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1.1. Introduction 

 

Since the dawn of organic electronics in the 1970s that led to the 

discovery of organic photovoltaic cells (OPVs)1, light-emitting diodes 

(LEDs)2 and field-effect transistors (FETs)3, the interest in organic 

optoelectronic devices and organic molecular design has gradually 

increased, both in academia and in industry. Advantageous characteristics 

of organic semiconducting materials include potential low cost-

fabrication, environmental friendliness, low weight, mechanical 

flexibility, easier processability, and extensive non-toxic material design 

options.4 The performance of these materials has continually improved, 

making them increasingly attractive for applications. Although the power 

conversion efficiencies of organic photovoltaic cells (OPV) have been 

hovering in the 11-12% range for a long time, during the last few years, 

rapid increases have been reported, mainly because of the introduction of 

non-fullerene electron acceptors. The current record for OPV is well-above 

17%,5 which is still lower than record single-junction perovskite (25.2%) 

and silicon (26.7%) efficiencies.6  

In all device applications for organic semiconductors, achieving 

efficient charge transport, and hence a high charge carrier mobility, is 

crucial to optimization. The charge carrier mobility depends on the 

intrinsic electronic properties and the microscopic and macroscopic 

molecular order in the solid-state. In addition, the presence of (structural) 

defects plays a key role.7,8 While organic semiconductors have many 

possible advantages over inorganic materials, the reported mobilities in 

organic semiconductors are not yet comparable to those of state-of-the-art 
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inorganic semiconductors. AlGaAs/GaAs heterostructures exhibit high 

mobility values of approximately 35 x 106 cm2/Vs.9 For single silicon 

crystals, the electron mobility is 103 cm2/Vs,10 while for perovskites values 

up to 600 cm2/Vs have been reported.11 In contrast, the reported values are 

typically several orders of magnitude smaller for organic semiconductors, 

with the highest values in the range of 1-43 cm2/Vs for highly ordered 

systems.12–15  

 Conjugated liquid crystalline materials are a subgroup of organic 

semiconductors exhibiting a relatively high charge carrier mobility (up to 

1 cm2/Vs)16. Still, they are typically lower than crystalline materials due to 

the substantial orientational disorder.17 However, they offer several 

advantages, including easier processability, absence of grain boundaries, 

self-alignment between electrodes, and self-healing capabilities.18 Despite 

the relatively low charge carrier mobilities, conjugated liquid crystalline 

materials have been successfully applied in OPV devices where the active 

layer consists of a blend of two types of discotic liquid crystals 

(hexabenzocoronene and perylene diimide) . In such a device, a single-

wavelength (490 nm) external quantum efficiency as high as 34% was 

reported.19 

 It is clear from this discussion that the charge carrier mobility in 

organic semiconductors, and conjugated liquid crystalline materials in 

particular, is intricately linked to the structural order in the materials on a 

microscopic level. Substantial improvements in mobility and an improved 

fundamental understanding are necessary to achieve the desired results and 

to engineer the packing in the materials on a molecular level. Liquid 

crystalline organic semiconductors are of particular interest in this regard 

since they explicitly rely on self—organization to form their semi-
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organized liquid crystalline state. This thesis explores approaches to 

achieve control over the solid-state packing of these materials by explicitly 

engineering the intermolecular interactions between the molecules.  

 In the remainder of this chapter, an overview of the structure and 

properties of liquid crystalline materials and approaches to study charge 

transport in these materials are discussed. In addition, an outline of the 

remainder of this thesis is given. 
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1.2. Liquid crystals  

 

Liquid crystals were first discovered in 1888 by Austrian 

botanist Friedrich Reinitzer working on crystals of cholesteryl 

benzoate extracted from carrot root.20 Unexpectedly, the molecules 

exhibited two distinct melting points. The ‘first’ melting point was 

the temperature at which the crystal solid turned into a milky fluid 

and became perfectly transparent at the ‘second’ melting point, 

called the clearing point. Soon after this initial observation, the 

crystallographer Otto Lehmann analysed the intermediate cloudy 

phase using polarised light. In the intermediate phase, the material 

had characteristics of both a liquid and a solid, i.e., a solid material 

that flows. This ‘new’ state of matter, combining the fluidity of 

liquids and the orientational order of solids, led Lehmann21 to coin 

the term ‘liquid crystals’ in 1889 and has been regarded as the 

fourth state of matter since then.  

Liquid crystalline materials (LCs) can be classified by the 

process of obtaining the liquid crystalline phase transition: 

thermotropic and lyotropic LCs. Thermotropic LCs exhibit phase 

transitions on changing the temperature. In addition to temperature 

effects, lyotropic LCs display phase transitions on adding a solvent, 

which can be either a concentration effect or involve specific 

solvation. Molecules that form liquid crystalline phases are referred 

to as mesogens. Depending on the anisotropic shape of the 

molecules, LCs can be subdivided into calamitic mesogens (rod-

like), discotic mesogens (disc-like), and banana-shaped mesogens 
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(Figure 1.1.). In this thesis, only calamitic and discotic mesogens 

are considered.  

 

 
 

Figure 1.1. Classification of liquid crystals mesogens and their 

mesophases  

Most liquid crystalline molecules consist of a rigid, p-

conjugated core surrounded by flexible solubilizing side chains. 

These two distinct molecule parts give rise to different 

intermolecular interactions that lead to specific self-assembling 

properties. For instance, rigid conjugated cores tend to show 

relatively strong  p-stacking interactions, while flexible alkyl 

chains do not. These distinct interactions related to different parts 

of the molecules can lead to materials that exhibit properties of both 

solids and liquids. The self-organization of liquid crystalline 

molecules is an energy minimization process where disorganized 

free molecules in solution or solid-state autonomously form stable 

and structurally well-defined arrangements through weak non-
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covalent bonds and interactions, including  p-stacking, Van der 

Waals interactions, ionic interaction, and hydrogen bonds.22,23 

Since self-assembly is a reversible process, the bonds between the 

aggregated molecules should be of the same order of magnitude as 

the forces (Table 1.1.) that counteract assembly (thermal motion, 

mechanical stress).24  

 

Table 1.1. Energies of various non-covalent bonds and 

interactions24 

Type of bonding or 

interaction 

Energy (kJ/mol) 

Covalent bond 100-400 

Coulomb 250 

Hydrogen bond 4-120 

Ion-ion 200-300 

Ion-dipole 50-200 

Dipole-dipole 5-50 

Cation- π 5-80 

π- π 0-50 

Van der Waals forces <5 

Hydrophobic effects Related to the solvent-solvent 

interaction energy 

Metal-ligand 0-400 

 

The self-assembly process in mesogens can be controlled 

by manipulating the weak intermolecular interactions between the 

different parts of neighbouring molecules. Neighbouring, rigid 
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aromatic cores of LC molecules interact relatively strongly by p-

 p-interactions, while alkyl chains interact much more weakly. This 

can result in a situation where the overall order in the solid is 

preserved by the aromatic units, while the surrounding alkyl chains 

can become liquid-like upon heating. The transition between the 

various types of mesophases, decreasing structural order from 

crystalline to smectic to nematic and finally to the isotropic phase, 

occurs at defined temperatures based on the molecular structure 

and packing characteristics of the molecules.  

 

1.1.1. Calamitic mesogens: structural order 

 

Ever since the discovery of cholesteryl benzoate liquid 

crystalline molecules, rod-like (calamitic) liquid crystals have been 

extensively used in display applications due to their optoelectronic 

properties. The pioneering work of Hanna and Funahashi showed 

temperature-dependent charge transport properties of such 

molecules in the liquid crystalline state, 2-(4′-heptyloxyphenyl)-6-

dodecylthiobenzothiazole (7O-PBT-S12), yielding hole mobility 

of 5 x 10-3 cm2/Vs in time-of-flight measurements.25 Most rod-like 

liquid crystalline molecules have an elongated shape and consist of 

a rigid core with terminal and/or lateral solubilizing chains (Figure 

1.2.) attached to it. The elongated shape of the molecule, combined 

with the  p-conjugated nature of the cores, leads to a structure in 

which the elongated molecules are packed parallel to each other. 

This allows the rigid cores to approach each other more closely, 

resulting in stronger attractive Van der Waals forces. The 
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molecular order in mesophases can be enhanced by introducing 

groups capable of hydrogen bonding or other directional 

interactions.26 

 

 
 

        
 

 

      
 

Figure 1.2. Common examples of rod-like liquid crystalline 

molecules with varying π-conjugated cores and solubilizing side 

chains20,27,28 
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Rod-like liquid crystalline molecules exhibit two main 

mesophases: the nematic phase (N) and the smectic phase (Sm). 

The nematic phase is the least ordered of the two and is closest to 

the isotropic phase with a high degree of long-range orientational 

order but no long-range positional order. By increasing the size of 

the rigid core, one can achieve the more ordered smectic phase due 

to increased intermolecular interactions.29 In this mesophase, the 

molecules possess both positional and orientational order. The rod-

like molecules are arranged in layers and can exhibit two-

dimensional charge carrier transport through the layer of rigid 

cores. Various types of smectic phases can be observed depending 

on the molecular order in the layers. In the smectic-A phase, 

molecules are aligned perpendicular to the layers, while in the 

smectic-C phase, molecules are tilted to the plane of the layer. 

There is no long-range positional order within the layers in these 

smectic phases. The smectic-B phase is the most ordered smectic 

phase because molecules are arranged in a hexagonal crystalline 

order within layers.30  

 

1.1.2. Discotic mesogens: Structural order 

 

Disc-like (or discotic) liquid crystalline (DLC) molecules 

were first observed in 1977 by Chandrasekhar et al., who studied 

the phase transition behaviour of benzene with six ester side 

groups.31 Discotic liquid crystalline (DLC) molecules consist of 

rigid, flat p-conjugated cores surrounded by long, flexible, 

solubilizing alkyl chains in the periphery (Figure 1.3.). Due to 
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tightly overlapping p-systems in each disc-like core, they self-

assemble into one-dimensional aromatic stacks that provide 

efficient pathways for charge transport in one dimension (Figure 

1.4.a).  
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Figure 1.3. Common examples of disc-like liquid crystalline 

molecules with varying π-conjugated cores and solubilizing side 

chains32–38 

 

In general, four main types of intermolecular interactions 

can be classified: electrostatic interaction (dipole-dipole or, more 

commonly, quadrupole-quadrupole interactions), dispersion forces 

(London dispersion, or attractive Van der Waals interactions), 

induction interactions (dipole-induced-dipole), and Pauli repulsion 

(short-range repulsion).39 In the case of the core of a DLC molecule 

(a polycyclic aromatic hydrocarbon), the dipole moment is often 

zero or very small due to the high symmetry. However, π-

conjugated molecules usually have a substantial quadrupole 

moment. In the solid-state, the planar DLC molecules can approach 

each other closely at π- π stacking distances close to 3.5	Å. This 

close interaction optimizes the attractive dispersion forces that 

strongly increase with decreasing distance. Forming such face-to-

face stacked structures leads to repulsive electrostatic interactions 

due to quadrupole-quadrupole interactions.   

Balancing attractive dispersion and repulsive electrostatic 

interactions generally leads to parallel-displaced geometries for 

unsubstituted conjugated cores, where the electrostatic repulsion is 

minimized or even becomes attractive. The interaction between the 

cores can be tuned by extending the core size, introducing hetero-

atoms in the core, or selecting appropriate side chains. In addition, 

hydrogen bonding interactions or dipole-dipole interactions can 
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increase the intermolecular interaction or modify the stacking 

geometry. 

 

 
Figure 1.4. a) Representation of the one-dimensional charge 

transport pathway in self-assembled discotic liquid crystals b) 

Mesogens in thermotropic discotic liquid crystals  

 

DLCs can form two types of mesophases: nematic (N) and 

columnar (Col) phases. The nematic phase has orientational order 

of the discs along a common direction without translational order 

in any direction. Stacking disc-like molecules into 1D columns 

with orientational and positional order results in a higher-order 
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columnar phase. The neighboring aromatic cores are tightly 

stacked, resulting in strong electronic interactions and hence a 

much higher charge carrier mobility than in the corresponding 

nematic phase (Figure 1.4.b). The cofacial distance, dc, and 

intracolumnar distance, di, parameters between neighbouring 

molecules within the columnar stacks give insight into 

intracolumnar charge transport. In the crystalline phase (K), the 

discs form a tilted columnar structure with a tilt angle close to 45o 

along the column, i.e., the molecules adopt a parallel-displaced 

geometry. For DLCs in the crystalline phase, the dc varies from 3.3 

Å to 3.6 Å while di is in the range of 4.2- 4.8 Å. In addition to the 

centre-to-centre distance between the molecules, the twist angle 

between neighbouring molecules also plays a significant role in 

determining the charge transport properties, as will be discussed in 

Chapter 3. A larger distance (20-40 Å) between neighbouring 

columns (intercolumnar distance, L) leads to a more isolated 

structure that prevents recombination of charges in different 

columns.40  

The discotic molecules stack in a horizontal columnar 

arrangement where dc = di in the columnar phase. Resulting from 

the specific intermolecular interactions between neighbouring 

molecules, different degrees of internal order within the columns 

can be obtained: ordered (Colo), disordered (Cold), plastic (Colp), 

and helical (H). In addition, the columnar stacks can tilt to the 

columnar axis, which gives rise to different two-dimensional 

intercolumnar lattice arrangements: hexagonal lattice (Colh), 

rectangular lattice (Colr), and oblique lattice (Colob).  
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1.1.3. Mesophase characterization 

 

The phase behaviour of thermotropic liquid crystalline 

materials is characterized by the orientational, positional, and bond 

orientation order of the molecules they consist of. The differences 

in the types of order as a function of temperature are directly related 

to the intermolecular interactions between the aromatic cores and 

the solubilizing side chains. To characterize the different phases, 

the structural parameters mentioned above should be measured 

directly or indirectly derived from a measurement. Standard 

techniques that are used to indicate mesophases are polarized 

optical microscopy (POM), differential scanning calorimetry 

(DSC), and powder X-ray diffraction (XRD) studies. The static and 

dynamic structural properties of the discotic molecules in the solid-

state can also be measured using solid-state nuclear magnetic 

resonance (NMR) methods. However, this is beyond the scope of 

this thesis.  

From a DSC measurement, information is obtained on phase 

transition temperatures and enthalpy changes (DH) during the 

different transitions. This can also indirectly indicate the structural 

changes since a large value of DH generally indicates a significant 

structural difference between two mesophases. Large values for DH 

are often associated with a solid-to-mesophase transition (for 

instance, the melting of the flexible side chains in a discotic 

material) and mesophase-to-isotropic liquid transition. Mesophase-

to-mesophase transitions usually result in much smaller values of 
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DH. It is possible to assign the microscopic birefringent appearance 

of the optical textures, which arise due to the polarizability 

anisotropy of the liquid crystalline molecules, by POM 

measurements. The change in the anisotropy while going through 

a phase transition changes the birefringent appearance. The 

magnitude and sign of the change in birefringence around specific 

phase transitions observed in DSC measurements can give 

information on the structural changes in the molecular order during 

the phase transition.41,42  

Powder X-ray crystallography is a more direct way to study 

structural changes during phase transitions. X-ray crystallography 

generally requires long-range order to yield sharp diffraction peaks, 

from which a detailed picture of the solid-state structure can be 

derived. This is possible in the crystalline phase, whereas the 

considerable disorder in the mesophases makes it impossible to 

obtain detailed structural information. Nevertheless, XRD can give 

valuable insight into the structure, even for partially disordered 

systems. In the small-angle region, data is received on the 

intercolumnar distance. At the same time, wide-angle reflections 

can be assigned to the order between neighbouring molecules 

within the column, for instance, the π stacking distance. In most 

cases, a combination of the techniques discussed here is required 

to assemble a picture of the structural parameters of an LC material. 

 

1.2. Charge transport in organic molecular material 

 

Organic semiconductors cover a wide variety of π-conjugated 
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materials ranging from disordered conjugated polymers to 

disordered small-molecule materials to highly crystalline 

materials. Semiconducting liquid crystalline materials can be 

considered amorphous and crystalline, usually forming relatively 

ordered one- or two-dimensional environments for charge 

transport.43 As mentioned above, for application of these materials 

in optoelectronic devices such as solar cells44, light-emitting 

diodes45 and field-effect transistors46 , an essential requirement is 

that they can efficiently transport charge. The electrical 

conductivity of a material, 𝜎 (S/m), is defined as the amount of 

charge that is transported across a unit cross-sectional area, per 

time, per unit of the applied electric field. The conductivity is 

related to the concentration of charges and how fast they can move 

in an applied electric field by:  

 

																														𝜎 = 𝑛!𝜇!𝑒 + 𝑛"𝜇"𝑒                                 (1.1) 

 

Where 𝑛!   and 𝑛"  are the number densities (m-3) of electrons and 

holes, respectively, 𝜇!  and 𝜇"  are the electron and hole mobility 

(m2/Vs), and e is the elementary charge (1.602x10-19 C). Based on 

their ability to conduct charges, materials can be roughly divided 

into three categories: conductors/metals (𝜎 ≥ 103 S/cm), 

semiconductors (103 ≥ 	𝜎 ≥ 10-12 S/cm) and insulators (𝜎 ≤	10-12 

S/cm).47 To achieve effective conductivity, materials must possess 

two fundamental attributes: 

- A high concentration of charges  

- Efficient transport of those charges, as reflected in a 
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high charge carrier mobility 

 

In most of the organic materials, the intrinsic concentration 

of charges is very low due to their relatively large bandgap. Yet, 

the charge carrier mobility in (organic) semiconductors can be 

higher than in metals.48 The latter shows that the concentration of 

charges, which is very high in metals, is equally important in 

determining the conductivity of material as the mobility is. For the 

remainder of this discussion, we relate to the charge carrier 

mobility as this is a material-specific quantity independent of how 

charges are generated. The latter can be highly dependent on the 

device structure and measurement techniques used. 

 

Charge transport in discotic liquid crystals 

 

 While there are some reports of very high charge carrier 

mobilities in organic materials, in most cases, mobilities are rather 

low due to considerable disorder in the molecular packing on local 

(amorphous/crystalline) and on macroscopic (grain boundaries) 

length scales. Liquid crystalline molecules offer some directions to 

avoid this problem via their thermally controlled molecular 

packing properties, i.e. mesophases, as mentioned in section 1.1. 

Disc-like liquid crystalline molecules self-organize into columnar 

phases where the charge transport is limited to one dimension. For 

such columnar mesophases, the mobility generally increases as the 

intra-columnar order is increased. The highest reported mobility for 

a discotic liquid crystalline material is ca. 1.1 cm2/Vs for a 
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hexabenzocoronene derivative.16 Peripheral substituents are 

introduced in DLCs to enhance liquid crystallinity, and their length 

and nature can strongly affect the disorder in the π-stack. Increased 

static and dynamic disorder along the stack results in lower charge 

carrier mobilities. The amount of disorder along the stack is also 

determined by the interaction between the aromatic core and hence 

depends on their structure. As an example, for triphenylenes, 

mobilities in the range of 10-2 - 10-4 cm2/Vs have been reported for 

aliphatic side chains containing 3 to 11 carbon atoms.49 

Optimization of the sidechains has been shown to lead to more 

ordered stacking of triphenylene derivatives resulting in the 

mobility of 0.1 cm2/Vs in the liquid crystalline phase and 0.3 

cm2/Vs in the crystalline phase.50  

Larger aryl cores, such as hexabenzocoronenes, more 

strongly interact, primarily through dispersion interactions, leading 

to less disordered stacking arrangements. This results in 

considerably higher mobilities, up to 1.1 cm2/Vs in the helical 

columnar phase for substitution with linear dodecyl chains.16 

Branching in the alkyl side chains leads to steric hindrance, 

especially if the branching is close to the aromatic core, resulting 

in decreases the π interactions between neighbouring HBC cores, 

and hence a lower charge carrier mobility.51  

 

Charge transport in calamitic liquid crystals 

 

In the case of rod-like liquid crystalline materials, the 

individual molecules self-assemble into lamellar layered structures 
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and form smectic phases where the charge transport is two-

dimensional. The most representative and widely studied examples 

are acene molecules such as tetracene and pentacene derivatives 

that exhibit high record mobilities, up to  40 cm2/Vs for pentacene 

single crystals52 and 43 cm2/Vs for rubrene single crystals.53 For a 

heteroacene derivative, benzothieno[3,2-b][1]benzothiophene 

(BTBT), an exceptionally high charge carrier mobility of 31.3 

cm2/Vs for organic thin-film transistors has been reported.54 These 

values are all for highly crystalline materials without flexible 

sidechains introducing liquid crystallinity. Introducing such a side 

chain usually results in more disordered materials, hence lower 

charge carrier mobilities. Nevertheless, Seki and co-workers have 

recently reported a very high mobility value, 170 cm2/Vs for holes 

in a liquid crystalline BTBT derivative, 2,7-didodecyl-BTBT. 55 

The details of this record charge carrier mobility are discussed in 

Chapter 4. 

