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polarity of the solvent, concentration, temperatures of the heating blocks, solvent flow,
substrate velocity etc. The optimized zone-casting conditions depend strongly on the solution
behavior of the material. In the case of m-stacking molecules, such as the alkyl substituted
PAHs, the solubility depends strongly on the self-aggregation. The relation between the zone-

casting processing and the solution aggregation will be discussed more in detail in Chapter 4.

Figure 2b illustrates schematically the concentration within the meniscus as a function
of the distance within the deposition zone. The model shows that with the attained critical
concentration within the solidification zone, the concentration increases rapidly until the

solidification on the support is reached.

Solution
supply

solvent solidification
evaporation zone |

/4 I

critical
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X

Figure 2.8. a) Schematic illustration of the principle of the zone-casting technique
with b) the concentration and solidification plot as a function of the distance within the
meniscus. The solidification zone in which the material deposition takes place is
emphasized within the meniscus.

The zone-casting apparatus is constructed in a strong collaboration with Dr. Adam
Tracz from the Centre of Molecular and Macromolecular Studies, Polish Academy of
Sciences, Lodz (Poland) and home-build in the Max-Planck Institute for Polymer Research in

Mainz.
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Figure 2.9. a) The home-build zone-casting device in reality (the set-up here is shown
with only one step motor, whereas the experiments were performed by using two
motors), b) the deposition zone with the specially designed nozzle (the moving
direction of the support is indicate by the red arrow), c) schematic presentation of the
zone-casting set-up with the two heating blocks, which can be controlled individually,
the syringe placed in the upper block (heated to the temperature T,) and the support is

positioned on the bottom block (at T;).
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The apparatus, which is shown in Figure 2.9, consists of two heating blocks and two
step motors, whereby the second one was additionally introduced. By using only one step
motor the support velocity was dependent on the equilibrium conditions between the solution
flow and the evaporation of the solvent, which ideally should be equal. This limited the
number of variable parameters extremely. By using two motors it is now possible to drive the
support independent from the solution supply and solvent evaporation which are then only
dependent on the applied temperature of the heating blocks.

A syringe of 1 ml volume filled with the solution is placed into the upper heating block,
whereas the support, on which the material is deposited, is positioned on the lower block.
Both blocks are thermally controlled independently from each other. In order to form a
meniscus between the nozzle and the support, it has been found that the temperature of the
upper block has to be higher or equal than that of the lower block. In generally, a fluid tends
to flow in the direction of the lower temperature. The solution flow was controlled by the step
motor which was pressing out over a bridging construction the solution from the syringe at a
constant flow. The flow rate was determined by using the syringe volume and the required
time. The other motor was moving the support at a controlled speed under the nozzle. Under
appropriate rates of the solvent evaporation and the solution supply, a stationary gradient of
concentration is formed within the meniscus. The nozzle consisted of a metal block and a
Teflon piece which ensured a homogeneous distribution of the solvent onto the support over
the whole nozzle width (which was ca 3 mm). The distance between the nozzle and the
support, which also regulated the size of the meniscus and therefore the evaporation area, was
controlled by using different spacers. Furthermore, it was important to position the nozzle

exactly parallel to the support in order to ensure a uniform film thickness.

Generally, the size or length of the surface layer prepared by the zone-casting
processing is only restricted to the limited volume of the applied syringe. Theoretically, it is
possible to zone-cast film of unlimited length, as long as the conditions are not changed

during the process.

2.2.3. Zone-crystallization

For the alignment of the material from the isotropic phase along a temperature gradient,
a home-build zone-crystallization device was used, consisting of two heating blocks which
independently could be thermally controlled. The set-up of the device is shown schematically
in Figure 2.10a. During the process, the sample was moved at a controlled velocity from a

heating block with temperature T, at which the material was at the isotropic state, to a cooled
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block with a lower temperature T,, lower than the crystallization temperature. The

intermediate distance of the blocks was 3 mm, in which the crystallization took place.

a) Heating plates at
controlled
temperatures Step motor

Sample at certain \

thickness deposited on
a support

b) Temperature
Gradient
e
Isotropic state | I solid state
melt I I recrystallized

T> TMeIting T< TRecrystaIIization
Figure 2.10. a) Schematic presentation a) of the zone-crystallization apparatus and b)
of zone-crystallization process, whereby the HBC molecules are illustrated as simple
discs.

The processing conditions depend mainly on the crystallization kinetics of the material.
The model of the crystallization process of the material based on the discotic molecules is
displayed in Figure 2.10b. On the plate heated above the isotropization temperature of the
material the molecules does not reveal any order. When the sample is moved gradually from
the heating plate above the gap, a nucleation center initiated the crystallization and thus the
growth of the material. At optimized conditions, which can be controlled by the temperatures
of the heating plates, by the temperature difference and the gap size between the two plates,
by the velocity of the moving support and by the film thickness, only one nucleation point
appears from which the unhindered growth takes place in the direction of the temperature
gradient. In the case of columnar self-assembly, first a molecules arrange in the nucleation

center at which the columnar growth continuities.
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Relation between the Molecular
Architecture and the Supramolecular

Organization in Bulk

The understanding about the relation between the molecular architecture of the single
building blocks and the resulting supramolecular structure is of essential importance for the
application of discotic systems based on polycyclic aromatic hydrocarbons in electronic
devices. Since the supramolecular arrangement has a great effect on the one-dimensional
intrinsic charge carrier mobility and on the device performance, one major objective is the
investigation of the bulk intra- and intercolumnar organization of the discotic molecules in

dependence of the design of the aromatic core and the substituents.

3.1. Relationship between Core Size, Side Chain Length and the
Supramolecular Organization in the Hexagonal Mesophase

In this section the structural study of a broad spectrum of discotic compounds, which
are substituted by linear side chains, is presented. The core size is varied from the HBC core
consisting of 42 carbon atoms up to a large aromatic core of 132 carbon atoms. The longest
substituted side chain consisted of 20 carbons, whereas plain HBC and C96 cores were also
studied. The large number of materials studied, as listed in Table 3.1, reasonably covers the
whole range of the possible architectures and related range of volume fractions of the

constituents.
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Table 3.1. Summery of the investigated compounds, given are the chemical
composition, thermal behavior, intercolumnar packing parameters for the hexagonal
phase and intracolumnar cofacial distance.

Sample C C f Transition temperatures A(hex) d
core | side [°C] [nm] [nm]
HBC 12 0 6 not observed 1.28 0.342
HBC-C, 42 4 6 not observed 1.85 0.347
HBC-Cg 4?2 6 6 not observed 2.20 0.353
HBC-C, 42 10 6 (Cr) 81 (Col,)~420(1) 2.64 0.361
HBC-C,, 42 10 6 (Cr) 124 (Col,,) ~420 (1) 2.63 0.362
HBC-C), 42 12 6 (Cr) 107 (Col,,) ~420 (1) 2.83 0.363
HBC-C,,4 42 14 6 (Cr) 114 (Col,,) ~420 (1) 3.02 0.360
HBC-Cj¢4 42 20 6 (Col,) -36 (Coly,) 231 (1) 3.37 0.370
HBC-(C),)4 42 12 4 (Col,) 146 (Coly,) 2.52 0.354
C60-Cg, 60 10 8 (Cr) 109 (Coly,) 2.74 0372
C60-C, 60 12 8 (Cr) 104 (Coly,) >450 (1) 3.13 0.376
C78-Cp, 78 12 10 (Cr) 87 (Coly,)>450 (1) 3.25 0.394
C78-Star-Cy4 4 78 20 6 not observed 3.78 0.342
96 96 0 6 not observed 2.0 0.343
C96-C, 96 7 6 not observed 2.75 0.346
C96-Cg» 96 10 6 not observed 3.09 0.344
C96-Cy, 96 12 6 38 (no change in structure) 3.35 0.343
C96-Ci44 96 20 6 not observed 391 0.344
C96-(Cp)4 96 12 4 not observed 3.47 | 0.347/0.462*
C96-Cy410 96 24 6 not observed 347 | 0.36/0.471*
C132-Cyy 132 10 8 not observed 3.32 0.351
C132-Cis4 132 20 8 not observed 4.19 0.354

Cr — crystalline phase
Col, — plastic phase
Coly,, — hexagonal ordered mesophase

*) d (tilted) / period along the column

Figure 3.1 presents examples of 2D-WAXS patterns characteristic for the mesophase of
discotics consisting of different core sizes and different substituents. The distinct meridional
and equatorial reflections indicate a pronounced order within the extruded filaments. The
meridional reflections corresponding to the intracolumnar correlations resulting from the n-

stacking of the molecules imply the orthogonal arrangement of the discs to the columnar axis
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in all analyzed cases. The equatorial reflection distribution can be fitted to a lateral 2D unit
cell which characterizes the intercolumnar organization. The characteristic 2D hexagonal
lattice was assigned for all systems being in the mesophase. In most cases, such a structure
was indicated by the typical peak positions of 1:4/3:2:47, whereby the proportions of
intensities at various positions were system dependent. An explanation of this effect is briefly
discussed in the Appendix where the scattering effects from the hexagonal columnar
arrangement are considered as being dependent on the core size and the volume fraction of the
side chain phase i.e. the parameters which have been varied in a broad range in the studied
samples. It is pointed out in the Appendix that a disappearance or weakness of higher order
reflections must not necessarily be correlated with the range and degree of the columnar order
but can also result from specific volume ratios between aromatic columns and the peripheral

side chains.

Figure 3.1. Characteristic 2D-WAXS patterns of a) HBC-(C1y)s, b) C96-(C7)s, a) C60-
(C12)s and C78-Star-C,4; all compounds were heated to the mesophase.

The effects of the variation of the architectural parameters, such as the side chain length
and the aromatic core size, of the discotic molecules on the scattering intensity distributions
are illustrated in Figures 3.2 and 3.4. As an example, the scattered intensity distributions,

averaged over the azimuthal angle, shown in Figure 3.2 illustrate impressively the relation
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between the side chain length and the parameters of the lateral packing of columns for
different HBC derivatives. The intensity distributions are plotted as a function of the
scattering vector s (defined as s = 2sinf/A, where 20 is the scattering angle). The results show
a shift of the reflections to lower s values with increasing side chain length. This shift can be
correlated to increasing unit cell parameters which expand from 2.69 nm determined for
HBC-Cj to 3.37 nm found for HBC-Cjg 4.

Intensity / a.u.

1-1
s/nm

Figure 3.2. Intensity distribution as a function of the scattering vector for HBC
derivatives substituted by side chains of different length.

However, differences in the degree of the intracolumnar order for HBCs substituted by
side chains of different length were obvious. One can differentiate between a disordered and
an ordered intracolumnar packing of the discs. As examples for both packing possibilities,
characteristic 2D-WAXS patterns of HBC-C 4 and HBC-Cy are presented in order to clarify

the difference.

The temperature-dependent 2D-WAXS measurements of the HBC-Ci64 extruded
filament are shown in Figure 3.3. A hexagonal intercolumnar organization was observed over
the whole temperature range, whereby the unit cell parameters varied slightly from 2.89 nm in
the low temperature phase at —100 °C, to 3.27 nm at room temperature up to 3.34 nm at 150
°C. In contrast to the columnar arrangement, the intracolumnar order of the molecules

revealed more pronounced differences in the investigated temperatures. For the low
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temperature phase a disc tilting with respect to the columnar axes was assigned due to the
appearance of a distinct meridional reflection related to the intracolumnar period of 0.47 nm,
rather than due to the very weak off-meridional reflection peaks. Therefore, this low
temperature phase was attributed to the plastic crystalline state due to this characteristic
supramolecular order and the pronounced plastic deformation of the material. At room
temperature the HBC-Cj64 compound revealed a very waxy consistence and the extruded

filament is almost transparent.

a) b) C)

Figure 3.3. Temperature-dependent 2D-WAXS measurements of filament extruded
HBC-Cys4 at a) —100 °C, b) room temperature and c) at 150 °C.

At room temperature the compound was assigned to the disordered columnar phase due
to the weak intensity of the meridional reflections. Moreover, the molecules do not change
their arrangement to the typical orthogonal intracolumnar order for a liquid crystalline phase,
but remained slightly tilted. At higher temperatures these meridional reflection disappear
almost completely. It can be assumed that the high steric demand of the bulky side chains
hindered a close approach of the aromatic cores to each other leading to a decrease of the

intracolumnar order which was indicated by the diffuse meridional reflections.

In contrast to the disordered intracolumnar arrangement in the mesophase, HBC-Cyy
revealed an ordered packing of the discotic molecule. In Figure 3.3a a characteristic 2D-
WAXS pattern of this compound for the mesophase is shown. Thereby, the distinct
meridional reflections indicate a considerably higher correlation between the discs in
comparison to the organization of the HBC-C,¢4 molecules due to a lower steric hindrance of

the relatively short Cyg alkyl chains.

While the lateral organization of columns is strongly dependent on the substituents the
intracolumnar period in the mesophase remains in the typical range between 0.34 nm and 0.37

nm for the investigated HBC derivatives, whereby the value increases slightly with increasing
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side chains length. This difference of the intracolumnar dimensions can be correlated with the
increase of the steric requirements of longer side chains which hinder a closer approach of the
aromatic cores. Additionally, a characteristic amorphous halo was observed for each HBC

compound at a correlation distance of 0.46 nm.
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Figure 3.4. Intensity distribution as a function of the scattering vector for different
discotic molecules each substituted by a) C;, alkyl chains and b) Cj 4.

The X-ray diffractogram in Figure 3.4 reveals effects of core size on the unit cell
parameters describing the columnar packing. The structures of discotic molecules with
different core sizes, but each substituted by C;, alkyl chains, are taken into account here. It
has been found that the intercolumnar distance increases with increasing core size as indicated
by the shift of the reflections to smaller scattering values. The aromatic core size of the
compounds shown in Figure 3.4 varies from HBC with a diameter of approximately 1.4 nm to

the C96 core with a size of about 2.0 nm. This difference in core size is also reflected in the
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different hexagonal unit cell parameters obtained for these compounds which were a = 2.83
nm for HBC-C;; and a = 3.35 nm for C96-C,. It should be noted that the cores C42, C78-Star
and C96 were six-fold substituted by the C;, alkyl chains, whereas eight side chains were
attached to the C60 core. Nevertheless, the trend of the increasing unit cell dimensions with
larger core size is obvious. Furthermore, it can be supposed that the symmetric shape of the
core is not essential since the molecules perform a lateral rotation due to their high mobility in

the mesophase resulting in an average effective core geometry.
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Figure 3.5. Hexagonal unit cell dimensions as a function of the side chain length and
core size.

Similar dependence between the core size and the unit cell parameters was observed for
discotics substituted by branched Cjs4 side chains (Figure 3.4b). The intercolumnar packing
dimensions increased also with increasing core size.

In Figure 3.5, the hexagonal intercolumnar spacings for all the investigated compounds
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are summarized as a function of the side chain length for various core sizes. A similar
dependence of the lattice parameters on the side chain length is observed for the HBC and
C96 cores. Both dependencies reveal the same trend, whereas all the C96 packing parameters
are shifted by ca. 0.6 nm to higher distances due to the larger core disc. Both curve shapes are
not linear and seem to level off for longer substituents. This behavior provides a strong
indication that the side chains in the mesophase arrange themselves into a continuous
intercolumnar phase filling the space between the columns, whereby the degree of
interdigitation of the side chains can be considered as becoming higher for longer chains.
Similar packing behavior has been reported for triphenylene derivatives.”'? In Figure 3.6, the
intercolumnar hexagonal arrangement is illustrated for two HBC derivatives substituted by

short and long alkyl side chains taken as examples.

Figure 3.6. Two hexagonal lattice arrangements consisting of a) HBC-C4 and b) HBC-
C 14.

Since, both the HBC six-fold substituted by linear C;¢ alkyl chains and the HBC
substituted by branched Cg, side chains reveal the same lattice parameters, it is assumed that
the packing possibilities related to the number of carbon atoms within the side chains has a
larger influence on the intercolumnar organization than the details of the chemical
architecture. However, this statement is not valid generally. An exception has been observed
for longer dove-tailed side chains with very much different mass distribution in the side
groups and will be discussed in the following section. Branching of side chains close to the

discotic core can result in a high steric demand and increase chain interactions in the disc
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periphery which are too large to allow the orthogonal arrangement of discs in the columns
preserving the characteristics for strong n—stacking distances. Such constraints can, however,
relax through a tilt of discs with respect to the columnar axes which in effect leads to an
extension of columns and increase of the space around them. The tilt of discs with respect to
the columnar axes in the mesophase has been observed in two samples considered here, C96-

(C12)4 and C96-(Cio,14)6, for which the behavior will be discussed in more detail later.
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Figure 3.7. Hexagonal unit cell parameters as a function of the core size.

The dependence between the core size and the 2D unit cell parameters of the columnar
packing is presented in Figure 3.7 for two lengths of the side chains. The aromatic core mass
is expressed by the number of carbon atoms and the intercolumnar packing lattice parameters
for discs substituted by the linear C;, alkyl chains and the branched Cj¢ 4 chains are given. All
the results presented indicate that the morphological parameters of the studied systems are
related to the packing possibilities in the two phases: the aromatic columnar cores and the
aliphatic chains constituting the periphery. The disc cores forming the columns in all systems
obviously remain at distances between 0.34 and 0.36 nm which are only slightly higher than
the interlayer distances of graphite. This suggests that the density of the columns is nearly that
of the graphite (p=2.25 g/cm’). Such packing within the columns has to be in balance with
the packing of the aliphatic side chains filling the space between them. Assuming the density
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ps=0.9 g/cm’ (corresponding nearly to amorphous wax) for the side chain phase, the
intercolumnar distances can be related to the spatial requirements of the side chains given by
their length and number. This can be expressed by the following relation based on the
geometry illustrated in Figure 3.6
2
@ =V, +V, (3.1)

core

where V.o and V. are volume fractions of the core and the side chain phases per repeating
distance d along the column, respectively. Considering relations between these volume
fractions and the molecular weights of the corresponding molecular moieties, the

intercolumnar distance apex can be given by the following relation

_ |2 M. M
ahex_\/dNA\/g(p€ + P, J (32)

where N, is the Avogadro number, M, and M, are molecular masses of the core and a single

side chain, respectively and f is the number of side chains in the discotic molecule.
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Figure 3.8. Comparison of the predicted and experimental values of the hexagonal
lattice constants for columnar bulk structures.
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This relation allows predictions concerning intercolumnar distances in the hexagonal
arrangement when the molecular parameters (M., M, and f) are known. The values predicted
of the hexagonal lattice constants are compared in Figure 3.8 with the values determined
experimentally on the bases of the X-ray diffraction intensities. The correlation can be
regarded as very satisfying if one assumes that there occur no adjustable parameters in it. This

means that relation (3.2) very well describes the packing conditions of the discotic molecules.

Modifications of the assumed densities could further improve the correlation.

Figure 3.9. Structure investigation by using 2D-WAXS experiments dependent on the
number of side chains substituted to the C96 core with a) C96-(Cy3)s, C96-(C;3)4 and
¢) C96-(C1412)s.

The number of alkyl chains attached to the aromatic core can also influence the
intercolumnar packing. The supramolecular organization of some discotic cores with a
reduced number of side chains i.e. HBC-(Cy3)s, C96-(C12),, C96-(Ci2)4 and with dove-tailed
side chains C96-(Ci412)s have, therefore, been investigated. Examples of the 2D-WAXS
patterns for the systems with different side chain numbers are shown in Figure 3.9. The
sample C96-(C,), was not processable by filament extrusion due to strong n-stacking and the
reduced degree of freedom of the side chains leading to insufficient plasticity of the material.
The powder X-ray diffraction of this material revealed only one broad small angle peak at

s=0.38 nm' and therefore the lattice could not be assigned precisely. In the other cases,
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independent of the asymmetry of some molecules, the hexagonal 2D lattices were detected. In
some cases, however, a tilting of discs with respect to the columnar axis was observed which
resulted in increased periods along the columns. The lattice constants of the intercolumnar
packing in such systems are also considered in the comparison between experimental and

predicted values presented in Figure 3.8.

For the system HBC-(C),)4 in which the typical orthogonal disc orientation with respect
to the column axes was detected for the mesophase (Figure 3.10b), the comparison reveals a
good agreement. In the crystalline state the disc adopted the characteristic tilted intracolumnar
arrangement (Figure 3.10c). Contrary to that, in the system C96-(C;2)s (Figure 3.9b), the tilt
of discs was detected also in the mesophase and the hexagonal lattice constant was not
satisfying the relation (3.2) when columns of cross-section corresponding single discs area
were considered. The by far too large lattice constant observed experimentally can, however,
be understood when columns build up of pairs of coplanar adjacent discs are considered. Such
pairs with 8 arms each constitute more symmetric elements and, when tilted, fit to a nearly
cylindrical cross-section of the columns which better fit to the detected hexagonal symmetry

of the columnar arrangement.

The other system with the detected tilt, C96-(Ci4.12)s (Figure 3.9c), is also in good
agreement with the relation (3.2) when the increased periodicity along the columns is
considered. The tilt in this case has probably a different reason than in the other case. As
discussed earlier in this section the crowd of side chains at the periphery of the discs requires
column extension in order to be accommodated at the density characteristic for the side chain
phase. This extension is realized by the tilt of discs with respect to the column axis. The
observed agreement of the experimental and predicted lattice parameters for this system with

the tilt taken into account strongly supports such a hypothesis.

The results presented indicate that the characteristic supramolecular structures and
related parameters are controlled by packing possibilities of the stiff planar cores and the
flexible side groups into separate phases of different densities. The balance of these packing
possibilities with the m—interactions in the columns should impose the structure stability and
corresponding transition temperatures. In all the systems investigated, the structures reported
extend over a very broad temperature range often exceeding the range of accessible
temperatures because of chemical decomposition. This indicates that for the studied molecular
architectures, there is no conflict between packing possibilities and conditions for
effectiveness of the m—interactions. A lowered temperature of the isotropization was only
observed for the sample HBC-C;¢4 for which the effect can be related to the low fraction of

the columnar phase. It can, however, be expected that in the systems with the tilt of discs,
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where the effectiveness of the m—stacking becomes reduced at the expense of satisfaction of

packing conditions, the stability of structures will become reduced as well.

Figure 3.10. a) Chemical structure of HBC-(Cj3)4, 2D-WAXS for an extruded HBC-(Cy3)4
filaments b) in the mesophase, c) at the initial state before annealing, c) after the first
annealing in the mesophase and d) after the second annealing (the patterns in c) to e) are
recorded under the same conditions and are displayed in the same contrast).

For the system HBC-(C),)4 in which the typical orthogonal disc orientation with respect
to the column axes was detected for the mesophase (Figure 3.10b), the comparison reveals a
good agreement. In the crystalline state the disc revealed the characteristic tilted
intracolumnar arrangement (Figure 3.10c-3.10e). Thereby, the degree of the supramolecular
order was strongly dependent on the thermal treatment of the extruded sample. After
annealing at the mesophase the X-ray pattern for the crystalline phase exposed more distinct
reflections. Finally, the off-meridional reflections corresponding to the disc tilting were
separate (Figure 3.10e). Unusually, the intercolumnar arrangement was improved as well
being reflected by more pronounced equatorial reflections. The unit cell for the crystalline
phase was fitted to two different arrangements; a hexagonal lattice with a unit cell of a = 3.60
nm, and an orthorhombic lattice with a = 1.81 nm and b = 3.13 nm. The equatorial scattering

intensity distribution is presented in Figure 3.11. Due to the asymmetrical substitution of the
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aromatic core, a lamellar arrangement of alternating single rows of aromatic cores and alkyl

side chains can be assume. The proposed superstructure is presented as the inset in Figure

3.11.
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Figure 3.11. Equatorial scattering intensity distribution as a function of the scattering
vector, the reflection positions are assigned by the Miller’s indices according to the
hexagonal (red) and orthogonal (blue) lattice; inset shows the illustration of the

supramolecular arrangement with alternating aromatic core and alkyl chain rows (the
side chains are indicated as straight lines due to simplicity).

It has been revealed that the supramolecular organization is determined to a high degree
by the molecular architecture. Thus, the intercolumnar packing dimensions are strongly
dependent on the aromatic core size, the side chain length and number of side chains.
Thereby, the number of carbon atoms for linear or methylene containing side chains is in
relation with the length. Triphenylenes, substituted with different side chains but having the
same total number of peripheral carbon atoms, revealed identical intercolumnar packing
parameters.”'**"* In the present study it was additionally confirmed that the influence of the
different molecular parameters on the hexagonal lattice constant of derivatives substituted by
linear alkyl chains can be summarized in the relationship taking into account the two phase
packing with for each phase characteristic density. The unit cell parameters increase with the
core size, whereas the interdigitation plays a major role with increasing side chain length
being in accordance with results reported for triphenylenes.”'**"> The only correlation

between the molecular architecture and the intercolumnar parameters with the thermal
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behavior was found for HBC derivatives which is discussed in Chapter 5. Compounds
consisting of larger aromatic cores did not exhibit any phase transition. Finally, the
conclusions play an important role in the control of the supramolecular organization of
discotic liquid crystalline molecules, consisting of extended polycyclic aromatic

hydrocarbons, by varying the aromatic core size and the number and size of the substituents.

3.2. Investigation of the Supramolecular Structure of Dove-Tailed
HBCs

3.2.1. Alkyl Side Chains with Branching at the B-position

The relation between the branching at the B-position of alkyl chains and the
supramolecular organization has been investigated on a series of HBC derivatives: HBC-Cq 5,
HBC—C10’6 and HBC—C14’10.

The distinct equatorial reflections in the 2D-WAXS pattern of the investigated
compounds suggested a well-ordered supramolecular structure of the macroscopically
oriented filaments with columns aligned in extrusion direction. The patterns for HBC-C¢, and
HBC-C,6 are shown in Figure 3.12, whereas the pattern of HBC-C4 ) is exhibited in Figure
3.13.

Figure 3.12. 2D-WAXS pattern of filament extruded HBC-Cgs, a) in the plastic
crystalline phase and b) in the mesophase, and HBC-Cy ¢) in the crystalline phase
and d) in the mesophase at 60 °C; e) schematic representation of the herringbone

structure observed at room temperature for the three investigated compounds and f)
the Col,; phase determined for HBC-Cg > and HBC-Cjg.



Relation between the Molecular Architecture and the Supramolecular Organization in Bulk 53

The high degree of order of these samples at room temperature is obvious from the large
number of higher order reflections in these patterns. The intracolumnar packing is identical
for the three investigated HBCs, which was not surprising, as the chemical structures were
similar. The meridional reflexes indicated a tilting of the discotic cores with respect to the
columnar axis leading to the herringbone arrangement (Figures 3.12a and 3.12¢ for HBC-Cq,
and HBC-Co¢, Figure 3.13a for HBC-C,4,0). The intracolumnar packing of HBC-Cq, is
exceptionally well pronounced indicated by the high number of higher-order, off-meridional
reflections arising from the intracolumnar but also strong intercolumnar correlations between
the discs. Contrary to HBC-C¢ and HBC-C)4 19, where the corresponding phase due to the
absence of long-range correlation is assigned to a plastic-crystalline phase, HBC-Cs, forms a
crystalline phase at room temperature. Based on the intracolumnar period of 0.48 nm and the
maximum off-meridional peaks correlating to the cofacial distance of 0.37 nm, a tilting angle
between 30° and 40° could be determined for the investigated compounds. Figure 3.14 shows
Cerius® simulated 2D-WAXS patterns for HBC discs with different tilting angles. These
simulations clarify the difficulty of the exact assignment of the molecular tilting angle by the
determination of the azimuthal angle of the maximum reflection peak in the off-meridional.
By increasing the tilt angle, the reflections with the highest intensity appear at higher
azimuthal angle of the off-meridional, whereby the intracolumnar period of 0.49 nm is
correlated with the meridional peak which is identical for all investigated tiling angles.

However, it is not possible to correlate a definite reflection peak with the disc tilt.

Figure 3.13. 2D-WAXS pattern of filament extruded HBC-Cis50 @) in the plastic
crystalline phase.

The high meridional reflection intensity and the number of higher order reflexes
corresponding to the stacking correlation, as observed for HBC-Cq,, also suggest a well

organized intracolumnar packing. The distribution of the equatorial reflections corresponds
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the lateral intercolumnar arrangement, which was assigned from the powder X-ray scattering

results.

When heated to the mesophase, the intracolumnar order of both materials HBC-C¢, and
HBC-C,o6 underwent a significant change obvious from the 2D-WAXS patterns (Figures
3.12b and 3.12d). In both cases, the meridional reflections corresponding to the disc-to-disc
distance became considerably undefined and diffuse. Moreover, for HBC-Cjos these
reflections became continuously weaker with increasing temperature until they completely
disappeared at 60 °C, indicating a significant decrease of the intracolumnar order in the higher
temperature liquid crystalline phase. Therefore, this state was assigned as columnar
disordered Coly. Cooling back to room temperature again, the meridional reflections return

reversibly after a certain time.
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Figure 3.14. Cerius’ simulated 2D-WAXS diffraction patterns for HBC discs with
different molecular tilting angles placed in an arbitrary chosen hexagonal unit cell.

The intercolumnar arrangement of the materials in different phases was investigated
using powder X-ray scattering. The intercolumnar organization was characterized by using a
2D lateral lattice, which was determined by fitting a mathematical relation to the reflection
positions. Due to the complexity of the diffractogram, it was very difficult to find a close
correlation between the peaks. A lateral 2D monoclinic model gave the best fits for the
intercolumnar organization (Table 3.2). The gamma angle of y = 60° is identical for all
studied materials at room temperature with packing parameters depending on the side chain
length.

Figures 3.15a presents a characteristic powder X-ray scattering intensity distribution as
a function of the scattering vector s for HBC-Cg,. The high intensity of the reflections in the
wide-angle range (2 — 3 nm™) points out once again the high degree of the intracolumnar
order. Upon heating the sample to the Coly phase, a considerable structural change can be

observed as described by the change of the scattering pattern (Figure 3.15b). Surprisingly, the



Relation between the Molecular Architecture and the Supramolecular Organization in Bulk 55

columnar arrangement in this phase could not be assigned to a hexagonal lattice, which is
unusual for C6-symmetric HBCs. Nevertheless, as implied by the high intensity of the split
small angle peaks, a well-ordered intercolumnar packing was observed. In contrary, the
reflections corresponding to the molecular stacking disappeared verifying the 2D-WAXS

results.

Table 3.2. 2D lateral unit cell assignment for the three investigated compounds in their
corresponding phases. In the right: a schematic example of the monoclinic columnar
arrangement is presented.

Compound  Phase Unit cell Parameters [nm]
HBC-Cq,, C; monoclinic a=221
b =1.88, y=62° ~
Coly monoclinic a=2.67 5\ ‘ ._,-/
b=1.63, y=45° \S NG A d
RN L
HBC-Cio6 Col, monoclinic a=2098 . —
b =2.50, 7= 60° h =
o =
. _ N -
Coly orthorhombic a=4.32 N s
b=12.36 4
HBC-Ci410 Col, monoclinic a=23.73
b =2.84, y=62°
a)
3
©
>
B
£ b)
o 1 2 3
s/nm’

Figure 3.15. Powder X-ray diffraction of HBC-Cg, at a) room temperature in the
plastic crystalline phase and b) at the Col; mesophase.
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The identical supramolecular order at room temperature was also observed for HBC-
Cio6 (see Figure 3.17a) and HBC-Cy4,¢ (see Figure 3.16a) in the powder X-ray diffractogram
for the Col, phase. The phase transition of HBC-Cjo to the liquid crystalline Coly state is
accompanied by a considerable transformation in the intra- and intercolumnar packing.
Analogously to HBC-Cg,, the high intercolumnar arrangement is maintained, but cannot be
fitted to a 2D lateral hexagonal lattice. The degree of intracolumnar organization decreases
significantly. While heating the sample to the optically isotropic state, a small-angle reflection
appeared corresponding to a repeating distance of 2.21 nm as derived from the X-ray
scattering diffraction in Figure 3.17c. This reflection can be attributed to position correlation
of molecular aggregates possessing electron density contrast between the aromatic core stacks
and the substituents. Assuming only nearest neighbor relations, the correlation distance
should be

d=—"=. 3.3)

This value allows to estimate the number of stacking molecules consisting in the aggregate as

a spherical unit of volume

I
—d’ 3.4
p (3.4)

which is related to the molecular mass M by the following equation:
Ed3 _ M ‘n
6 p-N,

3.5),

where n is the number of molecules, p is the density assumed here 1 g/cm*® for both
nanophases (the aromatic core and the alkyl shell) and Ny is the Avogadro’s number. For this
relationship, the most probable stacking number of nearly 4 HBC-Cjo¢ molecules was
determined suggesting that the molecules in the isotropic state are not isolated, but form
aggregates consisting of several discs. The stacking number for HBC-Ci4 9 was also
determined from the X-ray scattering pattern recorded for the isotropic state revealing an
identical value of 4 molecules. This might be an explanation for the isotropic phase charge
carrier mobilities being observed by TOF*” and PR-TRMC*'* independently for triphenylene

derivatives and phthalocyanines®"”.
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Figure 3.16. Powder X-ray diffraction of HBC-C\419 at a) in the isotropic phase and
b) slowly cooled back to the plastic crystalline phase Col, at room temperature.

After cooling the sample back to the disordered LC phase, the X-ray diffraction was
again recorded suggesting that the supramolecular order of bulk HBC-C,o was considerably
influenced by the thermal treatment. The X-ray diffractogram displayed a similar intensity
distribution as before the heating to the isotropic phase (Figure 3.17d). However, an
additional small-angle reflection at 0.234 nm™ appeared directly after cooling. Furthermore, a
significant shift of the reflections towards the wide-angle region can be observed, indicating a
decrease in the packing parameters and, as suggested by the new small-angle peak, a
formation of higher order supramolecular organization. Thus, the thermal treatment of the
HBC-C,6 material has a great influence on the packing, which has not been seen for the two
other HBC derivatives. The reflection peak positions in the Coly phase could not be fitted to
any unit cell, but the appearance of the discrete small-angle allowed to assign an

orthorhombic lattice for the liquid crystalline state.

