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Summary  

Poly(3-hexylthiophene) (P3HT) as highly used semiconducting polymer has been an integral 

part in the field of organic electronics for decades and emerged as the reference material. 

Despite the intensive research, however, not all existing issues have been clarified till date. 

For example, controlling the solid-state morphology and order of semi-crystalline films still 

represents a challenge today. A promising and straightforward approach to control the 

polymer solid-state morphology is nucleation. Therefore, this work is dedicated to the 

nucleation of P3HT with supramolecular nucleating agents. 

The first chapter describes the design, synthesis and characterization of pyridine-containing 

C2-symmetric bisamides and C3-symmetric trisamides, which serve as nucleating agents for 

P3HT. These supramolecular building blocks were selected as they feature sufficient thermal 

stability and have a potential to self-assembly under certain conditions into supramolecular 

nanostructures in a controlled manner. The structural variations of the investigated 

compounds involve the central core, the orientation of the amide bond, and the pyridine-

containing peripheral substituents. Analytical methods confirmed that all desired compounds 

were successfully synthesized in high purity. Thermal characterizations showed that nine of 

the twelve synthesized compounds have sufficient thermal stability to potentially be used as 

nucleating agent for P3HT. Comprehensive self-assembly investigations in chlorobenzene and 

ortho-dichlorobenzene resulted in fibrous supramolecular nanostructures of the trisamides 

and fibrous as well as sheet-like supramolecular nanostructures of the bisamides. 

The second chapter deals with the nucleation of P3HT without and with various additives. 

Three different commercially available P3HT grades were selected, which vary with respect to 

molecular weight, regioregularity and polydispersity. Self-nucleation tests in bulk were 

performed to determine the maximum polymer crystallization temperature of each P3HT 

grade. The largest difference between the standard crystallization temperature and the 

maximum crystallization temperature of one grade was 9.1 °C. This grade was selected to 

investigate the nucleation behavior and the nucleation efficiency of the different pyridine-

containing additives. It was found that the pyridine-containing trisamides are not capable of 

nucleating P3HT. In contrast, for some of the investigated 1,4-bisamides it could be shown 

that they are highly efficient nucleating agents for P3HT already at additive concentrations as 

low as 0.025 wt.-%. Notably, the highest nucleation efficiency with an appealing value of 

about 94 % could be observed for the bisamide N,N´-(1,4-phenylene)-diisonicotinamide at a 
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concentration of 0.25 wt.-%. In conclusion, this thesis presents for the first time very efficient 

nucleating agents for P3HT. 

The third chapter deals with highly ordered shish kebab superstructures based on rigid fiber-

like self-assembled 1,4-bisamides acting as shish and self-assembled P3HT nanofibers acting 

as kebabs. The preparation of these shish-kebab superstructures was realized via a 

dispersion-based nucleation process at room temperature. Hereby, the dissolved P3HT 

crystallizes in a fibrous manner from the solid bisamide surface of a supramolecular 

nanofiber. Several processing parameters, such as the molecular weight of P3HT, the 

concentration of the P3HT in solution and aging time of the P3HT-additive dispersion were 

systematically varied to reveal their influences on the resulting P3HT nanofiber length. The 

results showed that P3HT with a lower molecular weight and at higher solution 

concentrations as well as extended aging times lead to significant longer kebab fibers and 

higher kebab densities. By systematically tuning these parameters, it was possible to prepare 

highly oriented and aligned P3HT nanofibers that were over five micrometer long. These 

unique shish kebab superstructures never realized before allowed us for the very first time, to 

perform spatially resolved photophysical spectroscopic investigations along P3HT nanofibers. 

Unexpectedly, these spectroscopic investigations revealed, that all emission spectra feature 

variations of relative peak intensities as function of distance from the shish. These different 

intensities are equivalent to variations of the structural and electronic order along P3HT 

nanofibers and are also dependent on the preparation process of the samples. These findings 

indicate that an energy gradient along the P3HT nanofiber can be formed just using one single 

species of conjugated polymers and by applying suitable processing conditions. 

In summary, this work presents tailored supramolecular nucleating agents based on pyridine-

containing bisamides which are highly efficient for the nucleation of P3HT in melted state and 

also in solution. Moreover, the formation of highly oriented P3HT nanofibers with a shish-

kebab-like superstructure was demonstrated for the first time. Employing confocal imaging 

and spectroscopy, it could be found that the structural and electronic order along the P3HT 

nanofibers varies in a directed manner. Moreover, it was shown that this order can be 

controlled by applying proper processing protocols. Thus, controlling of the morphology of 

P3HT by means of nucleating agents paves the way to study and understand the charge and 

energy transport processes of P3HT shish-kebab superstructures. 
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Zusammenfassung 

Poly(3-hexylthiophen) (P3HT) als vielfach verwendetes halbleitendes Polymer ist seit 

Jahrzehnten ein fester Bestandteil der organischen Elektronik und hat sich hierbei als 

Referenzmaterial etabliert. Trotz intensiver Forschung sind jedoch bis heute nicht alle 

bestehenden Probleme geklärt. Beispielsweise stellt die Kontrolle der Festkörpermorphologie 

und -ordnung von teilkristallinen Filmen auch heute noch eine Herausforderung dar. Ein 

vielversprechender und direkter Ansatz zur Kontrolle der Polymer-Festkörpermorphologie ist 

die Nukleierung. Aus diesem Grund befasst sich diese Arbeit mit der Nukleierung von P3HT 

mittels supramolekularen Nukleierungsmitteln. 

Das erste Kapitel beschreibt das Design, die Synthese und die Charakterisierung pyridin-

haltiger C2-symmetrischer Bisamide und C3-symmetrischer Trisamide, welche als 

Nukleierungsmittel für P3HT dienen. Diese supramolekularen Bausteine wurden ausgewählt, 

da sie eine ausreichende thermische Stabilität aufweisen und das Potential haben unter 

bestimmten Bedingungen kontrolliert zu supramolekularen Nanostrukturen selbstzu-

assemblieren. Die Strukturvariationen der untersuchten Verbindungen betreffen den 

zentralen Kern, die Orientierung der Amidbindung und die pyridinhaltigen äußeren 

Substituenten. Analytische Methoden bestätigten, dass alle gewünschten Verbindungen 

erfolgreich und in hoher Reinheit synthetisiert wurden. Thermische Charakterisierungen 

zeigten, dass neun der zwölf synthetisierten Verbindungen eine ausreichende thermische 

Stabilität aufweisen, um potentiell als Nukleierungsmittel für P3HT verwendet werden zu 

können. Umfangreiche Selbstassemblierungsuntersuchungen in Chlorbenzol und ortho-

Dichlorbenzol zeigten faserige supramolekulare Nanostrukturen für die Trisamide und 

faserige als auch schichtartige supramolekulare Nanostrukturen für die Bisamide. 

Das zweite Kapitel beschäftigt sich mit der Nukleierung von P3HT ohne und mit 

verschiedenen Additiven. Hierbei wurden drei unterschiedliche kommerziell erhältliche P3HT-

Typen ausgewählt, welche in Bezug auf ihr Molekulargewicht, ihrer Regioregularität und ihrer 

Polydispersität variieren. Zur Bestimmung der maximalen Polymerkristallisationstemperatur 

wurden mit jedem dieser P3HT-Typen Selbstnukleierungsuntersuchungen im Bulk 

durchgeführt. Der größte Unterschied zwischen der Standardkristallisationstemperatur und 

der maximalen Kristallisationstemperatur eines Typs betrug 9,1 °C. Dieser Typ wurde 

schließlich ausgewählt, um das Nukleierungsverhalten und die Nukleierungseffizienz der 

verschiedenen pyridinhaltigen Additive zu untersuchen. Hierbei wurde festgestellt, dass die 

pyridinhaltigen Trisamide nicht in der Lage sind P3HT zu nukleieren. Im Gegensatz dazu 
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konnte für einige der untersuchten pyridinhaltigen 1,4-Bisamide gezeigt werden, dass diese 

hocheffiziente Nukleierungsmittel für P3HT sind und dies bereits bei Additivkonzentrationen 

von nur 0,025 Gew.-%. Bemerkenswert ist die höchste Nukleierungseffizienz mit einem 

herrausragenden Wert von 94 %, welche für das Bisamid N,N -́(1,4-Phenyl)-diisonicotinamid 

bei einer Konzentration von 0,25 Gew.-% beobachtet werden konnte. Schließlich präsentiert 

diese Arbeit zum ersten Mal hoch effiziente Nukleierungsmittel für P3HT. 

Das dritte Kapitel befasst sich mit hochgeordneten Shish-Kebab-Überstrukturen, die auf 

starren, faserähnlichen, selbstassemblierten 1,4-Bisamiden basieren, welche als Shish 

fungieren, und selbstassemblierten P3HT-Nanofasern, die die Kebabs darstellen. Die 

Herstellung dieser Shish-Kebab-Superstrukturen erfolgte über einen zweistufigen 

dispersionsbasierten Nukleierungsprozess bei Raumtemperatur. Hierbei kristallisiert das 

gelöste P3HT faserartig von der im ersten Schritt hergestellten festen Bisamidnanofaser-

oberfläche weg. Verschiedene Prozessparameter, wie das Molekulargewicht von P3HT, die 

Konzentration des P3HT´s in Lösung und die Alterungszeit der P3HT-Additiv-Dispersion 

wurden systematisch variiert, um deren Einfluss auf die Länge der resultierenden P3HT-

Nanofasern zu untersuchen. Die Ergebnisse zeigten, dass ein niedrigeres Molekulargewicht 

von P3HT, sowie höhere Lösungskonzentrationen und verlängerte Alterungszeiten zu deutlich 

längeren Kebab-Fasern und höheren Kebab-Dichten führen. Durch systematische 

Anpassungen dieser Parameter konnten parallel ausgerichtete P3HT-Kebabs mit einer Länge 

von mehr als fünf Mikrometern und einer enormen Wachstumsdichte hergestellt werden. 

Diese einzigartigen Schish-Kebab-Strukturen, welche in dieser Fasson noch nie zuvor realisiert 

werden konnten, ermöglichten es uns erstmals, ortsaufgelöste photophysikalische 

Spektroskopieuntersuchungen entlang von P3HT-Nanofasern durchzuführen. Unerwarteter-

weise zeigten diese spektroskopischen Untersuchungen, dass alle Emissionsspektren 

Variationen der relativen Peakintensitäten als Funktion der Entfernung vom Shish zeigten. 

Diese unterschiedlichen Intensitäten sind gleichzusetzen mit Variationen der strukturellen 

und elektronischen Ordnung entlang der P3HT Nanofasern und obliegen dem 

Herstellungsprozess der Proben. Diese Ergebnisse zeigen, dass ein Energiegradient entlang 

der P3HT-Nanofaser lediglich unter Verwendung einer konjugierten Polymerspezies und 

durch Anwendung geeigneter Verarbeitungsbedingungen gebildet werden kann. 

Zusammenfassend wurden in dieser Arbeit maßgeschneiderte supramolekulare Nukleierungs-

mittel auf Basis von pyridinhaltigen Bisamiden gefunden, welche sowohl für die Nukleierung 

von P3HT aus der Schmelze als auch in Lösung hocheffizient sind. Des Weiteren wurde 
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erstmalig die Herstellung von hochorientierten P3HT-Nanofasern mit einer shish-kebab-

artigen Überstruktur gezeigt. Durch konfokale Mikroskopie und Spektroskopie konnte 

ermittelt werden, dass die strukturelle und elektronische Ordnung entlang der P3HT-

Nanofasern gezielt variiert. Darüber hinaus wurde gezeigt, dass diese Ordnung durch die 

Verwendung geeigneter Prozessparameter gezielt gesteuert werden kann. Diese Kontrolle 

der Morphologie von P3HT mithilfe von Nukleierungsmitteln ebnet den Weg, um die Ladungs- 

und Energietransportprozesse von P3HT-Shish-Kebab-Superstrukturen zu untersuchen und zu 

verstehen. 
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1 Introduction  

In times of global warming and climate change, mankind is forced to rethink its energy 

production. This means replacing the conventional, finite fossil energy sources with 

alternative clean sources of energy. Theoretically, the sun provides in one hour sufficient 

energy to cover the annual energy consumption of the entire earth population.[1] That is why 

solar energy nowadays is one of the most important renewable sources of energy apart from 

on- and off-shore windpower and hydropower.[2] With the help of photovoltaic cells, the solar 

energy can be converted easily and efficiently into electricity. Nowadays, a large number of 

commercially available photovoltaic cells are on the market. These mainly consist of mono- 

and multicrystalline silicon, which can achieve efficiencies of up to approximately 25 %.[3] Just 

a few years ago, the costs for production and installation with around 1-2 US $ per generated 

watt at maximum irradiance were relatively high for this kind of solar cells.[4] Meanwhile the 

increased production volumes and associated maturity of the technology have brought the 

cost of photovoltaic modules down to about 0.6 US $ per generated watt (average price in 

2015 according to the International Technology Roadmap for Photovoltaics).[5] Therefore, a 

goal of current research is to minimize these costs further to about 0.2 US $ per watt.[1] 

A promising approach to reduce manufacturing and maintenance costs is to use polymer-

based organic solar cells. Advantages of this type of thin-film devices are low production 

costs, a low payback time, very low weight and mechanical flexibility. In addition, the 

photoactive materials can be coated from solution so that the manufacturing process is very 

short and relatively simple. Regarding the efficiency, however, polymer solar cells cannot yet 

match the silicon cells. The maximum efficiency of a laboratory cell is about 13 %.[6]  

An important subset of organic solar cells are "bulk heterojunction" (BHJ) solar cells. In these 

devices donor and acceptor materials are mixed together in the active layer and are arranged 

on nanoscale to form a interpenetrating network. Optimum efficiency is obtained for sizes of 

the individual phases in the range of the exciton diffusion wavelength (10-20 nm). This result 

in an enormously enlarged interface between the donor and acceptor phases, enabling more 

efficient charge generation and improved charge transport characteristics. If a perfect 

nanomorphology is present, a quantum yield of 100 % is theoretically possible.[1] The active 

layer of BHJ solar cells generally consists of a interpenetrating network of a polymeric 

electron donor such as P3HT and usually a fullerene-based electron acceptor. The resulting 

nanomorphology is crucial for the resulting photovoltaic performance.[1,7] However, a 
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compromise between two critical aspects of the nanomorphology must be achieved. On the 

one hand, a large boundary surface is desired with regard to charge generation, on the other 

hand, phase-pure donor and acceptor domains must be present in order to transport the 

generated charges to the respective electrodes.[8] However, the general problem of such BHJ 

solar cells is that, from thermodynamic point of view, the blend morphology is metastable. 

This means that the nanomorphology evolves and changes with time. This also has enormous 

effects on the efficiency of such solar cells. Blend systems consisting of poly(3-

hexylthiophene) (P3HT) (electron donator) and phenyl-C61-butyric acid methyl ester (PCBM) 

(electron acceptor), which are until today the most frequently studied blend systems for 

organic solar cells, are the best example to illustrate the metastability of the 

nanomorphology. The parameter, which is very difficult to control in this system, is the 

distribution of the fullerene derivative in the blend.[9] At temperatures above the glass 

transition temperature of this system (about 40 °C), the fullerene molecules begin to diffuse 

through the amorphous phases of the polymer matrix, forming partial micrometer-sized 

agglomerates.[10] This dramatic change in the blend nanomorphology significantly reduces the 

efficiency of the solar cell.[11] However, these systems are typically exposed to higher 

temperatures, both during the production (roll-to-roll process) and in the later outdoor 

operation.[12] 

To address this issue, there are a lot of approaches to stabilize the blend structures and thus 

to increase the long-term stability of the organic solar cells. These include the crosslinking of 

the polymer donor[13,14] or the fullerene acceptor[15], the use of fullerene containing 

compatibilizers[16,17], the use of non-crystalline fullerene additives[18] and the use of materials 

with very high glass temperatures.[19,20] The nanomorphology and the efficiency of the solar 

cells can also be improved by post-processing methods.[21] All these approaches, however, 

involve chemical modifications, increase the complexity of the system and, consequently, 

increase costs.[22] 

A further promising approach to stabilize the blend morphology is the nucleation of the 

individual components of the active layer by means of nucleating agents. [23] In general, 

nucleating agents increase the crystallization temperatures of semi-crystalline polymers and, 

thus, reduce the cycle times during melt processing.[24,25] This can lead to considerable cost 

savings. Furthermore, nucleating agents can also improve the physical and optical properties 

of polymers.[26ς31]  
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1.1 Supramole cular chemistry  

Supramolecular chemistry is a lively and prominent research field. It is based on one hand on 

the development of the chemistry of crown ethers and cryptands, on the other hand, on 

progress in studying the self-organization of molecules. Jean-Marie Lehn, a pioneer in this 

research area, has defined supramolecular chemistry ŀǎ άǘƘŜ ŎƘŜƳƛǎǘǊȅ ƻŦ ƳƻƭŜŎǳƭŀǊ 

ŀǎǎŜƳōƭƛŜǎ ŀƴŘ ƛƴǘŜǊƳƻƭŜŎǳƭŀǊ ōƻƴŘǎέΦ[32] More colloquially, this can also be referred to as 

άǘƘŜ ŎƘŜƳƛǎǘǊȅ ƻŦ ǘƘŜ ƴƻƴ-ŎƻǾŀƭŜƴǘ ōƻƴŘέΣ άǘƘŜ ŎƘŜƳƛǎǘǊȅ ōŜȅƻƴŘ ǘƘŜ ƳƻƭŜŎǳƭŜέ ŀƴŘ άǘƘŜ 

non-ƳƻƭŜŎǳƭŀǊ ŎƘŜƳƛǎǘǊȅέΦ[33] In contrast to molecular chemistry, which is overwhelmingly 

based upon covalent bonding of atoms, supramolecular chemistry is based upon 

intermolecular interactions.[34] For their pioneering work, Jean-Marie Lehn, Donald J. Cram 

and Charles J. Pederson has been honored with the Nobel Prize in 1987.[32,33,35ς38] Previous 

work concerning supramolecular chemistry dealt with only two components, a host and a 

ƎǳŜǎǘΦ ¢Ƙƛǎ ǎƻ ŎŀƭƭŜŘ άƭƻŎƪ-and-ƪŜȅέ ƳƻŘŜƭ ǿŀǎ ŘŜŦƛƴŜŘ ōȅ 9Ƴƛƭ CƛǎŎƘŜǊ ŦƻǊ ŜƴȊȅƳŜ-substrate 

interactions in 1894.[39] In this model the host and the guest interact non-covalently and build 

a host-guest complex or a supermolecule. The host is usually a large cyclic molecule or an 

aggregate possessing a accessible, central hole and so the convergent binding site. In 1891 

Villiers and Hebd discovered cyclodextrins, the first synthetic host molecules.[40]
 The guest, a 

simple inorganic anion, a monoatomic cation, an ion pair or a more complex molecule such as 

for example a neurotransmitter, possesses the divergent binding site and can be integrated 

into the intrinsic molecular cavity of the host. Interaction of two or more compounds via 

various intermolecular interactions such as metal coordination, H-ōƻƴŘƛƴƎΣ ˉ- -̄interactions 

etc., result in large entity, άŀ ǎǳǇŜǊƳƻƭŜŎǳƭŜέΦ Figure 1 shows some of the first 

supermolecules.[41] Note the term supermolecules were introduced later on.  

 

Figure 1: Some of the first supermolecules based on heterocyclic structures and intercalated ions: Jäger 1964 (a), 
Pedersen 1967 (b).