 

1.3. Mechanisms of charge transport 

 

From the discussion above, it is clear that the static and 

dynamic structural parameters determine the magnitude of the 

charge carrier mobility. The magnitude of the charge carrier 

mobility is determined by the disorder in the energetic landscape 

that the charge encounters and the electronic interactions between 

the neighbouring molecules. These parameters are directly related 

to the structural disorder in the material. 
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Figure 1.5. Fully delocalized band regime picture (left). Charge 

migration via hopping mechanism over a potential energy barrier 

(right)  

 

The electronic coupling describes the electronic 

interactions between the electrons in different molecules. This is 

illustrated in Figure 1.5a for a two-level system. If two molecules 

are infinitely far apart, they each have their HOMO and LUMO 

orbitals, which have precisely the same energy. When the two 

molecules are brought together, both the HOMO and LUMO 

orbitals start mixing, leading to splitting and forming two new 

energy levels delocalizing over both molecules. The magnitude of 

the splitting between the two HOMO levels and the two LUMO 

levels is a measure for the electronic coupling related to holes and 

electrons, respectively. In this example, the initial energies of the 

HOMO and LUMO orbitals on the two molecules are the same. 

However, in a disordered material, this is generally not the case. 

When the energy difference is much larger than the electronic 

coupling, this can lead to localized states rather than delocalized 

electronic states. In general, the relative magnitude of the energy 

differences and the electronic coupling determines whether charges 
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are delocalized or localized. These two extreme cases are 

characterized by two different charge transport mechanisms, band-

like transport and incoherent hopping transport, discussed below. 

 

1.3.1. Band model  

 

In the limit where the electronic coupling is large compared 

to the energetic disorder in a stack of molecules, delocalized 

electronic states are formed. This is analogous to the two-level 

system illustrated in Figure 1.5a where the electronic states are 

delocalized over two molecules, resulting in splitting the energy 

levels by two times the electronic coupling (2J). An infinitely long 

stack of molecules forms an infinite set of delocalized electronic 

states, resulting in a continuous band of energy levels characterized 

by the bandwidth. In a simple approximation, the width of the band 

is four times the electronic coupling between two neighbouring 

molecules (4J).56 In such a band-like picture, electrons move 

relatively freely and only weakly interact (or scatter) with the 

environment consisting of the nuclei and other electrons. In other 

words, the scattering due to static energetic disorder and interaction 

with lattice vibrations is very weak, leading to an average mean 

free path between scattering events that is very long compared to 

the stacking distance between the molecules. In the band model, 

the ease with which the electrons can travel through the materials 

depends on the electronic coupling and hence the bandwidth. This 

can be expressed in an effective mass m* that becomes smaller as 

the bandwidth (and the electronic coupling) increases. In the 
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simplest approximation, the charge carrier mobility can be related 

to the effective mass, m* and the average time between scattering 

events,  t, through Drude’s model: 

 

𝜇 = !t
#∗                                        (1.2)      

 

The scattering time depends on the thermal vibrations in the 

system. At high temperatures, there is a lot of thermal motion in 

the materials, leading to disorder and hence short times between 

scattering events. In contrast, the thermal disorder is minimal at 

very low temperatures, resulting in a long scattering time. 

According to equation 1.2 this leads to the specific experimental 

signature of band-like transport, a thermally deactivated mobility.  

In organic materials, such behaviour is only observed in 

ultrapure highly ordered molecular crystals,27, mostly at low 

temperatures. Although it is uncommon for π-stacked 

semiconductors at room temperature due to the relatively small 

electronic coupling between neighbouring molecules and the 

considerable disorder, recent reports of exceptionally high 

mobilities of 35 cm2/Vs (holes pentacene)57, and 170 cm2/Vs (for 

2,7-didodecyl[1]benzothieno[3,2-b][1]-benzothiophene (BTBT)55 

have led to the discussion of the possibility of band transport in 

highly pure and ordered organic semiconductors.  

 

1.3.2. Hopping model 

 

While there are examples of highly ordered crystalline 
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organic semiconductors, in many cases, they are usually disordered 

to some extent due to the weak intermolecular interactions between 

them. This is particularly important for LC materials in the 

mesophases that, by definition, exhibit more disorder than 

crystalline materials. The relatively small electronic coupling 

between the neighbouring molecules leads to localized electronic 

states that are weakly coupled to the neighbouring states. 

Localization of charges is enhanced by deformation of the lattice 

by the presence of a charge, resulting in polaron formation. In such 

systems with localized charges, charge transport is still possible but 

occurs by thermally activated hopping (Figure 1.5.b). In such a 

hopping mechanism, the thermal energy in the environment, in the 

form of (phonon) vibrations is necessary to move through the 

disordered energy landscape. Each hopping step can be seen as an 

electron transfer step that can be described by the Marcus 

equaton:58,59 

 

																													𝜔 = 	,
$

ℏ&'"(
	𝐽)	𝑒𝑥𝑝 0*+,-

#.&/
0&'"(

1																							(1.3)  

                                            

The charge transfer rate, 𝜔, depends on the electronic 

coupling, J, the driving force or energy difference,	Δ𝐺1 and the 

reorganization energy, 𝜆. In this equation, ℏ is Planck’s constant, 

kB is Boltzmann’s constant and T the temperature. In equation 1.3, 

the static energetic disorder is reflected in Δ𝐺1. The possibility for 

polaron formation (lattice deformation) is accounted for through 𝜆. 

As the Marcus equation defines, the electron transfer rate 
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relates to the rate of transfer or hopping rate between only two 

molecules in the solid. However, in a large system, transport has to 

occur by sequential hopping from site to site, leading to an 

incoherent thermally activated hopping mechanism.60 The 

Boltzmann term is essential since it defines the thermally activated 

nature of the transport. Opposite to band-like transport, the rate and 

the charge carrier mobility increase with increasing temperature. 

The three parameters in the Marcus equation directly 

depend on the molecular structure and the interaction between 

neighbouring molecules along the  p-stack. The reorganization 

energy is related to the geometry when a molecule goes from its 

neutral to its charged state.  Photoelectron spectroscopy and density 

functional theory (DFT) studies reveal that large, rigid conjugated 

macrocycles such as pentacene, fullerenes, phthalocyanines and 

discotic liquid crystals exhibit the smallest reorganization energy 

values among their kinds of organic molecules.61  

In the case of rod-like liquid crystals, the reorganization 

energies for BTBT isomers are around 0.2 eV,55 while for disc-like 

hexa-peri-hexabenzocoronene (HBC) core, it is  0.1 eV.59 The 

reorganization energy depends only on the molecular structure 

itself and is not sensitive to the positional/orientational order of 

neighbouring molecules.62 In contrast, positional and rotational 

orientations of neighbouring molecules have a significant effect on 

charge transfer integral (J), which describes the probability of an 

electron tunnelling between neighbouring molecules in self-

assembled stacks. J decreases exponentially with the 
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intermolecular separation. For example, J ∼ exp(−2.2z/Å)59 where 

z is ca. 3.5 Å for HBC molecules. 

Additionally, the charge transfer integral depends on the tilt 

angle between neighbouring molecules in a stack. The maximum 

value is generally found for a fully face-to-face arrangement, and 

rotations between neighbouring molecules reduce its value.63 This 

offers a particularly interesting handle to tune the charge transport 

properties of discotic materials since the packing geometry can be 

influenced directly by changes in the molecular structure. Chapter 

2 discusses this in more detail, and theoretical exploration of 

approaches to optimize the charge transfer integral between 

neighbouring molecules is presented. 

 

1.3.3. Conductivity and mobility detection techniques  

 

Unravelling the mechanism of charge transport in a 

particular material typically involves measurements of the 

conductivity of materials as a function of temperature. In this way, 

it is possible to distinguish between band-like and thermally 

activated hopping transport. Over the last decades, various 

detection techniques have been developed to measure the 

conductivity and derive the charge carrier mobility.64 Most of these 

techniques use a constant electric field (Direct Current, DC 

technique) which requires contact with electrodes. Alternatively, 

some techniques, such as microwaves or terahertz radiation, use a 

high-frequency oscillating electric field (Alternating Current, AC 

technique). The latter techniques have the advantage of being 
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contactless and do not require constructing a device with 

electrodes. 

It should be noted that mobility values obtained from the 

different detection techniques can not always be directly compared. 

In DC techniques, charge transport is probed over distance 

typically 100 nm or more, while in high-frequency AC techniques, 

charge transport is probed on a much shorter distance scale. In 

addition, complications due to charge injection and field-dependent 

mobilities can hamper comparing values obtained from different 

techniques. The basic principles of some of the most used detection 

techniques for liquid crystalline materials are briefly described in 

the following.  

 

1.3.3.1. Four-Contact Probe Method  

 

One of the most straightforward DC techniques to measure 

conductivity is the four-contact-probe method65, where the current-

voltage relation between two contacts is used to determine 

conductivity (𝜎) at a known distance (d), as shown in the equation 

(4):  

 

																																																	𝜎 =	=
𝐼

2𝜋𝑉𝑑																																					(1.4) 

                                             

I is current, and V is the measured voltage in this equation. 

In this method, the current is passed between two contacts and 

voltage change across two intermediate points is measured using a 
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high impedance voltmeter. Four probes with an equivalent distance 

(d) are alined on semiconductor material, of which the thickness is 

much larger (mm) than d. Disadvantages of this method include the 

need to establish ohmic contacts, which requires an excellent 

sample homogeneity. However, the method is very sensitive and 

suitable to measure very low conductance values.  

 

1.3.3.2. Time-of-Flight (TOF)  

 

TOF is a widely used DC measurement technique to obtain 

charge carrier mobilities for organic materials. In this time-

resolved technique, an organic layer of several microns thickness 

(~5-30	µm) is sandwiched between two electrodes, of which one is 

transparent. A short laser pulse irradiates the material through the 

transparent electrode to generate charge carriers. Due to the small 

penetration depth of incident laser light, charge carriers are 

generated only in a thin layer close to the electrode. Depending on 

the polarity of applied bias and electric DC field (in the range of 

104 – 106 V/cm)66, the photogenerated charge carriers (holes or 

electrons) migrate through the material towards the counter 

electrode. The collective motion of the charges in the applied 

electric field towards the second electrode results in a current 

recorded in the external circuit, using a current amplifier and 

storage oscilloscope, as schematically drawn in Figure 1.6.a. The 

current induced by the photogeneration of charges stays more or 

less constant until it decays to zero when the sheet of charges 

reaches the counter electrode (Figure 1.6.b). This time is defined as 
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time-of-flight or transit time, ttr of the charges. A well-defined 

transit time is typically obtained in the case of ordered materials. 

In contrast, in disordered systems, the sheet of charges broadens 

significantly (dispersive transport), leading to a distribution of ttr 

values across the material.66 The mobility of holes and electrons 

can be obtained separately from the measured transit time, the 

known thickness of the sample (L) and the applied voltage (V): 

 

																																																	𝜇(23 =
𝐿)

𝑉𝑡45
																																						(1.5) 

 

An interesting aspect of the TOF technique is that the 

charge carrier mobility can be obtained directly without requiring 

any knowledge of the concentration of charge carriers. The TOF 

technique is a DC technique, which means that transport is probed 

over a macroscopic distance. This means that a single uniform 

domain of the material must be formed between the electrodes for 

a reliable measurement of the intrinsic charge carrier mobility. For 

mesomorphic triphenylenes67 successful TOF mobility 

measurements have been performed. However, no reliable TOF 

mobilities have been published for other DLCs with larger cores, 

such as phthalocyanines and HBCs.  
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Figure 1.6. Principles of the Time of Flight (TOF) conductivity 

measurements a) schematic view of charge carrier generation and 

transport, transient photocurrent signal in b) non-dispersive 

transport c) dispersive transport 

 

1.3.3.3. Space-Charge Limited Current (SCLC) “Diode 

Configuration” 

 

For materials with a low concentration of charge carriers. 

Space-Charge Limited Current (SCLC) measurements are widely 

used in organic semiconductors.68 The measurement setup used in 

the SCLC technique is called the ‘Diode Configuration’ since 

mobility values are obtained from the electrical characteristics of a 

diode where the organic layer is sandwiched between two 

electrodes. The metal electrode can be considered injecting contact; 

either electrons or holes can diffuse into the material at low voltage. 

The choice of electrodes is crucial since the Fermi level of the metal 

electrode needs to be close enough to the allowed levels of the 

studied material. Holes can be injected using high work function 
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metals, while low work function metals can be used to inject 

electrons. In the absence of traps in the material, the current 

density-voltage characteristics become quadratic (J~V2). At high 

voltages, in the presence of charge carrier traps, the J-V 

characteristics become space-charge-limited, meaning that the 

current is limited by the injection of charge carriers from the 

electrode.69 The space-charge-limited current, J, is given in 

equation (1.6), which is known as the Mott-Gurney equation70: 

 

																																		𝐽 = 6
7
𝜀𝜇89:9

;$

<%
𝜃																																(1.6)  

 

In this equation, 𝜀 is permittivity, d is the thickness of the 

sample, and 𝜃 is the ratio of the number of free charges to the total 

number of charge carriers. 𝜃 is only considered in the presence of 

charge carrier traps, and it becomes 1 when the current is trap-free. 

In the SCLC technique, the number of injected charges reaches a 

certain maximum value because their electrostatic potential 

prevents the injection of additional charges at a low electric field.66  

 Although the SCLC technique allows measuring the 

macroscopic mobility, it requires highly pure, trap-free samples. In 

the presence of traps, the J-V curves in SCLC measurements 

become more complex with extended intermediate regions arising 

from Gaussian-shaped charge carrier trap distributions.71 

 

1.3.3.4. Organic Field-Effect Transistors (OFET) 
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The last DC technique considered here to obtain charge 

carrier mobilities for organic materials is the measurement of 

organic field-effect transistor (OFET) characteristics to determine 

the drift charge carrier mobility per unit electric field using the 

appropriate current-voltage (I-V) relationship. As schematically 

drawn in Figure 1.7. The organic semiconductor layer is deposited 

between the source and drain electrodes. The charge carriers are 

injected into the active material from a source electrode by 

applying positive or negative bias voltage on the gate electrode. 

The transport takes place between the source and the drain 

electrodes, while the voltage on the gate determines the charge 

density in the transport channel.72 I-V curves characteristics in 

OFET devices can be considered in two regimes66:  

 

In the linear regime where the current increases linearly with the 

voltage:  

 

																																									𝐼8= =
>
:
𝜇3?(𝐶(𝑉- − 𝑉()𝑉8=																		(1.7)  

 

and in the saturation regime:  

 

																																								𝐼8= =
𝑊
2𝐿 𝜇3?(𝐶

(𝑉- − 𝑉())																					(1.8) 

 

In these equations, IAB and VAB	are current and voltage bias 

between source and drain electrodes, VC is gate voltage, VD is 

threshold voltage (at which the current starts increasing), C is the 
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capacitance of gate dielectric, E
F

 is the width/length ratio of 

conducting channel, and 𝜇 is the charge-carrier mobility. For low 

source-drain voltages, the linear regime (equation 1.7) is observed 

where the current increases linearly, followed by the saturation 

regime for high voltages (equation 1.8) where the current saturates 

with increasing source-gate voltages, i.e. the current is independent 

of the source-drain voltage. Mobilities in the saturation regime are 

generally higher than in the linear regime due to different electric-

field distributions.73 FET mobilities in organic semiconductors are 

usually dependent on the gate voltage due to the presence of traps 

(structural defects and impurities).74 This is directly related to the 

charge density: at a low gate voltage, not enough charges are 

present to fill up all traps and the transport is through these traps. 

At higher voltages, the charge density is high enough to fill all traps 

and the transport is dominated by the non-trapped charges, 

resulting in higher field-effect mobility.75 Charge carrier transport 

is also affected by the surface topology and dielectric constant of 

the gate dielectric since charge transport takes place in a thin layer 

close to the gate electrode. Polaronic dressing of charge carriers is 

improved by increasing dielectric constant of gate insulator and as 

a consequence of enhanced polarization at the dielectric surface, 

the mobility is reduced.76,77 
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Figure 1.7. Schematic presentation of Organic Field-Effect 

Transistors (OFETs) operation principle during voltage application 

and current-voltage (I-V) relationship a) the linear regime, reaching 

the saturation regime b) linear and saturation regime 
 

In the OFET technique hole and electron mobilities can be 

obtained separately by applying different source-drain biases and 

gate (Vg< 0, Vd< 0 for hole and 0 >Vg, 0 >Vd for electrons). In 

OFET measurements based on p-type liquid crystalline molecules 

charge carrier mobility values up to 10-3 cm2/Vs for discotic liquid 

crystalline HBC78 and 3 cm2/Vs for calamitic liquid crystalline 

BTBT79 have been reported. A mobility as high as 0.72 cm2/Vs has 

been found for the n-type liquid crystalline perylene-diimide (PDI) 

by OFET measurements.80 In general, understanding the 

temperature dependence of the charge carrier mobility and 

comparison of charge carrier transport with the OFET and other 

techniques is challenging since the measured characteristics can 
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depend strongly on the dielectric material, structural defects, 

surface topology, and geometrical structure of the device.  

 

1.3.3.5. Pulse-Radiolysis Time-Resolved Microwave 

Conductivity (PR-TRMC)  

 

In this thesis, the key approach to measure charge carrier 

mobilities in liquid crystalline materials is the pulse-radiolysis 

time-resolved microwave conductivity (PR-TRMC) technique. In 

contrast to the above-explained DC techniques, this AC technique 

uses high-frequency microwaves to probe the charge transport and 

requires no contact electrodes and no elaborated sample 

preparation. The charge carrier mobility values obtained in this 

way are free from domain boundary effects and space-charge 

effects due to the fast reversal time of microwave field in a few tens 

of picoseconds and the low concentrations of charges present. PR-

TRMC has been applied to (bulk) solid-state as well as liquids and 

single polymer chains in solution. The fact that conductivity 

measurements can be performed in the liquid state is of particular 

interest for this thesis since it allows to measure the charge mobility 

in all mesophases, even the isotropic liquid phase. Reported 

mobilities from PR-TRMC measurements are often higher than 

those obtained by DC techniques discussed above. The mobility 

obtained from the PR-TRMC technique can, in many cases, be 

considered as the maximum attainable mobility values in defect-

free samples.81,62,50,82–84  
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Figure 1.8. Schematic representation of Time-Resolved 

Microwave Conductivity (PR-TRMC) technique. 

 

A schematic representation of the setup is shown in Figure 

1.8. The sample in the PR-TRMC measurements is prepared by 

compressing the solid-state material into a microwave cell by hand 

using a close-fitting rectangular Teflon rod. The sample can either 

fill the cell entirely or a much smaller amount can be placed in a 

small polyimide sample holder that fills the total volume of the 

microwave waveguide. To correct the fact that the sample volume 

is not completely filled with material, the conductivity data is 

corrected by a fill factor (F), which is usually around 0.6-0.8. 

Charges are generated in the sample by irradiation with short pulses 

(from 0.5 to 50 ns) of 3 MeV electrons from a Van de Graaff 

accelerator. The penetration depth of 3 MeV electrons in materials 

of density 1 g/cm3 (assuming the density of a material is close to 1 

g/cm3 as usual for organic materials)85 is ca. 15 mm, which is much 

larger than the sample thickness of 3.5 mm.12 Therefore, pulsed 
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irradiations lead to a uniform ionization within the sample with a 

concentration that is known from dosimetry measurements. 

Typically a micromolar concentration of charges is present.  

In order to probe the motion of the charges, a Gunn-diode 

oscillator is used to generate continuous microwaves with 

frequencies ranging from 26.5 GHz to 38 GHz. For non-conducting 

materials, microwaves travel through the sample without any 

absorption or loss. However, if mobile charge carriers are present 

in the sample this leads to absorption of part of the microwave 

power because the oscillating electric field perturbs the motion of 

the charges. The fractional change in the microwave power, (∆H
H
), 

absorbed by the sample is directly proportional to the change in the 

conductivity (∆𝜎) of the sample with a fraction of cell volume 

occupied by the sample (F) and the sensitivity parameter (A):  

 

																																											
∆P
𝑃 = 𝐴𝐹∆𝜎																																													(1.9) 

 

The value of A is determined by the dimensions of the 

microwave cell and the dielectric properties of the sample. The 

conductivity obtained from these measurements can derive a 

charge carrier mobility if the concentration of charge generated 

during the pulse is known. Since we know the amount of energy 

deposited per unit volume from radiation dosimetry measurements, 

we can estimate the concentration of charges at the end of the pulse. 

Notably, both positive and negative charges are created by 
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irradiation and hence the change in conductivity is the sum of the 

positive and negative carrier mobilities, ∑𝜇 =	𝜇.	 + 𝜇*	 

 

																																								Z𝜇 = 𝐸I[∆𝜎/𝐷]!JI																												(1.10) 

 

With the known energy deposition (dose, D, J/m3), the 

conductivity change at the end of the pulse (eop) and the calculated 

average pair-formation energy (Ep, eV), the mobility of the charges 

can be calculated according to equation (10). 86 The measurement 

cell is contained in a cryostat in which the temperature can be 

varied from -100 to +200 oC. This allows for mobility 

measurements in the different mesophases of thermotropic liquid 

crystalline molecules.12 PR-TRMC measurements have been used 

for various liquid crystalline molecules described later in this 

thesis. 