In order to relate the supramolecular organization of the dove-tailed HBC derivatives
with the electronic properties of the materials, the charge carrier mobility has been
investigated. The results presented in this section are the direct outcome of a strong
collaboration with Jorge Piris in the group of Dr. Warman, TU Delft. The sum of the one-
dimensional charge carrier mobilities, Xp, has been derived from the pulse-radiolysis time-
resolved microwave conductivity technique (PR-TRMC). Since the values of Zpp were
monitored as a function of temperature, it was possible to correlate these values with the

supamolecular arrangement in different phases. Generally, the extended intra-columnar
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ordering and improved processibility shown by the materials described in this section is

highly desired for applications as unidirectional conductors in electronic devices.
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Figure 3.17. Powder X-ray diffraction of HBC-Cjys at a) room temperature in the
plastic crystalline phase, b) in the Cold liquid crystalline state, c) in the isotropic
phase, and d) slowly cooled back to the plastic crystalline phase at room temperature.

Table 3.3. Charge carrier mobilities for the dove-tailed HBC derivatives.

Sample Phase Tuip / em?V's!
HBC-Cq,, C 0.25
Coly 0.29
HBC-Cio6 Col, 0.73
Coly 0.08
HBC—CM’]O COlp 0.47

From the end-of-pulse conductivity the sum of the charge carrier mobilities, Zup, has
been determined as a function of temperature. The values obtained for the different phases are
summarized in Table 3.3. The temperature behavior of the present compounds differs notably
from the previously studied HBC derivatives; in general, the mobility increases slightly with
temperature in the crystalline phase until it experiences a sudden decrease by a factor ca. 2 on

entering the mesophase. Most HBC derivatives studied to date shower a similar Zu,p value of
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ca. 0.3 cm?/Vs in their discotic columnar hexagonal phase. In contrast, the mobility values for
HBC-Cq¢, did not experience any significant change when going from the crystalline to the
liquid crystalline phase (Figure 3.18). In general, the mobility does not change at transitions
between phases with identical supramolecular structure as observed for HBC-PhC1252 or

alkyl-thiosubstituted phthalocyanines5 0215

. The relatively low conductivity of HBC-Cg,
despite the high crystallinity at room temperature can only be explained by the lack of high
solubility and the possibility of better purification. The similarity of the intracolumnar
packing in both solid-state phases, in which the disc molecules adopted a tilted arrangement,

resulted in the constant charge carrier mobility over the investigated temperature range.
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Figure 3.18. Temperature dependence of the intracolumnar charge carrier mobility of
HBC-Cs),.

Figure 3.19 represents the temperature behavior of the intracolumnar charge carrier
mobility for HBC-Cjp6. The room temperature value Xpip = 0.73 cm?/Vs is the highest
measured for a non-crystalline phase and is only overcome by the crystalline HBC-C4 linear
chain derivative (Zp;p = 1.00 cm?/Vs)*%. Upon heating the mobility decreases almost linearly
with temperature until it experiences a sudden drop of almost an order of magnitude upon
conversion to the liquid crystalline phase. The very low conductivity values obtained in this
phase compared with previously studied HBCs indicates a rather weak interdisc interaction
and a rather low columnar organization. This is in good agreement with the X-ray results
presented in the previous section. In comparison to phthalocyanines and porphyrins, such a
pronounced mobility drop at the phase transition has not been reported.**”° Only discotics

consisting of small aromatic cores as triphenylenes revealed such significant differences in the
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mobility accompanied by the increase of columnar disorder between the phases.”**'® In

addition, high fluidity and the small enthalpy change on entering the isotropic phase are
further indications of the similarity of both phases of HBC-Cj6. As already indicated by the
DSC studies, upon cooling there is a very large hysteresis before a partial recovery of the
initial values could be observed. Only after extended periods of time further recovery could

be observed.

Compound HBC-C,4,¢ is also plastic crystalline at room temperature and accordingly
shows a mobility value comparable to the crystalline HBC derivatives. As it converts directly

from the plastic crystalline phase to the isotropic liquid, no temperature dependence was

recorded.
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Figure 3.19. Temperature dependence of the intracolumnar charge carrier mobility of
HBC-C 10,6 -

The PR-TRMC measurements provided detailed information about the charge carrier
mobility in the different phases and was correlated to the structural evaluation. It has been
shown that the one-dimensional charge carrier transport along the columnar structures was
strongly dependent on the intracolumnar order and the molecular packing. Disorder resulted
in a drastic lowering of the mobility as observed for the liquid crystalline phase of HBC-Cjg.
On the other hand, the high purity of the derivatives with the longest side chains, HBC-C,¢
and HBC-C\4 ), yielded very long life-times of charges and charge carrier mobilities which
were comparable with highly crystalline HBCs. These two features are important
requirements for the application in electronic devices and make these materials very attractive

as organic semiconductors.
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3.2.2. Branched Side Chains bearing Ether Linkages

In contrast to the dove-tailed side chains branched at the B-position, the branching after
the ether linkage has a significantly different influence on the packing of the discotic
molecules which has been studied also on a series of HBC derivatives: HBC-C30Cg,, HBC-
C30C 96 and HBC-C30C 4 10. Additionally, the supramolecular organization of HBC-C30Cs»

has been analyzed on order to complete the picture.

These compounds also revealed a pronounced macroscopic alignment of columns along
the filaments which was indicated by the intense and sharp equatorial reflections
corresponding to the intercolumnar arrangement, strongly correlated to the phase of the

compounds.

For the HBC-C;0C;96, HBC-C30Cs, and HBC-C;0Cs, an identical supramolecular
order Colpg was determined for the higher temperature solid-state. Based on X-ray scattering
results, the intercolumnar arrangement of the three materials was assigned to a two-
dimensional (2D) lateral, hexagonal, disordered columnar phase Colyg and showed a
significant dependence of the packing parameters on the length of the side chains. The bulk
hexagonal lattice dimensions decreased from a = 3.07 nm for HBC-C;0Co6 to a = 2.65 nm
for HBC-C30Cs, and a = 2.78 nm for HBC-C;0Cs, indicating a dependence of the packing
parameters on the side chains length. Figure 3.21a shows a typical intensity distribution of the
derivative HBC-C;0Co¢ in the higher temperature solid-state phase. The material, as
obtained from solution, revealed a well-organized, two-dimensional, lateral, hexagonal
intercolumnar structure as implied by the large number of higher order reflections with peak

positions corresponding to a relationship 7 : V3:2:47:3.

Ve "

Figure 3.20. Typical 2D-WAXS pattern of HBC-C30C)4 prepared as an extruded
filament, at a) the plastic crystalline phase, and b) in the Coly, phase.
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Figure 3.21. Phase dependent powder diffraction of HBC-C3;0C)ys; the intensity
distribution is plotted against scattering vector, a) at room temperature Coln; phase,
b) at the isotropic state (inset drawing illustrates schematically the aggregation
behavior in this phase), c) cooled back to room temperature (inset presents the two
unit cells, arrows indicate the hexagonal lattice and dashed line the orthorhombic unit
cell), d) cooled to the plastic crystalline phase. Reflections are indexed by using the
Miller’s indexes (hk0).

The intracolumnar arrangement was characterized by temperature dependent 2D-WAXS

experiments. Figure 3.20 presents examples of characteristic patterns of HBC-C50C¢ as an
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extruded filament. In the mesophase, diffuse meridional reflections in the pattern (Figure
3.20b) resulted from the disordered intracolumnar packing. Weak off-meridional peaks
suggested that the discs kept their tilting also in this state. Identical patterns were also
obtained for compounds HBC-C30Cs, and HBC-C;0Cs, in their Colpg mesophase. The
supramolecular order of bulk HBC-C;0C,¢6, however, was considerably influenced by the
thermal treatment when heated to the optically isotropic phase. In the isotropic state a small-
angle reflection appeared at s = 0.385 nm™' as derived from the maximum peak in the X-ray
diffraction in Figure 3.21b. The reflection of this kind can be attributed to position correlation
of molecular aggregates possessing electron density contrast between the aromatic core stacks
and the aliphatic substituents. Assuming only nearest neighbor relations, the correlation
distance can be described by means of equation 3.3. It allows to estimate the number of
stacking molecules consisting in the aggregate as a spherical unit of volume which is related
to the molecular mass M by equation 3.5. For this relationship, a most probable stacking
number of nearly 5 molecules was determined for HBC-C;0C;¢¢ suggesting that the
molecules in the isotropic state are not isolated (an identical number of 5 molecules was also
calculated for HBC-C;0C4,10), but form aggregates consisting of even more discs in

comparison to the HBC derivatives dove-tailed at the B-position.

After slow cooling the sample from the isotropic state, a supplementary small angle
reflection appeared due to the enhanced higher order structure (Figure 3.21c). Two unit cells
were determined from the peak positions and could be assigned to a pseudo-hexagonal
arrangement. Both, a hexagonal lattice with twice the dimensions as before the thermal
treatment and an orthorhombic unit cell with a = 5.34 nm and b = 3.2 nm, where a = b\/§ ,
can be alternatively be assigned to the observed scattered intensity distributions. The
relationship between the packing parameters a and b of the orthorhombic lattice did not fit
exactly to the pseudo-hexagonal model because the central column could be displaced slightly

from the center of the cell.?’

The phase transition from the Colyg to the plastic crystalline phase was accompanied by
a considerable structural change for the HBC-C;0C;¢5, HBC-C50Cs, and HBC-C3;0Cs.
During cooling, the degree of intracolumnar order improved which was reflected by a
significant intensity increase of the off-meridian reflections in the 2D-WAXS patterns. These
off-meridional peaks correspond to a molecular tilting with respect to the columnar axes.
Figure 3.20a illustrates a characteristic 2D-WAXS result of extruded HBC-C50C)(¢ in the
Col, phase. The meridional peak is attributed to the intracolumnar periodicity of 0.43 nm,
whereas the off-meridional reflections are related to the cofacial distance of 0.34 nm. These

two values indicate a tilting of the discs between an angle of 30° and 40° which was also



64 Chapter 3

observed for the HBC-C30C¢, and HBC-C50Cs ;.

Table 3.4. Summery of the 2D lateral unit cells and packing parameters
determined for the investigated HBC derivatives by assigning the reflection
peak positions in the corresponding X-ray powder diffractograms. The shown
lattices represent the best fits.

Compound Phase Unit cell Packing parameter / nm
HBC-C30Cy4,0  Col, Orthorhombic a=23.52
b=3.71
HBC-C;0Cjp6  Col, Orthorhombic a=2.75
b=2.52
Colpg Hexagonal a=23.07
HBC-C;50Cs, Col, Monoclinic a=2.75
b=2.52;y=65°
Colpg Hexagonal a=2.65
HBC-C;50Cs, Col, Orthorhombic a=2.40
b=2.08
Colug Hexagonal a=278

The intercolumnar arrangement was determined from the low-angle reflection
distribution in the powder X-ray diffraction. The lattice of HBC-C30Co¢ fit well to a 2D
orthorhombic unit cell with a = 2.75 nm and b = 2.52 nm as illustrated in the powder
diffraction in Figure 3.21d. The wide-angle part of the scattered intensity distribution revealed
discrete periodicities at distances below 0.5 nm which suggests high intracolumnar correlation
between the discotic molecules indicating an order improvement during cooling leading to an
increase in intensity of the off-meridian reflections which corresponded to the molecular
tilting. Interestingly, the intensity of reflections corresponding to the characteristic
intracolumnar periodicity of 0.48 nm was almost identical to the main peak according to the
intercolumnar distances suggesting a high intracolumnar correlation between the discotic

molecules.

Both materials HBC-C30Cs, and HBC-C3;0Cs, underwent also great structural changes
at the transition to the plastic crystalline phase as observed for HBC-C;0C;o¢. Both

compounds showed also a transformation from the columnar disordered phase to the
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characteristic high intracolumnar order with molecules tilted towards the columnar axis in the

plastic crystalline state. The unit cell parameters are summarized in Table 3.4.

Interestingly, an exceptional phase behavior was observed for the derivative HBC-
C30C 410 for which no intermediate state between the plastic crystalline phase and the

isotropic state phase was detected, what is in strong contrast to other discotic compounds.

The relationship between the alkyl substituents and the intracolumnar order of discotic
molecules has been studied in detail for different HBC derivatives carrying side chains with
different architecture. Since the charge carrier transport takes place along the columnar stacks
and depends strongly on the aromatic core interaction and thus on the packing of the discotic
molecules, the control of the intracolumnar arrangement of the single building blocks is one

. 217,218
of the most essential aspects.”

For the structural assignment two important terms were used which will be elucidated in

the following.

The term “plastic” was the first time defined by Gray and Winsor to describe “a
particular class of mesophase in which the molecules reveal minor fluctuations in positions, at
the points of a cubic lattice”.*". Afterwards this term was used to classify thermotropic
hexagonal phases in polymers.”’ Wendorff and his coworkers described a new phase formed
by the asymmetrically substituted triphenylene (3,6,7,10,11-pentapentyloxytriphenylene-2-ly
pivaloate) by assigning the material as “plastic columnar discotic”.****' A three-dimensional
positional order of the molecules, as in the crystalline phase, and a rotational mobility were

reported to be characteristic for this columnar phase.”*

In this study the term “plastic crystallinity” was applied to emphasize the difference to
the crystalline phase and was characterized by a molecular arrangement identical to the
crystalline phase possessing, however, only short-range ordering. Furthermore, the
consistence of the plastic crystalline materials was waxy and soft at room temperature in
contrast to the crystalline powder. Solid-state NMR studies at temperatures between 6-16 °C
of the B-branched HBCs revealed higher side chain mobilities leading to the short-range

ordering observed in the X-ray scattering pattern.

The term “disordered” columnar was related to the intracolumnar arrangement of the
HBC discs in the mesophase which possess a significantly decreased intermolecular
correlation as indicated by the diffuse meridional reflections. The disordered columnar
mesophase is in high contrast to the mesophase organization of HBC-PhC, or HBC-C,; for
which a pronounced m-stacking distance was observed. In general, for discotic materials, such

223224 225226

as triphenylenes and phthalocyanaines , disordered columnar phases are quite
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common and appear when the substituents have a strong influence on the intracolumnar
organization due to the high side chains dynamics. Only few examples with 2D-WAXS
patterns have been reported in literature for phthalocyanines substituted by linear’”’ or

228
d

branche alkoxy side chains. In both examples similar X-ray patterns were obtained

indicating an identical degree of intracolumnar disorder in HBCs and phthalocyanines in the

mesophase.
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Figure 3.22. Comparison of the hexagonal unit cell parameter aj.. for HBC
derivatives substituted by linear and dove-tailed side chains.

Since the ether linkages containing dove-tailed HBC derivatives revealed a hexagonal
phase, it was possible to compare their unit cell parameter with HBCs substituted by linear
side chains with the same number of atoms. Thereby, the carbon atoms and oxygen atoms are
treated as identical, since the molecular masses are close. In Figure 3.22 it is obvious that the
ether linkages containing dove-tailed HBC derivatives possess significantly smaller unit cell
parameters in comparison to the linear side chains substituted HBCs. This is in good
agreement with the molecular architecture, since the linear side chains are much longer. On
the other hand, the dove-tailed side chains are more space-filling and bulky leading to a
higher steric requirement in the aromatic core periphery. The increased steric demand and
decrease of intracolumnar order have also a strong influence on the melting temperature of the
materials and will be discussed in detailed in Chapter 5. However, it should be noted that the
HBC derivative assigned in Figure 3.22 as dove-tailed with 14 atoms per chains is HBC-
C;0Cs, which is not dove-tailed substituted. HBC-Cj¢4 does not bear any linear side chains,
but is assigned as linear substituted. Since both compounds fit exactly into the relationship,

there might be an additional effect based on the higher degree of freedom at the ether linkages
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which enhance the side chains packing in the core periphery leading to a decrease of the
lattice parameters. This in turn results in a high degree of intracolumnar disorder and an
extension of the intracolumnar period which compensates in this way the steric demand of the
dove-tailed substituents. This effect is amplified when the branching position of the side
chains is placed at the core vicinity as it was the case for the B-branched HBC derivatives.
The increased mobility and therefore higher steric demand of the B-position dove-tailed side
chains hindered an approaching of the aromatic cores and led to extreme longitudinal and
lateral displacements of the disc which was verified also by solid-state NMR results (not
shown). Therefore, no intracolumnar correlations periods for HBC-C10,6 were observed. This
behavior had fundamental consequences on the charge carrier transport along the columnar
stacks. The charge carrier mobility decreased dramatically in the mesophase of this compound
due to the intracolumnar disorder and lack of a pronounced overlap of the m-orbitals of the

aromatic cores.

The observed intracolumnar disorder in the liquid crystalline phase highlights a crucial
problem. On the one hand, the space filling side chains provoke this disorder in the
intracolumnar packing, which encloses considerable disadvantages for applications in
electronic devices, since the major charge carrier transport takes place along the columns.
TOF*’ and PR-TRMC** measurement independently indicated for different discotic materials
that increased disorder in the mesophase is accompanied with a decrease of the charge carrier
mobility. But on the other hand, these bulky substituents are necessary to decrease the
aggregation of the molecules and therefore to lower the processing temperature (Chapter 5)
which is essential for processing. This problem is a new challenge for the design of new
single building blocks which include both the facile processing from the isotropic state
resulting in the desired alignment of the material and the strong self-association leading a high

supramolecular order.

3.3. Examples for pronounced Supramolecular Order

The self-assembly of discotic molecules is determined by the aromatic core size and
therefore by the m-stacking interactions. In order to increase the stability within the columns
hydrogen-bonding interaction can be utilized. In general, hydrogen bonds are not the strongest
non-covalent interaction, but they are essential for the self-assembly of complex
superstructures executing as the single main driving force or commonly in combination with
the m-w interactions.”** The relatively weak hydrogen-bonding interaction can be improved by
the introduction of multiple H-bonds or H-bonds supported by additional forces. The

application of hydrogen bonds opens the opportunity to control the formation of the discotic
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231,232 2
core”>1"?32 a5 well as of the columnar structures®>.

For a number of HBCs, bearing five dodecyl- or dimethyloctanyl side chains mono- and
difunctionalized, by carboxylic acid functions or alcohol groups spaced by different linear
chains from the aromatic core the bulk behavior has been analyzed. It was found that the
influence of the functionality has only little influence on the thermal behavior. All these HBC

derivatives revealed a phase transition to the hexagonal columnar mesophase at ca 100 °C.>**

27 whereby the shortening of the spacer resulted in an increase of the mesophase transition to
221 °C.** In contrast, the six-fold functionalization by carboxy or alcohol groups with long

tethers decreased the phase transition by about 50 °C.**

The HBC derivative (HBC-CsOH) presented in this work was six-fold substituted by Cs
linear chains each of them bearing an alcohol group. It was expected that alcohol groups
interact by hydrogen bonding with units of molecules stacked in the adjacent columns
improving the stability of the superstructure. Indeed, the high stability was expressed by the
thermal behavior, as the phase transition from the crystalline to the mesophase was shifted to
225 °C in comparison to HBCs substituted by linear side chains. Furthermore, the compound
revealed a very poor solubility. For the sample preparation, the material was extruded as a

filament above the transition of 225 °C. The temperature-dependent 2D-WAXS patterns are

shown in Figure 3.23.

Figure 3.23. 2D-WAXS of HBC-C50H at a) room temperature, b) 150 °C and c) 250 °C.

Figure 3.23a shows a typical 2D X-ray pattern for HBC-CsOH at room temperature.
The large number of the distinct reflections indicted a high degree of crystallinity. The
equatorial reflection distribution was fitted to a monoclinic lattice with a=1.84nm, b=1.61nm
and y= 68°. More interesting was the very untypical appearance of several meridional wide-

angle reflections. Commonly, non-tilted discs arranged in the columnar structures give rise to
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the appearance of only one meridional reflection corresponding to the n-stacking distance. In
the case of HBC-CsOH it can be assumed that the discs are also in the non-tilted
intracolumnar order, since no off-meridional reflection were displayed. The meridional
reflections appeared at the correlation positions of 0.48 nm, 0.41 nm, 0.39 nm, 0.35 nm and
0.33 nm, whereby the scattering reflections at 0.41 nm and 0.39 nm revealed the highest
intensities. Additionally, a meridian reflection at the middle-angle region was observed

corresponding to 0.96 nm.

The fix-fold alcohol groups positioned at the relatively short alkyl chains provide an
extremely high intracolumnar stability and order. Hydrogen interactions between molecules in
adjacent columns, but also between molecules within the same columnar are assumed. This
kind of network formation leads to a decrease of the molecular dynamics and therefore to one
of the highest degree of intracolumnar order observed for the HBC derivatives. The
meridional reflection related to the repeating distance of 0.96 nm suggests a higher order
period along the stacking direction. Upon heating this period disappears due to an increased
molecular dynamics (Figure 3.23b). Finally, above the phase transition of 225 °C the
hydrogen bonding breaks and the molecular mobility reaches the maximum resulting in the
characteristic hexagonal mesophase with an intercolumnar packing parameter of 2.22 nm and
an orthogonal arrangement of the disc with the m-stacking repeating distance of 0.36 nm
(Figure 3.23c). After cooling back to room temperature the high crystalline order of the
sample could be reversibly recovered.

In comparison to HBCs monofunctionalized by C4OH (phase transition from the
crystalline phase to the mesophase at 87 °C)*’ and six-fold substituted by C;;OH (156 °C)>*,
HBC-Cs0OH revealed a significant increase of the mesophase transition. This extreme stability
of the crystalline phase can be related to the strong hydrogen interactions, whereby the short
Cs side chains seem to support these interactions by peripheral order. The high intracolumnar
stability was reflected by the multiple meridional reflections in the 2D-WAXS pattern which
have never been observed for discotic materials. These results indicate the important role of
the length of the tether and the number of functionalized groups both leading to an improved
stabilization of the columnar structures. A similar conclusion was derived for HBC
derivatives mono-functionalized by carboxy-groups.”® Thereby, the phase transition to the
mesophase shifted from 70 °C for a spacer C; to 221°C for a Cs tether.

Another efficient route to introduce columnar stability is the reduction of the number of
disordering alkyl side chains. In this case the aromatic core of C46-(C),), (Figure 2.4a) was
symmetrically substituted by two dodecyl chains. The “unwrapping” of side chains plays also

an important role for the improvement of the charge migration along the columnar stacks.
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Thus, it will be discussed later in Chapter 5. Here the consequences of the reduction of the
number of the side chains should be only described. It is well know that asymmetry induces
also disorder in the columnar organization resulting in a lowering of the phase transitions and

. . s 240 241-243 244,245
in increasing solubility as reported for HBCs, 7 As

triphenylenes, porphyrins
discussed above, HBC(Cj,)s, which is another example for an “unwrapped” disc, did not
display an enhanced columnar stability due to the asymmetrical substitution. Since the
aromatic core of the C46-(C,); is symmetrically two-fold substituted by dodecyl side chains,
the m-stacking is particularly pronounced leading to high intracolumnar order. Nevertheless, a
transition to the liquid crystalline phase was determined at 235 °C which opened the
opportunity for the extrusion of the material in a deformable mesophase and the investigation
of an oriented sample in the crystalline phase. The 2D-WAXS pattern for the room
temperature phase is shown in Figure 3.24. No structural changes were observed by heating

the sample above the phase transition.

Figure 3.24. Room temperature 2D-WAXS pattern of C46-(C;)».

The 2D-WAXS of C46-(C»), indicates also exceptionally high crystallinity which was
based in this case on the reduction of the number of side chains and the symmetrical
substitution leading to a pronounced interaction of the aromatic cores. Again, the
asymmetrical “unwrapping” in the cases of HBC-(C12)4 and the trialkoxy substituted HBC-
(OC12); (Chapter 5) resulted in a less ordered supramolecular structure. In the latter case, the
isotropization temperature decreased significantly in comparison to the six-fold alkyl
substituted HBC derivatives from ca 400 °C to 170 °C due to the high asymmetry. The unit
cell of C46-(Cy), was assigned to an orthorhombic lattice with a = 2.55 nm and b = 1.02 nm.

Furthermore, numerous of sharp meridional reflections appeared which were positioned at
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identical correlation positions, as it was the case for HBC-CsOH: 0.49 nm, 0.44 nm, 0.42 nm,
0.40 nm, 0.35 nm indicating that the intracolumnar arrangement for both compounds might be
the same. Additionally, the appearance of a weak reflection for C46-(C),), corresponding to a

distance of 0.96 nm suggests the same high order period along the columns.

It has been shown that two concepts can lead to the increase of intracolumnar stability.
In the first case, functional groups are introduced into the side chains which interact by
hydrogen bondings and support the m-stacking interaction. Thereby, the comparison to results
reported in literature indicated that the degree of stabilization depends strongly on the length
of the tether between the aromatic core and the hydrogen-bond forming group. Hydrogen
bonding between side chains of discs in adjacent columns induce also a high intracolumnar
order by the formation of a kind of cross-linking. The other possible route is the reduction of
side chains which induce disorder and interact on the m-stacking. Thereby, symmetrical
substitution of the aromatic core plays an important role for the molecular interaction and
ensures the crystallinity. Besides the control of the intracolumnar order, the “unwrapping” is
also a concept for the improvement of the charge migration along the columns and will be

discussed in Chapter 5.

In comparison to molecules with a high m-stacking interaction which results in the
absence of solubility and the formation of a mesophase, both discussed materials revealed a
liquid crystalline phase at high temperatures ensuring processibility. On the other hand, the
major disadvantages of a pronounced columnar stability are a too high transition temperature
to the isotropic phase and a significantly reduced solubility. Both properties limit the

processibility of these materials.

3.4. Control of the Superperiodicity along Columnar Structures

The discovery of the double-helix of DNA proved that this supramolecular organization
is the most essential and stable structure in which molecules can pack.**® Following these
impressive examples in nature, the leading principle is the transfer of the intrinsic information
from the molecular level onto the superstructure. The self-organization takes place by
nonbonded packing interactions such as intramolecular hydrogen-bonding or aromatic ©-mt
interactions.**” The major challenge in supermolecular chemistry is the understanding of these
processes and the design of synthetic molecular architectures leading to identical
conformations. This would open an important pathway to effectively control the properties of

the material.
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The appearance of helicity along the stacking direction of the molecules has been
reported for various systems and has different origins. The architecture of the central core of
helicates plays an essential role during the self-assembly promoted by pi interactions.
Thereby, the helical arrangement of helicates®***** is driven by the helical and rigid shape of
their aromatic cores resulting in a large corkscrew twist. The introduction of steric elements
into the periphery of the discotic molecules is another possibility to control helical
superstructures. Phthalocyanine derivatives substituted by crown ethers and chiral alkoxy
side-chains'® or by chiral bulky helicenes”” aggregate into uniformly twisted columnar
structures, whereby the chirality of the substituents promotes one-hand sense. In contrary to
that, phthalocyanine formed by their achiral counterparts are not.”*

255 that

supramolecular chirality can be induced into a columnar achiral system by a relatively small

Interestingly, it is observed by “sergeant and soldiers” experiments

amount of chiral molecules.”***” This principle is based on the steric interaction between the

chiral and achiral molecules within the column.

3.4.1. Hexa-peri-hexabenzocoronenes

For this study two HBC derivatives were prepared with pendant optically active (S)-3,7-
dimethyloctanyl branched side chains (HBC-PhCg') and dodecyl linear side chains (HBC-
PhC,,) each with a phenylene spacer. Both studied compounds consist of an aromatic core
substituted by six phenyl rings each. In the first case for HBC-PhCs', (S)-3,7-dimethyloctanyl
chains are attached to the phenyl rings carrying a stereogenic center which gives the molecule
the chiral character. On the other hand, the second compound, HBC-PhC,,, is an achiral

dodecylphenyl-substituted hexa-peri-hexabenzocoronene.

The thermal behavior was determined by DSC measurements for a temperature range
between —100 °C and 250 °C. It is found that chiral HBC-Pth* reveals no phase transition in
the investigated temperature range, whereas achiral HBC-PhC;, shows a first board transition
at 15.3 °C and a second sharp one at 79.8 °C.

Circular dichroism (CD) experiments were carried out in order to study the effect of the
helical supramolecular organization on the optical activity of the materials. The chirality in
the solubilizing side chains of HBC-PhCs  allowed the investigation of the three-dimensional
structure of the aggregates within the films in comparison to the achiral compound HBC-
PhC,; using CD spectroscopy. CD spectroscopy is a powerful tool to investigate the
supramolecular helical organization of molecules which ensemble by interactions. The shape

and intensity of the Cotton effect is strongly dependent on the aggregation, which is in turn
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temperature-dependent, of the species in solution and indicates the type of organization of

258,259

. . ., 25 . . 26,260 .
functionalized monomer units,” oligomers and discs shaped molecules™ . Since the

CD spectra of helicenes in solutions with higher concentrations and in solid-state films

. . . C o . 249250
obtained from solution revealed identical information, "

it is assumed that the CD spectra
obtained for the HBC derivatives give information about the intracolumnar organization of
aggregated disc molecules. An identical experimental procedure has been reported for the
analysis of the optical behavior for chiral HBC six-fold substituted by dimethyloctanyl

chains.'”?
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Figure 3.25. UV-Vis and Circular dichroism of a) chiral HBC-PhCs™ and b) achiral
HBC-PhCy;, both prepared as a thin film by spin-coating.

The samples were investigated at room temperature in the solid-state as spin-coated on
quartz glass from a chloroform solution. Both UV-Vis and CD spectra were recorded at the
same conditions. The two compounds show identical UV-Vis spectra, which are presented in

Figure 3.25, due identical molecular architecture. However, a strong difference in CD effect
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be can observed.

_Y SO

=

Figure 3.26. 2D-WAXS of an oriented filaments consisting of chiral HBC-PhCs* at a)
=100 °C, b) 30 °C and c) at 130 °C. The extrusion direction is indicated by the arrow.
The hexagonal unit cell is displayed as a model valid for each investigated

temperature.

The analysis of the CD spectra were performed in analogy to the results reported for
triphenylenes®®' and phthalocyanines.****> As expected for an achiral system, HBC-PhC),
does not reveal any circular dichronism, whereas chiral HBC-PhCy displays three strong
characteristic CD signals with a positive Cotton-effect at the positions 210 nm, 377 nm and

262 nm. The latter most distinctive signal can be assigned to the pending phenyl rings which
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are strongly effected by the neighboring stereogenic center. The peak at 375 nm results from
the individual molecule and can be assigned to the aromatic band which is also present in the
UV-Vis spectra.”®® From the CD analysis one can assume that chirality in the side chains has
an effect on the regularity of the intracolumnar order and therefore on the handedness of the
helical twist. In consequence, the achiral compound displays an identical columnar

organization however without a preferred rotation of the molecules.

X-ray diffraction studies of both compounds chiral HB-Pth* and achiral HBC-PhC,
are presented for three representative temperatures. Therefore intra- and intercolumnar
organization is investigated in the different thermal states of the materials. Figure 3.26 shows
typical 2D-WAXS patterns for a highly oriented HBC-PhCs" filament recorded at different
temperatures. The distribution of the distinct reflections in the equatorial plane indicates the
considerable orientation of columns in filaments axis and therefore in extrusion direction.
This obvious orientation is maintained over the whole investigated temperature range. The
appearance of many higher order equatorial reflections is correlated to the pronounced
intercolumnar order. The relation of the positions of these scattering intensities suggests a
two-dimensional lateral unit cell for the columnar arrangement. The relative reciprocal
spacing of the equatorial arcs indicates a hexagonal columnar packing for HBC-PhCs” in all
the investigated temperatures. The assignment of the scattered intensities by the Miller’s
indices is presented in Figure 3.27. The unit cell parameters decreases slightly with

temperature decrease due to a slight mobility decrease of the substituted side chains.

(100)

Intensity [a.u.]

s [nm™]

Figure 3.27. Assignment of Scattering intensities by the hexagonal Miller indexes
hkO for the chiral HBC-PhCs measured at a) 130 °C, b) 30 °C and c¢) —100 °C.
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The two distinct meridional reflections at
wide-angle region correlate to the cofacial n-nt
stacking of 0.33-0.34 nm of molecular discs
along the columns. Thereby, the aromatic core
molecular planes are perpendicular to the
columnar. This distance is in agreement with the
characteristic m-m distance. Additionally, a
further peak at the meridian is observed in the
middle-angle region corresponding to an
intracolumnar period of 1.0 nm. Although, this

meridian reflection is less intensive than the m-n

. _ ) stacking peak, the two distances are in strong
Figure 3.28. Scattering of microfocus

synchrontron radiation for HBC-PhC;;
(performed by Dr. Mari Cruz Garcia periodicity along the columns. This can be

Gutiérrez at Grenoble, France). The vyerified by the calculation of 1.0/0.33=3
arrows  indicate  the  reflections.

relation suggesting an additional long-range

revealing that exactly each fourth molecule is in
correlation. An additional 2D WAXS experiment using a synchrotron radiation with a
microfocus beam revealed another higher order reflection at the meridional corresponding to
0.5 nm (see Figure 3.28). This confirms that a helical arrangement with laterally rotating
molecules is the only explanation for the appearance of these meridional peaks which are in
strong relation with each other. The calculated correlation makes clear that the helical pitch
consists of three molecules. On the other hand, this helical period of each fourth molecule
over a longer range is less distinctive than the correlation between two adjacent molecules. By
taking into account that each fourth molecule has to perform a turn of 60° in order to achieve
the same configuration, it is possible to determine the turn of each disc towards the next
molecule. Dividing the rotation angle by the number of molecules in each helix 60°/3 results
in the rotation angle of 20° for each molecule with respect to the neighboring molecule. The
weakly pronounced superperiod might be also the reason of a certain variation of the rotation

angle around 20°.

