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Summary  

 

1,3,5-benzenetrisamides (BTAs) represent a well-established class of materials known to form 

supramolecular fibers driven by three strands of directed hydrogen bonds. However, precisely 

controlling the dimensions in the µm-range, particular the length and diameter with narrow 

distributions of both is rarely achieved in a controlled manner. This hampers the use of such 

supramolecular microfibers in certain applications. The goal of this thesis was to understand 

and control the processing conditions of the self-assembly process in view of the preparation 

and application of supramolecular microfibers with defined dimensions and morphology. 

 

The first part, aimed at the controlled preparation of 1,3,5-benzenetricarboxamides fibers in 

solution on the liter-scale upon cooling. For this, an experimental set up was developed and 

optimized, which enabled the investigation of the self-assembly of three selected BTAs in view 

of the fibers shape and dimensions depending on non-linear and linear cooling rates, different 

stirring rates and concentrations. It was found that the cooling rate has a significant impact on 

the fiber diameter and length distribution if no stirring is applied. With a non-linear cooling 

profile, the BTA fibers show a broad distribution whereas linear cooling rates results in a 

narrower distribution. Stirring also has a major influence on the diameter and length, with faster 

stirring leading to narrower distributions and shorter BTA fibers. Only the selected different 

concentrations, appears to have a limited impact on the mean fiber diameter and length. In 

particular, for the BTA based on trimesic acid with cyclohexyl side groups, the fiber diameter 

can be tuned from 4 to 15 µm and the length from 160 to 500 µm. These dimensions are 

prerequisite for electrostatic flocking presented in the following chapter. 

 

The second part, aimed for the first time at the preparation of densely packed and vertically 

aligned supramolecular microfibers of BTAs by electrostatic flocking. Electrostatic flocking is 

an industrial technique that accelerate and align short cut polymer microfibers in an electric 

field ultimately promoting their perpendicular arrangement on substrates used for various 

applications. One key requirement for electrostatic flocking is a suitable aspect ratio and very 

defined dimensions, both are challenging to achieve for supramolecular fibers by self-assembly. 

Here, specifically strongly rigid BTA fibers with a cyclohexyl periphery and narrowly 

distributed diameters and lengths from the first part were selected. In particular, the defined 

fiber lengths with narrow distributions were successfully achieved by developing a 

straightforward non-destructive sieving process. Neat BTA fibers without additives can be 

successfully flocked supporting the hypothesis that their intrinsic macrodipole moment 
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facilitates fiber alignment within an electric field. Efforts to optimize the free-flowing 

properties of the BTA fibers to transport single fibers in the electric field, also combined with 

conductivity-enhancing materials to improve acceleration, resulted in higher flocking densities 

and more vertical fiber alignment. 

 

The third part, explored the self-assembly of supramolecular fibers within polymer flocks with 

the aim to prepare novel morphologies. This work was performed in collaboration with Felix 

Bretschneider (Macromolecular Chemistry II, Prof. Dr. Greiner). For this, a polyamide flock 

was prepared by electrostatic flocking and exposed to solutions of three selected BTAs. It was 

found, that for distinct BTAs and proper processing conditions the polyamide flock serves as 

structure-directing substrate comprising capillary effects along the vertically aligned 

microfibers and transporting the solutions towards the polyamide heads. This results in a 

remarkable site-specific self-assembly, where the BTA microfibers develop mostly on top of 

the polyamide flocks. Surprisingly, the BTA fibers feature a unique conical shape with 

microstructured surfaces arising from the hierarchical order of the supramolecular fibers. The 

conical shape with its structural features including microgrooves and structural gradients 

mimics that of natural cactus spines in form and function and enables the nucleation and 

directional transport of water towards the spineôs base. Environmental scanning electron 

microscopy reveal that these artificial BTA spines feature a superhydrophilic surface, which 

further improves water transport. Here, a water droplet velocity of 150 µm s-1 was found, 

exceeding those of the natural cactus Opuntia microdasys by more than a factor of ten. 

 

Finally, the last part, aimed for the first time to investigate the thermal diffusivity of BTA fibers 

determined using lock-in thermography. This work was performed in collaboration with Ina 

Klein (Physical Chemistry I, Prof. Dr. Retsch). Essentially, this study requires high aspect ratio 

BTA fibers with suitable diameter in the µm-range and length up to centimeters. This was 

achieved by self-assembling BTAs from DMF via slow solvent evaporation. Fibers of eight 

structurally different BTAs, all with anisotropic columnar arrangement, were successfully 

prepared for a comparative study. Our findings indicate that the thermal characteristics improve 

with increasing strength of the hydrogen bonds and order in the fibers. The thermal diffusivities 

of these fibers were found to be in the range of 0.080 to 0.114 mm2 s-1 and is similar to that of 

thermal insulators. 
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Zusammenfassung 

 

1,3,5-Benzoltrisamide (BTAs) sind eine etablierte Materialklasse, die für ihre Fähigkeit 

bekannt ist, supramolekulare Fasern zu bilden. Diese sind stabilisiert durch drei gerichtete 

Wasserstoffbrückenbindungen. Die präzise Kontrolle der Dimensionen der Fasern im 

µm-Bereich, insbesondere der Länge und des Durchmessers mit engen Verteilungen, ist jedoch 

nur selten in einem kontrollierten Verfahren möglich. Dies erschwert den Einsatz solcher 

supramolekularen Mikrofasern in bestimmten Anwendungen. Ziel dieser Arbeit war es, die 

Prozessbedingungen des Selbstorganisationsprozesses zu verstehen und zu kontrollieren, um 

supramolekulare Mikrofasern mit definierten Dimensionen und Morphologie herzustellen und 

anwendungsspezifisch einzusetzen. 

 

Im ersten Teil der Arbeit wurde ein Verfahren zur kontrollierten Herstellung von 

1,3,5-Benzoltrisamid-Fasern im Litermaßstab aus Lösung und unter Abkühlung entwickelt. 

Dafür wurde ein experimentelles Setup optimiert, das die Untersuchung der Selbstorganisation 

von drei ausgewählten BTAs ermöglicht. Hierbei wurden die Form und Dimensionen der 

Fasern in Abhängigkeit von nicht-linearen und linearen Abkühlraten, verschiedenen 

Rührgeschwindigkeiten und Konzentrationen analysiert. Es wurde festgestellt, dass die 

Abkühlrate einen erheblichen Einfluss auf den Durchmesser und die Längenverteilung der 

Fasern hat, insbesondere wenn kein Rühren erfolgt. Bei einem nicht-linearen Abkühlprofil 

weisen die BTA-Fasern eine breite Verteilung auf, während eine lineare Abkühlrate zu einer 

schmaleren Verteilung führt. Homogenes Rühren hat einen signifikanten Einfluss auf die 

Durchmesser- und Längenverteilung, wobei schnellere Rührgeschwindigkeiten zu schmaleren 

Verteilungen und kürzeren BTA-Fasern führen. Die Variation der Konzentration beeinflusste 

hingegen nur begrenzt die Dimensionen der Fasern. Besonders für BTA-Fasern auf Basis von 

Trimesinsäure mit Cyclohexyl-Seitengruppen ließ sich der Faserdurchmesser zwischen 4 und 

15 µm sowie die Länge zwischen 160 und 500 µm einstellen. Diese Dimensionen sind 

entscheidend für die im nächsten Kapitel beschriebene elektrostatische Beflockung.
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Das Ziel im zweiten Teil dieser Arbeit war die erstmalige Herstellung dicht gepackter und 

vertikal ausgerichteter supramolekularer Mikrofasern von BTAs auf einem Substrat durch 

elektrostatische Beflockung. Diese industriell genutzte Technik beschleunigt und richtet 

kurzgeschnittene Polymermikrofasern in einem elektrischen Feld aus, sodass sie letztlich 

senkrecht auf Substraten angeordnet werden ï ein Verfahren, das vielseitig anwendbar ist. Eine 

wesentliche Voraussetzung für diese Technik ist ein geeignetes Verhältnis von Länge zu 

Durchmesser sowie präzise definierte Dimensionen, was grundsätzlich bei supramolekularen 

Fasern durch Selbstorganisation schwer zu erzielen ist. Daher wurden in diesem 

Zusammenhang gezielt starre BTA-Fasern mit Cyclohexyl- Seitengruppen sowie eng verteilten 

Durchmessern aus dem vorherigen Kapitel ausgewählt. Die definierten Faserlängen mit 

schmalen Verteilungen wurden erfolgreich durch die Entwicklung eines einfachen, schonenden 

Siebverfahrens erreicht. Es zeigte sich, dass reine BTA-Fasern ohne Zusatzstoffe erfolgreich 

geflockt werden können, was die Hypothese stützt, dass ihr intrinsisches Makrodipolmoment 

die Ausrichtung der Fasern im elektrischen Feld fördert. Durch gezielte Optimierungen zur 

Verbesserung der Rieselfähigkeit der BTA-Fasern und der Transportfähigkeit einzelner Fasern 

im elektrischen Feld, konnten eine höhere Flockdichte sowie eine verbesserte vertikale 

Ausrichtung der Fasern erreicht werden. Die Kombination mit leitfähigkeitssteigernden 

Materialien erwies sich dabei als vorteilhaft für die Rieselfähigkeit als auch den 

Beflockungsprozess. 

 

Im Gegensatz dazu wird im dritten Teil dieser Arbeit ein innovativer Selbstorganisationsansatz 

untersucht, bei dem Polymerflocks als Substrat für die Bildung supramolekularer BTA-Fasern 

dienen. Diese Arbeit wurde in Zusammenarbeit mit Felix Bretschneider (Makromolekulare 

Chemie II, Prof. Dr. Greiner) durchgeführt. Dazu wurde ein Polyamid-Flock mittels 

elektrostatischer Beflockung hergestellt und mit Lösungen von drei ausgewählten BTAs in 

Kontakt gebracht. Für bestimmte BTAs und geeignete Prozessparameter zeigt sich, dass der 

Polyamid-Flock als strukturrichtendes Substrat wirkt. Die Kapillareffekte entlang der vertikal 

ausgerichteten Mikrofasern transportieren die Lösungen zu den Flockköpfen, was zu einer 

ortsspezifischen Selbstorganisation führt, bei der sich die BTA-Mikrofasern hauptsächlich an 

den Spitzen der PA-Flocks bilden. Erstaunlicherweise nehmen die BTA-Fasern eine 

einzigartige konische Form mit mikrostrukturierter Oberfläche an, die durch die hierarchische 

Anordnung der supramolekularen Fasern entsteht. Diese konische Form der BTA Faser mit 

ihren strukturellen Eigenschaften, wie Mikrorillen und strukturellen Gradienten, imitiert 

Kaktusstacheln in Form und Funktion, da sie die Nukleation und den gerichteten Transport von 
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Wasser zur Basis der Stacheln fördert. Mit einem speziellen Rasterelektronenmikroskop wurde 

die Interaktion der BTA Stacheln mit Wasser untersucht und die Ergebnisse zeigen eine 

superhydrophile Oberfläche, die eine Nukleation und den unidirektionalen Wassertransport 

entlang der BTA-Stacheln ermöglicht. Bemerkenswert ist, dass die gemessenen 

Tropfengeschwindigkeiten von 150 Õm s ĭ die der natürlichen Kaktusart Opuntia microdasys 

um mehr als das Zehnfache übersteigen.  

 

Im letzten Teil dieser Arbeit wird erstmals die thermische Diffusivität von BTA-Fasern mittels 

Lock-in-Thermografie untersucht. Diese Arbeit entstand in Zusammenarbeit mit Ina Klein 

(Physikalische Chemie I, Prof. Dr. Retsch). Die Studie erforderte BTA-Fasern mit hohem 

Aspektverhältnis, einem geeigneten Durchmesser im µm-Bereich und einer Länge bis zu einem 

Zentimeter. Diese Voraussetzungen an die Dimensionen der Fasern wurden durch 

Selbstassemblierung der BTAs aus DMF unter langsamer Lösungsmittelverdampfung erreicht. 

Für eine vergleichende Analyse wurden Fasern aus acht strukturell unterschiedlichen BTAs 

erfolgreich hergestellt. Alle acht BTAs weisen Anisotropie und einen säulenartigen Aufbau auf. 

Die Ergebnisse zeigen, dass sich die thermischen Eigenschaften mit zunehmender Stärke der 

Wasserstoffbrückenbindungen und einer höheren Ordnung der Fasern verbessern. Die 

gemessenen thermischen Diffusivitäten der Fasern liegen zwischen 0,080 und 0,114 mm² s-1, 

was im Bereich der Wärmeisolatoren liegt. 

 



  

 

6 

 

  



   

 

7 

 

1 Introduction  

 

Jean-Marie Lehn as pioneer and one of Nobel Prize winners in 1987 defined supramolecular 

chemistry as ñchemistry beyond the moleculeò.[1] He understood the self-assembly process as 

the self-organization of low molecular weight building blocks which are held together by 

non-covalent intermolecular interactions.[2,3] For example, organic molecules can undergo 

interactions such as donor acceptor interactions, electrostatic, van der Waals or hydrogen 

bonding.[3] The self-assembly is initiated in a state of lower organization such as a solution, 

disordered aggregate, or random coil, and evolves towards an organized final state, like a crystal 

or folded macromolecule resulting in supramolecular architectures.[4] The formation into such 

complex and organized state through non-covalent interactions is primarily guided by the 

molecular structures of the monomeric building blocks, their functional groups, and specific 

environmental conditions. Depending on these conditions, the fundamental advantage of the 

non-covalent interactions lies in their reversibility enabling an in situ assembly of monomers 

into the supramolecular structures.[5] The resulting intermolecular bonding between the building 

blocks provides the opportunity for the design and fabrication of complex supramolecular 

structures with unique and unprecedented properties and functionality. Coupled with the 

advances in synthetic chemistry and characterization methods, structure and morphology 

determination and microscopy over the past decades, a more rigorous understanding of the 

structure at the molecular level, the self-assembly process and the intermolecular bonding was 

generated.[6] Today, a level of control over the self-assembly process at the molecular level is 

achieved which enables the control at the macroscopic level as well and facilitating the 

adjustment of bulk material properties.[5] The resulting structures cover biological and chemical 

as well as physical features greater than the single monomeric building block resulting in high 

complexity and novel functional properties.[3] As a highly interdisciplinary field, 

supramolecular chemistry bridges physical, chemical, biological and material science.[3,5] Some 

key areas where the supramolecular functional architectures make an important impact are 

applications such as membranes,[7] supramolecular nanoelectronics,[8] delivery agents,[5] 

sensors[9] and nucleating agents for semi-crystalline polymers.[10] Hence, till to date, 

supramolecular chemistry remains a field for generating novel functional materials.
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1.1 Hierar chical self-assembly 

 

Hierarchical self-assembly is a process of multilevel organization into complex structures that 

cover several length scales ranging from molecular to macroscopic scale.[4] These structures 

then serve as the foundational elements for constructing more intricate and multifunctional 

entities at subsequent level(s). Nature uses hierarchical self-assembly as fundamental concept 

to create such multilevel-organized structures with unique properties and functionality. 

Self-assembled biological structures can be as simple as the dimerization of two small building 

blocks driven by hydrogen bonding or as complicated as DNA, viruses and cell membranes 

being considered as supramolecular architectures.[4,11] One prominent example in natural living 

systems is the double-stranded DNA as schematically depicted in Figure 1-1 A.[12] The 

complementary nucleic base pairs (adenine and thymine, guanine and cytosine) held together 

via multiple hydrogen bonding (blue dashed lines) as shown in Figure 1-1 B. 

 

Figure 1-1. Double stranded DNA with complementary base pairing.  A: DNA double helix and  

B: complementary DNA nucleic base pairs adenine and thymine as well as guanine and cytosine with 

multiple hydrogen bonding (blue dashed lines). Figure adapted and reproduced with from Ref.[13] Copyright 

© 2008 Nature Education. 

Some other examples for multi-level organized hierarchical materials from nature are spider 

silk,[14] crustaceans,[14] wood,[14,15] human teeth (enamel)[16] or bone[14,17,18]. Figure 1-2 depicts 

some of these examples with hierarchical order from the nanoscale (< 100 nm) to the 

macroscale (> 0.1 mm). Functionality arises as a result of high level of organization and 

hierarchy on the macroscale. Complex structures in form of fibers, helicoids or layered walls 

are made of building blocks that self-assemble within the nanoscale which further aggregate to 

nanocrystals or fibrils on the next hierarchical level.  
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Figure 1-2. An overview of various hierarchical materials in nature and their assembled structures 

from the macroscale down to the nanoscale: Schematic representations of A: spider silk exhibits a multi-

hierarchical structure in which silk fibroin is the primary component. B: The scaffold of crustaceous 

exoskeletons contains chitin, which is organized hierarchically. C: Wood that exhibits a hierarchical 

structure, with a significant role played by cellulose nanocrystals. D: Bone has a hierarchical structure and is 

based on hydroxyapatite crystals and collagen protein. Figure adapted and reproduced with permission from 

Ref.[14] Copyright © 2018, American Chemical Society. 
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A different illustration of the hierarchical levels of human tissue such as tendons and bones 

with its length scale are schematically shown in Figure 1-3. Tissues are a multi-hierarchically 

ordered composite made of collagen and mineral nanoparticles.[15] On the first hierarchical level 

the amino acids as monomeric subunits are polymerized into peptide chains. Three peptide 

chains self-assemble and wind together, forming a triple helix arranged into the so called triple 

helical collagen molecule with lengths of about 300 nm. Collections of collagen molecules then 

aggregate both laterally and longitudinally to the next hierarchical level forming thin 

collagen fibrils with a uniform diameter of around 100 nm. However, in tissues like tendons, 

there is a wide-ranging distribution of fibril diameters, spanning from 100 to 500 nm. In bone 

tissue, the fibrils contain tiny hydroxyapatite crystals. These crystals provide the stiffness and 

resistance to compressive loads that are characteristic of bone tissue. The modified collagen 

fibrils further bundle into a complex collagen fiber morphology and finally made up the bone 

tissue resulting in the macroscopic level.[18] Due to the complex hierarchy, a broad range of 

mechanical functionalities are introduced which cannot be achieved just by a single collagen 

molecule alone.  

 

Figure 1-3. The hierarchical structure of collagen protein materials exhibiting several levels of 

organization. Each collagen molecule is composed of three peptide chains made of amino acids that wind 

together to form a triple helix with approximately 300 nm length. Collections of collagen molecules 

aggregate both laterally and longitudinally to form thin fibrils with a uniform diameter of around 100 nm. In 

tendons and ligaments, multiple fibrils come together to form a collagen fiber.[17,18] Figure adapted and 

reproduced with permission from Ref.[18] Copyright © 2011, American Chemical Society. 
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Figure 1-4 schematically illustrates the different levels of structural organization of 

polypeptides as macromolecular subunits, which are composed of amino acids as their smallest 

monomeric units. The amino acid sequence is the primary structure of a polypeptide chain 

(Figure 1-4 A). Electrostatic and hydrogen bonds between the N-H and the C=O groups of the 

amino acids lead to folding and twisting into a variety of shapes resulting in a secondary 

structure (Figure 1-4 B). The three-dimensional structure of a ɓ-polypeptide is shown as the 

tertiary structure of the protein (Figure 1-4 C). The tertiary structure is determined by the 

distribution of the substituents along the chain and their interactions with each other such as 

ionic interactions, sulfur bridges, van der Waals forces or hydrogen bonds.  

The quaternary structure is a complex of polypeptide chains in its tertiary structure and thus 

can be only found in proteins that have more than one polypeptide chain (Figure 1-4 D).[19] 

These non-covalent interactions are essential to achieve such a high level of organization and 

hierarchy in the final structure, which provides the function. 