 

1.3.3.6. Field-Induced Time-Resolved Microwave Conductivity 

(FI-TRMC) 

 

Contactless TRMC methods, such as pulse-radiolysis (PR-) and 

flash-photolysis (FP-), serve fast and accurate measurements to 

achieve charge carrier mobility and carrier lifetime properties of 

various types of samples morphologies, including crystals87, 

powders88, thin films89, suspensions and fluids. However, charge 

carriers are generated throughout the bulk of the material in these 

methods. However, the interfaces play an important role, especially 

in the applications of organic photovoltaics from both structural 
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and functional points of view. Material/substrate and material/air 

interface interactions cause molecules to adapt different 

orientations than their bulk state. Additionally, p- and n-type 

semiconductor interactions strongly influence photovoltaic 

response.90  

In order to understand the interfacial charge carrier mobility, 

Shu Seki and his team have developed a novel system referred to 

as field-induced time-resolved microwave conductivity (FI-

TRMC).91 In this technique, a metal-insulator-semiconductor 

(MIS) device is initially prepared to adopt an 

Au/SiO2/PMMA/semiconductor/Au configuration and set into a 

microwave cavity. Although the metal electrodes decrease the 

effective power of the reflected microwave (˜9 GHz), a selectively 

applied gate bias enables monitoring the time dependence of both 

dielectric loss and injected charge carrier amounts at the interface. 

This method makes a direct quantification of the charge carrier 

concentration possible. Holes and electrons can be directly injected 

by the microsecond-pulse bias voltage, and field-induced charge 

carrier generation can be obtained at the interface of insulator 

PMMA and spin-coated semiconductor.  

As in PR-TRMC, the generated charge carriers absorb part of 

the indicent microwave power, resulting in a change in the power 

of the reflected microwaves, ∆𝑃.	As shown in the equation of 1.11, 

the change in the conductivity, ∆𝜎, is directly proportional to the 

relative change in the reflected microwave power, ∆H&
H&
.  The relation 

between the change in the value of the electrical conductivity 

generated by the applied gate bias and the change in the number of 
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charge carriers, ∆𝑁, is shown in equation 1.12. The change in the 

number of charge carriers, ∆𝑁, is accumulated in the MIS device 

due to the gate bias voltage. Here, K is an experimental 

proportionality factor that depends of the geometry of the sample 

and the characteristics of the microwave cavity used, while 

𝜇	denotes the charge carrier mobility.92 

 

																																		∆𝜎 = 	𝐾 ∆H&
H&

    (1.11) 

																																		∆𝜎 = 	𝑒𝜇∆𝑁                          (1.12) 

 

From FI-TRMC measurements, PDI-based liquid crystalline 

molecules with alkyl and fluoroalkyl tails showed 0.2 and 0.3 

cm2/Vs hole and electron mobilities, respectively.93 In contrast, 

PDI molecules with triethylene glycol and semifluoroalkyl tails 

showed no notable conductivity, highlighting the importance of 

side-chain structure on the charge transport properties. Derivatives 

of naphthalenedicarboximides (NDIs) showed higher electron 

mobilities up to 12-15 cm2/Vs at room temperature compared to 

PDIs.94 Recently, a strikingly high interfacial mobility of 170 

cm2/Vs was measured for benzothienebenzothiophene (BTBT) 

derivates at room temperature.95 The further details of this record 

charge carrier mobility results measured by FI-TRMC are 

discussed in Chapter 4 of this thesis.  

 

1.4. Aim and Outline of This Thesis  

 

The aim of the research outlined in this thesis is to increase the 
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understanding of the relation between supramolecular order and the 

resulting optoelectronic properties in organic semiconductor 

materials, with a specific focus on liquid crystalline ones.  

In Chapter 2, we describe the synthesis of two novel 

peripherally substituted discotic liquid crystalline hexa-peri-

hexabenzocoronene (HBC) compounds and systematically study 

the influence of substitution position (meta- vs para-) on the 

aggregation properties in solution. Detailed temperature-, 

concentration-, and solvent- dependent study results demonstrate 

that the position of the substituent (meta- vs para-) has a 

pronounced effect on the aggregation and para-position substituted 

HBC has higher tendency to aggregate.  

In Chapter 3, we focus the relationship between 

supramolecular organization and molecular design of such tailored 

HBC derivates in the solid state. By performing temperature-

dependent charge transport measurements, we also gain insight into 

the charge transport of the different mesophases in these HBC 

isomers. Preliminary studies show that changes in the preparation 

procedures and recrystallization of HBC derivatives can improve 

the columnar order of meta-position substituted HBC.  

In Chapter 4, we examine the charge transport mechanism and 

intrinsic charge carrier mobility in rod-like liquid crystalline 

[1]benzothieno[3,2-b][1]benzothiophene (BTBT) derivatives with 

varying side chain length in the solid state. The temperature 

dependence of the charge carrier mobility and decay kinetics of Cn-

BTBT-Cn (n= 8, 10, 12) were investigated by PR-TRMC 

measurements. We report remarkably high intrinsic charge carrier 
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mobilities following a thermally activated hopping model as the 

primary mechanism for charge transport for the investigated BTBT 

derivatives. 

In Chapter 5, we study a series of polyamide materials that 

contain	 repeating	 units	 of	 conjugated	 semiconducting	

bithiophene	 or	 dicyanoperylene	 bisimide,	 with	 varying	

aliphatic	spacer	lengths.	PR-TRMC results for these compounds 

show that the length of the aliphatic spacer length does not 

significantly affect the intracolumnar charge transport in such 

polyamide derivatives. The polymer backbone offers sufficient 

freedom for the conjugated units to organized in a stacked fashion, 

as evident from the optical properties. 
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Chapter 2  
Synthesis & Optical Spectroscopy of Discotic Hexa-
peri-hexabenzocoronene Derivatives: Self-Assembly 

Properties of Molecular Nanowires in Solution 
 
 
Abstract  
 
This study aims to achieve control over the self-assembly 

properties of two novel HBCs, MetaHBC and ParaHBC, 

derivatives in solution by tailoring the solubilizing side chains. By 

combining concentration and temperature-dependent studies, we 

show that the position of the substituent (meta- vs para-) has a 

pronounced effect on the aggregation. Broadened and non-visible 

chemical shifts of ParaHBC and MetaHBC in 1H NMR spectra at 

room temperature indicate that both derivatives exist as fully 

aggregated stacks at 10-3 M concentration, which is higher than 

those of analogous HBC derivatives in literature. Compared to 

ParaHBC aggregates, MetaHBC at various concentrations showed 

more distorted supramolecular arrangement since rotational 

freedom of phenyl rings causes an overlap between meta-

substituted side chains and correspondingly weaker π-π interaction 

between molecules. In all solvents considered, ParaHBC exhibits a 

stronger tendency to aggregate than MetaHBC. These results give 

insight into the effect of the side chains on the aggregation behavior 

of HBCs, which gives direction to possible sidechain engineering 

to optimize the supramolecular packing in the solid state.  
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2.1. Introduction  
 
Discotic liquid crystalline (DLC) materials consist of 

molecules that are characterized by a rigid aromatic disc-like core 

surrounded by flexible side chains. These molecules tend to self-

assemble in columnar stacks where the aromatic core forms a π-

stacked pathway surrounded by an insulation layer of side chains.1,2 

When the side chains are sufficiently long, the materials may form 

one or more liquid crystalline phases where the overall π-stacked 

structure is maintained but with more structural disorder along the 

stack. Discotic materials are of considerable interest for 

applications in organic electronics where the π-stack forms a one-

dimensional pathway for charge transport.3 The efficiency of 

charge transport along this π-stack is directly linked to the 

organization and disorder of these materials. It is known that 

significant differences in charge carrier mobility occur between the 

different crystalline and liquid crystalline phases.4–6 

The phase behavior and disorder in discotic materials are 

determined by the interaction between the aromatic cores and the 

interactions between the (aliphatic) side chains. The aggregation of 

DLC molecules can be influenced by altering the size, shape, and 

inclusion of hetero atoms in the aromatic core and by adding 

chemical functionalities (e.g. hydrogen bonding units) to the side 

chains.7  

Among the class of DLC materials, hexa-peri-

hexabenzocoronene (HBC) based DLCs have attracted a lot of 

attention over the past decades. Their favorable self-assembling 
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and electronic properties make them attractive for optoelectronic 

devices.4,8,9 HBCs consist of large aromatic cores with high thermal 

stability and strong p-p stacking interactions that result in highly 

ordered columnar stacks. This high order can lead to exceptional 

charge carrier mobilities as has been shown for HBC-C12 which 

contains dodecane sidechains. For this material one of the highest 

1D charge carrier mobilities for solid state DLC materials (1.1 

cm2/Vs) has been obtained by pulse-radiolysis time-resolved 

microwave conductivity measurements (PR-TRMC).10  

While the reported maximum mobilities for HBCs are high, 

there is still significant room for improvement if the organization 

of the individual molecules in the solid and liquid crystalline 

phases can be improved, as discussed in Chapter 1. However, 

achieving control over molecular self-assembly is a complicated 

task as it depends on an interplay between different relatively weak 

interactions caused by different parts of the molecules. In Chapter 

2, several aspects related to the self-assembly of HBCs were 

discussed, including the avoidance of steric hindrance of the side 

chains, avoiding repulsive electrostatic interactions (quadrupole-

quadrupole repulsion) and some strategies to introduce specific 

interactions that promote a face-to-face assembly.  

In this chapter, we explore one of the approaches discussed in 

Chapter 2; introduction of substituents in a meta-configuration, 

rather than in the common para-configuration. Specifically, we 

study the difference in aggregation tendence in solution for the 

meta and para varieties. The tendency to form self-assembled 

aggregates in solution can give important insight into the 
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aggregation process that can also translate into insights into 

packing in the solid state. The synthesis is described of two new 

HBC-derivatives, ParaHBC and MetaHBC, in which rigid phenyl 

groups are attached to the aromatic HBC core through an acetylene 

spacer to allow for a planar structure, see Figure 2.1. This sets them 

apart from the twisted structures that are generally obtained when 

a phenyl is directly coupled to the HBC core. From the synthetic 

perspective, acetylene bridging between the HBC core and the 

solubilizing side chains leads to higher yields and fewer side-

products due to the Hagihara-Sonogashira coupling reaction 

protocol. However, a tedious purification step after the palladium-

catalyzed cross-coupling reaction remains.7,11 Dodecyloxy chains 

are introduced on the phenyl rings in either the meta- or the para- 

position. These side chains provide reasonable solubility and 

promote high order in the columnar due to additional hydrogen 

bonding.10  

The aggregation behavior of these new HBC derivates in the 

solution (Figure 2.1) were studied by temperature- and 

concentration-dependent 1H-NMR, UV/vis and 

photoluminescence spectroscopy studies in 1,1,2,2-

tetrachloroethane-d2 NMR solvent. In addition, the effect of 

solvent on HBC aggregation is investigated in various common 

organic solvents to identify good and bad solvents for the assembly 

and deposition of HBCs. 
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Figure 2.1. Molecular structures of HBC derivatives with 

solubilizing side chains attached to a) para- position, ParaHBC b) 

meta- position, MetaHBC 
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In this section, we describe the synthesis of two new HBC 

derivatives that vary in substituent positions. Subsequently, the 

study of aggregation of these compounds is described using NMR 

spectroscopy and optical absorption/emission spectroscopy as a 

function of temperature and concentration. Finally, the effect of 

solvent on aggregation is discussed.  

 

2.2.1. Synthetic Strategy   

 

It is known that π-conjugated molecules with compatible 

substitutions tend to aggregate strongly in solution, leading to 

significant complications in the purification steps. We have 

synthesized and purified the HBC core and the solubilizing side 

chains individually and obtained ParaHBC and MetaHBC as the 

final compounds to minimize this problem. In the first step, 

insoluble but highly reactive hexaiodo-peri-hexabenzocoronene 

(5) was synthesized through a four-step procedure outlined in 

Scheme 3.1. Starting from commercially available 1,2-bis(4-

bromophenyl)ethyne (1), the highly soluble compound (3) was 

prepared by a Co2(CO)8-catalyzed alkyne cyclotrimerization 

reaction12 of (2) in 58% yield. On deprotection of the TMS group 

of (3) to form the iodide, the slightly soluble hexakis(4-

iodo)benzene (4) was obtained in 80% yield. This product 

precipitates during the reaction, resulting in a high yield and simple 

purification. As the fourth and last step, the desired final compound 

(5) was obtained by oxidation of (4) by the Scholl reaction with 
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iron (III) chloride dissolved in nitromethane.13 After quenching and 

precipitation in methanol, (5) was obtained in 73% yield as a 

yellow powder. Since (5) is insoluble in common solvents, it was 

used in the next step without further purification and 

characterization.  

For both the para- (8p) and meta- (8m) substituents the 

same synthetic pathway was followed, as shown in Scheme 3.2. 

Commercially available 4- and 3-iodophenol was substituted with 

a dodecyl alkane group and purified by flash column 

chromatography to obtain 6p and 6m in 96% and 95% yield, 

respectively. Subsequently, Hagihara-Sonogashira coupling 

reactions between trimethyl-silylacetylene and compounds 6p and 

6m in the presence of a Pd(II) catalyst and a copper (I) iodide 

ligand were carried out. This was immediately followed by 

desilylation using potassium hydroxide to obtain the pure terminal 

alkyne compounds 8p and 8m in quantitative yields. Despite the 

insolubility of compound (5), a standard Hagihara-Sonogashira 

coupling reaction between halogenated HBC core (5) and ethynyl-

functionalized solubilizing side chains (8p & 8m) was carried out 

at a high temperature in pyridine. The reaction mixture was 

degassed by ‘freeze-pump-thaw’ cycles three times to prevent 

homocoupling between the alkyne compounds. As a result, we 

obtained soluble ParaHBC and MetaHBC (Scheme 3.3.) in high 

yield (39% and 32%, respectively). The synthetic route involves 

four six-fold transformations and two Hagihara-Sonogashira 

coupling reactions, all with nearly quantitative conversion. The 

resulting yellow waxy HBC derivatives exhibit high solubility in 
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common organic solvents. The structural purity was confirmed by 
1H and 13C NMR spectroscopy, matrix-assisted laser desorption 

ionization time-of-flight (MALDI-TOF) mass spectrometry and 

elemental analysis. MALDI-TOF analysis of both derivatives 

showed a group of isotropic signals at m/z=2228.49, matching up 

with calculated m/z=2229.21. The desired quantity of particular 

elements within ParaHBC and MetaHBC molecules was 

achieved by elemental analysis.  
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2.2.2.  1H NMR spectroscopy 

 

A common approach to study the aggregation of conjugated 

molecules in solution is by proton (1H) NMR where the signal due 

to the protons attached to the aromatic core can be indicative of the 

aggregation process. Upon aggregation, the intensity and shape of 

the NMR signals can change due to shielding effects by the 

neighboring aromatic cores and immobilization of the protons that 

result in very long relaxation times. Therefore, very low or 

disappearing intensities for the aromatic H peaks can be observed 

upon aggregation. As a result, the NMR spectra give information 

about the molecularly dissolved molecules, non-aggregated, and 

aggregated molecules, and the size of the aggregates in the 

solution.14  

For both HBC derivatives considered here, the 1H NMR 

spectra were studied in two major regions: the low-field resonance 

region relating to the protons of the aromatic HBC core and the 

high-field resonance region relating to the a-CH2 protons on the 

alkoxy-phenyl group of the side chains. 

The 1H NMR spectrum for ParaHBC in 1,1,2,2-

tetrachloroethane-d2 (at constant concentration of 1.5 x 10-3 M) is 

shown for different temperatures in Figure 2.2a. In the low-field 

region, increasing the temperature results in a single resonance 

peak at 8.08 ppm, appearing around 80 ºoC. This peak shifts 

slightly to 8.27 ppm at 120 ºC due to de-shielding. At room 

temperature, the peak is broadened to such an extent that it 

disappears, indicating that ParaHBC exists in aggregated stacks at 
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room temperature at 10-3 M concentration. A similar trend is 

observed in the high-field region. The a-CH2 protons on the 

dodecyloxy chains appear at 3.88 ppm at room temperature and are 

shifted down-field by 0.17 ppm upon increasing temperature due 

to increased mobility of the freely rotating dodecyloxy phenyl 

group.14 Upon decreasing the concentration down to 3.0 x 10-5 M, 

the core protons of ParaHBC in 1,1,2,2-tetrachloroethane-d2 at 

constant temperature (120 ºC) shift down-field by 0.56 ppm (red 

star in Figure 2.2a). This down-field shift with decreasing 

concentration confirms that even at 120 ºC, aggregates are present 

in the 10-3 M solution.15  

For comparison, the 1H NMR spectrum for MetaHBC in 

1,1,2,2-tetrachloroethane-d2 at a concentration of 1.5 x 10-3 M are 

shown in the temperature range from 25 ºC to 120 ºC. In the low-

field region of the spectrum, isolated resonance peaks due to the 

core protons of MetaHBC appear at 8.36 ppm around 60 ºC. Upon 

increasing the temperature, a 0.32 ppm down-field shift is observed 

as expected from decreasing aggregation size.16 Likewise, the a-

CH2 protons on the dodecyloxyphenyl side chains of MetaHBC are 

observed at 3.81 ppm at room temperature and show a down-field 

shift of 0.22 ppm at 120 ºC. The chemical shift of the aromatic core 

proton of MetaHBC at 120 ºC is shifted from 8.68 ppm (at 1.5 x 

10-3 M) to 9.21 ppm (at 3.0 x 10-5 M), amounting to a down-field 

shift of 0.53 ppm within the range of decreasing concentration, 

shown as the black star in Figure 2.2b. 
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Figure 2.2. Temperature dependent 1H NMR spectra of a) 

ParaHBC and b) MetaHBC in 1,1,2,2-tetrachloroethane-d2 at 

1.5x10-3M, from 25 ºC to 120 ºC  
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The chemical shift of the NMR peaks due to protons 

attached core of HBC obtained from temperature-dependent 1H 

NMR measurements at a concentration of 1.5 x 10-3 M are 

compared in Figure 2.3a. The aromatic core protons of ParaHBC 

shift 0.17 ppm down-field starting around 80 ºC. For MetaHBC, 

the down-field shift of the core-protons that appears already at 60 

ºC is 0.32 ppm over this temperature range. These results indicate 

that ParaHBC shows a stronger tendency to aggregate than 

MetaHBC.7 A similar picture arises in concentration-dependent 

measurements (Figure 2.3b), where the signal due to the aromatic 

proton on ParaHBC shifts to 8.83 ppm at the lowest concentration. 

For MetaHBC, it is at 9.21 ppm. This down-field shift for 

MetaHBC compared to ParaHBC implies reduced interactions 

and possibly smaller aggregate sizes for MetaHBC in solution. 

The intensity of the NMR peaks arising from non-aggregated 

species imply that both derivatives do not exist as fully individually 

dissolved molecules at room temperature, even at low 

concentrations (3.023 x 10-5 M). 
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Figure 2.3. a) Temperature dependent 1H NMR chemical shift of 

HBC core protons recorded in 1,1,2,2-tetrachloroethane-d2 from 

25 ºC to 120 ºC at constant concentration 1.5 x 10-3 M b) 

a) 

b) 
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Concentration dependent spectra of 1H NMR chemical shift of 

HBC core protons recorded in 1,1,2,2-tetrachloroethane-d2 from 

1.5 x 10-3 M to 3.02 x 10-5 M at constant temperature 120 ºC. 

 

2.2.3. Optical properties  

 

While the temperature and concentration-dependent NMR 

measurements described above clearly show differences in the 

aggregation behavior of ParaHBC and MetaHBC, the 

concentration limitations in 1H NMR measurements make it 

impossible to achieve fully molecularly dissolved HBCs. 

Additional insight into aggregation properties of HBC derivatives 

can be obtained through a concentration- and temperature-

dependent UV/vis absorption and photoluminescence 

measurements. The formation of self-assembled aggregates via π-

π interactions in solution is a typical feature of substituted HBCs. 