To investigate whether the helical supramolecular arrangement is dominated by the
chiral nature of the substituents, the structure of a second HBC derivative was studied bearing
also six-fold phenyl rings at the corona of the core, but linear C;; side chains (HBC-PhC),).
Figure 3.29 presents the characteristic X-ray pattern for this compound recorded at the same
temperatures as for HBC-PhCs . The extruded HBC-PhC), sample reveals pronounced long-
range orientation indicated by the distinct reflections in the equatorial corresponding to the

intercolumnar distances. The obvious similarity of the 2D WAXS pattern to that of HBC-
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PhCs  indicates strongly an identical helical superperiodicity along the columns. Identical
peak positions were found in the meridional as described already above. On the other hand,
the intercolumnar arrangement at room temperature differs from that at the low and high
temperature phases as suggested by the equatorial scattering intensity distribution. The unit
cell at room temperature is assigned to an orthorhombic lattice, whereas the low and high
temperatures phases indicate identical hexagonal unit cells. The assignment of the Miller
indices of the three relevant temperatures is displayed in Figure 3.29. The unit cell parameters
and assigned phases determined for both compounds in the investigated temperatures are
summarized in Table 3.5 which are based on both thermal phase behavior and structure

analysis.
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Figure 3.29. Assignment of the scattering intensity distribution by using the hexagonal

Miller indexes hk0 for achiral HBC-PhCy, at a) 130 °C, b) 30 °C and c) —100 °C.

Besides the scattering intensities related to the intra- and intercolumnar correlations, a
diffuse isotropic halo ring appears in the WAXS patterns for both compounds HBC-PhCy’
and HBC-PhC,, which can be assigned to the alkyl chains located in the columnar periphery.
Furthermore, two split broad and distinct reflections are obvious in the off-meridian wide-
angle range at 2.22 nm™ superimposing the amorphous scattering of the alkyl chains at this
position. To obtain the most favorite intramolecular configuration the energy of the molecules
has to be minimized by a propeller-like tilting of phenyl rings towards the aromatic core
plane. The split reflections indicate a tilting angle of 20° and 30° of the phenyl rings

depending on the thermal phase. For all investigated temperatures the correlation distance of
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the reflections remains at the same correlation position of 0.45 nm. Interestingly, the
calculation of the cosine of 0.45 nm and 0.33 nm reveals an angle of 42.5° which is in
excellent accordance with the helical arrangement of the molecules. Since each disc performs
a turn of 20° to the adjacent molecule, the phenyl rings in the periphery are shifted 20° and

40°, respectively, to the phenyl rings belonging to the adjacent molecule.

Figure 3.30. 2D Wide-angle X-ray diffraction the achiral HBC-PhC,, of oriented
filaments at a) —100 °C, b) room temperature and c¢) 130 °C. The arrow indicates the
extrusion direction.
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It seems that the correlation of the phenyls of adjacent molecules being shifted 40° in
respect to each other is the origin of the discussed reflections. A schematic molecular model
demonstrates in Figure 3.31 the helical arrangement of four molecules together with the
calculated values. Solid-state NMR experiments revealed that the phenylene rings are tilted
out of the core plane by flipping between angles of —20° and 20° being in good agreement
with the X-ray results.”® The resulting structure is a propeller-like arrangement of the phenyl
rings in the periphery of the cores as displayed in Figure 3.31 which seems to be the most

efficient organization in the stacks.

It is interesting to note that these split reflections observed for the HBC-PhC;, sample
are in all phases broader than for HBC-PhCy’, especially at the low temperature region. The
reason might be the difference of the substituted side chains; one bearing a stereogenic center,
while the other compound carries a linear alkyl chain. Both compounds revealed identical
intracolumnar packing, however molecules of with different rotation sense. CD spectroscopy
indicates a 1:1 of both right and left-handedness for HBC-PhCj,. In the case of HBC-Pth*,
the phenyl rings lying near the stereogenic center of the branched alkyl chains are more
strongly influenced and transform the chirality to the core resulting in a uniform rotation
sense giving rise to peaks in the CD spectra in the range between 200 — 450 nm. This in turn
generates a better packing of the phenyl rings in the periphery reflected in sharper scattering

intensities of these split peaks.

Table 3.5. Unit cell parameters of chiral HBC—Pth* and achiral HBC-PhC;
resulting form wide-angle X-ray diffraction.

Compound Temperature ~ Unit c[ell p]arameters Assigned phase
nm
HBC-PhCs, -100 °C a=b=3.06 Coliho
30 °C a=b=3.18 Colppo
130 °C a=b=325 Colye
HBC-PhCy; -100 °C a=b=3.43 Colppo
30 °C a=3.02 Colaho
b=2.13
130 °C a=b=345 Coly,

Abbreviations: Colpp, - ordered hexagonal helical columnar phase, Coly, -
ordered hexagonal columnar phase, Colon, - ordered orthorhombic helical
columnar phase.
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Figure 3.31. a) Model for the intracolumnar arrangement within one helical pitch; b)
representation of the correlation between the substituted phenyl rings of adjacent
molecules. The phenyl rings of a corresponding disc are tilted by ca 25° to the core
plane. Due to simplicity the alkyl chains attached to the phenyl rings are not shown.
Therefore, this model is valid for both materials the chiral HBC-PhCs™ and the achiral
HBC-PhC».

Helical assemblies have been investigated most frequently by CD spectroscopy in
solution and in bulk,*® but relatively rarely by scattering techniques. *****?°” This study is a
rare case where both techniques are applied complementary as performed for the investigation

of the supramolecular organization of oxazoline-derived ligands.**®

The superstructure of both materials, HBC-PhC;, and HBC-Pth*, fulfills the strict
classification of a plastic columnar discotic material which possesses three-dimensional order
with minor fluctuations in positions, which have been determined earlier by solid-state NMR
experiments™’, at the points of a cubic lattice.”’® The presented superstructure is the second
unique helical plastic phase reported for a HBC derivative. Recently, Wu et al. described a
helical arrangement for HBC derivatives substituted by rigid diphenylacetylene arms bearing
bulky mono- or trialkoxy groups.’'*® The discs are rotated successively by 15° with respect
to each other leading to a helical pitch of 5 molecules. The appearance of plastic phases in
columnar structures is rare and has only been reported also for triphenylens®' and self-

. . 270,271
organized dendrimers®’*".
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Figure 3.32. Temperature dependent WAXS analysis of the meridian reflection at s=1
nm™ corresponding to the helical pitch for a) HBC-PhC; and for b) HBC-PhCs'. The
change of the peak intensity with temperature is reversible.

It has been also shown for the HBC derivatives substituted by the rigid
diphenylacetylene arms that the degree of helical supramolecular organization decreased in
the high temperature phase.’’**Both phenyl-substituted compounds reveal a comparable
behavior upon heating the samples which was monitored by temperature-dependent X-ray
scattering measurements (see Figure 3.26¢ for HBC-Pth*and Figure 3.30c for HBC-PhC),).
For both cases the middle angle reflection in the meridian disappears indicating the loss of
helical organization at the higher temperature range. A precise temperature dependent WAXS
experiment of this temperature regime proved (Figure 3.32) that the meridian reflection
corresponding to the helical pitch disappears at the same temperature for both compounds.
Thereby, a sharp decrease of the intensity in the case of HBC-PhC12 takes place between 80
°C and 90 °C, whereas it declines for HBC-PhCs" continuously. By cooling back the samples
the characteristic helical arrangement returns. The high lateral and longitudinal mobility of the
molecules is an explanation for the decline of the helical organization, since this structural

change it is accompanied for HBC-PhC,, also with the solid-solid thermal phase transition.

Another interesting effect could be observed during investigating the same extruded
HBC-PhC;, specimens after six month annealing it at ambient conditions. Surprisingly, this
sample reveals numerous new distinct higher order reflections which mainly appear off-
meridional. Figure 3.33 illustrates the extent of structural change between the sample directly
after extrusion and the annealed one indirectly by intensity analysis of a 20 integration
between 15° and 17°. Furthermore, it is important to note that this state is thermally
reversible. The unit cell as well as the intracolumnar distances did not change during the

structural transition in comparison to the primary sample indicating that the main molecular
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rearrangement takes place only in the intracolumnar long-range. This reorganization is
considered as a relaxation process which is possible due to the high lateral and longitudinal
mobility of the HBC-PhC;, molecules at that phase. Moreover, it describes the ability for self-
healing which is an essential factor in electronic device applications. In contrary, chiral HBC-
PhCs does not reveal such a relaxation phenomena what is quite surprising due to the
chemical similarity to HBC-PhC,,. One possible explanation could be the different mobility

of the discotic molecules and therefore the ability to reorganize.
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Figure 3.33. Left: WAXS pattern of extruded filament of HBC-PhC; after relaxation
for six months. The dashed circle indicates the theta-theta integration in this pattern as
well as in Figure 3.30b. Right: intensities dependence from the azimuthal angle for
HBC-PhCy; directly after extrusion processing (red) and the same sample after six

month (blue).

In this study the formation of helical superstructures and the role of molecular design
on intracolumnar arrangement in columnar systems based on two hexa-peri-
hexabenzocoronene derivatives has been investigated which are of almost identical molecular
architecture. Both compounds indicate an identical helical intracolumnar long-range order,
with small differences in the intercolumnar arrangement, which depend on the thermal phase
of the corresponding material. The phenyl rings directly to the aromatic core attached
influence decisively the intracolumnar organization due to their bulky size in the columnar
periphery. Additionally to their bulky size the phenyl rings have to perform a tilt towards the
core plane in order minimize energy. The only conceivable possible arrangement of the
discotic molecules is a rotation of each molecule caused by these steric interactions of the

phenyl rings which cannot be placed exactly above each other resulting in the helical

1
360°
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arrangement. Although, the tilt angle of the phenyls changes slightly at different phases, the
periodicity of the helix is not influenced. On the contrary, the attached alkyl chains differ in
the chirality and control the uniformity of the handedness. Thus, helicity is induced by steric
interactions of the substituents, whereas supramolecular chirality depends on the chiral
character of the side chains and the stereogenic centers, respectively. However, these latter
elements are no obligation for helicity. The mobility of the molecules is another important
factor which dominates the helical organization. At room temperature (ordered hexagonal
helical columnar phase) at which the mobility of the molecules decreases and the phenyl rings
reach their maximum rigidity, the highest supramolecular order has been observed, whereas
with increasing molecular mobility the degree of helical arrangement declines significantly.
Initially, it was assumed that at the low temperature range a more ordered long-range
conformation of the helix appears leading to a more distinct wide-angle meridian reflection.
At this temperature range the mobility of the molecules decreases and the phenyl rings reach

their maximum rigidity. However, we could not observe a more ordered helical structure.

a) b c)

Figure 3.34. Cerius® simulations of the 2D WAXS scattering pattern for different
intracolumnar periods with a) the typical orthogonal intracolumnar arrangement of the
HBC-PhCy, discotic molecules within the determined orthorhombic lattice, b) the
HBC-PhC,; molecules with the assigned molecular rotation and ¢) HBC-PhCg* discs
organized in the intracolumnar helix in the hexagonal lattice found for the room
temperature arrangement.

. . I 272274
Computer simulations can confirm the supramolecular organization of polymers or

discotics’'*% derived from scattering experiments. The simulations will clarify the role of the
helix within the HBC-Pth* and HBC-PhC;, columnar structure on the X-ray scattering
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pattern. As presented in Figure 3.34a and 3.34b the assigned columnar arrangement for HBC-
PhCy; in an orthorhombic unit cell with and without helicity was studied. The unit cell
without the helical superstructure (molecules stack orthogonal into the columnar structure)
shows only reflections on the meridian at wide-angle region corresponding to the
intracolumnar order within the columns, namely the m-r stacking distance of 0.34 nm, and
reflections at the equatorial small-angle range related to the intercolumnar distance and the
unit cell formation. When a helix with the same characteristics as revealed in this study is
introduced into the columns additional scattering intensities appear in the meridian at low-
and middle-angle regions assigned as (hk1) and (hk2), respectively. These reflections are split
in off-meridional peaks and none of these is positioned exactly on the meridian.

a) b)
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Figure 3.35. Cerius’ simulations of the scattering intensity distribution and the
comparison to the experimental plots for a) HBC-PhC;; and b) HBC-PhCsg .

When the molecular orientation decreases these reflections become broader and finally
overlap each other at the meridian. The most intensive peaks besides the inter- and
intracolumnar distances are the split ones at the low-angle range indicating the (hk1) helical
pitch. In our experiment these reflections are not split and are in comparison to the simulation
results quite weak. A reason for the less distinctive correlation of the helical pitch is the high
disorder which is related to the liquid crystalline molecular rotations and intracolumnar
fluctuations. Therefore, only intracolumnar disc correlation is possible leading to the
appearance of the meridional reflections. In contrast, the Cerius® simulations consider only
crystal structures and not liquid crystalline state with a higher molecular dynamic. Therefore,
in the simulations also intracolumnar disc correlation are possible which lead to the
appearance of higher order reflections in the (hk1) and (hk2) lines. In general, the simulations
make clear that for a higher ordered helical structure meridional reflections are not possible,

except for the simple molecular distance. The variation of the rotation angle of 20° for each
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molecule could also influence the distinction of the helical pitch. The (hk2) reflections are
superpositioned by the split peaks related to the tilted phenyl rings.

3.4.2. Extended Aromatic Cores of C96

In the following the effect of the peripheral substituted bulky phenyl rings onto the
intracolumnar organization of a C96 derivative is studied which possesses in comparison to
HBC discs a much more extended aromatic core. Thereby it is important to investigate if the
supramolecular structure and the plastic phase can be found in systems consisting of larger
aromatic cores, but also phenyl-substituted as the HBC derivatives described above. It should
be also note that the attachment of the phenyls results in a considerably higher solubility and a
broaden of the liquid crystalline phase for the HBC derivatives.

The investigated C96 derivative was therefore also six-fold dodecylphenyl-substituted
(C96-PhCy5). Due to the larger n-stacking area in comparison to the HBCs, C96-PhC; did not
reveal any phase transition or significant solubility. The strong m-interaction between the
molecules prevented also a plasticity formation of the material which could allow to prepare a
specimen by filament extrusion for the 2D-WAXS experiments. Therefore, only a powder X-
ray was recorded which is presented in Figure 3.36a. One can observe a small-angle reflection
corresponding to 3.06 nm and a second reflection related to the m-stacking distance of 0.35
nm. However, besides the amorphous halo of the side chains no other reflection peaks could
be observed indicating the absence of any higher intracolumnar order related to helical disc
arrangement. It might be assumed that the influence of the peripheral phenyl rings is limited
to smaller aromatic cores due to the strong m-interactions of the C96 aromatic cores which
presents any lateral fluctuations of the disc. The formation of a plastic or liquid crystalline
phase requires an adequate interaction between the solubilizing alkyl chains in the periphery
and the m-stacking interactions which is not fulfilled for C96-PhC,,. This behavior is
relatively unexpected, since C96-C;, revealed a high solubility and a liquid crystalline
behavior and is in strong contrast to HBC-Cj, and HBC-PhCy,.2* It can be only guessed that
the poor processibility of C96-PhC;, might be the origin of a helical stacking of the discs
provoked by the bulky phenyl rings leading to an interlocking of the molecules. This
increased intracolumnar interaction between the C96 molecules could result therefore in the
poor solubility and absence of plasticity of the material which disables an investigation of the

helical packing.

Since C96-C;, possesses liquid crystallinity, two ¢-butyl groups were attached

asymmetrically as bulky substituents, which could induce a rotation of discs with respect to
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each other, to a C96 derivative (Figure 3.36b). It is well known that #-butyl groups are bulky
and induce high sterical requirements in the periphery of the aromatic cores.””>*”’ For
instance, the investigation of the aggregation in solution revealed that hexa-z-butyl-hexa-peri-
hexabenzocoronene does not self-assembly and that the molecules are monomeric at any
concentration in 1,1,2,2-tetrachloroethane-d>.>** This behavior is explained by the high steric
impact of the #-butyl groups which hinder the disc approaching leading to the absence of n-

stacking.

a)

1000

Intensity / a.u.

T T T T T T
0 1 2 3
s/nm’

Figure 3.36. a) X-ray diffractogram of C96-PhC;; and b) 2D-WAXS pattern of an
extruded filament of C98-(C;3)4('Bu); (both at room temperature).

In the case of C98-(Ci2)4('Bu), (Figure 2.4b) it was assumed that the two t-butyl
groups induce a steric hindrance on one side of the aromatic core which would provoke a
rotation of the molecules towards the adjacent disc. The 2D-WAXS pattern of an extruded
filament (Figure 3.36b) exhibits only two characteristic reflections: one broad corresponding
to 2.57 nm (2.96 nm within a hexagonal lattice, in comparison to a = 3.35 nm of the fully
substituted C96-C ;) and the m-stacking reflection related to 0.34 nm. Meridional reflection
indicating the helical arrangement of the discotic molecules could not be observed. It is
suggested that steric requirements of the two #-butyl groups are not high enough to influence

the stacking.

The introduction of columnar helicity with C96 discs as building blocks does not
follow the correlations found for HBC derivatives. In both presented C96 cases, no helical
superstructures could be observed. One reason might be the strong m-interaction of the
extended aromatic cores which do not allow a significant face-to-face displacement by
rotation. Furthermore, the steric effect of the substituents might be also too poor since the area
of'a C96 disc is twice that of an HBC core.
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Self-organization in Solution and in

Solution Processed Thin Films

A pronounced high long-range order is required in a thin active layer consisting of an
organic semiconductor in order to reveal a good performance in a field-effect transistor. For
the fabrication of such films adequate processing techniques are required. Furthermore, these
processing methods have to fulfill the industrial requirements of simplicity in manufacturing
and low cost fabrication. The processing from solution is the only possible proceeding being
in agreement with these prerequisites. Since the nucleation and growth of the HBC derivatives
determine the optimal processing conditions during the zone-casting, as the initial step, the
self-aggregation in solution and morphology formation in drop-cast films has been
investigated. It will be shown that the steric influence of the side chains plays an important
role in the self-organization in solution and solution processed films. The study is divided into
crystalline and non-crystalline materials, whereby the former are substituted by linear and
branched alkyl side chains. The chapter is completed by comparing the self-aggregation in
solution of the different compounds concerning both the molecular architecture and the

processibility.
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4.1. Solution Processing of Crystalline Hexa-peri-
hexabenzocoronenes

4.1.1. Hexakis-dodecyl-hexa-peri-hexabenzocoronene

4.1.1.1. Self-Aggregation in Solution and in Drop-Cast Films of HBC-C;

Several studies of the self-aggregation in solution of planar aromatic molecules such as

276,284,2
76.284285 revealed that

macrocycles,””® 2% helicenes,”®'*** porphyrins,”® and phthalocyanines
'H NMR spectroscopy is a powerful tool for the investigation due to stacking interaction.
Thereby, the '"H NMR chemical shifts are strongly concentration dependent and provide
insight into the structural arrangement of the aggregates. Very recently, Kastler et al. have
analyzed the aggregation in solution of HBC substituted by different alkyl chains.”*® In
general, in comparison to other systems, such as shape persistent phenylacetylene
macrocycles (PAMs), the self-association for HBCs occurs in a concentration range, which is
at least one order of magnitude lower. The '"H NMR experiments were carried out at a
temperature of 30 °C using 1,1,2,2-tetrachloroethane-d, as solvent and revealed that HBC-C,
possessed the highest self-aggregation among the studied HBC derivatives. The aromatic
resonance for this compound reached a plateau at a concentration lower than approximately
1x10° M indicating monomeric molecules in the solution. The self-association constant of K,
= 898 Lmol ! in the above mentioned solvent for HBC-C,, was determined by curve fitting of
the '"H NMR results emphasizing that the solution aggregation was pronounced, as evidenced
by a lower solubility. At a concentration of 4.75x10” M, the average aggregate of HBC-C),

consisted of approximately six discs, but with a broad distribution.

Since solution processing is an important step during the fabrication of electronic
devices based on organic materials, it is essential to relate the self-aggregation of the HBC
derivatives in solution with the surface morphology. Therefore, the self-assembly of the HBC
molecules, which were deposited by drop-casting and spin-coating, at the interface between

solvent and substrate is investigated. 2%

Single long nanofibers were found from a 10”7 M solution of HBC-C;, in THF, which
were 1.2 nm high and ca. 20 nm wide, exceeding even several hundreds of nanometers in
length (Figure 4.1a). These fibers seemed to consist of a monomolecular layer with several
columns lying parallel along the fiber axis, whereby the molecules were arranged edge-on. By
using a higher concentration of 10* M the film from HBC-C,, under same conditions

exhibited high anisotropy in the structure (Figure 4.1b), which consisted in mono- and/or
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bilayers.

a)
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Figure 4.1. AFM images in tapping made on HOPG surface of spin-coated films of
HBC-Cy, from a) a 107 M (cross-section is shown in b) ) and ¢) and 10° M THF
solution, d) presents the height cross-section of the image in c).

The morphology of a drop-cast film (10 M in toluene) of HBC-C), (shown is Figure
4.2) consisted of several hundred micrometer long, birefringent microfibers which are
displayed also in the AFM topography images in Figure 4.4. Their dimensions slightly
changed with different solvents. By casting from toluene longer, but thinner microfibers were
observed in comparison to the films prepared from THF or other solvents with lower
evaporation temperatures. In all cases, the morphology was uniform within the drop-cast film,
whereby the columnar alignment coincided with the microfiber axis as it was previously
proven.”* This tendency to create highly anisotropic structures was even observed within a
polymer matrix.”® A closer inspection by means of the electron microscopy, which is shown
in Figure 4.3c, of the supramolecular organization of a spin-coated HBC-C;, layer on a coal
support revealed large domains with well arranged columnar structures oriented mainly in the

deposition direction.
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Figure 4.2. POM image of drop-cast HBC-CI12 from a 107 M toluene solution a)
without and b) with cross-polarizers.
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Figure 4.3. a) AFM topography of the microfiber morphology of a drop-cast HBC-C;;
drop-cast film, b) higher resolution AFM image (inset: cross-section of the
microfiber), c) electron microscopy image of a spin-coated HBC-C; film on a coal
Support.

The solution aggregation study and the investigation of the morphology from solution
of HBC-C;, have revealed an extremely high self-association of the molecules in several
solvents in comparison with other HBC derivatives. Furthermore, HBC-C;, drop-cast from



Self-organization in Solution and in Solution Processed Thin Films 91

solution such as THF or Toluene forms long ribbons exceeding a length of several
micrometers indicating the strong aggregation in solution. Due to this pronounced self-
aggregation leading to directed growth, this compound revealed to be a promising candidate
for the zone-casting processing. However, the morphology and structure of the zone-cast

HBC-Cj; thin layers were strongly dependent on the processing conditions.

4.1.1.2. Zone-casting of HBC-C;

Solution
supply
—

Moving support

Figure 4.4. Schematic illustration of the zone-casting of discotic HBC-C).

Figure 4.4 presents a schematic model of the zone-casting procedure of the self-
organizing discotic HBC-Cj,. Since the solution aggregation study showed that the HBC-C;,
molecules are only monomeric below concentrations of 10° M, but above this concentration
the discotic molecules assemble into aggregates consisting of up to 6 molecules, the
illustration in Figure 4.4 of single discs in the solution might be not fully true. But
nevertheless, one can imagine not ordered species which are deposited in the solvent onto the

support.

Following the concentration at a fixed point on the surface of the support, it can be
observed that during the solvent evaporation the concentration increases until the saturation is
attained. Thereby, the size of the aggregates in the solution increases due to the increasing
concentration. At the critical concentration these long aggregates nucleate at the support
undergoing in the same time kind of a lyotropic phase. Afterwards the material crystallizes
directionally on the moving support. At the aggregates already nucleated at the surface, new

molecules assembled creating in this way a homogeneous film.
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Figure 4.5. POM images of examples of different morphologies of zone-cast HBC-Cj;
at different processing conditions as 0.6 mg/ml THF, 50 °C/40 °C 35 um/s a) without
and b) with cross-polarizers; c) 0.1 mg/ml, 50 °C/40 °C, 35 um/s; d) 0.8 mg/ml THF,
55 °C/40 °C 35 um/s, e) 1 mg/ml toluene, 93 °C/93 °C 75 um/s, f) 0.5 mg/ml THF, 55
°C/40 °C 35 um/s (first temperature is the solution temperature, whereas the second
was determined for the support, the velocity is given for the support). The red arrow in
the images indicates the moving direction of the support.

Figure 4.5 shows the different film morphologies obtained from different zone-casting
conditions which differed significantly from each other indicating the high sensitivity of the
organization of the molecules at the surface on the processing parameters. In general, it was
found that at adequate conditions identical film morphologies can be acquired as observed for
the drop-cast layers, but aligned in the deposition direction. When HBC-C;, was zone-cast
from THF at a concentration of 0.6 mg/ml, the characteristic ribbon structures appeared,
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which were also in this case highly birefringent in polarized light (maximum birefringence at
45° of the fiber axes toward the polarizer/analyzer axes) and uniaxially oriented in the moving
direction of the support (see Figures 4.5a and 4.5b). The density of these microfibers was
strongly dependent on the concentration. So, by increasing the concentration to 0.8 mg/ml in
THF the alignment of the ribbons was maintained, but the number of these structures per area
increased significantly as it can be seen in Figure 4.5c. The lowering of the amount of
material in ml THF resulted in an interesting periodic morphology which often appeared for
not optimized processing conditions and which was also observed in some parts of the drop-
cast films. The reason for this characteristic morphology pattern is a too low concentration. At
such processing conditions the solvent evaporates from the meniscus, but due to the too low
concentration the material does not nucleate onto the support. However, since the
concentration within the meniscus increases with further solvent evaporation and new
material is supplied, finally the compound crystallizes onto the support resulting in turn in a
lowering of the concentration in the meniscus. This leads to a breakdown of further material
deposition. And again this cycle begins with the solvent evaporation from the meniscus in
which the concentration is again too low for material nucleation. As the POM image displays,
the periodicity of the deposited material is relatively regular. The distance between the
periods in which the compound nucleates can be controlled by the concentration. The
application of toluene as solvent did not show any success in the zone-casting. This is in good
accordance with the ribbons obtained by drop-casting using toluene which were significantly
thinner in comparison with structures attained from THF. Finally, at adequate conditions

these fibrous features transformed slowly into a homogeneous film morphology (Figure 4.5f).
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Figure 4.6. a) Optical image of zone-cast HBC-C;, at optimized processing
conditions, b) the same sample in polarized light (the white arrow indicates the casting
direction, whereas the white one shows the same part on the film), c) absorption in
polarized light measured parallel and perpendicular to the casting direction.
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At optimized conditions of 0.3 mg/ml, 51 °C/42 °C and 35um/s, it was possible to zone-
cast a homogenous film over the whole width of the nozzle (Figure 4.6a). Interestingly, these
surface layers did not reveal any birefringence in polarized light in any position with respect
to the polarizer/analyzer axes as presented in Figure 4.6b. A supporting result was obtained
from the investigation of the absorption of polarized light measured parallel and perpendicular
to the casting direction. The absorption intensity in both directions was identical leading to a
dichroic ration of 1 (see Figure 4.6¢). Such optical behavior is characteristic for isotropic
structures, but not for oriented surface layers which typically reveal a high optical anisotropy
with the change of the position in polarized light. The reason for this characteristic behavior

in polarized light will be given after the structure evaluation of the films.

Figure 4.7. AFM topography (amplitude images) of the HBC-C;, zone-cast surface
layer as taken in the tapping mode with a) the large AFM scan and b) scan of image a)
with a significantly smaller scan size (ved arrows indicate the deposition direction).

Atomic force microscopy (AFM) is one of the most effective tools applied extensively
in chemistry and biology to investigate surface topographies in nanometer scale of various
specimens. Therefore, this technique was also used in order to study the topography of the
zone-casting surface layers obtained at the optimized conditions. The scans of the film surface
were first performed in the tapping mode in order to avoid possible damage of the film
features. At room temperature the AFM investigation revealed a homogeneous film
morphology over a large area. Furthermore, a terrace-like morphology can be observed in
Figure 4.7a with step-heights which are multiples of ca. 2.1 nm indicating a monomolecular
or multimolecular arrangement. A film thickness of ca 20 nm was determined by using the
AFM method after removing the layer in some places. Scans with higher magnifications

shown in Figure 4.7b reveal the layer surface as a columnar structure on the molecular level.
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The columns are uniaxially oriented in the deposition direction with exceptionally high
column length and typically coherent over distances on the order of 200-500 nm,
corresponding to more than 400 molecules (assuming an intracolumnar spacing of ca 0.5 nm).
An apparent spacing of 5.2 nm of the columns is visible which is twice the value of the simple
intercolumnar distance of 2.6 nm and in this case the average lateral column spacing. This
result might indicate a packing of paired columns which could result from the characteristic

intracolumnar herringbone arrangement of the discotic molecules.
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Figure 4.8. a) AFM topography (amplitude image) taken in the tapping mode of the
zone-cast HBC-Cy; film, by removing parts of the first monolayer the second one is
visible; b) large area X-ray diffraction in reflection mode of zone-cast HBC-Cy;
measured parallel and perpendicular to the casting direction.

Additionally, by scan-induced etching the first monolayer was scratched away and the
underlying layer of columns (see Figure 4.8a) became visible. Thereby, the pairs of columns
in successive layers lay one on top of each other with the same uniaxial alignment. The step
height of both layers was determined to be 2.1 nm. The large-area X-ray diffraction (XRD) in
reflection mode (Figure 4.8b) revealed only one sharp reflection and its 2™ order at 1 nm™
corresponding to the step height observed by AFM. Since in this experimental set-up the
scattering vector is oriented perpendicular to the surface only periodicities which are arranged
to the surface normal can be displayed. Therefore, the correlation distance of 1.98 nm can be
related to the out-of-plane arrangement of the columns. The appearance of only one reflection
peak indicates that there is little variability in the layer spacing normal to the surface.
Moreover, the second order reflection suggests a highly ordered out-of-plane structure over

the whole film thickness. The XRD measurement performed parallel to the columnar
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alignment is identical in intensity and peak positions to the one taken perpendicular to the
orientation confirming again the high order. It is important to note that the intracolumnar
periodicities did not appear in the XRD recorded parallel to the columnar axis. This is exact
correlation with the supramolecular structure as this result indicates a parallel orientation of
the columnar axis to the plane of the support and a possible edge-on arrangement of the

discotic molecules.
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Figure 4.9. High magnification AFM scan of the topography taken in the contact mode
of the zone-cast HBC-C;; layer. (ved arrow indicates the deposition direction).

Since in the tapping mode the tip is exposed to all the force interactions with the surface
and during the scanning procedure is for a short time in contact with the surface, it is more
sensitive to the film surface, but possesses therefore a poorer resolution in comparison to the
contact mode. In the latter scanning mode the tip is in the attractive force regime and in
permanent contact with the surface resulting in an enhanced resolution of the surface
morphology. Indeed, Figure 4.9 displays an AFM image of zone-cast HBC-C,, taken in the
contact mode where one can see single columnar features which visualized in the tapping
mode consisted of two columns. Due to this enhanced resolution, one can see more than one
contrast pattern: first, the contrast is the same for adjacent columns (circle), second, paired
columns form rows (square), or third, every second column gives stronger contrast (dotted
lines), leading to apparent spacing of ca. 5.2 nm. This effect is probably due to different local
packing of aliphatic chains which, however, does not influence considerably the average

lateral column spacing of ca. 2.6 nm.

The step height of 2.1 nm of the columnar layers determined from Figure 4.8 and the



Self-organization in Solution and in Solution Processed Thin Films 97

lateral distance of columns of 2.6 nm give together a two-dimensional rectangular unit cell
which assigns the intercolumnar packing. But this is in strong contrast to the lattice
determined for bulk HBC-C;, which was found to be also rectangular, but with considerably
larger dimensions of a = 2.38 nm and b = 3.05 nm. In general, unit cell dimensions are highly
dependent on alkyl chain packing, and it is expected that the packing differs significantly
between the bulk and at the solid-air interface of these films. In regards to the apparent
existence of different domains at the surface, three immediate explanations exist. The most
simple is that there is a unique unit cell and the variability results from one or the other plane
of the rectangular column packing, (100) or (010), being parallel to the film surface. Another
possibility is surface reconstruction, which though not commonly reported for organic
materials, has been observed in phase separated block copolymers. A third possibility is the
coexistence of more than one unit cell (polymorphism) with sides parallel to the surface

corresponding to the different lateral spacings seen in Figure 4.9.

In order to gain a deeper insight into the supramolecular arrangement of the discotic
HBC-C,;, within the zone-cast surface layers, the structure was additionally studied by using
high-resolution transmission electron microscopy (HR-TEM) combined with electron
diffraction. HR-TEM images as presented in Figure 4.10a confirm the homogenous
morphology of the HBC-C,, zone-cast film which was already observed by using the AFM
technique down to the nanometer scale. At higher HR-TEM magnification single columnar
features appear along the casting direction with perfect columnar orientation suggesting a
high supramolecular order. The in-plane average intercolumnar distance of 2.48 nm was
derived from the Fast-Fourier-Transformation (FFT) pattern (inset in Figure 4.10a) which also
revealed higher-order peaks emphasizing the long-range uniformity of columnar alignment in
the casting direction, whereby the column length exceeded by far the investigated area. The
intracolumnar stacking period of the discotic molecules of 0.49 nm was determined from the
low intensity meridional peaks in the FFT pattern. Although, these periodic features were
very sensitive to the high energetic electron radiation, the filtered inverse FFT image revealed
an obvious intracolumnar periodicity corresponding to the stacking of the discs. From the fact
that these columnar superstructures are formed by the self-assembly of the discotic molecules,
an edge-on arrangement of the molecules was concluded. The columnar orientation visible in
the HR-TEM image in Figure 4.10a is very similar to the one visualized by means of atomic
force microscopy (AFM). Taking into account that AFM gives information only about the
surface and HR-TEM gives the information about “bulk” morphology of the thin layer, the
similarity of the images obtained by these techniques is very important. Strong contrast in the
HR-TEM image with a periodicity corresponding to the distance between the columns proves

that the columns in successive layers are positioned one on top of each other, correlating to a
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rectangular columnar packing.