 

 

Figure 1-4. The different levels of structural organization of proteins. A: Primary structure of a 

polypeptide chain consisting of amino acids building blocks. B: Secondary structure arises from hydrogen 

bonding and resulting in a variety of shapes. C: Tertiary structure depicted as three-dimensional structure of 

a ɓ-polypeptide and D: quaternary structure as a complex of several peptide chains. Figure adapted and 

reproduced with permission from Ref.[19] Copyright © 2024 Pearson Benelux B.V. 
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Another interesting example of a multi-hierarchical organization process is found with the 

dipeptide diphenylalanine as a low molecular weight building block (Figure 1-5 A).[20ï22] 

Diphenylalanine has been reported to self-assembles into various morphologies such as 

nanotubes,[23] nanofibers,[24] nanowires,[25] and hexagonal microtubes depending on the applied 

set of conditions during the self-assembly.[26] Yan et al.[26] investigated hierarchically structured 

diphenylalanine tubes by scanning electron microscopy and revealed the self-assembly and 

organization process of the diphenylalanine building blocks into the hexagonal microtubes as 

depicted in Figure 1-5. At the beginning, individual molecular building blocks (Figure 1-5 A) 

self-assemble into a hexagonal packing of six diphenylalanine molecules (Figure 1-5 B). 

Further hexagonal packing lead to the first stacking units which form the nanotube seeds (Figure 

1-5 C and D). Hexagonal packing of nanotubes is the beginning stage for the formation of the 

hexagonal microtubes (Figure 1-5 E). The self-organization of the nanotubes results in the final 

hierarchical structure of hexagonal microtubes (Figure 1-5 F). The hierarchical self-assembly 

covers several length scales from the monomeric building block to the resulting hexagonal 

microtube consisting of ordered nanotube arrays with long range order. These microtubes 

exhibit diameters in the order of micrometers and can reach several millimeters in length 

(Figure 1-5 G). A hexagonal cross-section (Figure 1-5 H) spanning several magnitudes of 

hierarchy is visible at a fractured tube in Figure 1-5 D. 
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Figure 1-5. Schematic formation of the self-assembly process of diphenylalanine into hexagonal 
microtubes. A: Diphenylalanine building block. B: First assembly of six diphenylalanine monomers into a 
hexagonal pattern. C and D: Further hexagonal packing into nanotube seeds. The panel C shows an enlarged 
view of the area in D indicated with a black rectangle. E and F: show the beginning stage and further 

spontaneously organization into hexagonal microtubes. G-I : Scanning electron microscopy micrographs of 
hexagonal diphenylalanine microtubes with H: higher magnification and I : as fractured tube. Figure adapted 
and reproduced with permission from Ref.[26] Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim 
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The resulting length scales from 1 Å to 1 mm and trough self-assembly into hierarchical 

structures are illustrated in Figure 1-6.[4,20] Here, the self-assembly into hierarchical structures 

starting from elementary amino acid molecules to secondary structures such as Ŭ-helix or ɓ-

sheets of peptides towards fibers and fiber bundles as well as oriented crystalline sheets is 

guided by several intermolecular interactions from short to long-range order.[20] The interplay 

and balance of different non-covalent interactions such as hydrogen-bonds, van-der-Waals 

interactions and electrostatic interactions as well as surface tension forces/dewetting determines 

the resulting overall hierarchical morphology into nanostructures such as the formation of 

nanofibers, nanoribbons or nanosheets.[21] The self-assembly of the peptides is typically 

spontaneous, rapidly and reproducible under given conditions. Moreover, by systematically 

varying the chemical structure, such as the size and nature of amino acids, fine-tuning of the 

self-assembling characteristics of the building blocks is possible and allow the preparation for 

a wide range of diverse nanostructures.[4] 

 

Figure 1-6. The intermolecular interactions involved in multiscale hierarchical self-assembly of 
peptides. Various intermolecular interactions play pivotal roles in the multiscale hierarchical self-assembly 

of peptides. These interactions serve distinct functions at different scales, starting from elementary molecules 
and progressing to secondary structures like ɓ-sheets and Ŭ-helices, then extending to fibers and tapes, fiber 
bundles, and even crystalline structures. Figure adapted and reproduced with permission from Ref.[4] 
Copyright © 2013 Wiley Periodicals, Inc. 
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1.2 Non-covalent interactions and fabrication techniques on different 

length scales 

The binding energies for covalent bonds can vary based on whether the element is bonding with 

itself, forming single, double, or triple bonds, or bonding with other elements, typically 

hydrogen or oxygen. For instance, a single carbon-carbon bond usually has a binding energy of 

346 kJ mol-1, while double and triple carbon-carbon bonds have binding energies of 

602 kJ mol-1and 835 kJ mol-1, respectively. In comparison, a single carbon-hydrogen bond has 

a binding energy of 411 kJ mol-1. For carbon-oxygen bonds, the binding energies are 

358 kJ mol-1for a single bond and 799 kJ mol-1 for a double bond.[27] Non-covalent interactions 

between individual molecules can be significantly weaker such as van-der-Waals binding 

energies are found to be below 5 kJ mol-1, however, ion-ion interactions such as in NaCl can 

reach higher binding energies up to 350 kJ mol-1.[6] Binding energies in hydrogen bonding 

depending on the properties of the hydrogen bonds such as lengths, strengths and geometries. 

Hydrogen bonds can be as strong as some covalent bonding energies (HF complexes) or as low 

as reported for hydrophobic effects (for example C-H···O).[28] Even though non-covalent 

interactions can be weaker than covalent bonds, in sufficient assembled number they can 

generate stable assemblies as demonstrated with the mentioned examples. The common 

non-covalent interactions involved in supramolecular chemistry are summarized in Table 1-1. 

 

Table 1-1. Non-covalent interactions with their binding energies 

involved in supramolecular chemistry.[6] 

Non-covalent interactions Binding energies (kJ mol-1) 

Ion-Ion 100-350 

Ion-Dipole 50-200 

Hydrogen bonding 4-120 

Dipole-Dipole 5-50 

-́  ́ 2-50 

Hydrophobic effects <5 

 

In addition, new technologies are able to fabricate structures achieving functions or properties 

similar to those found in biological materials. For example, techniques such as 3-D printing, 

layer-by-layer or self-assembly as shown in Figure 1-7, have enabled the fabrication of various 

complex structures such as artificial blood vessels (3-D printing), microporous scaffolds (layer-

by-layer), and DNA origami (self-assembly) covering length scales from nano-to 

macroscale.[29] 
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Figure 1-7. Fabrication techniques for different applications including 3-D printing, layer -by-layer and 

self-assembly covering length scales from nano-to macroscale. Figure adapted and reproduced with 

permission from Ref.[29] Copyright © 2023 Jingjiang Wei et al.. 

In summary, the presented examples for hierarchical structures from nature demonstrate that 

their multiple levels of organization and hierarchy contribute to the overall properties and 

functions. Nature provides crucial insights in utilizing supramolecular chemistry to also be 

applied to rational design of artificial molecular building blocks in terms of size, the molecular 

structure, geometry, orientation and strength of interactions.  

 

This knowledge is more frequently used in the scientific community to design new materials 

for various applications in engineering, materials science and biomimicry via supramolecular 

chemistry. Choosing an appropriate material system and suitable preparation methods enable 

the fabrication of artificial hierarchical structures. Despite the example of amino acids as small 

building blocks there exists a multitude of other building blocks being able to undergo 

self-assembly into hierarchically structured materials. For example, benzimidazole derivatives 

which self-assemble into nanofibers or microflower structures via metal-interactions,[30] 

3,5-dimethyl-4-iodopyrazole that shows self-assembly into fibrils, sheets and tubular fibers 

through hydrogen and halogen bonding[31] or perylene diimide derivatives forming multilayered 

nanobelts merely through ́- -́stacking.[32]  

 

Another well-established self-assembling system based on small building blocks is the class of 

1,3,5-benzenetrisamides (BTAs). These molecules are able to self-assembly into a variety of 

hierarchical structures depending on the molecular design and self-assembly parameters. This 

class represents the structural motif used within this thesis and is described in detail in the 

followi ng chapters. 
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1.3 1,3,5-benzenetrisamides a versatile class of supramolecular building 

blocks 

 

The class of 1,3,5-benzenetrisamides (BTAs) represents a prominent supramolecular motif as 

small building blocks capable to form hierarchical structures.[33ï37] Their molecular design will 

be explained in the following. The general chemical structure of such a BTA is depicted in 

Figure 1-8 and can be divided into three structural elements: i) a central core, ii)  amide linkages 

and iii)  the peripheral groups. The depicted BTA consists of a planar benzene ring as core and 

symmetrical substituted amide groups in 1, 3 and 5 position leading to a C3-symmetry. The 

amide groups enable directed hydrogen bonding resulting in threefold hydrogen bond 

strands.[35,37] However, the self-assembly behavior can be finetuned by changing the peripheral 

substituents. Due to the great variety of the possible peripheries (e.g. linear and branched alkyl 

chains of different length, chiral, chromophoric or polar and ionic substituents), the solubility 

in different media and thus self-assembly behavior can be adjusted concerning the desired 

supramolecular structures for different applications.  

 

 

Figure 1-8. Structural elements of 1,3,5-benzenetricaboxamides with  a C-centered amide connectivity. 

The central core provides symmetry and planarity, the amide groups are responsible for directed H-bonding 

and the 1-D self-assembly and the periphery allows to finetune the self-assembly and morphology of the 

supramolecular entities.   

Central core

Ásymmetry 

Áplanarity

Amide groups

Ádirected H-bonding 

Á1-D self-assembly

Periphery

Ádissolution 

Áfunctionality 
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There exist four basics structural variations of benzenetrisamides as depicted in Figure 1-9. the 

The amide linkages are either over the carbon atom of the C=O bond, so called C-centered or 

over the NH-bond so called N-centered or even a mixture of them to the benzene core. Coupled 

with variations in the periphery, a library of 1,3,5-benzenetricarboxamides became available 

making these motifs a versatile system in supramolecular chemistry. The trisamides used in this 

work are based on a benzene core with either N- or C-centered amide connectivity, thus the 

self-assembly behavior of these derivatives is described in more detail in the following chapters.  

 

 

Figure 1-9. Molecular structures of tri samides with variation in their amide connectivity.  

A: 1,3,5-benzenetricarboxamide with all C-centered amide connectivity, annotated as CCC.  

B: 1,3,5-benzenetrisamide with two C-centered and one N-centered amide connectivity (CCN).  

C: 1,3,5-benzenetrisamide with one C-centered and two N-centered amide connectivity (CNN).  

D: 1,3,5-benzenetrisamide with all N-centered amide connectivity, annotated as NNN. Blue marked amid 

linkages represent the N-centered amide connectives.  

In addition, there exists another structural variation using a cyclohexane ring as core.[38ï40] 

These molecules typically feature less solubility in polar solvents. Thus, they are not further 

described in detail in this thesis.  

  

CCC CCN

CNNNNN

A B

C D
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The ability of BTAs to self-assemble arises from the formation of a threefold intermolecular 

hydrogen bonding helix as schematically shown in Figure 1-10.[37] One BTA molecule is 

considered as a molecular building block. The molecular building blocks start to self-assemble 

and can form supramolecular stacks which can be considered as columnar aggregates. The self-

assembly into such columnar aggregates has been revealed by crystallographic structure 

analysis[41ï44] and experimental studies on their self-assembly behavior.[45ï48] As a result of the 

columnar self-assembly of the triple hydrogen bonding per molecule BTA a directional 

alignment of the polar NH and C=O bonds takes place creating a macrodipole (µ) along the 

columnar axis.[39,40,49,50] 

 

Figure 1-10. Schematic illustration of supramolecular columnar aggregates. BTA with C-centered amide 
connectivity and its self-assembled structure driven by the formation of a threefold intermolecular hydrogen 

bonding helix. Figure adapted and reproduced with permission from Ref.[37] Copyright © Royal Society of 
Chemistry 2012. 

 

In detail, the supramolecular building block itself is planar as schematically shown in Figure 

1-11 A. Due to the formation of the intermolecular triple hydrogen bonding helix in an 

oligomer, the amide and carbonyl linkages start to orient themselves resulting in a dipole 

moment which adds up to a macrodipole (µ) as schematically described in Figure 1-11 B. The 

addition of building blocks to the stack has been proven to be favorable with each monomer 

added showing a positive cooperativity among hydrogen bonds.[39] The total dipole moment of 

the stack increases with growing stack size. However, if two columns arrange, they prefer an 

anti-parallel alignment, i.e. opposite direction of the macrodipole. This is shown in Figure 

1-11 C where two stacks of BTA are depicted in a space-filling model view in an antiparallel 

orientation due to the electrostatic interactions. The black and white hexagons indicate the 

macrodipole direction with either up or down. The steric restraints of the peripheral groups of 

a BTA influence the arrangement of the stacks and thus having an impact on the macrodipole 

interaction. An example is shown in Figure 1-11 D of seven stacks in a hexagonal rod 

packing.[50] This packing of neighboring columns for BTAs offers dense packing favorable for 

van der Waals forces.[51] However, in such a hexagonal rod packing it is not possible to achieve 
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an antiparallel alignment of all macrodipoles as exemplarily shown with the black, white and 

grey hexagons. As a consequence, the macrodipole interaction between the stacks becomes 

frustrated relative to their nearest neighbor resulting in a reduced impact of the macrodipole 

interaction in the lattice energy and increased impact of the steric restraints.[50]  

 

Figure 1-11. Schematic presentation of the dipole formation of BTA stacks and the resulting geometric 

frustration. A: Chemical structure of a BTA with tert-butyl moieties. B: Left: a columnar stack with six 

BTA molecules showing hydrogen bonding (dotted lines). The gray arrow indicates the macrodipole µ. Right: 

space-filling model of the same stack. C: Two stacks of BTA depicted in space-filling model view in an 

antiparallel orientation. The black and white hexagons indicate the macrodipole direction. D: Display of the 

geometric frustration arising from seven stacks in a hexagonal rod packing. Figure adapted and reproduced 

with permission from Ref.[50] © 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA.   
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1.4 Self-assembly of 1,3,5-benzenetrisamides  

 

To achieve desired supramolecular structures and morphology of BTAs from self-assembly one 

has to consider several parameters which influence the self-assembly process that are: i) the 

molecular structure, ii)  the selected medium, iii) the concentration and temperature and iv) the 

applied self-assembly method (Figure 1-12). For example, for a given molecular structure, the 

medium such as the choice of the right solvent, the right concentration and temperature 

determine the solubility. Suitable self-assembly methods will determine and allow for the 

preparation of tailored self-assembled structures and to control the dimensions and shape. Thus, 

for a given application each BTA has an own processing window and set of conditions for its 

self-assembly. The different influencing parameters are discussed in detail in the following. 

 

 

Figure 1-12. Parameter that influence the solution-based self-assembly of BTAs. The interplay of the 

molecular structure, medium, concentration and temperature and self-assembly methods influences the 

self-assembly of BTAs into supramolecular structures. Source: University of Bayreuth, Macromolecular 

Chemistry I. 

i) Molecular structure:  

The molecular structure of the BTA, i.e. the core (benzene or cyclohexane based), the amide 

connectivity (C- or N-centered) and the periphery strongly determines the crystal packing and 

thus the self-assembled structures. For example, the difference of a benzene or cyclohexane 

core has a significant influence on the disc-to-disc distance as well as the hydrogen bonding in 

the self-assembled stacks. The molecules with a cyclohexane core, which is more flexible, will 

stack with a disc distance of 0.47 nm.[38] As described in literature, the three carbonyl groups 

can easily align parallel to each other and perpendicular to the cyclohexane ring. This 

conformation allows the three carbonyl oxygens ideally positioned to interact with the three 

NH-groups of the adjacent molecule and thus almost linear hydrogen bonds are formed.[41,44] 

Due to the linear hydrogen bonding pattern, the peripheral groups have enough space to be 

stacked on top of each other. In contrast to that, tricarboxamides with a planar benzene core 
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usually stack with a disc distance of 0.347 nm being one third smaller than the cyclohexane 

core derivatives.[38,39,43,52] This is reflected directly in the stacking of such BTA derivatives.  

A twist angle of 60° is observed between consecutive discs resulting in an out-of-plane rotation 

of the amide groups and consequently building a helix of threefold hydrogen bond strands.[46,52] 

 

The next molecular structure element to be discussed is the arrangement of the amide linkages, 

i.e. the amide connectivity, which can either C- or N-centered (or a mixture). The pattern of the 

amide connectivity has an influence on the strength and direction of the hydrogen bonding and 

thus, directly on the self-assembly.[37] Regardless the connectivity and the resulting different 

symmetry, the threefold hydrogen bonding is always formed. Regarding amide connectivity for 

BTA derivatives, N-centered connectivity leads to more planarized carbonyl groups. The 

intermolecular hydrogen bonds exhibit a larger distance indicating a lower strength resulting to 

an overall reduced macrodipole. This further leads to weakened macrodipole-macrodipole 

interactions between two stacks and predominantly grow in one direction (long axis).[39] This 

phenomenon is observed regardless the amount of N-centered amide connectivity (only one, 

two or all three amide groups) however the effect becomes more pronounced with each shift 

toward more N-centered connectivity. Conversely, when all three amide groups are in a 

C-centered connection, a significant macrodipole is established.[39,50] 

 

The last component of the molecular structure ï the periphery- can be either used to introduce 

functionality (such as favorable groups for nanoparticle adsorption[53,54]) or moieties which will 

react to external triggers such as pH-change,[52,55ï58] temperature[59,60] or light.[61] Moieties 

reported in literature are versatile ranging from length and size, e.g. linear and branched 

alkyl,[46,62] aryl,[33,52,63,64] pyridyl,[55,65] triphenyl[66] as well as amino acid,[48,67ï70] peptide[71,72] 

to benzo crown ethers[59] and many more.[60,73ï76] Studies about the crystal packing of short 

aliphatic chains such as R = methyl,[77] R = ethyl[78] or R = propyl[78] show sheet-like hydrogen 

bond patterns or three-dimensional networks instead of columnar stacking.  

However, introducing larger groups ( n Ó 4) with higher sterically hindrance lead to columnar 

stacking.[41ï43,67] Larger aliphatic peripheral groups rather influence the macrodipole along the 

axis, however contribute to the macrodipole-macrodipole interactions between two columnar 

stacks. The larger distance between two stacks will eventually weakened the interactions and 

leading to a predominantly grow along the axis resulting in long fibers rather than thick ones.[39] 

Long and flexible peripheral groups often resulting in liquid crystalline behavior.[38,62,79] 
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ii) Medium: 

The choice of the medium is crucial for the self-assembly process and can lead to a variety of 

supramolecular structures differing in dimensions and shape for the same molecular building 

block. For example, self-assembly in bulk of BTAs is studied and mostly liquid crystalline 

behavior is observed if the BTAs are meltable.[38,62,79] Changing towards solvents the BTAs 

show selective solubilities (in dependence of concentration, temperature and polarity of the 

solvent) which can be used to finetune self-assembly in solution. Many groups report BTA 

gelation either from water[58ï60,80] and water mixtures[81ï83] or from organic solvents[54,64,77,84-86]. 

Self-assembly into fibrous structures from different kind of solvents are observed for various 

BTA derivatives, specific examples are given in the next chapters.[60,69,73,87ï93] Further research 

dealt with the self-assembly in polymer melts resulting in self-assembly into fibrous structures 

and thus nucleation in the polymer melt.[10,42,74] Mostly, the different applications dictate in 

which media the BTAs are self-assembled.  

 

iii)  Concentration and temperature:  

For a given BTA the concentration and temperature play an important role to control the 

dimensions and shape of the supramolecular structures and governs the solubility of the BTA 

in a given solvent. The concentration has an impact on the size of the self-assembled 

hierarchical structures. At higher concentrations, the more likely bundling and formation of 

larger aggregates is observed followed by gel formation and solid as a function of 

concentration.[46] Due to the dependence of temperature and concentration on the solubility in 

a given solvent, there exists a phase diagram (temperature vs. concentration) for BTAs and the 

selected solvent, showing either too good solubility (no self-assembly in the concentration 

range), self-assembly in the right window or only partial solubility. With this knowledge, the 

self-assembly and dimensions and shape of the hierarchical structures can be controlled and 

tuned in a reversible and highly reproducible manner. More details are described later in the 

section a) Self-assembly in solution at a constant concentration. 