It is accompanied by changes in the intensity and the shape of the 

absorption and emission spectrum.14,17–20  

The UV/Vis absorption spectra for ParaHBC and 

MetaHBC are shown in Figure 2.4 in the concentration range from 

10-5 to 10-9 M in 1,1,2,2-tetrachloroethane-d2. Both ParaHBC and 

MetaHBC exhibit the same maximum at ~390 nm, which is 

designated as the b-band based on Clar’s nomenclature.21–24 At 

longer wavelengths where the r-band appears near 420 nm, clear 

differences between the two compounds are observed. As the 

concentration decreases from ~10-6 M to ~10-7 M, the characteristic 

b-band in ParaHBC remains at 390 nm with a slight increase in 
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the intensity of r-band (shoulder), see Figure 2.4a. In contrast, 

concentration-dependent UV-vis spectra for MetaHBC (Figure 

2.4b) display sharper and more resolved features of both the b- and 

r-bands due to the lower tendency to aggregate.16 Although the b-

band for MetaHBC is observed at the same position (390 nm) as 

for ParaHBC at a 1.25 x 10-7 M concentration; the band is 

narrower with a much sharper r-band appearing at 419 nm upon 

decreasing the concentration.  

 

 
 

 

 

 

 

 

 

a) 
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Figure 2.4. Concentration-dependent UV-vis absorption spectra of 

a) ParaHBC and b) MetaHBC in 1,1,2,2-tetrachloroethane-d2 

from 10-6 M to 10-9 M at a room temperature 

 

 Temperature-dependent UV-vis absorption measurements 

shown in Figure 2.5 give a similar picture. For ParaHBC shown 

in Figure 2.5a at a concentration of 2.48 x 10-7 M, the spectral 

changes related to aggregation are more clearly observed than in 

the concentration-dependent spectra. At 25 ºC, a broad featureless 

b-band with a maximum at 391 nm is observed. The r-band at 422 

nm apparent as a shoulder at 25 ºC develops into a sharp band upon 

increasing temperature. A slightly different picture arises in the 

temperature-dependent UV-vis spectra for MetaHBC shown in 

Figure 2.5b. Also, the characteristic b-band and r-band are 

b) 
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observed in this case. However, the r-band is already clearly 

resolved at 25 ºC and does not change much on increasing the 

temperature, see Figure 2.4b The presence of a sharp r-band is 

attributed to ordered dimeric species or molecularly dissolved 

HBCs, while formation of larger aggregates leads to broadening 

and eventual disappearance of this band under the b-band at 390 

nm.25,26 

 

 

 

a) 

b) 
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Figure 2.5. Temperature-dependent UV-vis absorption spectra of 

a) ParaHBC and b) MetaHBC in 1,1,2,2-tetrachloroethane-d2 

from 25 ºC to 85 ºC at a constant concentration ~3 x 10-7 M. 

 

An alternative optical approach to monitor aggregation is 

by photoluminescence, which is very sensitive to aggregation as 

the emission quantum yield and the shape of the emission spectrum 

can change substantially.20 Concentration-dependent 

photoluminescence spectra were measured for both compounds at 

concentrations ranging from 10-9 M to 10-6 M, as shown in Figure 

2.6. For both compounds in dilute solutions (10-8 - 10-9 M), the 

emission spectra are relatively narrow and characterized by a 

complicated vibrational fine structure. At higher concentrations, 

the formation of aggregates decreases the vibrational fine structure, 

and a significant broadening of the emission towards lower energy 

is observed. The relative decrease of the intensity in the high-

energy peaks at 499, 510, and 521 nm in ParaHBC accompanied 

by an increase in emission intensity of the broader bands at 558 and 

572 nm is indicative of the increased aggregation at higher 

concentrations.27 For MetaHBC, a very similar trend is observed. 

Nevertheless, in this case, the shift from high energy to low energy 

emission occurs at somewhat higher concentrations, in agreement 

with the lower tendency of MetaHBC to aggregate concluded from 

NMR and UV/vis measurements above. 
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Figure 2.6. Concentration-dependent photoluminescence 

emmision spectra of a) ParaHBC b) MetaHBC at 25 ºC between 

the concentrations of 10-9 M and 10-6 M in 1,1,2,2-

tetrachloroethane-d2; normalized to the maximum band 530 nm.  

 

2.2.4. Effect of solvent 

As discussed above, both ParaHBC and MetaHBC 

a) 

b) 
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derivatives show a strong tendency to aggregate in 1,1,2,2-

tetrachloroethane-d2, even at very low concentrations. However, 

the tendency to aggregate is known to depend significantly on the 

nature of the solvent.28 To characterize the aggregation in other 

solvents, concentration-dependent UV/vis measurements were 

performed for both compounds in different solvents chosen based 

on increasing solvent polarity (1,1,2,2-tetrachloroethane, toluene, 

THF, chloroform and trichlorobenzene) with concentrations 

ranging from 10-8 to 10-5 M.  

Generally, HBCs exhibit a stronger tendency to aggregate 

in higher polarity solvents, although the polarizability and 

aromaticity of the solvent also play a role.16,29,30 In previous work, 

it has been reported that the aromatic chlorinated solvent 

trichlorobenzene is a good solvent for molecularly dissolving 

HBCs.22,31 In Figure 2.7 the UV-vis absorption spectra for 

ParaHBC and MetaHBC in trichlorobenzene are compared at 

different concentrations. For both compounds, both the b-band and 

the r-band are clearly distinguishable, in contrast to the UV-vis 

spectra in tetrachloroethane. This indicates better solvation and 

hence weaker aggregation in trichlorobenzene.25 Closer inspection 

of the spectra in Figure 2.7 shows that the r-band is sharper for 

ParaHBC than for MetaHBC at each concentration, consistent 

with a higher tendency to aggregate for the latter. 
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Figure 2.7. UV/vis absorption spectra of ParaHBC and MetaHBC 

at room temperature in the concentration of a) 10-8 M – 10-6 M in 

10mm cuvette b) 10-6 M- 10-5 M in 1mm cuvette in 

trichlorobenzene.  

 

a) 

b) 
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Variation of the solvent (other than tetrachloroethane and 

trichlorobenzene) shows varying aggregation tendencies, as 

evident from Figure 2.8 The most apparent difference is that the 

sharpness of the r-band varies, which is an indicator of the 

aggregation tendency. Again, clear differences are observed 

between ParaHBC and MetaHBC. This is particularly evident in 

THF and toluene, where the r-band is more clearly defined for 

MetaHBC than for ParaHBC.  

 

     
     

a) 
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Figure 2.8. UV-vis absorption spectra of a) ParaHBC and b) 

MetaHBC at room temperature in the concentration of 2.5 x 10-7 

M for different solvents: 1,1,2,2-tetrachloroethane-d2, toluene, 

THF, chloroform, and trichlorobenzene. 

 

2.3.   Summary and Discussion 

 

As indicated by the results presented above, the nature of 

the substitution of the solubilizing side chains strongly influences 

the aggregation of HBC derivatives in the solution. This work 

considers two novel HBC derivatives that only differ in the 

substitution position, either on the meta- or para- position of 

phenylacetylene connected to the HBC core. Therefore, the two 

molecules are isomers, and only the shape or topology of the 

molecules are different. However, this may significantly affect 

their steric interactions and stacking geometry as the steric 

requirements of these compounds are very different. In NMR 

b) 
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measurements, major differences in the position and intensity of 

the 1H NMR feature due to the aromatic protons on ParaHBC and 

MetaHBC cores and the a-CH2 protons the dodecyloxy phenyl 

chains were observed. These provide a first indication of the 

aggregation properties in the solution. At a concentration of 1.5 x 

10-3  M, an increasing down-field shift of the position of the 

aromatic protons on MetaHBC with increasing temperature 

implies a decrease in the size of the aggregates.14 Under the same 

conditions, the aromatic protons on the ParaHBC core and the side 

chain show significant line broadening and higher shielding than 

MetaHBC. The resulting up-field shift is associated with stronger 

π-π interactions between the neighboring cores and the interlocking 

of the phenyl rings in the side chains, leading to more organized 

aggregates.32 Apart from the shifts in the NMR spectra, the peak 

related to the aromatic proton appears at 60 ºC in MetaHBC, 

whereas it can only be seen at higher temperature (~80 ºC) in 

ParaHBC. This clearly indicates enhanced aggregation in 

ParaHBC.  

In addition, the concentration dependence of the chemical 

shift positions for both ParaHBC and MetaHBC is very similar 

due to decreased aggregation size in both derivatives. However, the 

position of the peaks differs considerably. At the concentration of 

3.023 x 10-5 M) at 120 ºC, the aromatic proton peak for ParaHBC 

appears at 8.83 ppm, while MetaHBC under the same conditions 

appears at 9.21 ppm. Interestingly, the low relative intensity of the 

aromatic proton peaks indicates that both derivatives do not exist 

as fully dispersed molecules even at low concentrations (3.023 x 
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10-5 M) and high temperatures. 

Due to concentration limitations in NMR, further 

investigation on aggregation properties of derivatives were 

performed by temperature and concentration-dependent UV/vis 

absorption and photoluminescence emission measurements. The 

optical spectra of both derivatives are similar to those observed 

with the alkyl- and alkoxy- substituted HBC derivatives.26,33 

Lowering the concentration for both compounds lead to a 

sharpening of both b- and p-bands, which is attributed to de-

aggregation of the HBC stacks.25 Of particular interest in these 

measurements is the r-band, which indicates isolated (non-

aggregated) molecules in solution. This is also reflected above in 

solvent-dependent measurements showing that the r-band is much 

more pronounced for good solvents than for bad solvents. For 

MetaHBC this band becomes pronounced at lower temperatures 

than for ParaHBC, indicating stronger aggregation in the latter. 

Both HBC derivatives predominantly exist as monomeric species 

at the highest temperature (85 ºC at a concentration of 10-7 M). This 

is an almost an order of magnitude lower concentration than 

reported for other systems, including HBC-C12 (for which the 

highest mobility has been reported) and analogous bulky alkoxy 

phenyl substituted HBC derivatives.7,14  

A similar picture of concentration-dependent fluorescence 

measurements support the outcomes of the NMR and UV-vis 

studies. Low concentrations lead to emission spectra will very 

well-defined vibrational fine structures. Increasing the 

concentration diminishes the high energy emission and introduces 
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a broad featureless emission at low energies characteristic of 

stacked aggregates in solution.  

Overall, all measurements presented above indicate that the 

stacking is significantly affected by the substitution position of the 

flexible side chains. When they are attached in the para-position, 

the conformational freedom is smaller than meta-substitution, 

where the curved nature of the side chains allows much more 

disordered structures. In solution, this leads to a stronger tendency 

to aggregate and very likely also to the formation of larger size 

aggregates in the case of ParaHBC. It is important to realize here 

that the aggregation in solution is a subtle balance of interaction 

between the dissolved molecules themselves and the solute-solvent 

interaction. This means that the interactions and the resulting 

stacking geometries in solution-based aggregates are not 

necessarily the same as in the absence of solvent. This is 

particularly relevant for applying these materials in devices since 

this pertains to the solid state.  

 

2.4.   Conclusion 

 

In this chapter, the synthesis is described of two novel HBC 

derivatives with sterically demanding alkoxy side chains that are 

strategically introduced in the meta- and para- positions on the 

phenyl rings attached to the HBC core. Both ParaHBC and 

MetaHBC display a high tendency to aggregate in solution, as 

shown by concentration- and temperature-dependent 1H-NMR 

measurements. Due to the attachment of phenylacetylene spacers 
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attached to the HBC core, the expanded aromatic system results in 

stronger aggregation than HBC derivatives such as HBC-C12 and 

HBC-PhC12 due to stronger π-π interactions and decreased steric 

hindrance close to the aromatic core. 

By combining concentration and temperature-dependent 

NMR, UV-vis absorption, and fluorescence experiments, we show 

that the position of the substituent (meta- vs para-) has a 

pronounced effect on the aggregation. In all experiments 

considered, the ParaHBC compound shows a stronger tendency to 

aggregate than MetaHBC. This is attributed to the larger 

conformational freedom present in MetaHBC, which can adopt 

more disordered conformations which hamper aggregation. In 

addition to a pronounced difference in aggregation strength, the 

NMR measurements also suggest very different stacking 

conformations for the two compounds, which can have a noticeable 

effect on the charge transport properties.  
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Appendix  
Synthesis 

General information:  

All chemicals and solvents were used without further purification. 

All reactions were carried out under inert atmosphere. Prior to the 

reactions, all solid reagents were kept under vacuum and inert 

atmosphere for 15 minutes each.  

1,2-bis(4-(trimethylsilyl)phenyl)ethyne (2): To a stirred solution 

of commercially available 1 (1.5 g, 4.46 mmol) in anhydrous THF 

(72 mL) was added TMSCl (1.24 g, 11.4 mmol) and mixture was 

cooled to -85 oC under nitrogen atmosphere. Then n-BuLi (4.5 mL, 

10.27 mmol) was added dropwise. The reaction was stirred at -85 
oC for 2 hours and then allowed to come to room temperature 

overnight. The reaction was quenched with brine and extracted 

with ethyl acetate (x3). The combined organic layers were dried 

over MgSO4 and solvent was evaporated. The remaining solid was 

recrystallized in ethanol to obtain 3 as a white solid (1.20 g, 83% 

yield). 1H NMR (400 MHz, Chloroform-d) δ 7.49 (s, 8H), 0.27 (s, 

18H) 13C NMR (101 MHz, Chloroform-d) δ 141.01, 133.18, 

130.66, 123.56, 89.90, -1.25.  

 

(3',4',5',6'-tetrakis(4-(trimethylsilyl)phenyl)-[1,1':2',1''-

terphenyl]-4,4''-diyl)bis(trimethylsilane) (3): Into a solution of 2  

(0.9 g, 2.79 mmol) in 1,4-dioxane, Co2(CO)8 (0.190 g, 0.55 mmol) 

was added under nitrogen atmosphere. After the addition of 
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Co2(CO)8 , the mixture turned to black immediately. The solution 

mixture was heated to reflux for 18 hours. After completion of 

reaction, the solvent evaporated and the remaining solid washed 

with ether. The ethereal suspension was filtered and the filtrate was 

diluted with cold ethanol to precipitate the product. The mixture 

was filtered with suction filter and washed with ethanol several 

times to yield 3 as a white solid (1.56 g, 58% yield). 1H NMR (400 

MHz, Chloroform-d) δ 6.96 (d, J =8.0 Hz, 12H), 7.77 (d, J = 8.0 

Hz, 12H), 0.08 (s, 54H). 13C NMR (101 MHz, Chloroform-d) δ 

141.0, 140.2, 136.3, 131.3, 130.7, -1.2.  

 

4,4''-diiodo-3',4',5',6'-tetrakis(4-iodophenyl)-1,1':2',1''-

terphenyl (4): A solution of 3 (0.5 g, 0.52 mmol) in anhydrous 

DCM (25 mL) was cooled to 0 oC by using an ice bath under inert 

atmosphere. Then, ICl (3.1 mL, 3.1 mmol) was added dropwise at 

0 oC. After completion of addition, the reaction mixture was stirred 

at room temperature for 18 hours. The precipitated product was 

filtered from the mixture and washed with 1,4-dioxane. The poorly 

soluble compound 4 was obtained as a white solid (533 mg, 80% 

yield). 1H NMR (400MHz, C5D5N) δ 7.44 (d, J = 4.0 Hz, 12H), 

6.92 (d, J = 8.0 Hz, 12H). 13C NMR (100 MHz, C5D5N) δ 140.5, 

140.4, 137.3, 136.0, 134.2.  

 

2,5,8,11,14,17-hexaiodohexabenzo[bc,ef,hi,kl,no,qr]coronene 

(5): To a mixture of 4 (500 mg, 0.49 mmol) and anhydrous DCM 

(250 mL) is added FeCl3 (2.49 g, 15.4 mmol) in nitromethane (6.6 

mL) under nitrogen atmosphere. The mixture was stirred for 24 
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hours at room temperature. Then, the reaction was quenched with 

methanol to precipitate the yellow product. The mixture was 

filtered and the residue washed with DCM to yield the insoluble 

product 5 as a yellow solid (362 mg, 73% yield). Due to the 

insolubility, no analysis was done and the product was used as such 

for the further step. 

 

1-(dodecyloxy)-4-iodobenzene (6p): A solution of commercially 

available 4-iodophenol (3 g, 13.6 mmol) in 20 mL DMF was added 

into anhydrous potassium carbonate (11.3 g, 81.8 mmol) under 

inert atmosphere. The solution mixture heated to 7OoC and 1-

bromododecane (3.96 mL, 16.5 mmol) was added into mixture, 

stirred overnight. Solution was then poured into 100 mL water and 

extracted with DCM (3x50 mL). Combined organic layer was 

washed with 1M HCl and brine several times and dried over 

MgSO4. After the evaporation of solvent, the residue product was 

purified by a flash column (hexane) to give 6p as a white solid (5.08 

g, 96% yield). 1H NMR (400 MHz, Chloroform-d) δ 7.55 – 7.49 

(ddd, 2H), 6.68 – 6.62 (ddd, 2H), 3.89 (t, J = 6.6 Hz, 2H), 1.74 (dq, 

J = 8.3, 6.6 Hz, 2H), 1.41 (q, J = 7.5 Hz, 2H), 1.25 (s, 16H), 0.91 – 

0.83 (m, 3H). 13C NMR (101 MHz, Chloroform-d) δ 159.00, 

138.11, 116.91, 68.10, 31.90, 29.64, 29.61, 29.57, 29.54, 29.34, 

29.33, 29.12, 25.97, 22.67, 14.10.  

 

1-(dodecyloxy)-3-iodobenzene (6m): A solution of commercially 

available 3-iodophenol (3 g, 13.6 mmol) in 20 mL DMF was added 

into anhydrous potassium carbonate (11.3 g, 81.8 mmol) under 
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inert atmosphere. The solution mixture heated to 70 oC and 1-

bromododecane (3.96 mL, 16.5 mmol) was added into mixture, 

stirred overnight. Solution was then poured into 100 mL water and 

extracted with DCM (3x50 mL). Combined organic layer was 

washed with 1M HCl and brine several times and dried over 

MgSO4. After the evaporation of solvent, the residue product was 

purified by a flash column (hexane) to give 6m as a white solid 

(5.03 g, 95%yield). 1H NMR (400 MHz, Chloroform-d) δ 7.88 

(ddd, 1H), 7.84 (ddd, 1H), 7.02 - 6.98 (ddd, 2H), 4.00 (t, J = 6.6 

Hz, 2H), 1.86 (dq, J = 8.3, 6.6 Hz, 2H), 1.44 (q, J = 7.5 Hz, 2H), 

1.31 (s, 16H), 0.96 – 0.86 (m, 3H). 13C NMR (101 MHz, 

Chloroform-d) δ 158.20, 137.40, 131.10, 121.2, 116.71, 94.10, 

69.10, 31.80, 29.67, 29.62, 29.61, 29.42, 29.37, 29.32, 29.20, 

25.80, 22.62, 14.12.  

 

((4-(dodecyloxy)phenyl)ethynyl)trimethylsilane (7p): A mixture 

of 6p (1 g, 2.57 mmol), bis(triphenylphospine)palladium(II) 

dichloride (105 mg, 0.15 mmol), copper(I) iodide (29 mg, 0.15 

mmol) in THF (20 ml) was cooled down to 0 oC under nitrogen 

atmosphere. Ethynyltrimethylsilane (0.57 mL, 4.12 mmol) was 

added into mixture dropwise. Then, triethylamine (10 mL) was 

added, and the mixture was stirred for 20 hours at room temperature 

in dark. After completion the reaction, solvent was evaporated and 

the crude mixture purified by column chromatography 

(hexane/DCM 1:1) to obtain pure 7p as a yellow liquid (757 mg, 

82% yield). 1H NMR (400 MHz, Chloroform-d) δ 7.36 (ddd, 2H), 

7.03 (ddd, 2H), 4.10 (t, J = 7.43, 2H), 1.81 (m, 2H), 1.37 – 1.23 (m, 
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18H), 0.86 (m, 3H), 0.3 (s, 9H). 13C NMR (101 MHz, Chloroform-

d) δ 158.5, 133.4, 123.1, 114.3, 105.0, 99.0, 69.1, 31.8, 29.3-29.4, 

25.8, 22.6, 14.0, 0.00 

((4-(dodecyloxy)phenyl)ethynyl)trimethylsilane (7m): A 

mixture of 6m (1 g, 2.57 mmol), 

bis(triphenylphospine)palladium(II) dichloride (105 mg, 0.15 

mmol), copper(I) iodide (29 mg, 0.15 mmol) in THF (20 ml) was 

cooled down to 0oC under nitrogen atmosphere. 

Ethynyltrimethylsilane (0.57 mL, 4.12 mmol) was added into 

mixture dropwise. Then, triethylamine (10 mL) was added and the 

mixture was stirred for 20 hours at room temperature in dark. After 

completion the reaction, solvent was evaporated and the crude 

mixture purified by column chromatography (hexane/DCM 2:1) to 

obtain pure 7m as a yellow liquid (738 mg, 80% yield). 1H NMR 

(400 MHz, Chloroform-d) δ 7.70 (ddd, 2H), 7.29 – 7.27 (t, 2H), 

6.91 (ddd, J = 8.2 Hz, 1H), 3.99 (t, 2H), 1.83 (m, 2H), 1.37 (t, 2H), 

1.23 (m, 18H), 0.86 (m, 3H), 0.3 (s, 9H). 13C NMR (101 MHz, 

Chloroform-d) δ 153.0, 131.8, 129.6, 122.1, 116.7, 110.9, 105.0, 

99.0, 69.1, 31.8, 29.4, 29.3-29.4, 25.8, 22.6, 14.0, 0.00.  