Figure 4.10. a) Large area image from high-resolution transmission electron
microscopy of a zone-cast HBC-C, layer displaying a homogeneous film formation
with single columnar features lying in zone-casting direction, inset: Fast-Fourier
transform (FFT) image confirmed structural order of columns with an intercolumnar
distance of 2.48 nm. The equatorial higher orvder peaks indicate the pronounced
columnar orientation. The intracolumnar stacking is represented by weak and diffuse
meridional peaks (indicated by white arrows), b) Filtered inverse FFT (IFFT) image
showing the intermolecular periodicity within the columns. The red arrows indicate
again the deposition direction.
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The visualization of single columns by itself already suggests a high supramolecular
order, because only well defined elements can be seen as a projection in transmission mode of
the electron microscopy as it is schematically presented in Figure 4.11. This conclusion is
further supported by the electron diffraction studies described below. On the other hand, since
the intracolumnar periodicity is barely visible in the HR-TEM image, the positions of the
discotic molecules within adjacent columns cannot be strongly correlated. A converse
molecular tilting angle in columns lying on top of each other might be a reason for the

invisibility of these periodic features.

a) TEM beam b)
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Figure 4.11. Schematic representation of the HR-TEM results obtained for the zone-
cast HBC-C;; layer, the visualization of the columnar structures in the transmission
mode indicates that the columns are positioned one on top of each other as in a), this
is in contrast to the intercolumnar arrangement in b) which would not reveal any
information about the order.

The electron diffraction shown in Figure 4.12 exhibits a pattern characteristic of a
crystalline and highly ordered zone-cast HBC-C, layer at room temperature. Furthermore,
this pattern includes essential information about all characteristic in-plane inter- and
intracolumnar periodicities. The regular columnar organization with a repeating distance of
2.48 nm seen in the TEM image was also evident as the first peak in the equatorial reflection
distribution assigned as the (h00) plane. Since the columnar arrangement corresponds to a
herringbone structure the (100) reflection, being double the value of the simple in-plane

intercolumnar distance, was not displayed.
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Figure 4.12. a) Electron diffraction of a zone-cast HBC-C, layer (red arrow indicates
the casting direction, the blue one outlines the reflections corresponding to the
molecular tilting and the green omne shows the intracolumnar periodicity), c)
assignment of the equatorially distributed reflections indicating the in-plane
intercolumnar order by using the Miller’s indexes (hkl).

The assumption of the absence of this peak corresponding to a period of 4.96 nm was
verified when the positions of the equatorial reflections were fitted to a mathematical relation
assigning these reflections to one packing parameter of a two-dimensional unit cell. The
significant difference in intensity between the odd and even (h00) reflections emphasized the
relation of adjacent columns with discs of different tilt (herringbone structure).””® The
resulting tilting angle of the molecules was calculated from the reflections with maximum
intensity in the (hO1) line. The determined angle was approximately 45° towards the columnar
axis with a rotation axis perpendicular to the support. The characteristic cofacial distance of
0.34 nm is related to the maximum intensity of the (hOl) reflections, whereas the
intracolumnar period of 0.49 nm corresponds to the positions of the reflection lines.
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a) intracolumnar period cofacial distance
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Figure 4.13. a) Schematic illustration of the intracolumnar arrangement in the zone-
cast HBC-Cy, layers. Discotic molecules show a molecular tilting of 45° which gives
two characteristic reflections corresponding to the intracolumnar period and the
cofacial distance between two adjacent discs and b) primary schematic presentation of
a cross-section of a zone-cast HBC-C, layer. The 2D lateral orthorhombic unit cell
assignment of the HBC-C, columnar arrangement in the crystalline phase is based on
TEM and XRD results (the aromatic core is represented as the disc and the side chains
are shown schematically as surrounding ellipsoids).

By combining the data from both the X-ray and electron scattering techniques, an
orthorhombic unit cell consisting of tilted HBC-C;, molecules in the crystalline phase was
identified as presented schematically in Figure 4.13. The small out-of-plane correlation

distance can be explained by an irregular distribution of the alkyl chains in the core periphery.

A more detailed picture of the supramolecular structure of the zone-cast films has been
obtained by using Grazing Incidence X-ray Diffraction which was performed in a
collaboration with Dr. Dag W. Breiby, Dr. Oliver Bunk and Dr. Theis 1. Selling from the
group of Dr. Martin M. Nielsen, Danish Polymer Center, Risg National Laboratory, Roskilde,
Denmark. The GID studies were carried out at the z-axis diffractometer at the wiggler
beamline BW2 at HASYLAB, DESY, in Germany. The results have been reported in great
detail elsewhere,””' but nevertheless one example of the results is presented in Figure 4.14.
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Figure 4.14. a) lllustration of the HBC columns on the substrate and the orientation of
the reciprocal coordinate system, b) picture of the Q.Q: plane for Q, = 0, obtained by
doing repeated scans with the point detector. The step lengths were 0.02 and 0.04 A
in the Qx direction and Q. directions, respectively. The ‘forbidden’ region near the Q. -
axis cannot be reached by the GID technique. This kind of picture cannot be obtained
using e.g. an area detector because the sample orientation differs for different
reflections. The vertical streaks are crystal truncation rods. h and | denote Miller
indices.

The synthesized “picture” in Figure 4.14 shows a cross section of reciprocal space
corresponding to the “equatorial” plane being perpendicular to the molecular stacks (i.e. Qy =
0). It was obtained by taking repeated Qy scans for increasing Q, values using a point detector.
The many higher order reflections are evidence for a well-ordered structure. The molecules

were evidently highly bi-axially oriented, as indicated by the sharp peaks found in both the
QxQy and the Q.Q, planes.

The closely spaced peaks in the Q direction corresponded to the intercolumnar distance
of about 24.5 A. If scanning in the Qy direction (not shown), the only peaks were at multiples

of 1.27 A™, yielding an intracolumnar stack spacing between adjacent molecules of 4.96 A.

In general, the columnar arrangement, the unit cell parameters and the extremely high
supramolecular order were confirmed by the GID experiments. Furthermore, the side chains
also revealed as well a high packing order between the aromatic columnar structures. This
crystallinity of the substituents was quite surprising since the aliphatic chains were supposed
to be rather disordered in the crystalline phase. But on the other hand, this is a strong evidence
for the high efficiency and impact of the zone-casting technique which induced a pronounced
molecular ordering. One can suggest that the HBC-C;, material micro-segregated to form a

bi-crystalline structure with vertical ABAB... domains spanning the entire film thickness.
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One could regard such an arrangement as a compromise between alkyl-chain packing and
herringbone stacking of the aromatic disks. The “A” domains were approximately 16 A wide
containing the aliphatic side chains, and the “B” domains were about 9 A of aromatic HBC
stacks. As a consequence, one might expect also the top surface of the film to have regular
stripes of alternating chemistry. Clearly, this invites further studies, not only of the
communication between adjacent HBC stacks in the vertical direction, but also of the

potential use of the films as a nano-patterned surface.”**

One could also conclude an out-out-plane tilting of the molecules with respect to the
support which would then led to this small observed period. In order to verify the suggested
unit cell and the assumed molecular tilting on the support, a Cerius® simulation of the electron
diffraction of two orthorhombic lattices was carried out consisting also of six molecules
which possessed different tilting planes, but were arranged in the herringbone structure. The
two different molecular arrangements are shown in Figure 4.15 with the corresponding
equatorial reflection peak distribution of the electron diffraction. The difference of the two
reflection distributions is obvious, whereby the in-plane tilting of the molecules gives an
identical diffraction pattern which was experimentally observed (Figure 4.15a). It is
interesting to note, that, except for the first peak position, only the even (h00) reflections
appear in the simulated equatorial electron diffraction, as it is also the case in our experiment.

This result additionally confirms the herringbone structure of the molecules.

&00 Z 0001 om0 &00

Figure 4.15. Cerius’ simulation of the equatorial reflection peak distribution of the
electron diffraction for an orthorhombic unit cell consisting of molecules with a) an in-
plane tilting and b) an out-of-plane tilting.

It should be noted that the proposed unit cell assignment is tentative because of limits of

both techniques used in this study. The X-ray diffraction measurements in reflection mode
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reveals only periodicities which are arranged along the normal of the support, whereas the
electron diffraction experiments gives information about the in-plane structure exposing
correlation distances which are oriented parallel to the support. One can however conclude
that the unit cell parameters determined by this structure investigation are significantly
smaller than found for the lattice in bulk samples.’® This significant difference in packing
parameters might result from enhanced packing of the columns in the zone-cast film which
was mentioned above. An additional reason is an improved peripheral organization of the
alkyl chains and a slightly different tilt angle of the discs. A molecular tilting angle of
approximately 30° was determined for the sample in the bulk. The significant decrease in unit
cell parameters, the pronounced columnar orientation and the appearance of the characteristic
intracolumnar correlation of 0.34 nm can be regarded as refined packing of the discotic
molecules resulting in an improved charge carrier migration due to an enhanced overlapping

of 7 orbitals.?**

Bulk samples of HBC-C,, reveal a phase transition at 107 °C from the crystalline phase
to the mesophase which is accompanied by a considerable change in the superstructure.
Macroscopically oriented samples investigated by both 2D-WAXS and solid-state NMR
showed in the crystalline state at room temperature a highly ordered herringbone arrangement
of the discotic molecules, whereby the lateral intercolumnar organization could be assigned to
the above mentioned rectangular 2D lattice with a= 6.1 nm and b = 2.38 nm.*® Experiments at
high temperatures exhibited a change in the intra- and intercolumnar organization. At the
mesophase the flat cores become orthogonal to the columnar axis and the columns arrange in
the typical hexagonal unit cell with a = 2.86 nm as the packing parameter. The
recrystallization takes place at 82 °C accompanied by a reorganization back to the

herringbone structure.

The changes in structure observed for bulk HBC-C,, samples were also expected to
occur in the zone-cast surface layers. This phenomenon is especially interesting since the
molecules are highly organized and are additionally in contact with a surface. Therefore, it is
essential to investigate to which extent the structural transition will take place and if during
recrystallization the structure can be recovered to the initial state or if the degree of order will
be decreased by the thermal treatment. The annealing at high temperatures is an important
point for any further post-processing of the films during device fabrication. Therefore,
temperature dependent structure evolution was carried out by using large-area X-ray

diffraction and electronic diffraction.
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Figure 4.16. Temperature dependent large-area X-ray diffraction in reflection mode of

zone-cast HBC-Cy, layer measured perpendicular to the columnar alignment. First,

the measurement was performed at room temperature, then for the sample heated to
the mesophase and finally back at room temperature in the crystalline phase.

Figure 4.16 shows the temperature dependent large-area XRD measurements in
reflection mode of the zone-cast HBC-Cj, layer performed first in the crystalline state, then
for the mesophase and finally for the sample cooled back to room temperature. When the
zone-cast HBC-C); film was heated to the mesophase, also one main reflection peak was
observed accompanied by the second-order reflection. This indicated that the high out-of-
plane intercolumnar order, which was monitored in the crystalline state, is maintained in the
mesophase, despite the high molecular mobility of the aromatic core and the melting of the
side chains in that phase. However, the shifting of the peak to smaller values of the scattering
vector indicates an increase of the correlation distance by 0.5 nm. This relatively large value
could be explained by an out-of-plane tilting of the molecules in the crystalline phase which
changes in the mesophase. However, simulations described in Figure 4.15 excluded this
assumption. Therefore, a more probable explanation for this expansion is the uniform
distribution of the side chains around the aromatic core in the mesophase leading to the larger
out-of-plane distance between the columns. Interestingly, by cooling back to room
temperature one reflection peak appeared in the XRD, but shifted also to lower s values in
comparison to the initial structure. It is apparent that the structure after the annealing at the
mesophase does not return to its initial state completely. It can be assumed that the
supramolecular arrangement might slightly differ between layers freshly zone-cast and after

the thermal treatment. The indicated larger out-of-plane periodicities after annealing show
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that the high packing observed after the processing is not maintained.

Figure 4.17. Temperature dependent electron diffraction measurements of zone-cast
HBC-Cy; layers; image a) taken at room temperature (crystalline phase), b) at 40°C,
¢) — e) during further heating, f) at 130°C (mesophase), g) and h) after cooling back.
The white arrows indicate the reflection peaks corresponding to the intracolumnar
stacking of the discotic molecules.

In order to obtain a deeper insight into the change in the supramolecular organization
during heating of the zone-cast layers to the mesophase, temperature dependent electron
diffraction was performed by monitoring the structure gradually during increasing the

temperature. The diffraction patterns for the different temperatures are shown in Figure 4.17.
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At room temperature the diffraction pattern revealed the characteristic reflection
distribution with distinct reflection peaks of pronounced intensity indicating the high quasi
single-crystalline intra- and intercolumnar order with the discotic molecules arranged in the
herringbone structure. Heating the sample to 40 °C, the pattern observed at room temperature
was maintained, but the intensities of the peaks changed slightly. These changes were quite
obvious in the (h01) distribution line. Furthermore, most of the higher-order reflections in the
equatorial vanished indicating a poorer long-range order. Heating ca 20 °C higher the zone-
cast film showed considerable structural changes. The pattern suggesting the crystalline
structure disappeared and a pattern implying liquid crystalline order was visible. The
transition of the (hO1) corresponding to the intracolumnar correlation was most impressive.
The distinct peaks from the crystalline arrangement changed into two broad split and weak
off-meridional reflections which were related to periodicities of 0.37 nm. At this temperature
in the equatorial only one main refection corresponding to 2.52 nm and its second order peak
were displayed which were related to the nearest columnar distance. During further heating
the diffraction pattern did not reveal any new significant transitions. The two split off-
meridional peak immerged into each other resulting finally above the phase transition in one
meridional peak indicating the m-m correlation of 0.35 nm (Figure 4.17f). However, these
reflection peaks were relatively diffuse and weak in comparison to the meridional reflections
observed in the 2D-WAXS for an extruded filament. The equatorial reflection shifted slightly
to correlation distances of 2.46 nm (2™ order peak to 1.23 nm). Interestingly, at some places
of the film only one peak appeared which was related to a period of 1.42 nm which is V3
times smaller than 2.46 nm. This relation confirms the hexagonal intercolumnar arrangement
which was characteristic for a liquid crystalline phase. The unit cell parameters in the
mesophase determined for the bulk sample were significantly larger in comparison to the
packing dimensions found for the zone-cast films. This observation was also made for the
room temperature phase suggesting the enhanced supramolecular order in both phases. After a
controlled cooling back to the crystalline state, the high initial order of the surface layer could
not be recovered. The diffraction pattern still implied the herringbone arrangement of the
molecules, but the reflection peaks were significantly broader and smeared suggesting a
weaker supramolecular organization of the molecules. Before annealing the sample showed
an impressive homogeneous structure within the film, however after the heating to the
mesophase the degree of disorder varies extremely over the sample. Some parts of the films
still possessed a well-ordered alignment as in Figure 4.17g, but other had also higher
columnar misalignment (Figure 4.17h) which might be the reason of different structural

transitions of the different columnar layers.

The temperature dependent electron diffraction experiments revealed that the molecules
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have a sufficient degree of freedom on the support to adopt the characteristic intracolumnar
orthogonal disc arrangement in the mesophase. The degree of molecular rotation towards this
intracolumnar organization of the discs is temperature dependent and accomplished above the
temperature of 107 °C. The assigned order is typical for the liquid crystalline phase and takes
place analogously to the macroscopically aligned filaments. Due to the high lateral and
longitudinal fluctuations and intracolumnar rotations of the discotic molecules, a short-range
order is observed. The reflections corresponding to the intracolumnar packing are surprisingly
weak and diffuse at this high temperature phase indicating the relatively high degree of
molecular freedom. The appearance of only the (110) reflection peak at same parts of the
zone-cast layer which is related by V3 to the (100) reflection in the hexagonal organization
suggests that the lateral intercolumnar arrangement might be not as uniform as at room
temperature revealing also other scattering planes in the surface normal as illustrated in

Figure 4.18 schematically.

Figure 4.18. The hexagonal lattice in the mesophase (two different packing
possibilities are shown as indicated by the electron diffraction experiments). The
aromatic cores are illustrated as discs and the side chains are shown as translucent
surrounding.

The recrystallization of the sample confirms the high flexibility of the molecules on the
support, since the discs adopt again the herringbone structure. In general, the structure can
mainly be recovered after annealing. However, obvious columnar misalignment and
intracolumnar defects appear which are not homogeneously distributed over the layer. There
might be several reasons for this significant decrease of order within the annealed zone-cast
films. It is well known that the structure obtained from solution is different in comparison to
that one obtained from the higher-temperature phases. The alignment acquired during zone-
casting processing is unique and therefore heating of the sample has an effect of eliminating

the structural history.
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The structure evaluation has indicated that the alkyl chains are not distributed uniformly
around the aromatic core in the initial crystalline phase, whereas in the mesophase they are.
During the recrystallization these alkyl chains maintain distributed uniformly around the cores
and prevent a complete recovering of the structure. Another important aspect is the differently
strong interaction of the molecules in the different columnar layers with the surface leading to
a different degree of freedom of the molecular tilting. One can assumed that the molecules at
the surface perform a smaller rotation in
comparison to the ones in other layers
which possess relatively more rotational

freedom. The third explanation is related to

the mechanical factor, which is connected

to the structural change at the phase

transition. The molecular transformation

from the herringbone structure to the
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orthorhombic arrangement of the discs

results in a change in macroscopic

dimensions as schematically shown in

Figure 4.19. Theoretically, a perfectly

aligned sample with molecules tilted 45° to

the columnar axis should reveal at the

Figure 4.19. The transformation of the phase transition a macroscopic shortening
intracolumnar Structure  from the by ca 30% in the direction of the columnar
herringbone  order to the parallel
arrangement of the discotic molecules leads
to a macroscopic contraction of 30% of the
sample along the columns and an extension  dimensions of a surface layer leads to the

perpendicular of 30% to it. increase of macroscopic stresses within the

sample and to the appearance of defects.

alignment and an expansion also by 30%

perpendicular to it. Such a variation in

The following experiment reveals that indeed the phase transition from the crystalline
phase to the mesophase is connected to changes in macroscopic dimensions of the sample. A
suspended extruded fiber of HBC-C;, was placed into a thermally controlled oven and the
change in size was monitored temperature dependent by using a CCD camera (Figure 4.20a).
Due to the resolution of the camera only the length of the sample could be monitored,
whereas for a compete investigation it would be necessary to display also the change of the
sample diameter. Figure 4.20b shows the length of the extruded HBC-C;, fiber as a function
of the temperature. Heating the sample up to 80 °C leads to an elongation due to thermal

expansion. The aromatic cores are still arranged in the herringbone manner, whereas the effect
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of the side chains dominates, which reorganize and melt up from 42 °C. From 80 °C the
length of the filament decreases first significantly and upon further temperature increase the

rate of contraction exceeded a value of ~ 92%.
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Figure 4.20. a) A suspended extruded fiber of HBC-C;; at 80 °C and 135 °C upon
heating, the filament is placed into a temperature controlled oven and the images were
taken with a CCD camera; b) temperature dependent change in the length of the HBC-
Cp; extruded fiber (the insets show 2D-WAXS patterns at the corresponding
temperatures).

This effect is correlated with the intracolumnar reorganization of the discs which, to our
surprise, takes place at considerably lower temperatures than the bulk phase transition. On the
other hand, the observed structural changes in the HBC-C,, zone-cast film monitored by

electron diffraction occurred also at lower temperatures. Both observed structural
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transformations are in strong correlation. The discrepancy between the theoretical value of
change in the macroscopic sample dimensions and the experimentally obtained results might
be due to a not perfect order within the extruded filament. It is known that the tilting angle of
the discotic molecules in the extruded filament is approximately 30° leading to a less

pronounced change of the sample dimensions during heating.

The above described structure evaluation of the zone-cast HBC-C;, surface layers
revealed that the transition from the crystalline phase to the mesophase is accompanied by a
reorientation of the molecules within the columnar stacks from the tilted to the orthogonal
arrangement as also observed for bulk samples. In the following experiment, this change in
the intracolumnar arrangement was correlated with the macroscopic optical behavior of the

zone-cast films in polarized light.

The evaluation of the optical behavior was performed in a strong collaboration with Dr.
Jorge Piris from the group of Dr. John M. Warman, IRI, Delft University of Technology, The
Netherlands.
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Figure 4.21. Optical absorption spectra for the zone cast film of HBC-Cy, on heating
from 28 °C (dark blue) to 130 °C (dark red) for light polarized parallel (upper) or
perpendicular (lower) to the alignment direction.

A reversible change in optical anisotropy indeed occurred for the zone-cast film as it is

shown by the optical absorption spectra in Figure 4.21, which were taken for light polarized
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parallel and perpendicular to the casting direction temperature dependent during heating and
cooling from room temperature to 130 °C. As can be seen, the absorption spectra at room
temperature revealed only a slight preferential absorption at the spectral maximum for the
parallel condition. The optical data therefore might suggest that little, if any, macroscopic
columnar alignment of the HBC mesogens had been achieved by this method of preparation.
The apparent anomalous lack of optical anisotropy for a clearly macroscopically well aligned
film was previously also observed for certain HBC derivatives self-assembled on friction-
deposited polytetrafluoroethylene primer layers.'® As the structural investigation has proven
a high order in the zone-cast layers, the explanation lies in the close to 45 degrees,
herringbone stacking of the mesogens characteristic for HBC derivatives which are crystalline
solids at room temperature. Since the transition dipole of the first absorption band of HBC lies
in the plane of the aromatic core such a herringbone structure will result in close to zero net

anisotropy even for a perfectly aligned film.
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Figure 4.22. Schematic illustration of the observed dipole moment in polarized light in
a) the crystalline phase with a 45° molecular tilting and b) the mesophase with
perfectly orthogonal disc arrangement.

The heating of the zone-cast film to the mesophase induces a significant change in the
optical absorption intensity for both measurements parallel and perpendicular to the columnar
alignment. Since this phase transition involves a rotation of the tilted discs to form a cofacial
columnar arrangement,™ the projection of the dipole moment of light polarized parallel to the
columnar axis on the core of the molecules will be reduced if such a rotation occurs in the
film, whereas simultaneously the absorption perpendicular will significantly increase
(schematically shown in Figure 4.22). The drop in the optical absorption for this particular
polarization can be readily seen in the lower graph of Figure 4.21. From the ratio in the
absorption for light polarized parallel and perpendicular to the columns before and after the
phase transition, it can be estimated that the discs rotate to form a tilted columnar

arrangement.
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Figure 4.23. a) Optical micrographs obtained under crossed polarizers: A, pristine
sample at room temperature; B, liquid crystalline phase at 130 °C; C, at close to the
phase transition temperature on cooling; D, the crystalline phase on returning to room
temperature, b) temperature dependence of the ratio of the optical density of a zone-
cast film of HBC-C;, at the absorption maximum for the incident light polarized
perpendicular and parallel with respect to the casting direction.

The dichroic ratios of the maximum optical density for perpendicular to that for parallel
excitation, ODmax(+)/ODmax(=), are shown in Figure 4.23b and vary from 0.91 at room
temperature to 3.30 at 130 °C and return to 0.87 after cooling back. Clearly, a considerable
rotation of the molecules from their tilted, room temperature configuration has taken place at
the elevated temperature. The anisotropy factor of ca 3 is still considerably smaller than the
factor of 12 that has been found for a PTFE-aligned HBC derivative which is liquid
crystalline and orthogonally stacked at all temperatures.'®® It is assumed therefore that
reorientation to a completely orthogonal arrangement in the mesophase of the present thin-
film sample probably does not occur. The values of the ratio ODmax(+)/ODmax(=) over the

full heating and cooling cycle are shown in Figure 4.23b. As can be seen, the increase in the
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optical density ratio occurs abruptly at close to 110 °C on heating and returns to the initial
value at close to 85 °C on cooling, i.e. close to the transition temperatures found in DSC
measurements for the phase transition in bulk samples. Also shown in Figure 4.23a are
polarization microscopy images under crossed polarizers taken at different temperatures in the
heating and cooling cycle in which the reversible change from almost no anisotropy at room
temperature to a highly anisotropic medium above the temperature of the phase transition is
apparent. These images provide an additional illustration of the reversible change in
anisotropy occurring at the phase transition. They furthermore demonstrate the high degree of
alignment that is retained in the mesophase. It is also interesting to note that the propagation
of the phase transition in the zone-cast film occurs faster along the columns than
perpendicular what is in contrast to the light propagation. This effect can be seen in image C
in Figure 4.23a which shows the phase transition. From this observation one can assume that

the thermal transport might also be favored in the columnar direction.

When the heating and cooling cycles were repeated the number of birefringent defects
at room temperature increased. This effect can be explained by the results obtained from
temperature dependent electron diffraction which revealed that the degree of misalignment
increases significantly after the annealing of the zone-cast HBC-C; layer in the mesophase.
For the macroscopically oriented sample, the phase transition leads to a considerable
expansion in the lateral dimensions accompanied by a decrease of the longitudinal length. The
tremendous mechanical stress that this rotation implies for substrate-bound samples explains
why zone-cast films do not form the thermodynamically preferred cofacial stacking at high
temperatures. This behavior has consequences for the fabrication and processing of electronic
devices. For instance, the principle of self-healing in the mesophase is not applicable for
surface layers with phase transitions accompanied with a pronounced transformation in the

supramolecular organization.

Flash photolysis time-resolved microwave conductivity (FP-TRMC) measurements
indicated the relation between the macroscopic alignment of the zone-cast films and the
anisotropy of the photoconductivity. The coated substrates were placed in the microwave
cavity with the casting direction of the film either parallel or perpendicular to the electric field
vector of the microwaves. In addition, the plane of polarization of the laser beam used to
photoexcite the sample could be oriented parallel or perpendicular to the casting direction.
The transient photoconductivity of the sample was monitored as a reduction in the microwave

power reflected by the cavity as described in detail elsewhere.”*>*%

The anisotropy of the photoconductivity using FP-TRMC should confirm that the

present HBC-C, sample was in fact macroscopically aligned. This experimental technique
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was also applied to films of HBC derivatives self-assembled from solution on friction-
deposited PTFE.”’ As can be seen from the results in Figure 4.24, the photoconductivity
transients with the casting direction parallel to the electric field vector of the microwaves are
much larger than for a perpendicular orientation. The latter transients are in fact close to the
noise level of detection, and the anisotropy in the conductivity is estimated to be at least a
factor of 10 in favor of charge transport in the casting direction, i.e. along the axis of the
columnar stacks. In agreement with the lack of optical anisotropy found in the absorption
spectra, the photoconductivity is found to be almost independent of the relative orientation of
the polarization of the laser beam used to photoexcite the sample. The photoconductivity
results confirm therefore the high degree of columnar alignment of the discotic molecules in
the present sample and the tilted, herringbone arrangement of the molecules in the columnar

stacks at room temperature.
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Figure 4.24. Intensity normalized photoconductivity transients, AG/I, in units of 107
S cm™ per incident-photon, obtained by flash-photolysis of a zone-cast film of HBC-
Ci2. The full and dashed traces are for light polarized perpendicular or parallel to the
alignment direction of the discotic columns respectively. The two upper, E-, and two
lower, E., traces are for the casting direction (columnar alignment) parallel or
perpendicular to the electric field vector of the microwaves, respectively.

It is clear that significant changes in both the optical and conductive properties of the
zone-cast, thin-film sample occur in the same temperature regime as found for the bulk
material. In addition, the changes are completely reversible with a hysteresis similar to that
found for the bulk. This was not necessarily to be expected since the reorientation of the
mesogens is accompanied by a considerable change in geometry of the material with a

longitudinal shrinking and a lateral expansion with respect to the columnar director on
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entering the mesophase. One explanation might be that the reorganization induced
macroscopic defects which do not influence the local charge carrier mobility which is
determined by this technique. A further aspect of interest in the optical data is the fact that the
increase in the OD for perpendicular excitation is considerably less than the decrease in the
OD for parallel excitation (Figure 4.25a). One explanation could be that the extinction
coefficient for the transition is lower in a more orthogonal arrangement of the aromatic
chromophores. This could be a result of excitonic interactions between neighboring cores

which would also explain the slight blue-shift of the wavelength maximum on entering the

mesophase.
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Figure 4.25. a) The temperature dependence on heating (filled symbols) and cooling
(open symbols) of the zone-cast HBC-C;, samples a) of the optical density at the
absorption maximum (ca 360 nm) of a zome-cast film for light polarized parallel
(horizontal diamonds) or perpendicular (vertical diamonds) to the casting direction
and b) of the product of the quantum-yield and mobility sum, ¢Zu, on (perpendicular)
photoexcitation of a zone-cast film at 420 nm with the casting direction parallel to the
electric field vector.

The decrease in the photoconductivity at the phase transition temperature shown in
Figure 4.25b is similar to the decrease in the one-dimensional charge mobility, Xup,
determined using the pulse-radiolysis TRMC method. This decrease in mobility is attributed
to an increase in the structural disorder within the columns when the saturated hydrocarbon

mantle melts. The temperatures at which the decrease on heating and the subsequent increase
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on cooling occur are however slightly lower than found for the bulk. Also, the change in Zp
appears to be less abrupt for the film. Taking the value of Xpu;p to be identifiable with the
value of Ty for the E- condition in the present experiments, an estimate of 0.9 + 0.1x10 can
be made for the quantum yield of charge carrier generation on excitation at 420 nm with

perpendicularly polarized light.

As the final step, an electronic device has been constructed in order to investigate the
charge carrier mobility of the zone-cast HBC-C); in practical applications. Both, HBC-C;,
which is very attractive for potential applications in devices due to its highest local charge
carrier mobility of up to 1.1 cm?/Vs found for this kind of discotic systems and the processing
technique which allows a fabrication of highly ordered layers of large-areas emerged to be of
great interest for field-effect research. Furthermore, the relationship between supramolecular
organization, revealed by the structural analysis, and the charge transport properties, obtained

from field-effect transistor experiments, is studied.

In collaboration with Dr. Anoop Menon and Prof. Henning Sirringhaus, from Plastic
Logic in Cambridge, the field-effect investigations of the zone-cast with HBC-C;, as the

semiconducting material have been carried out.

The mode of operation of organic thin-film transistors parallels the one already
described in the case of insulated gate field-effect transistors, based on crystalline or
amorphous inorganic semiconductors. In general, the output of the FET is visualized by
plotting of the drain current Ip as a function of the drain voltage Vp which characterizes the
device performance. The sign of the drain current is dependent on the type of charge carriers
of the active layer. When electrons migrate through the semiconductor the drain current and
voltage are both positive, while when holes are the main charge carriers the current is
negative. The characteristic I-V curves reveal two distinct regimes. At the first regime with
low drain voltage, the current is proportional to Vp and can be described according to the
Ohm’s law. The linear regime can be described according to the following equation:

Z
Iy ZfCiH(VG - V)V, (4.1.)
where, Z and L are the channel width and length, C; the capacitance per unit area of the
insulator layer, pu the mobility of the majority charge carriers, Vg the gate bias and V, the
threshold voltage. When the drain voltage increases, the device gradually enters the saturation
regime where the drain current becomes independent of the drain bias. By using the following

equation it is possible to calculate the saturation current.
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Ly = 5 Cn(Vy = V)P (42)

The charge carrier mobility in the saturation regime can be calculated from the slope of
the plot of \/m versus Vg and it is one of the most important properties of a FET. But it is
also possible to determine it from the linear current, whereby these both calculation methods
are often in disagreement, due to assumptions which are valid for the silicon based MISFETs
(metal-insulator-semiconductor field-effect transistors), but are applied to describe the
organic-based TFTs (thin film transistors), although the device structure of the organic TFT’s
differs from that of the conventional MISFETs.*”® For instance, one assumption is that the

mobility is constant over the active layer and does not depend on the gate voltage.

The most important application of the zone-casting technique in the case of HBC-Cj; is
considered to be the fabrication of a highly aligned semiconductor layer in a channel of a
field-effect transistor. The uniaxially aligned HBC-C;; thin surface layer in the channel of the
FET should have an enhancing effect as an active component on device performance. In order
to demonstrate this, FETs were fabricated on top of a SiO, insulating layer on a silicon
substrate by direct zone-casting. Under optimized zone-casting conditions, homogeneous
films in the cm? range on untreated glass as well as on a hexamethyldisilazane (HMDS)
modified silicon surface were obtained as presented by optical microscopy images in Figure
4.26. The increased hydrophobization of the silicon surface by HMDS was applied in order to
obtain a pronounced edge-on arrangement of the discotic molecules and to avoid possible
trapping sites from the oxygen located at the silicon surface.””” It is well known that the main
charge carrier migration takes place at the first monolayer or even in the bilayer at the surface
of the support. Therefore, it is very sensitive on any influence from the surface as such

oxygen.