 

iv) Self-assembly methods:  

The self-assembly methods (Figure 1-13) have also am influence on the dimensions and shape 

of the resulting supramolecular structures. Common methods for the preparation of 

supramolecular structures are: self-assembly in a given medium at a constant concentration, 

self-assembly upon solvent evaporation, self-assembly in solvent mixtures or stimuli responsive 

self-assembly (pH change or light) to name a few. For example, using self-assembly in solution 
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at constant concentration is mainly governed by processing parameters such as the stirring and 

temperature profile. Here constant stirring at a defined stirring rate in a solution result in a more 

homogenous distribution of the fiber diameter. Thinner fibers can be generated by applying a 

higher stirring rate. The temperature profile plays a significant role, too. Using the same reactor, 

cooling profile and stirring eventually lead to a high reproducibility of the obtained fibrous 

structures.[90,94] These methods can be considered as one tool to achieve a dedicated dimensions 

and shape of the supramolecular structures and thus, functionality and application. The different 

self-assembly methods and the resulting hierarchical structures will be described in more detail 

in the upcoming chapters.  

 

Figure 1-13. Different self-assembly methods. These self-assembly methods can be considered as tools to 

prepare dedicated dimensions and shapes of 1,3,5-benzenetrisamides.  

 

To summarize, the self-assembly behavior in bulk or the solubility and self-assembly of a 

molecule in a specific medium is determined by the combination of its structural elements and 

the final molecular structure. Consequently, each BTA exhibits a unique processing window 

influenced by the interplay of molecular structure, solvent, concentration, temperature, and 

self-assembly methods. Thorough investigations of these combinations are required to achieve 

tailored functional materials and to control the dimensions and shape of the resulting 

supramolecular structures. 

 

In the following a) self-assembly in solution at a constant concentration, b) self-assembly in 

solvent mixtures, c) self-assembly during solvent evaporation and d) stimuli responsive self-

assembly triggered by pH change will be discussed. For each method examples from literature 

will be given.   
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a) Self-assembly in solution at a constant concentration 

One typical solution-based self-assembly process of 1,3,5-benzenetrisamides into 

supramolecular fibers at a constant concentration is depicted in Figure 1-14 (A). The process is 

dependent on the change in temperature, concentration and the solubility of the BTA in the 

given solvent. Starting from the molecularly dissolved state (a1), the initiation of self-assembly 

occurs upon cooling leading to the formation of supramolecular fibers (a2) held together by 

hydrogen bonding. Figure 1-14 B depicts the hierarchical level of the formed supramolecular 

fibers (b1) composed of fiber bundles with dimensions of > 0.1 µm (b2). The fiber bundles are 

made of single BTA molecules which feature a columnar arrangement with typical dimensions 

ranging from 1-3 nm (b3), depending on the peripheral substituents of the utilized BTA. The 

supramolecular fibers can exhibit various dimensions (e.g. aspect ratios) and shapes, contingent 

on the molecular structure and self-assembly conditions. 

 

Figure 1-14. Schematic presentation of the formation process of supramolecular fibers from solution 

at a constant concentration. A: Self-assembly process from dissolved BTA towards supramolecular fibers 

upon cooling with the depiction of a1: Complete molecularly dissolved BTA molecules (red dots) in a 

selective solvent (blue dots) at elevated temperatures (T1) and a2: initiation of hierarchical self-assembly and 

the creation of supramolecular fibers upon cooling (T2). B: The resulting hierarchical supramolecular fibers 

(b1) are composed of b2: supramolecular fiber bundles which further consists of b3: a columnar arrangement 

of the single BTA molecules. Source: Macromolecular Chemistry I, University of Bayreuth. 
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Due to the dependency on concentration and temperature, one can generate a phase diagram for 

a selected BTA and solvent. The phase diagram of a BTA can be divided into three important 

regions that are caused by the solubility of the BTA molecules at constant concentration. Such 

a phase diagram is schematically depicted in Figure 1-15. 

 

 

Figure 1-15. Schematic representation of the self-assembly process of 1,3,5-benzenetrisamides in 

solution at constant concentration. Self-assembly in solution at constant concentration with A: Complete 

molecularly dissolved BTA molecules (red dots) in a selective solvent (blue dots) at elevated temperatures 

and B: hierarchical self-assembly and creation of supramolecular fibers upon cooling. The phase diagram 

exhibit three regions: Region I: BTA completely soluble, Region II: BTA self-assembly and Region III: BTA 

not completely soluble even at elevated temperatures. The end concentration of X wt.% is a variable 

depending on the selected BTA/solvent system. Source: Macromolecular Chemistry I, University of 

Bayreuth.  
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Region I: Region I refer to BTA completely soluble. The BTA molecules (red dots) are 

completely dissolved at the molecular level in the solvent (blue dots) and no 

self-assembly occurs in the region I as depicted in Figure 1-15 A. The relationship 

between temperature and concentration affecting the solubility is illustrated by the 

red dotted line. At low concentrations, the BTA remains molecularly dissolved 

even at room temperature.  

 

Region II: Region II refer to BTA self-assembly. This region represents the right conditions 

of temperature and concentration to reproducible self-assemble BTA molecules 

to supramolecular fibers. During the process the concentration remains constant. 

Consequently, self-assembly is only induced through a change in temperature. An 

example is shown in Figure 1-15 A where the BTA is molecularly dissolved at 

elevated temperatures at a given concentration thus being in Region I. Subsequent 

cooling of the molecularly dissolved solution causes a decrease in the BTA 

solubility, the red line is crossed resulting in supersaturation. At this point, the 

self-assembly starts and supramolecular aggregates are formed via hydrogen 

bonding. The resulting suspension of supramolecular fibers in the selective 

solvent is shown in Figure 1-15 B. Thus, Region II ï BTA self-assembly can be 

achieved by crossing the solubility line in the phase diagram.  

 

Region III: Region III refer to BTA not completely soluble even at elevated temperatures. This 

region is characterized by a higher concentration of BTA molecules and here the 

BTA is not entirely soluble anymore at elevated temperatures. Self-assembly may 

occur upon cooling the solution, because not dissolved BTAs are still present in 

the solution, acting as nuclei and trigger further growth. This results in a mixture 

of bulk material and supramolecular fibers. Thus, even if self-assembly occurs, 

the region (grey) is considered as not completely soluble as a whole. This 

solubility limit is often restricted by the boiling points of the used solvents and 

depends on the selected BTA.  
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Self-assembly in solution at constant concentration has been used widely and several groups 

reported their work on systems that are triggered by solubility changes upon cooling. In the 

following literature examples of BTA derivatives in pure organic solvents and water are 

described using the temperature change as trigger.[37,46,85,95,96] BTA motifs have been 

extensively studied in organic solvents being able to form also gels consisting of a network of 

fibrous assemblies.[64,70,73,84ï86,97] Similarly, Kumar et al.[85] investigated a BTA derivative 

bearing Ӧ-phenylalanine as substituent being able to form an organogel in toluene or xylene 

upon cooling the molecularly dissolved solution from elevated temperatures. The chemical 

structure of the BTA derivative is depicted in Figure 1-16 A. The morphology of the xerogel 

from toluene reveals entangled fibers (Figure 1-16 B) with a twisted morphology of the 

individual fiber bundles (Figure 1-16 C).  

 

 

Figure 1-16. Self-assembly behavior of ᾛ-phenylalanine substituted BTA derivative in organic solvents.  

A: Chemical structure of the ᾛ-phenylalanine substituted BTA derivative and B: scanning electron 

microscopy images as xerogel showing entangled fibers and C: the twisted morphology of the supramolecular 

fibers. Figure adapted and reproduced with permission from Ref.[85] Copyright ©The Royal Society of 

Chemistry 2021. 

For example, Paikar et al.[70] reported a BTA derivative containing ɔ-aminobutyric acid which 

self-assembles into an organogel in xylene or toluene due to an entangled supramolecular fiber 

network after heating, subsequent cooling and ageing the solution at room temperature.  

 

Other groups focus on self-assembly in aqueous media. For example, the group Meijer designed 

water soluble BTA derivatives with ethylene glycol motifs in the periphery that form micrometer 

sized supramolecular fibrillar aggregates. Minimal changes in molecular structures caused 

significant changes in the internal packing of the aggregates.[93] The work of the group of 

Palmans and a lot of work together with Meijer was published aiming to understand the 

self-assembly behavior of BTAs in aqueous solution.[98ï102] In general, water-solubility can be 

achieved by introducing polar sidegroups into the BTA structure with aliphatic chains as 
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shielding units for the central hydrogen bonding groups. The systematic investigation from 

Besenius et al.[48] showed that the larger the hydrophobic spacer between the amide groups and 

the polar sidegroups, the stronger the aggregation of BTAs in aqueous media. This is caused by 

a more effective shielding of the amide groups from water molecules. Another example is given 

by Huang et al.[92] who investigated BTA derivative with sulfonic acid headgroups regarding 

the formation of structures in water with varying concentrations. They found that with 

increasing concentration, the molecules assemble first into stable clusters of seven molecules 

followed by the formation of robust columns and final arrangement into nanofibers. Increasing 

the concentration further led to microfibers and fiber bundles.  

 

In our group, self-assembly in solution at constant concentration has been investigated for 

example by Frank et al.[54,60] Here, a BTA derivative bearing peripheral tertiary 

N,N-diethylethylamino substituents shows water-solubility up to 10 wt.% at room temperature. 

However, a special self-assembly behavior was observed. Heating the molecularly dissolved 

solution at room temperature resulted in clouding of the sample and reversible self-assembly 

into microtubes. Another derivative of this family, namely the N,N-diisopropylethylamino 

substituted BTA derivative (iPr-BTA) shows poor water solubility of 0.01 wt.%, however 

self-assembly in solution at constant concentration in 2-propanol is observed for various 

concentrations as depicted in Figure 1-17. Evolution of cloud and clearing points of iPr-BTA 

in 2-propanol reveal three distinct regions as shown in Figure 1-17 A. In region I the iPr-BTA 

remains dissolved at low concentrations within the investigated temperature range. In region II  

the concentration increases and the iPr-BTA forms a gel upon cooling and fully dissolves upon 

heating. In region III the iPr-BTA is not completely soluble anymore at higher concentrations. 

An example of the shape and dimensions of the self-assembled structures is shown in Figure 

1-17 B. The scanning electron microscope micrograph reveals long, uniform supramolecular 

nanofibers with a diameters of about 320 nm.[54]  
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Figure 1-17. Self-assembly process of N,N-diisopropylethylamino substituted BTA derivative 

(iPr-BTA) in solution at constant concentration and corresponding supramolecular strucures.  

A: Evolution of cloud and clearing points of iPr-BTA in 2-propanol. Three distinct regions are present. In 

region I at low concentrations up to 0.75 wt.% the iPr-BTA remains dissolved within the investigated 

temperature range. As the concentration increases the iPr-BTA forms a gel upon cooling and fully dissolves 

upon heating (region II). At very high concentrations the iPr-BTA is not completely soluble even at elevated 

temperatures (region III) . B: A scanning electron microscope micrograph of a dried gel from a 2.0 wt.% 

solution of iPr-BTA reveals long, uniform supramolecular nanofibers with a diameter of approximately 

320 nm for the single fibers. Figure adapted and reproduced with permission from Ref.[54] Copyright © 2022 

The Authors. Macromolecular Rapid Communications published by Wiley VCH GmbH. 

 

b) Self-assembly in solvent mixtures 

Despite the BTA derivatives that are able to form nano- or microfibers in single organic 

solvents, research interest concerns BTA derivatives that self-assemble in solvent mixtures. For 

example, organic solvents with addition of water with the aim to reduce solubility and allow 

self-assembly.[64,73,97,103]  

 

For instance, adding small amounts of the anti-solvent leads to instantaneous gelation and is 

reported for a Ӧ-glutamic acid based BTA derivative as shown by Cao et al.[73] While gelation 

in pure organic solvents were obtained within 2 h, gelation took place within seconds when 

certain amount of the anti-solvent (water) is added to an acetone, dimethyl sulfoxide (DMSO) 

or dimethylformamide (DMF) solution. Tubular structures with a hexagonal cross-section of 

nano- and micrometer size were revealed by electron microscopy after removing the solvent.  

 



 Introduction   

 

31 

 

Furthermore, Nagajaran and Pedireddi[64] prepared N,Nǋ,Nǌ-tris-(4-alkylphenyl)-1,3,5-

benzenetricarboxamide derivatives with varying length of the alkyl chain from methyl to butyl. 

The gelation ability of these derivatives was investigated in DMSO. Despite the butyl 

substituted BTA, all derivatives show gelation in DMSO within 96 hours and a fibrous 

morphology revealed by investigations from the xerogels. The addition of a small amount of 

water rapidly accelerated the gel formation within seconds.  

 

On the other hand the aqueous solution can be the main part and the organic solvent are co-

solvents.[65,83,90,104] as shown by Palmans et al.[65] who investigated BTAs with pyridyl 

substituents and their ability to form hydrogels in mixtures of water with MeOH, EtOH, DMSO 

or DMF upon cooling. Hexagonal hollow shaped microtubes have been reported from a BTA 

derivative with pyridyl substituents in H2O-THF solutions. During the self-assembly into 

microtubes, they observed a gel like state. If the BTA concentration is increased, larger tubes 

have been observed.[83]  

 

 

Figure 1-18. Self-assembly behavior of a pyridyl substituted BTA derivative in a solvent mixture 

H2O-THF. A: Chemical structure of the ᾛ-phenylalanine substituted BTA derivative and B and C: scanning 

electron microscopy images of the hexagonal microtubes obtained in the solvent mixture of H2O-THF. Figure 

adapted and reproduced with permission from Ref.[83] Copyright © The Royal Society of Chemistry and the 

Centre National de la Recherche Scientifique 2008. 
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c) Self-assembly during solvent evaporation 

Another method of a self-assembly process into fibrous structures involves the self-assembly 

triggered during solvent evaporation. In this process, the BTA molecules (red dots) need to be 

molecularly dissolved in the solvent (blue dots) as depicted in Figure 1-19 A. Experimentally 

this is typically achieved by heating the BTA solution. For lower concentrations the molecularly 

dissolved state can be achieved without heating. The self-assembly can be induced in two 

different process routes:  

 

Process route 1: Cooling a molecularly dissolved solution from elevated temperatures to room 

temperature and subsequent solvent evaporation 

 

The phase diagram of process route 1 is schematically shown in Figure 1-19 with three regions 

and four states (Figure 1-19 A-D). In region I of the self-assembly phase diagram, namely BTA 

completely soluble, the solution remains molecularly dissolved as depicted in Figure 1-19 A. 

The subsequent step involves the crossing of the red solubility line in the phase diagram from 

region I to region II ï initiating the BTA self-assembly. For this, the solution is dropped onto a 

substrate at room temperature, allowing the solvent to evaporate. During evaporation of the 

solvent, the concentration locally increases resulting in a crossing of the solubility line due to 

supersaturation of the solution and thus initiation of the self-assembly. Coexistence of solvent 

and fibrous structures can be observed (Figure 1-19 B). Further drying (Figure 1-19 C) resulting 

in 100 % completely dried supramolecular fibers (Figure 1-19 D). Region III of the 

self-assembly phase diagram represents the condition namely BTA not completely soluble even 

at elevated temperatures. Upon cooling from this region, the solubilized BTA molecules will 

self-assemble resulting in a mixture of bulk and self-assembled structures. However, region III 

is not relevant for this process route as typically lower concentrations are selected. 
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Figure 1-19. Schematic representation of the self-assembly process of 1,3,5-benzenetrisamides (BTAs) 

for solvent evaporation. A: Complete molecularly dissolved BTA molecules (red dots) in a selective solvent 

(blue dots) at room temperature at constant concentration. B: Solvent evaporation resulting in a crossing of 

the red solubility line and subsequent self-assembly. Supramolecular fibers are illustrated in red coexisting 

with remaining solvent illustrated as blue dots. C: Further drying of the solvent. D: Complete solvent 

evaporation results in dried supramolecular fibers. The phase diagram exhibit three regions: Region I: BTA 

completely soluble, Region II: the BTA self-assembly and Region III: BTA not completely soluble even at 

elevated temperatures. Source: Macromolecular Chemistry I, University of Bayreuth. 

Process route 2: Simultaneous cooling and solvent evaporation of a molecularly dissolved 

solution from elevated temperatures. 

 

The second process route as depicted in Figure 1-20  begins with the same initial state as process 

route 1ð a molecularly dissolved solution here at an elevated temperature (Figure 1-20 A). 

Simultaneous cooling and solvent evaporation occur in the next step, causing the crossing of 

the solubility line from region I to II at higher temperatures than room temperature. This has 

the advantage that higher BTA concentrations can be achieved and that the evaporation of the 

solvent is faster. This simultaneous process also leads to a supersaturation in the drying solution 

and consequently to self-assembly, resulting in fibrous assemblies (Figure 1-20 B) with further 

drying (Figure 1-20 C) and resulting ultimately in the dried supramolecular fibers (Figure 

1-20 D).  
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Figure 1-20. Schematic representation of the self-assembly process of 1,3,5-benzenetrisamides (BTAs) 

for simultaneous cooling and solvent evaporation. A: Complete molecularly dissolved BTA molecules 

(red dots) in a selective solvent (blue dots) at elevated temperatures and B: Supramolecular fibers (red lines) 

coexisting with remaining solvent (blue dots) after simultaneous cooling and solvent evaporation. C: State 

after further drying. D: Complete solvent evaporation results in dried supramolecular fibers. The phase 

diagram exhibit three regions: Region I: BTA completely soluble, Region II : the BTA self-assembly and 

Region III: BTA not completely soluble at elevated temperatures. Source: Macromolecular Chemistry I, 

University of Bayreuth.  

The difference between the first and the second process route lies in the resulting fibers, which 

are illustrated as the same in the figures, however may differ in their dimensions and shape 

depending of the used BTA. Both routes can be employed in combination with any substrate or 

porous system, thus open the way for different outcomes and morphological variations.  

 

Self-assembly upon solvent-evaporation is often used to create self-assembled structures either 

on simple flat substrates or more advanced porous substrates such as nonwovens. An example 

for supramolecular structures from solvent evaporation prepared via the first process route is 

shown in Figure 1-21. The molecular structure of the used BTA derivative N, Nô, Nôô-tris(3-

methylpyridyl)-trimesic amide is depicted in Figure 1-21 A. The supramolecular structures are 

formed via solvent evaporation from the solvent THF on a glass slide. The self-assembled 

structures feature a hexagonal hollow fiber morphology as shown in the SEM images in Figure 

1-21 B and C.[83]  
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Figure 1-21. Example of supramolecular structures prepared during solvent evaporation. A: Molecular 

structure of the BTA derivative N, Nô, Nôô-tris(3-methylpyridyl)-trimesic amide. B: Scanning electron 

microscopy images of the supramolecular structures obtained by self-assembly via solvent evaporation from 

a drop of the BTA THF solution on a glass slide. C: magnification of the self-assembled structure. Figure 

adapted and reproduced with permission from Ref.[83] Copyright © The Royal Society of Chemistry and the 

Centre National de la Recherche Scientifique 2008. 