[41]
  

Supramolecular host-guest compounds can be classified into two major groups according to 

the type of the host-guest aggregate (Figure 2). If intramolecular cavities are present, the 

host-guest aggregate is called cavitate. Clathrates denote a host-guest aggregate which has 

extramolecular cavities. Recent research works dealing with host-guest aggregates focus 
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predominantly on mixed metal-organic frameworks, so called MOFs, and on inorganic hosts, 

e.g. polyoxometallates.[34,35,41]  

 

Figure 2: Schematic illustration of cavitates and clathrates: a) conversion of a cavitand into a cavitate by inclusion of 
the guest in the cavity of a host molecule; b) inclusion of guest molecules in cavities formed between the host 
molecules in the lattice: conversion of a clathrand into a clathrate.

[42]
  

Nowadays supramolecular chemistry is not just limited to host-guest chemistry, but it 

includes all aspects of self-assembly principles. That means single molecules or smaller units 

self-assemble by the formation of non-covalent bonds spontaneously and reversible into 

nanoscale objects.[41]  

1.1.1 Supramolecular interactions  

Since the beginning of scientifically based chemistry, the chemical approach has increasingly 

shifted from the macroscopic to the molecular level. The reason for this is the realization that 

the chemical properties of the substances depend decisively on the existing binding 

conditions and the structure.[43] In general, molecular forces can be divided into two classes: 

short-range forces ς these are primarily of the coulombic and exchange-type that include 

covalent bonds and result from molecule orbital overlap. They can be attractive or repulsive 

in nature and in certain situations may represent the strongest forces present in a molecular 

system. On the other hand there are the long-range forces. These are those forces that can be 

widely characterized as being proportional to r-m (where r is the intranuclear distances and m 

is a positive integer). These include electrostatic, van-der-Waals-Σ ŀƴŘ ˉ-ˉ ƛƴǘŜǊŀŎǘƛƻƴǎΦ[44ς47]  

Besides the covalent bonding, similar strong interactions are also observed in the ordered 

lattice structures of metals and their salts. However, these are ionic interactions between two 

differently charged atoms or molecules. Commonly, supramolecular chemistry refers to non-

covalent bonding interactions. These weak non-covalent interactions include a huge range of 

attractive and repulsive effects and are often dominated by hydrogen bonding and, if 

ŀǊƻƳŀǘƛŎ ŎƻƳǇƻƴŜƴǘǎ ŀǊŜ ǇǊŜǎŜƴǘΣ ōȅ ˉ-cloud interactions. Furthermore, other weak 
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interactions (both attractive and/or repulsive) may play a role. These include for example 

Coulomb interactions between ions and dipoles or dipoles and dipoles. Additionally, charge-

transfer, dispersion and polarisation interactions belong to this group. Combined, these 

describe the so called van der Waals forces.[44,48] All these interactions can be directional, 

slightly directional or non-directional by constructing molecular assemblies.[49] Figure 3 shows 

an overview of some inter- and intramolecular forces and their corresponding energy values. 

 

Figure 3: Inter- and intramolecular forces and their energy values.
[50]

  

Ion-Ion-interactions  

Interactions of atoms or molecules which have permanent opposing charges are called ion-

ion-interactions. The cations and anions attract electrostatically, resulting in the formation of 

a so-called ion crystal. The energy released during this process is referred to as lattice energy. 

Thereby, the attraction of the opposing charges is so strong that the strength of ionic bonds is 

comparable or beyond to covalent bonds.[48] A typical example of an ionic solid is NaCl. By 

combining the ions NaCl forms a cubic lattice in which each Na+ ion is surrounded by 6 Cl- ions 

and vice versa (Figure 4a). Moreover, host-guest-complexes can also be formed by means of 

ionic bonds. A supramolecular example represents the complex of tris(diazabicyclooctane) 

(host) with [Fe(CN)6]
3- anions (guest) (Figure 4b).[41,51] In general, the smaller the ionic radius 

and the larger the ionic charge, the higher is the binding energy. Accordingly, the distance of 

the charges and the extent of delocalization over the whole molecule have a great influence 

on the strength of the interactions.[48] 
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Figure 4: (a) NaCl ionic lattice. (b) Supramolecular ion-ion-interactions exemplified by the interaction of [Fe(CN)6]
3-
 

with the organic cation tris(diazabycyclooctane).
[51]

  

The interaction potential between ions is approximately proportional to r-1 (for short 

distances). For large distances, however, the interaction potential is approximately 

proportional to r-2. Furthermore, the dielectric constant has a great influence on the bond 

strength. Thus, the interaction in the vacuum can be reduced by two orders of magnitude by 

the addition of aqueous or highly polar solvents; consequently the bond can easily be 

broken.[44] 

Ion-dipole-interactions  

Interactions of an ion (e.g. Na+) with the polar part of another uncharged polar molecule (e.g. 

H2O) are regarded as ion-dipole-interactions. This type of binding can be present in solution 

as well as in the solid state and has a binding strength in the range of 50-200 kJ·mol-1. Typical 

supramolecular examples are alkali metal-crown ether complexes (Figure 5a). In this case, the 

lone electron pairs of the oxygen interact with the positive charge of the alkali metal.[41,48]  

 

Figure 5: (a) Chemical structure of the Na
+
 crown ether complex. (b) /ƘŜƳƛŎŀƭ ǎǘǊǳŎǘǳǊŜ ƻŦ ώwǳόнΣнΩ-bipyridyl)3]

2+
.
[41]

  

Ion-dipole-interactions also involve coordinative bonds between non-polarizable metal 

cations and hard bases.  The number of bonds can vary between 2 and 8 bonds; and are 

usually between 2 and 6. In this way, well-defined structures can be realized. An example of 

such a coordination complex with 6 bonds is [Ru(bpy)3]
2+, with ruthenium as Lewis acid (metal 

cation) and 2,2'bipyridyl as Lewis base (ligand) (Figure 5b). The coordinative bonds are 
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relatively strong, which results in stable complexes. However, they are kinetically labile, 

which may give rise to reorganization processes.[41]  

Dipole-Dipole-interactions  

Organic carbonyl compounds in solid state forms so-called dipole-dipole-interactions, which 

are also referred to as Keesom forces. Dipole-dipole-interactions are electrostatic forces with 

binding energies of about 5-50 kJ·mol-1.[41,48] The relative orientation of the two dipoles plays 

a decisive role.[48] In general, a distinction can be made between two attachment types: the 

attachment of a dipole to an adjacent dipole (type I) and the opposite attachment from one 

dipole to another (type II) (Figure 6).[41] The magnitude of the Keesom forces varies with the 

distance between the interacting molecules. Dipole interactions are often caused by strongly 

electronegative atoms such as oxygen, nitrogen, sulfur or halogens. However, many 

molecules bearing dipolar groups have no dipole moment. This is due to the fact that the 

dipole moment is cancelled symmetrically whithin the molecule, e.g. in tetrachloromethane. 

In the liquid state, the dipole-dipole-interactions are very weak, which is why acetone has 

only a boiling point of 56 °C.[41,44]  

 

Figure 6: The two different types of dipole-dipole interactions in carbonyls.
[41]

  

ʌ-interactions  

Further types of non-covalent interactions are ̄-interactions. These include cation- -̄, anion-

-̄ ŀƴŘ ˉ- -̄interactions. Cation- -̄interactions occur between organic or metallic cations and 

aromatic or double/triple bonds, which can be very strong (5-80 kJ·mol-1).[41,48,52] The resulting 

bonding takes place via the partially occupied d-orbitals of the metal and can therefore be 

regarded as non-covalent.[41] Aromatics have a so-called quadrupole moment, which is due to 

ǘƘŜ ǇŀǊǘƛŀƭƭȅ ǇƻǎƛǘƛǾŜ ˋ-scaffold and the partially negatively charged ̄-clouds above and 

below the ring plane. As soon as alkali metal or other cations are delocalized above or below 

the aromatic ring center, they can have attractive interactions with the aromatics.[48] 

Examples of such cation- -̄complexes are ferrocenes and Zeise´s salts. Furthermore, cation- -̄

interactions play an important role in biochemistry and for chemical sensors.[52,53]  
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Anion- -̄interactions are similar to those of the cation- -̄interactions, just reversed. Regarding 

the cation- -̄interactions above, one can conclude that anions are repelled by the partial 

negative charge of the -̄cloud and, therefore, no attractive anion- -̄interaction can occur. 

However, due to the charge carrier difference between a neutral aromatic ring and an anion, 

the possibility for electrostatic attraction is in principle given.[54,55] Work by Kochi et al.[56] 

shows that anions can form stable charge carrier complexes with electron-deficient 

compounds such as 1,2,4,5-tetracyanobenzene. Furthermore, anion- -̄interactions determine 

self-assembly reactions of Ag(I) complexes with ̄-acidic aromatic rings.[57]  

Interactions between aromatic rings are referred to as -̄ -̄interactions or ̄ - -̄stacking-

interactions. They are directional, electrostatic and attractive forces. First attempts to 

describe the occurrence of these interactions based on solvophobic[58], electron donor-

acceptor[59] as well as atomic models.[60] However, none of these models was satisfactory 

enough to describe the structures of ̄- -̄complexes. In 1990, Sanders and Hunter supplied a 

model proposal that included both electrostatic and van-der-Waals-interactions.[61] Their 

model proved successfully, that many observed geometries could be explained. The main 

feature of this model is that it considers the -̄electrons separated from the ̀-network. It 

concludes that άŀǇǇŀǊŜƴǘƭȅ ƴŜǘ ŦŀǾƻǊŀōƭŜ ˉ- -̄interactions are not due, in fact, to attractive 

ŜƭŜŎǘǊƻƴƛŎ ƛƴǘŜǊŀŎǘƛƻƴǎ ōŜǘǿŜŜƴ ǘƘŜ ǘǿƻ ˉ-systems, but rather occur when the attractive 

ƛƴǘŜǊŀŎǘƛƻƴǎ ōŜǘǿŜŜƴ ǘƘŜ ˉ-ŜƭŜŎǘǊƻƴǎ ŀƴŘ ǘƘŜ ˋ-ŦǊŀƳŜǿƻǊƪ όƴŀƳŜƭȅΣ ˉ- -̀attractions) outweigh 

ǘƘŜ ǳƴŦŀǾƻǊŀōƭŜ ˉ- -̄repulsions that are presentέ.[44] By means of their model, Hunter and 

Sanders could establish six simple rules that apply to all ̄-stacked aromatics.[61]  

Figure 7 shows the most common types of geometries, which can be observed by interactions 

ōŜǘǿŜŜƴ ǘƘŜ ǇǊƻǘƻǘȅǇƛŎŀƭ ˉ- -̄system of a benzene dimer.[62] CƻǊ ǘƘƛǎ ˉ- -̄system three 

favored structǳǊŀƭ ŀƭƛƎƴƳŜƴǘǎ ŀǊŜ ǇǊŜǎŜƴǘΦ ¢ƘŜǎŜ ŀǊŜ ΨŦŀŎŜ-to-ŦŀŎŜΩ όǎǘŀŎƪŜŘύΣ ΨŜŘƎŜ-to-ŦŀŎŜΩ 

(T-ǎƘŀǇŜύ ŀƴŘ ΨƻŦŦǎŜǘΩ όǇŀǊŀƭƭŜƭ ŘƛǎǇƭŀŎŜŘύΦ On the basis of the existing quadrupole moment in 

benzene, T-shape and the parallel displaced alignment are the preferred geometries. In this 

case a face-to-face parallel stacked alignment is not possible, due to repulsive interactions 

caused of identically partially negative charges above and below the ring plane. However, the 

quadrupole moment can be reversed by polarization of one ring by means of strongly 

electron-withdrawing substituents. Hereby, stable face-to-face parallel stacked geometries 

can be realized. Apart from these described geometries, there also exist a number of other 

intermediate alignments. -̄ -̄interactions have been observed in crystal structures of 
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aromatics for a long time.[35,41,49,61,62] They are, for example, the reason why benzene 

crystallizes in a herringbone motif. FuǊǘƘŜǊƳƻǊŜΣ ǘƘŜǎŜ ˉ- -̄interactions also ensure DNA 

stabilization and are involved in the intercalation of drugs into the grooves of the DNA.[41,44]  

 

Figure 7: Geometries, quadrupole moments and electrostatic potentials (blue is positive and red is negative) of 
ǘȅǇƛŎŀƭ ˉ- -̄aromatic interactions.

[62]
 

A further peculiarity, which can be obser ved when two aromatics interact, one of which is 

electron-rich (e.g. hydroquinone) and the other electron-poor (e.g. quinone), is the so-called 

charge-transfer-interaction. This kind of interaction can be quite strong and can be identified 

by means UV/vis spectroscopy.[48] 

Hydrogen bonding  

In the 1920s, the term hydrogen bonding was used to explain the structure of water.[44] 

Finally, hydrogen bonds are also responsible for the fact that water is present as a liquid at 

room temperature and not as a gas.[63] Meanwhile, however, an exact definition is difficult. In 

the classical book of Pimentel and McClellan, the concept of hydrogen bonds is discussed in 

detail.[64] Simply put, attractive interactions between a proton donor and a proton acceptor 

are present in hydrogen bonds. Thus, a hydrogen atom is ligated to a more electronegative 

atom (or more electronegative group) and is attracted by an adjacent dipole or functional 

group. Both the donor and the acceptor (often with a lone electron pair) have an 

electronegative character and share the proton ligated in the middle. Hydrogen bonds exists 

in a wide range of lengths, strengths and geometries. Moderate strength hydrogen bonds 

with binding energies of 15 ς 60 kJ·mol-1 are the most common species. They have no linear 
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geometry but are slightly bent (130° - 179°). Weak hydrogen bonds mainly include 

unconventional donors and acceptors, such as C-I ƎǊƻǳǇǎ ƻǊ ˉ-systems of aromatics. Due to 

their high bond angles, they have more geometric degrees of freedom and are, therefore, 

flexible. The donor-acceptor distances range up to 4 Å. Therefore, the weak hydrogen bonds 

are more electrostatic in nature (<15 kJ·mol-1). In general, donor groups consist 

predominantly of C-H, N-H, O-H, S-H and halogen-H bonds. Acceptor groups include N, O, P, S, 

ƘŀƭƻƎŜƴǎΣ ŀǊƻƳŀǘƛŎ ˉ-clouds and transition metals. N-H···H bonds are more bent than O-H···H 

bonds, since the oxygen is more electronegative than the nitrogen, and the binding 

interactions are stronger.[41,44,48,63]  

Figure 8 shows common arrangements of hydrogen bonding geometries. The may be 

described as linear, bent, accepting bifurcated, bridging, donating bifurcated, cyclic dimer, 

trifurcated and three-centre bifurcated. Since there is a direct interaction between donor and 

acceptor, these geometries are also referred to as primary hydrogen bonding 

interactions.[41,44,63]  

 

Figure 8: Common arrangements of hydrogen bonding geometries: a) linear (b) bent (c) accepting bifurcated (cyclic) 
(d) bridging (e) donating bifurcated (f) cyclic dimer (g) trifurcated (h) three centre bifurcated.

[49]
  

However, secondary interactions between adjacent donor and acceptor groups must also be 

considered. These interactions can have a positive or negative impact on the binding 

strength. Figure 9 shows examplarily this situation for three donor and acceptor groups. For 

an arrangement, in which three donors are present on one side and three acceptors are on 

the opposite side, only attractive interactions occur resulting in increased bonding stregths 

(Figure 9a). In the case of the mixed donor/acceptor systems, there are, besides the 

attractive interactions, also repulsive interactions (Figure 9b). Such a system, for example, 



1 Introduction 

 

17 
 

can be found in the DNA. There are three primary interactions between the base pair cytosine 

and guanine. In addition, there are both attractive and repulsive secondary interactions.[41,63] 

 

Figure 9: (a) Attractive secondary interactions for an DDD and AAA array and (b) attractive and repulsive interactions 
for a mixed donor/acceptor system (DAD and ADA).

[41]
  

Van der Waals interactions  

Van der Waals interactions, named after the Dutch physicist Johannes Diderik van der Waals, 

are quite weak interactions (<5 kJ·mol-1) between atoms or molecules whose interaction 

energy decreases for spherical particles with about the sixth power of the distance. The 

interactions can be attractive or repulsive and can be divided into three components: The 

force between permanent-permanent dipoles (Keesom interaction), the force between 

permanent-induced dipoles (Debye interaction), and the force between induced dipole-

induced dipoles (London dispersion force). The main contribution of the van der Waals 

interactions make the London dispersion forces, since it does not require a permanent dipole. 

The London dispersion forces describe weak attractive forces between non-polar molecules 

and atoms. These attractive forces result from the spontaneous polarization of a particle 

whose polarization induces further dipoles in neighboring particles. According to that, London 

dispersion interactions are caused by accidental fluctuations in the electron density in an 

electron cloud. As the number of electrons in an atom increases, the associated London 

dispersion force increases too.[41,48,65ς67] 

1.1.2 The self-assembly process 

A fundamental feature of supramolecular chemistry is the self-assembly to objects, which is 

based on intermolecular non-covalent interactions.[68] In general, the self-assembly describes 

a molecular arrangement in which two or more molecules interact with each other via 

different intermolecular interactions (e.g. H-ōƻƴŘƛƴƎΣ ˉ-interactions, metal coordination etc.), 

resulting in a large entity.[49] Simple building blocks with suitable binding sites are mixed 

together, which may assemble spontaneously without any further contributions.[48] However, 

self-assembly of supramolecular building blocks into supramolecular aggregates is a complex 
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process, in which several requirements must be fulfilled: (i) the building blocks must be 

mobile. On the basis of the Brownian motion of molecules in solution, however, this 

requirement is almost always fulfilled; (ii) after synthesis the individual components must 

have the corresponding geometric and electronic information in their structure. Self-assembly 

can only take place with suitable binding sites in the right places. According to this, self-

assembly is a matter of well-designed building blocks; (iii) the bonds formed between 

different components must be reversible, i.e. they must be easily formed and broken. It 

means that a thermodynamic control is under equilibrium conditions and thus damaged or 

poorly defined structures can be easily repaired. This possibility of self-healing is not present 

in kinetically controlled processes.[48,69,70]  

Interacting molecules may complement each other in terms of their geometry and their 

interaction sites in such a way that they form non-covalent bindings with one another but not 

with themselves.[38] Thus, two different mutually complementary molecules can aggregate 

(Figure 10a), or two complementary molecular moieties can be combined in one molecule 

(Figure 10b). The latter are also referred to as self-complementary molecules. These 

molecules can then form long chains with themselves.  

 

Figure 10: Schematic representation of the self-assembly process of complementary molecular building blocks: (a) 
aggregation of two differently complementary molecules; (b) aggregation of two identical self-complementary 
molecules. 

In addition to the geometric structure of the building blocks, many other parameters have a 

great influence on the self-assembly process (self-assembly or disassembly) and can channel 

it in a certain direction. These include, inter alia, the present temperature or temperature 

changes during the process, the concentration of the components, the solvent, etc.[71ς75] In 

order to consciously control the self-assembly result, these triggers must be understood and 

carefully adapted. According to Maggini et al., these parameters can be divided into three 

main groups: (i) kinetic and thermodynamic considerations; (ii) internal factors such as 

molecular structure and non-covalent interactions; and (iii) external factors, e.g. solvent, 

temperature and pH-value.[76] All three groups are not independent, but affect each other. 