Figure 4.26. Images from the optical microscopy taken in reflection mode of HBC-C;;
zone-cast onto HDMS treated silicon at a) non-optimized conditions leading to the
appearance of morphological defects and b) at optimized conditions with the desired
homogenous morphology of the layer.
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Figure 4.27. Schematic side-view representation of the top-contact device
configuration with contacts evaporated (L = 25 mm, W = 1.6 mm and d = 200 nm)
onto the 20 nm thick zone-cast HBC-C;; aligned film, a 200nm SiO, dielectric and n-
doped silicon substrate as gate electrode. The discs represent the tilted molecules in
edge-on arrangement. The red arrow indicates the charge transport direction. The
optical image shows the aligned layer in a 25 um long channel of a FET.

A1.24
a) 10%, b)
] 1 Vg =-40 V
107
0.8
1071
~ 0.6
S
-] 0.4
10°%.
] 02
10'10—2 Vg=0V vg=-10V Vg= 20V
] 04
10" R I —
40 30 20 10 0 0 40 20 30 4o

v, (V)

Figure 4.28. a) Typical transfer characteristic (Vgs=-40V) of a FET with zone-cast
HBC-Cy; as an active layer. The mobilities are extracted from the saturation regime by
conventional techniques, b) I-V output characteristics. Both dependencies are
measured along the columnar alignment.

The FET device was constructed with top contacts having a channel length of 25 pm
between the shadow masked source and drain gold electrodes. A schematic drawing of the

device design is shown in Figure 4.27. The transfer and output characteristics of the devices
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measured parallel to the columnar alignment are shown in Figures 4.28a and 4.28b revealing a
very good on-off ratio of 10, a high field-effect mobility in saturation regime at 5-107
cm?/Vs and a turn on voltage of ca. -15V. In previously reported data by van de Craats et al. it
was found that the highest achievable mobility of an oriented HBC derivative on an aligned
PTFE layer on silicon was 0.5-10° ¢m?/Vs."® The device dimensions reported there were
similar to the current case. An order of magnitude improvement in device on currents as well
as the saturation mobility by zone-casting the discotic semiconductor system has been
determined. The superior device performance is attributed to highly ordered and uniformly
oriented HBC-C; that can be realized by the zone-casting technique. However, it should be
noted that the charge carrier mobilities of HBC-C;, exposed in FETs are still two orders of
magnitude lower than the intrinsic values obtained by pulse-radiolysis time-resolved
microwave conductivity. One reason for this considerable difference concerns possible
contact problems between the drain and source, and the active organic layer. During the
contact deposition the organic material might be degraded at certain parts. Another
contributing factor could be related to a presence of local intracolumnar packing defects
which can constitute localized barriers for charge carrier motion along the columns; even at
low concentrations these defects can significantly decrease the charge carrier transport over
longer distances. At closer inspections of the AFM image in Figure 4.7 one can indeed
observe single defects in the intracolumnar order (Figure 4.29a), for example adding or
removing one column at some places (red circles). The inversion of a filtered FFT image
shown in Figure 4.29b confirms the appearance of these defects and implies additionally that
they are not limited to one plane, but could progress three-dimensionally. Furthermore, it is
obvious in Figure 4.29b that the columnar structure accommodates these defects by column
tilting and reorganization over distances of a dozen nanometers. It should be noted that the
investigated layers were not thermally treated and therefore the molecular reorganization at

the phase transition as the origin of the defects can be excluded in this case.

Although these defects appeared sporadically, the charge carrier transport might be
influenced significantly over long ranges between the electrodes. On the other hand, the
presence of local defects, for example even in organic single crystals, is extremely difficult to
control by any processing technique. The device characteristics of HBC-C;, approach those of
state of the art organic semiconductors such as dioctylfluorene-bithiophene copolymer by

virtue of the highly ordered zone-cast films.>”
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Figure 4.29. a) AFM image of zone cast films of HBC-C, from Figure 4.7 indicating
the columnar defects, b) filtered IFFT image of a electron microscopy image of zone-
cast HBC-Cy,. In both cases the dashed circles indicate the intracolumnar defects.

It can be summarized that the transfer of the self-aggregation and morphology
formation onto the processing from solution was shown impressively for the zone-casting of
HBC-Cj,. One of the highest self-association constants and a pronounced pre-aggregation of
HBC-C;, were reflected by the formation of microfibers in drop-cast films and ensured the
successful alignment of this compound. Thereby, it was important that the self-organization at
the surface-solvent interface of the HBC-C;, molecules was not effected significantly by the
kinetics as proven by the use of solvents with different evaporation temperatures indicating
the strong tendency to self-aggregate. The AFM topography revealed the formation of micro-
or nanofibers which is known to be in strong correlation with the molecular interaction as
reported for different system with m-stacking interactions. Oligo(p-phenylenevinylene)s self-

301,302

assembly from solution into helical structures, in some cases supported by hydrogen
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bondings™”. Disc-shaped molecules derived from crown ethers and phthalocyanines create
helical nanofilaments.'” Wu et al. showed that the intracolumnar packing of HBCs can be
enhanced by the substitution of rigid rods leading to the formation of helical structures.’’ Due
to this enhanced packing nanoribbons were observed in spin-coated films. Recently, it has
been reported that amphiphilic HBCs form discrete nanotubular objects which consisted of
helical arrays of m-stacked discs, whose exterior and interior surfaces were covered by the
hydrophilic triethylene glycol chains.’® All the examples from literature emphasize again the
strong relationship between the self-aggregation in solution and the structure formation for mt-

conjugated systems.

The zone-casting method is a powerful technique for the simple fabricating of large-
scale thin layers of highly oriented semiconductors. The supramolecular order of the zone-
cast films is strongly related to the nucleation and growth ability of the material. According to
the morphology formation of drop-cast layers, the order of the zone-cast HBC-Cy; films
attains single crystalline quality, whereby the side chains were packed between the aromatic
columns and revealed a high ordering. The resulting high supramolecular alignment was
proven by various experimental techniques, but the most important proof was successfully
obtained by the application of the zone-cast film as an active layer in a field-effect transistor
revealing up to now the highest bulk charge carrier mobility for HBC derivatives. The device
performance of phthalocyanines has been intensively investigated and can be compared to the
obtained results, since the charge carrier mobility determined by the PR-TRMC technique
was in the same range for both species.*® In general, the substitution alkyl chains was
reflected for Pcs in a significantly lower device mobility reaching up to 10 cm?/Vs for LB
aligned films."'""*! The mobility value for the zone-cast HBC-C, is in the same range as
reported for vacuum deposited or PTFE aligned plain Pc-discs which showed in all cases high

order.”

The obtained results indicate that the great advantages of the zone-casting technique are
the simple processing of large surface areas. Thus, this method opens new pathways for
fabricating large-scale thin layers of highly oriented semiconductors and enhancing the charge
transport. This is an important step towards improving the performance of organic
semiconductors in electronic devices. In order to exploit these materials in applications such
as active-matrix backplanes, further studies are required into stress and environmental
stability. Moreover, it is assumed that in a controlled environment for the processing it is
possible to enhance significantly the charge carrier mobility,*** since aging in the presence of
oxygen can diminish the device performance®®. Therefore, it is essential to construct the

devices on the same place, where the processing is carried out. On the other hand, it is also
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important to investigate the real influence of the single intracolumnar defects observed by the
AFM and in the IFFT image and to develop alternative concepts to avoid the appearance of
such defects. It has been reported that grain boundaries increase the resistance significantly
and lower the device performance.***"” An additional unknown aspect is the resistance at the
interface between the inorganic contacts and the organic active layer which can decrease the
device performance significantly. The major influence have top-contacts which are deposited

by evaporation leading to degradation of the organic semiconductor.*”®

Due to the high order with its specific herringbone arrangement unique optoelectronic
properties of the films were revealed. When combined with the highly anisotropic conductive
properties, this phenomenon opens up the possibility of creating optoelectronic switching
devices that could be actuated by external influences such as temperature or magnetic field. In
addition, there are known examples of discotic compounds, such as peripherally substituted
alkoxyphenylphthalocyanines, for which the transition from a tilted crystalline phase, formed
on precipitation at room temperature, to an orthogonal mesophase is irreversible.”’ Such
compounds would be potential candidates for optical data storage media based on the present
phenomenon. The advantage over previously reported mechanisms for switching the optical
properties of columnar discotics is that the columnar arrangement remains intact, and
therefore their excellent semiconductive properties could be exploited together with their
unique optical behavior.’”~'® One the other hand, it is essential to examine the switching rate
of the film, which is an important factor for potential applications. Furthermore, the
temperature dependent structure evaluation revealed that the degree of misalignment increases
with repeating heating cycles. This effect represents also a problem for the utilization of the

layer for long-term switching devices.

The increase of macroscopic defects after the annealing of the film in the mesophase is
an important result for the post-processing of the zone-cast layers such as self-healing which
occurs in the liquid crystalline phase when the molecular mobility is relatively high. Since in
the case of the zone-cast HBC-Cj, the phase transition from the crystalline state to the liquid
crystalline phase is related to a supramolecular reorganization, the self-healing procedure

cannot be applied for the zone-cast layers.

4.1.2. Dove-Tailed Hexa-peri-hexabenzocoronenes

The results described for HBC-C,, show impressively the transfer of the natural
nucleation and growth in/from solution into the solution processing. It was revealed that this

compound possessed a very high self-aggregation and a pronounced pre-aggregation in



124 Chapter 4

solution as well as a morphology formation in drop-cast films which was independent of the
kinetics (the morphology did not change with different evaporation temperature of the

solvents).

In the following the self-aggregation in solution of three crystalline and plastic
crystalline, respectively, HBC derivatives substituted with branched side chains will be
discussed. In contrast to HBC-C),, the side chains influence to a high degree the interaction of
the aromatic cores leading to a higher solubility. Both the thermodynamics and the kinetics
play an important role during the self-organization of the molecules in drop-cast films in the

surface contact.

All three HBC derivatives carrying the six branched, space-demanding alkyl side chains
of different lengths, HBC-Cs,, HBC-Cjo¢ and HBC-Ci419, showed a similar strong
concentration dependence in the 'H NMR spectra as observed for HBC-C;,, which occurred
at much higher concentration values than in the case of HBC-C12.23 ¥ Below 1x107° M, the
three HBC derivatives with the branched alkyl chains existed as monomers in solution. HBC-
Ce, possessed the lowest solubility among the three dove-tailed HBC samples. In comparison
with HBC-Cyos and HBC-Ci4,0, it became obvious that HBC-Cs, was more strongly
aggregated due to a chemical shift at higher field at the same concentration. Surprisingly,
HBC-Cjp6 showed the lowest self-association in d2-1,1,2,2-tetrachloroethane-dz at 30 °C,
followed by HBC-C4,19 with the longest alkyl substituents. Table 4.1 shows the determined

association constants for the dove-tailed compounds.

Table 4.1 Association constants for self-aggregation of
the  investigated  HBC  derivative in 1,1,2,2-
tetrachloroethane-d° at 30 °C.”%°

Compound K, /L mol™
HBC-Cq, 13.4
HBC-Cys 1.8
HBC-Ci4.10 29
HBC-Cj;, 898

When HBC-C,4, is spin-coated on a HOPG surface at a concentration down to 107 M,
single 60 to 80 nm wide blobs with a height of ca. 3 nm appeared, which were randomly
distributed over the surface (Figure 4.30a). By spin-coating HBC-C 4,19 from a 10* M THF
solution, the freshly cleaved graphite surface was covered by an inhomogeneous ~100 nm

thick film which showed no nanoscopic order (Figure 4.30b). From a solvent mixture of
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methanol and chloroform (1:1) at the same concentration, single flat pancake shaped features

with a constant thickness of ca. 2.5 nm were formed (Figure 4.30c).

Figure 4.30. AFM images in tapping made on HOPG surface of spin-coated films of
HBC-Cy4,0 from a) a 107 M and b) 10* M THF solution, c) from solvent mixture of
methanol and chloroform (1:1).

On the other hand, drop-cast HBC-Cy4 0 and HBC-Cyp6 films from 10* M THF
solutions were completely amorphous as presented in Figure 4.31a and 4.31c. By using
toluene as solvent, the film morphology changed slightly revealing birefringent parts which
appeared at the rim of the drop-cast films where most of the material was deposited (Figure

4.31b and 4.31d).
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Figure 4.31. Optical POM images of drop-cast HBC-C 5 from 107 M a) THF and b)
toluene (right image with cross-polarizer), and of drop-cast cast HBC-Cy419 from 107
M ¢) THF and d) toluene (right image with cross-polarizer).
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The drop-cast films of HBC-Cg¢, (Figure 4.32a) prepared from a 10* M THF solution
also did not show any birefringence in polarized light, but small particles precipitated
randomly from the solution. When the same material was processed from toluene with an
identical concentration short crystalline needles appeared at the rim of the film (Figure 4.32b).
These structures were highly birefringent and were mainly oriented in the direction of the
drop evaporation, whereas the interior of the film revealed the same, but shorter structures. By
using a comparable solvent with respect to the association such as xylene, which possesses a
significant higher evaporation temperature, the length of these crystalline needles within the
film interior increased considerably (Figure 4.32c). Finally, when a saturated toluene solution
of HBC-Cs, was slowly evaporated from a small vessel, centimeter long, crystalline fibers
were obtained on the bottom of the vessel (Figure 4.32d).

Figure 4.32. Optical image of HBC-Cg > drop-cast from a) THF and POM of the rim of
HBC-Cg; drop-cast from b) 1 0* M toluene (inset shows the interior of the film), c)
from 107 M xylene (inset shows the interior of the film) both at a concentration of 10.4
M, optical image obtained after evaporation of a HBC-Cg, solution with a
concentration close to the saturation.

Due to this extraordinary nucleation and growth of such large crystalline needles in
solution, a dipping experiment was performed in order to align these structures uniaxially as
shown in Figure 4.33. Thereby, the support is slowly pulled out of the solution. At a
concentration of 10" M in toluene and a low moving velocity (0.2 um/s) of the support, a
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homogenous film was acquired with indeed uniaxially oriented microfibers. The 2D-WAXS
in Figure 4.33b confirmed the pronounced orientation of the colummar structures in the
dipping direction. During the moving out of the support a meniscus is formed at the surface at

which due to the solvent evaporating the material nucleates.
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Figure 4.33. a) Set-up for the dipping experiment of HBC-Cg, within a highly
concentrated toluene concentration, at the deposition zone a meniscus is formed at
within the material precipitates onto the moving support, b) 2D-WAXS pattern of the
aligned HBC-Cs,; film; ¢) POM of the nucleation site at which the structures begin to
grow in the moving direction of the support; d) POM of the interior of the film
revealing a uniaxial orvientation of the mircofibers.

The self-aggregation of the HBCs with branched alkyl substituents occurred in a
different concentration range as compared to HBC-C;,. The dove-tailed side chains, which
possess a large peripheral steric demand, have a significant effect on the molecular interaction
disturbing the m-stacking of the aromatic cores.’'' Due to the space-filling alkyl chains the
self-aggregation of these dove-tailed HBCs took place only at much higher concentrations in
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comparison to HBC-C,,, whereby the degree of the peripheral steric hindrance was strongly
dependent on the length of the branched side chains as it was also observed for
tribenzocyclononenes.’'? However, an extreme elongation of the side chains to Cy4,0 did not
increase the steric demand and did not influence the self-aggregation in solution at room

313 and oligothiophenes®'*

temperature. It has been reported that oligo(p-phenylenevinylene)s
at low concentrations form golubar objects, but with a concentration increase single isolate

stacks were transformed into a network structure.

The investigation of the film morphology obtained through solution casting revealed
additional information about the solution behavior of the HBC derivatives. It has been found
that in addition to the thermodynamical aspect, which was reflected by the self-association
constant, the organization from solution is also dominated by kinetics. The latter aspect has
been impressively demonstrated in the case of HBC-Cg,, which was prepared from different
solvents with different evaporation rates. The kinetics plays also an important role for the
alignment of polyfluorene copolymer films on rubber polyimide layer.*'> The highest degree
of orientation was obtained when the polymer was cast from solvents with very high
evaporation temperatures. In general, the morphology is in close relation with the device

performance as reported for vacuum deposited oligothiophenes.”'*!”

Comparing the films of HBC-C¢, which were drop-cast from solvents like toluene and
xylene, in which the self-association is known to be very similar, one observed larger micro-
objects in the case of the higher boiling xylene. The morphology of a film obtained from THF
differed significantly, since only an amorphous structure was obtained. In the latter case, it
should be noted that the degree of self-association is also smaller. Nevertheless, the
evaporation time of the solvent in the casting process influenced significantly the macroscopic
self-organization on the substrate. A slowly evaporating solvent like xylene allowed the
formation of large anisotropic objects, whereas a solvent with a lower boiling point did not
allow enough time to exhibit a similar organization. The role of the kinetics in the case of
HBC-Cq, is more pronounced compared to HBC-C;, which revealed the micro-ribbons over
the drop-cast film relatively independent of the used solvent. This effect can be explained
now by the steric requirement induced by the dove-tailed alkyl substituents, which hampered
the discs to approach one another. These extraordinary structures resulted on one hand from
the strong self-association tendency and on the other hand from the low steric demand of the
attached alkyl chains. Consequently, HBC-C;, has been successfully solution processed by
zone-casting into highly ordered surface layers supported by the pronounced size of the pre-
aggregates, which existed already before the deposition from solution. On the other hand, the

alignment of HBC-Cs, requires more experimental effort due to its slow self-aggregation and
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the necessity to use high concentrations to reach a sufficient pre-aggregation in solution.
Using a high concentration accompanied by a slow solvent evaporation allowed a uniaxial
orientation in surface layers, which were obtained in the dipping experiment. This method
might be an alternative processing technique for materials with a strongly time dependent
self-assembly. Due to the increase of the peripheral steric demand of the longer dove-tailed
side chains, both compounds HBC-C,4,;9 and HBC-C,¢ did not show any tendency to create
anisotropic structures from solution. Both HBC derivatives only formed small domains after

the deposition, since the association rate extremely decreased compared to HBC-Cs ».

All these results can be correlated with preliminary FET measurements of spin-coated
films. HBC-C12 and HBC-C6,2 showed identical maximum charge carrier mobilities when
prepared from solvents with a low evaporation rate, whereby HBC-C4 19 and HBC-C,6 did

not reveal any field-effect independently of the solvent used.’®

In summery, sterically demanding dove-tailed alkyl substituents reduce significantly the
self-aggregation behavior of HBC derivatives in solution comparing with dodecyl
substituents. HBC-C), exhibits one of the highest self-aggregation constants based only on -
stacking, due to the large m-area and unhindered stacking. The steric requirement of the dove-
tailed substituents allows the regulation of the self-association in solution and opens the
opportunity of the additional controlling the morphology by specific solution processing
which is important for materials science during device fabrication. Morphology studies
revealed that both the thermodynamical properties and kinetic aspects are important during
self-aggregation in solution. These conclusions should elucidate, whether the solution
association propensity can be translated to the bulk behavior and thus used for the processing

of the material and device fabrication.

4.2. Solution Processing of Non-Crystalline Discotics

In the following the supramolecular organization of two polycyclic aromatic
hydrocarbons, HBC-PhC, and C96-C;, which both do not reveal a crystalline phase, after the
zone-casting processing has been investigated in comparison with HBC-C;,. The two
materials, HBC-PhC;, and C96-C,,, exhibited a considerably lower tendency to self-organize
at the surface-solvent interface than HBC-C;,. When HBC-PhC;, was drop-cast from a 104 M
toluene solution (Figure 4.34a), considerably shorter ribbons are formed than observed
previously for HBC-C;, confirming the smaller tendency for self-assembly. This is also in
agreement with the enhanced solubility of the compound reported elsewhere."”” The drop-

casting of C96-C;, at room temperature resulted in the formation of an amorphous film,
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whereas the preparation of the surface layer above 45 °C led to the appearance of
birefringence (Figure 4.34b). Bulk C96-C;, undergoes a thermal order-order transition at 38
°C, possibly related to an increased alkyl chain mobility, which could promote the formation
of more ordered films under the utilization of a higher temperature.’”> At a closer inspection
of the topography of the drop-cast C96-C, layer by using the AFM (Figure 4.34c¢), one can
observe several hundreds of nanometer long randomly distributed aggregates which indicate a

certain degree of self-organization on the surface.
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Figure 4.34. a) Optical image of a HBC-PhC, drop-cast film and b) POM of a C96-
Cy, prepared by drop-casting at 45 °C, both were cast from a 107 M THF solution, c)
AFM in tapping mode of the drop-cast C96-C; film.

Because of the essentially different solubilities and apparent aggregation behavior in
solution of the two compounds, the processing parameters such as the choice of the
appropriate solvent, concentration and processing temperatures during zone-casting had to be
optimized for each individually. In Figure 4.35 typical POM images of zone-cast HBC-PhC,
films obtained at different processing conditions are shown. One can notice immediately that
the film morphology depends strongly on the applied parameters. The most distinct difference
appears for different solvents. From toluene larger ordered domains, which reveal same
orientation in the deposition direction, can be obtained (Figure 4.35a and 4.35d), whereas
from THF no aligned structures can be observed (Figure 4.35f). The material just precipitates

from the solvent onto the support. In general, when the concentration is too low, characteristic
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periodic features are formed by the zone-casting (Figure 4.35c for toluene and 4.35¢ for
THF).

Figure 4.35. POM images of zone-cast HBC-PhC; at different processing parameters
from toluene at a) 90 um/s, 95 °C/93 °C, 1.0 mg/ml (large distance between nozzle and
support); b) 90 um/s, 95 °C/93 °C, 1.0 mg/ml (small distance); c) 90 um/s, 95 °C/93

°C, 0.5 mg/ml; d) 40 um/s, 95 °C/93 °C, 0.5 mg/ml, and from THF at e) 0.35um, 50
°C/40 °C, 0.5 mg/ml; f) 0.35um, 50 °C/40 °C, 1.0 mg/ml.

The following optimal processing parameters for HBC-PhC;, were determined: the
concentration of 1 mg/ml in a mixture of tetrahydrofuran (THF) and toluene in a ratio of 4:1,

the substrate velocity 60 pm/s, the solution temperature of 55 °C and the substrate
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temperature of 46 °C. The C96-C;, was zone-cast processed from toluene at a concentration
of 1 mg/ml and a substrate velocity of 20 pm/s at temperatures of 55 °C and 45 °C for the
solution and the substrate, respectively. Both compounds were zone-cast at ambient

conditions directly onto an untreated glass substrate.
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Figure 4.36. Optical anisotropy of the zone-cast HBC-PhC;; a) POM images with 45°
of the deposition direction related to the analyzer/polarizer axes (inset 0°) (black
arrow indicates the casting direction); b) UV-Vis absorption spectra in polarized light
measured with parallel and perpendicular to the casting direction.
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Figure 4.37. POM images of zone-cast C96-C ;> with a) 45° and b) 0° of the deposition
direction with respect to the analyzer/polarizer axes. The number “1” confirms the
same part of the sample and the same light intensity for both images (white arrow in a)
indicates the zone-casting direction); c¢) UV-Vis absorption spectra in polarized light
measured parallel and perpendicular to the casting direction.
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At these optimized conditions the zone-casting of both discotics, HBC-PhC;, and Coe-
Cy, yielded thin homogenous layers over large areas. The assignment of the optical
anisotropy is one important tool in the structure characterization of the uniaxially oriented
films. %! 18182319320 The optical anisotropy is strongly dependent on the transition dipole
moment of the molecules, which gives in turn essential information about the molecular
organization. The POM images presented in Figures 4.36a and 4.37a,b indicated a high
optical anisotropy of the zone-cast films. The birefringence of the surface layers under cross-
polarizers was strongly dependent on the relative position of the deposition direction with
respect to the analyzer/polarizer axes. The maximum birefringence appeared at an angle of
45° with respect to the deposition axis of the layers and the analyzer/polarizer axes, whereas
at the coincidence of both directions a nearly complete extinction occurs. The absorption
spectra, which were recorded at polarization perpendicular and parallel with respect to the
deposition direction, are shown in Figures 4.37c¢ and 4.36b for C96-C,, and HBC-PhC;,,
respectively, and verified the optical anisotropy revealing a dichroic ratio of 3.04 for C96-C,
and 4.52 for HBC-PhC;; The optical behavior of the zone-cast films is similar to that reported
for thin HBC-PhC5 films uniaxially oriented on friction-oriented PTFE."*® The strong optical
anisotropy of the zone-cast layers and onto PTFE aligned films can be related to the transition
dipole moments which are oriented in the aromatic core plane. Since the maximum absorption
occurs perpendicular to the alignment direction, one can assume a uniaxial columnar
orientation along the processing direction when the discotic molecules are arranged
orthogonal to the columnar axes. These
results are also in close correlation to the
mesophase organization of the zone-cast
HBC-C;,;, whereby the latter compound
showed a dichroic ratio of ca 2.5 being lower
than for HBC-PhC;, and C96-C;,. This
difference can be explained by the different
degree of order in the corresponding films.

Figures 4.38 and 4.39 present typical
electron diffraction patterns of zone-cast
HBC-PhC;; and C96-C;,, respectively. In
both cases, distinct point-like equatorial
reflections indicate high uniaxial

Figure 4.38. Electron diffraction of the  intercolumnar order with orientation of

zone-cast  HBC-PhC,;  layer  (arrow  columns in the casting direction. The
indicates the casting direction).

appearance of only two equatorial reflections
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(the first and second order) indicated the short-range intercolumnar correlation which is
characteristic for the liquid crystalline phase accompanied by an increased molecular
dynamics. The meridional reflections, corresponding to the characteristic intracolumnar
distance of 0.34 nm, confirm an orthogonal intracolumnar arrangement of the discotic
molecules. Moreover, the shape of the meridional reflections verify the high intracolumnar
order of the molecules. Meridional arcs imply a certain degree of columnar misalignment, in
contrary to the reflections in the electron diffraction patterns in Figures 4.38 and 4.39 which
are only laterally extended confirming a high intracolumnar correlation, but indicating as well
the absence of an intercolumnar correlation between the discs (see Figure 4.40).**' This is in
strong contrast to the electron diffraction of HBC-C; at the crystalline phase exposing a large

number of higher-order reflections due to a high molecular correlation.

Figure 4.39. a) Electron diffraction of zone-cast films of C96-C;,, b) magnification of
the equatorial reflections from pattern in a). Arrow indicates the casting direction. .

In the schematic illustration in Figure 4.40 the columnar arrangement is assumed as
identical in both presented cases and therefore the equatorial scattering intensity distribution
is not influenced by the modification of the intracolumnar packing.**' Nevertheless, a
variation of the structure factor, by an increase of the intracolumnar correlation of the discs,
becomes obvious in a change of the meridional reflections which is schematically presented
in Figure 4.40a. This supramolecular organization is characterized by meridional reflection
peaks which appear as distinct spots accompanied by further higher order peaks distributed in
the off-meridional. In the case of a simple intracolumnar correlation the meridional reflections

remain distinct, but broaden only laterally (Figure 4.40b). The absence of an intercolumnar
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disc correlation can be explained by the increased lateral and longitudinal mobility of the
molecules within the stacks. A significant increase of the aromatic core and, therefore, a
change in the form factor results in an identically high degree of supramolecular order in

sharper meridional reflections in the scattering pattern (Figure 4.41).

The position of the first equatorial reflection in the electron diffraction pattern of zone-
cast HBC-PhC, appeared at a position correlated to an intercolumnar distance of 3.02 nm
within a cubic lattice, whereas the nearest hexagonal columnar distance of 3.26 nm for the
zone-cast C96-C, was determined. Both observed intercolumnar periods were in good
agreement with the lateral packing parameters obtained by X-ray diffraction for extruded

filaments.*°

decreasing intercolumnar correlation between discs
>

real space

a) b)

reciprocal space

c o 0 @ © o - —

c o 0 O 0 o . c o 0 O 0 o -

e o O . ® o o —
origin of

reciprocal space
Figure 4.40. Effect of the structure factor on the scattering pattern of discotic
molecules organized in columnar structures. Relationship between the intercolumnar
correlation of the discotic molecules and the resulting scattering patterns for a) a high
intercolumnar correlation and b) a poor correlation.
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Figure 4.41. Effect of the disc form factor on the scattering pattern of discotic
molecules organized in columnar structures. Relationship between the increasing core
size L and the resulting scattering pattern (the intracolumnar period d is constant).

Figure 4.42. a) HR-TEM of zone-cast HBC-PhC;; (black arrow indicates the casting
direction); b) fast Fourier-Transformation (FFT) of a) (black arrows show a higher order
meridional peak) and c) inversed FFT image.
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Further insight into the supramolecular arrangement was obtained by HR-TEM shown
for a zone-cast HBC-PhC;, film in Figure 4.42. The columns were highly uniaxially oriented
in the deposition direction with a columnar length exceeding the investigated area. The Fast-
Fourier transformation (FFT) image in Figure 4.42b revealed reflections corresponding to the
intercolumnar as well as the intracolumnar periods found by the electron diffraction. The
inverse FFT image displayed not only the uniaxial columnar alignment, but visualizes
additionally the intracolumnar periods of 0.34 nm, corresponding to the molecular stacking.
This period is in good agreement with the results obtained from electron diffraction

experiments.

Since the electron diffraction results provide information only about the in-plane order
in the zone-cast films, additional X-ray scattering experiments performed in reflection mode

reveal the out-of-plane arrangement.

The X-ray diffraction of zone-cast C96-C,, presented in Figure 4.43 suggested a highly
uniform out-of-plane structure with an intercolumnar period identical to that observed in-
plane. During thermal treatment no changes in the supramolecular structure were determined.
This is analogous to the behavior reported for the bulk material which also did not show any

temperature dependent structural transitions.”*
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Figure 4.43. Temperature dependent large-area X-ray diffraction in reflection mode of
zone-cast C96-Cy; a) at 30 °C, b) at 150 °C and c) at 30 °C after annealing.
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In contrast, the X-ray diffraction pattern of zone-cast HBC-PhC;, implied a more
complex and temperature dependent in-plane supramolecular arrangement. The XRD results
in Figure 4.44 show a well-ordered HBC-PhC,, zone-cast layer immediately after the zone-
casting processing. The large number of higher order (400) reflection peaks indicates a
pronounced intercolumnar out-of-plane order in the investigated areca. The peak positions
could be fitted according to a 2D lateral cubic unit cell which was in good agreement with the
bulk lattice of HBC-PhC,,. The appearance of a distinctive small-angle reflection related to a
periodicity of 6.25 nm, which was the double distance of a simple intercolumnar distance of
3.12 nm, confirmed a highly ordered superstructure. On the other hand, weak shoulders of the
(200) and (400) reflection peaks suggested a slight degree of misalignment in the out-of-plane
arrangement. These reflection shoulders were attributed to mixed lattice planes which were
also oriented along the out-of-plane and became therefore obvious in the XRD results.
Therefore, not all columns in the successive layers lay one on top of each other inducing the
appearance of these additional (%k0) reflections. Despite these lattice displacements, the

pronounced uniaxial columnar alignment was maintained.

When the zone-cast HBC-PhC,, layer was heated above the bulk phase transition to
130 °C, a considerable structural change was observed by the alteration of the X-ray
diffraction pattern. Bulk samples revealed only a change in the intercolumnar arrangement
during the heating above the phase transition at 81 °C.*° The X-ray diffraction pattern of the
zone-cast layer in the higher temperature phase showed two sharp reflections and two broad
peaks which all could be fitted to a hexagonal lateral unit cell. The hexagonal unit cell
parameter of a = 6.25 nm was calculated on the basis of the position of the (100) peak
implying a higher order supramolecular arrangement also above the phase transition.
Interestingly, the odd and even Miller’s indexed reflections differed significantly in their
shapes; the odd peaks were broad, whereas the even ones were sharp and distinct. An
explanation might be a weaker correlation of the higher order structure than that of adjacent
columns which possess the highest structural correlation resulting in the strongest contrast
during the X-ray scattering. Anyway, the appearance of such a higher order columnar
organization in the high temperature liquid crystalline phase of discotics has not yet been
reported and is quite untypical, since the degree of order decreases significantly with the

increase of lateral and longitudinal dynamics of the molecules.

After cooling back to the room temperature phase, most of the reflections observed
before annealing were recovered, except the first small angle peak corresponding to 6.25 nm
(Figure 4.44c) indicating that the higher order correlation disappeared after reorganization of

molecules at the higher temperature phase.
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Figure 4.44. Temperature dependent scattering intensity distribution as a function of
the scattering vector acquired by large area X-ray scattering measurements of zone-

cast HBC-PhC; at a) 30 °C, b) 130 °C and c) at 30 °C after annealing. Reflection
peaks are assigned according to the Miller’s indexes (hkl).

In general, both X-ray diffractograms did not reveal the m-stacking correlation of the
discotic molecules being in good structural agreement with the supramolecular arrangement
on the support. In that experimental set-up the scattering vector was oriented perpendicular to
the substrate, whereas the stacking correlation of the discs within the columns was aligned

parallel to the support. The same observation was performed for the zone-cast HBC-Cj,.

In comparison to the supramolecular organization observed for bulk HBC-PhC,
samples, the zone-cast layer revealed a remarkably higher ordered superstructure due to a
significantly more efficient alignment, whereas the packing parameters were not influenced
by the alignment techniques. Both investigated planes, the in-plane and out-of-plane with
respect to the substrate, exhibited the same value for the nearest intercolumnar packing of

3.12 nm fitting to a cubic arrangement. The large number of the (h00) reflection peaks in the
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XRD for the HBC-PhC,, zone-cast layer at room temperature indicated a higher order

supramolecular correlation.

The structure evaluation of the zone-cast C96-C,, layers revealed only one reflection
peak related to the intercolumnar arrangement at an identical position in both planes. When
the same hexagonal columnar organization in bulk and in the zone-cast surface layers exists,
then the appearance of the same unit cell parameter in both investigated planes suggests
displacements of the columnar lattice along the casting direction. A uniform hexagonal
columnar order on the surface would allow the observation of the characteristic (h00)
scattering intensities only in-plane or out-of-plane. Nevertheless, the results from electron
diffraction proved that the C96-C;, columns were also highly oriented in the deposition

direction.