An example of self-assembly via simultaneous cooling and solvent evaporation can be given 

from our group. Misslitz et al.[105] investigated for the first time the self-assembly behavior of 

the BTA derivative N, Nô, Nôô- tris(2-ethylhexyl)-1,3,5-benzenetricarboxamide in a porous 

substrate of viscose/polyester nonwoven. The molecular structure of the used BTA is depicted 

in Figure 1-22 A and the corresponding self-assembled structures prepared from different 

concentrations in Figure 1-22 B, C and D. Here the simultaneous cooling and solvent 

evaporation within the nonwoven microfibers results in a nanofiber-microfiber composite.[105] 

Using different concentrations of the initial BTA solution prior solvent evaporation led to 

different density of BTA fibers within the nonwoven demonstrating the importance of 

concentration and the self-assembly conditions with respect to the final structure. 

 

Figure 1-22. Example of supramolecular structures prepared via solvent evaporation method 2 

(simultaneous cooling and solvent evaporation). A: Molecular structure of the BTA derivative 

N, Nô, Nôô- tris(2-ethylhexyl)-1,3,5-benzenetricarboxamide. B-D: Scanning electron microscopy images of 

self-assembled BTA fibers within a viscose/polyester nonwoven from solvent evaporation of a B: 0.4 wt.%, 

C: 0.6 wt.%, and D: 1.0 wt.% 2-butanone solution, respectively. Figure adapted and reproduced with 

permission from Ref.[105] Copyright © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.  
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d) Stimuli responsive self-assembly triggered by pH change 

 

Using the external trigger of pH-change has been used by different groups to achieve 

supramolecular structures from aqueous solution where a temperature/concentration change is 

not sufficient to induce self-assembly.[52,55ï58,72] For instance, VandenBerg et al.[72] present an 

BTA with glutamic acid residues that are sensitive to pH change and form supramolecular 

structures which vary according to the rate of pH stimulus alteration. The molecular structure 

of the BTA is depicted in Figure 1-23 A. The initial stage of sample growth triggered by HCl, 

exhibits a thick and branching fibrillar nanomorphology is shown in Figure 1-23 B. After one 

hour the sample is composed of a dense network with thick fibrillar bundles (Figure 1-23 C).[72] 

 

 

Figure 1-23. Example of a pH responsive BTA structure and resulting self-assembly. A: Molecular 

structure of the BTA derivative with glutamic acid residues. B: Transmission scanning electron microscopy 

image from the initial stage of sample growth triggered by HCl, exhibiting a thick and branching fibrillar 

nanomorphology. C: Scanning electron microscopy image after 1 hour depicts a dense network composed of 

thick fibrillar bundles. Figure adapted and reproduced with permission from Ref.[72] Copyright © 2020 

American Chemical Society. 

Ionic self-assembly of BTAs with sulfonic acid peripheral groups has been observed by 

Iwan et al.[106] Here the resulting structures are supramolecular aggregations in form of 

spherulite-like or feather-like morphologies.  

 

Other work focused on BTA derivatives with sodium carboxylate peripheral groups which 

exhibits liquid crystalline properties in solution. The ionic BTA derivatives self-assemble into 

cylinder assemblies in aqueous solutions and by addition of glucono-delta-lactone.[80,88,107,108]  

A similar BTA derivative N, Nǋ, Nǋǋ-tris(4-carboxyphenylene)-1,3,5-benzenetricarboxamide has 

been investigated in our group by Bernet et al.[52] who used the pH-sensitivity of the molecule 

to induce self-assembly into a photoluminescent supramolecular hydrogel by addition of the 

acid glucono-delta-lactone.  
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Figure 1-24. Formation of supramolecular chromophores from BTAs. A: Chemical structure of the BTA 

derivative N, Nǋ, Nǋǋ-tris(4-carboxyphenylene)-1,3,5-benzenetricarboxamide. B: Photographs of the hydrogel 

samples of aqueous BTA solution with a) before and b to g) after addition of glucono-delta-lactone. Figure 

adapted and reproduced with permission from Ref. [52]Copyright ª The Royal Society of Chemistry 2012. 

In a collaboration work with Helfricht et al.[56] from the physical department the feature of 

reversibility of the supramolecular hydrogel is used to pattern the specific BTA. Once the film 

is formed, it can be locally dissolved under alkaline conditions. By a combination of atomic 

force microscopy (AFM) and nanofluidics ï so called FluidFM, ñchemical writingò into the 

hydrogel is achieved by dissolving the supramolecular structures. In detail, the BTA hydrogel 

can be locally dissolved when an alkaline solution is ejected through the aperture of a hollow 

AFM-cantilever which is connected to a nanofluidic controller. The chemical writing and the 

resulting writing lines are depicted in Figure 1-25. 

 

Figure 1-25. Chemical writing into BTA hydrogel films.  A: Schematic illustration of the chemical writing 

with the FluidFM by selectively dissolving BTA films. B: Resulting line patterns after the chemical writing 

into the BTA hydrogel. Figure adapted and reproduced with permission from Ref.[56] Copyright © 2017 

Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim  
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The formation of the hydrogel was then further intensively studies by Raßmann et al.[57] For 

this an in-situ nano-indentation technique was developed that was integrated in an 

electrochemistry AFM fluid cell and allowed for the deposition of the BTA hydrogel on a 

conductive layer within seconds. The film thickness is a function of the BTA concentration, the 

applied potential and the gelation time. The BTA film formation is illustrated in Figure 1-26. 

The process, also referred to as electrogelation, relies on a localized change in pH resulting 

from the electrolysis of water at the electrode. The protonation of the BTA sodium salt depicted 

in Figure 1-26 A induces the self-assembly into supramolecular fibrous hydrogel. Figure 1-26 B 

illustrates the self-assembly of the BTA into a hydrogel induced by local acidification in the 

vicinity of the working electrode in a three-electrode electrochemical setup. The local decrease 

in pH results from proton generation by the oxygen evolution reaction at the working 

electrode.[57] 

 

 

Figure 1-26. Electrogelation process of the BTA derivative N, Nǋ, Nǋǋ-tris(4-carboxyphenylene)-1,3,5-

benzenetricarboxamide into a fibrous hydrogel. A: The three carboxyl groups of the soluble trisodium 

salt of the BTA derivative (NaBTA) undergo protonation under acidic conditions. The protonated BTA 

molecules assemble into a fibrous hydrogel. The assembly process can be reversed by shifting the pH back 

to the alkaline regime. B: The assembly of the BTA into a hydrogel can be induced by local acidification in 

the vicinity of the working electrode in a three-electrode electrochemical setup. The local decrease in pH 

results from proton generation by the oxygen evolution reaction at the working electrode. Figure adapted and 

reproduced with permission from Ref.[57] Copyright © 2023, American Chemical Society.  
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1.5 Hierarchical superstructures with supramolecular fibers 

 

In the literature, the term "superstructure" has been applied to a variety of morphologies, leading 

to its use for any supramolecular structures that exhibit hierarchical morphology. This includes 

copolymer micelles[109] that form a multitude of hierarchical superstructures depending on their 

polymer composition, self-assembly of small organic molecules into micro- and 

nanonhierarchical,[110] fibrous[111] or tubular[112] superstructures. In the following hierarchical 

superstructures refer to a combination of two systems: top-down and bottom-up.  

 

One example for hierarchical superstructures is the collaboration work of Burgard et al.[113] 

where they fabricated mesostructured nonwovens and studied the nonwovens in the context of 

filtration. They achieve a penguin downy feather-like morphology by combining 

electrospinning and self-assembly resulting in electrospun fibers with off-standing 

supramolecular nanostructures. The process involves coaxial electrospinning of a polystyrene 

and BTA N,NӾ,NӾӾ-tris(1-(methoxymethyl)propyl)benzene-1,3,5-tricarboxamide solution as 

schematically show in Figure 1-27 A resulting in electrospun polystyrene fibers with 

BTA seeds (B). Combination of the electrospun polystyrene fibers with a the BTA solution and 

subsequent solvent evaporation leads to seeded growth of the BTAs and off-standing 

supramolecular fibers.  

 

 

Figure 1-27. Illustration of  the fabrication process for mesostructured nonwoven with penguin downy 

feather-like morphology. A: the coaxial electrospinning of a polystyrene solution (PS) and a BTA solution. 

B: The resulting polystyrene nonwoven (blue) featuring BTA seeds (yellow dots) on the surface. 

C: Mesostructured nonwoven after an BTA immersion process and subsequent seeded growth into fibers 

(yellow) - left image. Corresponding optical microscopy of the mesostructured nonwoven fibers with seeded 

BTA fibers grown from the PS fibers surface - right image. Figure adapted and reproduced with permission 

from Ref.[113] Copyright É 2019 WILEY VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Coaxial electrospinning and seeded self-assembly has been also used in our group by 

Frank et al.[114] to fabricate well-defined hierarchical fir-tree-like superstructures. Here, 

polymer fibers are decorated with patchy micelles via coaxial electrospinning of a micellar 

dispersion composed of patchy polystyrene-block-polyethylene-block-poly(N,N-

dimethylaminoethyl methacryl-amide) (SEDMA) worm-like crystalline-core micelles and a 

polystyrene solution resulting in patchy SEDMA fibers as shown in Figure 1-28 A. The patchy 

SEDMA fibers are located on aluminum foil. After immersion of the patchy SEDMA fibers 

into an aqueous N1,N3,N5-tris[2-(dimethylamino)ethyl]-1,3,5-benzenetricarboxamide solution 

and subsequent solvent evaporation hierarchical superstructures are created as depicted in B 

and C. Here, the patchy micelles are used to induce the molecular self-assembly of the BTA. 

For this, a chemical match of the functional groups in the micelle patches and the peripheral 

groups of the BTA is crucial. The seeded self-assembly of the BTA is a result of accessibility 

of the patch for the BTA and a local increase of BTA concentration at the corresponding patch.  
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Figure 1-28. Formation of hierarchical superstructures by combining patchy electrospun fibers and 

self-assembly of BTAs. A: Schematic representation of the coaxial electrospinning process of a polystyrene 

(PS) solution and a dispersion of patchy worm-like polystyrene-block-polyethylene-block-poly(N,N-

dimethylaminoethyl methacrylamide) (SEDMA) triblock terpolymer micelles to prepare patchy fibers. 

B: Immersion of the patchy fibers into an aqueous N1,N3,N5-tris[2-(dimethylamino)ethyl]-1,3,5-

benzenetricarboxamide solution. Seeded self-assembly of the BTA onto the patchy fibers occurs upon solvent 

evaporation. C: Scanning electron microcopy image of the final hierarchical superstructures after complete 

solvent evaporation. Figure adapted and reproduced with permission from Ref.[114] Copyright © 2021 The 

Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH. 
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As the patchy micelles are predestined to induce the seeded self-assembly of BTAs if chemical 

matching groups of the patchy micelle and the BTA are chosen, this approach is further used 

for a BTA and patchy micelle with chemical matching N,N-diisopropylaminoethyl substituents 

(see Figure 1-29 A).[54] A nonwoven is fabricated with the corresponding patchy micelles which 

is then combined with a chemical matching BTA solution. Subsequent solvent evaporation 

results in hierarchically mesostructured nonwoven. The functional BTA fibers in this 

hierarchically mesostructured nonwoven contribute to an increased active surface area, 

enabling effective immobilization of metal nanoparticles as shown in Figure 1-29 B.  

 

Figure 1-29. Functional mesostructured nonwovens. A: Chemical structures of the SEDiPA patchy 

micelles and chemical matching BTA featuring N,N-diisopropylaminoethyl substituents (red dotted box). 

B: Scanning electron microscopy images of hierarchically mesostructured nonwovens with immobilized 

palladium nanoparticles (PdNPs). The mesostructured nonwovens were prepared by immersion of patchy 

nonwovens into BTA solutions of 0.50 wt.% in 2-propanol and subsequent drying at ambient conditions. 

PdNPs were immobilized by immersion of the mesostructured nonwovens into aqueous PdNP dispersions 

for 3 h at room temperature and subsequent drying at ambient conditions. Figure adapted and reproduced 

with permission from Ref.[54] Copyright © 2022 The Authors. Macromolecular Rapid Communications 

published by Wiley VCH GmbH.  
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2 Motivation of the thesis 

Supramolecular chemistry known as ñchemistry beyond the moleculeò enables the preparation 

of objects with tailored dimensions and shapes and thus unique properties and functions. 

Specifically, 1,3,5-benzenetrisamides (BTAs) represent a thoroughly investigated class of 

materials known to form supramolecular (nano)fibers guided by three strands of directed 

hydrogen bonds. These directed hydrogen bonds results in a highly organized columnar 

arrangement of the molecular building blocks featuring a macrodipole along the columns. 

Depending on the self-assembly conditions and macrodipole interactions between the columns, 

the self-assembly process enables the realization of various anisotropic morphologies with 

different hierarchical levels, shapes and dimensions. This thesis aims for the preparation of 

highly ordered and anisotropic (micro)fibers from BTAs with control over shape and 

dimensions such as diameter and length and their morphology necessary for specific 

applications. The thesis comprises four parts as illustrated in Figure 2-1. Their individual 

motivations are described in the following: 

 

 

Figure 2-1. Graphical overview of the four parts of the thesis covering the controlled preparation and 

application of supramolecular (micro)fibers. Development of a controlled preparation process of 

supramolecular fibers with tailored shape and dimensions. First time electrostatic flocking of supramolecular 

fibers with defined dimensions. Novel site-specific self-assembly process using BTA solutions within 

polymer flocks. First time measurements of thermal diffusivity in supramolecular fibers.  
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I. Controlled preparation of supramolecular fibers  

The first part of the thesis aims for the controlled preparation of supramolecular BTA 

microfibers on the liter-scale upon cooling. This requires the development of a custom-made 

set-up for the self-assembly process that enables the identification and precise control of the 

relevant processing parameters for supramolecular fibers with dimensions in the micrometer 

range in a reproducible manner. Due to the unique processing window of each BTA, determined 

by factors such as molecular structure, solvent, concentration and temperature, a comprehensive 

investigation of each parameter is essential for achieving control over the shape and dimensions. 

Beyond the previous work in our group from D. Weiss[94] an advanced custom-made 

experimental set-up will be built and optimized with a focus on adjustable linear and non-linear 

cooling rates and constant stirring to analyze the influencing parameter individually. Three 

different BTAs will be selected for this study and the processing parameters during the self-

assembly process to supramolecular fibers will be systematically varied including cooling rates, 

stirring rates and concentrations. The dimensions of the supramolecular fibers will mainly be 

characterized and analyzed by scanning electron microscopy to evaluate and optimize the 

impact of each parameter on the resulting BTA fibers dimensions. Control over the BTA 

dimensions are a prerequisite for electrostatic flocking, which will be part in the following. 

 

II.  Electrostatic flocking of supramolecular fibers  

Based on the findings from the first part, the objective of the second part is to achieve 

electrostatic flocking using supramolecular fibers for the first time. Electrostatic flocking is an 

industrial technique that align short cut polymer fibers in an electric field ultimately promoting 

their perpendicular arrangement for various applications. Importantly, successful flock 

preparation requires rigid fibers with defined dimensions and aspect ratios. However, precisely 

controlling the dimensions, in particular the length, of supramolecular fibers in the micrometer 

range is a challenging task. Thus, a critical aspect to prepare well-defined flocks with high fiber 

density is to use rigid BTA fibers with well-defined dimensions, including uniform diameter 

and length. For this, supramolecular fibers with suitable morphology, from the previous chapter 

will be used. Special focus will be given on achieving defined fiber lengths with narrow 

distributions by implementing a novel non-destructive sieving process. Another challenge is 

related to their post-isolation handling and processing parameters for electrostatic flocking. 

This includes for example their free-flowing properties that facilitates transport of single fibers 

along the electric field. The addition of conductive additives will be also considered to create 

optimized, densely packed flocks with highly aligned supramolecular BTA fibers. 
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III.  Self-assembly of supramolecular fibers within polymer flocks 

Differently to the electrostatic flocking of supramolecular fibers, this part of the thesis deals 

with substrates comprising vertically aligned polymer flocks and how BTA solutions self-

assemble within these flocks. Previous studies have demonstrated that the shape and dimensions 

of self-assembled BTA fibers on various fibrous substrates can be tuned by using prior 

deposited nuclei and seeds. However, the supramolecular fibers typically form randomly along 

the polymer fibers, depending on the seedsô locations.[54,113,114] Therefore, the primary objective 

here is to explore how capillary forces within aligned polymer flocks act as structure-directing 

substrate by driving the transport of the solution to the top of the flock. Together with a distinct 

solvent evaporation profile from the polymer flocks top, this leads to a concentration gradient 

and potentially to a site-selective self-assembly process of BTAs resulting in novel 

supramolecular fiber morphologies. To address all these questions, this part of the thesis deals 

with a thoroughly investigation of the self-assembly behavior of BTAs within polymer flocks. 

In particular numerous parameters such as, the choice of i) the flocking material and ii)  the BTA 

together with iii)  the application technique, iv) the solvent properties, v) the BTA concentration 

and vi) the drying method have to be considered. Evaluating the data by various microscopy 

techniques should provide a better understanding how these various conditions control and 

direct the self-assembly process. This research was performed in a joint collaboration with Felix 

Bretschneider (Macromolecular Chemistry II, Prof. Dr. Greiner). 

 

IV. Thermal diffusivity of supramolecular fibers    

The final part of this thesis aims at the preparation of highly ordered, columnar and anisotropic 

BTA microfibers, which shall be used to investigate the time-dependence of the temperature 

distribution in supramolecular fibers, i.e., thermal diffusivity for the first time The thermal 

diffusivity will be determined with the lock-in thermography method, which requires high 

aspect ratio BTA fibers with suitable diameters in the µm-range and length in the cm-range. 

Thus, a main target of this part is the elaboration of a suitable self-assembly method that can 

consistently produce supramolecular fibers with these large dimensions for BTAs, while the 

order and columnar arrangement will be maintained to a very high degree. Since it is unclear 

how thermal diffusivity is related to the hydrogen packing and order, several BTAs with distinct 

structural variations will be selected, processed to supramolecular microfibers and their impact 

within the BTAs on their thermal diffusivity will be analyzed. This research was carried out in 

collaboration with Ina Klein (Physical Chemistry I, Prof. Dr. Retsch).
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3 Controlled preparation of supramolecular fibers  

 

3.1 Background to self-assembly under controlled conditions 

 

Controlled self-assembly in solution at a constant concentration to produce well-defined BTA 

fibers is of great interest as it allows to tailor the fiber morphology including shape and 

dimensions, e.g. diameter and length. An example to address the controlled self-assembly was 

given by D. Weiss et al.[90] in which they investigated the influence of the stirring rate in a 

custom-made experimental set-up for a solution-based self-assembly process as summarized in 

Figure 3-1. The custom-made experimental set-up includes a 250 mL screw-mountable glass 

bottle as vessel with a modified cap for the insertion of the mechanical stirrer and a 

thermocouple. The investigated BTA alkoxy substituents in the periphery is shown in Figure 

3-1 A. The vessel with the BTA solution was then heated in a water bath to 70 °C until the BTA 

was completely dissolved. After that, it was directly transferred into a cryostat with a fixed 

temperature which was set between -5 °C to 25 °C to achieve different non-linear cooling 

profiles. Furthermore, the stirring rates were varied from 0 rpm to maximum 450 rpm (Figure 

3-1 B). It was shown that the diameter of the alkoxy-substituted BTA in a water/2-propanol 

(80/20) mixture can be tuned by the stirring rate. The higher the stirring rate, the thinner the 

BTA fibers, which is also exhibit an increasingly smaller distribution of the fiber diameter. 