Accordingly, the resulting supramolecular structure formed is based on a combination of all 

these factors.  
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Self-assembly is very far from a unique idiosyncrasy of supramolecular systems ς it is 

ubiquitous throughout in nature. It is found in flora and fauna, in water and in viruses.[77] For 

instance, collagen, the major extracellular structural element, which is responsible for the 

mechanical stability and elasticity of all tissues, organs and bones, is a classic example of a 

hierarchically self-assembled structure (Figure 11). The smallest subunits are amino acids, 

which are covalently linked forming polypeptides. The next larger hierarchical element is 

collagen, representing a triple helix, which is formed from three self-assembled polypeptide 

chains. The collagen formed, in turn, self-assembled into collagen nanofibrils, which 

subsequently bundle together into collagen microfibers.[78]  

 

Figure 11: Hierarchical structure of collagen protein materials.
[78] 

Further examples of supramolecular chemistry in nature are ribosomes[70], the key moiety of 

every living cell, cellulose[79], the main component of all plant cell walls, the tobacco mosaic 

virus[80] or even snow flakes among others.[77,81]  

Biological systems aside, supramolecular systems are commonplace throughout chemistry. 

Self-assembly in chemical systems can be found, for example, in crystal growth, in the 

formation of liquid crystals, in the synthesis of metal coordination complexes, in the 

spontaneous formation of synthetic lipid bilayers, and in the alignment of molecules on 

surfaces, to name but a few.[82] Therefore, it is not surprising that the field of supramolecular 

chemistry is an interdisciplinary field explored by chemists, biologists, physicists, materials 

scientists and theoreticians.[83]  
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1.2 Conjugated polymers  

Since the discovery of highly conductive polyacetylene by Shirakawa[84], conjugated polymers 

have become more and more important in research. Both, their good semiconducting 

properties and potential processability from solution, which is associated with low-cost 

manufacturing methods, nourish the vision of inexpensive electronic components. Moreover, 

compared to inorganic semiconductors, conjugated polymers have significant advantages in 

terms of their light-weight and their corrosion resistance.[85] Figure 12 shows the basic 

chemical structures of the most commonly used conjugated polymers. 

 

Figure 12: Chemical structures of the most commonly used conjugated polymers. 

1.2.1 Poly(3 -alkylthiophene) (P3AT)  

An important class of organic semiconductors are polythiophenes. In addition to their good 

semiconducting properties, these feature a good resistance behaviour.[86] As early as 1884, 

the acid-catalyzed polymerization of thiophenes was reported. In the middle of the 20th 

century it was also shown that polythiophene oligomers can be synthesized by means of one 

hundred percent ortho-phosphoric acid, Lewis acids, montmorillonite and aluminum silicate 

catalysts. Moreover, the electrochemical oxidation also represents a possibility for 

synthesizing polythiophenes. However, only insoluble oligomers with three to five repeating 

units could be prepared by the methods mentioned.[85] Yamamoto et al. synthesized 

polythiophenes with several repeating units by initially producing a mono-Grignard reagent 

via the reaction of 2,5-dibromothiophene with metallic magnesium and subsequently 

polymerizing the activated monomer with a transition metal catalyst.[87] The polythiophene 

obtained had a molecular weight of 1370 g·mol-1, but was predominantly insoluble. Further 

optimization of the catalyst ligands, the variation of the metals for the Grignard production, 
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the solvent and the reaction temperature, and the use of halogenated thiophenes led to 

remarkable improvements in the synthesis of polythiophenes.[85] However, the soluble 

fractions of the polymers produced still had only a very low molecular weight. One finding of 

the previous syntheses was that the polymers obtained from methyl-substituted monomers 

were both higher in molecular weight and more soluble than the polymers prepared from 

unsubstituted thiophenes. This led to the assumption that the methyl substituent at the beta 

position of the thiophene ring increases the solubility of the polymer.[88]  

Yamamoto et al. reported first the presence of different regioisomers which arise during the 

polymerization of the unsymmetrical 3-methylthiophene monomer species.[88] These 

regioisomers lead to polymeric structures with different regioregularities and thus to 

differences in their optoelectronic properties. The typical chemical polymerization of 3-

alkylthiophenes involves the Kumada cross-coupling reaction of 2,5-dibromo-3-

alkylthiophenes in the presence of nickel catalysts. The first step of this reaction involves the 

formation of a Grignard reagent from dibromo-3-alkylthiophenes with one equivalent of 

magnesium. During this formation, two different isomers are formed: 2-bromo-5-

bromomagnesium-3-alkylthiophene and 5-bromo-2-bromomagnesium-3-alkylthiophene. In 

unsymmetrical 3-alkylthiophenes, the h-carbon atom is generally referred to as position "2", 

between the sulfur atom and the alkyl chain, as the "head" position (H), the -hcarbon atom at 

position "5" as the "tail" position (T). During the first coupling reaction and the formation of 

dimers, three different regioisomers are possible (HH, HT, TT). In the further coupling of an 

alkylthiophene monomer, 4 different regioisomers can be formed (HH-TH, HH-TT, TT-HT, HT-

HT) (see Figure 13). By means of 1H-NMR spectroscopy, it is possible to determine the 

individual regioisomeric triads based on the chemical shift of the aromatic proton at position 

4 of the thiophene ring.[89] The HT-HT isomer is the regioregular isomer, while the other three 

are the regioirregular isomers. In a completely regioregular polymer chain, which means that 

only HT linkages are present, the side chains are more planar to the sp2-hybridized carbon 

atoms of the thiophene ring. This planarity allows efficient ̄ -stacking interactions between 

adjacent polymer chains. In contrast, the presence of HH and TT linkages induces steric 

hindrance between the alkyl chains and, consequently, increases a tilting between the 

thiophene units.[85,88]  
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Figure 13: Chemical structures of the four possible regioisomeric triads of 3-alkylthiophene.
[85]

  

McCullough and Rieke published the first reports on the synthesis of regioregiolar poly(3-

alkylthiophenes) (P3ATs) with mainly HT linkages.[90,91] These two reports are also considered 

to be a significant breakthrough in the synthesis of regioregiolar P3ATs. However, a large-

scale production turns out to be difficult due to the necessary cryogenic temperatures during 

the synthesis. In 1999, McCullough developed a simpler and more convenient synthetic route 

by using the so-called Grinard metathesis (GRIM), which could be performed at room 

temperature.[92] This method allows the synthesis of high molecular weight regioregiolar 

P3ATs with very low PDIs. Yokozawa termed the polymerization a catalyst transfer 

polycondensation reaction, which was later named the Kumada catalyst transfer 

polycondensation (KCTP).[93] However, the reaction mechanism involves a TT coupling 

reaction, resulting in at least one regiodefect in the polymer chain.[85] Nevertheless, by using 

an άexternal initiatorέ, this single regiodefect can also be eliminated.[94]  

1.2.2 Poly(3 -hexylthiophene)(P3HT)  

One of the most prominent semiconducting polymer is P3HT. With the advancement of 

syntheses of P3ATs, P3HT has become a leader in the field of research of conjugated 

polymers. This organic semiconductor is nowadays used in various optoelectronic 

components, such as organic solar cells, field effect transistors or light emitting diodes. 

Furthermore, P3HT is often also used as a comparative model polymer for novel conjugated 

polymers. One reason for that is the relative simple synthesis by now.[95ς100] The chemical 

structure of P3HT is shown in Figure 14. The pz molecular orbitals projecting perpendicularly 

from the thiophene plane overlap along the thiophene ring backbone. They form the ̄ -

electron system along the main chain, which is characterized by delocalized electronic states 

depending on the chain structure.[85]  
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Figure 14: Chemical structure of poly(3-hexylthiophene) P3HT. 

The hexyl side chain is located at position 3 of the thiophene ring. Since 3-hexylthiophene has 

an unsymmetrical structure, different regioisomers are formed during synthesis. The chemical 

structures of these regioisomers are shown in Figure 15. The regioregiolarity can be 

controlled by the synthesis method.[85] In general, with decreasing regioregularity the melting 

temperature and the crystallinity decrease.[101] Typical melting temperatures Tm of semi-

crystalline P3HT are in the range of 225 ς 235 °C. 

 

Figure 15: Chemical structures of regioirregiolar (a) and regioregiolar (b) P3HT. 

The semi-crystalline structure of P3HT was determined by small and wide angle scattering 

(SAXS, WAXS), atomic force microscopy (AFM) and transmission electron microscopy (TEM). It 

consists of the crystalline areas in the form of lamellae or hairpin crystals and the amorphous 

intermediate areas.[102ς104] Initially, an orthorhombic unit cell was proposed for the crystal 

structure, but recent studies indicate a monoclinic unit cell.[104ς106] Frequently, P3HT has been 

studied with particularly short chain lengths, close to an oligomeric system where two crystal 

modifications are present.[107]  

Crystal structures of P3HT 

The rigid and rather planar conformation of the conjugated backbone of P3HT allows efficient 

packing and crystallization. However, since P3HT single crystals are very difficult to generate, 

there are very few publications on this subject.[108,109] The same applies for the degree of 
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crystallinity of P3HT. This is seldom discussed in the literature, as it is difficult to determine 

the reference melting enthalpy of an ideal P3HT crystal. A first value of 99 J·g-1 was given by 

Malik and Nandi.[110] Recent research suggests values between 37 and 50 J·g-1.[104,111,112] The 

investigations of the crystal structure of P3HT was mainly conducted via electron and X-ray 

diffraction on thin semi-crystalline films and accordingly not on single crystals.[113] Figure 16 

shows the typical crystal structure of regioregular P3HT, with the lattice parameters a, b and 

c; the άcurvy linesέ ǊŜǇǊŜǎŜƴǘ segments of amorphous domains.[111] From a crystallographic 

point of view, the a-axis (100) is pointing in the direction of the alkyl chains and the b-axis 

(010) corresponds to the ς̄̄-stacking direction between the planar backbones. The c-axis 

(001) describes the layer periodicity of the larger lamellar structure and matches to the 

direction along the polymer chains.[112,114]  

 

Figure 16: Typical microstructure of regioregular P3HT, with curvy lines representing segments in the amorphous 
domain. Crystal lattice parameters a, b, c; thickness of the lamellar crystals dc; thickness of the amorphous layers da; 
long period dl=da+dc.

[111]
  

In general, the unit cell is described as orthorhombic, although some reports showed a 

monoclinic structure.[106] The dominant mechanism during crystallization is ǘƘŜ ˉ- -̄stacking 

along the b-axis. ¢ƘŜ ˉ- -̄stacking between two molecules is caused by Van der Waals 

interactions between the two electron systems. Dipole moments in one P3HT molecule are 

formed by quantum mechanical fluctuations, which in turn induce a dipole moment in the 

adjacent P3HT molecule. This mechanism leads to an electromagnetic attraction of the two 

non-polar molecules (London dispersion forces). These forces also cause a parallel alignment 

of the molecules, which maximizes the overlap of the interacting electron systems. These 

attractive forces are opposed by the electromagnetic repulsion of the -̄electron systems of 

the molecules.[41,61] The balance between the two forces results in a packing distance of 3.8 Å 

along the b-axis.[113,115] 
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Figure 16 shows that a lamellar structure is formed along the c-axis in which crystalline and 

amorphous areas alternate. The crystalline areas are represented as blue rectangles. The 

amorphous regions, which describe P3HT chains in irregular and non-planar arrangement, are 

shown as red lines. If a P3HT chain is longer than the width of the crystal lamellae (dc), it can 

be incorporated in crystal lamellae several times. For this purpose, it can fold back into its 

own crystal or penetrate into another crystalline region.[111,113] The width of a crystalline 

lamella is in the range of 10-15 nm and depends on the molecular weight of the P3HT 

(Figure 17). Zhai and co-workers showed that the P3HT fibril width increases with molecular 

weight, but saturates above a critical value of around 10 kg·mol-1. Below the critical Mn the 

nanofibrils are assumed to be formed by extended chains that span the width of the fibrils. 

Above the critical Mn chain folding takes place and leads to a saturation of fibril width.[116,117]  

 

Figure 17: Schematic illustration of extended (left) and folded (right) P3HT backbone stacking in nanowhiskers 
prepared by low Mn (left) and high Mn (right) P3HT, respectively. The U-turn of the polymer includes 6-7 
alkylthiophene rings.

[116]
  

For the model of the crystal structure of P3HT as shown in Figure 16 it has to be considered, 

however, that certain simplifications have been made. Experimental results indicate that the 

molecules in the crystal domains are slightly tilted so that the blue rectangles continue to be 

parallel to the c-axis, but no longer perpendicular to the b-axis. Furthermore, the 

crystallization of P3HT leads to a planarization of the backbone, but the side chains are 

usually not in the same plane.[118]  

For the arrangement of P3HT crystallites on a substrate, three arrangements are discussed in 

the literature. Considering the plane spanned from the b- and c-axis (Figure 18a) as a 

substrate plane, the ̄ -stacking takes place in the film plane and the side chains point 

perpendicularly to the substrate. This arrangement is called edge-on orientation. Moreover, 

the alignment of the crystals on the substrate can also occur in a way in which the polymer 

chains lie flat on the substrate (Figure 18b). In this case ̄-stacking takes place perpendicular 

to the substrate. This arrangement is called face-on orientation. In a third possible 
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arrangement, the polymer backbone stands vertically on the substrate (Figure 18c). This 

arrangement is seldom  reported in the literature.[114,113,118]  

 

Figure 18: Molecular orientation of P3HT in thin layers: (a) edge-on orientation, (b) face-on orientation and (c) 
standing chains.

[114]
  

Which of these arrangements of P3HT is present depends strongly on the preparation 

conditions and the substrate surface. The edge-on orientation is the thermodynamically 

favored one, whereas the face-on orientation can be regarded as a kinetically trapped 

arrangement.[114] DeLongchamp et al. reported that an edge-on texture develops for slow 

spinning speeds during spin-coating of P3HT from chlorobenzene. By increasing the rotational 

speed, face-on textures formed more often. With regard to the charge transport, it can be 

assumed that this will be faster in the c- (polymer chain axis) and b- ό-̄stacking axis) direction 

than in the a-direction of the isolating side chains. Therefore, the edge-on orientation 

represents for OFETs the desirable morphology. 

Crystal structure studies of Prosa et al. revealed the presence of two polymorphic forms of 

P3HT (Figure 19).[105,119] Form I has a packing distance of 1.6 nm and is present, if the P3HT 

molecules lie on top of each other along the a-axis in such a way that the P3HT side chains do 

not interdigitate. In general, the packing distance of the crystalline domains of P3ATs depends 

on the length of the side chains. Longer side chains increase the distances between the 

backbones. An arrangement in which the P3HT side chains interdigitate, leads to smaller 

package distances and is called Form II. This form is thermodynamically more unstable and 

can only be observed for P3HT with low molecular weights.[118,120,121]  
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Figure 19: Crystal structure of P3HT in Form I (a) and Form II (b).
[119]

  

Properties of P3HT 

P3HT is a conjugated, semiconduction polymer. Only by chemical or electronic doping does it 

become a radical-ionic polaron species and thus conductive.[114] For the determination of its 

energy levels, usually cyclic voltammetry is used. Thereby, the onset of the oxidation- and 

reduction potentials are determined, which are closely related to the highest occupied 

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energies, since 

the oxidation is due to the removal of one electron from the HOMO and the reduction is due 

to the addition of one electron to the LUMO.[122] The difference between these energy levels 

is reffered as the electrochemical band gap, which is an important parameter for polymer-

based organic photovoltaics.[114] Detailed characterizations regarding the electrochemical 

properties of P3HT have been reported by Trznadel et al. and Skompska et al.[123,124]  

Due to the good semiconducting properties and the processability from solution, P3HT is used 

today in various optoelectronic applications, among others in bulk-heterojunction solar 

cells.[96,100] The active layer is very often a blend consisting of a polymeric electron donor 

(hole-conductor) and a fullerene-based electron acceptor (electron-conductor). P3HT:PCBM-

blends are, to date, the most-studied active layer material in BHJ solar cells. Various power-

conversion efficiencies are reported which can reach values of up to approximately 5 %.[125] In 

a BHJ solar cell, the active layer absorbs photons, which leads to the formation of excitons. 

These excitons must then be split at a donor-acceptor heterojunction in order to generate 

both types of charge carriers. The charges are then transported through the respective 

component (hole-conductor or electron-conductor) of the active layer to the electrodes, 

whereby an electric current is generated.[126ς128] In terms of device performance, the BHJ 

nanomorphology, i.e., the distribution of donor and acceptor molecules, has the most 

significant impact.[1,129] Here, a compromise between two critical factors must be made. On 

the one hand, the contact area between the donor and acceptor molecules must be very 
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large in order to generate as many charges as possible. Therefore, a very well intermixed 

blend structure is desirable. On the other hand, however, the generated charges must be 

transported to the respective electrodes. This can be realized by the percolation of separated, 

relatively phase pure donor and acceptor domains. Considering these two aspects, the ideal 

nanomorphology exhibits an intermediate degree of phase separation.[22] Meanwhile, a 

variety of processing techniques have been developed in order to control the blend 

nanostructures and thus to increase the long-term stability of the organic solar cells.[13-20] All 

these approaches, however, increase the complexity of the system, often involve chemical 

modifications and increase the overall costs.[22] 

Recent work suggests that nucleation of one of the active layer components can also stabilize 

the BHJ morphology.[22,23] Lindquist et al. showed that the nucleation of PCBM allowed a 

certain control of the blend morphology. It was shown that by adding appropriate nucleating 

agents, the PCBM crystallite size, at temperatures above the glass transition temperature of 

the blend, is significantly reduced and the number of crystallites is greatly increased without 

affecting the electrical properties.[22] Chabinyc et al. have used commercial nucleating agents 

to manipulate the solidification kinetics of various organic semiconductors without adversely 

affecting the electronic properties.[23,130ς132]  

These results show that it may be possible to positively influence the BHJ morphology by 

means of nucleating agents. Therefore, in the following, details of nucleating agents and their 

principle of operation will be discussed.  

1.3 Nucleati on of semi-crystalline polymers  

Polymers are nowadays ubiquitous and indispensable in our daily lives. This is partly due to 

their excellent mechanical, optical and electronic properties, which qualified them for a 

variety of applications. Moreover, the plethora of processing methods and their low 

production costs render polymers to an intensively used material class. Consequently, in 

order to remain competitive within this vast industrial sector, specific properties of the 

polymers must steadily be advanced. This is achieved, for example, by the addition of so-

called polymer additives. These include, among others, processing aids, UV-stabilizers, 

colorants, flame retardants, and nucleating agents.[133]  

In particular, nucleating agents play a major role for the processing and property profile of 

semi-crystalline polymers, since these properties are largely governed by their crystalline 
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domains. In general, nucleating agents increase the crystallization temperatures of semi-

crystalline polymers and thus reduce the cycle times during melt processing.[24,25] This can 

lead to considerable cost savings. Furthermore, nucleating agents can improve the physical 

and optical properties of semi-crystalline polymers.[26ς31]  

1.3.1 Crystallization of semi -crystalline p olymers  

As is is known for small molecules, the crystallization of polymers is initiated with the 

nucleation. Individual segments of macromolecules deposit themselves parallel to each other 

in very small formations, the nuclei. These nuclei form the basis for the following crystal 

growth. First, however, the entangled polymer chains must disentangle before they can be 

incorporated into the growing crystal. Since disentanglement is typically incomplete due to 

the length of the polymer chains an ideal, fully crystalline state is not achievable for polymers 

in the solid-state. The crystal growth in polymers thus proceeds as follows: the crystallizable 

sequence of a chain is separated, stretched and depending on the primary structure 

incorporated in a helical or zigzag shape in the growing nuclei. The remaining polyene chain 

can (1) fold back into the same crystal instantly, (2) remain mostly in the amorphous phase, 

and eventually return to the same crystal (loop molecules), (3) remain completely in the 

amorphous phase (cilia molecules), (4) can participate in the formation of another crystal (tie 

molecules). The resulting crystals usually congregate to larger spherical units with diameters 

in the range of 10 to 100 micrometers. These crystalline structures are called spherulites.[134ς

136] In Figure 20 the detailed morphology of a spherulite is schematically presented.[135]  

 

Figure 20Υ ΨΨaǳƭǘƛǎŎŀƭŜΩΩ ǎŎƘŜƳŀǘƛŎ ƻŦ ǎŜƳƛ-crystalline polymers according to Milner. Chain-folded crystalline lamellae 
(top left) lie adjacent to amorphous regions of comparable thickness (bottom). The lamellae are organized radially 
into micron-sized spherulites (top right).