1-(dodecyloxy)-4-ethynylbenzene (8p): To a solution of 7p (500 

mg, 1.39 mmol) in anhydrous THF (6 ml) was added potassium 

hydroxide (391 mg, 6.97 mmol) in methanol (12 ml) under nitrogen 

atmosphere. The mixture was stirred for 4 hours at room 

temperature. When the reaction is completed, the reaction mixture 

was quenched with saturated aqueous solution of ammonium 

chloride. The mixture was extracted with diethyl ether and water. 
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Combined organic layers were dried with MgSO4. The solvent was 

evaporated to yield the product 8p (335 mg, 84% yield) as a 

colourless liquid. 1H NMR (400 MHz, Chloroform-d) δ 7.36 (ddd, 

2H), 6.89 (ddd, 2H), 4.10 (t, J = 7.43, 2H), 2.82 (s, 1H), 1.82 (m, 

2H), 1.37-1.23 (m, 18H), 0.86 (m, 3H). 13C NMR (101 MHz, 

Chloroform-d) δ 158.5, 133.4, 121.7, 114.3, 83.2, 80.0, 69.1, 31.8, 

29.4-29.3, 25.8, 22.6, 14.0.  

1-(dodecyloxy)-4-ethynylbenzene (8m): To a solution of 7m (500 

mg, 1.39 mmol) in anhydrous THF (6 mL) was added potassium 

hydroxide (391mg, 6.97mmol) in methanol (12 mL) under nitrogen 

atmosphere. The mixture was stirred for 4 hours at room 

temperature. When the reaction is completed, the reaction mixture 

was quenched with saturated aqueous solution of ammonium 

chloride. The mixture was extracted with diethyl ether and water. 

Combined organic layers were dried with MgSO4. The solvent was 

evaporated to yield the product 8m (347 mg, 87% yield) as a 

colourless liquid. 1H NMR (400 MHz, Chloroform-d) δ 7.70 (ddd, 

2H), 7.29 – 7.27 (t, 2H), 6.91 (ddd, J = 8.2 Hz, 1H), 3.99 (t, 2H), 

1.83 (m, 2H), 1.37 (t, 2H), 1.23 (m, 18H), 0.86 (m, 3H), 0.3 (s, 9H). 
13C NMR (101 MHz, Chloroform-d) δ 153.0, 131.8, 129.6, 123.7, 

116.7, 116.7, 110.9, 83.2, 80.0, 69.1, 31.8, 29.4, 29.3-29.4, 25.8, 

22.6, 14.0.  

2,5,8,11,14,17-hexakis((4-

(dodecyloxy)phenyl)ethynyl)hexabenzo[bc,ef,hi,kl,no,qr]coron

ene (ParaHBC): To a mixture of 5 (250 mg, 0.195 mmol), CuI (12 

mg, 0.06 mmol) and tetrakis(triphenylphosphine) palladium(0) (34 
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mg, 0.03 mmol) was added piperidine (20 mL) under nitrogen 

atmosphere. The mixture was degassed with three freeze-vacuum-

thaw cycles. Then 8p (0.683 g, 2.39 mmol) was added and the 

mixture was heated to 60 °C. After two hours more 8p (0.2 g, 0.7 

mmol) was added to the mixture. After the reaction completion 

(~24 hours), the mixture was cooled down to room temperature. 

The product was precipitated with HCl and washed with MeOH 

several times. The crude product was finally purified by column 

chromatography (chloroform) to yield of the desired product 

ParaHBC as yellow waxy solid with 39%.    

 

2,5,8,11,14,17-hexakis((3-

(dodecyloxy)phenyl)ethynyl)hexabenzo[bc,ef,hi,kl,no,qr]coron

ene (MetaHBC): To a mixture of 5 (250 mg, 0.195 mmol), CuI 

(12 mg, 0.06 mmol) and tetrakis(triphenylphosphine) palladium(0) 

(34 mg, 0.03 mmol) was added piperidine (20 mL) under nitrogen 

atmosphere. The mixture was degassed with three freeze-vacuum-

thaw cycles. Then 7m (0.7 g, 2.44 mmol) was added and the 

mixture was heated to 60 °C. After two hours more 8m (0.2 g, 0.7 

mmol) was added to the mixture. After the reaction completion 

(~24 hours), the mixture was cooled down to room temperature. 

The product was precipitated with HCl and washed with MeOH 

several times. The crude product was finally purified by column 

chromatography (chloroform) to yield of the desired product 

MetaHBC as yellow waxy solid with 32%. 
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Chapter 3 
Supramolecular Organization and Charge Transport 

Properties of Hexa-peri-hexabenzocoronene Derivatives: 

Self-Assembly Molecular Nanowires in the Solid State 

 
Abstract  

 

This work investigated the relationship between the temperature-

dependent supramolecular organization and charge transport dynamics of 

tailored hexa-peri-hexabenzocoronene (HBC) derivatives in the solid 

state. Both HBC isomers retained their liquid crystalline properties across 

all temperature ranges (from −100 °C to >400 °C) with no clear 

isotropization temperature. Contrary to our hypothesis, strategically 

located alkoxy side chains on novel MetaHBC did not increase the 

columnar organization. Using the pulse-radiolysis time-resolved 

microwave conductivity (PR-TRMC) technique, the temperature-

dependent charge carrier mobility was measured, and the hopping 

mechanism was present in both isomers. At room temperature, we 

achieved high mobilities for ParaHBC and MetaHBC of 0.135 cm2/Vs 

and 0.062 cm2/Vs, respectively. Our preliminary studies suggest that 

optimizing solvent evaporation methods can play a vital role in 

intermolecular interaction, crystal orientation, supramolecular 

aggregation, and charge carrier mobilities. In future work, adding 

hydrogen bonding to the structure design might be necessary to achieve 

stronger interlocking. 
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3.1. Introduction  

The aim of this chapter is to understand the impact of the nature of the 

solubilizing side chains on the charge carrier mobility of hexa-peri-

hexabenzocoronene (HBC) derivatives in the solid state.  We have varied 

the substitution position and have analyzed the effect of this on the 

supramolecular organization in the solid state. The aromatic core of the 

HBC is surrounded by flexible aliphatic chains, resulting in discotic liquid 

crystals (DLCs) that self-assemble into columnar mesophases through π-π 

stacking. DLCs create an efficient pathway for 1D charge carrier mobility 

along these columns.1–3 HBC-based DLCs are highly sought after for the 

strong π-π interactions due to their large conjugated cores. The columnar 

phases have an extraordinarily high thermal stability, high columnar 

order4, and good self-assembly properties. It has been shown that very high 

1D charge carrier mobilities can be achieved, up to 1.1 cm2/Vs in the solid 

state5, as measured by pulse-radiolysis time-resolved microwave 

conductivity (PR-TRMC). 

Charge transport in organic semiconductors generally occurs via the 

thermally activated hopping mechanism. The rate of the individual hops, 

the charge transfer rate (ω) is a critical factor in achieving efficient charge 

transport. The higher the hopping rate, the faster the charge transport along 

the columns and the higher the corresponding charge carrier mobility. An 

estimate of the charge transfer rate can be obtained by Marcus theory 

(equation 1.3, Chapter 1), which expresses the charge transfer rate (ω) 

between two neighboring molecules in terms of two main parameters: the 

reorganization energy λ and the transfer integral J. As described in detail 

in Chapter 1, reorganization energy is strongly related to the geometric and 

electronic structure of the material. Typical values for the internal 
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reorganization energies of different sizes of conjugated cores are given in 

Table 3.1., which shows that λ typically decreases as the size of the 

conjugated core increases. Even a slight increase (0.2 eV) in the 

reorganization energy has been shown to reduce the charge carrier mobility 

by one order of magnitude.6 With its increased conjugated core size and 

smaller reorganization energy, the HBC core, is an excellent candidate for 

efficient charge transport.  

 

Table 3.1. Internal reorganization energies of different sizes of 

polyaromatic hydrocarbon cores, calculated using quantum chemical 

calculations.6–9  

 

Compound  λ, eV  

Triphenylene  0.18 

Anthracene  0.14 

Coronene  0.13 

Tetracene 0.11 

Hexabenzocoronene (HBC)  0.1  

Pentacene 0.09  

 

The second key parameter, the charge transfer integral, is related to 

molecular overlap, but also to the position and exact orientation of the 

neighboring molecules. Density functional theory calculations have shown 

that the steric hindrance of the side chains usually results in a substantial 

30° rotation of the neighboring HBC molecules, leading to a much smaller 

transfer integral than would be obtained at 0° angle. Although exact face-

to-face stacking (0° or 60°) leads to the highest charge transfer integral (see 
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Figure 3.1.)10, this conformation is not favorable for substituted HBC 

molecules due to the strong steric hindrance of the side chains. However, 

even approaching a 0° rotational angle between two HBC molecules can 

dramatically increase the charge transfer integral, leading to higher values 

of the charge transfer rate and charge carrier mobility, especially since the 

charge transfer rate scales with the square of the charge transfer integral. 

 
 

Figure 3.1. The absolute values of the charge transfer integral, J, of various 

symmetric polyaromatic hydrocarbon cores as a function of the rotational 

angle. The separation between the rigid core was fixed at 0.36 nm.10 
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Therefore, from a fundamental point of view, supramolecular order in 

mesophases is the crucial parameter for achieving efficient charge 

transport through self-assembled DLC columns. However, other criteria 

should be fulfilled when utilizing the liquid crystalline properties of 

desired molecules for device applications. The desired material should 

possess good solubility in a good solvent to allow easy processing, and the 

material should have a low clearing point to enable processing by thermal 

annealing. Moreover, the material with a low clearing point should be in 

its liquid crystalline phase at ambient or sub-ambient temperatures, and 

liquid crystalline mesophases should be thermally stable over an 

adequately broad temperature range.11 However, with increased steric 

hindrances between side chains, i.e., branched or bulky substituents, the 

isotropic temperature decreases as the order of the molecules is reduced.11 

Therefore, tuning the thermotropic behavior and, thus, the mesophase 

characteristics is another crucial key in the design of DLCs. 

The effects of various side chains on HBC molecules have been 

extensively studied, mainly by Müllen and coworkers.2,12,13 However, the 

impact of the steric aspects of the side-chain position on the solid state 

organization has not been deeply investigated. Using phenyl rings with 

alkoxy-solubilizing units located strategically in the meta-position instead 

of the commonly used para-position has not been studied to date. Meta 

position–substituted chains may occupy alternating positions between 

neighboring HBC molecules and reduce the steric hindrance. This may 

lead to yield lower rotational angles between neighboring stacked 

molecules and result in higher charge mobilities.  

In this chapter, we study the solid-state properties of the unique meta-

position substituted HBCs and compare them to the more common para-
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position substitution on the HBC compounds for which the aggregation 

properties in solution were studied in Chapter 2. In both ParaHBC and 

MetaHBC derivatives (Figure 3.2.), bulky, rigid phenyl groups are 

attached to the aromatic HBC core, separated by an ethynyl spacer to allow 

a planar conformation. Introducing alkoxy side chains on different 

positions on the ring is expected to lead to different solid-state packings 

and, as a result, different charge carrier mobilities in the solid state. 
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3.2. Results & Discussion  

 

In order to gain insight in the effect of the positioning of the side 

chains on the molecular packing and the charge transport properties, we 

have studied the thermotropic liquid crystalline (LC) behaviors of 

ParaHBC and MetaHBC in the solid state by differential scanning 

calorimetry (DSC), X-ray diffraction, and polarized optical microscopy 

(POM). The pulse-radiolysis time-resolved microwave conductivity (PR-

TRMC) technique was used to measure charge carrier mobility.  

 

3.2.1. DSC & POM  

 

DSC was used to determine the thermotropic phase behavior of 

ParaHBC and MetaHBC from −75 °C to 200 °C (10 °C/min), while the 

mesophase characteristic textures were observed using POM from ambient 

temperature to 500 °C. These data give insight into the thermal stability of 

the mesophases and the transition enthalpies depending on the 

supramolecular organization of ParaHBC and MetaHBC in the solid 

state. As expected, the substitution position substantially influenced the 

thermal behavior and supramolecular order (Table 3.2).  
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Table 3.2. Thermal characterization of ParaHBC and MetaHBC  

 

 

The DSC curve of ParaHBC (Figure 3.3) exhibits two broad 

endothermic peaks at −3.4 and 19.7 °C with transition enthalpies of 2.19 

and 0.51 J/g, respectively. Based on the POM analysis, the DSC peak at 

−3.4 °C was assigned to the LC to LC phase transition (Col1® Col2), 

whereas the peak at 19.7 °C is attributed to the Col2®Col3 phase transition. 

ParaHBC showed a consistent texture starting from the ambient 

temperature to 500 °C, suggesting that ParaHBC is in an LC phase at room 

temperature and remains in the columnar phase without any observed 

clearing temperature. Around 500 °C, the textures observed by POM 

demonstrated cross-linking, which might be due to triple bonds in the 

molecular structure. However, on cooling to room temperature, ParaHBC 

revealed only one phase transition, directly from Col3 to Col1 or a different 

positional ordered columnar LC phase, Col4, at 1.5 °C.  

 

   
Phase 
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(ΔH°) 
[J·g−1] 
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Figure 3.3. Differential Scanning Calorimetry analysis of ParaHBC  

 

In contrast to para-position substitution (ParaHBC), meta-

position substitution (MetaHBC) yielded a much wider variety of LC 

phases (Figure 3.4). MetaHBC also showed two endothermic peaks at 

slightly higher temperatures, around 8.7 and 39.7 °C. A broad endothermic 

peak at 8.7 °C is assigned to an LC to LC phase transition (Col1® Col2). 

Upon heating, MetaHBC transformed into nematic phase (N) at 39.7 °C 

with substantially higher enthalpy changes, as shown by the colorimetric 

changes observed in POM. On further heating, MetaHBC showed an 

additional exothermic peak at 154.7 °C. The textures observed using POM 

showed that chemical degradation or cross-linking might have started in 

MetaHBC around this temperature. On further heating, the less ordered 

MetaHBC remained in the Ncol phase until 350 °C, where it either cross-

linked through acetylene linkages between the core and the side chains or 

chemically degraded. On cooling, similar to ParaHBC, only one sharp 



 111 

exothermic phase transition was observed at 3.5 °C. The textures revealed 

that MetaHBC showed a phase transition directly from N to Col3 during 

the cooling process. 

Interestingly, on the second heating, the DSC curves of MetaHBC 

displayed only one phase transition arising at 16.75 °C with a relatively 

large transition enthalpy value of 10.02 J/g. The textures observed using 

POM show that the MetaHBC soft solid transforms into a more ordered 

columnar phase rather than a columnar nematic phase. As for most HBCs, 

ParaHBC and MetaHBC do not exhibit clearing point up to 400 °C due 

to strong π-π stacking interactions between the aromatic cores in the 

mesophases.  

 

 
 

Figure 3.4. Differential Scanning Calorimetry analysis of MetaHBC 

3.2.2. X-ray diffraction (XRD)  
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More information on the supramolecular arrangement of 

MetaHBC and ParaHBC in the solid state has been obtained from powder 

X-ray diffraction (XRD) at room temperature, as shown in Figure 3.5. 

Consistent with the DSC and POM studies, ParaHBC has a phase 

transition from a soft crystal to a columnar LC phase around 20 °C. The 

XRD patterns of ParaHBC contained a set of reflections in the low- and 

high-angle regions, indicative of a long-range, highly ordered two-

dimensional (2D) hexagonal lattice of cylindrical columns (Colho).14 

Detailed quantitative low-angle region peak analysis could not be 

conducted due to instrumental limitations. Accordingly, the intercolumnar 

distance of ParaHBC and MetaHBC could not be calculated. The sharp 

peaks assigned to (110) and (200) reflections might instead be assigned to 

the hexagonal structure of the columnar discotic phase for ParaHBC.15,16  

In the mid- and high-angle regions, the XRD patterns showed 

additional reflections, specifically, doublet reflections, which correspond 

to a distance possessing positional order. These doublet reflections are a 

signature of the columnar plastic phase.17,18 The first broad peak centered 

around 22° is typically observed for DLC. This peak was assigned to the 

lateral distance (d) between the molten side chains and was calculated as 

4.5 Å using Bragg’s Law.12 The second peak, around 30°, was assigned to 

the (001) reflection, or the lattice parameter c, and corresponds to the intra-

columnar distance between neighboring cores in the columnar stacks. The 

intracolumnar distance, c, was 3.45 Å for ParaHBC and 3.52 Å for 

MetaHBC. The presence of this peak indicates a certain degree of order 

along both ParaHBC and MetaHBC columns. The corresponding 

structure is likely to be a hexagonal column ordered mesophase, with a 

mean intra-columnar stacking distance close to 3.5 Å.19 
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Figure 3.5. Powder X-ray diffraction patterns of ParaHBC (red) and 

MetaHBC (black) in the columnar plastic crystalline phase at room 

temperature.  

 

3.2.3. PR-TRMC  

 

In order to gain insight in the charge transport properties of the 

HBC compounds PR-TRMC measurements were performed in a 

temperature range between −100 °C and +100 °C, starting from room 

temperature (22 °C). From the end-of-pulse conductivity, the sum of the 

intracolumnar charge carrier mobilities, Sµ1D, was derived as a function of 

temperature (see Equation 1.10, Chapter 1).  

For ParaHBC, a room temperature value of 0.135 cm2/Vs was 

derived for µ1D, as shown in Figure 4.6. On cooling, an almost negligible 
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increase in mobility was observed at the LC-LC phase transition (Col2® 

Col1) around −10 °C, resulting in a value of 0.139 cm2/Vs. As observed in 

the DSC studies, no evidence of recrystallization was found down to −75 

°C, and upon further cooling, the charge carrier mobility was found to 

decrease to 0.11 cm2/Vs at −100 °C, consistent with a thermally activated 

hopping mechanism. After heating to room temperature, the charge carrier 

mobility decreased by a factor of approximately 2.5 to 0.056 cm2/Vs. On 

heating, ParaHBC entered the Col2® Col3 mesophase transition slightly 

above room temperature, and the charge carrier mobility dropped to 0.029 

cm2/Vs due to increased freedom of motion and hence greater (dynamic) 

structural disorder due the “melting” of peripheral side chains.20 When 

ParaHBC was cooled to room temperature from +100 °C, the charge 

carrier mobility (0.024 cm2/Vs) did not recover and the final value was a 

factor of almost 6 lower than the initial value at room temperature. This 

shows that irreversible structural changes occur on heating, which can only 

be reversed on re-precipitation from solution. 
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Figure 3.6. Temperature dependence of intracolumnar mobilities, µ1D, for 

ParaHBC with varying phase transition behaviors upon cooling (filled 

blue dots), heating (filled red dots), and cooling to room temperature 

(unfilled blue dots). 

 

PR-TRMC measurements on MetaHBC (Figure 3.7) show a room 

temperature mobility of  µ1D = 0.06 cm2/Vs. On cooling, the mobility 

decreases monotonically as typically observed for DLCs and other organic 

semiconductors.21 On heating from room temperature, MetaHBC goes 

through the Col2® N phase transition at around 50 °C as observed in the 

DSC and POM measurements. A dramatic decrease in the charge carrier 

mobility to 0.042 cm2/Vs (at +100 °C) occurred, as the structural disorder 

in the nematic phase is much higher than in the columnar phase, with some 

orientational order but no positional order.22 Following cooling to room 



 116 

temperature the initial columnar structure did not recover and the initial 

room temperature mobility was not reached. The final charge carrier 

mobility of MetaHBC was measured to be 0.03 cm2/Vs at room 

temperature, which is almost the same as for ParaHBC after cooling and 

heating cycles.  

 

 
 

Figure 3.7. Temperature dependence of intracolumnar mobilities, µ1D, for 

MetaHBC with varying phase transition behaviors upon cooling (filled 

blue dots), heating (unfilled red dots), and cooling back to room 

temperature (unfilled blue dots) cycles. 

 

3.3.  Conclusions 
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In this chapter we have examined the effect of the nature of the side 

chain on the solid state organization and charge transport properties of 

HBC derivatives. The introduction of alkoxy side chains on a unique meta-

position (3-alkoxy phenyl) compared to the well-studied para-position (4-

alkoxy phenyl) to the HBC core via acetylene linkage in principle allows 

controlling the thermal behavior and supramolecular organization of the 

different mesophases. We found that both HBC derivatives exhibibit LC 

properties from low (−100 °C) to high (>400 °C) temperatures with no 

clear isotropization temperature. ParaHBC exhibits a plastic crystalline 

phase at sub-ambient temperatures and a thermally stable ordered 

columnar phase starting with ambient temperature. In addition to ordered 

columnar supramolecular structures in the solid state, ParaHBC 

demonstrated a charge carrier mobility of 0.135 cm2/Vs at room 

temperature. However, the charge carrier mobility drops abruptly on 

heating and does not recover into the higher-mobility organization on 

cooling back to room temperature. While the initial room temperature 

mobility is promising, the solid state processing and possible self-healing 

properties pose significant problems for application in devices. 