Without stirring the solution during the cooling process led to a broad distribution of the fiber 

diameter with a mean fiber diameter of 1459 nm as shown in the histogram depicted in (Figure 

3-1 C). In contrast, applying a stirring rate of 300 rpm eventually led to the narrowest 

distribution with a mean fiber diameter of 344 nm (Figure 3-1 D). Keeping the stirring rate 

constant at 300 rpm but varying the temperature of the cooling bath to 25 °C, 15 °C and 5 °C 

leads to thinner BTA fibers and narrower fiber diameter distribution, respectively. Nonetheless, 

due to the non-linear nature of the cooling rates, the solvent experiences an initially rapid 

cooling, reaching room temperature within the first 5 minutes, especially when at high stirring 

rates. The subsequent 20 minutes of stirring contribute to a gradual attainment of the set 

temperature of 5 °C. However, there is no information provided regarding the temperature at 

which the self-assembly initiates in the given solvent mixture. While the cooling rates are 

reproducible with the set temperatures, the initial rapid cooling coupled with the fast stirring 

rate may impact the fiber morphology. Consequently, the consideration of both parameters 

cannot be observed individually with this type of set-up. 
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Figure 3-1. Results from the thermally induced self-assembly under controlled conditions by 

Weiss et al.[90] A: Chemical structure of the BTA. B: Tailored cooling profiles by applying different stirring 

rates of 0 rpm, 50 rpm, 150 rpm, 300 rpm and 400 rpm. C and D: Resulting BTA fiber diameter histograms 

in dependence of the stirring rate of 0 rpm (C) and 300 rpm and (D). Figure adapted and reproduced with 

permission from Ref.[90] Copyright É 2016 WILEY VCH Verlag GmbH & Co. KGaA, Weinheim 

Furthermore, Steinlein et al.[91] have shown that the aspect ratio of a selected BTA can be 

controlled by ultrasonication. In this work, the BTA derivative 1,3,5-tris (2,2-

dimethylpropionylamino) benzene has been used which forms rigid supramolecular submicron 

fibers from the solvent Marlotherm® SH, a mixture of dibenzyltoluene isomers. Supramolecular 

fibers prior the sonification process exhibit fiber length of 150 ± 57 µm and diameter of 

0.59 ± 0.41 µm. Utilizing a sonification protocol allows for the reduction and control of fiber 

length. With increased sonification time, the BTA fibers become shorter, reaching an average 

length of 0.14 µm. The aspect ratio is also diminished, decreasing from 10.3 after 1 minute of 

sonification to 2.4 after 90 minutes. The sonification process acts as a cutting mechanism and 

influences the overall fiber morphology, particularly the homogeneity of fibers, as it produces 

very small BTA fragments that adhere to existing larger fibers.   
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Approach in this thesis for the controlled preparation of supramolecular fibers 

 

Supramolecular fibers exhibit unique properties, which differ significantly from those of the 

individual supramolecular building blocks and thus being interesting for a multitude of 

applications. However, tailoring the dimensions such as length and diameter and ultimately the 

aspect ratio of self-assembled fibers is challenging. Achieving control over the diameter and 

length distribution of BTA fibers requires the consideration of the set of conditions such as the 

molecular design and the chosen processing parameters including the solvent, concentration, 

stirring and cooling rate. With this, supramolecular fibers can be produced on large-scale in an 

efficient manner. In contrast to the described method of Weiss et al.,[94] the custom-made 

experimental set-up will be optimized with a focus on adjustable linear cooling rates and at a 

constant stirring rate to analyze the influencing parameter individually.  

 

Prior to the preparation of supramolecular fibers under controlled conditions, the 

temperature-dependent self-assembly and disassembly behavior is explored. For this, selected 

BTAs are investigated using the crystallization system Crystal16® device, which allows the 

simultaneously observation of multiple samples with respect to the solubility and self-assembly 

behavior in solution in small scale (1 mL). The findings are then transferred to the optimized 

custom-made experimental set-up with larger scale of 1 L with the aim to achieve control over 

the dimensions of the supramolecular fibers in a reproducible manner by adjusting the critical 

self-assembly conditions. 

 

The detailed description of the approaches in this thesis to comprehensively investigate the 

controlled preparation of BTA fibers are summarized in the following:  

 

i) Selecting suitable BTAs with different molecular designs and self-assembly 

behavior in polar organic solvents to prepare supramolecular fibers with varying 

dimensions. Here it is aimed to validate the general applicability of this approach 

across different BTA/solvent systems. 

 

ii) Solubility studies of the selected BTAs at a constant concentration in crystallization 

system Crystal16® device. Based on these results, the findings of solubility and 

self-assembly behavior are transferred to the experimental set-up. 
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iii)  Development and optimization of the experimental set-up to conduct self-assembly 

in solution at constant concentration with linear temperature profiles and constant 

stirring. 

 

iv) Extensive investigation of the processing parameter such as the temperature profile, 

the stirring rate and concentration of one selected BTA regarding the influence on 

the dimensions, e.g. diameter and length distribution of the resulting BTA fibers. 

 

v) Implementation of the findings from the optimized self-assembly conditions onto 

two other BTA systems and validation of the experimental set-up across the 

different BTA/solvent systems. 

 

Figure 3-2. Schematic illustration of the two main parts in this chapter of controlled preparation of 

supramolecular fibers. Findings of solubility studies of selected BTAs with crystallization system 

Crystal16® device are transferred to the controlled self-assembly in the custom-made experimental set-up. 
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3.2 Controlled preparation of supramolecular fibers 

 

3.2.1 Selection of 1,3,5-benzenetrisamides  

 

For the study of controlled self-assembly in solution at constant concentration, suitable BTAs 

need to be selected that show variety in their molecular design as well as in their self-assembly 

behavior. As previously stated, the formation of fibers through self-assembly is significantly 

influenced by the molecular design of the BTA and the selected processing parameters, such as 

solvent and concentration. Rigid supramolecular fibers are typically achieved when employing 

BTAs with short or aliphatic moieties that lack heteroatoms. In contrast to that, BTAs with 

heteroatoms in their periphery or longer aliphatic peripheral side chains typically self-assemble 

into more flexible and long aggregates.[39] Based on 7 different BTAs differing in their 

peripheral groups (functionalized and non-functionalized), pre-experiments resulted in the final 

selection of three BTAs exhibiting a variety in their chemical structures and self-assembly 

behavior in polar organic solvents. The three selected BTAs are depicted in Figure 3-3. The 

BTA-1 (A) features a cyclohexyl periphery and self-assembles into rigid and thick fibers 

whereas the BTA-2 (B) with a 2,4,4-trimethylpentan-2-yl periphery shows self-assembly into 

long, thin fibers (gel-like). The third BTA-3 has a methionine methyl ester periphery and 

complete the material selection with self-assembly behavior into short, thin fibers.  

 

 

Figure 3-3. Chemical structure of selected BTAs as suitable candidates for self-assembly in solution at 

constant concentration. A: BTA featuring cyclohexyl periphery self-assembles into rigid, thick fibers. B: 

BTA featuring a 2,4,4-trimethylpentan-2-yl periphery self-assembles into long, thin fibers (gel-like). C: BTA 

featuring methionine methyl ester periphery self-assembles into short, thin fibers. All molecular building 

blocks can be self-assembled from polar organic solvents using appropriate conditions.   
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3.2.2 Self-assembly experiments with BTA 1  

 

BTA-1 is selected for detailed investigation in the subsequent chapters to screen parameters for 

the self-assembly process. The gained knowledge is then transferred and implemented for 

BTA-2 and BTA-3 in the section Implementation of controlled self-assembly on other BTAs. 

 

At first, investigations in view of the solubility of BTA-1 in different solvents are done to 

elaborate the optimal solvent for the self-assembly in solution. For this purpose, 

temperature-dependent turbidity measurements were performed with the crystallization system 

Crystal16® device to determine the cloud and clearing points by means of transmittance 

revealing the self-assembled or solution state, respectively. The change in transmittance upon 

cooling from 100 % to 0 % is defined as cloud point and indicates the presence of turbid 

solutions due to the self-assembly of BTAs. In contrast, the change in transmittance upon 

heating from 0 % to 100 % is defined as clearing point since dissolution results in a clear 

solution. Here, cloud and clearing points were determined at 50 % of transmittance upon 

heating or cooling. Table 3-1 summarizes the solubility tests of BTA-1 in selected solvents that 

qualify for the use in the controlled experimental set-up. For example, the BTA-1 was tested 

with respect to the solubility at room temperature and at the boiling points of the used solvents. 

It was found that BTA-1 shows no solubility in water and toluene at room temperature and no 

change was observed upon heating. In the solvent methanol, ethanol, MEK and 2-propanol, 

BTA-1 exhibits also no solubility at room temperature, but it is completely dissolved when 

heated close to the boiling points of the solvents. In THF and 1-butanol BTA-1 shows already 

good solubility at room temperature. Furthermore, the minimal concentration to start the self-

assembly (first turbidity detected) and the maximal concentration soluble was determined 

(upper concentration limit). The BTA-1 exhibits the best solubility in 1-butanol with an upper 

solubility limit of 1.8 wt.% at 80 °C showing complete dissolution. Concentrations > 1.8 wt.% 

were not soluble anymore and the self-assembly upon cooling was not investigated for higher 

concentrations. The lowest concentration which still shows self-assembly upon cooling water 

determined with 0.80 wt.%. Thus, the self-assembly region for 1-butanol upon cooling start at 

concentrations of 0.80 wt.% and ends at the solubility limit at 1.8 wt.%. In THF the solubility 

limit is reached at 1.0 wt.% but no self-assembly occurs upon cooling the sample. The lowest 

solubility was observed for MEK with 0.35 wt.%. However, self-assembly at the lowest 

concentration occurs at 0.125 wt.% resulting in rigid fibers.   
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Table 3-1. Solubility of BTA-1 in selected solvents at rt and at the b.p. of the solvent with 

determined lowest concentration detected for self-assembly upon cooling and maximal 

concentration soluble at b.p. of the solvent (concentrations given in wt.%).  

Solvent 
Solubility 

at rt 

Solubility at 

b.p. of 

solvent 

Lowest 

concentration 

detected for 

self-assembly upon 

cooling [wt.%] 

Maximal 

concentration 

soluble at b.p. 

of solvent 

[wt.%] 

Water U U - - 

Methanol U V 0.40 1.0 

Ethanol U V 0.50 1.3 

MEK U V 0.125 0.35 

2-Propanol U V 0.45 1.0 

THF V V - 1.0 

1-Butanol V V 0.80 1.8 

Toluene U U - - 

V = completely soluble, U = no solubility, b.p. = boiling point 

 

After investigation of the fiber morphology from the different solvents, the most promising 

results regarding the formed fiber morphology and dimension were obtained from MEK. Thus, 

the temperature-dependent turbidity measurements obtained from the crystallization system 

Crystal16® device in MEK will be described in more detail as an example. For this, 

concentrations of 0.05 wt.% up to 4.0 wt.% in MEK were prepared at room temperature. The 

samples were heated to 75 °C and hold at this temperature for 30 minutes at 400 rpm to ensure 

complete dissolution of the BTA. Samples with a concentration > 3.5 wt.% showed no clear 

solution at these conditions and were considered as ñnot completely solubleò. After the 

isothermal step and first dissolution, the temperature-dependent transmittance of each sample 

was recorded for three cycles upon heating and cooling with a rate of 0.50 C min-1 in the range 

from 75 °C to 5 °C while stirring with 400 rpm. The change in transmittance upon cooling from 

100 % to 0 % indicates clouding of the sample and thus the self-assembly of BTAs into 

self-assembled fibers. The cloud points (Tcloud)were determined at 50 % of transmittance. In 

contrast, the change in transmittance upon heating from 0 % to 100 % indicates dissolution of 

the self-assembled fibers resulting in a clear solution. The so-called clearing points (Tclearing) 

were determined at 50% of transmittance, too. Exemplarily, the 2nd cooling and 2nd heating 

temperature-dependent transmittance curves of a 0.20 wt.% BTA-1 in MEK sample are shown 

in Figure 3-4. Upon cooling to 5 °C, clouding of the solution occurs at around 42 °C (Tcloud) 
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and fibers are formed. Heating the sample back to 75 °C, the fibers dissolves and a clear solution 

is observed at around 51 °C (Tclearing). A hysteresis of ~10 °C is observed between the cloud and 

clearing point. This process is completely reversible and all three heating and cooling cycles 

resulted in dissolution and clouding, respectively.  

 

Figure 3-4. Temperature-dependent transmittance curve. The 2nd heating and 2nd cooling of a 0.2 wt.% 

BTA-1 sample in MEK with a scanning rate of 0.50 C min-1. Upon cooling, the sample starts to self-assembly 

into rigid fibers (Cloud Point, Tcloud = 42 °C). Upon heating, dissolution of the fibers leads to clearing of the 

sample (Clearing Point, Tclearing = 51° C). The process is fully reversible. 

The concentration-dependent course of the cloud and clearing points of BTA-1 in MEK as mean 

values including the standard deviation from the applied three heating and cooling cycles were 

obtained. With this data a phase diagram from 5 to 75 °C can be created as depicted in Figure 

3-5. The phase diagram can be divided into three regions:  

 

ü Region I: In this region, no self-assembly takes place. Here, the BTA-1 is fully soluble 

in MEK at low concentrations in the investigated temperature range from 5 °C to 75 °C. 

This is valid for concentrations up to 0.125 wt.%. 

 

ü Region II: In this region, controlled self-assembly takes place. The BTA-1 

self-assembly yielding in a turbid solution upon cooling and reversibly dissolves upon 

heating the sample back to 70 °C. This is observed for concentrations of 

0.125 wt.% - 0.30 wt.%. The cloud points increase from 21 °C (0.125 wt.%) to 62 °C 
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(0.30 wt.%) with increasing concentration. The clearing points raising from 32 °C 

(0.125 wt.%) to 68 °C (0.30 wt.%). Above the clearing points, the BTA-1 is completely 

dissolved again. The high reproducibility of the self-assembly process is indicated by 

the small error bars of the mean values for the cloud and clearing points. 

 

ü Region III: In this region, no controlled self-assembly takes place. For concentrations 

larger than 0.30 wt.% in MEK, BTA-1 is not completely soluble anymore at elevated 

temperatures. Self-assembly occurs upon cooling the solution, because not dissolved 

BTAs are still present in the solution, acting as nuclei and trigger further growth. This 

results in a mixture of bulk material and supramolecular fibers. 

 

 

Figure 3-5. Phase-diagram of the BTA-1 with a cyclohexyl periphery in MEK.  The concentration-

dependent development of the cloud and clearing points of BTA in MEK as mean values including the 

standard deviation from the applied three heating and cooling cycles with a scanning rate of 0.50 C min-1. 

Region I: No self-assembly takes place as the BTA is fully soluble in MEK at low concentrations up to 

0.125 wt.% in the given temperature range. Region II: Controlled self-assembly of the BTA self-assemblies 

into fibers upon cooling and reversibly dissolves upon heating the sample. Region III: No controlled 

self-assembly takes place as the BTA-1 is not completely soluble anymore at elevated temperatures for 

concentrations > 0.3 wt.%.   
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3.2.3 Development of the custom-made experimental set-up for self-assembly 

 

After the determination for the optimal solvent and concentration range to prepare fibers from 

BTA-1, the next step involves the transfer of these findings from small scale (1 mL) to large 

scale (1 L) using a custom-made experimental set-up. The set-up is designed in a way, that 

evaporation of the solvent is prevented during the self-assembly process and controlled 

self-assembly in solution at constant concentration can be realized. Furthermore, the set-up is 

able to stir with an adjustable and reproducible stirring rate as well as defined linear cooling 

rates during the self-assembly process.  

 

The custom-made experimental set-up is schematically shown with all components numerically 

marked from 1 to 10 in Figure 3-6. A screw-mountable 1 L vessel (laboratory glass bottle 

DURAN GLS 80) (1) has been chosen to be filled with the BTA at a given concentration in a 

selected solvent (2). The cap (3) of the vessel is modified for the insertion of a mechanical 

stirrer (4) and a temperature sensor (5) to prevent evaporation. The temperature sensor is 

immersed in the solution and is linked the thermometer (6) to record time-dependent 

temperature profiles which are saved with a custom-made software on the computer (7). The 

vessel is almost completely placed in a water bath (8) of a cryostat (9), to ensure heating and 

cooling with a defined linear heating and cooling rate (°C min-1), respectively. Furthermore, a 

camcorder (9) is set in a way, that it records the experiment to determine the self-assembly point 

visually upon cooling the solutions. In a general procedure, the solvent and the BTA has been 

weighed in the vessel which was then sealed and placed into the custom-made set-up. At this 

point, the BTA was not dissolved. The mixture was then heated up to 75 °C and isothermally 

hold for about 30 minutes with rigorous stirring until all BTA was molecularly dissolved. The 

cooling profile was then started and the BTA solution was cooled down to 15 °C with a chosen 

linear cooling rate and defined stirring rate.  
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Figure 3-6. Schematic presentation of the custom-made experimental set-up for controlled 

self-assembly in solution with all the components numerically marked. The set-up consists of a 

screw-mountable 1 L vessel (1) filled with the BTA in a selected solvent (2), a modified cap (3), a mechanical 

stirrer (4), a temperature sensor immersed in the solution (5) linked to a thermometer (6) and a custom-made 

software for temperature recording (7), a water bath (8) associated of a cryostat (9) and a camcorder (10). 
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3.2.4 Sample preparation for scanning electron microscopy measurements 

 

To determine the dimensions, i.e. diameter and length of the resulting BTA fibers, suitable 

samples need to be prepared and investigated by scanning electron microscopy (SEM). The 

obtained SEM-images can then be evaluated by means of ImageJ regarding the fiberôs diameter 

and length. In a typical procedure, the dispersion with BTA fibers are drop-casted often 

resulting into dense and accumulated fibers on the substrate during the drying process, which 

significantly hampers proper evaluation of the SEM images.  

 

To avoid dense fiber accumulation, a new process was implemented as schematically shown in 

Figure 3-7. Here, the fibers in the dispersion are isolated by a glass pipette (A) and deposited 

on a mesh with mesh-size of 50 µm. The solvent passes the mesh and the BTA fibers are 

statistically deposited on the mesh (B) without leading to a coffee stain effect. The deposited 

BTA fibers are then washed with water (C) to remove the remaining BTA in solution and 

prevent further self-assembly upon solvent evaporation. After drying of the BTA fibers, they 

are transferred to SEM stub (D), which is equipped with a conductive adhesive layer ensuring 

the fixation by stamping.  

 

 

Figure 3-7. Schematic illustration of the sample preparation for the investigation of BTA fibers with 

scanning electron microscopy. The sample preparation includes A: isolation of the BTA fibers and 

B: deposition on a mesh, C: a wash step with water and D: further fixation on a SEM stub via stamping for 

the investigation with SEM. 
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An example of the well distributed BTA-1 fibers isolated with the new method, analyzed with 

SEM and evaluated by ImageJ is shown in Figure 3-8. The diameter and length are determined 

for the same fibers from the same image as depicted in Figure 3-8 A and B.  

 

Figure 3-8. SEM images of BTA-1 fibers for the evaluation of the fiber diameter (A) and length (B). 

The diameter and length of the fibers are evaluated by ImageJ using the same SEM image.  

a1 and b1: overview of the sample. a2 and b2: Magnification of a sample spot used for evaluation.  
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3.3 Self-assembly experiments under controlled conditions 

 

3.3.1 Self-assembly experiments with BTA-1 

As demonstrated before, MEK is a proper solvent for BTA-1 in which the BTA self-assembles 

into rigid fibers in solution at a constant concentration. Thus, MEK is used in all following 

experiments in the custom-made set-up, in which a variety of other parameters can now be 

considered. The following chapter deals, therefore, with the investigation of the influence of 

cooling rates, stirring rates and varying concentrations on the fiber dimensions. In the following 

the a) influence of the cooling rate, b) influence of the stirring rate and c) the influence of the 

concentration are described. 