[135]
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In general, two types of nucleation, primary and secondary nucleation are distinguished. In 

the primary nucleation, the chain molecules combine to form a cylindrical nucleus. The 

cylinder axis points in the chain direction, and the height is much smaller than the length of 

the stretched molecule. This type of nucleation can be further divided into nucleation and 

crystal growth. The basic principle of secondary nucleation is identical to that of primary 

nucleation, except that crystallite nuclei grow on the surface of already full-grown crystallites. 

These usually form monomolecular layers of length l, width b and height a (Figure 21).[136]  

 

Figure 21: Schematically representation of a secondary nucleus grown on the surface of an already full-grown 
crystallite with the length l, the width b and the height a.

[136]
  

In the following, the physical principles of the nucleation and the crystal growth of semi-

crystalline polymers are described in detail.  

For the formation of a crystal nucleus out of a polymer melt, a driving force is required since 

the final state must be energetically favorable than the melt state (initial state). 

Thermodynamically, the free enthalpy ɲG of the system changes and a phase transition 

occurs only if ɲG is thereby reduced. At the melting point Tm the free enthalpies of melt (Gm) 

and crystal (Gc) are equivalent (Gm = Gc). Above Tm, the melt state is in thermodynamic 

equilibrium, since it has a lower free enthalpy than the crystal state. Upon cooling below Tm, 

the free enthalpy of the melt state increases and the crystal state is in thermodynamic 

equilibrium (Figure 22). The formation of a solid state below Tm is initiated with the formation 

of a nucleus based on a crystalline arrangement due to thermal fluctuations caused by 

thermal atomic motions. With nucleation, the system gains volume energy due to the lower 

free enthalpy of the volume of the nucleus.[133]  
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Figure 22: Schematic representation of the free enthalpies of the melt state (Gm) and of the solid state (Gc). At the 
melting point Tm the free enthalpies of melt and crystal are equivalent (Gm = Gc).  

In contrast, the surface energy required to create an interface between the two different 

phases has to be raised. Consequently, the overall change of ɲG is composed of a volume 

fraction ɲGvolume, which releases energy, and a surface fraction ɲGsurface, resulting in the 

following equation:[133,137] 

ЎὋ ЎὋ ЎὋ              (1) 

The required energy is proportional to the surface of the nuclei, whereas the released energy 

is proportional to its volume. For simplification, a nucleus can be considered as a spherical 

entity with radius r, resulting in Equation 2, with ɲGvolume as free volume enthalpy of the 

nuclei dǳǊƛƴƎ ǘƘŜ ǇƘŀǎŜ ǘǊŀƴǎƛǘƛƻƴ ŀƴŘ ˋ as the surface tension of the nuclei.[133,137]  

ЎὋ “ὶϽЎὋ τ“ὶ„                  (2) 

           ɲDΥ  free enthalpy 

           ɲDvolume:  free volume enthalpy of the nuclei 

           r:  radius of the nuclei 

           ̀ Υ  surface tension of the nuclei 

Figure 23 shows schematically the free nucleation enthalpy ɲG and its surface and volume 

fraction as a function of the nucleus radius r below Tm of an ideal spherical nucleus. It is clear 

from the figure that first at a certain nucleus size, called the critical nucleation radius rc, the 

nuclei have a positive energy balance compared to their environment. At the maximum of ɲG 

(ɲGrc), the deviation of Equation 2 is zero. This means that the system is in steady-state 

equilibrium. Consequently, below rc, more nuclei dissolve rather than they grow and above rc 

more nuclei grow rather than they disappear. Thermodynamically stable nuclei are present at 

ɲG = 0.[133,137]  
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Figure 23: Schematically representation of the free nucleation enthalpy ɲG and its surface and volume fraction as a 
function of the nucleus radius r below Tm of an ideal spherical nucleus.

[137]
  

The phenomenon described above is called primary nucleation followed by crystal growth. 

Overall, three different nucleation mechanisms can be observed with respect to the primary 

nucleation of semi-crystalline polymers. These are the homogeneous nucleation, the 

orientation-induced nucleation and the heterogeneous nucleation.[133] The homogeneous 

nucleation proceeds in the super-cooled melt without any further influences. Orientation-

induced nucleation can often be observed in polymer processing techniques, such as 

extrusion or injection molding. The nucleation is caused by the orientation of polymer chains, 

due to flow and shear forces during processing.[138] In heterogeneous nucleation, part of the 

nucleus surface is provided, for example, by a crucible wall, by suspended particles, or by 

intentionally added nucleating agents. These agents reduce the surface energy required for 

nucleation. Consequently, (referring to Figure 23) the ɲG required to reach ɲGrc is smaller for 

heterogeneous nucleation. As a result the nucleation initiation shortens and the nuclei 

growth occurs at higher temperatures. Therefore, the crystallization temperature of the 

polymer increases, which is of fundamental importance for industrial processing and 

applications of semi-crystalline polymers.[26,27,133] In addition, nucleating agents have 

enormous influence on the macroscopic properties of the polymer in the solid state. By 

adding these additives into the polymer melt the amount of nuclei as well as the nuclei 

density is enhanced. However, since the growth rate of the spherulites remains constant, the 

total size of all crystallites is reduced. This can have positive effects on the mechanical, such 

as elongation at break and the impact resistance, as well as the optical properties of the 

polymer.[29,139ς142] Figure 24 shows the influence of the nucleating agent bis(3,4-

dimethylbenzylidene)sorbitol (DMDBS) on the nucleation and morphology of isotactic 
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polypropylene (iPP). The addition of only 0.15 wt.-% DMDBS (Figure 24b) significantly reduces 

the spherulite size compared to the neat iPP (Figure 24a).[143]  

 

Figure 24: Polarized optical microscopy images of isotactic polypropylene without additive (a) and with 0.15 wt.-% of 
DMDBS (b) after cooling from the melt state to room temperature at a cooling rate of 10 K·min

-1
.
[143]

  

1.3.2 Supramolecular nucleating agents  

The first nucleating agents for semi-crystalline polymers were inorganic salts such as titan 

dioxide, potassium and sodium phosphates or small-particle sized minerals such as clay, talc 

and silica.[144,145ς149] Also polymers and oligomers, as well as organic pigments, were examined 

for their nucleation capability.[26,150ς153] Nowadays, about 20 chemical groups, both organic 

and inorganic, are involved in the production of nucleating agents. Among those 

supramolecular polymer additives gain more and more interest. Two important groups of 

these agents are organic acid derivatives [27,29,139,154,155] and sorbitol derivatives.[26,156,157] The 

special feature of these additives is that they can be completely dissolved in the polymer 

melt. Upon cooling from the melt these additives self-assemble prior to the polymer 

crystallization and therefore providing nuclei for heterogeneous nucleation. Due to their high 

surface to volume ratio, they provide a high density of nucleation.[158] Yet, the supramolecular 

additives must accomplish several requirements. The additive should be completely dissolved 

in the polymer melt at the given processing conditions in order to ensure a homogeneous 

distribution of the additive in the polymer. This also requires a high thermal stability of the 

additives due to the high processing temperatures. Furthermore, it is imperative for the 

principle of heterogeneous nucleation that the nucleating agent has a higher crystallization 

temperature than the polymer to be nucleated.[27] In addition, the additives should have 

structural units that allow supramolecular self-assembly by intermolecular forces. Moreover, 

the resulting self-assembled structure of the additive should feature an appropriate surface 

to allow epitaxial crystallization of the particular polymer.[158] Due to the presence of 

heterogeneous nuclei, polymer crystallization growth is initiated at higher temperatures. This 

results in a shift of the peak crystallization temperature of the polymer towards higher 
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temperatures. A commonly used method for determining temperature transitions of 

polymers is non-isothermal differential scanning calorimetry (DSC).[159] Figure 25 shows the 

effect of different concentrations of a nucleating agent on the crystallization temperature of 

polyamide 6 (PA6) based on DSC thermograms[160]. Neat PA6 crystallizes at about 185 °C 

whereas with the addition of the nucleating agent the crystallization temperature of PA6 is 

distinctly increased. Furthermore, it can be observed that the shift of the crystallization 

temperature towards higher temperatures is apparently concentration-dependent. Typically, 

there is an upper limit of nucleating agent addition, at which a too high nucleating agent 

concentration can cause phase separation between the additive and the polymer. This results 

in undissolved additive, which in turn cannot contribute in the nucleation of the polymer.[29]  

 

Figure 25: Differential scanning calorimetry thermographs of neat PA6 and PA6 comprising different amounts of a 
bisurea compound (inserted structure) at cooling rates of 10 K·min

-1
 according to Richter et al.

[160]
  

Information about how efficient a nucleating agent for the corresponding polymer is, gives 

the nucleation efficiency (NE).[161] This can be calculated according to the following 

equation:[162]  

ὔὉϷ ρππϽ              (3) 

where Tc
0 denotes the crystallization temperature of the neat polymer, Tc

nuc being the 

crystallization temperature of the polymer induced by a nucleating agent and Tc
max being the 

maximum crystallization temperature. The latter can be determined by so called self-seeding 

experiments, where the neat polymer is nucleated by its own crystal fragments. In general, 

this involves the partial melting of the polymer. The remaining unmolten crystal fragments 

can act as perfect nuclei for the crystallization of the polymer and thus increase the 

crystallization temperature. 
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2 Aim of the thesis  

Poly(3-hexylthiophene) (P3HT) as highly used semiconducting polymer has been an integral 

part in the field of organic electronics for decades and has in this context earned itself a 

reputation as a model polymer ŦƻǊ ˉ-conjugated systems. Despite the intensive research, 

however, not all existing issues and open questions have been clarified till date. For example, 

controlling the solid-state morphology and order of semi-crystalline films still represents a 

challenge today. Several approaches have been conceived to manipulate the morphology of 

P3HT. For example, Smith et al. showed the formation of µm-long P3HT nanofibers from 

solution.[115] P3HT nanofibers with a superstructure were obtained using 1,3,5-

trichlorobenzene needles or carbon nanotubes as epitaxial surface.[163,164] However, it is still 

unknown whether such P3HT nanostructures exhibit spatial variations of their structural and 

electronic properties along the fiber axis, which is important to understand charge and 

energy transport processes.[165,166] A promising and straightforward approach to control the 

polymer solid-state morphology is nucleation. Supramolecular nucleating agents can 

significantly alter the solid state morphology of semi-crystalline polymers and, thus, enhance 

their properties. Nucleating agents are also able to increase the polymer crystallization 

temperature, to decrease the crystal size, and determine the crystal modification.[24ς31]  

Therefore the goal of this thesis is the investigation and control of the solid-state morphology 

of P3HT with the help of tailored supramolecular polymer additives. 

Design, synthesis and characterization of bis- and trisamides with pyridine substituents 

To achieve the goal of this thesis, first, a novel class of supramolecular nucleating agents for 

P3HT must be designed. This nucleating agent must meet several requirements in order to be 

used as such: The additive must be soluble in the P3HT melt to ensure optimum dispersion in 

the system. Moreover, it must recrystallize upon cooling from the polymer melt above the 

crystallization temperature of neat P3HT. Finally, the additive should have a suitable 

epitaxially surface capable of crystallizing P3HT. The material class of bis- and trisamides can 

meet all these requirements and have already been proven their function as heterogeneous 

nucleating agents for semi-crystalline commody polymers and engineering plastics, such as 

polypropylene or polyamide.  

However, since there is a plethora of bis- and trisamides, in particular those compounds 

containing pyridine substituents in the periphery are considered in this work. These have 
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shown in preliminary investigations that their high thermal stability and surface functionality 

make them very promising candidates for nucleating P3HT. Therefore, a variety of different 

pyridine-containing bis- and trisamides, are to be synthesized, characterized and investigated 

regarding their ability to nucleate P3HT. All additives should have in common that the 

pyridine substituents are arranged symmetrically regarding the central core. However, the 

additives should differ among themselves with regard to their central core, their orientation 

of the amide groups and the type of pyridine substituent. In this way, chemically related but 

structurally different compounds with distinct properties and surfaces are to be generated, 

which allows one to establish structure-property relations. 

The synthesis of the bis- and trisamides is based on an amidation reaction between 

corresponding acid chlorides and amine derivatives and will be characterized by common 

analytical methods, such as 1H-NMR spectroscopy, mass spectrometry and Fourier-transform 

infrared spectroscopy. Subsequently, the additives are to be thermally investigated via 

thermogravimetric analyses (TGA), simultaneous differential thermal analyses (SDTA) and 

melting point measurements. Based on the results obtained, a preselection should be made 

which of these additives are thermally stable enough to nucleate P3HT in melted state, and 

correlations between the chemical structure and the resulting thermal properties of the 

additives should be detected. 

Investigation of the self-assembly behavior of the synthesized supramolecular additives 

A significant property of this class of additives is that their molecular building blocks are 

capable of forming supramolecular structures, such as nanofibers, via self-assembly. 

Therefore, self-assembly experiments in different organic solvents should be performed with 

all synthesized amide compounds. The solvents used for these investigations are the same as 

the most typically used solvents for dissolving P3HT. If supramolecular structures can be 

generated in this way, their enormous surface area can be used both for nucleating P3HT in 

bulk and in solution.  

Selection and investigation of crystallization behavior of different P3HT grades 

The different commercially available P3HT grades investigated in this work are to be 

subjected to a detailed thermal characterization before the nucleation tests with the various 

additives are carried out. The aim of these investigations is to determine the standard 

crystallization temperature Tc
0 and the maximum crystallization temperature Tc

max of the neat 
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P3HT grades. In order to reveal structure-property relations ǘƘŜ ƎǊŀŘŜ ǿƛǘƘ ǘƘŜ ƭŀǊƎŜǎǘ ɲ¢c is 

to be used in the further course of the nucleation investigations. Thereby Tc
max is to be 

determined by so-called homogeneous self-nucleation. A further examination of the neat 

P3HT will be isothermal melt annealing. Using this method it is possible, as well as via self-

seeding in solution, to generate highly-ordered P3HT spherulites. 

Nucleation of P3HT with supramolecular nucleating agents 

For the nucleation investigations of P3HT, all thermally suitable additives should be 

introduced into the P3HT-system in the same concentration. The additives, which prove to be 

nucleating agents for P3HT, will be used for concentration-dependent investigations. 

Furthermore, the nucleation efficiency must be determined for all successful additives. The 

P3HT spherulite sizes with and without nucleating agent are to be determined by polarization 

microscopic investigations on thin P3HT films. Furthermore, these investigations are intended 

to observe at which temperature the additives dissolve in the P3HT melt and at which 

temperature and in which form the additives crystallize upon cooling the melt. In order to 

confirm the nucleating effect of the additives, isothermal investigations will be performed.  

Higly ordered shish-kebab superstructures 

Finally, fibrous P3HT nanostructures are to be generated from solution. Such nanostructures 

have been known in literature for a long time; however, it is still unknown whether such P3HT 

nanostructures exhibit spatial variations of their structural and electronic properties along the 

fiber axis, which is important to understand charge and energy transport processes. In order 

to investigate the structural and electronic properties, long and oriented fibers with a parallel 

alignment are required. Therefore, the aim is to produce shish kebab like superstructures 

with a nucleating agent as shish and P3HT fibers as kebabs. Spatially resolved spectroscopy 

investigations along individual P3HT nanofibers will then be performed on these 

superstructures in order to preserve the photophysical properties. 
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3 Self-assembly of bis- and trisamides  with pyridine substituents  

Well-known classes of supramolecular building blocks are 1,3,5-substituted trisamides and 

1,4-substituted bisamides. In particular, the former are well-known to self-assemble into one-

dimensional aggregates and in the case of bisamides, also examples are known featuring one 

preferred crystallization growth. These building blocks are discussed in more detail in the 

following chapters. 

3.1 Versatile building blocks in supramolecular chemistry   

Prominent representatives of supramolecular building blocks, which are able to self-assemble 

into one-dimensional supramolecular struct ures, are symmetrically substituted bis- and 

trisamides.[167ς171] The general molecular structure of such compounds is schematically shown 

in Figure 26. The difference between these two supramolecular building blocks regarding 

their molecular structure is the number of their peripheral substituents. As can be deduced 

from the notations, trisamides are threefold substituted, while bisamides are twofold 

substituted.  

 

Figure 26: General molecular structure of 1,3,5-trisamides and 1,4-bisamides. The amid-groups (blue) are connected 
to the central core (grey) either by the carbon-atom of the C=O-bond or by the nitrogen-atom of the NH-bond. The 
peripheral substituents, which tailoring the solubility and aggregation behavior of the molecule are displayed in 
green. 

The general structure of such compounds can be divided into three structural units: the 

central core, the symmetrically arranged amide bonds, and the peripheral substituents. The 

core is predominantly based on a benzene ring or a cyclohexane ring. At this core, the amide 

groups are attached either over the carbon atom of the C=O group or over the nitrogen atom. 

In a trisamide molecule, the amide groups are located at the positions 1, 3 and 5 of the 

central core. For a bisamide molecule, these are located at positions 1 and 4. Typically, the 

amide groups are capable of forming symmetrical twofold or threefold hydrogen bonds. 
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Accordingly, they are responsible for the strong complementary intermolecular interactions 

between adjacent molecules. The peripheral substituents may be simple alkyl chains or may 

also contain more sophisticated functional groups.[170] Changes in the core-structure, the 

amide bond orientation or the periphery can directly influence the self-assembly behavior 

and the resulting aggregate properties. Replacing a cyclohexane ring with a benzene ring as 

core has a distinct effect on the thermal properties of the self-assembled structure. Variances 

in the periphery, on the other hand, have a significant influence on crystallographic order and 

on the dissolution behavior in polymer melts.[29,168,169,172,173]  

Bis- and trisamides are among the simplest and most versatile motifs of supramolecular 

chemistry to produce nano-objects. They are straightforward to synthesize and are well 

suited to investigate the self-assembly process as well as structure-property relation-

ships.[29,169,170,174] In particular for trisamides, parameters, such as temperature, concentration 

or pH-value, can lead to pronounced unidirectional growth of the molecules perpendicular to 

plane of the central core and result into supramolecular columns either in the solid-state, in 

the liquid crystalline state or in solution.[169,171,175,176]  

The first crystallographic studies on 1,3,5-benzenetrisamides were reported by Lightfoot et 

al.[168] In their work, they examined the molecule N,N´,N´-́tris(2-methoxyethyl)benzene-1,3,5-

tricarboxamide recrystallized from ethanol. This molecule self-assembles into columnar 

structures and crystallizes in the monoclinic space group P21. In addition to the strong, 

threefold hydrogen bonds between adjacent molecules, there are also ̄ - -̄interactions 

between the phenyl units which stabilize the formed aggregates (Figure 27).  

 

Figure 27: Schematic representation of C-centered benzene-1,3,5-tricarboxamide self-assemble into helical one-
dimensional aggregates , which are stabilized by threefold intermolecular H-ōƻƴŘƛƴƎ ŀƴŘ ˉ- -̄stacking of the phenyl 
rings 

[170]
  

During the self-assembly process, the amide groups rotate about 40 ° from the central plane 

of the benzene core and form three hydrogen bonds with both the overlying and the 
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underlying trisamide molecule. The cores of the adjacent disks are rotated relative to one 

another by 60 °. On account of the resulting helical arrangement of the hydrogen bonds, 

these are strengthened and hold the aggregates together.[168,177] 

Benzene-1,3,5-tricarboxamides with tert-butyl substituents (BTAs) which are able to form 

columnar structures crystallize in the space group P63/m. Three helical bonding patterns can 

be observed along its columnar axis. Depending on the arrangement of the oxygen atoms in 

the column, two different configurations can be formed: the up- and the down configuration. 