Discotic molecules with a significantly higher solubility, which is closely related to a
lower self-aggregation in solution, revealed less organized films prepared by drop-casting, but
formed highly ordered and long-range, uniaxial aligned surface layers when processed by the
zone-casting technique. The supramolecular structure of both zone-cast compounds was
identical to the mesophase order in the zone-cast HBC-C,; possessing the characteristic short-
range correlation due to the increased molecular dynamics in the liquid crystalline phase.
Thereby, the HBC-PhC,; and C96-C;, films revealed a more pronounced intracolumnar
arrangement, whereas the HBC-C,, seemed to lie more uniformly on top of each other. In
contrast to the short-range correlation observed by electron diffraction, the HR-TEM images
displayed a uniaxial alignment and the optical analysis confirmed the macroscopic ordering. It
should be noted that this is the first time that liquid crystalline materials have been aligned by
solution processing without the additional application of pre-oriented layers as such HBCs'®

or triphenylenes'®* on PTFE.

However, it should also be considered that the optimal processing parameters for
discotic materials with poorer directional growth related to a weaker interaction between the
single molecules in solution are more difficult to determine. Despite these difficulties, this
study suggests that the zone-casting method is not necessarily restricted to the alignment of
materials possessing a strong self-aggregation and a high nucleation, but it can be also applied
to many other organic self-assembling semiconductors making this technique more versatile.
These conclusions are essential for the film fabrication of other soluble organic
semiconductors for the application in electronic devices. Finally, the successful alignment of
HBC-PhC;; and C96-Cy; as thin films opens the opportunity to employ both compounds as
active layers in field-effect transistors and the investigation of their bulk electronic properties.
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Control of the Thermal Behavior and

Processing from the Isotropic Phase

The processing from the isotropic state depends strongly on the crystallization behavior
of the material and its growth ability. Therefore, before the alignment procedure, the
morphology was investigated, obtained by cooling the sample, which was sandwiched
between two glass slides, from the isotropic phase. Furthermore it is important that the
processibility from the isotropic state can occur at reasonable temperatures which can be
controlled by the introduction of space-filling side chains which considerably lowered the
isotropization temperature of the HBC derivatives. The supramolecular order and molecular
orientation, which have a fundamental influence on the device performance, were directed by
improving the molecular affinity towards specific surfaces leading to the edge-on arrangement
or homeotropic alignment of the discs. In general, the modulation of the chemical nature of
the aromatic core or of the side chains opens the opportunity to increase the surface affinity of

the molecules.**

5.1. Control of the Isotropization Temperature by the
Introduction of Dove-Tailed Side Chains

The influence of the substituents on the thermal behavior of the dove-tailed HBC
derivatives was followed by DSC cooling and heating rates were 10 °C/min). The results were
derived from the DSC traces, which are summarized in Table 5.1. It was found that the phase

behavior of the investigated HBC compounds differed significantly, indicating a strong
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dependence of the thermal behavior on the length and structure of the side chains. The phase
transitions were characterized in detail by using solid-state NMR (not shown) and X-ray

diffraction (discussed in Chapter 3).

Table 5.1. Thermal behavior determined by DSC of the investigated HBC
derivatives. The recrystallization temperatures and the enthalpies during cooling
are given in brackets.

Compound Temperature [°C] Enthalpy [J/g] Phase transition

HBC-C 97 (81) 21.4(17.3) C;— Coly4
420 (380) - Colg—1

HBC-Ci6 24 (-26) 26.1 (16.4) Col, — Coly
93 (73, 45) 2.3(2.6,1.0) Colg—1
HBC-Ci4,10 46 (7) 33.4(32.2) Col, -1

HBC-C30C\4,10 -*15 (-21) 7.6 (6.7) Coly - Col,
42 ;22 (14) 20 (22.6) Col, -1

HBC-C30C 06 -1(-5) 13.8 (12.9) Col, — Colpg
162 (155) 29 (3.5) Colpg —1

HBC-C50Cs, 55 (17) 10.5 (8.8) Col, — Colpg
~420 (~370) - Colyg —1

HBC-C50Cs,, 0 (-38) 10.3 (10.6) Col, — Colpg
~370 (~340) - Colyg — 1

" first heating. List of abbreviations: Coly — unassigned columnar phase, C; —
crystalline phase Col, — plastic crystalline phase, Coly,¢ — hexagonal disordered
columnar phase, I — isotropic phase.

In order to analyze the influence of dove-tailed side chains in comparison to linear alkyl
chains and chains containing methylene groups, the isotropization temperature was plotted as
a function of the side chain volume (Figure 5.1). Thereby, the linear and methylene
containing chains are considered as cylinders and the dove-tailed ones as cones. By plotting
the side chain volume onto a logarithmic scale, a linear relationship of the isotropization
temperature can be observed for each type of side chain. Particularly, the dove-tailed HBC
derivatives follow strictly the linearity indicated by the dashed lines. It is apparent that the
number of atoms in the side chains is negligible, but the steric requirements, resulting from
the high degree of rotational freedom at the branching site (verified by solid-state NMR), play
a much more important role for the thermal behavior of the compounds. Thus, the dove-
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tailing of the side chains led to a dramatic lowering of the isotropization temperature in
comparison with the substitution of linear alkyl chains. For instance, in order to obtain an
identical isotropization temperature for an HBC derivative substituted by linear side chains as
for a compound bearing the dove-tailed chains, the number of carbon atoms has to be
increased significantly in order to reach the same side chain volume. From Figure 5.1 it is also
possible to derive that the position of branching is an additional factor for the determination
of the thermal behavior. HBC derivatives substituted by side chains dove-tailed at the -
position show a lower isotropization temperature than HBCs with branched chains containing

ether linkages.
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Figure 5.1. Relation between the isotropization temperature of HBC derivatives and
the volume of side chains with different architecture.

As discussed earlier, the aggregation study in solution revealed that the introduction of
the space-filling dove-tailed side chains decreases the aggregation extremely, whereby HBC
derivatives substituted by linear side chains possess a solubility more than three orders of
magnitude lower. The investigation of the bulk properties of these materials provided
additional information about the effect of the dove-tailed side chains on the molecular

interaction and self-assembly.
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The simple extension of the solubilizing linear alkyl side chains did not influence the
thermal properties to a high degree. This is analogous to the thermal behavior of
phthalocyanines for which the extension of a linear alkyl side chain by 5 carbon atoms did not
influence T;.*** However, introduction of oxygen into the chains had a greater influence on the
thermal behavior due to the high rotational freedom,?* whereby T; could be lowered even
down 64 °C for cobalt(Il) phthalocyanines substituted by octadecyloxy chains.**>>*" The
introduction of methylene groups increased the steric peripheral requirements and lowered
again the clearing temperature of the discotic material.**’ Thereby, the position of the
methylene also influences the thermal properties.’**** An alternative synthetic concept is the

introduction of long branched, space-filling side chains with a higher rotational freedom thus

affecting significantly the m-stacking of the aromatic cores (Figure 5.2) as it has been shown
228

for phthalocyanines.

Figure 5.2. Schematic illustration of the rotational freedom and the space-filling of a
dove-tailed Cq; alkyl chain at different configurations in relation to the aromatic core.
Due to simplicity only one side chain attached to the core is presented.

In general, the interaction of the HBC cores was significantly decreased by the
enormous steric requirements of these side chains. Furthermore, the branching site on the side
chains plays an important role for the control of the isotropization temperature as well. The
HBCs substituted by the B-dove-tailed chains revealed the highest steric impact during the
self-assembly. The mobility of the large peripheral side chains increased with temperature,
which led to repulsion of the aromatic discs due to the steric reasons and a suppression of the
mesophase for HBC-Ci4 9. The material melted directly from the plastic crystalline phase.
Therefore, the variation the side chain length is an efficient tool to control the thermal

properties. These results were in accordance with the aggregation data in solution and the
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structural evaluation. The X-ray scattering results verify the effect of the bulky dove-tailed
side chains onto the disc stacking. The comparison of the hexagonal packing parameter in the
mesophase of the HBCs with ether linkages to HBCs substituted by linear side chains, but
containing the same number of atoms, revealed that the packing parameter was significantly
larger for the latter derivatives. This result was in agreement with the determined lattice
parameters, since the dove-tailed side chains occupied a higher volume at the core vicinity.
However, these increased steric requirements are compensated by the intracolumnar packing
and a hindrance of the core interaction leading to a weak intracolumnar correlation, a

disordered columnar phase (Chapter 3).

On the other hand, the observed intracolumnar disorder in the liquid crystalline phase of
the homeotropically aligned HBCs highlights another crucial problem, since the major charge
carrier transport takes place along the columns and encloses considerable disadvantages for
applications in electronic devices. On the other hand, these bulky substituents are necessary to
decrease the aggregation of the molecules and therefore to lower the processing temperature
what is essential for processing. A compromise must be found between these two important
properties: lowering the isotropization temperature and maintaining high columnar order at
room temperature. One possibility is to displace the branching point even more from the core.
This problem is a new challenge for the design of single building blocks which include both
facile processing from the isotropic state resulting in the desired alignment of the material and

strong self-association leading to a high supramolecular order.

5.2. Morphology Formation (edge-on arrangement) during
Crystallization from the Isotropic Phase of Alkyled HBCs

The crystallization behavior from the isotropic state was investigated by means of
thermally controlled POM experiments, to get a deeper insight about the supramolecular
organization. For this purpose HBC-Cs, and HBC-C¢, were sandwiched between two glass
slides and heated to the isotropic phase under nitrogen atmosphere. Both materials were then
cooled down at a rate of 1 °C/min, exhibiting a characteristic, highly birefringent texture
which appeared at a temperature from 380 °C, typical for a discotic columnar phase forming
pseudo focal conic fan-shapes (Figure 5.3). This arrangement remained stable down to the
crystalline state. In addition, the size of the domains was strongly dependent on the cooling

rate. The size of the observed liquid crystalline domains was strongly dependent on the
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cooling rate.
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from the isotropic state between two glass slides.

In contrast, HBC-C, 6 revealed completely different textures obtained from the melt. In
this case, the crystallization from the isotropization temperature and as a consequence the
resulting morphology depended strongly on the surface contact. While placing the samples
between two glass slides and cooled, HBC-Cjo¢ formed dendritic structures as shown in
Figure 5.4a. The high contrast of the image was due to the optical difference between the
strong birefringence of these textures and the isotropic melt. It was remarkable that the
increase in size of the dendritic domains proceeded only to a certain state, when crystallized
isothermally. By lowering the crystallization temperature further, it was possible to reinitiate
the growth process. The texture diversified significantly, when the material was crystallized
down to room temperature as presented in Figure 5.4b. Highly ordered large domains became
apparent indicating a considerable difference in the supramolecular order during the
crystallization process, when the dendritic shapes began to coincide. This resulted in mosaic
textures with large ordered domains which remained stable down to room temperature. The

size of these domains was temperature dependent and exceeded even 500 pm.

This change of the morphology was correlated with the appearance of the second
exothermic peak in the DSC at 46 °C during cooling. This might be due to an increase in
density of the sandwiched material. During the early crystallization the dendritic structures
were ordered, but not long-range oriented, as indicated by the absence of extinction along the
polarizer/analyzer axis. When the crystallization proceeded and these features began to
impinge, the density between the two glass slides simultaneously increased forcing the

molecules to adopt a more favorable organization what resulted in the formation of huge
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oriented domains.

from the isotropic state at a) 95 °C, b) 88 °C, ¢) 70 °C and d) at room temperature.

When crystallizing HBC-Cjo¢ only on one surface, another type of texture was
observed. Again, the cooling rate was again influencing the morphology. The POM images
revealed small clusters at a cooling rate of 1 °C/min (Figure 5.5a). On the other hand, a
finger-print texture appeared by lowering the rate to 0.05 °C/min which are presented in
Figure 5.5b. Finally, at a rate to 0.01 °C/min, the material showed crystal-like features
differing from the other cases (Figure 5.5c). Both the POM pictures and the topography are
shown in Figures 5.5d and 5.5e, that the nucleus center was surrounded by planar rings,
indicating a non-radially growth direction. The size of the crystals reaches 50-100 pm. The
experiments on one surface did not show a transition in the morphology during crystallization,
which confirmed the effect of density change between two glass slides. An identical
phenomenon has been observed also for homeotropically aligned compounds having more
significant consequences on the macroscopic ordering of the samples as it will discussed later.
In the now presented cases, the HBC-C,6 discs adopted on one and between two surfaces an

edge-on arrangement.
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Figure 5.5. POM images of HBC-Cjys on a glass surface cooled unisothermally at a

rate of a) 1°C/min, b) 0.05°C and c¢) 0.01°C down to room temperature; d) shows the

topography of a crystal and e) the nucleus by means of atomic force microscopy (AFM),
1) height profile of the nucleus in e).
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Figure 5.6. Cross-polarized optical microscopy images of HBC-Ci4;9 a) during
isothermal crystallization at 35 °C, b); crystallized at 38 °C, c) crystallized at 45 °C,
d) POM image from c) using a A-plate, ¢) model for the radial columnar growth which
results from the POM investigations, f) indication of the refractive index ellipsoid
within the spherulite.

An interesting texture was observed for the HBC derivative with the longest side chains,
HBC-Cy4,10. During cooling from the isotropic state, well-ordered spherulites nucleate
appeared randomly distributed over the whole sample (see Figure 5.6a). This crystallization
behavior was atypical for discotic systems especially for such with large aromatic cores.
Spherulite formation of discotics has been published only for low molecular mass liquid
crystals®®® or discotics™' with substantially smaller cores. Bushby et al. reported spherulitic

domain formation for polymeric discotic liquid crystals mixed with their monomeric
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species.®*? The spherulites revealed high anisotropy and therefore coherent long-range order.
This is expressed by the Maltese cross, where the isogyres followed the extinction of the
analyzer/polarizer direction indicating a radial alignment of columns from the center as
schematically demonstrated in Figure 5.6e. The columns were oriented in the spherulite
growth direction with an edge-on arrangement of the molecules. This supramolecular order
was also verified by the determination of the index of refraction. The index was smaller
parallel to the radial direction than perpendicular to it as indicated by the yellow-blue
distribution by using a A-plate (Figure 5.6d and schematic representation of the index of
reflection in Figure 5 .61).%3 The incident light propagated fast in the direction in the plane of
the aromatic core, in which the transition dipole was oriented, than along the columnar axis.
Therefore, this observation was in strong correlation with the arrangement of the molecules
within the spherulitic domains where the light propagates faster radially. Finally, this phase of
the material was characterized as optically negative as it can be seen in Figure 5.6d.

Height / nm

0 5 10 15 20 25
Distance / um

Figure 5.7. AFM topology examples of a spherulite obtained during non-isothermal
crystallization of 1°C/min showing a) the nucleus, b) the spherulite (the “eyeslets” are
indicated by dashed lines) and c) impingement of two spherulites with lamellae
textures and d) height cross-section of the image in c).
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AFM has been used for closer inspection of the spherulitic domains. The AFM images
in Figure 5.7 showed the appearance of the so-called “eyes” at the about 10 um huge nucleus.
The origin of this phenomenon was the growing of edge-on lamellae along the perimeter from
the spherulite center accompanied by an increase of strain energy leading to lamellae bending.
3% Afterwards, lamellae filled the space in the eyes in the more favorable lower energetic
state in the flat-on order. The AFM image in Figure 5.7c illustrated the lamella crystal
arrangement within the crystal aggregates at an impingement of two spherulites. A face-on

5

orientation®*> was observed for many of the lamella in the image. However, it was clearly

visible that most of the lamellae undergo a twisting. The twisting of crystals is a general

336-338

feature of banded spherulites which were found for both synthetic and biologic**

340-342 .. . . . ..
consisting of either chiral or non-chiral moieties.

polymers as well as inorganic systems
Although, there were significant differences in explaining the origin of the banding in
polymer spherulites, it is well accepted that banding in polymer spherulites can be attributed
to a twisting of crystallographic orientation about radii leading to alternative bright and dark
rings under the POM which is shown in Figure 5.8a.** Indeed, most of the spherulitic crystals
revealed a macroscopic periodicity along the radius. The periodic contrast, due to birefringent
effects, appeared on single fibrous structures suggesting a helical twist of crystallites within
the fibers (schematic model in Figure 5.8b and 5.8c). On the other hand, these periodic

features were less pronounced than the banded textures observed for polymers.***

macroscopic helical pitch

of 10-20 pm
A
r I

radial growth
direction

AN A m M
INWILY W I

Figure 5.8. a) An example of a cross-polarized optical microscopy image of HBC-Cjy 9
illustrating the periodic features along the spherulite radius, b) schematic illustration of the
helical fibrous structure and c) schematic presentation of the twist of the crystallites within
the fibers.
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Figure 5.9. POM images of the initial nucleation of HBC-Cj49 crystallized
isothermally at 30 °C acquired after a) 20 s; b) 24 s, ¢) 28 s and d) 32 s; e) spherulite
growth kinetics based on isothermal crystallization, (blue) temperature depended

spherulite radius and (red) temperature dependent spherulite growth rate.

Additionally, it was possible to observe the initial nucleation process (Figure 5.9) in the

POM between 30-35 °C, corresponding to the classical "sheaf of wheat" mode

1345346 1)

Figure 5.9a, the morphological development of a spherulite from the formation of a lamella

skeleton is presented. Firstly, an embryo grew continuously into a single founding lamella

which propagated in both directions. After the creation of this founding lamella, new

subsidiary lamella appeared which under further growing continued to branch resulting finally

in a lamella sheaf consisting of many lamellae. The onset of branching is also seen in Figure

5.9b. This lamella sheaf finally developed into a spherulite through additional branching

yielding in the formation of the characteristic, above described eyelets in the interior of the
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spherulites. The eyelet-type of structure (Figure 5.7b) resulted from a faster propagation of
the lamellae in the forward direction than the overall growth rate at the initial nucleation,
forming finally in a spherulite texture (Figure 5.9d). In general, this process usually occurred
on a very small length scale and is thus only possible to monitor by temperature-controlled
AFM.

The spherulite size and growth rate was determined during conventional isothermal
crystallization measurements by means of the POM. The sample was cooled from the
isotropic state by 50 °C/min to the desired crystallization temperature at which the spherulite
radius was recorded as a function of time. The size of the spherulites varied with the
crystallization temperature and was divided into two regimes: the first from 20 °C to 35 °C,
where the size of the spherulites was not significantly dependent on the temperature, whereas
above 35 °C the growth increased exponentially (see Figure 5.9¢). While crystallizing
isothermally at temperatures above 40 °C the spherulite size even exceeded 4 mm. At
temperatures higher than 44 °C the spherulite texture changed, exposing a more colorful
image. Both, the missing of the Maltese cross and the lower contrast of the textures reflected

the absence of a long-range order.

The characteristic morphologies of the studied HBC derivatives can be explained also
by the influence of the substituents. Although the three dove-tailed compounds revealed
significant differences in the morphology which was obtained from the isotropic state, the
discotic molecules were always oriented “edge-on” on the glass substrate, due to the long and
flexible hydrophobic alkyl chains that force the molecules to minimize the contact with the
polar substrates. A further aspect of the edge-on arrangement of the discs might be the high
steric hindrance of the dove-tailed side chains which did not allow a face-on orientation of the
molecules on the surface. HBC-Cg» bearing the shortest side chains formed ordered, but small
domains from the isotropic state, whereas the HBC-Cjo¢ possessing longer substituents
revealed essentially larger ordered crystals. By the substitution of six Ci4 19 chains to the HBC
corona, huge domains have been observed, which were long-range oriented over several
millimeters. Due to the sterically decreased m-stacking for HBC-Cj4 19, the self-organization
into superstructures was modulated and therefore resulted in low nucleation rates and a
formation of large spherulites. In conclusion, the enhancement of the supramolecular order
into large oriented domains depended on the ability to self-assemble on the time-scale leading
to a strong kinetic influence. This is analogous to the importance of the kinetics during the
morphology formation in drop-cast film of HBC-Cs,. During the processing from the
isotropic phase in which the molecules are present as small aggregates, the self-assembly of

HBC-Cy4,0 into the columnar structures leading to large domains occurred much slower than
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for HBC-Cs, which in contrast showed small domains. This is the first time that long-range

self-organization is determined by the kinetic growth of the material.

5.2.1. Processing from the Isotropic Phase

5.2.1.1. Zone-crystallization

The extraordinary self-assembly properties of compound HBC-C,4 0, consisting in
nucleation and directed growth of structures and its ability to create spherulitic textures
suggested the application of the zone-crystallization technique to obtain macroscopically
controlled order for possible application in electronic devices. It was shown that the
processing of materials from their isotropic state by using a temperature gradient is an
appropriate method to control the order of supramolecular structures over large areas. Since
the processing conditions depend mainly on the crystallization kinetics of the material, the
optimal parameters were based on the study of the crystallization kinetics presented in Figure
5.9e. The procedure was performed at optimized processing conditions of T,=60 °C, T,=30
°C and a velocity of 1 pm/s. These conditions corresponded to the growth kinetics in the

temperature range of 40-45 °C.
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Figure 5.10. a) 2D-WAXS of the zone-crystallized HBC-C,4, 19 sample, b) POM image
with an orientation of the sample alignment 45° in respect to the polarizer/analyzer
axes (inset: same image at 0° to the polarizer/analyzer axes), the arrow in b) and c)
indicates the moving direction of the sample along he temperature gradient.
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Indeed, after zone-crystallization processing the aligned HBC-C,4,0 sample revealed
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high homogeneous structural order with columns oriented uniaxially along the temperature
gradient, as could be seen in Figure 5.10a presenting the 2D-WAXS pattern. The intra- and
intercolumnar arrangement within the thermally processed sample was identical as
determined for the extruded filament. The discotic molecules were “edge-on” arranged with
respect to the substrate. The observed high optical anisotropy of the POM images in Figure
5.10b confirmed the long-range order over large areas. The maximum birefringence appeared
at an angle of 45° to the polarizer/analyzer axis suggesting that the columnar growth during
crystallization took place along the temperature gradient.

The additional application of the A-plate verified the lower index of refraction along the
columnar axis, whereas the refractive index along the disc axis was larger (see Figure 5.11).
Since the dipole moment was placed in the plane of the aromatic core, the light propagated
faster along the core axis than along the column. Therefore, the appearance of the
homogenous bleu and yellow color of the layer depended on the position with respect to the
polarizer/analyzer axis indicating that the oriented film was optically negative. Moreover, the
macroscopic periodicity observed in the spherical textures was also distinct in the uniaxially
oriented layer. These periodicities were aligned in the direction of the temperature gradient
and thus in columnar axis. Furthermore, by using the A-plate the blue and yellow color
distribution emerged homogeneously along the period. It was concluded that the optical
property of the film did not depend only on the direction of the molecular dipole moment, but
also on the difference of the refractive index within the crystallites. In this case these
crystallites performed a macroscopic helical twist in the spherulites and in the aligned film.
The obviously different index of reflection along these periods was the consequence of the
twist.

Figure 5.11. POM images of zone-crystallized HBC-C)4 19 with the application of a A-
plate (arrow indicates the moving direction of the sample along the temperature
gradient).
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The topography of the aligned layers was investigated by means of AFM which
displayed a lamella morphology as shown in Figure 5.14. These structures were over several
hundreds of micrometer long, 2—3 um wide and aligned in the moving direction of the sample
during the processing; the strands were threaded and entangled into each other. From the
AFM image in Figure 5.14b it was obvious that most of the lamellae are face-on arranged and

that a twisting of these lamellae occurs which was already displayed in the POM images.

Figure 5.12. AFM topography images of zone-crystallized HBC-C4 9 films. Images
were taken in tapping mode. The arrow in b) indicates the lamella twisting and the
dashed line the lamella width of ca 2.5 um.

Due to the pronounced directional growth from the melt, HBC-C,4;9 was successfully
oriented by using the zone-crystallization, whereby the discs were arranged edge-on in
columns which were aligned in the moving direction of the sample along the temperature
gradient. The optimal processing conditions depend strongly on the crystallization kinetics of
the material being analogous to polymers. **"*** This is an impressive example for the
successful transfer of the natural nucleation and growth of the material onto the processing by
the application of the optimum operating parameters. Bard et al. showed that steady-state
short-circuit photocurrents of porphyrins were improved by several orders of magnitude by
the orientation of the compound from the isotropic phase by using a similar alignment
technique yielded. However, no organic devices such as FETs were until now fabricated
based on such aligned layers by zone-crystallization. It is expected that an improved device
performance will be achieved, since the PR-TRMC mobility was 0.47 cm?* Vs accompanied
by extreme long life-times of charges.2 ¥ Since both HBC-Cyo6 and HBC-Cq, did not possess
such directed growth, these materials could not be oriented by this technique.
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5.2.1.2. Effect of the Curvature on the Self-organization from the Isotropic Phase

The pronounced directional growth and low nucleation propensity of HBC-Ci4,9 was
also exploited not only in the aligning technique along a temperature gradient, but was
beneficial for any other processing from the isotropic phase. It has been found that the
curvature on the macro- and nanoscale can affect the growth into supramolecular structures of
HBC-Cj4,10. Such behavior has not been reported for many material processed from the

isotropic phase.

A
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Figure 5.13. Self-assembly of HBC-Cj.;9 from the isotropic state within a
macroscopic capillary, a) 2D-WAXS pattern of the isotropic phase (blue arrows
indicate the crystallization direction) and b) after controlled cooling down to room
temperature.

In order to investigate the self-organization behavior in the bulk, the crystallization of
the material from the isotropic phase was monitored by using 2D-WAXS experiments (Figure
5.13). Therefore, the compound was placed within a macroscopic capillary with a diameter of
2 mm and heated to the isotropic phase. As expected, the 2D-WAXS pattern in Figure 5.13a
revealed a disordered phase. Afterwards the capillary was cooled down at a rate of 0.1
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°C/min. After cooling the sample down to room temperature a characteristic 2D-WAXS
pattern for HBC-Cy4,19 was observed. The supramolecular organization was identical to that
determined for the extruded HBC-Cy4 ¢ filaments, whereas the degree of order was even
higher for the capillary aligned sample. The X-ray pattern indicated a uniaxial orientation of
the columnar structures along the capillary axis. Moreover, it was remarkable that the order
was uniform over the whole capillary.

The mechanism of this extraordinary self-organization over long-ranges was based on
the curvature effect: analogous to the homeotropic alignment the arrangement of the first
monolayer at the surface was important for the overall organization. During slow cooling the
first molecules initially wet the capillary wall during the slow crystallization in an edge-on
respect to the capillary wall as illustrated schematically in Figure 5.13a. It seemed
thermodynamically feasible for the molecules to orient along the cylindrical axis by forming
highly ordered columns. As the crystallization proceeded finally into the interior of the
capillary, the organization of the first layer initiated the order of the following layers.
Unfortunately, it was not possible to monitor this self-organization by in-suite 2D-WAXS
experiments due to a too low beam intensity leading to a too long exposition time for one

pattern.

l. Inorganic membrane Il. Deposition of material and
channel diameter ~100nm heating to the isotropic state

lil.
Material flows into the
channels by capillary forces

IV. controlled thermal treatment -
self-organisation

Figure 5.14. Schematic illustration of the template processing of HBC-Ci.j9 by
thermal treatment.
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In order to evaluate the influence of the curvature effect on the nanoscale, this
extraordinary self-organization of HBC-C,4 ¢ in inorganic membranes of corresponding pores
sizes was monitored. The general preparation of the membrane is presented in the process
flow in Figure 5.14.

As the template a commercial available inorganic aluminum oxide membrane was used.
The membrane thickness was 60 pm and the pore size was ca. 100 — 200 nm. The material
was placed at the pores, heated to the isotropic phase and filled into the pores by capillary
forces. Afterwards the membrane was thermally treated in a vacuum oven by cooling from 60
°C down to room temperature at 0.1 °C/min. Scanning electron microscopy (SEM) images in
Figure 5.15 show the membrane pores before and after the filling. It is obvious from these

images that the pores were completely filled over the whole length with the compound.

Figure 5.15. SEM images of the aluminum oxide membrane pores a) before and b)
after filling with HBC-C\4 1.

X-ray diffraction was also in this case a powerful tool in order to assign the
supramolecular order within the pores after the thermal processing. Figure 5.16a shows a
large-area X-ray diffraction in reflection mode. In the diffractogram only one single distinct
reflection appeared corresponding to a repetition distance of 0.49 nm. This distance was
related to the intracolumnar period of tilted discotic molecules. This was in agreement with
the expected supramolecular arrangement of the molecules within the pores. The schematic
illustrates in Figure 5.16b confirmed that the scattering vector, which resulted from the
experimental set-up, was oriented along the columnar axes. Therefore, the intracolumnar

distance was the only periodicity which gave rise to the appearance of a reflection maxima.

The 2D-WAXS experiments, shown in Figure 5.17, of the crystallized HBC-Ci4 0
verified the orientation of the columns along the pores. One could observe only reflections
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related to the columnar arrangement, whereby reflection peaks corresponding to the
intracolumnar organization were not displayed. In this experimental set-up the scattering
vector was oriented perpendicular to the columnar axes. In fact, the exposed reflections were

anisotropic, since the unit cell was not in correlation in the different pores.

The structural investigation indicated that the supramolecular alignment of the columnar
structures could be regarded as kind of a homeotropic orientation, since the columnar axes
were vertical in the pores. In general, the crystallization of polymers in membranes pores has
been investigated,”’>* but the influence of curvature is rare. The crystallites of
poly(vinylidene difluoride) were reported to grow preferentially in the direction of minimal
curvature.” In the case of the HBC derivative, one can consider charge carrier mobility
investigations similar to those of homeotropically aligned samples.’>* Additionally, it might
be possible to apply the self-assembled HBC-C4,19 within the membrane pores as active

material for field-emission sources used in flat-panel displays.”>>>>’
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Figure 5.16. a) Large-area X-ray diffraction in reflection mode of the template
processed HBC-C4 19 (blue: for comparison the diffraction of a plain membrane), b)
schematic illustration of the molecular organization in the membrane pores and the
orientation of the resulting scattering vector treatment.
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Figure 5.17. a) 2D-WAXS pattern and the scattering intensity distribution as a
function of the scattering vector, b) the experimental set-up with the X-ray beam in
transmission resulting in the scattering vector perpendicular to the columnar axes.

5.3. Control of the Thermal Behavior by Asymmetrical
Substitution and the Zone-crystallization of “unwrapped”
HBC

The HBC discotic molecules six-fold substituted by alkyl substituents such as HBC-C;,
self-assemble into columnar structures. Due to the nanoseparation between the crystalline
aromatic core and the disordered peripheral side-chains which acts as insulators, one can
regard these superstructures as kind of “nanowires” providing an one-dimensional charge
transport along the stacking direction as illustrated in Figure 5.18a. However, one-
dimensionality as shown in the previous chapter is very sensitive to defects which can trap the

charges and decrease the devices performance.

Therefore, one concept developed by Zhaohui Wang and Mark D. Watson suggested to
extent the one-dimensional transport into three-dimensionality in order to decrease the
disadvantageous effect of single defects within the columnar structures.”** The key idea is the
maintenance of the main charge transport along the columnar axes, but the introduction of
intracolumnar bypasses at possible defects and domain boundaries allows also the
intercolumnar hopping of charges and ensures an uninterrupted charge transport providing
adequate device performance. Therefore, a new HBC derivative was designed with partially

side chains stripped away. The residual flexible chains sufficient ensure solution
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processibility and phase-forming properties® > leading to the “unwrapped” HBC derivative
presented in Figure 5.18b. Other examples for “unwrapped” HBCs are the C46-(Cz), and
HBC-(Ci2)s (Chapter 3) which revealed a significantly higher isotropization temperature
limiting the processibility. Since it is assumed that the long-range order is important for every
material exploited in the device and the “by-pass” concept improves “only” the charge carrier
migration between the electrodes, the thermal behavior and morphology formation of just the
trialkoxy substituted HBC will be discussed. Preliminary FET results revealed that the
mobility of HBC-(C,,)4 is by far lower than for HBC-C); in spin-cast films prepared under
identical conditions. These results indicated the strong importance of the supramolecular
organization, which is not pronounced for HBC-(C,)s due to the asymmetrical substitution,

. 1
on the device performance.®'®

) one-dimensional conducting aromatic core
charge carrier migration

insulating alkyl chains

b) 3D intra- and intercolumnar
charge carrier migration

Figure 5.18. a) Six-fold alkyl substituted HBC disc providing an one-dimensional
charge migration along the columnar structures, b) new concept with the unwrapped
HBC derivative allowing also intercolumnar charge hopping leading to a 3D charge
transport.

Asymmetry can be obtained by the substitution of the disc by side chains of different
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length which lowers the phase transition to the isotropic phase. This has been reported for
triphenylenes, phthalocyanines, HBCs and other discotics. The “unwrapping” of the HBC disc
is the first time reported by Wang et al.*** The “unwrapped” HBC derivative revealed in the
DSC heating scan an endothermic phase transition at 50 °C, which was not accompanied by
any structural changes, from one ordered columnar phase and to another. Furthermore, a
significant decrease of the isotropization temperature to 195 °C in comparison to the alkyl
substituted HBCs was observed. This drastic lowering of the isotropic phase was attributed to
the reduced symmetry and the expected slight nonplanarity of the HBC mesogenic core. Such
low T; opened the possibility of processing the material by thermal means for the further

exploitation in devices.

e

Figure 5.19. Optical textures observed by POM for “unwrapped” HBC obtained after
cooling from the isotropic state at rates of a) 20 °C/min, b) 10 °C/min, c) and d) 5
°C/min, e) and f) 1 °C/min; d) and f) are taken by using an A-plate.
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The processing from the isotropic state depends strongly on the crystallization behavior
of the material and its nucleation and growth ability. Therefore, before the alignment
procedure, the morphology was investigated, obtained by cooling the sample, which was
sandwiched between two glass slides, from the isotropic phase. The crystallization behavior
was monitored by using thermally controlled POM and was carried out for different cooling

rates.