 

a) Influence of the cooling rate  

The next set of experiments deals with the investigation of the cooling rate on the BTA-1 fiberôs 

morphology. From the solubility studies, the concentration of 0.175 wt.% is identified for the 

initial experiments, as this concentration marks the middle between the metastable dissolved 

solution and the upper solubility limit. In the first set of experiments three different cooling 

rates has been investigated without stirring the solution. These experiments aim to investigate 

the influence of cooling rates individually. The first experiment correlates to the experimental 

method from Weiss[94] without stirring. The BTA-1 is heated to 75 °C and isothermally hold 

for 30 minutes to guarantee complete dissolution of the BTA-1 in MEK. The vessel is then 

taken out of the water bath from the cryostat and placed on the bench to cool down to room 

temperature. Here, no linear cooling rate is realized and the solution is allowed to cool from 

75 °C until room temperature is reached. In contrast, in the second and third experiment the 

linear cooling rate of 0.50 °C min-1 and 0.25 °C min-1, was chosen, respectively. In both cases, 

the solution was cooled from 75 °C to 15 °C. The corresponding temperature profiles recorded 

during all three self-assembly processes are depicted in Figure 3-9. As expected, when the 

vessel is taken out of the water bath and cooled by the surrounding temperature, the cooling 

profile shows a comparable non-linear cooling rate as reported by Weiss et al.[90] Despite no 

stirring for all three samples, the solution was able to be cooled with the set cooling rate when 

the vessel is placed within the cryostat. Note, that the thermocouple is fixated in a way in the 

middle of the vessel.  
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Figure 3-9. Temperature profiles recorded during the self-assembly process of a BTA solution in MEK 

with 0.175 wt.% and no stirring.  The diagram shows three temperature profiles with a non-linear cooling, 

a cooling rate of 0.50 °C min-1 and 0.25 °C min-1. 

After the self-assembly process, a sample for SEM investigation was prepared as described 

before. The results of the SEM images are depicted in Figure 3-10 for the three cooling profiles 

(see a1-c1). The BTA-1 fibers show a rigid fibrous morphology for all three profiles, which, 

however, differ in their dimensions. The results of the fiber diameter and length distributions 

of all three cooling profiles are summarized in Figure 3-10 (a2-c2). The non-linear cooling 

profile shows a BTA-1 fiber diameter of 32.5 ± 21.6 µm with the highest distribution. Using a 

linear cooling rate of 0.50 °C min-1 leads to a narrower distribution of the diameter. The fibers 

exhibit a mean fiber diameter of 15.3 ± 7.7 µm. Choosing an even lower cooling rate of 

0.25 °C min-1 results in the thinnest fibers with a mean diameter of 9.4 ± 6.1 µm. From these 

findings can be concluded, that the cooling rate has a significant influence on the fibers 

morphology. With a non-linear cooling profile, the BTA-1 fibers show a broad distribution 

arising from the very fast cooling at the beginning within the first minutes leading to a multitude 

of nuclei growing rates from supercooling. Compared to that, with a linear cooling rate of 

0.50 °C min-1, the slow homogenous cooling results in a narrower distribution, however still 

spanning several micrometers. Slowing the cooling process even more, results in thinner BTA-1 

fibers. 

0 30 60 90 120 150 180 210 240 270 300 330 360

10

20

30

40

50

60

70

80
 non-linear cooling

 0.50 °C min-1

 0.25 °C min-1

T
e

m
p

e
ra

tu
re

 [
°C

]

Time [min]



 Controlled preparation of supramolecular fibers   

 

62 

 

 

Figure 3-10. Diameter histograms and corresponding scanning electron microscopy images of 

self-assembly BTA-1 fibers from a 0.175 wt.% solution in MEK  treated with different cooling rates 

without stirring . A: No stirring and non-linear cooling profile. B: No stirring and cooling rate of 

0.50 °C min-1 and C: No stirring and cooling rate of 0.25 °C min-1. a1-c1: SEM images of the prepared fibers 

and a2-c2: corresponding histograms of the fiber diameter distribution.  
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b) Influence of the stirring rate  

The next experiments aim to examine the influence of the stirring rate on the fiber dimension 

during the self-assembly process. In these experiments, the BTA-1 concentration is kept 

constant at 0.175 wt.% and the linear cooling rates of 0.50 °C min-1 and 0.25 °C min-1 are 

applied. To investigate the influence of stirring, the stirring rates are varied from 0 rpm, 25 rpm, 

100 rpm to 200 rpm. The results of the fiber diameter and length distribution from the 

self-assembly experiments are exemplarily shown in Figure 3-11 and Figure 3-12 for the 

parameter set of 0.50 °C min-1 as cooling rate, a BTA-1 concentration of 0.175 wt.% in MEK 

at different stirring rates. Employing a linear cooling rate without any stirring results in a mean 

diameter of 15.3 ± 7.7 µm with a wide range of mean diameters from 3 µm up to 56 µm. 

Applying a low stirring rate of 25 rpm leads to a narrower distribution of BTA-1 fiber diameter. 

The BTA-1 fibers show a reduced mean fiber diameter of 8.1 ± 2.8 µm with a minimum fiber 

diameter of 3 µm and a maximum of 22 µm. Increasing the stirring rates to 100 rpm or 200 rpm 

leads to a slight decrease of the mean diameter of the BTA-1 fibers to 7.6 ± 3.2 µm for 100 rpm 

and 7.1 ± 2.8 µm for 200 rpm, respectively further. However, the distribution shifts towards 

smaller mean fiber diameters with higher stirring rates. The broad fiber distribution observed 

when no stirring is applied can be attributed to the temperature gradient which is formed during 

cooling. The solution near the cooling side of the vessel wall cools faster than the solution inside 

the vessel, in which is mainly attributed to the formation of numerous nuclei at different times. 

This may lead to larger fibers forming on the outside of the vessel (more time to grow) and 

smaller fibers on the inside (less time to grow), creating a wide distribution in fiber diameter. 

Once stirring is introduced, the temperature gradient is reduced, and the distribution becomes 

narrower. With faster stirring, the cooling process remains consistent when applying a linear 

cooling rate of 0.50 °C min-1. The slight reduction in diameter with increasing stirring may be 

explained by the assumption that, with a constant cooling profile, other factors such as 

homogeneous nuclei formation, nuclei quantity per time, and fiber growth are impacted 

differently. As the distribution narrows with faster stirring, it can be assumed that nuclei form 

more uniformly, with most of the nuclei forming simultaneously during the self-assembly 

process. A smaller diameter suggests an increased number of nuclei, as the concentration 

remains constant. 
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Figure 3-11. Fiber diameter histograms of BTA fibers fabricated from a 0.175 wt.% solution in MEK, 

constant cooling rate of 0.50 °C min-1 and different stirring rates. A: Chemical structure of BTA-1 and 

stirring rate of 0 rpm, B: 25 rpm, C: 100 rpm and D: 200 rpm. The histograms of the diameter and length are 

based on 450 fibers. 

A more pronounced impact is observed on the length distribution of the BTA-1 fibers as shown 

in Figure 3-12. No stirring leads to a mean fiber length of 505 ± 386 µm with a wide distribution 

ranging from short BTA fibers measuring less than 100 µm up to a length of 2 mm. Inducing 

mild stirring of 25 rpm leads to a narrower distribution of BTA fiber length. Here, the mean 

fiber length is 274 ± 182 µm with a minimum fiber length of 55 µm and a maximum of 875 µm. 

Higher stirring at 100 rpm results in a mean length of 201 ± 120 µm and 200 rpm in 

162 ± 100 µm. Stirring > 100 rpm leads to a greater number of smaller fibers. In general, a trend 

is noticeable, where the distribution becomes narrower with the introduction of stirring into the 

self-assembly process. The resulting length of the BTA-1 fibers shows a significant dependence 

on faster stirring. The faster the stirring, the shorter the BTA-1 fibers become. This can be 

similarly explained as discussed for the fiber diameter reduction. The fiber length distribution 

narrows with faster stirring due to a more homogeneous nuclei formation. Additionally, the 

fibers become shorter at a constant concentration, likely because of the increased number of 
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nuclei and fewer remaining building blocks available to form large supramolecular assemblies. 

Moreover, shearing forces may contribute to the length distribution, particularly with fast 

stirring at 200 rpm, thus restricting the growth into larger assemblies. 

 

Figure 3-12. Fiber length histograms of BTA fibers fabricated from a 0.175 wt.% solution in MEK, 

constant cooling rate of 0.50 °C min-1 and different stirring rates. A: of 0 rpm, B: 25 rpm, C: 100 rpm 

and D: 200 rpm. The histograms of the diameter and length are based on 450 fibers. 

To proof the reproducibility of the experimental set-up and the self-assembling system, the 

parameter of 25 rpm, 0.175 wt.% and 0.50 °C min-1 as cooling rate were repeated (n=10) and 

the mean diameter and length of each sample were evaluated. A graphical representation is 

given in Figure 3-13. The mean value of all samples results in a fiber diameter of 6.5 ± 1.3 µm 

and a fiber length of 238 ± 37 µm.  
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Figure 3-13. Mean diameter (A) and length (B) of BTA fibers of n=10 samples treated by the same 

self-assembly profile. Parameters: 25 rpm, 0.175 wt.% in MEK and a cooling rate of 0.50 °C min-1. 

Further experiments were conducted with the linear cooling rate of 0.25 °C min-1 employing 

different stirring rates at a constant concentration of 0.175 wt.% in MEK. The histograms of 

the fiber diameter and length are summarized in Appendix A Figure 8-1 and Figure 8-2, 

respectively. The values of the fiber diameter and length distribution for this parameter set are 

summarized in Table 3-2. Similar as seen for the linear cooling rate of 0.50 °C min-1, the 
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introduction of stirring has a great impact on the diameter and length distribution. A pronounced 

difference in the mean diameter and distribution is noticeable when comparing no stirring 

(0 rpm) to a stirring rate of 25 rpm. Whereas no stirring results in a broad distribution and mean 

diameter of 9.4 ± 6.1 µm, stirring with 25 rpm results in a narrower distribution with a mean 

diameter of 6.4 ± 2.9 µm. Increasing the stirring rate results in a decreased mean fiber diameter 

of 5.3 ± 2.6 µm for 100 rpm and 4.6 ± 2.2 µm for 200 rpm, respectively. However, for the linear 

cooling rate of 0.25 °C min-1 as well, the length of the BTA fibers is notably affected by the 

stirring rates, decreasing from a mean length of 383 ± 311 µm with a broad distribution for no 

stirring (0 rpm) to 188 ± 133 µm with a narrower distribution when stirred with 200 rpm 

 

Table 3-2. Mean fiber diameter and length in dependence of different cooling rates (0.25 °C min-1 and 

0.50 °C min-1) and stirring rates (0, 25, 100 and 200 rpm) with a constant concentration of 0.175 wt.%. 

 0.25 °C min-1 0.50 °C min-1 

Stirring 
[rpm] 

Diameter 
[µm] 

Length 
[µm] 

Diameter 
[µm] 

Length 
[µm] 

0 9.4 ± 6.1  383 ± 311  15.3 ± 7.7  505 ± 368  

25 6.4 ± 2.9  262 ± 186  8.1 ± 2.8  274 ± 182  

100 5.3 ± 2.6  213 ± 179  7.6 ± 3.2  201 ± 120  

200 4.6 ± 2.2  188 ± 133  7.1 ± 2.8  162 ± 100  

 

In conclusion, the greatest impact on the mean fiber diameter and on the mean fiber length of 

the BTA-1 fibers has stirring. If no stirring is applied, the distribution of the mean fiber diameter 

and length is broad and very large and thick fibers are obtained for BTA-1. In contrast, if stirring 

is applied, even for low stirring rates of 25 rpm, the mean fiber diameter and length distribution 

is narrower and both diameter and length are reduced to smaller values. Higher stirring rates 

steadily decrease the mean fiber diameter and length, however, the impact is rather low. Note, 

by applying the highest stirring rate of 200 rpm, the mean fiber diameter and length can be 

reduced by ~50 % compared to no stirring. However, 25 rpm are sufficient to generate a 

narrower distribution of the BTA fibers diameter while applying a linear cooling rate. 

Furthermore, comparing both linear cooling rates (0.50 °C min-1 and 0.25 °C min-1) with each 

other, the impact on the mean fiber diameter and  
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c) Influence of the concentration  

The next experiments aim to study the influence of the concentration on the fiber morphology. 

For this, the linear cooling rate of 0.50 °C min-1 is used and additionally to the concentration of 

0.175 wt.%, the two concentrations 0.20 wt.% and 0.25 wt.% are investigated. These two 

concentrations are within the lower and upper concentration limits of the BTA-1 in MEK 

investigated by the solubility studies with the crystallization system Crystal16® device. All 

experiments were performed and evaluated as described before. The histograms of the diameter 

and length distribution in dependence of the stirring rates for both concentrations are 

summarized in Appendix A Figure 8-5 - Figure 8-6, respectively. An example of the impact of 

the concentration on the BTA-1 fibers dimension is shown in Figure 3-14 for samples treated 

by a stirring rate of 25 rpm and a linear cooling rate of 0.50 °C min-1. The mean fiber diameter 

slightly increases from 8.1 ± 2.8 µm with 0.175 wt.% to 8.6 ± 3.1 µm for 0.20 wt.% and 

10.3 ± 4.4 µm with 0.25 wt.%. Additionally, the distribution of the fiber diameter is wider for 

the higher concentrations.  

 

The fiber length is largely unaffected using different concentrations and a stirring rate of 

25 rpm. The mean fiber length is 274 ± 182 µm for the 0.175 wt.% sample, 270 ± 178 µm for 

the 0.20 wt.% sample and 241 ± 161 µm for the 0.25 wt.% sample. The distribution of the fiber 

diameters of the different samples is also very similar leading to the conclusion that the 

concentration does not affect the fiber dimension significantly for a given set of conditions.  
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Figure 3-14. Diameter and length histograms of BTA-1 fibers in dependence of BTA concentration. 

Parameters: stirring rate of 25 rpm, a constant cooling rate of 0.50 °C min-1 from different concentration 

(A: 0.175 wt.%, B: 0.20 wt.% and C:0.25 wt.% in MEK). a1-c1: depicts the fiber diameter distribution and 

a2-c2: the fiber length distribution. 
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The mean fiber diameter and length of the BTA fibers fabricated with constant cooling rate of 

0.50 °C min-1 in dependence of concentration and stirring rate are summarized in Table 3-3. 

Additionally, to the exemplarily shown parameter set of 25 rpm stirring for the three 

concentrations, the mean diameter and length are only affected slightly comparing each data of 

the different stirring rates.  

 

Table 3-3. Mean fiber  diameter and length in dependence of different concentrations (0.175 wt.%, 

0.20 wt.% and 0.25 wt.%)  and stirring rates (0, 25, 100 and 200 rpm) with a constant cooling rate of 

0.50 °C min-1. 

 0.175 wt.% 0.20 wt.% 0.25 wt.% 

Stirring 

[rpm] 

Diameter 

[µm] 

Length 

[µm] 

Diameter 

[µm] 

Length  

[µm] 

Diameter 

[µm] 

Length 

[µm] 

0  15.3 ± 7.7  505 ± 368  11.6 ± 5.8  326 ± 289  14.9 ± 7.9  326 ± 205  

25    8.1 ± 2.8  274 ± 182    8.6 ± 3.1  270 ± 178  10.3 ± 4.4  241 ± 161  

100    7.6 ± 3.2  201 ± 120    6.8 ± 3.6  213 ± 172    8.9 ± 3.5  227 ± 148  

200    7.1 ± 2.8  162 ± 100    6.0 ± 2.3  233 ± 155    6.7 ± 3.0  211 ± 153  

 

From this data can be concluded, that the stirring rate has a higher impact rather than the 

concentration. The mean fiber diameter and length of the supramolecular fibers are quite similar 

using the same cooling rate and stirring for each concentration. The most significant difference 

is observed in the diameter and length distributions of the fibers, which become narrower with 

higher stirring rates, regardless of the concentration as explained previously is a result of the 

homogenously formation of nuclei and growth into supramolecular fibers.  
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3.3.2 Self-assembly experiments with BTA 2  

 

The second BTA derivative (BTA-2) is also based on trimesic acid and feature a branched 

aliphatic periphery, i. e. N1,N3,N5-tris(2,4,4-trimethylpentan-2-yl) benzene-1,3,5-tricarbox-

amide. The chemical structure is depicted in Figure 3-15. This derivative shows good solubility 

in polar solvents and self-assembly ability into fibrous gel-like structures. For the upcoming 

experiments, 2-proponal is chosen as solvent, because with 2-propanol the solubility and self-

assembly behavior is highly uniform within the solubility studies with the crystallization system 

Crystal16® device.  

 

Figure 3-15. Chemical structure of a N1,N3,N5-tris(2,4,4-trimethylpentan-2-yl) substituted BTA 

(BTA-2). 
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a) Solubility studies and self-assembly behavior in solution at constant concentration for  

BTA-2 

 

To get more detailed information about the solubility and the self-assembly behavior of BTA-2 

at a constant concentration, temperature-dependent turbidity measurements were performed to 

determine the cloud and clearing points by means of transmittance revealing the self-assembled 

or solution state, respectively. The concentration-dependent development of the cloud and 

clearing points of the BTA-2 in 2-propanol is summarized in a phase diagram from 0 °C to 

75 °C (Figure 3-19). The phase diagram can be divided into three regions:  

 

ü Region I: In this region, no self-assembly takes place. Here, the BTA-2 is fully soluble 

in 2-propanol at low concentrations in the investigated temperature range. This is valid 

for concentrations up to 0.09 wt.%. 

 

ü Region II:  In this region, controlled self-assembly takes place. The BTA-2 

self-assembles into entangled fibers upon cooling and reversibly dissolves upon heating 

the sample. This is observed for concentrations of 0.09 wt.% - 0.25 wt.%. The cloud 

points increase from 30 °C (0.09 wt.%) to 65 °C (0.25 wt.%) with increasing 

concentration of the BTA-2. The clearing points raising from 40 °C (0.09 wt.%) to 

69 °C (0.25 wt.%). Above the clearing points, the BTA-2 is completely dissolved again. 

The high reproducibility of the self-assembly process is indicated by the small error bars 

of the mean values for the cloud and clearing points. 

 

ü Region III: In this region, no controlled self-assembly takes place. For concentrations 

larger than 0.25 wt.% in 2-propanol, BTA-2 is not completely soluble anymore at 

elevated temperatures. Self-assembly occurs upon cooling the solution, because not 

dissolved BTAs are still present in the solution, acting as nuclei and trigger further 

growth. This results in a mixture of bulk material and supramolecular fibers. 
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Figure 3-16. Phase-diagram of N1,N3,N5-tris(2,4,4-trimethylpentan-2-yl) substituted BTA (BTA -2) in 

2-propanol. The concentration-dependent development of the cloud and clearing points of the BTA in 

2-propanol as mean values including the standard deviation from the applied three heating and cooling cycles 

with a scanning rate of 0.50 °C min-1. Region I: No self-assembly takes place as the BTA-2 is fully soluble 

in 2-propanol at low concentrations up to 0.09 wt.% in the given temperature range. Region II: Controlled 

self-assembly of the BTA-2 self-assemble into gel-like fibrous structures upon cooling and reversibly 

dissolves upon heating the sample for concentrations 0.09 wt.% - 0.25 wt.%. Region III: No controlled 

self-assembly takes place as the BTA-2 is not completely soluble anymore for concentrations > 0.25 wt.%. 
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b) Self-assembly under controlled conditions for BTA -2 

 

The solubility studies enabled the selection of a proper concentration for the experiments for 

the controlled self-assembly in the custom-made 1-liter scale set-up. The chosen concentration 

for BTA-2 in 2-propanol is 0.15 wt.%. Under these conditions, BTA-2 self-assembles into very 

long and thin fibers with some entanglement resulting into macroscopically gel-like state. 