In order to decrease the total energy within the supramolecular aggregate, adjacent columns 

arrange antiparallel in an antiparallel fashion.[169]  

3.1.2 Research fields and applications of bis - and trisamides  

Due to the simple synthesis, the robustness of the self-assembly process and the large 

possibilities to vary the substituents in the periphery and thus to control the properties, bis- 

and trisamides are an integral part of numerous research and application areas.  

It has thus been shown that bis- and trisamides, which bear substituents with appropriate 

polarity, can act as organo- or hydrogelator.[176,178ς180] Presence of benzoic acid in the 

periphery of BTAs, for example, yielded in pH-responsive hydrogelators after the self-

assembly process. Self-assembled fibers with a very high aspect ratio exhibit bisamides with 

aliphatic substituents.[175] Introduced in wide-meshed nonwovens, BTAs are used in filter 

technology, for example in fine dust filtration.[181,182] Mechanical investigations via AFM 

bending experiments on such fibers show the high stability of these fibers (Young´s modulus 

3 GPa - 5 GPa).[183,184] BTAs with azobenzene substituents exhibit photo-responsive properties 

and are therefore suitable for use in holographic data storage media.[185ς187] Furthermore, bis- 

and trisamides are frequently used as polymer additives. Benzene-1,3,5-tricarboxylic acid-(N-

cyclohexyl)-trisamide, i. e. can improve the electret properties of polypropylene by acting as a 

trap for electrical charges. Therefore, it has potential to serve as an effective additive in 

electret materials.[188,189] In addition, additives based on bis- and trisamides are excellent 

nucleating agents and clarifiers.[27,29,190] Irgaclear XT 386 was the first commercially available 

BTA. It reduces the haze and significantly increases the crystallization temperature of isotactic 

polypropylene. The reason for this is the ideal surface structure of the self-assembled 

additive.[169] The additive dissolves upon heating in the polymer melt and recrystallizes upon 

cooling before the polymer recrystallizes. As a result, epitaxial growth of the polymer is 

possible on the surface the supramolecular object. Among i-PP, polyvinyl fluoride (PVF), 
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polybutylene terephthalate (PBT), polylactide (PLA) and polyamides (PA) were successfully 

nucleated using these kinds or similar kinds of supramolecular additives.[191,192] These 

supramolecular building blocks are also used in the field of biomedicine and sensor 

technology.[193,194] They are also excellently suited for the coordination of metal ions and thus 

for catalytic purposes or for the deposition of silver or gold nanoparticles.[195,196] Very often 

functionalized bis- and trisamides, especially pyridine-containing molecules are used for this 

purpose, which are discussed in more detail below. 

3.1.3 Functional bis - and trisamides   

As already described, the periphery of bisamides (BAs) and trisamides (TAs) has an enormous 

influence on the resulting crystal structure and properties of these structures. TAs with very 

short aliphatic substituents form sheet-like aggregates. However, TAs with longer alkyl chains 

tend to form columnar structures. The introduction of functional groups into the periphery 

can lead to several different crystalline structures simultaneously.[169,197]  

In the following, therefore, further details on BAs and TAs with functional periphery will be 

discussed. Very often BAs and TAs are found with amino acid-based substituents. Amino acids 

are the building blocks of proteins in living organisms. In nature, over 500 different amino 

acids can be found. However, a human's genetic code directly encodes only 20 of them. 

Twelve of these 20 amino acids can be found in the literature as substituents on BAs and TAs 

ς predominantly alanine, glycine and cysteine were thereby investigated. For example, 

Maruyama et al. have extensively studied supramolecular gelators based on 

benzenetricarboxamides with amino acid methyl ester substituents for ionic liquids.[178] In 

their work they deal with the amino acids glycine, L-alanine, L-valine, L-leucine, L-methionine 

and L-pheylalanine. Gel preparations were performed by preparing solutions consisting of a 

TA and an ionic liquid, which they then heated up to the temperature where the gelator has 

completely dissolved in the ionic liquid. Subsequently, the sample is cooled to room 

temperature, which leads to gel formation due to the fibrous self-assembly of the TA. 

Figure 28 shows FE-SEM images of ionogels formed in the ionic liquids 1-butyl-3-methyl-

imidazolium bis(trifluoromethylsulfonyl) amide [BuMelm][TFSA] and 1-butyl-3-methylimid-

azolium trifluoromethanesulfonate [BuMelm][CF3SO3]. As gelator benzene-1,3,5-tricarbox-

amide with L-valine methyl ester substituents was used in a concentration of 1 wt.-%. All the 

ionogels studied by Maruyama et al. have reversible thermal transition properties and 
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viscoelastic properties, which are typical for gels. Furthermore, the ionogels retained the high 

intrinsic conductivity of the ionic liquids even at high gelator concentrations.  

 

Figure 28: FE-SEM images of ionogels formed of benzene-1,3,5-tricarboxamide with L-valine methyl ester 
substituents in the ionic liquids (a) 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl) amide [BuMelm][TFSA] 
and (b) 1-butyl-3-methylimidazolium trifluoromethanesulfonate [BuMelm][CF3SO3]. The concentration of the gelator 
in the ionic liquid was 1 wt.-%. For the FE-SEM analysis, the ionic liquid in the ionogel was first replaced with water 
followed by freeze-drying.

[178]
  

Haldar et al. studied BTAs with L-methionine and tyrosine substituents. They detected that 

the methionine derivative self-assembles by means of ̄- -̄stacking and threefold amide-

amide hydrogen bonds into one-dimensional nanorods. The tyrosine derivative, on the other 

hand, develops a porous structure due to lack of C3-symmetry and triple amide-amide H-

bonds. These structural differences entails that the N2 sorption of the porous material is ten 

times higher than that of the columnar one.[198]  

Karmakar et al. investigated four functional 1,4-bisamides and one 1,3,5-trisamide, which 

feature amino acid derivatives in the periphery.[199] These compounds were prepared by the 

reaction of terephthaloyl dichloride or benzene-1,3,5-tricarbonyl trichloride with the methyl 

ester protected amino acids. Alanine, isoleucine, leucine and valine were used as amino acids. 

All compounds - όнΣн-(terephthaloyl-bis(azanediyl))dipropanoic acid dihydrate (K1); нΣн-

(terephthaloylbis-(azanediyl))bis(3-methyl-pentanoic acid) monohydrate (K2)Τ нΣн-(tereph-

thaloylbis-(azanediyl))bis(4-methylpentanoic acid) dihydrate (K3)Τ нΣн-(terephthaloylbis-

(azanediyl))bis(3-methylbutanoic acid) dihydrate (K4); нΣн Σн-((benzene-1,3,5-tricarbonyl)-

tris(azanediyl))-tripropionic acid hemihydrate (K5) - were successfully synthesized and 

characterized and the respective single crystal structures were solved. The compounds K1 

and K2 form 3D hydrogen-bonded nets, which, however, differ in their final structure. K1 

forms chains via direct hydrogen bond of NςHỄO between the terephthalamide derivatives. 

In K2, the hydrogen bond is formed between the carboxylic COH-group and the ketone CO-

group and lattice water links the chains together. The compounds K3 (Figure 29a) and K4 

form 2D hydrogen bonded structures. Here all the chain connections between the 

terephthalamide derivatives are water mediated. K5 forms hydrogen bonded dimers which 
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are connected to each other via hydrogen bonds and form a 3D primitive cubic lattice (pcu)-

net (Figure 29b).[199]  

 

Figure 29: (a) Packing diagram of compound K3; note how the aliphatic groups assemble and are kept separate from 
the hydrogen bonding parts. (b) The hydrogen bonded pcu-net formed by the dimeric units of compound K5 with 
disordered water molecules (blue spheres) within the 3x3 Å wide channels. 

[199]
  

Jung et al. reported on a customizable scheme of making use of modular hydrogel templates 

for controlling the helicity and formation of nanofibers over long distances.[200] They 

described self-assembly of BTAs containing both amino acid-containing ligands and BTAs with 

pyridine-containing substituents. Figure 30a shows an overview of the hydrogel formation 

resulting from controlled assembly of nanofibers with tunable helicity by addition of two 

different chiral components (trimesoyltri (D-alanine) Jung 2a; trimesoyltri (L-alanine) Jung 2b) 

to a previous prepared gelator (benzene-1,3,5-tricarboxylic acid tris([3-όώнΣн Τс Σн ϐ- 

terpyridin-п-ylamino)-propyl]-amide Jung 1). A subsequent addition of Au (I) followed by UV 

exposure generates helically templated gold nanoparticle superstructures (Figure 30b) which 

are high quality, chiroptically active materials. Furthermore, the size of the gold 

nanoparticles, ranging from 2 nm up to 200 nm, could be easily controlled by the UV 

irradiation time.[200]  
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Figure 30: (a) Hhydrogel formation resulting from controlled assembly of nanofibers with tunable helicity by addition 
of chiral Jung 2a or Jung 2b components to gelator Jung 1. (b) Subsequent addition of Au(I) followed by UV exposure 
to generate helically templated gold nanoparticle superstructures.

[200]
  

In the following, only the TAs and BAs with pyridine-containing substituents are considered, 

which were also investigated in this work.  

The trisamide N1,N3,N5-tris(pyridine-4-yl)benzene-1,3,5-tricarboxamide (hereinafter TA 1) was 

first mentioned by Kumar et al. in 2004.[201] Their studies showed that the trisamide, which is 

insoluble in water, is soluble in aqueous organic mixtures, such as DMSO, DMF, MeOH, EtOH, 

at higher temperatures. Upon cooling, the trisamide self assembles in fibrous structures 

resulting in hydrogelators. The single-crystal structure elucidation demonstrated a porous 

architecture with hydrophobic cavities, which is why this trisamide can also be used as a 

inclusion host.[201] Biradha et al. could furthermore show that the single-crystal structure of 

TA 1 depends on the solvent in which the trisamide is recrystallized.[202] Luo et al. prepared 

with TA 1 by self-assembly processes in CHCl3/MeOH hydrogen-bonded organic frameworks 

(HOFs). The trisamide forms thereby two-dimensional honeycomb structures by hydrogen 

bonding between the amide groups and the 4-pyridine rings. These honeycomb structures 
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ǎǳǇŜǊƛƳǇƻǎŜ ŀƴŘ ŎǊŜŀǘŜ ˉ- -̄inteǊŀŎǘƛƻƴǎ ōŜǘǿŜŜƴ ǘƘŜ ƭŀȅŜǊǎΦ ¢ƘŜǎŜ ˉ- -̄interactions hold the 

hierarchical structure together. The resulting pores have a size of about 6.8 x 4.5 Å and 

showed are very good CO2 adsorption.[203] This trisamide is also used for the formation of 

porous metal organic frameworks (MOFs). The group of Lah was able to show that TA 1 forms 

in combination with copper(II) ions, a unprecedented twofold interpenetrating (3,4)-

connected 3D metal organic framework. Here the trisamide serves as a trigonal three-

connection node and the copper ion as a square planar four-connection node.[204] Tzeng et al. 

also used the C3-symmetry of TA 1 to coordinate Cd(II), Zn(II) and Cu(II) ions. The tripyridinyl 

trisamide moieties are located inside the open channels. These channels have a diameter of 

about 7.5 Å and are filled with chloride counter anions of the salts.[205,206] Zhao et al. 

developed with TA 1 positively charged metal organic frameworks (P-MOFs), which are able 

to selectively trap anions and therefore can be used in ion chromatography or drug delivery. 

Besides, these cationic networks showed a very high CO2 and C2H2 uptake capacity.[207] The 

work of Zhong et al. showed that not necessarily an organic co-solvent is needed to dissolve 

TA 1 in water, but that the addition of Fe(III)/Fe(II) ions at elevated temperature is sufficient. 

However, the addition of other metal ions, such as Cu2+, Co2+, Ni2+, K+, Na+ and Mg2+, did not 

alter the insolubility in water, even at elevated temperature. Upon cooling, TA 1 self 

assembles and forms fibrous aggregates with the Fe ions through metal-ligand interactions 

and intermolecular hydrogen bonding (Figure 31). The resulting metallogels possesses good 

mechanical properties and thermoreversibility.[208]  

 

Figure 31: Photographs of TA 1 with Fe(III) ions in water at elevated temperature (a) and at room temperature (b). 
SEM image of the xerogel from Fe(III)ςTA 1 metallogel(c).

[208]
  

The trisamide N1,N3,N5-tri(pyridin-4-yl)cyclohexane-1,3,5-tricarboxamide (hereinafter TA 3) 

was investigated by the Lee group for its ability to form metallogels.[209] In their work they 

were able to show that the cyclohexane-based ligand TA 3 forms in the presence of transition 

metal ions, particularly Cd2+ and Zn2+ supramolecular metallogels. The trisamide can also be 

gelated in the presence of cadmium counter ions such as SO4
-, ClO4

- and NO3
-. Figure 32a 

shows photographs of the gelation experiments. No gel formation occurred upon the addition 

of Co2+, Cu2+, Ni2+ and Mn2+ (Figure 32a 3-6). In addition TA 3 could also not gelate when the 
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cadmium counter ion was Cl-, Br- or I-. X-ray analysis revealed that the trisamide ligand forms 

a coordination polymer structure based on the octahedral Cd2+ center. Figure 32b shows a 

TEM-image of such a Cd2+- TA 3 coordination polymer gel. The resulting fibrous structures 

have a diameter of 20-50 nm. Further investigations have shown that the rheological 

properties of the gel depend strongly on the concentration of Cd2+ ions. Furthermore, the 

xerogels can act as catalysts in the Knovenagel condensation reaction.[209] 

 

Figure 32: (a) Photographs of the trisamide TA 3 with (1) CdSO4, (2) ZnSO4, (3) CuSO4, (4) CoSO4, (5) NiSO4 and (6) 
MnSO4 in H2O. (b) TEM image of the coordination polymer gel Cd

2+
-TA 3.

[209]
  

In the work of Jung et al. the trisamide TA 3 was used to demonstrate that helical silica 

nanotubes can be encapsulated with reduced graphene oxide (rGO) to provide a hybrid 

material capable of the chiral transcription of organic components onto its surface.[210]  

Gong et al. used the trisamide N1,N3,N5-tri(pyridin-3-yl)cyclohexane-1,3,5-tricarboxamide 

(hereinafter TA 6) as a building block for the development of a tripodal fluorescent 

chemosensor. This chemosensor has amidepyridinium moieties as the key binding site and 

anthracene moieties as the sensing subunit and is thus able to bind H2PO4
- in polar organic 

solvents. The excellent binding of H2PO4
- is due to the synergy of several different 

interactions, such as electrostatic interactions, hydrogen bonding, as well as the dynamic 

conformational change via formation of unique binding-induced excimer.[211]  

The bisamide N1,N4-di(pyridin-4-yl)terephthalamide (hereinafter BA 1) has been reported by 

Lin et al. concerning its co-assembly behavior with chiral compounds. Therefore, they 

selected phenylalanine-based enantiomers (right-handed DPF and lefthanded LPF) as basic 

units for constructing supramolecular chiral nanostructures and two achiral bis(pyridinyl) 

derivatives to regulate the chirality of the nanostructures. The handedness of the 

nanostructures could be inverted simply by exchanging the achiral molecule. Figure 33a 

schematically shows the helical inversion of the nanostructure based on the structural 

formulas of the enantiomeric gelators (LPF, DPF) and the achiral bis(pyridinyl) derivatives 

BPy1 and BA 1. M and P denote left- and right-handed twisted nanofibers, respectively. The 
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measured SEM images of the xerogels of the right-handed (DPF-BPy1) and left-handed (DPF- 

BA 1) helical fibers are shown in Figure 33b and c.[176]  

 

Figure 33: Scheme of the helical inversion of the nanofibers (a). SEM-images of the right-handed (DPF-BPy1) (b) and 
the left-handed (DPF- BA 1) (c) helical nanofibers .

[176]
  

Furthermore, a variety of current research reports on the use of BA 1 in organometallic 

coordination polymers. Thereby a lot of different transition metal ions, such as Zn2+, Co2+, Cd2+ 

or Cu2+, are used as the complex center and predominantly carboxylic acid derivatives as co-

ligands. Depending on the metal ion and co-ligands used, a wide variety of complex structures 

can be observed. These structures vary from linear chains to 3D porous networks. For most of 

these compounds, high CO2 adsorption can be measured, making them suitable for CO2 

capture and separation applications.212ς218  

Biradha et al. attempted in their work to solve the crystal structure of both neat BA 1 and the 

neat bisamide N,N´-(1,4-phenylene)diisonicotinamide (hereinafter BA 2). However, this was 

unsuccessful for both bisamides.[219,220] The group of Safarifard also investigated in their work 

both bisamides BA 1 and BA 2 but as component of an organometallic frameworks. As 

transition metal ions, they used Zn2+ and 4,4-oxibisbenzoic acid (oba) as co-ligand. With these 

building blocks they synthesized the complexes [Zn2(oba)2(BA 4a)]·(DMF)3 (Biradha 1) and 

[Zn2(oba)2(BA 4b)]·(DMF)5 (Biradha 2). X-ray crystallography revealed that the complex 

Biradha 1 crystallizes in the monoclinic space group P21/n and Biradha 2 in the space group 

P21/c. The neutral 3D MOFs are formed by threefold interpenetrated {Zn(oba)} layers 
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ŎƻƴƴŜŎǘŜŘ ǘƘǊƻǳƎƘ ǘƘŜ bΣb-pillar bisamide ligands (Figure 34). Although both compounds are 

threefold interpenetrated, they still possess apparent 1D pore channels, which are filled with 

disordered guest solvent molecules. Furthermore, CO2 adsorption studies revealed that 

Biradha 1 has a significantly higher CO2 uptake than Biradha 2.[221]  

 

Figure 34: View of the pore channels of [Zn2(oba)2(BA 1)]·(DMF)3 (left) and [Zn2(oba)2(BA 2)]·(DMF)5 (right) 
highlighting the acylamide groups. Color code: N (green), O (purple).

[221]
  

Overall, a very large number of transition metal ions have been investigated in recent years in 

combination with the bisamide ligand BA 2 in organometallic coordination polymers. The 

transition metal ions analyzed include Cd, Co and Ni[222ς224], Pd and Pt[225], Cu[223,226ς229], 

Ag[196,230,231], Hg[232], Nd[233] and Rh[234,235]. 

The only scientific report about the bisamide N1,N4-di(pyridin-4-yl)cyclohexane-1,4-

dicarboxamide (hereinafter BA 3) was published by Wu et al. In their work, they describe the 

synthesis of BA 3, as well as its crystal structure and the photoluminescence properties. BA 3 

crystallizes in the monoclinic space group P21/n and exhibits a trans conformation in which 

the pyridyl rings are parallel to each other. Figure 35 shows the three-dimensional 

supramolecular structure. The emission spectrum of BA 3, measured in the solid state at 

room temperature, shows an emission peak at 461 nm upon an excitation of 360 nm. This 

emission peak may be attributed to the intra-ligand electron transitions.[236]  

Huang et al. report that the bisamide N1,N4-di(pyridin-3-yl)cyclohexane-1,4-dicarboxamide 

(hereinafter BA 6) in combination with Cd2+ ions and 1,4-naphthalenedicarboxylic acid forms 

a 4-connected bimodal Moganite net with threefold interpenetration. Each Cd2+ ion is five-

coordinated in a pyramidal geometry, three times with the oxygen atoms of two 1,4-

naphthalenedicarboxylic acid ligands, once with the nitrogen atom of the pyridine ring of the 

BA 6 and once with an oxygen atom of the amide bond of another BA 6. Accordingly, Cd2+ 

links with two bisamides and two 1,4-naphthalenedicarboxylic acid molecules. 
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Figure 35: Crystal structure of BA 3. Strong intermolecular N-H···N hydrogen bonds indicated by red lines in the 
structure.