For MetaHBC a similar columnar liquid crystalline order was 

observed at room temperature, while a nematic columnar phase is obtained 

at elevated temperatures. MetaHBC showed a charge carrier mobility of 

0.06 cm2/Vs at room temperature, less than half of the charge carrier 

mobility measured in ParaHBC. This reduction is likely to be due to a 

decrease in a long-range order. Also for MetaHBC the initial solid state 

ordering with high mobility is not recovered on cooling for the high-

temperature phase. These preliminary studies show that the solid state 

order critically depends on the preparation procedures, including 
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recrystallization either from solution or melt. This indicates that a more 

detailed study into the precipitation and aggregation behavior of ParaHBC 

and MetaHBC may be needed to examine the initial hypothesis that 

MetaHBC may organize with a smaller rotation angle between neighboring 

molecules.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 119 

3.4.  References 

 

1. Sergeyev, S., Pisula, W. & Geerts, Y. H. Discotic liquid crystals: A 

new generation of organic semiconductors. Chem Soc Rev 36, 

1902–1929 (2007). 

2. Kumar, M. & Kumar, S. Liquid crystals in photovoltaics: A new 

generation of organic photovoltaics. Polym J 49, 85–111 (2017). 

3. Wöhrle, T. et al. Discotic Liquid Crystals. Chem Rev 116, 1139–

1241 (2016). 

4. Wu, J., Watson, M. D., Zhang, L., Wang, Z. & Müllen, K. 

Hexakis(4-iodophenyl)- p eri -hexabenzocoronene- A Versatile 

Building Block for Highly Ordered Discotic Liquid Crystalline 

Materials. J Am Chem Soc 126, 177–186 (2004). 

5. Craats, A. M. van de et al. Record Charge Carrier Mobility in a 

Room-Temperature Discotic Liquid-Crystalline Derivative of 

Hexabenzocoronene. Advanced Materials 11, 1469–1472 (1999). 

6. Lemaur, V. et al. Charge Transport Properties in Discotic Liquid 

Crystals: A Quantum-Chemical Insight into Structure−Property 

Relationships. J Am Chem Soc 126, 3271–3279 (2004). 

7. Andrienko, D., Kirkpatrick, J., Marcon, V., Nelson, J. & Kremer, 

K. Structure–charge mobility relation for hexabenzocoronene 

derivatives. physica status solidi (b) 245, 830–834 (2008). 

8. Coropceanu, V. et al. Hole- and Electron-Vibrational Couplings in 

Oligoacene Crystals: Intramolecular Contributions. Phys Rev Lett 

89, 275503 (2002). 



 120 

9. Troisi, A. Charge dynamics through pi-stacked arrays of conjugated 

molecules: effect of dynamic disorder in different transport/transfer 

regimes. Mol Simul 32, 707–716 (2006). 

10. Feng, X. et al. Towards high charge-carrier mobilities by rational 

design of the shape and periphery of discotics. Nat Mater 8, 421–

426 (2009). 

11. Sergeyev, S., Pisula, W. & Geerts, Y. H. Discotic liquid crystals: A 

new generation of organic semiconductors. Chem Soc Rev 36, 

1902–1929 (2007). 

12. Laschat, S. et al. Discotic liquid crystals: From tailor-made 

synthesis to plastic electronics. Angewandte Chemie - International 

Edition 46, 4832–4887 (2007). 

13. Seyler, H., Purushothaman, B., Jones, D. J., Holmes, A. B. & Wong, 

W. W. H. Hexa-peri-hexabenzocoronene in organic electronics. 

Pure and Applied Chemistry 84, 1047–1067 (2012). 

14. Alameddine, B. et al. Influence of linear and branched 

perfluoroalkylated side chains on the π–π stacking behaviour of 

hexa-peri-hexabenzocoronene and thermotropic properties. 

Supramol Chem 26, 125–137 (2014). 

15. Herwig, P., Kayser, C. W., Müllen, K. & Spiess, H. W. Columnar 

mesophases of alkylated hexa-peri-hexabenzocoronenes with 

remarkably large phase widths. Advanced Materials 8, 510–513 

(1996). 

16. Palmans, A. R. A., Vekemans, J. A. J. M., Fischer, H., Hikmet, R. 

A. & Meijer, E. W. Extended-Core Discotic Liquid Crystals Based 

on the Intramolecular H-Bonding in N -Acylated 2,2′-Bipyridine-



 121 

3,3′-diamine Moieties. Chemistry - A European Journal 3, 300–307 

(1997). 

17. Brand, R., Lunkenheimer, P. & Loidl, A. Relaxation dynamics in 

plastic crystals. J Chem Phys 116, 10386–10401 (2002). 

18. Wang, Y., Zhang, C., Wu, H. & Pu, J. Synthesis and mesomorphism 

of triphenylene-based dimers with a highly ordered columnar plastic 

phase. J Mater Chem C Mater 2, 1667 (2014). 

19. Pisula, W., Feng, X. & M̈llen, K. Tuning the columnar organization 

of discotic polycyclic aromatic hydrocarbons. Advanced Materials 

22, 3634–3649 (2010). 

20. Warman, J. M. et al. Charge Mobilities in Organic Semiconducting 

Materials Determined by Pulse-Radiolysis Time-Resolved 

Microwave Conductivity: π-Bond-Conjugated Polymers versus 

π−π-Stacked Discotics. Chemistry of Materials 16, 4600–4609 

(2004). 

21. Debije, M. G. et al. The Optical and Charge Transport Properties of 

Discotic Materials with Large Aromatic Hydrocarbon Cores. J Am 

Chem Soc 126, 4641–4645 (2004). 

22. Kouwer, P. H. J., Jager, W. F., Mijs, W. J. & Picken, S. J. Synthesis 

and Characterization of a Novel Liquid Crystalline Polymer 

Showing a Nematic Columnar to Nematic Discotic Phase 

Transition. Macromolecules 33, 4336–4342 (2000). 

  

 

 

 

 



 122 

 

  



 123 

Chapter 4 
Charge Carrier Transport Properties of Symmetric 

Alkyl[1]Benzothieno[3,2-B][1]Benzothiophenes  

 
Abstract  

 
In this part of the thesis, we focus on the investigation of charge transport 

mechanism and comparison of series of rod-like liquid crystalline 

alkyl[1]benzothieno[3,2-b][1]benzothiophene derivatives with varying 

side chain lengths in solid-state by using temperature-dependent pulse 

radiolysis time-resolved microwave conductivity technique. All Cn-

BTBT-Cn (n= 8, 10, 12) derivatives exhibit herringbone packing motifs 

that results in 2D lamellar structure for charge transport. The conductivity 

measurements show that all derivatives exhibit remarkably high intrinsic 

charge carrier mobilities at room temperature, as consistent with values 

reported previously. However, at lower temperatures (down to -100 °C) 

the significant decrease in decay kinetics and charge carrier mobility is 

observed, strengthened the argument for a thermally activated hopping 

model as the primary mechanism for charge transport in Cn-BTBT-Cn 

derivatives in solid state.  

 
 
 
 
 
 
 
 



 124 

4.1. Introduction  

 

Organic semiconductors have attracted a large amount of interest over 

the last decades as a promising alternative to inorganic semiconductors due 

to their tunability, solution processability, and mechanical flexibility, 

allowing for low-cost, large-area, and lightweight fabrication techniques.1 

However, the exact mechanism of charge carrier transport in these 

materials is not clear in all cases. A clear understanding of transport 

mechanisms is of fundamental academic interest and crucial to optimize 

the transport properties for specific applications. In particular, efficient 

charge transport is important for device speed, reduced power loss, and 

higher efficiency can be achieved in promising devices such as organic 

light-emitting diodes (OLEDs), displays, organic field-effect transistors 

(OFETs), integrated circuits, or organic photovoltaics (OPVs).2,3  

The key quantity that characterizes charge transport in organic 

semiconductors is the mobility of charge carriers (electrons and/or holes). 

Important parameters that influence the charge transport mechanisms in p-

conjugated materials include the crystalline organization, disorder, the 

purity of the molecule, defects, traps, temperature, charge-carrier density, 

molecular size & weight, electric fields, and pressure.4 These important 

characteristics can lead to significant differences in the measured charge 

carrier mobility. A more detailed review of charge carrier transport models 

can be found in Chapter 1.  
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Figure 4.1. Chemical structures of 2,7-didodecyl-BTBT (C12-BTBT-C12), 

2,7-didecyl-BTBT (C10-BTBT-C10), and 2,7-dioctyl-BTBT (C8-BTBT-C8)  

 

The demand to increase the charge carrier mobility of organic 

semiconductors and to understand the charge transport mechanisms in 

these materials have motivated scientists to synthetically, experimentally, 

and theoretically explore the relationship between mobility and molecular 

structure on the molecular and mesoscopic scale. Among rod-like liquid 

crystals, [1]benzothieno[3,2-b][1]benzothiophene (BTBT) derivatives 

with alkyl side chains of varying length have attracted a significant amount 

of attention due to their high charge carrier mobility, which exceeds 10 

cm2/Vs, the viability of their synthetic route, and their superior ambient 

stability.5–11 Although the results from charge carrier mobility 

measurement have been promising, some of the values reported suffer 

from overestimation and/or reproducibility, especially in the context of 

OFET applications.12,13  
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In this Chapter, we investigate the charge carrier mobility and charge 

transport mechanism of Cn-BTBT-Cn isomers (n = 8, 10, 12) (Figure 4.1) 

by using the unique PR-TRMC technique. This technique aims to 

determine the charge carrier mobility in bulk-state BTBT isomers as a 

function of temperature.  

 

4.2. Results & Discussion  

 

4.2.1. DSC & POM 

 

The chemical structures and synthetic procedures of the symmetrical 

Cn-BTBT-Cn series (n = 8, 10, 12) of interest have previously been 

reported by Geerts et al.8,14,15 In addition to synthetic studies, the effect of 

substituted side chains on the molecular organization and charge transport 

characteristics of these materials at room temperature have also been 

reported by various research groups, both theoretically and 

experimentally.16–18 In particular, the temperature-dependent microscopic 

and macroscopic properties of these thermotropic rod-like liquid crystals 

must be known in detail to draw clear links between their structural 

properties and their charge transport characteristics.  

The thermal behavior of the different symmetrical Cn-BTBT-Cn 

compounds, which have several characteristics in common due to the 

presence of their linear alkyl chains (n = 8, 10, 12), are summarized in 

Table 4.1. The DSC traces and POM textures showed that all derivatives 

are in a Cr phase at room temperature. Around 110 °C, all derivatives 

undergo a phase transition from the Cr phase to a low-ordered liquid 

crystalline SmA phase. Upon further heating, C8-BTBT-C8, C10-BTBT-
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C10, and C12-BTBT-C12 melt at relatively low temperatures (126.4, 124.2, 

and 118.4°C, respectively).18  It should be noted that lowering the 

molecular order of the material during the transition from the Cr phase to 

the SmA phase at a low clearing point (I) results in lower thermal 

durabilities.5 The charge carrier mobility of fabricated crystalline C10-

BTBT-C10 films for OFET applications has been shown to decrease 

dramatically after being subjected to thermal stresses above 100°C for 5 

min. At this temperature, the C10-BTBT-C10 derivative is in the less-

ordered SmA phase and melts into droplets, exhibiting poor film 

uniformity and a rough surface morphology.19   

 

Table 4.1. The thermal transition temperatures of C8-BTBT-C8, C10-

BTBT-C10, and C12-BTBT-C12 derivatives based on DSC analysis.  

 

Compound T Cr ® TSmA 
[°C] 

TSmA ® TI  

[°C] 

C12-BTBT-C12 111.1 118.4 

 

C10-BTBT-C10 112.2 

 

124.2 

 

C8-BTBT-C8 110.1 

 

126.4 

 

Cr: crystalline phase; SmA: smectic A phase; I: isotropic phase 

 

4.2.2. XRD  
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It is important to determine the molecular organization of the material 

and its temperature dependence to link the  charge transport properties to 

the supramolecular organization. Izawa18 previously reported the 

crystalline structure of the Cn-BTBT-Cn series (n = 8, 10, 12). Thin films 

of these compounds exhibit a well-ordered single-crystalline structure, as 

observed by XRD measurements in bulk material at room 

temperature.18,20,21 The XRD pattern of Cn-BTBT-Cn bulk samples at room 

temperature exhibit a series of peaks that can be attributed to (00l) 

reflections, indicating a long-range lamellar structural order. The interlayer 

distance (spacing) along the c-axis calculated from the primary (001) 

reflection was found to be 29.0, 33.3, and 37.5 Å for C8-BTBT-C8, C10-

BTBT-C10, and C12-BTBT-C12 respectively.17 The intermolecular stacking 

distance of the 2,7-dialkyl derivatives (Cn-BTBT-Cn, n = 8, 10, 12) slightly 

decreased as the chain length of the alkyl groups increased.22 This can be 

explained by the ‘zipper effect’ exhibited by long alkyl chains due to 

increased intermolecular van der Waals interactions, which tighten the 

molecular packing in the solid state.23,24 Regardless of slight differences 

between the interlayer and intermolecular distances, similar molecular 

packing structures with a herringbone motif were found, with no evidence 

of the interdigitation of the linear alkyl chains. Consequently, the Cr phase 

is monoclinic for all three compounds, with the same P21/a space group. It 

consists of a lamellar arrangement of C8-BTBT-C8, C10-BTBT-C10, and 

C12-BTBT-C12 molecules that are self-organized with a herringbone 

packing motif, resulting in the 2D pathway for charge transport as 

presented in Figure 4.2.  
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Figure 4.2. The molecular arrangement of BTBTs for J. 

 

As expected, the temperature-dependent XRD analysis reveals that the 

Cn-BTBT-Cn series exhibits mesophase transitions upon heating and 

cooling. Figure 4.3 shows that, at room temperature before and after 

thermal stress (heated to above its melting temperature of ~120°C for 1 

min), all molecules were confirmed to be arranged in ordered crystalline 

structures, as evident from sharp diffraction peaks with high intensities. 

However, as a result of thermal stress, changes in the position and intensity 

of XRD peaks are observed in all BTBT materials after they were cooled 

back down to room temperature from the isotropic phase. Several small-

angle X-ray peaks of C8-BTBT-C8 slightly shifted to lower values, 

indicating that the interlayer distance between these molecules increased 

after thermal stress. While C10-BTBT-C10 did not exhibit any observable 

shifts at small angles, the change in the high-angle peaks (18° < 2q) to 

lower values with decreased intensities indicate a change in the ordering 
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and crystallinity of the material. For  C12-BTBT-C12 similar changes are 

seen as in C10-BTBT-C10. This XRD analysis shows that while ordered 

structures are recovered after heating to the isotropic phases, clear changes 

in the supramolecular order and crystallinity of the samples occur that may 

have an effect on the charge transport properties. 
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Figure 4.3. XRD analysis of the Cn-BTBT-Cn compounds before and 

after heating to the isotropic phase. 

 

4.2.3. Temperature-dependent PR-TRMC Studies  

 

To determine the charge transport properties of the Cn-BTBT-Cn (n = 

8, 10, 12) derivatives, we studied the temperature dependence of the charge 

carrier mobility using the PR-TRMC technique described in Chapter 1. 

PR-TRMC measurements yield information about the charge carrier 

mobility that can be calculated from the end-of pulse conductivity, but also 

on the decay of charge carrier by examining the conductivity as a function 

time. The latter gives insight in the recombination and trapping of charges.  

The temperature-dependent charge carrier mobility of Cn-BTBT-Cn 

(n = 8, 10, 12)  derivatives, measured by PR-TRMC (using a 1 ns pulse 

length) with the same heating and cooling cycles used for each sample (-
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100°C £ Troom £ 140°C) are shown in Figure 4.4. At room temperature, all 

of the Cn-BTBT-Cn derivatives exhibit remarkably high one-dimensional 

charge carrier mobility (µ1D) values at room temperature in the crystalline 

solid state. The values for Cn-BTBT-Cn (n = 8, 10, 12) were derived to be 

2.94 cm2/Vs, 3.02 cm2/Vs, and 3.72 cm2/Vs, respectively. These mobility 

values are consistent with values calculated using a thermally activated 

semi-classical Marcus rate theory calculations, as well as with mobility 

values derived from solution-processed OFET and OTFT measurements 

on the same Cn-BTBT-Cn (n = 8, 10, 12) derivatives.17,18,24–29   

The charge carrier mobility values for all Cn-BTBT-Cn (n = 8, 10, 12) 

samples decreases monotonically as the temperature is increased from 

room temperature. This is consistent with progressively increasing 

dynamic disorder in the solid state, leading to reduced mobility values. At 

around 105°C, all derivatives undergo the Cr®SmA phase transition, 

followed immediately afterward by the SmA®I phase transition, in which 

the molecules melted completely and exhibited their lowest charge carrier 

mobility values; these observations were consistent with DSC 

measurements. After the materials were cooled to room temperature, their 

µ1D values increased due to recrystallization (SmA/I®Cr) but, as observed 

in XRD measurements, none of the derivatives fully returned to their 

original highly ordered crystalline lattice (Figure 4.2). Consequently, the 

µ1D of these materials at room temperature decreased by a factor of ~2 for 

both C10-BTBT-C10 (1.35 cm2/Vs) and C12-BTBT-C12 (2.09 cm2/Vs), while 

the decrease in µ1D was found to be a factor of 6 for C8-BTBT-C8 (0.47 

cm2/Vs). The dramatic decrease in µ1D may be due to the formation of a 

stable monolayer structure after cooling, instead of the well-ordered 

herringbone packing due to the rapid rate of cooling (minutes).30 Upon 
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further cooling (-100°C £ Troom), the µ1D of C8-BTBT-C8, C10-BTBT-C10, 

and C12-BTBT-C12 exhibited charge transports that appears to follow a 

thermally activated hopping model at low temperatures; this was in 

contrast reports in literature that some Cn-BTBT-Cn derivatives exhibit 

band-like transport.10,24,31  
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Figure 4.4. Temperature-dependent charge carrier mobilities for a) C8-

BTBT-C8, b) C10-BTBT-C10, and c) C12-BTBT-C12 upon heating and 

cooling, starting from room temperature. Room temperature is indicated 

by the small dashed lines, while the black dashed lines indicate the phase 

transition temperatures as calculated from DSC. The red dashed line in C8-

BTBT-C8 represents the temperature at which the unexplained charge 

carrier mobility decrease occurred.  

 

In the measurements presented above the low temperature regime was 

examined for samples that were already cooled back from the isotropic 

phase. To confirm that the charge transport mechanism at low temperature 

follows a thermally activated hopping mechanism also for freshly 

precipitated materials, additional low temperature measurements were 

performed  using freshly precipitated C12-BTBT-C12, see Figure 4.5. At 

room temperature, the freshly precipitated C12-BTBT-C12 exhibits a high 
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µ1D value of 3.25 cm2/Vs, indicating that reprecipitation yields a similar 

mobility value as discussed above. The charge carrier mobility decreases 

upon cooling, confirming a hopping mechanism.32   

 
Figure 4.5. Low-temperature charge carrier mobility for freshly 

precipitated C12-BTBT-C12 

 

4.2.4. Charge carrier decay kinetics 

 

In Figure 4.6 the change in conductivity in the C12-BTBT-C12 upon 

irradiation is shown as a function of times to gain insight in the life-time 

and decay kinetics of charge carrier. A comparison of PR-TRMC 

conductivity transients for the different compounds at different 

temperatures reveals pronounced differences in the carrier lifetimes. As 

shown in Figure 4.6, the conductivity initially increases during the pulse 

as mobile charge carriers are generated. Due to charge recombination 

and/or trapping, the conductivity gradually decays after the pulse.  



 136 

Upon heating (Troom £ 140°C), the conductivity of C12-BTBT-C12 

gradually decreased and resulted in notably low conductivity after passing 

through the phase transitions at higher temperatures (Figure 4.6c). This 

decrease in conductivity is due to a disruption of the ordered structure 

within the material in its liquid crystalline state. Interestingly, the lifetime 

of the carriers becomes longer at higher temperature. A similar trend was 

observed in C10-BTBT-C10 and C8-BTBT-C8 (Figure 4.6). The unexpected 

conductivity (mobility) and increase in charge carrier lifetimes in C8-

BTBT-C8 between 40–70°C might indicate that the molecular order in the 

crystalline phase improved slightly. It is hard to explain the origin of these 

changes in the carrier lifetime without more detailed structural 

characterizations, however, it is clear that both the mobility of charges and 

their decay kinetic show a strong dependence on the subtle changes in the 

supramolecular order in the materials. 
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 138 

Figure 4.6. Change in conductivity upon irradiation with a 1 ns high-

energy electron pulse for a) C8-BTBT-C8, b) C10-BTBT-C10, and c) C12-

BTBT-C12 upon heating. 