Therefore, BTA-2 has been selected to complement the BTA selection, aiming to verify 

whether the controlled self-assembly parameters are applicable for such entangled fibers. To 

analyze the influence of the different parameter settings during the self-assembly and to analyze 

whether the prior determined stirring rates and cooling rates will influence the BTA-2 fibers 

diameter in a similar manner, three different parameter settings are chosen: First, no stirring 

and non-linear cooling profile is applied to investigate the self-assembly in an uncontrolled 

manner. The two other experiments are conducted by introducing stirring as well as a linear 

cooling rate to investigate the controlled self-assembly. Thus, the second experiment is 

conducted by using a defined stirring rate of 25 rpm and a cooling rate of 0.50 °C min-1 and the 

third experiment with a stirring rate of 100 rpm and a cooling rate of 0.50 °C min-1.  

 

The results of the obtained fiber morphology are depicted in the SEM images in Figure 3-17 

(a1-c1) for the three settings, respectively. The BTA-2 assemblies show a fibrous morphology 

for all three profiles, being very flexible and bending. As they are flexible and bending, the 

length cannot be correctly determined. Thus, the following evaluation concentrates on the fiber 

diameter distribution. The diameter distributions of the fibers are depicted in Figure 3-17 

(a2-c2). The non-linear cooling profile paired with no stirring shows a slightly broader 

distribution of the BTA-2 fiberôs diameter with 1.4 ± 0.53 µm with a minimum diameter of 

372 nm and a maximum of 2.9 µm. Using a linear cooling rate of 0.50 °C min-1 and introducing 

stirring leads to a slightly narrower distribution of the diameter. The fibers treated with 25 rpm 

stirring rate exhibit a mean diameter of 1.2 ± 0.44 µm within a diameter range from 500 nm to 

2.5 µm including one fiber with a larger diameter of 3.5 µm. Faster stirring with 100 rpm results 

in an even narrower distribution and smaller mean diameter of 1.0 ± 0.35 µm with a minimum 

diameter of 413 nm and a maximum of 2.3 µm. Despite the stirring and cooling rate, the BTA 

intrinsically forms much thinner fibers than the BTA-1. However, introducing stirring and 

cooling with a linear rate results in the self-assembly in a controlled manner and tuning 

possibilities of the fiber diameter into smaller dimensions.  
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Figure 3-17. Diameter histograms and corresponding scanning electron microscopy images of 

self-assembly BTA-2 fibers from a 0.150 wt.% solution in 2-propanol treated with different cooling 

rates and stirring rates. A: No stirring and non-linear cooling profile. B: 25 rpm as stirring rate and cooling 

rate of 0.50 °C min-1 and C: 100 rpm as stirring rate and cooling rate of 0.50 °C min-1. a1-c1: SEM images of 

the prepared fibers and a2-c2: corresponding histograms of the fiber diameter distribution.  
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3.3.3 Self-assembly experiments with BTA 3  

 

The third BTA derivative BTA-3 is a sulfur-containing BTA derivative as depicted in Figure 

3-18. This derivative shows good solubility in polar solvents and self-assembly ability into 

fibrous structures. 1-Proponal was found to be the most suitable solvent and, therefore, chosen 

as solvent for the upcoming experiments.  

 

 

Figure 3-18. Chemical structure of a methionine methyl ester substituted BTA (BTA-3). 

 

a) Solubility studies and self-assembly behavior in solution at constant concentration for 

BTA-3 

 

At first, the temperature-dependent turbidity measurements were performed in 1-propanol to 

determine solubility of the BTA-3 derivative. Based on all solubility measurements, the 

concentration-dependent development of the cloud and clearing points of the BTA-3 in 

1-propanol were obtained and a phase diagram from 5 to 75 °C created as depicted in Figure 

3-19. The phase diagram shows three regions:  

 

ü Region I: In this region, no self-assembly takes place. Here, the BTA-3 is fully soluble 

in 1-propanol at low concentrations in the temperature range from 5 °C to 75 °C. This 

is valid for concentrations up to 0.10 wt.%. 

 

ü Region II: In this region, controlled self-assembly takes place. The BTA-3 

self-assembles into fibers upon cooling and reversibly dissolves upon heating the 

sample. This is observed for concentrations of 0.10 wt.% - 1.75 wt.%. The cloud points 

increase from 13 °C (0.10 wt.%) to 60°C (1.75 wt.%) with increasing concentration of 

the BTA-3. Concentrations > 0.750 wt.% result in a fibrous gel-like structure of the 
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BTA-3. The clearing points raising from 21 °C (0.10 wt.%) to 64 °C (1.75 wt.%). 

Above the clearing points, the BTA-3 is completely dissolved again. The high 

reproducibility of the self-assembly process is indicated by the small error bars of the 

mean values for the cloud and clearing points. 

 

ü Region III:  In this region, no controlled self-assembly takes place. For concentrations 

larger than 1.75 wt.% in 1-propanol, BTA-3 is not completely soluble anymore at 

elevated temperatures. Self-assembly occurs upon cooling the solution, because not 

dissolved BTAs are still present in the solution, acting as nuclei and trigger further 

growth. This results in a mixture of bulk material and supramolecular fibers. 

 

Figure 3-19. Phase-diagram of methionine methyl ester substituted BTA (BTA-3) in 1-propanol. The 

concentration-dependent development of the cloud and clearing points of the BTA-3 in 1-propanol as mean 

values including the standard deviation from the applied three heating and cooling cycles with a scanning 

rate of 0.50 °C min-1. Region I: No self-assembly takes place as the BTA-3 is fully soluble in 1-propanol at 

low concentrations up to 0.10 wt.% in the given temperature range. Region II: Controlled self-assembly of 

the BTA-3 into fibers upon cooling and reversibly dissolves upon heating the sample for concentrations 

0.10 wt.% - 1.75 wt.%. Region III: No controlled self-assembly takes place as the BTA-3 is not completely 

soluble anymore at elevated temperatures for concentrations > 1.75 wt.%.  
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b) Self-assembly under controlled conditions for BTA -3 

 

The solubility studies enabled the selection of a proper concentration for the experiments of the 

controlled self-assembly in the custom-made 1-liter scale set-up. 0.30 wt.% was chosen as 

constant concentration for BTA-3 in 1-propanol in all experiments. At this concentration, BTA-

3 self-assembles into thin fibers prior the formation of gel-like structures. The BTA-3 was 

investigated regarding three parameter settings: i) no stirring, non-linear cooling profile, ii)  25 

rpm as stirring rate and linear cooling rate of 0.50 °C min-1 and iii) 100 rpm and 0.50 °C min-1.  

 

The results are depicted in the SEM images in Figure 3-20 (a1-c1) showing the morphology of 

the BTA-3 derivative for the three settings, respectively. The aggregates of BTA-3 exhibit a 

fibrous morphology in all three profiles. The resulting fibers treated without stirring and a non-

linear cooling rate appear stiffer and less flexible compared to the fibers treated with stirring 

and controlled cooling. However, self-assembly during stirring seems to yield a large amount 

of agglomerates, which are deposited in a highly oriented manner. Thus, the accurate 

determination of length is challenging due to insufficient statistics. From the non- or less-

agglomerated structures it seems that the fibers are shorter with faster stirring, which is 

consistent with the findings for BTA-1 and BTA-2. Therefore, the subsequent evaluation 

focuses only on the diameter distribution. The diameter distributions of the fibers are illustrated 

in Figure 3-20 (a2-c2). 

 

As found before for BTA-1 and BTA-2, the non-linear cooling profile paired with no stirring 

shows the broadest distribution of the BTA-3 fibers. The BTA-3 mean fiber diameter was 

determined to be 2.2 ± 1.3 µm with a minimum diameter of 414 nm and a maximum of 9.6 µm. 

Using a linear cooling rate of 0.50 °C min-1 and applying a stirring rate of 25 rpm leads to a 

narrower distribution of the diameter. Experiments with 25 rpm results in fibers with a mean 

diameter of 0.87 ± 0.37 µm with a minimum diameter of 276 nm and a maximum of 2.7 µm. 

Faster stirring with 100 rpm results in an even narrower distribution and smaller mean diameter 

of 0.39 ± 0.13 µm with a minimum diameter of 156 nm and a maximum of 779 nm. In contrast 

to BTA-2, a very strong dependence on the stirring rate is observed as well as a morphology 

change with respect to the dimensions.  
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Figure 3-20. Diameter histograms and corresponding scanning electron microscopy images of 

self-assembly BTA-3 fibers from a 0.30 wt.% solution in 1-propanol treated with different cooling rates 

and stirring rates. A: No stirring and non-linear cooling profile. B: 25 rpm as stirring rate and cooling rate 

of 0.50 °C min-1 and C: 100 rpm as stirring rate and cooling rate of 0.50 °C min-1. a1-c1: SEM images of the 

prepared fibers and a2-c2: corresponding histograms of the fiber diameter distribution. 
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3.4 Conclusion to controlled preparation of supramolecular fibers 

 

This chapter aimed at the controlled preparation of 1,3,5-benzenetricarboxamides fibers in 

solution on the liter-scale upon cooling. For this, an experimental set-up was developed and 

optimized, which enabled the investigation of the self-assembly of three selected BTAs in view 

of the fibers shape and dimensions depending on non-linear and linear cooling rates, different 

stirring rates and concentrations. Due to the unique processing window of each BTA, 

determined by factors such as molecular structure, solvent, concentration and temperature, a 

comprehensive investigation of each parameter is essential for achieving control over the shape 

and dimensions. Prior to the preparation of supramolecular fibers under controlled conditions 

in the custom-made experimental set-up, the temperature-dependent self-assembly and 

disassembly behavior was explored. For this, the selected BTAs are investigated using the 

crystallization system Crystal16® device, which allows to identify a suitable BTA/solvent-

system and to determine the solubility and self-assembly behavior in solution at different 

concentrations on a mL-scale. Subsequently, experiments with the custom-made set-up on the 

1-liter scale were performed and relevant self-assembly parameters including the temperature 

profile, stirring rate and concentrations were systematically varied. 

 

It was found that the cooling rate has a significant impact on the fiber diameter and length 

distribution if no stirring is applied. With a non-linear cooling profile, the BTA fibers show a 

broad distribution whereas linear cooling rates results in a narrower distribution. Stirring also 

has a major influence on the diameter and length, with faster stirring leading to narrower 

distributions and shorter BTA fibers. Only the selected different concentrations, appears to have 

a limited impact on the mean fiber diameter and length. For BTA 2 and BTA 3 flexible fibers 

with diameters of about 1 µm and below were found. For BTA 1, which is based on trimesic 

acid and linked via amide groups to cyclohexyl side groups, the fiber diameter can be tuned 

from 4 to 15 µm and the length from 160 to 500 µm. These rigid microfibers with defined 

dimensions are of particular interest to be used in an electrostatic flocking process, as it will be 

demonstrated in the following chapter. 
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4 Electrostatic flocking of supramolecular fibers  

 

4.1 Background to electrostatic flocking 

 

In the following introduction part, the process of electrostatic flocking will be introduced. In 

this context, the most important influences on the process, application and materials for 

electrostatic flocking are addressed.  

 

Electrostatic flocking process 

 

Flocking is a process of depositing fine objects onto an adhesive-coated surface.[115] 

Electrostatic flocking is an industrial technique that align fibers in an electric field ultimately 

promoting their perpendicular arrangement as schematically illustrated in Figure 4-1. The 

electric field is established by applying a voltage between a positive electrode and a grounded 

electrode. Here, the fibers reservoir which is connected to the electrode results in partially 

charging the fibers. Subsequently, the charged fibers orient themselves with respect to their 

long axes along the electric field lines. Typical voltages applied in the electrostatic flocking 

process are 5-70 kV depending on the flocking device.[115ï117] The field lines of the electrostatic 

field lead to the repulsion and alignment of the flock fibers along these lines.[118] Consequently, 

a dense flock is generated as the majority of fibers are oriented perpendicularly on the surface. 

The flocking process can be divided into several steps including 1) pre-treatment of the 

substrate if necessary, 2) application of adhesive layer, 3) the flocking, 4) cleaning 5) 

drying/curing of the adhesive and 6) final treatment such as cleaning.[115,116] The flock fibers 

exhibit length of approximately 0.5 ï 3.0 mm.[119]. Typically used flock fibers are made of 

cotton, rayon, acrylic, nylon or polyester. [116,119ï121] The polymer flock fibers usually exhibit 

low electrical conductivities and thus would not be aligned within the electrical field. Therefore, 

the fibers are equipped using coding products, metal salts, tannic acids, or similar substances 

that enhance conductivity.[118] 
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Figure 4-1. Schematic illustration of the electrostatic flocking. Under applied voltage the polymer 

microfibers are accelerated and aligned in the electrostatic field resulting in a perpendicularly alignment on 

a substrate covered with an adhesive. Figure adapted and reproduced with permission from Ref [136] Copyright 

É 2024 The Authors. Advanced Materials Interfaces published by Wiley VCH GmbH. 

There exist two different configurations of electrostatic flocking as schematically shown in 

Figure 4-2. The first configuration is based on a bottom-to-top (A) configuration that has a 

charging electrode at the top where the flock fibers are deposited. Here, the fibers are 

accelerated against gravity towards the top substrate. Throughout the bottom-to-top process, 

the flock fibers move back and forth between the two poles until it is either anchored in the 

adhesive or falls out of the field. Another configuration is the top-to-bottom (B) that uses a 

charged sieve box at the top where the flock fibers are brushed through.[117]  

 

Figure 4-2. Schematic representation of a bottom-to-top and top-to-bottom electrostatic flocking 

configuration. A: The bottom-to-top configuration has a charging electrode where the flock fibers are 

deposited. B: The top-to-bottom configuration uses a charged sieve box where the flock fibers are brushed 

through. Figure adapted and reproduced with permission from Ref. [117] Rights managed by AIP Publishing. 

bottom-to-top top-to-bottom

A B



 Electrostatic flocking of supramolecular fibers   

 

85 

 

Several parameters influence the flocking process. For example, the distance between the 

electrode and the substrate plays a significant role in the flocking process. Larger distances 

between the positive and negative (grounded) poles can complicate flocking and lead to worse 

results. However, this issue can be countered by elevating the voltage. Essentially, a higher 

voltage is required with increased distance between the electrode and the substrate. Factors 

affecting an ideal flocking outcome involve the preparation and chemically treatment of the 

flock fiber, air conditions, and as mentioned above the distance between the electrode and the 

substrate.[116,118] These parameters are interconnected and influence each other. To achieve the 

best flocking results, it's essential for the flock fibers to exhibit proper electrical conductivity. 

In general, fiber charging is achieved through contact charging when a direct current is applied 

to the electrodes. Fibers placed on the positively charged electrode accumulate positive charge 

on their surfaces. The longer the voltage is applied, the more charge is generated between the 

two differently charged electrodes. With the fibers possessing equal positive charge, repulsion 

occurs between them and the electrode. Once the electrostatic force surpasses the force of 

gravity, the fibers accelerate towards the negatively charged electrode and adhere to the 

substrate which is typically covered with adhesive.[117,122ï124] While in flight within the electric 

field, the fiber experiences forces from electrostatic repulsion, air resistance, gravity, and the 

electric field as well as rotational and translational rotation.[125] If the distance between the two 

electrodes is too small, fibers may not rotate sufficiently, and their angle with respect to the 

substrate will be well below 90°. Therefore, a high conductivity of the fibers is necessary. The 

calculated theoretical maximum occupied area of the substrate is 53 %. However, if the fibers 

randomly hit the substrate or do not adhere perpendicularly, the theoretical flock density is 

significantly reduced. This reduction is attributed to the coulombic repulsion of the fibers within 

the flock, which occupies a portion of the area around each fiber.[125,126] Generally, around 10% 

of the surface is actually covered with flock fibers after flocking process. The limited coverage 

of the substrate can be explained by the electrostatic charge of each individual flock fiber. Each 

fiber to create an electrostatic field around itself due to the applied voltage. Consequently, the 

next fiber can only adhere at a specific distance to the already adhered fiber. The size of this 

field depends on the length of the flock fiber i.e. longer fibers possess larger electrostatic fields. 

Furthermore, once the initial fibers are anchored in the adhesive or on the substrate, they 

generate additional field lines that extend upwards, similar to the field lines around them. These 

lines also play a role in determining the spacing between the fibers.[118] 
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Application of flocked fibers 

 

Electrostatic flocking is applied across a broad spectrum of applications to manufacture a 

variety of flocked products. Flocked products are used in the medical and automotive sector, in 

cosmetics, fabrics and clothing, in the decorative sector, in tissue engineering as composite 

materials.[117,118,122,123,127ï129] For example, in the medical sector, flocked swaps of Nylon are 

used for extraction of samples[129] such as the swaps used for the corona tests of Covid 19. A 

large application field is the automotive sector, where polymer flocks are used in the glove 

compartment and the center console. The flocked surfaces provide a visually high-quality finish 

and improve the haptics and reduce noise. In cosmetics the polymer flocks serve as applicators 

or as finishing of various packaging. The most prominent area of flock application is the fashion 

industry with the application of various polymer flocks and sizes for T-shirts. Furthermore, 

flocking is known in the decoration sector, especially for toys.[118] However, besides the 

industrial application of flocking, it has become popular in the scientific field where flocking 

is used for wound healing applications[128] or thermal conductivity thermal interface 

materials.[123] For all of these applications, whether industrial or scientific, the chosen material 

and the dimensions of the flocks are crucial for the electrostatic flocking process and the final 

finish of the flocked product. 
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New materials for electrostatic flocking 

 

In addition to traditional polymer fibers, several researchers have directed their attention toward 

exploring new materials such as carbon fibers or inorganic materials for electrostatic flocking 

to discover novel applications. Several works were dealing with carbon fibers as flocking 

material for applications such as low reflection microwave shielding material,[130] elastomeric 

thermal interface material,[123,131] ultrasensitive airflow sensor,[132] three-dimensional 

stretchable fabric-based electrode for supercapacitors.[133] Another work investigated the use of 

MgO2 nanofibers for electrostatic flocking to obtain an electrode for long-term stable 

supercapacitors with high cycling rates.[134] Examples of two different examples from long 

fibers (> 3 mm) and nanofibers are shown in Figure 4-3 represented by flocked carbon 

fibers (A) and MgO2 nanofibers (B). 

 

Figure 4-3. Examples of flocked carbon fibers and MgO2 nanofibers. A: Flocked carbon fibers with length 

exceeding 3 mm a1: as ultrasensitive airflow sensor[132] and a2: as low reflection microwave shielding 

material.[130] B: MgO2 nanofibers for electrostatic flocking to obtain an electrode for supercapacitors.[134] 

b1: Presentation with contact angle on flocked MgO2 nanofibers and b2: Cross-section of the flocked MgO2 

nanofibers. Figure adapted and reproduced with permission from Refs.[130,132,134] Copyright © 2020 Elsevier 

Ltd. All rights reserved, © The Royal Society of Chemistry 2022 and © 2022 John Wiley & Sons Ltd. 
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Approach for electrostatic flocking of supramolecular fibers 

 

Apart from the above-mentioned carbon fiber-based and inorganic materials, electrostatic 

flocking is a method where typically polymer microfibers with conductive-enhancing materials 

are aligned in an electric field and adhered, mostly perpendicular, to a surface giving a dense 

pile finish. This is an already established industrial method with applications e.g. in 

biomedicine, textile and automobile section.[117] In this context, supramolecular BTA 

microfibers exhibit a high potential to be flocked, because these fibers intrinsically feature a 

macrodipole, arising from their hierarchical structure and thus might be suitable for an 

alignment in an electric field.  

 

This chapter deals with self-assembled BTA fibers from solution, which will be isolated and 

sieved to achieve defined fiber dimensions with defined aspect ratio (l/d). Subsequently these 

small fibers will be processed in an electric field to obtain a vertical BTA array.  

 

For this, BTA fibers need to be prepared in the first step being suitable for electrostatic flocking. 