[236] 

Each bisamide ligand links four Cd2+ ions. The fact that one bisamide molecule makes use of 

the nitrogen atoms of the pyridine rings to link the cadmium is common in literature. 

However, the fact that the two oxygen atoms of the amide groups are also used for the 

coordination has not been observed before. The schematic representation of the 

coordination mode of one, as well as between two bisamide ligands is shown in Figure 36.[237] 

 
Figure 36: Schematic description of the fourfold connection mode of one bisamide ligand BA 6 (a) and between two 
bisamide ligands BA 6 and Cd

2+
 ions (b).

[237]
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Wang et al. also investigated BA 6 regarding the formation of coordination polymers with 

transition metals. In their work, they varied both the transition metals and the co-ligands and 

investigated the resulting structures. Cobalt and copper were used as ions, various aromatic 

polycarboxylic acids as co-ligands. The semi-rigid bis-pyridyl-bisamide ligand BA 6 was always 

the major ligand in all compounds tested. They were able to show that the coordination 

polymers structure changes from 1D-chains to 3D-frameworks depending on the inserted 

carboxylic acid. Furthermore, fluorescence measurements and cyclic voltammetry studies 

have shown that these complexes are good candidates for potential applications in 

fluorescent and electrochemical fields.[238] Further studies of transition metal coordination 

complexes with different transition metal ions, such as cadmium or zinc, and BA 6 as ligands 

have been reported by Lin et al.[239,240]  

3.2 Selection, synthesis and self -assembly of pyridine -containing 

trisamides  

In the following, the pyridine-containing trisamides investigated in this work are introduced, 

characterized as well as the results regarding their self-assembly behavior in organic solvents 

are described. 

3.2.1 Trisamide selection and their structural variation  

Figure 37 shows the six different pyridine-containing trisamides (TA) studied in this thesis. 

The TA can be divided into three groups. The first group includes benzene trisamides (BTAs) 

with 4-pyridine moieties. These include TA 1 and TA 2. Both have a benzene core and differ 

only in the linkage of their amide bonds. Thus, the central core of TA 1 is based on benzene-

1,3,5-tricarbonyl acid, whereas TA 2 is based on 1,3,5-triamino-benzene.  

The second group includes cyclohexane trisamides (CTAs) with 4-pyridine moieties. These 

include TA 3 and TA 4. Both have a cyclohexane core and differ only in the linkage of their 

amide bonds. The basic building blocks for these two trisamides are cyclohexane-1,3,5-

tricarbonyl acid (TA 3) and cis, cis-cyclohexane-1,3,5-triamine (TA 4).  

The third group includes cyclohexane trisamides (CTAs) with 2- and 3-pyridine moieties. 

These include TA 5 and TA 6. Both trisamides are based on the same basic core, cyclohexane-

1,3,5-tricarbonyl acid, as used for TA 3. Therefore, the difference is in the peripheral 

substituents. These are three symmetrically arranged 2-pyridine groups for TA 5, and three 3-

pyridine groups at TA 6, respectively.  
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Figure 37: Chemical structures of the six investigated pyridine-containing trisamides in this work. The first group 
includes benzene trisamides with 4-pyridine moieties (left box), the second group includes cyclohexane trisamides 
with 4-pyridine moieties (central box) and the third group includes cyclohexane trisamides with 2- and 3-pyridine 
moieties (right box). 

Solely three of these six pyridine-containing trisamides are already known in literature. These 

are TA 1, TA 3 and TA 6 (see Chapter 3.1.3). 

3.2.2 Trisamide synthesis  

The syntheses of the individual supramolecular molecules were carried out by the technicians 

J. Failner, S. Ganzleben, D. Hanft and R. Schneider under my guidance. The following thermal 

and analytical characterizations were accomplished by my self. 

In general, the trisamides were obtained by an amidation reaction between an acid chloride 

and the respective amine derivative. For all syntheses, the component, which is to be 

attached to the central core, was present in slight excess during the reaction. This enables a 

complete threefold substitution at the core. Since both the core and the substituents vary, a 

generally valid, clear reaction scheme is hardly possible. Therefore, exemplarily the reaction 

scheme for the synthesis of TA 1 is described below. All further syntheses of the selected 

trisamides are described in detail in the Experimental 7.2.  

Figure 38 shows the reaction scheme of benzene-1,3,5-tricarbonyl trichloride with 4-

aminopyridine yielding N1,N3,N5-tri(pyridin-4-yl)benzene-1,3,5-tricarboxamide (TA 1). Initially, 

4-aminopyridine and TEA are mixed together with 80 mL of dried THF in a Schlenk flask. The 

acid chloride is then added under inert gas (N2) and ice cooling. The reaction time amounts to 
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120 hours at reflux. After cooling the suspension to room temperature the white precipitate 

obtained is filtered off, washed in a mixture of THF/H2O/Acetone and dried under high 

vacuum. The crude product was then recrystallized in DMF/Acetone; filtered off and dried to 

yield white crystals. 

 

Figure 38: Synthesis of TA 1 via the reaction of benzene-1,3,5-tricarbonyl trichloride with 4-aminopyridine. 

Table 1 lists the individual components for the respective trisamide syntheses of the 

trisamides, the solvent system for recrystallization as well as the yields after crystallaziation.  

Table 1: Individual building blocks for the respective syntheses of the six different trisamides (TA 1-6), the solvent 
systems in which recrystallization occurs and the yields obtained after synthesis.  

TA Core Substituent Recrystallized from Yield [%] 

1 
benzene-1,3,5-tricarbonyl 

trichloride 
4-aminopyridine DMF/acetone 29 

2 benzene-1,3,5-triamine 
isonicotinoyl chloride 

hydrochloride 
DMF/H2O 46 

3 
cyclohexane-1,3,5-tri-
carbonyl trichloride 

4-aminopyridine DMF 24 

4 
cyclohexane-1,3,5-tri- 
amine hydrobromide 

isonicotinoyl chloride 
hydrochloride 

MeOH 73 

5 
cyclohexane-1,3,5-tri-
carbonyl trichloride 

2-aminopyridine MeOH 10 

6 
cyclohexane-1,3,5-tri-
carbonyl trichloride 

3-aminopyridin H2O 51 

The variation of the core and substituent building blocks can be seen from Table 1. Merely 

the trisamides TA 1, TA 5 and TA 6 have the same core, with different substituents. The 

solvents used for the recrystallization of the trisamides were predominantly DMF and 

methanol-containing systems. Only for TA 6, pure H2O was used for the recrystallization of 

the trisamide after reaction. Solely with the trisamides TA 2, TA 4 and TA 6 relatively high 

yields could be achieved. 
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3.2.3 Analytical characterization  

After synthesis, the individual compounds were analyzed by common methods such as 

1H-NMR spectroscopy, mass spectrometry and infrared spectroscopy to prove product 

formation and product purity.  

Figure 39 shows exemplarily the 1H-NMR spectrum of TA 1. All signals can be clearly assigned 

to the corresponding hydrogen atoms. The chemical shifts are considered in more detail 

below. The singlet at a shift of 8.76 ppm corresponds to the aromatic protons of the core (1). 

The location of the chemical shift as well as the formation of a singlet is common to this type 

of aromatic proton in a trisamide.  

 

Figure 39: 
1
H-NMR spectrum of TA 1 in DMSO recorded with a 300 MHz NMR spectrometer (Bruker). The chemical 

structure of the expected trisamide is inserted into the spectrum and the signals obtained were assigned to the 
corresponding hydrogen atoms. 

The four aromatic protons of the substituent show a doublet at 7.83 ppm (3) and a multiplet 

at a chemical shift of 8.53 ppm (2). The two protons in the immediate adjacency of the 

nitrogen atom of the substituent show a higher chemical shift than the two protons which are 

adjacent to the amide bond. The singlet at a chemical shift of 10.95 ppm can be attributed to 

the amide protons (4). The remaining two signals in the 1H-NMR spectrum (2.50 ppm, 

3.33 ppm) belong to the deuterated DMSO-d6, which served as solvent and water. If one 

considers the integrals of the individual signals, their ratio agrees well with the respective 

number of protons. By means of this analysis method it could be confirmed that this and all 
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the other desired trisamides were successfully synthesized. The 1H-NMR spectra of the 

remaining trisamides are shown in Appendix 8.1 along with the detailed assignment of the 

individual protons. No significant signals that indicate impurities were observed.  

In addition, mass spectra were recorded on a FINNIGAN MAT 8500 spectrometer from 

Thermo Fisher Scientific using electron spray ionization (EI) to characterize the trisamides. 

Figure 40 shows exemplarily the mass spectrum of TA 1. First, the mass of the analyte has to 

be determined. Normally this is the mass of compound TA 1. In the case of electron 

ionization, a large fraction of ions are often cleaved. Therefore, the chemical structures of the 

fragments occurring during the measurement are additionally included in Figure 40. In the 

case of TA 1, a mass of 438 g mol-1 was detected, which conforms to the theoretical mass. The 

other signals represent fragments of the TA 1. In addition to a bare core, one- and two-armed 

molecules can also be observed which have been caused by the high electron energy used for 

the electron spray ionization. 

 

Figure 40: Determined mass spectrum of TA 1. The chemical structures of TA 1 and the fragments, occurring during 
the measurement, are inserted to explain all main peaks.  

The mass spectra of the remaining trisamides are shown in Appendix 8.2. For all compounds 

the theoretical masses could be confirmed by this method. 

Fourier-transform infrared spectroscopy (FT-IR) was used as a third and last analytical method 

to characterize the trisamides. The IR spectra were recorded with a Perkin Elmer Spectrum 

100 FT-IR spectrometer in a range of 4000 cm-1 to 650 cm-1.  

Figure 41 shows the recorded spectrum of TA 1 and highlights the strongest vibrational 

signals. Of great importance are, in particular, the NH stretching vibration (Amid A), the CO 
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stretching vibration (Amid I) and the NH bending or CN stretching vibrations (Amid II). The CO 

stretching vibration at 1683 cm-1 suggests that the amidation reaction was successful. The 

Amide II vibration can be detected at 1589 cm-1. An NH stretching vibration, which usually can 

be found at a wave number of about 3240 cm-1, is not present for TA 1. Accordingly, it can be 

assumed that a structural supposition by FT-IR spectroscopy about pyridine-containing 

trisamides is not sufficient with regard to their self-assembly behavior. The FT-IR spectra of 

the remaining trisamides are shown in Appendix 8.3. 

 

Figure 41: FT-IR spectrum of TA 1 recorded with a Perkin Elmer Spectrum 100 FT-IR spectrometer in the range of 
3500 cm

-1
 to 1400 cm

-1
.  

3.2.4 Thermal characterization  

The knowelege of the thermal properties of materials is always decisive, because it 

determines their use as additives at high temperatures, where solid nanostructures are 

required. Therfore the following section deals with the thermal characterization of the 

pyridine-containing trisamides. The investigations include thermogravimetric analyses (TGA), 

simultaneous differential thermal analyses (SDTA) and melting point measurements.  

The TGA/SDTA measurements were performed on a Mettler Toledo TGA/SDTA 851e. Data 

were recorded with a heating rate of 10 K·min-1 in a temperature range from 30 °C to 700 °C 

under nitrogen atmosphere. On the basis of the TGA measurements it is possible to 

determine up to which temperature the trisamides are thermally stable. In addition to the 

mass loss as a function of the temperature, the heat flow was also recorded by means of a 

simultaneous differential thermal analysis (SDTA). Figure 42 shows exemplarily the recorded 

thermogram of TA 1. The remaining TGA/SDTA thermograms are shown in the Appendix 8.4.  
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The Figure 42 reveals that TA 1 is thermally stable up to almost 350 °C. A five percent mass 

loss occurs at a temperature of 379 °C. Subsequently, TA 1 decomposes quickly. A residue 

content of 30 % at 700 °C indicates no or less pronounced sublimation. The simultaneously 

recorded heat flow shows a broad melting range with a local maximum at 379 °C. This 

indicates that TA 1 decomposes directly during its melting.  

 

Figure 42: Thermograms of the thermogravimetric analysis (black line) and the SDTA (blue line) of N
1
,N

3
,N

5 

tri(pyridin-4-yl)benzene-1,3,5-tricarboxamide (TA 1). Data were recorded with a heating rate of 10 K·min
-1 

in a 
temperature range from 30 °C to 700 °C under nitrogen atmosphere. 

In Table 2 the results of the TGA/SDTA measurements are summarized. The two additives 

TA 2 and TA 4, which both have an amine-based core, are thermally most stable in 

comparison to the remaining trisamides with based on a carboxylic acid core. TA 2 and TA 4 

show a five percent mass loss at a temperature of about 430 °C. However, the mass loss of 

TA 4 is almost 100 % at 700 °C, while TA 2 still has a residual residue content of 40 % at 

700 °C. Accordingly, the benzene core is significantly more temperature-stable than the 

cyclohexane core. This assumption is confirmed by the results of the remaining trisamides.  

Table 2: Summarized results of the TGA/SDTA measurements and the melting point determinations (MP90) of all six 
different trisamides. 

TA T5% mass loss [°C] residue at 700 °C [%] Tm (SDTA) [°C] Tm (MP90) [°C] 

TA 1 379 76 379 381.2 

TA 2 432 62 448 > 400 

TA 3 329 91 345 335.4 

TA 4 426 99 421 > 400 

TA 5 287 95 284 280.1 

TA 6 377 92 393 380.2 
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Comparing TA 1 and TA 2 with each other, it can be seen that, as already mentioned, the 

trisamide based on 1,3,5-triamino benzene shows a higher melting temperature. This is also 

the case for the cyclohexane-based trisamides TA 3 and TA 4. The lowest thermal stability 

shows TA 5, which already has a 5 % mass loss at 287 °C. The reason for this much lower 

thermal stability is most likely because the hydrogen atoms of the amide groups can interact 

with the lone pairs of the adjacent nitrogen atoms of the pyridine substituents, which 

significantly decrases the amide bond strengh. Such intramolecular interactions are 

structurally not possible for the remaining trisamides. 

The melting point measurements were performed on a melting point system MP 90 from 

Mettler Toledo. This system measures the turbidity of the material in the measuring tube. If 

haze is no longer present, this is an indication of a present isotropic melt of the material. Data 

were recorded with a heating rate of 10 K min-1 in a temperature range from 30 °C to 400 °C. 

The results are given as an average value of three measurements and are summarized in 

Table 2. It can be seen that the two trisamides TA 2 and TA 4, which are the only ones based 

on an amine core, have the highest melting temperatures. Since the temperature limit of the 

measuring device amounts to 400 °C, however, the values cannot exactly be determined and 

the two trisamides are therefore not comparable with one another. Comparing the trisamides 

TA 1 and TA 3, which both have an acid-based nucleus and a 4-pyridine substituent with one 

another, it can be seen that TA 1 (benzene-core) has a melting point 50 °C higher than TA 3 

(cyclohexane-core). Furthermore, the trisamides TA 3, TA 5 and TA 6 can also be compared 

with one another in terms of their melting temperatures. All of these TA´s have acid-based 

cyclohexane cores and differ only in regard to their substituents. TA 6, with the 3-pyridine 

substituents, has the highest melting temperature at 380 °C. The lowest melting point is 

measured for TA 5 (2-pyridin substituent). This has merely a value of 280 °C. Accordingly, a 

small difference in the structure of the substituent has a large effect on the thermal 

properties of these trisamides. The observed melting points determined with the MP90 

system match well with the data from the previous SDTA measurements. 

On the basis of the thermal results of the pyridine-containing trisamides, it can be seen that 

five of the six compounds are suitable for the subsequent P3HT nucleation studies in bulk. 

Only TA 5 cannot be used for these investigations, since for these tests temperatures of 

300 °C will be required. The TA 5, however, begins to decompose during melting at a 

temperature of 200 °C.  
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Before the P3HT nucleation experiments are detailed, a comprehensive characterization with 

regard to the self-assembly behavior of all six trisamides in organic solvents is described. 

3.2.5 Self-assembly investigations  of trisamides in organic  solvents  

A major goal of this work is the formation of supramolecular nanoobjects via self-assembly. 

As already mentioned in Chapter 1.1.2, both internal and external factors can initiate and 

control the self-assembly process. These include, for example, changes in molecular 

structure, temperature, concentration and pH-value. In addition, the used medium is also 

crucial. Owing to the importance of a high mobility of the building blocks, self-assembly 

processes often proceed conveniently in liquid media. The molecular structure, in particular 

of the periphery, can thereby have a significant influence on the solubility of the trisamide 

and therefore on the self-assembled structure.[71ς76]  

In the following, the self-assembly investigations of the pyridine-containing trisamides 

(TA 1-6) in organic solvents, more precisely in chlorobenzene (CB) and ortho-dichlorobenzene 

(o-DCB), are described in detail. These halogenated aromatics were selected because they 

were also used to process P3HT from solution.  

Self-assembly from solution was chosen to finally get an insight of the resulting nanoobject 

morphology via SEM. The underlying steps of the self-assembly process upon cooling can be 

schematically represented in a phase diagram of the additive concentration versus the 

temperature as shown in Figure 43. In such a phase diagram three regimes can be 

distinguished. At low to moderate concentrations the building blocks can be molecular 

dissolved at moderate to high temperatures (I). Upon cooling the self-assembly regime is 

entered (II). For high concentrations the building blocks cannot be completely dissolved till 

the boiling point of the solvent (III), however, upon cooling partial self-assembly may take 

place when entering regime II. The blue dots in Figure 43 represent the solvent molecules; 

the red fibers as well as the red dots describe the trisamide in crystallized and dissolved state. 

In step A, the trisamide molecules are completely dissolved in the solvent at an elevated 

temperature. Here, a closed system is present so that an evaporation of the solvent is 

prevented. Thus the concentration of the system remains constant both during heating and 

cooling. Upon cooling of the sample (step B), the temperature change leads to a 

supersaturation of the system. As a result, the formation of supramolecular fibers or other 

supramolecular structures (e.g., sheets) occurs. After the cooling process is completed, the 

solvent is allowed to evaporate under ambient conditions (step C). In this way it is possible to 
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separate the generated trisamide structures from the solvent and to analyze the 

morphologies by means of microscopic investigations. 

 

Figure 43: Schematic representation of the self-assembly process upon cooling to form supramolecular structures 
upon cooling (solvent: blue dots; dissolved benzene-1,3,5-tricarboxamide (BTA): red dots; supramolecular structures: 
red lines). At elevated temperature, a solution of entire dissolved BTA (A) is cooled to induce self-assembly, resulting 
in a suspension of supramolecular structures in the solvent (B). Complete solvent evaporation yields the 
supramolecular structures (C).  

The experimental setup to perform the self-assembly tests can be compared to a simple 

batch cooling crystallizer. The self-assembly investigations in this work were performed in 

4 mL glass vials. Initially, the respective trisamide is weighed in and then the appropriate 

amount of solvent is added to get a trisamide concentration of 0.03 % by weight in solution. 

The mixture is then placed in an ultrasonic bath for five minutes in order to obtain a 

homogeneous dispersion. In order to obtain lower concentrations, this stock solution 

(0.03 wt.-%) was diluted in each case with the appropriate amount of solvent after the 

ultrasonic treatment. Afterwards the vial is heated up to the boiling point of the respective 

solvent, under shaking. This corresponds to 131 °C for chlorobenzene and 179 °C for ortho-

dichlorobenzene. During the heating process, the vial is closed. Therefore, no solvent can 

evaporate and, consequently, the concentration of trisamide in solution remains constant. 