At high cooling rates of 20 °C/min the material crystallized from the isotropic state so
rapidly that only very small crystallites were formed. At some places also some larger ordered
domains appeared surrounded by the fast-nucleated material (Figure 5.19a). At lower rates of
10 °C/min an optical texture untypical for discotic liquid crystals was observed displaying
spherulitically ordered in 100-200 um large domains. By further decreasing the cooling rate to
5 °C/min these spherulites nucleated randomly over the whole sample exceeding a diameter
of 0.5 mm (Figure 5.19¢). The spherulites revealed high anisotropy and therefore coherent
long-range order. This was expressed by the Maltese cross, where the isogyres followed the
extinction of the analyzer/polarizer direction indicating a radial alignment of columns from
the center. Consequently, the columns were oriented in the spherulite growth direction with
an edge-on arrangement of the molecules. Furthermore, at this cooling rate a weak ringed
pattern appeared around the nucleation center. This poor periodic extinction pattern (radial
banding) is a common observation for some polymers implying a lamellar twisting along the
radial direction during crystal growth. Extinction occurs when the direction of the rotative
optic axes (molecular chains) are parallel to the polarized axes. Using a A-plate and analyzing
the yellow-blue distributions in the optical spherulite image, it was possible to determine that
the spherulites were optically positive i.e. with refractive index parallel to the radial direction
was smaller than perpendicular to it (Figure 5.19d). At a cooling rate of 1 °C/min the
spherulite size could not be monitored anymore by using the POM due to their extraordinary
diameter. Interestingly, the application of the A-plate did not reveal the same color distribution
as observed for the texture obtained by cooling 5 °C/min. This could indicate a change of the
optical properties of the material due to different crystallization conditions (different cooling
rates) leading to slightly different superstructures. This effect is known for various polymers

such as poly(ethylene adipate).>®
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Figure 5.20. POM of “unwrapped” HBC processed by zone-crystallization along a
temperature gradient showing a) and b) the nucleation site at the film beginning, c)
and d) interior the film (red arrow indicates the motion of the sample along the
temperature gradient), e) and f) film edge indicating the same sample position. The
image pairs were taken at two different positions (at 0° and 45°) of orientation axis of
the layer with respect to the polarizer/analyzer axes.

The formation of spherulites indicated a pronounced long-range self-organization of the
molecules from the melt. Due to this strong nucleation and directional growth ability of the
material it was possible to process this compound by zone-crystallization. The processing
conditions depended on the crystallization kinetics of the material. The temperatures of 220
°C and 100 °C, a moving velocity of 5 um/s and a gap between the heating blocks of 3 mm

were found to be the optimal parameters for the processing of the “unwrapped” HBC. Indeed,
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after one single pass along the temperature gradient, the sample revealed high optical
anisotropy. The maximum birefringence appeared at the alignment direction 45° with respect
to the polarizer/analyzer axes, whereas a complete extinction was observed when the
alignment direction coincided with one of these axes (Figure 5.20c and 5.20d). It is important
for the successful alignment by zone-crystallization that the material nucleates only at the
beginning when entering into the temperature gradient. At further motion the processing
parameters had to be optimized to balance between the further growth of the compound and
the appearance of new nucleation sites before the growth front. The nucleation site of the
sample which initiated the growth is shown in Figure 5.20a and 5.20b. The “unwrapped”
HBC sample revealed a low nucleation propensity, but a pronounced growth at the above
mentioned conditions resulting in large homogeneously oriented areas of more than 20 cm?
being imposing. Moreover, the sample geometry can be varied individually and even much
larger samples can be aligned as well fulfilling an important requirement of the production of

large area devices.

The structural analysis was performed by using 2D-WAXS experiments of the aligned
sample sandwiched between simple glass or aluminum foils (Figures 5.21a and 5.21b). In
both cases strong equatorial reflections in the X-ray pattern indicated the high uniaxial
orientation of the columns in the moving direction of the sample. The intercolumnar
correlation distance was in agreement with the one determined for an extruded filament. The
structure was extremely homogenous within the aligned film implying the pronounced long-
range order with the columnar axes being in-plane to the substrate and the discotic molecules
arranged edge-on with respect to the surface. Interestingly, the scattering intensities related to
the intracolumnar order were unusually weak. For the sample oriented between the glass
slides, the meridional reflection were even not observed. This is in contrast to the 2D-WAXS
pattern attained for the extruded sample which showed the meridional reflection with a
similar intensity as the equatorial reflection peaks (Figure 5.21c). The off-meridional
reflections implied an intracolumnar tilted arrangement of the aromatic cores relatively to the
columnar axis. The equatorial reflection distribution was fitted to a 2D rectangular unit cell
with the packing parameters of a =4.01 nm and b = 2.23 nm assigning the lateral organization

of the columns.
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Figure 5.21. 2D-WAXS patterns of the ‘“unwrapped” HBC aligned by zone-
crystallization between a) two glass slides and b) two aluminum foils (red arrows
shows the moving direction of the sample during the processing, whereas the white one
indicates the weak reflections related with the m-stacking), c) oriented by filament
extrusion and the equatorial scattering intensity distribution as a function of the
scattering vector.

The relatively large spacing of 4.01 nm has been explained by a lamellar arrangement of
single rows of columns, whereby the space between the aromatic columns was filled the by
nanophase-separated alkyloxy chains. The short side of the unit cell corresponded well to
double the van-der-Waals cross-section of the HBC core, i.e. adjacent columns not separated

by alkyl chains.

Unfortunately, the zone-crystallization processing did not allow the alignment of a
surface layer on one single glass support, due to a strong dewetting tendency of the material
in the isotropic phase changing from an initially homogeneous film to droplets on the surface.
This effect could not be controlled by any known method. Therefore, for zone-crystallization
the sample was sandwiched between two glass slides, whereby after the thermal treatment one
of the slides was carefully removed in order not to damage the remained oriented film. This
procedure allowed the investigation of the topography of the layer. In fact, the obtained



168 Chapter 5

morphology was also dominated by the second glass surface, but nevertheless one can gain an

insight about the type of morphology and any correlation to the alignment direction.
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Figure 5.22. AFM topography images taken in the tapping mode of zone-crystallized
“unwrapped” HBC, a) large area scan (height image), intermediate scan with b)
amplitude image and c) height image (gaps between the lamellae are indicated by
dashed lines), d) small area scan (amplitude scan,nano-features are indicated by the
green arrow)), (white arrows indicate the moving direction), e) cross-section of image

a).

The topography of the zone-crystallized film scanned by using AFM displayed a
lamellae formation which were oriented in the moving direction (Figure 5.22). The
topography of these lamellae was flat due to the contact with the second glass surface, but due
to gaps between these structures, which were up to 10 nm deep (Figure 5.22¢), one could
distinguish these features. The morphology was very homogeneous over large areas as seen in
the AFM image in Figure 5.22a with lamellae widths of approximately 100 nm and lengths
exceeding the investigated area (Figure 5.22e). At a closer inspection of the topography of
each lamella one could observe that these structures consisted of further features which were
also aligned (Figure 5.22d indicated by the green arrow). These observations indicated a

hierarchic organization with the nanoscaled columns as the basis which organized into these
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100 nm wide features forming the lamellae which arranged at last in bundles of lamellae.

The lowered isotropization temperature and pronounced self-assembly of the trialkoxy
substituted HBC from the isotropic state are closely related to a reduced molecular interaction
due to the high asymmetry and the nonplanarity of the HBC core. The consequence was a
moderate self-assembly of the molecules leading to the formation of large spherulitic domains
which enabled the successful orientation of the compound by the zone-crystallization
technique. In comparison, other asymmetrically substituted HBCs and other discotic
molecules®****2%2%2 did not reveal such an extraordinary self-organization. In fact, other disc
molecules were symmetrically substituted, but with side chains of different length. This is the
first example of the morphology for a truly asymmetrically substituted derivative. One can
assume that the “degree” of asymmetry in this case for the trialkoxy substituted HBC
derivative is high resulting in the significant diminishing of the mn-stacking interactions. This
effect is reflected also by the direct phase transition from the order phase into the isotropic

state which has been only observed for HBCs bearing the longest branched side chains.

In conclusion, the uniaxial alignment of the “unwrapped” HBC derivative opens the
opportunity for the design of new electronic devices such as FETs. It is therefore essential to
prove the field-effect of these highly oriented surface layers which will be the next
investigation step. Despite the “unwrapped” molecular architecture, the uniaxial orientation of
the columns and long-range order are still important, since the major charge transport takes
place along the columnar structures and the intercolumnar hopping of charges occurs only at
single defects of main pathway. Therefore, anisotropy in the conductivity measured parallel
and perpendicular to the columnar direction is still expected. Furthermore, it is suggested that
the number of grain boundaries and single defects should be as low as possible by the

alignment processing.

5.4. Control of the Homeotropic Alignment of HBCs

The control of the homeotropic alignment of discotic liquid crystals is an unsolved
challenge. The exact mechanism leading to homeotropic order is not clear and therefore it is
difficult to predict the successful alignment of molecules with specific architectures. Indeed,

363364 and phthalocyanines®® revealed

different discotic systems such as triphenylenes
spontaneous face-on arrangement inducing macroscopic homeotropic alignment with the

columnar axis perpendicular to the substrate. This alignment occurred by cooling from the
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isotropic state of compounds bearing heteroatoms which influenced strongly the
supramolecular arrangement of the molecules. However, the homeotropic alignment from the
isotropic state of discotic systems consisting on larger aromatic cores has not been extensively
investigated, due to their prohibitively high isotropization temperatures (T;). Until recently,
the high thermal stability of the columnar phases of alkylated HBCs precluded their thermal
processing within configurations suitable for electronic evaluation.’®® The alternative method
was solution processing which allowed the formation of monolayers of the alkylated HBC

derivatives by depositing the molecules on molybdenum disulfide®®’

or highly oriented
pyrolitic graphite’® and leading to the face-on arrangement of the molecules on the

substrates.

5.4.1. HBCs substituted by Dove-Tailed Side Chains with Ether Linkages

363364 and phthalocyanines®® bearing

Smaller discotic systems such as triphenylenes
alkoxy groups at or within their core periphery, spontaneously homeotropically align when
crystallized from the isotropic state. Therefore, to enhance the ability to homeotropically align
HBC materials, the presence of heteroatoms into the side chains was postulated and the effect
on the supramolecular order has been investigated for samples crystallized between two glass

slides.

Figure 5.23. Optical microscopy images of HBC-C30C,4 9 during crystallization
between two glass slides a) without and b) with cross-polarizers (red arrow indicates
defects in homeotropic order), c) 2D-WAXS pattern of the aligned sample.
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When slowly crystallized from their isotropic state as thin films between two polar
surfaces, all discussed compounds revealed similar morphological behavior. Examples of
textures observed by means of the optical microscope are presented in Figures 5.23, 5.24 and
5.27 for HBC-C30C4,10, HBC-C50Cj06 and HBC-C30Cg,, respectively. In all cases,
dendritic textures with a weak contrast with respect to the disordered material were observed
in transmitted non-polarized light. However, when cross-polarizers were applied the images
became black (Figure 5.23b, 5.24b and 5.27b), except some birefringent defects. This
observation is characteristic for the homeotropic phase where the columnar axis is
perpendicular to the substrate or for an isotropic state. In the first case, the transmitted light
intensity is zero for all positions of the sample with respect to the analyzer/polarizer axis since
the light propagation coincides with the optical axis and there is no anisotropy in the second
case. The POM in such configuration does not allow, therefore, distinguishing uniquely
between these two cases. By tilting the sample with respect to the light beam by nearly 45°,
however, the dendritic areas of the homeotropically aligned sample appeared birefringent,
whereas no effect for the isotropic parts was observed (Figure 5.25). Images from thermally
controlled POM in Figure 5.24a display dendritic structures of HBC-C30C¢ ¢ formed during
crystallization. Interestingly, the angle between the branching was consistently ca 60°, which

is characteristic of hexagonal packing.

Figure 5.24. Optical microscopy images of HBC-C30Cs homeotropically aligned
during controlled crystallization between two glass slides a) without and b) with cross-
polarizers (dashed lines indicate the propagation direction of the dendritic structures).

The homeotropic arrangement, which was implied by the lack of birefringence in the
POM, was verified by 2D-WAXS measurements. In Figure 5.26a, the 2D-WAXS recorded
with the incident beam perpendicular to the film surface is shown for the sample HBC-
C50C) o6, as an example. The diffraction pattern with the six intensive point-like first-order

reflection maxima indicate uniquely the hexagonal order extending uniformly at least over the
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area of the X-ray beam cross-section. This is attributed to the hexagonal arrangement of the
columns with axes normal to the film surfaces and discs perpendicular to the axes of columns
(homeotropic arrangement). An orientation disorder within the hexagonal packing even for
areas at large distances would lead to a smearing of the six-point diagram to a ring. The
complete wide-angle range of the X-ray pattern for the homeotropically aligned HBC-
C30C o6 1s not shown. But with this experimental set-up, only correlation distances which are
exactly perpendicular to the incident beam give rise to visible reflections. Since the disc axes
were orthogonal to the columnar axis, which in turn coincided with the incident beam, the

typical reflections corresponding to the n-mt stacking did not appear.

Figure 5.25. Optical microscopy images of homeotropically aligned HBC-C;0C;y
two glass slides which are tilted at 45° to the incident light a) without and b) with
cross-polarizers (red line shows a particle which indicates the same position of the
same), c¢) image in polarized light of the same position and the same tilt of the sample
related to the incident light, but rotated 45° around the sample normal.

The observed diffraction indicates a hexagonal monodomain within the scattering
volume. It is interesting that this monodomain reveals a 2D dendritic form. With an
appropriate exposition a less intense but distinct higher order reflections can be visualized

(2™, 3™ and 4™ order peaks) which correspond to hexagonal order, as well, and indicate a
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long-range order in the hexagonal lattice. The first reflection appeared at 3.07 nm followed by
the higher-order peaks was consistent with the typical relationship of hexagonal packing
1:43:2:47 (Figure 5.26b). Since the disc axes were orthogonal to the columnar axis, which
in turn coincided with the incident beam, the typical reflections corresponding to the m-wt
stacking did not appear. A schematic drawing of the homeotropic organization between the
two surfaces is presented in the inset of Figure 5.26b. This supramolecular organization was
in accordance with the results obtained for the bulk sample by powder diffraction. The first
appearance of the homeotropic phase of HBC-C;0C;os was observed by temperature-
dependent 2D-WAXS measurements at 135 °C and remained stable down to room

temperature.
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Figure 5.26. a) 2D-WAXS pattern of HBC-C30C)s at room temperature crystallized
between two thin aluminum foils showing only the most essential intermediate 20
range of 2°-10° b) the intensity distribution as a function of the scattering vector
(inset: schematic presentation of the homeotropic alignment between two surfaces
during the X-ray experiment. The discs represent the rigid molecular cores and the red
arrow assigns the X-ray beam direction).

Both compounds HBC-C30C,4,;9 and HBC-C50Cs, revealed a similar 2D hexagonal
WAXS pattern when crystallized between the two aluminum foils. The first order reflection
for HBC-C30C 4,19 arose at 3.55 nm, but of poorer pattern quality resulting in a less distinct
packing correlation. The characteristic room temperature 2D-WAXS pattern of HBC-C;0Cs,
in Figure 5.27c exhibited a hexagonal intercolumnar distance of 2.78 nm being in good

agreement with the unit cell parameters determined for the bulk mesophase of this compound
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and verified the stability of this ordering down to room temperature. When the film of HBC-
C30Csg, was cooled down quickly from the isotropic state with ca 50 °C/min, a different
optical texture appeared (shown in Figure 5.27d) which revealed highly birefringent parts. It
was apparent that there was limit for the cooling rate at which the homeotropical order could
be obtained. This cooling rate limit was characteristic for each compound and depended on
the affinity of the molecules toward the surfaces, thermal properties and viscosity in the

isotropic state.

>l 57 NIRRT S R
Figure 5.27. Optical microscopy images of HBC-C;0Cs, homeotropically aligned
during controlled crystallization between two glass slides a) without and b) with cross-
polarizers; c¢) 2D-WAXS pattern of HBC-C3;0Cs, at room temperature crystallized
between two thin aluminum foils, the most essential intermediate 20 range of 2°-10° is
presented, d) POM image of HBC-C;0Cs; cooled down abruptly from the isotropic
state with ca 50 °C/min to room temperature.

However during a slow crystallization between two glass slides down to room
temperature also significant changes in the optical texture of HBC-C;0Cs, were observed by
using POM. After reaching the homeotropic phase, further crystallization caused the dendritic
structures to impinge leading to more birefringent defects (Figure 5.28). First, these defects
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emerged at the dendritic frontlines and upon further decreasing the temperature also appeared
within these structures. Finally, at approximately 50 °C the whole optical texture changed
with a significant increase in birefringence which indicated a transition in the supramolecular
organization from a loss of the homeotropic order to an edge-on arrangement. This effect
seems to be in contrast to the 2D-WAXS results which displayed a markedly homeotropic
alignment for HBC-C;0Cs, at room temperature. Since both surfaces glass and aluminum
have similar surface polarities, another important feature was assumed to have significant
influence on the supramolecular order. Similar observations, which are shown in Figure 5.29,
were made for HBC-C;0Co6 when the aligned sample was cooled below the solid-solid
transition at 0 °C. Upon further lowering the temperature, the birefringence of the sample
increased, but to a smaller extent than displayed for HBC-C;0Cs,. Interestingly, when the
film was heated back to the Colyy phase, the birefringence defects disappeared and the

familiar black optical texture in cross-polarizers returned.

Figure 5.28. Optical microscopy images of HBC-C;0Cs > cooled at 1 °C/min from the
isotropic state; Images a) — c) taken at an angle of 45° between the analyzer/polarizer
axis, a) at 350 °C, b) at 290 °C and c) 100 °C (dashed lines indicate the same grain);
d) cross-polarized image of a randomly chosen position of the sample after annealing
it for 24hrs at room temperature.
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Figure 5.29. Optical microscopy images of HBC-C;0C;ys crystallized from the
isotropic state; Images (a) — (c) taken with an angle analyzer/polarizer axis of 45°, (a)
at 30 °C, (b) at -10 °C and (c) -30 °C; (d) cross-polarized image of (c).
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Figure 5.30. Intensity distribution as a function of the azimuthal angle of the 1" order
reflex corresponding to the a unit cell parameter of HBC-C30C for a disordered
surface layer shown in Figure 5.31b (red) and for a homeotropically oriented layer

(blue) from Figure 5.31c.
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d)

Figure 5.31. Examples of the characteristic optical textures as a function of film
thickness of HBC-C;0C s crystallized on one glass surface at a cooling rate of 1
°C/min from the isotropic state. POM images a) and b) show the optical textures of the
film with different film thickness; whereby a) presents the thickest surface layer. The
optical image in c) exhibits characteristic dendritic textures formed on one surface.
The same image in cross-polarizers is shown in the inset. The 2D-WAXS pattern in d)
reveals the isotropic alignment within the films, which are presented in the POM
images a) and b). The arrow indicates the reflection corresponding to the disordered
intracolumnar disc stacking. The alignment of the layer in c¢) is demonstrated by the
typical hexagonal 2D-WAXS pattern. Both 2D-WAXS patterns in d) and e) were
recorded under identical conditions.
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Besides a facile, homeotropic alignment between two surfaces, it was of interest to
design a molecule which could be ordered in the same manner on only one surface. Therefore,
films of different thickness of HBC-C;0C;(¢ were prepared on a glass slide and each sample
was subjected to identical thermal treatment. As presented in Figure 5.31, the optical images
revealed great differences in the optical textures of these films. When processed as a thicker
film, colorful dendritic-like textures appeared, whereas a thinner surface layer revealed a
characteristic, strongly birefringent, fan-shaped morphology. The 2D-WAXS (Figure 5.31d)
showed edge-on alignment in both films shown in Figures 5.31a and 5.31b. The appearance
of the wide-angle reflection corresponding to the intracolumnar period confirmed the
molecular edge-on arrangement. Additionally, the 360° azimuthal intensity distribution of the
1** order reflection, corresponding to the a cell parameter, indicated a significant deviation
from molecular vertical columnar alignment and suggested that the columnar axes were
randomly distributed relative to the surface normal (see Figure 5.30). Finally, at an
appropriate film thickness dendritic structures were observed (Figure 5.31c) which did not
show any birefringence between cross-polarizers. Further structural investigations using X-
ray scattering experiments (Figure 5.31¢) proved an identical intercolumnar arrangement on
one surface as the above-described, characteristic, homeotropic hexagonal order attained

between two surfaces.

5.4.2. Homeotropic Alignment of All-Hydrocarbon HBCs

In order to evaluate the homeotropic alignment of all hydrocarbon HBC derivatives in
comparison to HBCs bearing the ether linkages in the side chains, the morphology formed
during crystallization from the isotropic state was studied for HBC-C,¢4, HBC-PhCi4 0 and
the well known HBC-C 5.

The first successful approach to lower the isotropic phase transition temperature for a
HBC derivative was attained by the introduction of the 3,7,11,15-tetramethylhexadecyl
(HBC-C16,4).195 This compound revealed an isotropization temperature of 231 °C which is
significantly lower in comparison to the alkylated HBCs with a T; of 420 °C. Additionally, the
phase transition from the crystalline state to the liquid crystalline phase was shifted to —36 °C.
The lowered isotropization temperature allowed the processing between two ITO surfaces and
the investigation of the relationship between photoconductivity and columnar alignment.
Short-circuit photocurrents were fivefold higher in better-aligned regions compared to those
in regions with weak orientation indicating that the charge transfer takes place along the

columnar structures.

The temperature-dependent 2D-WAXS measurements of HBC-Cj4 were discussed in
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Chapter 3 and indicated a plastic crystalline state in the low temperature phase, whereby a
disordered columnar phase was assigned at room temperature which was explained by the

high steric demand of the bulky side chains.

Due to these increased steric requirements it was possible to process HBC-Ci¢4 from
the isotropic state due to the lowered isotropization temperature. When the compound was
sandwiched between two glass slides and cooled under controlled conditions from the
isotropic state, large dendritic domains appeared (Figure 5.32a). In cross-polarizers these
optical textures were not birefringence, with the exception of same defects, indicating a
uniform homeotropic alignment of the sample (Figure 5.32b). The number of defects was
strongly dependent on the cooling rate. At very high rates, the homeotropic phase could be
even suppressed completely resulting in an overall highly birefringent optical texture. This is
the first example of an all-hydrocarbon discotic liquid crystalline compound which revealed a
propensity for spontaneous homeotropic alignment from the isotropic phase. This is in
contrast to all reported examples which pointed out the necessity for specific atoms within the
molecular architecture for the successful orientation from the isotropic state. But this first
example implies that the homeotropic order does not require the introduction of heteroatoms
into the molecular structure. At this point it is too difficult to speculate about the alignment
mechanism for HBC-C,¢ 4, since no other all-hydrocarbon discotic compounds exhibited such
behavior. In contrast, all other HBC derivatives substituted by alkyl side chains showed when
cooled down from the isotropic phase high birefringence in the POM indicating an edge-on
arrangement of the discotic molecules with respect to the surface, whereby the columnar axes

were distributed randomly in-plane.

oo o

Figure 5.32. POM images of homeotropically aligned HBC-C)s4 cooled down from
the isotropic state by 1 °C/min a) with 45° and b) 90° with respect of the
polarizer/analyzer axes to each other.
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The 2D-WAXS pattern (Figure 5.33a), which exhibited the characteristic, distinct,
hexagonal six-point reflections, of the aligned sample confirmed the homeotropic
arrangement of the discs. Thereby, the columns are aligned in the direction of the incident X-
ray beam. Interestingly, each of the reflection consisted of additional two peaks indicating
that the X-ray beam was focused at a grain boundary which ran along the surface normal and
along the columnar direction. The hexagonal lattice in these two domains is identical, but
slightly displaced with respect to each other. The integration along the 360° azimuthal angle
for each scattering vector, shown in Figure 5.33b, confirmed the hexagonal unit cell with
identical packing parameters as determined for the extruded filament. Moreover, in
accordance with the experimental set-up the intracolumnar correlation were not displayed in

both the scattering intensity plot and in the pattern.
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Figure 5.33. a) Example of a 2D-WAXS pattern of a homeotropically aligned sample,
whereby the columnar axes coincident with the X-ray beam, b) integration along the
azimuthal angle of 360° as a function of the scattering vector.

As an additional example for an all-hydrocarbon discotic molecule which revealed
spontaneous homeotropic alignment when cooled down from the isotropic state, the
supramolecular structure and the morphology of HBC-PhCi4 ¢ has been investigated. The
introduction of the very bulky Cj4 ¢ side chains lowered also in this case the isotropization
temperature significantly to 110 °C in comparison to HBC-PhC;, and HBC-PhCs which
showed a T; far above 500 °C. Since the supramolecular arrangement of this compound was
not discussed in Chapter 3, the 2D-WAXS pattern of an extruded filament recorded at room

temperature is presented in Figure 5.34.
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Figure 5.34. 2D-WAXS pattern of HBC-PhC4 19 at room temperature.

The intercolumnar arrangement could be assigned to a hexagonal lattice with 3.84 nm
as the packing parameter. Despite the low degree of anisotropy of the first equatorial
reflection, the meridional peaks indicate a well-ordered structure of the discotic molecules
which are arranged in the non-tilted manner in the columnar stacks. However, the relatively
large intracolumnar distance of 0.37 nm suggests a pronounced influence of the bulky dove-
tailed side chains onto the interaction of the aromatic cores hindering an approaching to each

other.

When HBC-PhC 4 19 was cooled down from the isotropic state between two glass slides,
first dendritic structures appeared which finally changed into a homogenous film. At a
temperature of approximately 60 °C this film did not reveal significant birefringence (Figures
5.35a and 5.35b), except few defects suggesting a macroscopic homeotropic alignment of the
sample. The 2D-WAXS patterns in Figure 5.35c and 5.35d verify the orientation of columns
normal to the surface. Thereby, different degrees of intercolumnar order could be observed
depending on the examined position of the sample. At some positions the domains revealed
an almost homogenous hexagonal arrangement of the columns, but other places at grain
boundaries the hexagonal unit cell was displaced to each other. When the sample was further
cooled down at a rate of 1 °C/min, the number of birefringent defects increased significantly
until the optical texture of the film changed completely (Figure 5.35¢) implying also a

transformation of the supramolecular organization.

Finally, in order to investigate the supramolecular arrangement of an alkylated HBC
derivative, as example the most prominent compound, HBC-C,, was investigated. During

cooling the sample from 420 °C above the isotropic phase between two glass slides, first
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dendritic structures were espied which then created a homogenous film (Figure 5.36a), as
observed for HBC-PhC4 9. Surprisingly, the film did not show any birefringence and
therefore a homeotropic alignment of the sample was suggested. Below a temperature of ca
200 °C birefringent defects appeared (Figure 5.36b) and the optical texture of the sample
converted significantly (Figure 5.36¢). Nevertheless, the 2D-WAXS pattern in Figure 5.36d
for a sample crystallized between two aluminum foils confirmed the homeotropic alignment
also at room temperature.

pically
aligned during controlled crystallization at 1 °C/min between two glass slides a)
without and b) with cross-polarizers;, 2D-WAXS pattern of HBC-PhCj4 ;9 at room
temperature crystallized between two thin aluminum foils indicating c) one uniform
domain and d) two domains (the most essential intermediate 26 range of 2°-10° is
presented), d) POM image of HBC-PhC,4 9 cooled down to room temperature at 1
°C/min.

An additional issue was the investigation of the homeotropic order discotic molecules
with respect to the support for the application in devices. One possible procedure to obtain
homeotropic alignment of the sample is the introduction of polar groups into the side chains
in order to increase the affinity of the molecules towards surfaces such as glasses, metals, and
metal oxides. During crystallization from the isotropic state, the molecules first arrange “face-
on” towards the substrate and then self-assemble homeotropically. It is assumed that this
alignment should enhance the electronic performance of intracolumnar charge carrier
pathways in solar cells.



Control of the Thermal Behavior and Processing from the Isotropic Phase 183

L ol Bl

Figure 5.36. a) Optical microscopy images of HBC-C; at ca 280 °C homeotropically
aligned during controlled crystallization at 2 °C/min between two glass slides (without
and with cross-polarizers);, b) at 180 °C and c) at room temperature (red arrow
indicates a defect in order to verify the same position of the sample in all four images);
d) 2D-WAXS pattern of the homeotropically aligned sample.

Indeed, the introduction of ether groups in the side chains essentially improved the
affinity of the HBC derivatives investigated toward face-on arrangement at the corresponding
surface and facilitated a control of the homeotropic alignment. The presence of these polar
ether units in the HBC core periphery had a fundamental influence on the self-organization
behavior of the molecules on polar surfaces. These HBC derivatives presented here uniformly
homeotropically aligned even at cooling rates as fast as 20 °C/min between two glass or
aluminum surfaces proving the high attraction of the polar groups to this kind of surfaces.
This might also suggest some self-healing of misaligned domains during solidification,
evidenced by the rapid appearance and disappearance of birefringent textures during fast
cooling. The strong tendency for the homeotropic alignment can be attributed to the rigid
spacer between the aromatic core and the branching site of the side chains as well as to the &
position of the oxygen atom. The spacer induces stability at the & position apart from the
steric hindrance of the space-filling, dove-tailed side chains and ensures the high affinity of

the molecules to the corresponding surfaces. The length of the branched side chains seems
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then to be most important for the processibility of the material, rather than just for the
alignment mechanism. An additional factor is an appropriate viscosity of the quasi-isotropic
phase, which was proven by rheology measurements. During the processing procedure, the
interaction of the first molecules with the surface plays a crucial role. Upon further decreasing
the temperature, the crystallization progresses and other molecules stack upon the pre-

arranged discs at the surface creating in this way the desired macroscopic order.

Due to its distinct homeotropic alignment, the self-orientation behavior of HBC-
C50C ¢ deserves attention. During crystallization between two glass surfaces the material
created dendritic textures which nucleated sporadically and grew at structure edges with
columns arranging perpendicularly with respect to the growing front, contrary to other cases
with the directional growth. The 2D-WAXS confirmed the hexagonal homeotropic
arrangement which indeed was closely related to the optical texture. Since the X-ray beam
used in the WAXS experiment had a diameter of nearly 1 mm, the POM images displayed
only a minor part of the by X-ray examined area. Therefore, the structure evaluation
suggested an extremely uniform and quasi defect-free hexagonal order without apparent
replacements of the lattice over the whole investigated range of the sample. On the other
hand, this is in excellent correlation with powder diffraction experiments which showed that
even the bulk material at room temperature forms a well ordered supramolecular structure
with a strong dependence on thermal processing. The only relationship between the macro-
and nanoscopic organization is the characteristic 60° angle which appears in both the
hexagonal 2D lattice and the dendritic morphology. Despite the directional growth and the
anisotropic morphology of these structures, no supramolecular orientation in this growth

direction was induced.

Moreover, the strong affinity towards the surface was demonstrated by the successful
orientation of the material on only one surface. Since thicker films did not reveal this specific
arrangement, there is evidently some critical thickness above which the governing influence
of the surface layer is lost within the bulk of the film or at the upper surface, whereby random
columnar growth becomes dominant. The schematic model which is assumed for the different
columnar growth is presented in Figure 5.37. So, the supramolecular order changes at a
certain columnar height from homeotropic oriented molecules to an edge-on arrangement
with columns lying on the surface. In contrast, all-hydrocarbon HBC-Ci¢4, which showed
homeotropic alignment between two surfaces, did not reveal similar crystallization behavior
on one surface at any film thickness or by any approach. This implies that the introduction of
heteroatoms increases the affinity towards polar surfaces significantly, overcoming even the

high thermodynamical limits forcing the molecules to lie flat on the support.
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Figure 5.37. Schematic model of the molecular arrangement on one surface during
crystallization form the isotropic phase with a) the first face-on arranged molecules at
which during further crystallization additional discs aggregate forming the desired
homeotropical order as observed for HBC-C3;0C) s Other compounds did not reveal
such self-assembly behavior on one surface and organize in a different way such as
proposed in c) with the first molecules face-on arranged, but with progress of the
columnar growth the disc change the order to edge-on or d) with already edge-on
oriented molecules at the surface.

Due to the synthetic limitations for other discotic materials, the homeotropic order of
all-hydrocarbon discotics has never been investigated. For triphenylenes and phthalocyanines,
bearing heteroatoms in their side chains, it was claimed that the presence of these atoms
provide homeotropic order.”®>® In contrast, the successful homeotropic alignment of the all-
hydrocarbon HBC-C;64 and HBC-PhC4 ;¢ indicated that heteroatoms are not necessary. The
reason for this specific alignment might be not only the affinity increase by the introduction
of ether linkages into the side chains. It is assumed that the origin of the face-on arrangement
is the influence of the side chains. The investigated all-hydrocarbon samples which revealed
homeotropic orientation, the side chains were bulk and space-filling leading to a relatively
disordered intracolumnar packing. During crystallization from the isotropic phase, these
space-filling side chains wet the surface and forced the aromatic core to the face-on
arrangement. Afterwards the next aromatic cores interacted with the already face-on arranged
molecules leading to the self-assembly interior the film and finally macroscopic homeotropic
order. However, when the steric requirement of the side chains was too high, as in the case of
the dove-tailed HBC-C,4,09, HBC-C;s and HBC-Cg», the molecules are hindered to approach
the surface and therefore organized in the edge-on manner. By the introduction of a spacer

between the aromatic core and the branching of the dove-tailed chains, as in the cases of
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HBC-C30C\4,10, HBC-C30C 6, HBC-C30C¢, and HBC-PhC\4 ¢, the high steric demand at

the core vicinity was lowered and enabled a lying down of the aromatic core.