 

4.3. General Discussion  

 

In the literature, it has commonly been assumed that band model 

transport in organic semiconductors is infeasible due to phonon scattering 

caused by their considerably narrower bandwidths compared to inorganic 

semiconductors, such as silicon.33 Nevertheless, notable exceptions that 

exhibit band model charge transport in pure single crystals have previously 

been identified.33–39 In a typical band transport model, charge carrier 

mobility is thermally deactivated; i.e., it decreases with increasing 

temperature. In contrast to the hopping model, the charge carrier wave 

functions are delocalized over the entire molecule. Weak interactions 

control the self-assembly of organic molecules, and it is thus natural to 

expect the thermal motion of lattices within organic semiconductors. Since 

the electronic coupling between neighboring molecules is very sensitive to 

geometrical and structural parameters, thermal molecular motions can 

cause fluctuations in the electronic coupling between neighboring 

molecules, which significantly disrupts the translational symmetry of the 

electronic Hamiltonian and renders band model charge transport 

impossible.40,41 However, surprisingly high charge carrier mobilities have 

been reported for BTBT compounds. 

The highest mobility observed in a 2,7-dioctyl-BTBT reported to date 

was measured to be 43 cm2/Vs in a C8-BTBT-C8 accomplished through 

FET device fabrication.9 Interestingly, computational studies of charge 
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carrier transport in  the same material yielded a charge carrier mobility < 

4 cm2/Vs when using the hopping model. In contrast, a band model 

mobility was estimated to be between 36–58 cm2/Vs.33 However, it should 

be noted that this high band transport model mobility has not been 

independently reproduced. Furthermore, FET-based mobility 

measurement techniques are extremely sensitive to the microscopic 

morphology of the thin films at the interfaces as charge transport takes 

places in a very thin interface layer. The architecture of the FET device, 

which is dependent on source-drain electrodes, gate dielectric 

inhomogeneity, grain boundaries, defects, charge carrier traps, charged-

impurity scattering, and non-linearity in FETs, are critical parameters that 

limit charge carrier mobility and charge carrier mobility extraction.42 For 

example, improving the crystallinity and morphology of thin films by 

finely controlling crystal formation using deposition techniques increased 

the charge carrier mobility of single crystal BTBT derivative (C12-BTBT-

C12) from 4.4 cm2/Vs to 16.4 cm2/Vs for thin-film transistors fabricated for 

use in high-performance single-crystal semiconductor devices for large-

area applications.43,44  

To overcome the limiting parameters that arise in OFET measurements 

and achieve higher charge carrier mobility values, Seki et al.45 proposed a 

field-induced time-resolved microwave conductivity (FI-TRMC) method 

for assessing charge carrier mobility at the interface without grain 

boundary effects in a device with a metal-insulator-semiconductor (MIS) 

structure. In this technique, charge carriers are generated by selectively 

applying positive or negative biases, similar to the OFET technique. 

Evaluating charge carrier mobilities through microwave probing solves the 

problems associated with insulator effects, local motion, and charge carrier 
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dynamics at any interfacial structures found in OFETs.46 This technique 

can also be used as an analytical tool for investigating the impact of 

interfacial trap density and insulating materials on the charge carrier 

mobility at the nanometer scale.47  

With this technique, Tsuts et al.10 measured a remarkably high charge 

carrier hole mobility of 170 cm2/Vs for an isomer of 2,7-didodecyl-BTBT 

(C12-BTBT-C12), in contrast to the average saturation mobility of 3-5 

cm2/Vs generally exhibited by C12-BTBT-C12 in various solution- and 

vapor-processed OFET and OTFT device applications.17,18,25–27 In that 

study, the charge carrier mobilities of C12-BTBT-C12 isomers were also 

theoretically calculated using both charge transport models (hopping 

versus band transport)10. The charge transport in C12-BTBT-C12 was 

assumed to follow the band model based on its high crystallinity, however, 

for all Cn-BTBT-Cn (n = 8, 10, 12) derivatives, the difference between the 

calculated charge carrier mobilities at room temperature using hopping and 

band models was remarkably large. It therefore seems unlikely that for a 

particular compound in the series a bandlike mechanism is operative, while 

all others follow a hopping mechanism.  

 

4.3.1. PR-TRMC vs. FI-TRMC  

 

Given the similarity between the microwave-based conductivity 

techniques used in this work and in the work of Tsuts et al.10 it is of interest 

to compare them in some detail to identify the origin of the different 

results. In this chapter we investigated charge carrier mobility and charge 

transport mechanism of the Cn-BTBT-Cn (n= 8, 10, 12) derivatives (Figure 

4.1) using a unique contactless microwave technique, PR-TRMC, that has 
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significant advantages48–50 over a wide range of temperatures in the context 

of liquid crystalline properties. In contrast to other charge carrier mobility 

measurement techniques (such as TOF and FI-TRMC), where the charges 

are injected, free charges are homogenously generated in bulk by ionizing 

the sample with a high-energy electron pulse. The charge carriers are 

generated through irradiation by short pulses of high-energy electrons (3 

MeV) in bulk—rather than at a very thin interface-layer. The concentration 

of charges created by the electron pulses can be tuned by changing the 

duration of the pulses, allowing us to obtain much lower charge carrier 

concentrations within the sample compared to FI-TRMC.46 Since the 

penetration depth of 3 MeV electrons (~1.5 cm for the materials with a 

density of 1 g/cm3) is much larger than the sample thickness (microwave 

cavity; ~0.5 cm), the energy deposition and ionization within the bulk 

sample are close to uniform.49 Because we generate a very low uniform 

concentration of charges in the samples by PR-TRMC, we probe the carrier 

dynamics in the bulk of the solid state material. This is quite different from 

the FI-TRMC measurements used by Tsuts et al.10. In that case the 

generation of charges, and hence the charge transport, take place in a 

molecularly thin layer at the interface of the materials. This thin interface 

layer can have a different molecular organization, but the accumulation of 

charge in a thin layer can also result in very high charge densities. Both 

factors can introduce pronounced differences in the conductivity that is 

measured. We do stress that if the very high mobility value obtained by FI-

TRMC measurements is in fact correct, it does not correspond to an 

intrinsic mobility in the bulk phase of solid BTBT but should be considered 

as a technique-specific outlier. We also stress that in this chapter, all 

evidence points to thermally activated transport in BTBTs, even though 
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the mobility values (~2-4 cm2/Vs) are very high for organic 

semiconductors. 

 

4.4. Conclusion 

 

To determine the effects of molecular structure and solid-state 

organization on the mechanism of charge transport, we investigated the 

temperature-dependence of charge carrier mobility and decay kinetics of 

Cn-BTBT-Cn (n= 8, 10, 12) derivatives using PR-TRMC. At room 

temperature in their bulk state, the C8-BTBT-C8, C10-BTBT-C10, and C12-

BTBT-C12 derivatives exhibited high intrinsic charge carrier mobilities of 

2.94, 3.02, and 3.72 cm2/Vs, respectively. The carrier decay kinetics 

showed that a large fraction of highly mobile C12-BTBT-C12 charge 

carriers survived on a longer timescale at room temperature compared to 

the other derivatives. On heating to the isotropic phase at high temperatures 

all Cn-BTBT-Cn (n= 8, 10, 12) derivatives exhibited a charge carrier 

mobility of ~0.1 cm2/Vs with long-lived charge carriers, which was higher 

than the values observed in any other liquid crystalline or crystalline 

organic semiconductors. This indicates that some order is preserved in a 

liquid-like state that has been designated as isotropic. Temperature 

dependent measurement also show that the BTBT compounds investigated 

show a very strong dependence of charge mobility for the order on a 

molecular scale. On cooling back from the isotropic phase, the initial 

crystalline phase obtained from solution-precipitation was not fully 

recovered. This shows that the processing and temperature treatment very 

subtly affect the solid-state order, leading to large changes in the 

conductive properties. 
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For all compounds studied, charge carrier mobilities were substantially 

reduced at low temperatures (-100°C £ Troom). Therefore, we are forced to 

conclude that charge transport occurs via a thermally activated hopping 

mechanism as the primary mechanism for charge transport in Cn-BTBT-

Cn (n = 8, 10, 12) derivatives, in contrast to what has been reported on basis 

of FI-TRMC measurements by Tsuts et al.10.  
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Chapter 5  
Semiconducting Polyamides with Enhanced Charge 

Carrier Mobility 

 
Abstract  

 

In this chapter we explore the incorporation of conjugated chromophores 

in polyamide-based engineering properties with the aim to come to 

polymer materials that combine the mechanical properties of polyamide 

engineering polymers with the possibility of charge conduction. Two types 

of conjugated chromophores, bithiophene and perylene bisimide were 

incorporated in the polymer backbone. Using steady-state optical 

spectroscopy it is shown that there is considerable interchromophore 

coupling for both types of polyamides. Pulse radiolysis time-resolved 

microwave conductivity measurements were performed to evaluate the 

conductive properties. These measurements show that appreciable charge 

carrier mobilities can be reached in these materials. This offers interesting 

possibilities for the future design of (semi-)conducting polyamide-based 

polymers. 

 
 
 
 
 
*Part of the results presented in this chapter have been published in:  
- Özen, B., N. Candau, C. Temiz, F.C. Grozema, F.F. Tirani, R. Scopelliti, J.M. Chenal, 
C. J.P. Plummer, H. Frauenrath, J Mater Chem C Mater 8, 6281–6292 (2020). 
- Özen, B., N. Candau, C. Temiz, F.C. Grozema, G. Stoclet, C. J.P. Plummer, H. 
Frauenrath, Polym Chem 12, 6914–6926 (2021). 
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5.1. Introduction  

Polymer semiconductors are an attractive class of high-

performance functional polymers, seamlessly merging the advantages of 

the electrical conductivity of semiconductors and the thermomechanical 

properties of plastics.1 While their charge transport properties are similar 

to conventional organic semiconductors, their unique trait lies in their 

inherent viscoelastic nature. This arises from their ability to form 

continuous elastic networks with a locally dissipative response that 

depends on the time scale of the measurement. As a result, these materials 

have the potential to exhibit significantly improved strength and toughness 

compared to low molecular weight organic semiconductors.2  

Polymer semiconductors are typically semicrystalline, containing 

amorphous regions as well as ordered crystalline domains characterized by 

two-dimensional lamellar stacks with a p- conjugated backbone separated 

by layers of side chains.3,4 The resulting morphology is complex, and 

understanding the charge transport in such a system has consequently 

remained challenging. It is essential to highlight that the performance of 

polymeric semiconductors is intricately tied to factors such as their 

chemical structure and the extent of structural order, with significant 

consequences for their macroscopic behavior.5 This leads to the exciting 

possibility of tuning both the mechanical and optoelectronic properties of 

polymer semiconductors by controlling their structural order at different 

length scales.3–11 Recent studies have shown that efficient intermolecular 

charge transport might be achieved in high-performance polymer 

semiconductors that display high degrees of short-range order but no 

significant long-range order and no phase boundaries, provided that 
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aligned conjugated chain backbones form continuous paths between the 

locally ordered domains.3,4,10,12 

 Well-defined short-range but limited long-range order are 

characteristic features of many polyamides. These polyamides may exhibit 

lamellar crystalline domains with a thickness of as little as 2 nm in the 

chain direction, corresponding to fewer than two repeating units, 

depending on their chemical structure.13,14 These materials are highly 

sought after for engineering applications owing to their excellent specific 

mechanical strength, stiffness, and heat resistance, particularly when 

hydrogen bonding between amide groups is combined with a partly or fully 

aromatic backbone chain.15,16 The introduction of hydrogen-bonded side 

chains into semiconducting polymers has consequently gained 

considerable recent attention. For instance, in p-conjugated polymers 

based on diketopyrolopyrrole17,18 or isoindigo19,20 repeating units, the 

inclusion of amide groups in the side chains has been found both to 

increase the strength of aggregation and crystallinity. This results in 

enhanced charge carrier mobility and photovoltaic performance compared 

to the corresponding polymers with non-hydrogen-bonded side chains. 

Additionally, these modifications enhance energy dissipation during 

mechanical deformation.20,21 
 By contrast, the use of amide chemistry to control order and 

disorder at the nanoscale has not often been investigated from the 

standpoint of organic electronics. Incorporating hydrogen-bonded 

segments as non-conjugated spacers into semiconducting polymers has 

received limited attention. Bao et al. introduced a non-conjugated unit 

containing an amide group into the backbone of a p-conjugated polymer.22 

They found that 10 mol% of this co-monomer sufficed to alter the thin film 
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morphology of the polymer network, leading to a reduction in elastic 

modulus and a moderate increase in crack onset strain—however, no 

significant change in charge carrier properties. Muguruma et al. prepared 

semi-aromatic polyamides with oligothiophene units but provided no 

details of their morphology or mechanical and optoelectronic 

properties.23,24 

 Here, we report a library of polyamides containing hydrogen 

bonding interactions and exhibit their optoelectronic properties. These 

polyamides contain repeating units of electron-deficient, n-type 

semiconducting dithiophene and dicyanoperylene bisimide, with varying 

aliphatic spacer lengths. By examining semicrystalline semi-aromatic 

polyamides with bithiophene units, we found that such materials combine 

the thermochemical characteristics of typical semi-aromatic engineering 

polyamides with significant charge carrier mobility. Additionally, 

polyamides containing dicyanoperylene bisimide repeating units showed 

not only good thermal stability and shear moduli in the range of 0.75 – 0.93 

GPa, but also H-type coupling of the dicyanoperlyene bisimide 

chromophores in the solid-state. Charge carrier mobilities of about 0.01 

cm2/Vs underscore a promising initial step towards functional 

semiconducting engineering thermoplastics. 
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Figure 5.1. Molecular structure of bithiophene-based amides (A) and 

perylenebisimid-based amides (B). 
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5.2. Experimental Details 

 

The conductivity of the polymers and reference compounds were measured 

using the Pulse Radiolysis Time-Resolved Microwave Conductivity (PR-

TRMC) technique. In this technique, charges were generated in powder 

samples (20–50 mg) by irradiation with short pulses (2–20 ns) of high-

energy electrons (3 MeV) from a Van de Graaff accelerator. The 

penetration depth of these high-energy electrons in the materials is several 

millimeters, resulting in a close to homogenous ionization and hence a 

uniform concentration of charges throughout the material. The change in 

conductivity of the material due to charges generated by the irradiation was 

probed using high frequency microwaves (28 to 38 GHz). The fractional 

change in the microwave power (Δ𝑃/𝑃) absorbed on irradiation is directly 

proportional to the change in the conductivity (Δ𝜎) according to  

 
Δ𝑃
𝑃 = −𝐴Δ𝜎 

 

where the sensitivity factor, A, is a sensitivity factor that depends on the 

geometric and dielectric properties of the material.25 The conductivity (Δ𝜎) 

is related to the mobility of all charged species, and their concentration, 

Np, through 

 

Δ𝜎 = 𝑒𝑁IZ𝜇 

 

where e is the elementary charge (1.6·10–19 C). This equation allows the 

mobility of the charge carriers to be calculated, given a reasonable estimate 
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of their concentration. Such an estimate may be obtained from dosimetry 

measurements, which provides the amount of energy deposited by the 

electron pulse, as described in detail previously.26 

 

5.3. Results & Discussion 

 

UV-vis optical absorption 

The polyamides and model compounds shown in Figure 1 were 

synthesized and characterized as described by Ozen et al.14,27  

UV-vis absorption and fluorescence spectroscopy used gain insight in the 

packing and the photophysical properties of the polyamide compounds and 

their model systems. For the thiophene- and PBI-based series the 

representative compounds PA6-PBICN2 & PA6-T2 and the model 

compounds PBICN2 & T2a were selected for UV-vis spectroscopy.  

The UV-vis absorption spectra of PA6-T2 and the model 

compound T2a in hexafluoroisopropanol (HFIP) solution and on a quartz 

substrate are shown in Figure 5.2.  In solution both compounds show an 

absorption band with a maximum at 317 nm and a shoulder at around 340 

nm. Thin films of PA6-T2 and the model compound T2a spin-coated onto 

quartz substrates exhibit similar absorptions except for a small solid-state 

red shift, with absorption maxima at 323 and 321 nm, respectively, and 

shoulders at around 360 nm. This clearly indicates some electronic 

interaction between neighboring chromophores in the solid state. No clear 

difference between the polymer PA6-T2 and the model compound T2a is 

observed. 
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Figure 5.2. UV-vis absorption spectra of PA6-T2 and T2a in HFIP 

solution and on a SiO2 substrate. 

 

The UV-vis absorption and fluorescence spectra for PBICN and 

PA6-PBICN2 are shown in Figure 3, both in solution and in the solid state. 

In trifluoro acetic acid (TFA) solution (c= 10-4 mol/L), both PA6-PBICN 

and PBICN2 show a strong S0 – S1 absorption at 527 nm (0-0) with higher 

vibronic bands at 492 nm (0-1) and 462 nm (0-2). The ratio of the 0-0 and 

the 0-1 (A0-0 / A0-1) absorption intensities was around 1.48, which is similar 

to the typical values of perylene bisimide derivatives in solution and 

indicated spectroscopic aggregates to be absent in TFA at this 

concentration.28–30  Emission spectra from diluted solutions of both PA6-

PBICN and PBICN2 in TFA (c= 10-6 mol/L) revealed a Stokes shift of 15 

nm and well-resolved vibronic fine structure patterns with fluorescence 
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maxima at 542 nm and shoulders at 574 nm mirroring the corresponding 

absorption spectra.  

 

 
Figure 5.3. Normalized UV-vis (solution-phase and thin film) absorption 

and solution-phase fluorescence spectra of a) model compound PBICN2 

and b) PA6-PBICN2. The solution-phase spectra were obtained from TFA 

solutions (black: absorption spectra, c = 10–4 mol/L; red: fluorescence 

spectra c = 10–6 mol/L), while thin film spectra were obtained from spin-

coated thin films on quartz substrates (blue). The inset shows the 

corresponding specimens under UV light (254 nm). 

 

Thin films of PA6-PBICN and PBICN2 prepared by spin-coating 

from TFA (c= 10-3 mol/L) onto quartz substrates exhibited spectral 

signatures with two main absorptions at 551 nm and 506 nm for PBICN2, 

and 542 nm and 522 nm for PA6-PBICN with the shoulders at 472 nm and 

475 nm for PBICN2 and PA6-PBICN respectively. The weak red-shift 

(15-20 nm) of the highest-wavelength absorption peak, the strong decrease 
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in the respective A0-0 / A0-1 ratios to 0.98 for PBICN2 and 1.0 for PA6-

PBICN, and almost complete quenching of fluorescence suggested 

pronounced H-type coupling of the dicyanoperylene bisimide 

chromophores. H-type coupling is commonly seen almost cofacial, 

parallel-displaced arrangement of these type of chromophores in the solid 

state.31–34 Overall, these results for both the polymer and the model 

compound show that there is sufficient interchromophore coupling to lead 

to significant changes in the UV-vis spectrum. The splitting of the 

absorption bands in the solid state seems somewhat more pronounced for 

the model compound PBICN2 than for the polymer PA6-PBICN2. 

 

Pulse-radiolysis TRMC measurements 

In order to gain insight in the conductive properties of both series 

of polyamides and the corresponding model compounds we have 

performed pulse-radiolysis time-resolved microwave conductivity (PR-

TRMC) experiments on all of these materials at room temperature, as 

described above.  

The results from PR-TRMC measurements on the PAn-T2 series 

are shown in Figure 5.4. The figure shows the change in conductivity upon 

irradiation with a 10 ns pulse of high-energy electrons. The conductivity 

signal is seen to increase during the irradiation pulse due to the formation 

of charges, and subsequently decays. The latter can be due to trapping of 

charges or recombination. Further measurements using different initial 

concentrations of charges reveal a first order decay kinetics, indicating that 

charges primarily decay by trapping. 
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Figure 5.4. Change in conductivity in thiophene-based polyamide 

compounds upon irradiation with a 10 ns pulse of 3 MeV electrons. 

 

As discussed above, a value for the mobility of charge carriers can 

be derived from the radiation-induced conductivity if the initial 

concentration of charges is known. From the measurements presented in 

Figure 4, one-dimensional charge carrier mobility determined from the 

end-of-pulse conductivity resulted in mobilities, µ1D, of 0.044 cm2V–1s–1 

(T2a), 0.017cm2V–1s–1 (PA6-T2) and 0.018 cm2V–1s–1 (PA12-T2), as 

summarized in Table 5.1. We assume one-dimensional charge transport in 

the materials since structural analysis shows that the stacking of the 

bithiophenes leads to 1D pathways in the solid state.  

The mobility for T2a is around one order of magnitude higher than 

the highest values of 0.005 cm2 V–1 s–1 reported for other bithiophene-

based systems,35 and close to those in crystalline quaterthiophene and 

sexithiophene-based systems.36–39 This can be seen as an indication of the 

beneficial effect of hydrogen bonded substituents on the packing of π-
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conjugated systems and hence the charge transport properties of the 

materials.40 For the PAn-T2 polymer compounds, the mobility lowers by 

more than a factor two, which can be explained by the restricted 

conformational freedom due to the incorporation of the bithiophene in a 

polymer chain. 