After heating, the glass vial is cooled down to room temperature without active cooling.  

In this way, the solubility behavior of the different trisamides in the various solvents was 

determined in a concentration range from 0.03 to 0.001 wt.-%. The results are summarized in 

Table 3. The abbreviations are defined as follows: I (insoluble), P (partially soluble), and S 

(soluble), at the corresponding temperatures. 
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Table 2 shows that the trisamides with 4-pyridine substituents (TA 1 - TA 4), are almost 

completely insoluble in chlorobenzene. The two trisamides TA 3, TA 4, which are based on a 

cyclohexane core, show low solubility at low concentrations such as 0.001 wt.-%. TA 5, which 

carries 2-pyridine substituents in the periphery and is based on a cyclohexane core, is 

completely soluble in CB for all concentrations studied. TA 6 (3-pyridine substituents) shows a 

partial solubility at a concentration of 0.01 wt.-%. For lower concentrations, it is finally 

completely soluble. 

Table 3: Solubility behavior of the pyridine-containing trisamides in chlorobenzene (CB) and o-dichlorobenzene (o-
DCB). For these investigations the solvents were heated to their boiling temperatures and different trisamide 
concentrations were tested. The abbreviations are defined as follows: I (insoluble), P (partially soluble), and S 
(soluble), at the corresponding temperatures. 

 TA 1 TA 2 TA 3 TA 4 TA 5 TA 6 

wt.-% chlorobenzene (131 °C) 

0.03 I I I I P I 

0.01 I I I I S P 

0.005 I I I P S S 

0.001 I I P S S S 

wt.-% ortho-dichlorobenzene (179 °C) 

0.03 U U P P S S 

0.01 U U P S S S 

0.005 U U S S S S 

0.001 P P S S S S 
 

Considering the solubilities of the trisamides in o-DCB, similar results are observed as in CB. 

The benzene-based trisamides (TA 1, TA 2) are almost completely insoluble. The two 

trisamides, which are based on a cyclohexane core and 4-pyridine substituents (TA 3, TA 4) 

are soluble at low concentrations such as 0.005 wt.-% and lower. The remaining two 

trisamides (TA 5, TA 6) are completely soluble within the investigated concentration range.  

The solubility studies show that four out of six investigated trisamides can be dissolved in CB 

and o-DCB within the concentration range studied. Furthermore, it could be observed that all 

samples which were dissolved or partially dissolved at the boiling point of the solvent become 

turbid during the subsequent cooling. This is attributed to a self-assembly process upon 

cooling.  
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To determine which kind of morphology evolves after self-assembly, scanning electron 

micrographs of the samples were taken before and after the self-assembly experiment. 

Figure 44 shows the SEM images of all six platin sputtered trisamide powders directly as 

obtained after crystallization after their synthesis. It can be seen from the images that large 

crystals with undefined structure are present. Only TA 6 still exhibits short needles, in 

addition to these crystals, but with a very low aspect ratio.  

 

Figure 44: SEM images of the six trisamide powders after their synthesis. The samples were platinum sputtered 
before SEM investigations.  

For the preparation of the SEM samples of the self-assembled trisamides, 30 ˃ l of the 

respective sample were placed on a DSC-cover. The solvent was then evaporated at room 

temperature for several hours. The dried sample was then sputtered with platinum and 

examined via SEM. 

For the morphological comparison by means of SEM images, only the samples which were at 

least partial soluble in the used solvents are studied, since these samples lead to self-

assembled structures. The trisamide TA 3 showed partial solubility at higher concentrations 

(300-100 ppm) within the solubility studies in ortho-dichlorobenzene. Below a concentration 

of 100 ppm, the trisamide was completely soluble at elevated temperature. Before the SEM 

images were taken the solvent was removed. Figures 45a-d show SEM images of TA 3 after 

the self-assembly process in o-DCB as a function of the trisamide concentration in solution. 

For all concentrations supramolecular fibers can be observed. In addition to the fibers, larger 

structures are visible which are very similar to the TA 3 after its synthesis. Therefore, it can be 

concluded that the trisamide has incompletely dissolved in o-DCB in any concentration.  
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Figure 45: (a-d) SEM micrographs of supramolecular nanofibers of TA 3 prepared by self-assembly upon cooling in o-
DCB at various trisamide concentrations: (a) 300 ppm, (b) 100 ppm, (c) 50 ppm, (d) 10 ppm. (e-h) Corresponding fiber 
witdhs histograms, based on at least 200 sized fibers.  

Furthermore, fiber width determinations were performed for all different concentrations. For 

this purpose, images of each sample were made at different positions with always the same 

magnification. Typically, a magnification factor of 5000 were selected. The obtained images 
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were then evaluated with the software "ImageJ". After the pixel-to-length ratio was set, at 

least 200 fiber widths were measured from each sample and corresponding fiber width 

histograms were made (Figures 45e-h). The histograms show that the distribution width of 

the fiber widths reduces slightly with decreasing concentration. For the highest 

concentration, the determined mean fiber width is 190 nm (see Figure 45e). However, a very 

large number of fibers are also observed, which are more than two-times as large as the 

mean fiber width. For a concentration of 100 ppm, the mean fiber width is reduced to 

125 nm, which remains virtually constant by further decreasing the concentration. Only the 

distribution width becomes narrower, so that at the lowest concentration (10 ppm 

Figure 45h), almost all the measured fibers are smaller than 300 nm. 

In conclusion, supramolecular self-assembly of TA 3 was successfully observed in o-DCB, even 

if the trisamide could not be completely dissolved in this solvent. 

Another trisamide which showed complete or partial solubility only in o-DCB is TA 4. The 

cyclohexane-based trisamide which carry 4-pyridine substituents differs from the previously 

discussed TA 3 only with regard to the orientation of the amide linkage, since TA 4 is based on 

cis, cis-cyclohexane-1,3,5-triamine. The Figures 46a-d show the SEM images of TA 4 after the 

self-assembly process in o-DCB. It can be observed, that for all concentrations studied 

supramolecular fibers are present. Considering the sample with the highest concentration of 

trisamide in solution (300 ppm; Figure 46a), supramolecular band-like structures can be 

observed in addition to the fibers. It can be assumed that this is initial TA 4 since a complete 

dissolution of the trisamide was not observed at this concentration. For the samples with 

lower concentrations, such band-like structures, at least to this large extent, are not 

observed. Comparison of the SEM images shows that the supramolecular fibers become 

narrower depending on their concentration in solution. Furthermore, a very high aspect ratio 

of the fibers is present for all samples since the fibers are only a few hundred nanometers 

thick but at least 1000 times as long.  
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Figure 46: (a-d) SEM micrographs of supramolecular nanofibers of TA 4 prepared by self-assembly upon cooling in o-
DCB at various trisamide concentrations: (a) 300 ppm, (b) 100 ppm, (c) 50 ppm, (d) 10 ppm. (e-h) Corresponding fiber 
widths histograms, based on at least 200 sized fibers.  

The resulting fiber widths histograms are shown in Figures 46e-h next to the corresponding 

SEM images. With the exeption of the sample at 300 ppm all fiber widths were below 500 nm. 

In case of the 300 ppm sample, 95 % of the fiber widths were within 700 nm (Figure 46e). The 
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remaining five percent of the fibers have widths between 700 and 1500 nm (not shown). If 

the concentration of the trisamide in solution decreases, the fiber width distribution becomes 

narrower. From a concentration of 100 ppm, only a few fibers are wider than 200 nm. For 

smaller concentrations, the histogram shifts to even smaller values. Considering the 

determined mean fiber width (Figure 47), it can be seen that these decrease with reducing 

concentration. For a trisamide concentration in solution of about 300 ppm, the mean fiber 

width is approximately 300 nm. For a concentration of 100 ppm, this is reduced to 113 nm 

and from a concentration of 50 ppm, a minimum fiber width of approximately 70 nm is 

established.  

 

Figure 47: Influence of the trisamide concentration in o-DCB on the resulting mean fiber width of the supramolecular 
fibers of TA 4. Each mean fiber width takes into account at least 200 sized fibers. 

In the following, the self-assembly experiments of the two cyclohexane-based trisamides TA 5 

and TA 6 are described in detail. The two trisamides, which either was very soluble in both CB 

and o-DCB, differ only by their substituents (TA 5: 2-pyridine; TA 6: 3-pyridine). Figure 48 

shows the SEM images of TA 5 taken after the self-assembly process as a function of the 

concentration in solution both for the investigations in CB (Figures 48a-d) as well as in o-DCB 

(Figures 48e-h). Comparing the SEM images after the self-assembly experiment with the neat 

TA 5 powder, one can see that the self-assembly process was successful. The TA 5 shows 

supramolecular structures in both investigated solvents. In this case, the nanofibers are 

mainly composed of broad bundles.  
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Figure 48: SEM micrographs of supramolecular nanofibers of TA 5 prepared by self-assembly upon cooling in CB (a-d) 
and in o-DCB (e-h) at various trisamide concentrations: (a,e) 300 ppm, (b,f) 100 ppm, (c,g) 50 ppm, (d,h) 10 ppm. 

Figure 49 shows such a previous mentioned bundle in an enlarged SEM-image. On the basis 

of this fiber bundle formation, the measurement of the individual fibers is relatively difficult 

since the fibers cannot always be clearly separated from each other.  
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Figure 49: SEM-image of a nanofiber bundle of TA 5 self-assembled in o-DCB at a trisamide concentration of about 
100 ppm. The individual nanofibers have a width of approximately 100 nm, the formed bundle of approximately 
800 nm. 

For the determination of the mean fiber width, 200 fibers per concentration and solvent were 

measured. The resulting fiber width histograms are summarized in Figure 50. The distribution 

width of the measured fiber widths remains virtually constant for almost all samples. Only the 

300 ppm sample in CB has a higher distribution width, which is probably due to the 

incomplete solubility in this case. Furthermore, the maximum distribution shifts to smaller 

fiber widths values with decreasing concentration of trisamide.  
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Figure 50: Fiber width histograms of TA 5 self-assembled in CB (a-d) and o-DCB (e-h) at various concentrations: (a,e) 
300 ppm, (b,f) 100 ppm, (c,g) 50 ppm, (d,h) 10 ppm. The histograms are based on at least 200 sized fibers. 

The mean fiber widths determined are plotted in Figure 51 as a function of the trisamide 

concentration. With the exception of the 300 ppm sample, all mean fiber widths are in the 

range of 150 nm. Accordingly, a significant reduction in the fiber width relative to the 
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concentration is not observed. A further reduction in the concentration could possibly result 

in such a fiber width reduction.  

 

Figure 51: Influence of the trisamide concentration on the resulting mean fiber width of supramolecular fibers of TA 5 
in CB (a) and o-DCB (b). Each mean fiber width takes into account at least 200 sized fibers. 

Ultimately, the trisamide TA 6 exhibits good solubility in CB and o-DCB. The SEM images after 

the SA experiment are shown in Figure 52. Nanofibers are observed in both solvents for all 

concentrations studied. However, for the highest concentration (300 ppm) in CB, the 

presence of initial morphology of the trisamide predominates. Therefore, this sample is not 

used for fiber width determination. It can be clearly seen from the SEM images that the fibers 

become narrower and longer as the concentration reduces. Furthermore, the quantity of 

fibers for studies in o-DCB extremely increases with lower concentrations. This is also a clear 

indication that the overall fiber width has decreased.  
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Figure 52: SEM micrographs of supramolecular nanofibers of TA 6 prepared by self-assembly upon cooling in CB (a-d) 
and in o-DCB (e-h) at various trisamide concentrations: (a,e) 300 ppm, (b,f) 100 ppm, (c,g) 50 ppm, (d,h) 10 ppm. 

Figure 53 shows the histograms that have resulted from the measurement of more than 200 

fibers per sample in dependency of concentration and solvent. It can be seen that the fiber 

width distribution becomes narrower with decreasing concentration of TA 6 and shifts to 
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smaller values. Particularly for the samples with the lowest concentration of additive, very 

narrow distributions can be observed. 

 

Figure 53: Fiber width histograms of TA 6 self-assembled in CB (a-d) and o-DCB (e-h) at various concentrations: (a,e) 
300 ppm, (b,f) 100 ppm, (c,g) 50 ppm, (d,h) 10 ppm. The histograms are based on at least 200 sized fibers. 

The significant dependence of the mean fiber width on the concentration is shown in 

Figure 54. At a concentration of 100 ppm, this amounts to approximately 100 nm for both 

samples. For one tenth of the concentration, this is drastically reduced and is only about 

20 nm for the sample from CB and 35 nm for the sample from o-DCB. On the basis of these 

very small fiber width values, it can be assumed that no fiber bundles have formed, but 

instead only individual fibers are present. 
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Figure 54: Influence of the trisamide concentration on the resulting mean fiber width of supramolecular fibers of TA 6 
in CB (a) and o-DCB (b). Each mean fiber width takes into account at least 200 sized fibers. 

In Table 4 the mean fiber widths of all trisamides, which were at least partial soluble in o-

DCB, are recorded as a function of the trisamide concentration in solution. There, the 

influence of the modification of only one structural parameter in the trisamide molecule on 

the fiber formation and the resulting fiber width can be seen. The star-marked data indicate a 

partial solubility of the corresponding trisamide at the respective concentration in solution. 

Comparing the two trisamides TA 3 and TA 4, which differ only in the orientation of their 

amide linkage, one can see that both trisamides show self-assembly in o-DCB. Considering the 

mean fiber widths at small concentrations, it is observed that they are for TA 4 (based on 

cyclohexane-1,3,5-triamine) only half as wide as for TA 3 (based on cyclo-hexane-1,3,5-

tricarbonyl acid). A further comparison can be made between the trisamides TA 3 (4-

pyridine), TA 5 (2-pyridine) and TA 6 (3-pyridine), since these differ only in terms of their 

substituents. For the 100 ppm samples the determined fiber width of all three TAs are in the 

same order of magnitude. The reduction of the sample concentration results in a significant 

reduction in the mean fiber width of TA 6, whereas the mean fiber width of the other two 

trisamides remains unchanged. For a concentration of 10 ppm, the resulting fibers of TA 6 are 

only a quarter as thick as for TA 3 and TA 5 at the same concentration.  

Table 4: Summarized results of the calculated mean fiber widths of the pyridin-containing trisamides in dependency 
of the trisamide concentration in o-DCB. The star-marked data indicate a partial solubility of the corresponding 
trisamide at the respective concentration in solution. 

 TA 3 TA 4 TA 5 TA 6 

concentration 
[ppm] 

mean fiber 
width [nm] 

mean fiber 
width [nm] 

mean fiber 
width [nm] 

mean fiber 
width [nm] 

300 190* 304* 162 289* 

100 125* 113 170 117 

50 130* 72 133 49 

10 125* 76 130 36 
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In summary, the self-assembly to nanofibers in CB were successful performed for two of the 

six trisamides. In o-DCB, fiber-like structures could be realized for four trisamides. The 

thinnest fibers, both in CB and o-DCB, could be observed for TA 6, the thickest fibers for TA 3 

and TA 5. Accordingly, there is a significant influence of the substituent on the resulting 

supramolecular fibers. Furthermore, a dependence of the fiber width on the linkage of the 

amide bond could be detected. The trisamide based on the triamine core (TA 4) shows 

significant thinner fibers than the respective trisamide based on the tricarbonyl acid core 

(TA 3).  

3.2.6 Self-assembly investigations of trisamides in aqueous solutions  

The trisamides TA 1 and TA 2 are the two pyridine-containing trisamides in this work, which 

showed no self-assembly behavior in the organic solvents due to lack of solubility. However, it 

is known from literature that TA 1 forms hydrogels via hydrophobic interactions in water with 

the addition of small amounts of organic solvents such as DMSO, EtOH, MeOH and DMF.[201] 

Hydrogels illustrate an interesting research field and can found in various applications, for 

example in the production of filter media.[181,182] Accordingly, self-assembly experiments were 

performed in aqueous solutions with the two trisamides TA 1 and TA 2. In addition to water, 

the organic solvents ethanol (EtOH), isopropyl alcohol (IPA), acetone (Ac) and tetrahydrofuran 

(THF) were used for these investigations. Although both trisamides are insoluble in water, in 

the presence of the used polar solvents, both the trisamides are soluble in selected solvent 

mixtures. The role of the organic solvents seems to be helping the trisamides to be soluble in 

the aqueous solvent mixture since both the trisamides are unable to form gels with these 

organic solvents alone. It may be noted here that often hydrogelators are water-insoluble and 

a suitable co-solvent is required to solubilize the gelator molecules in the aqueous 

medium.[201]  

The self-assembly experiments in the aqueous solutions were performed similar as described 

for the investigations in the chlorinated solvents. In the following the results for the TA 1 are 

described in more detail. Figure 55 shows an overview of the investigated systems. All solvent 

mixtures feature a ratio of organic solvent to water of four to one. The figure also shows the 

temperatures which were necessary to completely dissolve the respective concentration of 

trisamide. The maximum concentration of trisamide which could be solubilized is also shown 

in the figure. The inserted figures show the samples at their maximum temperature (left) and 

after cooling to room temperature (right). 
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Figure 55: Overview of the aqueous solvent systems used for self-assembly studies of TA 1. Indicated are the 
individual solvent ratios, the solvent temperature at which the trisamide completely dissolved and the maximum 
trisamide concentration which could be dissolved. Ethanol (EtOH), isopropyl alcohol (IPA), acetone (Ac) and 
tetrahydrofuran (THF). 

It can be seen that gel formation has taken place for all systems after cooling down the 

samples to room temperature. To analyze the hydrogel formation and to analyze the 

supramolecular structures, SEM investigations were conducted. Figure 56 shows the SEM 

images of the xerogels of TA 1 prepared in various aqueous solvent systems. Very dense fiber 

networks can be observed for all the systems. The thickest fibers as well as the widest 

network meshes can be found for the system EtOH/H2O. The two systems IPA/H2O and 

THF/H2O visually show the thinnest fibers as well as the highly dense fiber networks.  

 

Figure 56: SEM micrographs of supramolecular nanofibers of TA 1 prepared by self-assembly upon cooling in (a) 
EtOH/H2O (4:1), (b) IPA/H2O (4:1), (c) Ac/H2O (4:1) and (d) THF/H2O (4:1). The concentration of TA 1 in the respective 
solvent systems varied and is displayed the SEM-Images.  
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The results of the fiber width studies are shown in the histograms in Figure 57. The average 

fiber width of TA 1 in EtOH/H2O is about 200 nm and is therefore twice as large as the fibers 

resulted for the system Ac/H2O. The smallest fiber widths are found for the systems IPA/H2O 

and THF/H2O. Here, the nanofibers have on average only a width of about 60 nm. 

Furthermore, the fiber width distributions are the closest for these two systems. 

 

Figure 57: Fiber widths histograms and mean fiber widths of TA 1 self-assembled in (a) EtOH/H2O (4:1), (b) IPA/H2O 
(4:1), (c) Ac/H2O (4:1) and (d) THF/H2O (4:1). The concentration of TA 1 in the respective solvent systems varied and is 
displayed the histogram legends. For the calculation of the mean fiber widths at least 200 fibers were sized for each 
system. 