Same samples revealed changes in the homeotropic alignment during cooling, whereas
for other compounds the order was stable down to room temperature. In general, each phase
transition implies a considerable structural change, which in turn is associated with a density
alteration and related to changes in macroscopic dimensions of the sample. A thermal phase
transition induces changes in supramolecular order towards a more thermodynamically
favorable organization for given molecules. This alteration is considerable for any material
contained in a limited volume. When water is crystallized from the liquid to the solid state in
a closed glass bottle, the density increase of the material can be high enough to burst the glass
vessel. Such a phenomenon was observed during the crystallization of HBC-C30Cs, between
two glass slides which can be considered as fixed surfaces limiting the volume relaxation in
the sample. The texture of the sample transformed from a homeotropic alignment indicated by
the black POM image to a highly birefringent mosaic texture at lower temperatures implying
a significant change in the order. On the other hand, 2D-WAXS experiments provided a
contradicting result for the same material crystallized between two aluminum foils revealing
the homeotropic order at room temperature. If these foils can be considered as flexible
surfaces then one can assume that during the crystallization they can compensate for the
density and macroscopical changes maintaining the homeotropic orientation. Based on these
observations, the stability of the homeotropic phase can be regarded as a mechanical problem
consisting in adjustment of stiffness and thermal expansion of the materials as illustrated in
Figure 5.38.
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Figure 5.38. Schematic representation of the change in the supramolecular
organization within two adjacent crystalline grains during crystallization of a
homeotropically aligned sample such as HBC-C;0Cgs; with a) the crystallization
fronts of the two grains growing towards each other, b) impingement of the growth
fronts and c) the resulting change in the order within the two grains due to the
impingement (red arrows indicate the growth direction and the blue ones show the
acting forces).

The homeotropic phase of HBC-C30C; 6 was stable upon cooling to room temperature,
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but at 0 °C the material underwent structural changes at the solid-solid transition which was
combined with an alteration in the inter- and intracolumnar packing behavior. Since the
homeotropic order is formed during the transition from the isotropic state to the mesophase, a
hexagonal two-dimensional lateral intercolumnar arrangement appears, which is characteristic
for the liquid-crystalline state. Any change in this intercolumnar organization induces defects
in the homeotropic alignment which was possible to observe by POM by cooling the sample
below 0 °C. At the low temperature phase the morphology and macroscopic orientation of the
homeotropically aligned sample diminished. Therefore, the absence of significant thermal and
structural transitions between the orientation process and application is another important
requirement for this kind of supramolecular order. These requirements are fulfilled for HBC-
C30C 06, which was confirmed to be in the Colng phase at room temperature. However, the
low extent of birefringence below 0 °C indicated that the main homeotropic alignment was
stable. This suggests a strong and tight surface contact of the molecules, since the bulk
compound revealed a considerable structural change at this solid — solid phase transition.
Heating the sample back to the higher temperature phase revealed a significant decrease of the

birefringent defects and a reversible appearance of the homeotropical texture.

5.4.3. Binary Mixtures of Discotics with Different Molecular Architecture

The results of the last section indicate that mainly the degree of the steric demand of
alkyl side chains determines the tendency for homeotropic alignment of discotics. This
assumption was based on the different supramolecular arrangement of the B-dove-tailed
HBCs in comparison to HBC substituted by linear or methylene containing side chains. The
introduction of the phenyl rings between the aromatic core and the long branched C4 ¢ alkyl
chains led to the decrease of the peripheral steric requirements resulting in homeotropic order.
In order to gain a final proof for this conclusion the following experiments have been carried
out during which implicitly the effect of the space-filling reduction of the side chains was
investigated. Therefore, the idea was to intercalate disc molecules, bearing a small number of
side chains, between HBC-C)¢ building blocks in order to enlarge the distance between the
HBC molecules. In this way, the space-filling effect of the bulky C,o6 alkyl chains should be
diminished leading hopefully to the desired macroscopic self-organization.

In general, a novel concept in the design of materials might be the mixing of two

different discotic materials with each other. Accordingly to the blending of two linear
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polymers various effect can be expected reaching from a phase separation in the blend to the
formation of a one-phase mixture. For two polymers the blending enthalpy determines
whether the mixture will be homogenous or phase separated.’® The blending of materials
based on single building blocks which self-assembly into superstructures is, however, more
complex, since the molecular architecture controls the interaction between the molecules.
Therefore, various different supramolecular structures can be formed in a mixture including
nano- as well micro-separation as illustrated in Figure 5.39.
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Figure 5.39. Schematic illustration of different supramolecular structures in mixtures
consisting of two different discotic compounds.

The blending of two discotic compounds has not been investigated intensively. Bushby
and Boden studied the effects of blending hexakis(hexyloxy)triphenylene with
azatriphenylene or hexakis(phenylhexyloxy)triphenylene, both mixtures at a molar ratio of
15370371 The preparation of the samples was not reported. The mixtures revealed a
homogenous phase, whereby the isotropization temperature of the blends was higher than of
the pure compounds. From the structure evaluation of the blends it was assumed that an
alternating intracolumnar arrangement was formed, which was more ordered and much more
stable. Time-of-flight experiments verified these results and showed a significantly higher
charge carrier mobility in the blend than for the pure compounds.’’**”® The formation of
alternating stacking of donor and acceptors equimolar mixtures for mixtures of triphenylene

with trinitrofluorenone'** or triimides®’* resulting in the increase of intracolumnar order.

In this study, the effect of blending two discotic materials, which differ significantly in
their electronic properties has been studied. While hexa-peri-hexabenzocoronene substituted

by long, branched alkyl chains (HBC-Cj) is an electron donating agent, perylene diimide®”
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(PDI) or terrylene diimide derivative (TDI) are strong acceptors. Therefore, the molecules
allowed a weak electronic interaction between the two components; one expected a
stabilization due to alternating stacking in the columnar structure and thus an induction of
ordering in this donor-acceptor mixture. Additionally, the blended molecules were compatible
in size permitting a matched intracolumnar packing, leading to a different propensity to self-

organize on a surface.

100pm

Figure 5.40. a) POM image of the optical texture of PDI obtained by cooling down at
2 °C/min from the isotropic phase, b) 2D-WAXS pattern of PDI at room temperature,
¢) POM image of TDI cooled down at 2 °C/min from the isotropic state, d) 2D-WAXS
pattern of TDI, e) Schematic illustration of the intracolumnar packing model for PDI
and TDI, f) top view of the columnar organization.

As discussed earlier, HBC-Co¢ revealed a herringbone structure at room temperature
(plastic crystalline phase) and a disordered columnar phase at temperature higher than 40 °C.
When cooled down from the isotropic phase (Ti = 96 °C) highly birefringent dendritic
structures appeared which indicated an edge-on arrangement of the molecules. For PDI an
optical texture with pseudo focal conic fan-shapes (Figure 5.40a) during crystallization (T; =
130°C)*” was observed suggesting the formation of a discotic LC phase, where the molecules
were orthogonally arranged with respect to the stacking axis. Furthermore, the 2D-WAXS
(Figure 5.40c) indicated that the cofacially oriented perylene molecules pack with a slight

rotation between neighboring molecules within a columnar stack (Figure 5.40e and 5.40f).
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Such an intracolumnar organization has been already reported and was explained by the
intermolecular dipole-dipole interactions between the carbonyl groups of the imide moieties.
376377 An identical intracolumnar arrangement was determined for TDI (Figure 5.40d) which
formed large ordered domains during cooling from the isotropic phase with molecules edge-
on oriented (Figure 5.40b). In general, the substitution of rylene derivatives by alkyl side
chains opens the opportunity to control their solubility and thermal behavior, both properties
which are essential for the device processing.”’® Device mobilities up to 0.6 cm?/Vs have been

reported for alkyled perylene diimide films prepared by evaporation.’”

The pure compounds were blended at a molar ratio first in the solution, but afterwards
in the isotropic phase. From the investigation of the thermal behavior it was evident that all
mixtures formed a macroscopic, homogenous thermal phase. But it should be noted that it was
possible to separate the compounds by chromatographic methods. Additionally, the
supramolecular structure was investigated by 2D-WAXS and the morphology by thermally

controlled POM experiments.

Figure 5.41. a) POM of the mixture of HBC-Cyys and PDI at a molar ratio of 1-1 at
room temperature after cooling from the isotropic phase in cross-polarizers (inset: 45°
of the polarizer/analyzer), b) 2D-WAXS pattern of the mixture after annealing at
ambient conditions for 48hrs (inset: divectly after filament extrusion).

In Figure 5.41a the optical texture of the mixture of HBC-Co¢ and PDI at a molar ratio
of 1-1 is shown. The isotropization temperature was determined at 50.0 °C. When the sample
crystallized, a homogenous film was formed with an optical texture which did not show
significant birefringence in polarized light, despite few defects. The morphology of the blend
differed fundamentally from that observed for the pure compounds. The 2D-WAXS pattern of
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the mixture indicated also a significant difference in the supramolecular arrangement. After
the sample preparation (Figure 5.41b) the pattern showed an almost isotropic first equatorial
reflection, a pronounced meridional peak and a clear amorphous halo. But after annealing the
extruded sample for 48 hours at ambient conditions, the X-ray pattern changed, whereby the
number of distinct reflections increased dramatically. Plenty of new higher order reflections
emerged which indicated a highly complex arrangement of the two different discotic
molecules. The transformation of the first equatorial reflection was thereby particularly
impressive which converted from the isotropic shape to three sharp peaks implying that the
reorganization occurred also intercolumnar and was not limited to single molecules. In order
to assign the structure in more detail, the 2D-WAXS patterns of other blend ratios have been

investigated as well.

o

Figure 5.42. a) POM of the mixture of HBC-Cj9s and PDI at a molar ratio of 2-1 at
room temperature after cooling from the isotropic phase in cross-polarizers (lower
inset: in 45° of the polarizer/analyzer, upper inset: 2D-WAXS pattern of the mixture at
room temperature crystallized between two thin aluminum foils, the most essential
intermediate 260 range of 2°-10° is presented), b) 2D-WAXS pattern of the mixture
after annealing at ambient conditions for 48hrs (inset: directly after filament
extrusion).

When the molar content of HBC-C, in the blend was greaten to 2-1, the degree of
homeotropic alignment increased for a sample, prepared under identical conditions as
described above, and the number of birefringent defects of the film diminished, (Figure
5.42a), whereas the morphology did not change significantly. The 2D-WAXS pattern in
Figure 5.42a confirmed the homeotropic orientation, however, the domains were less ordered
than observed for the pure HBC derivatives with homeotropic order. The different domains
showed the same hexagonal unit cell which was highly displaced in the lateral plane, but with

a uniform packing parameter. But in the same time, the columnar arrangement was consistent
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along the surface normal. The isotropization temperature of this sample was determined at
55.7 °C and therefore somewhat higher than for the 1-1 blend.

The 2D-WAXS pattern in Figure 5.42b of the freshly extruded mixture of HBC-Co¢
and PDI at a molar composition of 2-1 differed from the pattern for the 1-1 blend. However,
after the same annealing time of 48 hours the supramolecular structure improved
significantly, too. Interestingly, reflections at the same correlation positions appeared,
whereby the intensity between these peaks was different. A similar result was obtained for the
mixture at a complementary molar ratio of 1-2 which revealed identical reflections, but of
other intensity distribution, after the structural reorganization within the 48hrs (Figure 5.42b).
Summarizing the structural results, all three investigated mixtures revealed identical
correlation distances in the 2D-WAXS pattern, which differed in intensity. In contrast to the
other mixtures, the 1-2 blend showed dendritic textures during crystallization in the optical
microscopy, which were at great parts highly birefringent (Figure 5.43a), and a considerably
higher isotropization temperature of 150 °C. At few positions the homeotropic alignment

could be assumed.

The investigation of mixtures with a much higher content of one compound revealed
that the degree of homeotropic order decreased significantly as well as the appearance of the
complex supramolecular structure (results not shown). The thermotropic behavior of the
mixtures became more similar to the properties of the starting materials, whereas the T; of the
1-3 blend was still considerably higher than of the pure compounds.

Figure 5.43. a) Room temperature POM of the mixture of HBC-Cjy¢ and PDI at a
molar ratio of 1-2 after cooling from the isotropic phase in cross-polarizers (inset: in
45° of the polarizer/analyzer), b) 2D-WAXS pattern of the mixture after annealing at
ambient conditions for 48hrs (inset: directly after filament extrusion).
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The structural comparison of the three presented mixtures gives more insight into the
arrangement of the two different discotic molecules. The analysis of the thermal behavior
revealed a homogeneous mixture and therefore one can exclude macroscopic phase
separation. Nevertheless, the comparison of the 2D-WAXS patterns suggests that the
molecules are not fully mixed. The meridional reflection at the corresponding distance of 0.34
nm was assigned to the perylene diimide, whereby the intensity of this peak increased for
mixtures with higher PDI content. Furthermore, the off-meridional reflections at an azimuthal
angle of ca 40° and a corresponding distance of 0.39 nm were related to the tilting of the
HBC-Cy 6 discs. Accordingly, the new additional reflections indicating the superstructure of
the mixture reached their maximum intensity for the 1-1 ratio. The set of new higher order
reflections indicated an exceptional long-range order and a complex helical arrangement of
the two discotic species within the columnar stacks. The layered distribution of the reflections
in the meridional direction in the WAXS pattern in Figure 5.41b is identified by the Miller’s
indices (hkl) which were assigned to the intracolumnar packing. The nearest intracolumnar
repeating distance between single building blocks was 0.34 nm and related to the meridional
reflection, which determined the number of 10 molecules per helical pitch, indicating strong
correlations over long distances (helical pitch distance 3.4 nm). This corresponds to an
identical helical pitch as observed for the B-DNA.**® The suggested model for the
supramolecular arrangement is illustrated in Figure 5.44. It is assumed that an alternating
molecular packing gave rise to the helical organization. Thereby, the PDI molecules
intercalated between the HBC-discs, which were rotated with respect to each other by 12°
providing the necessary contrast for the helical pitch. This molecular rotation was induced by

the space demand of the attached alkyl chains in both derivatives.

It is therefore reasonable to conclude that columns consisting of one kind of discotic
species do not exist. The columns were created from both type of molecules, whereby the
discs were randomly distributed along the columns (at the 1-1 molar ratio alternatingly). Since
the 2D-WAXS pattern of all extruded samples revealed reflections at identical positions as
observed for the 1:1 blend, but with different reflection intensities, which depended on the
composition ratio, one can suggest that homo-sequences of excess components were present
in the non-equimolar mixtures. It is important to remember that the dove-tailed HBC
derivatives form small stacks in the isotropic state and are not monomeric in the melt. This
can be assumed also for the perylene diimide. Therefore, the formation of both homo- and
heterosequences in a non-equimolar mixture is a logical consequence. The columnar stacks
are formed by both types of molecules leading to different sequence distributions along the
columns. Since X-ray diffraction experiments indicated that both compounds HBC-C,y¢ and

the perylene diimide are not monomeric in the isotropic state, but create small stacks, the
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preparation of the mixtures in the melt can never result in only an alternating intracolumnar
arrangement. Since the positions of the reflections were independent from the blend
composition, three different sequences within the columns appeared: sequences consisting of
the pure components and the sequence with the alternating organization containing the HBC
and perylene molecules in the same ratio. The length of the sequences and the distribution
along the columnar structures varied with the composition and determines the reflection
intensities. The reflections with the highest intensity related to the helical arrangement
appeared for the 1:1 mixture. The superstructure of the mixture became identical to the pure

compounds when the content of one component is increased significantly.

Helical pitch of
10 discs
with a period of

Figure 5.44. Schematic packing model of an alternating intracolumnar arrangement
for the binary mixture. The PDI molecules are intercalated between HBC discs which
was displaced by 12° with respect to each other leading to the formation of a helical
pitch of 3.4 nm.

In order to examine the influence of the core size on the superstructure of the mixture
and the alignment effect, mixtures of HBC-Cjo¢ and terrylene diimide were investigated as
well. The morphology of blends with a molar composition of 1-1 and 2-1 of HBC-C,o6 and
terrylene diimide is shown in Figure 5.45. The isotropization temperature for the 1-1 mixture
increased to ca 410 °C and to 350 °C for the 2-1 molar ratio (in comparison to the pure
materials; the T; of TDI was 278 °C). After cooling from the isotropic phase down to room
temperature, the samples revealed also a homeotropic orientation, whereby the number of
defects decreased for the sample with a higher HBC content. The dendritic textures indicate

the nucleation and growth of a hexagonal columnar growth. Indeed, the 2D-WAXS pattern of
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this mixture as an extruded filament (not shown) revealed discs stacked in a non-tilted manner
in the columns which were organized laterally in a hexagonal unit cell with a packing
parameter of 2.58 nm. After annealing no superstructure, as in the blends with perylene
diimide, could be observed for these samples. Due to the significant shift of the T; to higher
temperatures of the 1-1 mixture it was not possible to prepare the blend in the isotropic state
and to investigate the structure by the X-ray scattering. However, by increasing the content of
one component, the morphology of the blend changed significantly leading to completely

other optical textures.
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Figure 5.45. Optical images of the mixture of HBC-C;9s and TDI at a molar ratio of
1-1 at room temperature cooled down at 1 °C/min ( a) polarizers at 45° and b) with
cross-polarizers), optical images of the mixture of HBC-C;y s and TDI at a molar ratio
of 2-1 at room temperature cooled down at 1 °C/min ( c¢) polarizers at 45° and d with
cross-polarizers).

The formation of the homeotropic order for mixtures of discotics is not restricted to
blends between discs of different size. This kind of alignment from the isotropic state is also
possible for mixtures of HBC derivatives. Thereby, HBC-Cjos was mixed with the
“unwrapped” trialkoxy HBC-(OCi,);, which created spherulitic structures during
crystallization, at a molar composition of 1-1. Despite the appearance of few birefringent
defects, the homeotropic orientation was stable down to room temperature which was

confirmed again by 2D-WAXS experiments.

The morphology formation during crystallization was also investigated for mixture
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containing HC-Cy4¢ instead of HBC-C,o¢ with the same composition. However, for all
discussed blends no homeotropic alignment could be observed. In same cases phase

separation occurred.

As summery of the most important results, the space demanding alkyl substituents on
the B-dove-tailed HBCs hindered the molecules to approach the surface in a face-on manner,
leading to an edge-on orientation (Figure 5.46a). In the mixture, the smaller PDI and TDI,
respectively, intercalated between HBC-C,o6, and acted as spacer to allow the face-on
approach of the aromatic molecule to the surface (Figure 5.46b). For the more space
demanding HBC-Cy49, the mixture did not form a homeotropic film, since the perylene
diimide did not compensate the steric demand of the long 2-decyl-tetradecyl chains, when

approaching the surface.

Figure 5.46. Schematic explanation of the different behavior on surfaces during
cooling from the isotropic phase, a) the dove-tailed side chains hinder an approaching
of the molecule to the surface, whereas homeotropic order is formed when a perylene
molecule intercalates between the surface and the HBC disc.

In conclusion, it was shown that supramolecular organization in a binary mixture
differed strongly from the one of the homo-components. Strictly alternating stacks were
formed spontaneously upon cooling from the isotropic state, due to the weak donor-acceptor
interactions between the electron rich HBC and the electron poor rylene dyes PDI and TDI.
These interactions led to an enormous ordering in the self-organized columnar stacks. The
molecules in the mixture revealed a homeotropic orientation, due to an auxiliary effect of the
smaller aromatic molecule while forming the first monolayer of the sterically demanding
HBCs on the surface. These results confirm the conclusions of the section before that the
main driving force are side chains which wet the surface during the self-assembly of the
molecules from the isotropic phase. This is the first time that the mechanism for homeotropic
alignment of discotic molecules has been discussed and contradicts the conclusions found in

literature.*%
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5.4.4. Outlook for TOF Measurements on Homeotropically Aligned
Samples

One of the most essential objectives is the relation between the organization of the
discotic materials and the charge carrier mobility in order to gain information about their
electronic performance. Therefore, the optoelectronic properties of the homeotropically
aligned HBC compounds are determined by time-of-flight (TOF) measurements which can be
performed dependent on the macroscopic organization to obtain the anisotropy of the
mobility, and on the thermal behavior, to relate the intracolumnar order to the charge
migration. TOF experiments were reported up to now only for triphenylene derivatives, but
without any correlation to the supramolecular alignment of the sample in the cell. In the

following an example for TOF measurements on HBC-C,¢4 at room temperature is described.

a) Contacts; e.g.
ITO,Aluminum, Silver
with a certain thickness
and contact area

Aligned sample

Spacers (1-20pm);
e.g. Aluminum, Epoxy,
Polymer (Polyimid, Teflon)

Sample filling by capillary force

Glass;
e.g. Borosilicat, Soda Lime,
Quartz,

transit time
6.0 ps

u=d’/tU
0.5 x 10%cm2\Vs
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Figure 5.47. a) Schematic illustration of the ITO cell and b) the experimental set-up
for time-of-flight, c) example for characteristic transient time of charges of a
homeotropically oriented HBC-C)4 4 sample at room temperature.

Before the measurements, special cells were constructed by using glass covered on one
side with semitransparent ITO contacts (Figure 5.47a). Glass spheres of ca 5.3 um in diameter
were used as spacers which were distributed uniformly onto one of the ITO glass slides by
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spin-coating. Afterwards the second one was carefully placed on top of the distributed glass
spheres and the two glass substrates were glued together with epoxy cement. The exact
distance between the electrodes was determined by using interference patterns from a typical
UV-Vis spectrometer. The electrodes were contacted with silverpaste and thin wires. The
compound was filled into the cells by means of capillary forces.***** Therefore, HBC-Ci¢4
was placed at the opening between the ITO pieces, the whole cell was put into a vacuum oven
and heated to a temperature of 250 °C, where the compound underwent into the isotropic
liquid phase which allowed the cell filling. Afterward the homeotropic alignment was
obtained by controlled thermal treatment within a thermally controlled heating stage under

nitrogen atmosphere in order to avoid possible degradation of the compound.

Since the charge carriers are rapidly scavenged by oxygen and strictly oxygen free
conditions are required for the TOF measurements. Therefore, the measurements were
performed in vacuum down to 10 mbar and indeed experiments at ambient conditions did
not shown any success. For photoexcitation of the charge carriers a laser pulse, with a width
of 10 ns at a wavelength of 336 nm as a third harmonics, was generated by a YAG nitrogen
laser. The laser irradiation at the main absorption band is expected to create electron-hole
pairs with a certain quantum yield (Figure 5.47b). Under the influence of an externally
applied field at the sample, electrons or holes as the major charge carriers will drift through
the sample to the other electrode. This displacement current is recorded by means of a

Techtronix oscilloscope.

Figure 5.47c exhibits a typical transient plot for the photogenerated charges at room
temperature. In this case the majority of charge carriers were holes, whereas by applying the
opposite electric field no electrons was observed. Therefore, this is the first indication that this
compound is mainly an n-type semiconductor. The transient plot showed three characteristic
regimes. At the beginning of the plot a sharp peak was attributed to the photogeneration by
the laser pulse. The drift of the charges through the sample was characterized by a narrow
plateau of the photocurrent which decreased at a transit time of 5 ps. By taking into taking
account the applied field of 12 V and a film thickness of ca 6 um it was possible to determine

the charge carrier mobility by the following equation:
d2
5.1.
U-t, ¢-1)

which revealed a room temperature mobility of holes along the columnar stacks of 0.5x107

H:

cm?/Vs. Moreover, the plateau implied a nondispersive transport of charges, and therefore, a
relatively low concentration of defects, domain boundaries or significant disorder which could
trap the charges. This result became more meaningful with the combination of the structural

investigations. Therefore, it is apparent that in the disordered columnar phase, which was
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assigned on the basis of the 2D-WAXS experiments, the intracolumnar arrangement of the
discotic molecules was high enough to ensure the one-dimensional charge migration along the

columnar structures corresponding to a bandlike transport mechanism.

The plateau is followed by slow decline of the photocurrent. This slow decline might
indicate that a small number of charges were trapped. Such assumption might be realistic,
since the discotic molecules are known to possess in this “high” temperature phase a high
degree of lateral and longitudinal mobility within the columns. However, it should be noted
that for stressing out the three plot regimes only the current intensity is presented on a
logarithmic scale, whereas it is common to show the transients in a double-logarithmic

diagram in order to enlarge the plateau and shorten the current decline.

Since, the charge carrier mobility and the transport mechanism are strongly dependent
on the evaluated temperature and thermal phase of the compound, it is expected that high
mobilities with a more distinct bandlike transport of charges might occur in the low

temperature phase of HBC-Cg 4.

This basic result should be described in relation with other discotic derivatives. Since
the charge transport of only triphenylenes was discussed comprehensively in literature, the
results for these compounds will be compared. In general, the most essential factors in
determining the magnitude of the charge carrier mobility are: the degree of order within the
column, the size of the aromatic core and the extent of electronic overlap between adjacent
molecules.”*** The mobility for triphenylene derivatives in the hexagonal columnar phase
increases from 10™* cm?/Vs for a compound substituted by Cy; alkyl side chains to 10° cm?Vs
bearing Cs.***® This increase was attributed to the improved intracolumnar order with
decreasing side chains length, however the supramolecular order was not investigated in this
context. For triphenylenes with shorter side chains mobility as high as 107 cm?/V's were even
observed. Such high values were correlated with the helical arrangement of the discotic
molecules leading to an enhanced molecular orbital overlap. This is an important indication

for conclusions related to the organization within columnar superstructures.
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In conclusion, the macro- and microscopic properties of the discotic HBC materials can
be effectively manipulated by controlling the aggregation. The strong interaction between the
aromatic cores leads to the self-assembly into columnar supramolecular structures. By using
different peripheral substituents it is possible to reduce this molecular interaction, resulting in
a change of the thermal properties, increase of solubility, influence on the charge carrier
transport along these columnar structures and control of the morphology. These properties are
essential parameters in the design of efficient electronic devices which are based on these
organic semi-conducting materials. Therefore, the investigation of the relationship between

these parameters is an important issue and is schematically illustrated in Figure 6.1.

Processing

’ Molecular architecture

Long-range order Aggregation
intercolumnar intracolumnar
orientation interaction

\—b Macroscopic properties 4—|

Figure 6.1. Relation between molecular architecture, processing and the properties of
discotic materials based on polycyclic aromatic hydrocarbons.

The molecular architecture determines the self-aggregation between the single building
blocks, and the relation between the m-stacking interaction of the aromatic cores and steric
requirement of the side chains controls the bulk properties. The steric demand of the side
chains is determined by their volume and their space-filling effect. Thereby, the dove-tailing
of long alkyl chains is an effective route to reduce the interaction between the aromatic cores.
The modification of the self-aggregation has fundamental consequences onto the solubility,
thermal behavior and morphology formation from both solution and the isotropic state. The
nucleation and growth of the materials determine the optimal processing conditions. High
self-aggregation and pronounced pre-aggregation in solution, leading to the formation of
highly anisotropic structures in drop-cast layers, are requirements for the zone-casting method

and ensure a processing of long-range ordered surface layers. On the other hand, the reduction
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of the interaction between the molecules results in a drastic solubility increase, providing high
purity of the material and long half-life times of charge carriers, and in the lowering of the
isotropization temperature, which is necessary for the processing from the melt. The
morphology formation during crystallization is strongly affected by degree of self-assembly,
whereby compounds with high self-aggregation form small domains and the creation of huge
spherulitic domains was observed when the self-assembly is slow and modulated. The transfer
of this extraordinary growth was impressively demonstrated by the successful alignment
along the temperature gradient during the zone-crystallization. Finally, the establishment of
the organic materials into electronic devices and their high performance verify the long-range
order and uniaxial orientation of the superstructures verifying the high potential for practical
applications. Nevertheless, single defects can trap the charges and decrease the device

efficiency.

For the first time it was possible to control the self-organization of the HBC derivatives
as thin films in sandwich geometries between two polar surfaces. Homeotropic alignment is
most likely nucleated at, and grows from, face-on monolayers at surfaces, whereby the steric
requirement of the side chains determines the molecular arrangement. Heteroatoms in the side
chains increase the affinity of the molecule to glass and aluminum surfaces, but are not a
requirement for the alignment. Molecules bearing heteroatoms allowed homeotropic
alignment even at fast cooling rates and more significantly, on a single surface, which has till
now been unattainable with all-hydrocarbon HBC’s. Homogeneous nucleation and growth of
non-oriented columns occurs away from the surface in thicker films, and in films of the
weakly interacting disks when not sandwiched between two surfaces. Alignment on single
surfaces should enable construction of multilayer devices via subsequent processing of
additional layers. These two issues, practical processability and control over alignment of
charge-carrier pathways connecting large-area flat electrodes (e.g. in solar cells), are essential

for the optimal potential application of columnar-type materials in electronic devices.
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Structure Analysis

The structure investigation was performed using a two-dimensional wide-angle X-ray
scattering (2D-WAXS) setup which is shown schematically in Figure 7.1. The sample was
positioned perpendicular to the incident X-ray beam. From the reflection positions in the 2D-
WAXS pattern, it is possible to obtain information about the intra- and intercolumnar
supramolecular organization. Since the fibers are placed vertically with respect to the incident
X-ray beam, the meridional reflections correspond to the correlations resulting from disc
stacking and the equatorial reflections distribution provide information about the

intercolumnar order.

meridional

detector A ’J\ Intercolumnar correlation

I d l»

2.
"__"ﬁ___
|

Vd\

X-ray beam I

extruded fil

equatorial

extrusion direction

Intracolumnar correlation

Figure 7.1. Schematic illustration of the experimental set-up (left) and the
characteristic 2D-WAXS pattern of an extruded filament based on discotic molecules

(right).

The 2D-WAXS experiments were performed by means of a rotating anode (Rigaku 18
kW) X-ray beam with a pinhole collimation and a 2D Siemens detector with a beam diameter
of ca 1 mm. A double graphite monochromator for the Cu-Ka radiation (A=0.154 nm) was

used.

Large-area X-ray diffraction was performed on a theta-theta Philips PW 1820
Kristalloflex diffractometer with a graphite-monochromized CuK, X-ray beam of a zone-cast
HBC-Cj, film on a pure glass substrate at room temperature in both casting directions

(parallel and perpendicular). The temperature dependent X-ray diffraction measurements were
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performed at various temperatures in order to investigate the supramolecular structure of the
zone-cast compounds at different phases. A 6-0 Siemens D500 Kristalloflex with a graphite-
monochromatized CuK, X-ray beam was used. The diffraction patterns were recorded in the
20 range from 1° to 32° and are presented as functions of the scattering vector s; with
s=2sinB/A where 20 is the scattering angle.

High-Resolution Transmission Electron microscopy was carried out on a FEI TECNAI
F30 ST at 300 kV under liquid N2 cryo conditions. Electron diffraction was recorded using a
Philips CM 12 electron microscope at 120 kV acceleration voltage. In both cases the films
were first cast onto a carbon film evaporated onto a glass substrate. Then the HBC-C,,/carbon
film was removed from the glass using a dilute aqueous HF solution and carefully mounted

onto a TEM copper grid.

Other Techniques

Differential scanning calorimetry (DSC) was measured on a Mettler DSC 30 with

heating and cooling rates of 10 K/min.

A Zeiss microscope equipped with polarizing filters and equipped with a Hitachi KP-
D50 Colour digital CCD camera was used in order to investigate the optical textures of the
compounds. The samples were sandwiched between two glass slides or doctor bladed as a
film on one glass surface and then thermally treated on a Linkam hotstage fitted with a

Linkam TMS 91 temperature controller.

Dynamic mechanical measurements were performed by means of the Rheometric
Scientific RMS-800 mechanical spectrometer. Shear deformation was applied under
conditions of controlled deformation amplitude, always remaining in the range of the linear
viscoelastic response of studied sample. The storage (G') and loss (G'") shear moduli were
measured at various temperatures at a frequency of 10 rad/s. A geometry of parallel plates
with diameters of 6 mm was used with a gap of about 1 mm between plates (sample

thickness). Experiments were performed under dry nitrogen atmosphere.

Atomic force microscopy was performed by using a Nanoscope Illa MultiMode
scanning probe microscope; Digital Instruments, Santa Barbara, CA. For AFM imaging of the

zone-cast HBC-C,, samples simple glass support was applied.

Optical absorption studies were carried out using a Perkin-Elmer Lambda 800

spectrometer equipped with a Glan-Thomson polarizer.
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Field-effect investigations were performed in collaboration with Dr. Anoop Menon and
Prof. Henning Sirringhaus, from Plastic Logic in Cambridge, where the HMDS treated
Si(n++) / Si02 wafer were prepared, the substrates were plasma cleaned in an oxygen plasma
for 30 seconds. After this, the HMDS was spin-cast at 2000 rpm on the substrate followed by
a 30 minute bake at 100 °C. Field-effect transistors were fabricated by zone casting HBC-C12
on a HMDS treated Si(n++) / SiO2 wafer using the procedure described earlier. Source drain
contacts were made on top of the HBC films by a shadow mask evaporation, yielding a
channel length of 25 um and a width of 1.6 mm. The gate dielectric is S102 with a thickness
of 200 nm. All device characteristics were measured at room temperature with a
semiconductor parameter analyzer HP 4155B in a glovebox in a dry nitrogen atmosphere
(H20 <1 ppm, O2 <5 ppm).
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