 

Table 5.1. Chemical Structures of bithiophene-based and perylenebisimid-

based amide model compounds, polyamides and their charge carrier 

mobility values measured by PR-TRMC at room temperature. 

 

Compound Charge Carrier Mobility 

(x10-2 cm2/Vs) 

T2a 4.4 

PA6-T2 1.7 

P12-T2 1.8 

  
PBICN2 1.4 

PA6-PBICN2 1.1 

PA8-PBICN2 1.2 

PA10-PBICN2 1.0 

PA12-PBICN2 1.0 

 

 

The results from PR-TRMC measurements on the perylene 

bisimide-based compounds are shown in Figure 5.5. The measurements 

resulted in clear conductivity transients, similar to those for the 

bithiophene-based compounds in Figure 5.4. This resulted in one-
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dimensional charge carrier mobilities, µ1D = 1.4 x 10-2 cm2/Vs for 

PBICN2, 1.1 x 10-2 cm2/Vs for PA6-PBICN2, 1.2 x 10-2 cm2/Vs for PA8-

PBICN2, 1.0 x 10-2 cm2/Vs for PA10-PBICN2 and PA12-PBICN2, as 

listed in the Table 5.1. For bisubstituted perylene bisimides, including 

liquid crystalline molecules values in excess of 0.1 cm2/Vs have been 

reported,41 which is an order of magnitude higher than the values reported 

here. The values are, however, comparable to those for other hydrogen-

bonded perylene bisimide organogelators.42 It is well-known that the 

mobility in perylene derivatives strongly depends on the solid-state 

packing, even for highly crystalline materials.43 Clearly, the incorporation 

of hydrogen bonding moieties and inclusion in a polymer chain leads to 

stacking conformations that are not optimal for charge transport. 

Nevertheless, the observation of a significant charge carrier mobility is 

encouraging for the design of polyamide-based polymer systems that can 

transport charge. 
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Figure 5.5. Change in conductivity in perylene bisimide-based polyamide 

compounds upon irradiation with a 10 ns pulse of 3 MeV electrons. 

 

The charge carrier mobility values of the polymers are significantly 

lower than for the small molecule equivalent. It is likely that the 

incorporation of the monomers into a polymer restricts the possibility of 

finding an optimal geometry for charge transport. 

 

5.4. Conclusion 

 

The results presented in this chapter show that the incorporation of 

conjugated chromophores in polyamide chains can result in polymer 

compounds that combine the desirable mechanical properties of common 

polyamides with a sufficiently high conductance to make them interesting 

for applications. The optical properties of the polymers and model 

compounds show that there is substantial electronic interaction between 

the conjugated subunits in the solid state, induced by interchain hydrogen 

bonding. From PR-TRMC measurements we conclude that this interaction 

is sufficient to lead to significant charge carrier mobilities in the materials. 
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Summary 
 

Organic semiconductors emerge as a class of alternative materials 

for electronic applications. These materials offer tunable optoelectronic 

properties through chemical synthesis and modification, low production 

cost, relatively easy and flexible processing, and potential for large-area 

applications. Achieving efficient charge transport in these materials relies 

on controlling the local- and long-range arrangement of the individual 

molecules, which can be tuned by changes in their chemical structure. This 

dissertation primarily focuses on the manipulation of the supramolecular 

order by targeted changes in the molecular structure, specifically focusing 

on the relation between the ordering and the optoelectronic properties.  

Chapter 1 introduces the main concepts used in this thesis and 

provides an overview of self-assembling liquid crystalline materials. The 

chapter starts with a brief overview of organic semiconductor materials 

and their device applications. After a brief discussion of self-assembling 

liquid crystalline materials and the intermolecular interactions that control 

their assembly properties, this thesis discusses two main structural 

ordering patterns: calamitic and discotic mesogens. Next, we discuss the 

theoretical background of charge transport in organic semiconductors and 

describe the possible transport mechanisms involved, together with a brief 

literature survey and some remarks on the relevance of the research 

reported in this thesis. Finally, we briefly discussed some common 

methods for measuring charge transport, including the Four-Contact Probe 

Method, Time-of-Flight (TOF), Space-Charge Limited Current (SCLC), 

Organic Field-Effect Transistors (OFET), Pulse-Radiolysis Time-
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Resolved Microwave Conductivity (PR-TRMC) and Field-Induced Time-

Resolved Microwave Conductivity (FI-TRMC).  

Chapter 2 describes the synthesis of two novel peripherally 

substituted discotic liquid crystalline hexa-peri-hexabenzocoronene 

(HBC) compounds and the influence of substitution position (meta- vs 

para-) on the aggregation properties in solution. We showed that the 

position of the substituent (meta- vs para-) has a pronounced effect on the 

aggregation. A detailed temperature- and concentration-dependent 1H-

NMR analysis shows that both meta- and para- position substituted alkoxy 

side chains on the phenyl rings attached to the HBC core exhibit a high 

tendency to aggregate. However, further concentration and temperature-

dependent optical measurements displayed that the derivative with para-

position substitution (ParaHBC) has increased π-π interactions between 

neighboring cores and stronger interlocking of hexa-phenyl rings at the 

side chains, leading to the enhanced aggregate formation in solution, as 

compared to the meta-position substituted derivative, MetaHBC. This is 

attributed to the larger conformational freedom present in meta-HBC, 

which can adopt more disordered conformations that hamper aggregation. 

The NMR measurements also suggest different stacking conformations for 

the two compounds, which can have a noticeable effect on the charge 

transport properties. Finally, this chapter highlights the role of solvent 

properties on the aggregation properties in solution. In all common good 

and bad solvents, para-HBC shows a higher tendency to aggregate.  

In Chapter 3 we study the relationship between supramolecular 

organization and molecular design of tailored HBC derivatives in the solid 

state. By performing temperature-dependent charge transport 

measurements, we also gain insight into the charge transport of the 
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different mesophases in these HBC isomers. This chapter demonstrates 

that one of the main factors that determines the charge transport is the 

degree of order in the columnar structures, which is temperature-

dependent. DSC analysis shows that both HBC isomers retain their liquid 

crystalline properties across the full temperature range (from −100 °C to 

>400 °C) with no clear isotropization temperature. ParaHBC exhibits a 

thermally stable ordered columnar phase (Col) at ambient temperature with 

a charge carrier mobility of 0.135 cm2/Vs and a plastic crystalline phase 

(Colp) at low temperatures with slightly increased charge carrier mobility 

of 0.139 cm2/Vs. Introducing bulky alkoxy side chains substituted with 

free-to-rotate phenyl rings on the meta-position induces steric restrictions 

that influence the stacking behavior, leading to more disorder. PR-TRMC 

measurements of MetaHBC show that this results in a substantially lower 

charge carrier mobility, 0.06 cm2/Vs at room temperature. The mobility 

monotonically decreases with decreasing temperature, corresponding to a 

thermally activated hopping mechanism. Preliminary studies also show 

that changes in the preparation procedures and recrystallization of HBC 

derivatives can improve the columnar order of MetaHBC.  

Chapter 4 focuses on the charge transport mechanism and 

comparison of investigated intrinsic charge carrier mobility in rod-like 

liquid crystalline [1]benzothieno[3,2-b][1]benzothiophene (BTBT) 

derivatives with varying side chain length in the bulk state by investigating 

the following parameters: crystal packing, molecular structure, 

mesomorphism, disorder, defects, traps, and temperature. All Cn-BTBT-

Cn (n = 8, 10, 12) derivatives exhibit herringbone packing motifs that 

introduce 2D charge transport pathways. The temperature dependence of 

the charge carrier mobility and decay kinetics of Cn-BTBT-Cn (n= 8, 10, 
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12) were investigated by PR-TRMC measurements. Remarkably high 

intrinsic charge carrier mobilities of 2.94, 3.02, and 3.72 cm2/Vs, 

respectively, were obtained for these compounds. Analysis of the decay 

kinetics shows that a large fraction of highly mobile C12-BTBT-C12 charge 

carriers survived on a longer timescale at room temperature compared to 

the other derivatives. However, charge carrier mobilities were dramatically 

reduced at low temperatures (down to -100°C ) for all derivatives, and 

conductivity transients decayed faster because of charge recombination 

and increased trapping. Dynamic and static deviations from the original 

perfect crystalline arrangements acted as a strong source of disorders at all 

temperatures, leading to the localization of charge carriers and 

strengthened the argument for a thermally activated hopping model as the 

primary mechanism for charge transport in Cn-BTBT-Cn (n = 8, 10, 12) 

derivatives. 

In Chapter 5, we report on a series of polyamides that can exhibit 

interchain hydrogen bonds, and describe their optoelectronic properties. 

These polyamides contain repeating units of electron-deficient, n-type 

semiconducting bithiophene and dicyanoperylene bisimide, with varying 

aliphatic spacer lengths. We find that such materials combine the 

thermochemical characteristics of typical semi-aromatic engineering 

polyamides with significant charge carrier mobility. PR-TRMC results 

showed that the length of the aliphatic spacer length does not significantly 

affect the intracolumnar charge transport in such polyamide derivatives. 

However, both bithiophene and dicyanoperylene bisimide containing 

polyamides showed increased charge carrier mobility values compared to 

their analogues in the literature, indicating the beneficial effect of 
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hydrogen-bonded substituents on the packing of π-conjugated systems and 

hence the charge transport properties of the materials.   
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Samenvatting 
 

Organische halfgeleiders zijn een opkomende klasse alternatieve 

materialen voor elektronische toepassingen. Voordelen van deze 

materialen zijn onder andere de mogelijkheid om de opto-elektronische 

eigenschappen aan te passen door middel van chemische synthese, 

goedkope en relatief gemakkelijke en flexibele verwerking en fabricage, 

de potentiële kosteneffectiviteit bij massaproductie en mogelijke 

toepassingen op grote oppervlakken. Het bereiken van efficiënt 

ladingstransport in deze materialen is echter afhankelijk van controle over 

de rangschikking van de individuele moleculen op verschillende 

lengteschalen door middel van modificaties in hun chemische structuur. 

Dit proefschrift richt zich primair op de manipulatie van de 

supramoleculaire orde door gerichte veranderingen in de moleculaire 

structuur, waarbij de nadruk specifiek ligt op de relatie tussen de 

moleculaire ordening en de opto-elektronische eigenschappen. 

Hoofdstuk 1 introduceert de belangrijkste concepten die in dit 

proefschrift worden gebruikt en geeft een overzicht van zelf-organiserende 

vloeibaar-kristallijne materialen. Het hoofdstuk begint met een kort 

overzicht van organische halfgeleidermaterialen en hun toepassingen in 

elektronische componenten (devices). Na een korte discussie over zelf-

organiserende vloeibaar-kristallijne materialen en de intermoleculaire 

interacties die hun assemblage-eigenschappen controleren, worden twee 

belangrijke structurele organisaties besproken die in dit proefschrift 

voorkomen; namelijk calamitische en discotische mesogenen. Vervolgens 

bespreken we de theoretische achtergrond van ladingstransport in 
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organische halfgeleiders en beschrijven we de mogelijke 

transportmechanismen, samen met een kort literatuuronderzoek en enkele 

opmerkingen over de relevantie van het onderzoek beschreven in dit 

proefschrift. Ten slotte worden kort enkele veelgebruikte methoden 

besproken voor het meten van ladingstransport, waaronder Four-Contact 

Probe Method, Time-of-Flight (TOF), Space-Charge Limited Current 

(SCLC), Organic Field-Effect Transistors (OFET), Pulse-Radiolysis 

Tijdsopgeloste microgolfgeleiding (PR-TRMC) en veldgeïnduceerde 

tijdsopgeloste microgolfgeleiding (FI-TRMC). 

Hoofdstuk 2 beschrijft de synthese van twee nieuwe 

gesubstitueerde discotische vloeibaar-kristallijne hexa-peri-

hexabenzocoroneen (HBC) verbindingen en de invloed van de 

substitutiepositie (meta- versus para-) op de aggregatie-eigenschappen in 

oplossing. Er wordt aangetoond dat de positie van de substituent (meta- 

versus para-) een uitgesproken effect heeft op de aggregatie. Een 

gedetailleerde temperatuur- en concentratieafhankelijke 1H-NMR-analyse 

toont aan dat zowel verbindingen met meta- als para-positie 

gesubstitueerde alkoxy-zijketens op de fenylringen die aan de HBC-kern 

zijn bevestigd een hoge neiging tot aggregatie vertonen. Uit verdere 

concentratie- en temperatuurafhankelijke optische metingen blijkt echter 

dat in de verbinding met substitutie op de para-positie(ParaHBC) de π-π-

interacties tussen aangrenzende moleculen de onderlinge interactie groter 

is, wat leidt tot verbeterde aggregaatvorming in oplossing, in vergelijking 

met het meta-positie gesubstitueerde derivaat, MetaHBC. Dit wordt 

toegeschreven aan de grotere conformationele vrijheid die aanwezig is in 

meta-HBC, die meer wanordelijke conformaties kan aannemen die 

aggregatie belemmeren. De NMR-metingen suggereren ook verschillende 
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manieren van moleculaire organisatie voor de twee verbindingen, wat een 

merkbaar effect kan hebben op de ladingstransporteigenschappen. Tot slot 

belicht dit hoofdstuk de rol van het type oplosmiddel op de aggregatie-

eigenschappen in oplossingen. In alle algemeen goede en slechte 

oplosmiddelen vertoont para-HBC een grotere neiging tot aggregatie. 

In Hoofdstuk 3 bestuderen we de relatie tussen de 

supramoleculaire organisatie en het moleculaire ontwerp van HBC-

verbindingen in de vaste stof. Door temperatuurafhankelijke 

ladingstransportmetingen uit te voeren, krijgen we ook inzicht in het 

ladingstransportmechanisme in de verschillende mesofasen van deze 

HBC-isomeren. Dit hoofdstuk laat zien dat een van de belangrijkste 

factoren die het ladingstransport bepalen de mate van ordening in de 

kolomvormige structuren is. Deze ordening is temperatuurafhankelijk. 

DSC-analyse toont aan dat beide HBC-isomeren hun vloeibaar-kristallijne 

eigenschappen behouden over het volledige temperatuurbereik (van −100 

°C tot > 400 °C) zonder duidelijke isotropisatietemperatuur. ParaHBC 

vertoont een thermisch stabiele geordende kolomvormige fase (Col) bij 

kamertemperatuur met een ladingsdragermobiliteit van 0,135 cm2/Vs en 

een plastisch kristallijne fase (Colp) bij lage temperaturen met een licht 

verhoogde ladingsdragermobiliteit van 0,139 cm2/Vs. Het introduceren 

van ‘bulky’ alkoxy-zijketens gesubstitueerd met vrij te roteren fenylringen 

op de meta-positie leidt to sterische beperkingen die de moleculaire 

ordening beïnvloeden, wat leidt tot een grotere wanorde. PR-TRMC-

metingen aan MetaHBC laten zien dat dit resulteert in een substantieel 

lagere mobiliteit van ladingsdragers, 0,06 cm2/Vs bij kamertemperatuur. 

De mobiliteit neemt monotoon af met afnemende temperatuur bij 

afkoeling, wat wijst op een thermisch geactiveerd ‘hopping’-mechanisme. 
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Deze voorlopige resultaten laten ook zien dat veranderingen in de 

bereidingsprocedures en herkristallisatie van HBC-derivaten de 

moleculaire ordening van MetaHBC kunnen verbeteren. 

Hoofdstuk 4 richt zich op het ladingstransportmechanisme en de 

vergelijking van de onderzochte intrinsieke mobiliteit van ladingsdragers 

in staafachtige vloeibaar-kristallijne [1]benzothieno[3,2-

b][1]benzothiofeen (BTBT) derivaten met variërende zijketenlengte in de 

bulktoestand door de volgende parameters in ogenschouw te nemen: 

kristalpakking, moleculaire structuur, mesomorfisme, wanorde, defecten, 

‘trapping’ van ladingen en temperatuur. Alle Cn-BTBT-Cn (n = 8, 10, 12) 

derivaten vertonen een zogenaamde ‘herringbone’ moleculaire pakking die 

2D-ladingstransportroutes introduceren. De temperatuurafhankelijkheid 

van de mobiliteit van de ladingsdragers en de vervalkinetiek in Cn-BTBT-

Cn (n = 8, 10, 12) werden onderzocht door PR-TRMC-metingen. Voor 

deze verbindingen werden opmerkelijk hoge intrinsieke 

ladingsdragermobiliteiten van respectievelijk 2,94 cm2/Vs, 3,02 cm2/Vs en 

3,72 cm2/Vs verkregen. Analyse van de vervalkinetiek laat zien dat een 

groot deel van de zeer mobiele C12-BTBT-C12-ladingsdragers bij 

kamertemperatuur op een langere tijdschaal overleefde, in vergelijking met 

de andere verbindingen. Voor alle verbindingen is de mobiliteit van de 

ladingsdragers dramatisch verminderd bij lage temperaturen (tot -100°C), 

en de levensduur van de geledingssignalen nam sneller af als gevolg van 

ladingsrecombinatie en toegenomen ‘trapping’. Dynamische en statische 

afwijkingen van de oorspronkelijke perfecte kristallijne arrangementen 

leiden tot hindering van ladingstransport bij alle temperaturen. Dit 

versterkt het argument voor een thermisch geactiveerd hopping-model als 
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het primaire mechanisme voor ladingstransport in Cn-BTBT- Cn (n = 8, 10, 

12) verbindingen. 

In Hoofdstuk 5 beschrijven we een reeks polyamiden waarin 

waterstofbruggen tussen verschillende polymeerketens gevormd kunnen 

worden en beschrijven we hun opto-elektronische eigenschappen. De 

polyamiden hebben in hun zijketens ofwel p-type bithiofeen ofwel n-type 

dicyanoperyleenbisimide als elektronisch actieve groep. We vinden dat 

dergelijke materialen de thermochemische eigenschappen van typische 

semi-aromatische ‘engineering’ polyamiden combineren met een 

aanzienlijke mobiliteit van ladingsdragers. PR-TRMC-resultaten tonen 

aan dat de lengte van de alifatische spacer geen significante invloed heeft 

op het intra-columnaire ladingstransport in dergelijke polyamidederivaten. 

Zowel bithiofeen- als dicyanoperyleenbisimide bevattende polyamiden 

vertoonden echter verhoogde waarden voor de mobiliteit van 

ladingsdragers in vergelijking met hun analogen in de literatuur, wat wijst 

op het gunstige effect van waterstofbruggen op de pakking van π-

geconjugeerde systemen en daarmee op de ladingstransporteigenschappen 

van de materialen. 
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Propositions 

 
Belonging to the thesis, entitled 

Unraveling the Relationship Between Molecular Design and Charge 
Transport in Self-Assembling Systems 

 
By 

 
Cansel TEMIZ 

 
    

1. Combining computational and experimental studies increases scientific 
progress in any field. 
 

2. A promising approach to achieve high charge transport efficiencies in 
discotic supramolecular materials is to control the supramolecular 
organization through modification of the side chains of the individual 
molecules. 

Adv. Funct. Mater., 15, 893-904 (2005) 
 

3. Purification and crystal growth techniques are vital to develop materials 
exhibiting high charge carrier mobilities.   

(Chapter 2 & Chapter 3)  
 

 
4. Pulse-radiolysis time-resolved microwave conductivity (PR-TRMC) is a 

suitable method to measure the charge carrier transport mechanism of 
soft organic materials without having to deposit electrodes or 
constructing a full device. 

Chapter 4  
 

5. Any world leader attending the climate change conferences with private 
jets should be excluded from decision making processes.  
 

6. PhD process should be allowed to proceed without an obligation of PhD 
Thesis. Instead, publishing a review paper related to the PhD topic should 
be made mandatory to increase the knowledge, confidence, contribution, 
and scientific research skills of the PhD candidates in the first years.   
 

7. Putting the social pressure of being normal onto individuals is a big part 
of conservative cultures trying to have control and power over 
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individuals. Young generations, at any time and in any culture, should 
question the norms, who defines them and the reasons to follow them.  

 
8. There should be one fixed and automated formatting style for all 

scientific journals to increase the efficiency of publication processes and 
to make the life of researchers easier.   
 

9. In a system where academics prioritize their names, titles and impact 
factors over genuine scientific inquiries and outcomes, it is clear that the 
system is corrupted.  
 

10. ‘The best female scientist’ awards in Dutch national science conferences 
need re-evaluation to align with modern principles of gender-neutral and 
egalitarian ethos within the realm of science. Rather than fostering 
support and recognition, such distinctions inadvertently diminish the 
credibility and standing of women in the scientific community.  
 

 
These propositions are regarded as opposable and defendable, and have been 
approved as such by the promotor Prof. dr. F.C. Grozema and Dr. R. Eelkema  
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