The last remaining trisamide with which no self-assembly in fibrous structures was observed 

in the previous non-polar solvents is trisamide TA 2. This trisamide has also not been noted in 

the literature. Due to the structural similarities to TA 1, self-assembly studies were also 

performed with TA 2 in the various aqueous solvent systems as described above. However, it 

was not rudimentarily possible to solubilize the TA 2 at these high concentrations. A drastic 

reduction of the concentration by a factor of about 100 finally brought success for the system 

THF/H2O. Figure 58a shows the SEM image of TA 2 after the self-assembly experiment in 

THF/H2O. The ratio of THF to H2O was three to one. The concentration of trisamide in solution 

was only 55 ppm. The Figure shows that fibrous self-assembly occurred. However, the fibers 

predominantly exist in twisted fiber bundles. This makes the determination of the average 
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fiber width difficult. The result of this determination is shown in Figure 58b in the form of a 

histogram. It results in a mean fiber width of 114 nm with a relatively broad distribution. 

 

Figure 58: (a) SEM micrograph of supramolecular nanofibers of TA 2 prepared by self-assembly upon cooling in 
THF/H2O (3:1). The concentration of TA 2 in the solvent systems was 55 ppm. (b) Fiber width histogram and mean 
fiber width of TA 2 self-assembled in THF/H2O (3:1). For the calculation of the mean fiber width at least 200 fibers 
were sized.  

In summary, for the self-assembly studies of the pyridine-containing trisamides in the various 

organic solvents and in the aqueous solvent mixtures, self-assembly to fibrous nanostructures 

could be successfully observed for all six trisamides. The resulting fiber widths were 

dependent on both the molecular structure of the trisamide and the concentration of the 

trisamide in solution and the selected solvent.  

3.3 Selection, synthesis and self -assembly of pyridine -containing 

bisamides  

In the following, the pyridine-containing bisamides investigated in this work are introduced, 

characterized and the results regarding their self-assembly behavior in organic solvents are 

described. 

3.3.1 Bisamide selection and their structural variation  

Figure 59 shows the different pyridine-containing bisamides (BA) studied in this work. The 

here investigated BAs can be divided into three groups. The first group includes BAs based on 

a symmetrical benzene core with 4-pyridine moieties. BA 1 and BA 2 both feature a benzene 

core and differ only in the attachment of their amide bonds. Thus, they are based on 

terephtalic acid (BA 1) and 1,4-phenylenediamine (BA 2) as core. The second group includes 

cyclohexane BAs with 4-pyridine moieties. These include BA 3 and BA 4. Both have a cyclo-

hexane core and differ only in the linkage of their amide bonds. Here, the basic building 

blocks are cyclohexane-1,4-dicarboxylic acid (BA 3) and cyclohexane-1,4-diamine (BA 4). 
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The third group includes cyclohexane bisamides with 2- and 3-pyridine moieties. These 

include BA 5 and BA 6. Both bisamides are based on the same basic core, trans-cyclohexane-

1,4-dicarbonyl dichloride. Therefore, they differ in the peripheral substituents, such as two 

symmetrically arranged 2-pyridine groups (BA 5) and two symmetrically arranged 3-pyridine 

groups (BA 6).  

 

Figure 59: Chemical structures of the six investigated pyridine-containing bisamides in this work. The first group 
includes benzene bisamides with 4-pyridine moieties (left box), the second group includes cyclohexane bisamides 
with 4-pyridine moieties (central box) and the third group includes cyclohexane bisamides with 2- and 3-pyridine 
moieties (right box). 

Four of these six pyridine-containing bisamides are already known in literature. These are 

BA 1-3 and BA 6 (see Chapter 3.1.3). 

3.3.2 Bisamide synthesis  

The syntheses of the individual molecules were carried out by the technicians J. Failner, S. 

Ganzleben, D. Hanft and R. Schneider under my guidance. The following thermal and 

analytical characterizations were accomplished by my self. 

In general, the bisamides were obtained by an amidation reaction between an acid chloride 

and an amine derivative. For all syntheses, the component, which is to be attached to the 

central core, was present in the excess during the reaction, to guarantee a complete 

substitution of the core. Since both the core and the substituents vary, no general valid 

reaction scheme can be shown. Therefore, the reaction scheme for the synthesis of BA 1 is 

exemplarily shown below. All further syntheses of the bisamides studied in this thesis are 

shown in detail in the Experimental 7.3.  
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Figure 60 shows the reaction scheme of terephthaloyl dichloride with 4-aminopyridine to 

obtain N1,N4-di(pyridin-4-yl)terephthalamide (BA 1). Initially, 4-aminopyridine, triethylamine 

(TEA) and LiCl are mixed together with 50 ml of NMP in a Schlenk flask. Terephthaloyl 

dichloride is then added under inert gas (N2) and ice cooling. The reaction time amounts to 

48 hours at a temperature of 80 °C. The resulting reaction mixture is precipitated in ice water; 

the solid is filtered off and dried. The crude product obtained is subsequently dissolved in 

DMSO and precipitated again in 500 ml of water. The final product is dried at 60 °C under high 

vacuum to get a greyish powder in a yield of 54 %. 

 

Figure 60: Synthesis of BA 1 via the reaction of terephthaloyl dichloride with 4-aminopyridine. 

Table 5 lists the reactants for the respective bisamide syntheses of the bisamides, the solvent 

or solvent mixture for recrystallization as well as the yields obtained.  

Table 5: List of the individual reactants for the respective syntheses of the seven different bisamides, the solvent 
systems in which recrystallization occurs and the yields obtained after synthesis. 

BA Core Substituent Recrystallization Yield [%] 

1 terephthaloyl dichloride 4-aminopyridine DMSO/H2O 54 

2 1,4-phenylenediamine 
isonicotinoyl chloride 

hydrochloride 
DMF/H2O 33 

3 
trans-cyclohexane-1,4-
dicarbonyl dichloride 

4-aminopyridine DMSO 64 

4 
trans-cyclohexane-1,4-

diamine 
isonicotinoyl chloride 

hydrochloride 
DMSO 27 

5 
trans-cyclohexane-1,4-
dicarbonyl dichloride 

2-aminopyridine MeOH 20 

6 
trans-cyclohexane-1,4-
dicarbonyl dichloride 

3-aminopyridin MeOH 64 

The solvents used for the recrystallization of the bisamides were predominantly DMSO and 

MeOH. Only for BA 2, a mixture of DMF/H2O was used for the recrystallization after the 

extraction of the bisamide in MeOH. With the bisamides BA 1, BA 3 and BA 6 yields over 50 % 

could be achieved. 
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3.3.3 Analytical characterization  

All individual compounds were analyzed by common methods such as 1H-NMR spectroscopy, 

mass spectrometry and infrared spectroscopy to prove product formation and product purity.  

Figure 61 shows exemplarily the 1H-NMR spectrum of BA 1. All signals could be clearly 

assigned to the corresponding hydrogen atoms. The singlet at a chemical shift of 8.13 ppm 

corresponds to the aromatic protons of the core (1). The location of the chemical shift as well 

as the formation of a singlet is expected for this type of aromatic protons in a bisamide.  

 

Figure 61: 
1
H-NMR spectrum of BA 1 in DMSO recorded with a 300 MHz NMR spectrometer (Bruker). The chemical 

structure of the expected bisamide is inserted into the spectrum and the signals obtained were assigned to the 
corresponding hydrogen atoms. 

The aromatic protons of the substituent show multiplets at a chemical shift of 7.81 ppm (3) 

and 8.51 ppm (2). Thus the two protons attached to the electron-poorer carbon atoms in the 

immediate adjacency of the nitrogen atom of the pyridine substituent show a higher chemical 

shift than the two protons which are adjacent to the amide bond. The singlet at a chemical 

shift of 10.77 ppm can be attributed to the amide protons (4). The remaining two signals in 

the 1H-NMR spectrum (2.50 ppm, 3.33 ppm) belong to the deuterated DMSO-D6, which 

served as solvent and water. If one considers the integrals of the individual signals, their ratio 

agrees well with the respective number of protons. Thus, the formation of BA 1 could be 

clearly confirmed. The 1H-NMR spectra of the remaining bisamides are shown in 

Appendix 8.1. along with the detailed assignment of the individual protons. No significant 

signals that indicate impurities were observed.  
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In addition, mass spectra were recorded on a FINNIGAN MAT 8500 spectrometer from 

Thermo Fisher Scientific using electron spray ionization (EI) to characterize the bisamides. 

Figure 62 shows exemplarily the mass spectrum of BA 1. First, the mass of the analyte has to 

be determined. The molecular ion peak belongs to the heaviest ion and can be found at 

318 m/z. This is the mass of compound BA 1. However, in the case of electron ionization, a 

large fraction of ions are often cleaved. Therefore, the chemical structures of the fragments 

occurring during the measurement are additionally included in Figure 62. Therefore, the 

other signals can be assigned to fragments of BA 1.  

 

Figure 62: Determined mass spectrum of BA 1. The chemical structures of BA 1 and the fragments, occurring during 
the measurement, are inserted to complete all main peaks. 

The mass spectra of the remaining bisamides are shown in Appendix 8.2. For all compounds 

the expected molar masses could be confirmed by this method. 

Fourier-transform infrared spectroscopy (FT-IR) was used as a third analytical method to 

characterize the bisamides. The IR spectra were recorded with a PerkinElmer Spectrum 100 

FT-IR spectrometer in a range from 4000 cm-1 to 650 cm-1.  

Figure 63 shows the recorded spectrum of BA 1 and highlights the most important vibrational 

signals. Of great importance are, in particular, the CO stretching vibration (Amid I) and the NH 

bending or CN stretching vibrations (Amid II). The CO stretching vibration at 1689 cm-1 

suggests that the amidation reaction was successful. The Amide II vibration can be detected 

at 1593 cm-1. The FT-IR spectra of the remaining bisamides are shown together with their 

most important vibration numbers in Appendix 8.3. 
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Figure 63: FT-IR spectrum of BA 1 recorded with a Perkin Elmer Spectrum 100 FT-IR spectrometer in a range of 
3500 cm

-1
 to 1400 cm

-1
. 

3.3.4 Thermal characterization  

The following section deals with the thermal characterization of the pyridine-containing 

bisamides. The investigations include thermogravimetric analyses (TGA), simultaneous 

differential thermal analyses (SDTA) and melting point measurements. 

The TGA/SDTA measurements were performed on a Mettler Toledo TGA/SDTA 851e. Data 

were recorded with a heating rate of 10 K·min-1 in a temperature range from 30 °C to 700 °C 

under nitrogen atmosphere. On the basis of the TGA measurements it is possible to 

determine up to which temperature the bisamides are thermally stable. In addition to the 

mass loss as a function of the temperature, the heat flow was also recorded by means of a 

simultaneous differential thermal analysis (SDTA). Figure 64 shows exemplarily the recorded 

thermogram of BA 1. All other TGA/SDTA thermograms are shown in Appendix 8.4.  

The Figure 64 reveals that BA 1 is thermally stable at least up to 330 °C. A five percent mass 

loss can be determined at a temperature of 384 °C. Subsequently, the BA 1 mass loss occurs 

very quickly. A residue content of 13 % at 700 °C indicates that BA 1 decomposes and no or 

less pronounced sublimation is taking place. The simultaneously recorded heat flow shows a 

broad melting range with a local maximum at 378 °C. This indicates that BA 1 decomposes 

directly upon melting.  
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Figure 64: Thermograms of the thermogravimetric analysis (black) and the SDTA (blue) of N
1
,N

4
-di(pyridin-4-

yl)terephthalamide (BA 1). Data were recorded with a heating rate of 10 K·min
-1 

in a temperature range from 30 °C to 
700 °C under nitrogen atmosphere. 

In Table 6 the results of the TGA/SDTA measurements are summarized. It shows that all 

bisamides with 4-py ridine substituents (BA 1 ς BA 4), whether benzene or cyclohexane based 

core, are thermally very stable and decomposition take place well above 330 °C. The 

bisamides with the 2- (BA 5) and 3-pyridine substituents (BA 6) are thermally much more 

susceptible and begin to decompose at 240 °C. Furthermore, it is observed that the residue 

content at Tend (700 °C) of the benzene-based bisamides is higher than that of the 

cyclohexane-based compounds. 

Table 6: Summarized results of the TGA/SDTA measurements and the melting point determinations (MP90) of all six 
different bisamides. 

BA T5% mass loss [°C] residue at 700 °C [%] Tm (SDTA) [°C] Tm (MP90) [°C] 

BA 1 384 89 378 378 

BA 2 372 87 331 330 

BA 3 386 99 406 > 400 

BA 4 350 99 364 361 

BA 5 307 99 318 315 

BA 6 307 97 324 293 
 

The melting point determinations were performed on a melting point analyzer MP 90 from 

Mettler Toledo. Data were recorded with a heating rate of 10 K·min-1 in a temperature range 

from 30 °C to 400 °C. The results are given as an average value of three measurements and 

are also summarized in Table 6. 

The observed melting points determined with the MP90 system match very well with the 

data obtained from the previous SDTA measurements. In a similar manner, the bisamides 
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BA 1 and BA 3 show the highest melting temperatures. Both bisamides feature the carboxylic 

acid grous at the core and have 4-pyridine substituents. Comparing BA 1 and BA 2 with one 

another, it can be seen that, as already mentioned, the bisamide based on terephtalic acid 

(BA 1) shows a higher melting temperature than that based on 1,4-phenylenediamine (BA 2). 

This is also the case for the cyclohexane-based bisamides BA 3 and BA 4. Furthermore, the 

bisamides BA 3, BA 5 and BA 6 can also be compared with one another in terms of their 

melting temperatures. All of these bisamides have carboxylic acid-based cyclohexane cores 

and differ only in regard to their substituents. BA 3, with the 4-pyridine substituents, shows 

the highest melting temperature beyond 400 °C. The lowest melting temperature with a value 

of 293 °C is measured for BA 6 (3-pyridin substituent). Accordingly, a small difference in the 

structure of the substituent has a large effect on the thermal properties of these bisamides.  

On the basis of these thermal results of the pyridine-containing bisamides, it can be seen that 

four out of the six compounds are suitable for the subsequent P3HT nucleation studies since a 

themal stability as well as a melting point of more than 300 °C is required for these studies. 

Only BA 5 and BA 6 cannot be used for these investigations since these compounds begin to 

decompose at a temperature of 240 °C.  

3.3.5 Self-assembly investigations of bisamides in organic  solvents  

In the following, the self-assembly investigations of the pyridine-containing bisamides in 

chlorinated solvents, more precisely in chlorobenzene and ortho-dichlorobenzene, are 

described. These halogenated aromatics were selected because they were also used to 

process P3HT from solution. Similary as described above, self-assembly upon cooling was 

investigated. Thus the experimental setup corresponds to the setup of the self-assembly 

studies of the pyridine-containing trisamides in chlorinated solvents. The self-assembly 

investigations were performed in 4 mL glass vials. Initially, the respective bisamide is weighed 

in and then the respective amount of solvent is added to obtain a bisamide concentration of 

0.03 wt.-% in solution. The mixture is then placed in an ultrasonic bath for five minutes in 

order to obtain a homogeneous dispersion. To achive lower concentrations, this stock 

solution (0.03 wt.-%) was diluted with a respective amount of the same solvent after the 

ultrasonic treatment. Afterwards the vial is heated up to the boiling point of the solvent, 

under shaking. This amounts to 131 °C for chlorobenzene and 179 °C for ortho-

dichlorobenzene. During the heating process the glass is closed to keep the concentration 

constant.  
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The observations on the solubility behavior of the different bisamides in the various solvents 

at different concentrations are summarized in Table 7. The abbreviations are defined as 

follows: I (insoluble), P (partially soluble), and S (soluble), at the boiling temperatures of the 

selected solvent. 

The table shows that all investigated bisamides are soluble in both CB and o-DCB, at almost 

all investigated concentrations at the respective boiling points of the solvents. BA 3, which is 

based on a cyclohexane core and two 4-pyridine substituents, shows the lowest solubility in 

CB. In this solvent, it is completely soluble only at a maximum concentration of 10 ppm. The 

bisamides BA 5 and BA 6, which have the same core and the same amide centering as BA 3 

and differ only in their substituents, show the best solubility over the entire concentration 

range investigated for both CB and o-DCB. The table further shows that in general the 

solubility of the bisamides in o-DCB is higher than in CB.  

Table 7: Solubility behavior of the pyridine-containing bisamides in chlorobenzene (CB) and o-dichlorobenzene (o-
DCB). For these investigations the solvents were heated to their boiling temperatures and different bisamide 
concentrations were tested. The abbreviations are defined as follows: I (insoluble), P (partially soluble), and S 
(soluble), at the corresponding temperatures. 

 BA 1 BA 2 BA3 BA 4 BA 5 BA 6 

wt.-% chlorobenzene (131 °C) 

0.03 I P I P S S 

0.01 P S I S S S 

0.005 S S P S S S 

0.001 S S S S S S 

wt.-% ortho-dichlorobenzene (179 °C) 

0.03 P P P P S S 

0.01 S S S S S S 

0.005 S S S S S S 

0.001 S S S S S S 
 

The solubility studies show that self-assembly upon cooling is in principle for all bisamides 

possible in the investigated concentration range, with the exception of BA 3 in CB, which is 

only completely soluble at very low concentrations.  

After heating process, the glass vials were cooled down to room temperature without active 

cooling. Thereby it could be observed that all samples which were dissolved or partially 
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dissolved at the boiling point of the used solvents showed a precipitation of the bisamide 

during the subsequent cooling, indicating self-assembly upon cooling.  

Prior to the SEM investigations of the morphology of the self-assembled structures the 

powders directly after the synthesis was investigated first. Figure 65 shows the SEM images 

of all six bisamide powders directly after their synthesis and purification via crystallization 

from polar solvents. It can be seen from the images that no bisamide features fibrous 

structures. Instead, large crystals or undefined structures are observed for most of them. 

Furthermore, sheet-like structures can be observed as for example for BA 3. It should be 

noted that sheet-like structures are not uncommon for bisamides and bisureas.  

 

Figure 65: SEM images of the bisamides BA 1-6 after their synthesis and recrystallization. The samples were platinum 
sputtered before SEM investigations. 

To determine the morphology of self-assembled structures, scanning electron micrographs of 

the samples were made after the self-assembly experiments and compared with the products 

after synthesis as described before. For the preparation of the SEM samples, 30 ˃ l of the 

respective sample were placed on a DSC-lid after the end of the self-assembly process. The 

solvent was then evaporated at room temperature for several hours. The dried sample was 

then sputtered with platinum and examined via SEM.  

The bisamide BA 1, which comprises a therephtalic acid core and two 4-pyridine substituents, 

showed partial solubility at a concentration of 100 ppm in CB. Below this concentration, the 

bisamide was completely soluble. This is reflected in SEM. Figure 66 shows the SEM images of 

BA 1 after the self-assembly process in CB as a function of the bisamide concentration in 

solution. Supramolecular fibers can not be observed for any of the samples, but partially less 

defined thin plate-like structures are observed. For the sample with the highest bisamide 
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concentration in CB, no self-assembled structures are observed, only the initial BA 1 powder 

(Figure 66a). As the bisamide concentration decreases, the initial bisamide powder content 

decreases and the proportion of self-assembled plate-like structures increases. For the lowest 

concentration investigated, only self-assembled sheets of BA 1 can be observed (Figure 66d).  

 

Figure 66: SEM images of initial BA 1 and self-assembled sheet-like structures of BA 1 subject to the bisamides 
concentration in CB: a) 300 ppm, b) 100 ppm, c) 50 ppm, d) 10 ppm. 

A similar morphology can be observed after the self-assembly process of BA 1 in o-DCB (see 

Figures 67a-d). Due to the higher solubility of BA 1 in o-DCB, these structures can also be 

found for the highest concentration of this bisamide in solution. Furthermore, Initial BA 1 

powder cannot be observed after the self-assembly processes in o-DCB for the concentration 

ranges studied.  






















































































































































































































































