The following requirements need to be considered: 

 

i) suitable and homogenous dimensions of the fibers,  

ii) certain stiffness and  

iii)  free-flowing properties after isolation from the self-assembled solution.  

 

Thus, the chapter can be divided into two parts as schematically shown in Figure 4-4. Part I 

covers the controlled self-assembly in solution in the custom-made experimental set-up 

elaborated in Chapter 3 Controlled preparation of supramolecular fibers to produce the BTA 

fibers with suitable and homogeneous dimensions. The next step addresses the isolation and 

drying process of the BTA fibers to generate free-flowing fibers. Part II deals with the 

experiments for the electrostatic flocking set-up with the aim to orientate the BTA fibers and 

produce an aligned BTA fiber array.  
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Figure 4-4. Schematic illustration of the two main parts of chapter 4. Part I: Experimental set-up 

elaboration for the preparation of BTA fibers suitable for electrostatic flocking. Part II: Subsequent use of 

prepared supramolecular fibers in an electrostatic flocking set-up top obtain a vertically aligned BTA 

microfiber array. 

To comprehensively investigate the suitability of selected BTA fibers for electrostatic flocking, 

this chapter covers the following objectives: 

 

i) Material selection of a suitable BTA 

 

ii) Preparation of BTA fibers featuring suitable characteristics for electrostatic 

flocking such as stiffness, aspect ratio and possibility to isolate and handle from 

solution  

 

iii)  Equipment of processing additives on the BTA fibers surface such as conductivity-

enhancing materials to improve free-flowing properties and electrostatic flocking 

process 

 

iv) Electrostatic flocking of BTA fibers and characterization of the BTA flocks 

  

+

-

Part I : Preparation of flockable BTA fibers Part II : Electrostatic flocking of BTA fibers

Controlled self-assembly complexity: Electrostatic flocking complexity:

Å Solubility and concentration of the 

BTA in the selected solvent

Å Cooling rate

Å Stirring rate

Å Electric field (distance to electrode)

Å Fiber properties (dimensions and shape, 

conductivity, free-flowing properties)

Å Flocking time
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4.2 Material selection for suitable supramolecular fibers 

 

This chapter deals with the preparation of supramolecular BTA fibers that exhibit properties 

being suitable for electrostatic flocking. This requires short supramolecular fibers, which 

feature a certain stiffness and defined dimensions. For electrostatic flocking, it is favorable to 

use fibers of similar diameter and similar length resulting in a defined aspect ratio, as too much 

variety causes a density reduction (flock per cm2) of the flocked material as well as a 

non-regular surface modulation in terms of fiber height. If a fiber with a larger length will be 

adhered first, it creates a larger electrostatic field around itself due to the applied voltage. 

Consequently, the next fiber can only adhere at a specific distance to the already adhered fiber. 

To avoid such a phenomenon, it is favorable to use homogenous dimensions of the fibers. Thus, 

the controlled self-assembly in solution at a constant concentration is considered as it allows 

for the adjustment of the BTA fiber diameter. As elaborated in Chapter 3 Controlled 

preparation of supramolecular fibers, the use of a selected set of conditions BTAs results in a 

control over the BTA fibers diameter and distribution. Another crucial requirement is that the 

fibers should exhibit minimal agglomeration, improving the "free-flowing" properties to ensure 

successful flocking. For instance, if the BTA fibers exhibit nanometer-scale diameters, they 

tend to agglomerate during drying procedures, which hinders the proper alignment and 

perpendicular deposition of single fibers during the electrostatic flocking process. 

Consequently, the choice of an appropriate BTA focuses on stiffness, which is associated with 

small peripheral groups and fiber diameters in the micrometer range. The studied BTA-1 from 

Chapter 3 exhibits both of these characteristics and is therefore selected for the upcoming 

preparation and flocking experiments. The chemical structure of BTA-1 is depicted in Figure 

4-5.  

 

Figure 4-5. Chemical structure of the selected BTA for electrostatic flocking experiments. The BTA-1 

exhibits a cyclohexyl periphery and self -assembles into rigid microfibers.   
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For the controlled self-assembly at a constant concentration in solution the following set of 

conditions is chosen: i) a concentration of 0.20 wt.% in MEK resulting in about 1 g BTA-1 

fibers each charge, which is suitable for comprehensive and various experiments using the same 

batch, ii)  a cooling rate of 0.50 °C min-1 and iii)  a constant stirring at 25 rpm. Fibers produced 

with these parameters in the custom-made experimental set-up from chapter 3 are shown in 

Figure 4-6. 

 

 

Figure 4-6. Scanning electron microscopy images of BTA-1 fibers. A: Overview of the prepared BTA 

fibers. B: Magnification of the white box. Set of conditions: concentration of 0.20 wt.% in MEK, cooling 

rate of 0.50 °C min-1 and constant stirring at 25 rpm.  
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The corresponding histograms were prepared with respect to the fiber diameter and length based 

on 450 fibers are depicted in Figure 4-7 A and B, respectively. The supramolecular microfibers 

of BTA-1 show a mean fiber diameter of 8.6 ± 3.1 µm and a mean length of 270 ± 178 µm.  

 

Figure 4-7. Diameter and length histograms of BTA-1 fibers. A: Fiber diameter 

distribution. B: Fiber length distribution. Set of conditions: stirring rate of 25 rpm, 

concentration of 0.20 wt.% in MEK and a constant cooling rate of 0.50 °C min-1.   
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4.3 Development of electrostatic flocking of supramolecular fibers  

 

4.3.1 Electrostatic flocking device and process 

 

The experimental set-up is based on a WWScenics Pro Grass Applicator Device as depicted in 

Figure 4-8 and used for the electrostatic down-top flocking process . The electrostatic flocking 

device consists of a large surface area electrode (~12 cm x 10 cm) and an alligator clamp acting 

as the ground electrode. The larger area electrode is covered with aluminum foil. Two glass 

slides are placed at the left and right end to fixate the aluminum foil ensuring a complete contact 

of the aluminum foil with the electrode. The supramolecular BTA fibers for flocking process 

are subsequently placed on the aluminum foil (Figure 4-8 A). A SEM stub is clamped to the 

ground electrode, which acts as substrate where the fibers should be flocked onto (Figure 

4-8 B). An adhesive conductive carbon layer is placed on the SEM stub. Thus, flocking is 

achieved on the surface of the conductive stub, whereas the supramolecular fibers are directly 

fixated in the adhesive layer. Furthermore, this flocked samples can be directly used for SEM 

measurements for screening purposes to investigate the flocking morphology on local scale as 

well as the overall appearance of the flocked sample. 

 

Figure 4-8. Optical images of the flocking machine and the substrate used for the flocking process.  

A: Flocking WWScenics Pro Grass Applicator Device with the components: large area electrode covered 

with aluminum foil  and glass substrates to ensure complete contact, ON/OFF switch and the ground 

electrode. B: SEM stub (substrate) clamped to the ground electrode. 
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4.3.2 Electrostatic flocking of neat supramolecular fibers 

 

The first flocking experiment aims to demonstrate the principal flockability of BTA fibers. 

Normally, nonconductive material cannot be accelerated in an electric field due to the missing 

intrinsic charges or no possibility to be charged on the electrode. Typically, fiber charging is 

achieved through contact charging when a direct current is applied to the electrodes. Fibers 

placed on the positively charged electrode accumulate positive charge on their 

surfaces.[117,122-124] To obtain fiber charging for nonconductive materials the use of conductive-

enhancing additives as done for conventional polymers is one common procedure. 

 

As the BTA fibers exhibit a macrodipole, there exists a possibility to be charged on the electrode 

which lead to the investigation for flockability of neat BTA fibers without any additives. In the 

first step, the self-assembled BTA fibers need to be isolated from the solution. Figure 4-9 shows 

the process from self-assembled fibers in solution towards the drying procedure. The 

self-assembled BTA fibers in the vessel after the controlled self-assembly are depicted in Figure 

4-9 A. Most of the solvent MEK can be decantated as the BTA fibers settle down after a while 

in the solution. This solution is then given through a PET net with a mesh size of 50 µm which 

is fixated and spanned between two round-shaped magnetic 3-D printed polypropylene holder 

(Figure 4-9 B) to filter off the self-assembled fibers. The fibers are then washed with water to 

remove the MEK with residual dissolved BTA as depicted in Figure 4-9 C. The latter step 

prevents that residual dissolved BTA molecules self-assemble upon drying resulting in an 

undesired different BTA fiber morphology.  

 

The BTA fibers were isolated from the MEK solution as described above and subsequently 

dried at 80 °C overnight. The resulting fibers with a mean length of 270 µm and a mean 

diameter of 8.6 µm still showed some extend of agglomeration after drying. 



 Electrostatic flocking of supramolecular fibers   

 

95 

 

 

Figure 4-9. Optical images of the isolation process of BTA fibers after the controlled self-assembly. 

A: Shows the 1 L vessel with settled BTA fibers after the controlled self-assembly. B: Filtration of the BTA 

fibers over a PET net with a mesh size of 50 µm. C: Subsequent washing step with deionized water to remove 

the residual MEK with dissolved BTA.  

 

To check the above mentioned expectations that the BTA fibers might be accelerated in an 

electric field, a first set of experiments was done with the isolated neat BTA fibers. For this, the 

BTA fibers are deposited on the aluminum foil electrode and The SEM stub connected to the 

ground electrode was placed at a distance of 3 cm over the aluminum foil. The electric field 

was applied for 10 seconds. It can be observed, that within the first few seconds, no BTA fibers 

are accelerated towards the SEM Stub. However, after typically 4-6 seconds the BTA fiber 

agglomerates start to be transported in the electric field. This indicates that fiber charging took 

place and that the BTA fibers placed on the positively charged electrode accumulate positive 

charges on their surfaces. Furthermore, for bottom-to-top processes, it has been observed that 

the flock fibers move back and forth between the two poles until it is either anchored in the 

adhesive or falls out of the field.[117] Exactly this phenomenon has been observed for the BTA 

agglomerates. 

 

The results of the flocked sample are shown Figure 4-10. It is visible that the BTA fibers are 

generally flockable and were accelerated within the electric field towards the substrate. 

However, the flocked BTA fibers on the SEM stub were mostly composed of less-defined 

agglomerates resulting in most of the fibers laying on the adhesive layer rather than they were 

vertically aligned. This is a result of the whole agglomerates being accelerated towards the 
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electrode instead of single BTA fibers. Only some of the fibers are vertically aligned (bright 

color in the SEM images). 

 

The most important finding here is that supramolecular BTA fibers can be generally accelerated 

in an electric field without using additives. However, the appearance is not optimal when 

compared to standard polymer flocks which show higher density and degree of order. Thus, the 

next step focusses on optimization steps to enhance the flockability and finishing density and 

the appearance of the BTA fibers. 

 

Figure 4-10. Scanning electron microscopy images of flocked neat BTA fibers on the SEM stub 

(top view). BTA fibers were deposited on the electrode as agglomerates. A and B: different sample areas of 

the sample. 
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4.3.3 Optimization of the electrostatic flocking process 

 

For the optimization, two main influences of the electrostatic flocking process are considered: 

i) the dependency on the fiber length and ii)  the free-flowing properties. Large fiber distribution 

in length and diameter will reduce the density and appearance of the flock in terms of 

orientation.[116] Thus, narrowing fiber length and diameter distributions are promising to 

optimize the flocking process. Thus, the fiber length distribution of the BTA fibers is tried to 

narrowed by a fractionation process as the controlled self-assembly already narrowed the 

diameter distribution of the supramolecular fibers. Furthermore, to realize flocking of 

individual BTA fibers, which is a requirement to achieve homogeneous flocks, agglomeration 

of the BTA fibers to larger less-defined bundles has to prevented. Very fine, non-agglomerated 

objects can often freely move through the air and are therefore often regarded as ñfree-flowingò 

solids. To prevent agglomeration, salts or charged materials can be used. These materials are 

known to be conductive-enhancing thus improving the acceleration in the electric field and they 

increase the free-flowing properties due to less agglomeration.[117]  

 

a) Development of a size-selection process 

The BTA fiber fractionation process using woven fabrics with defined mesh sizes and the 

corresponding histograms of the BTA fiber length distributions from the fractions are shown in 

Figure 4-11. The woven fabrics consist of polyethyleneterepathalate (PET) and feature defined 

mesh sizes ranging from 400 µm, 100 µm to 50 µm. The fractionation process starts from the 

initial fiber length distribution of 270 µm ± 178 µm obtained after the controlled 

self-assembly (A). The dispersion of the fibers is filtrated through an assembly of the PET nets 

of the different sizes (B). Using the fabric with 400 µm mesh size, most of the very long fibers 

can be retained. However, a significant number of small fibers adhere to the larger ones, 

resulting in a broad distribution of 439 µm ± 197 µm (C). The fibers collected from the 100 µm 

mesh have a mean length of 184 µm ± 84 µm (D) and the fibers collected from the 50 µm mesh 

have a mean fiber length of 110 µm ± 52 µm (E). The fractionation process and the resulting 

dimensions of the fibers is most successful with mesh size of 100 µm which is considered for 

the upcoming experiments. The sample of the 50 µm net is not considered due to high 

agglomeration tendency. Furthermore, scanning electron microscopy images reveal very fine, 

small fibers adhering on the larger BTA fibers. A more homogenous picture is obtained from 

the 100 µm net samples. This sieving technique allows a non-destructive fractioning for the 

BTA length.  
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Figure 4-11. Fractionation process using nets of various mesh sizes (400 µm, 100 µm and 50 µm) and 

the corresponding histograms of the BTA fiber length distribution from the fractions. The mean fiber 

length of the collected fibers on the different nets is summarized for each mesh size in the histograms.  

A: Mean fiber length histogram of the batch after controlled self-assembly with set of conditions: stirring 

rate of 25 rpm, concentration of 0.20 wt.% in MEK and a constant cooling rate of 0.50 °C min-1.  

B: Fractionation process. C-E: Mean fiber length histograms of the fractions from the different nets. 

 



 Electrostatic flocking of supramolecular fibers   

 

99 

 

b) Equipment with salt and tenside  

As described in the previous chapter Electrostatic flocking of neat supramolecular fibers, neat 

BTA fibers can be accelerated within the electric field. However, agglomeration of the BTA 

fibers prevent an optimal flock appearance. Inspired by the conventional processing of polymer 

fibers, the next step includes the equipment of BTA fibers with salt. Due to the nonpolar nature 

of the chosen BTA, the equipment of salt on a BTA fiber from an aqueous solution requires a 

tenside. The use of a tenside results in a homogeneous dispersion. Here, ammonium sulfate 

(NH4)2SO4 was selected as salt to increase the conductivity of the BTA fibers and 

N,N,N-Trimethyl-1-hexadecan­aminiumchloride (CTAC), a cationic tenside was chosen to 

improve the dispersibility of the BTA in the aqueous solution. The chemical structure of the 

tenside CTAC is depicted in Figure 4-12. 

 

Figure 4-12. Chemical structure of the tenside N,N,N-Trimethyl-1-hexadecan­aminiumchloride (CTAC). 

The equipment procedure of the BTA fibers is shown in Figure 4-13. After the controlled 

self-assembly, a batch of about 1 g of all self-assembled BTA fibers is isolated and filtrated 

over a PET mesh with 50 µm mesh size (Figure 4-13 B). The PET mesh with the BTA fibers is 

then put into the (NH4)2SO4/CTAC mixture as shown in Figure 4-13 C. The BTA fibers are 

subsequently transferred into the (NH4)2SO4/CTAC mixture. The resulting homogenous 

dispersion of BTA fibers equipped with the additives (NH4)2SO4/CTAC in 500 mL deionized 

water is shown in Figure 4-13 D. In the next step, the fibers are passed through a consecutive 

series of PET nets as depicted in Figure 4-13 E for sieving. Here, three different PET meshes 

with mesh size of 400, 100 and 50 µm are assembled from top to bottom each fixated by a 

magnetic 3-D-printed PP holder. With this method, the BTA fibers with the additives are 

selected in size as described before. Furthermore, this procedure has the advantage that less 

BTA fibers are at each net and thus reducing agglomeration. The PET meshes with the defined 

fibers with additives are dried in an oven at 80 °C overnight (Figure 4-13 F). The dried equipped 

BTA fibers are then used for the flocking experiments.  
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Figure 4-13. Equipment procedure of BTA fibers with salt (NH4)2SO4 and tenside (CTAC). A: Defined 

amount of (NH4)2SO4 and CTAC are dissolved in 500 mL deionized water. B: The prepared BTA fibers 

under controlled conditions are filtrated through a 50 µm PET net and subsequently washed with deionized 

water. Image shows the isolated BTA fibers. C: The PET net with the deposited BTA fibers is transferred 

into the (NH4)2SO4/CTAC solution. As soon as the BTA fibers are transferred into the solution, the PET net 

is taken out. D: Homogenous BTA fiber dispersion (BTA fibers/(NH4)2SO4/CTAC 500 mL deionized water). 

E: The dispersion is filtrated through an assembly of PET nets (400 µm, 100 µm and 50 µm). F: The PET 

nets with deposited BTA fibers are dried in the oven at 80°C overnight.  

To reveal structure-property relations and to identify optimal conditions, several samples were 

prepared with respect to varying the concentration of (NH4)2SO4 and CTAC. The investigated 

different ratios of (NH4)2SO4 and CTAC to BTA fibers are summarized in Table 4-1. First, the 

dispersibility in solution and the free-flowing properties resulting after equipment and drying 

of the BTA fibers were in focus of this study. The concentration of the (NH4)2SO4 was varied 

in the range from 0.00 to 2.50 g/L and the CTAC from 0.00 to 1.0 g/L, whereas the amount of 

BTA fibers were kept constant at 2.00 g/L in all cases. In a first series, a large (NH4)2SO4 
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concentration (2.50 g/L) was used and kept constant and the CTAC concentration was lowered 

successively. It was observed, that 0.10 g of CTAC is sufficient to achieve a homogeneous 

dispersibility of the BTA fibers. However, the high (NH4)2SO4 content lead to even more 

agglomeration than neat BTA fibers, thus the free-flowing properties are low. In the second 

series the CTAC concentration was kept constant at 0.20 g/L and the amount of (NH4)2SO4 

were lowered successively. With the concentration of 0.20 g/L of CTAC, the dispersibility was 

good for each sample. Reducing the (NH4)2SO4 amount eventually lead to better free-flowing 

properties. A concentration of 0.20 g/L of (NH4)2SO4 and CTAC is considered as good for 

dispersibility as well as free-flowing properties. Interestingly, only CTAC as additive leads to 

good free-flowing properties and thus less agglomerates, too. A sample with only CTAC 

(increased amount of 0.50 g) and no (NH4)2SO4 was prepared which showed good dispersibility 

and free-flowing properties of the BTA fibers, too. In contrast, when using only (NH4)2SO4 

(0.50 g) and no CTAC, the solution is not well-dispersed and big agglomerates of BTA fibers 

are observed when a sample is dried. This is also valid if no additives are used and the BTA 

fibers are dried from the MEK solution.  

 

In contrast to the conventional equipment of polymer flock with salt, the results for the 

equipment of BTA fibers shows that a high amount of (NH4)2SO4  is counterproductive in terms 

of the free-flowing properties. Furthermore, it has been tried to break the BTA agglomerates 

before the flocking process by different methods. Transferring the fibers into a vial and try to 

loosen up the agglomerates with a spatula results in smaller fibers, however agglomerates are 

still present. Mixing or shaking the fibers within the vial does not result in better free-flowing 

properties of the (NH4)2SO4 equipped samples. Even though free-flowing properties could be 

enhanced, the samples still show some extend of agglomerates.  
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Table 4-1. Amount of additives tenside (CTAC) and salt ((NH4)2SO4) in 500 mL water and ~1 g BTA fibers 

and corresponding dispersibility in solution and free-flowing properties in the dried state. 

 CTAC/500 mL 

H2O 

(NH4)2SO4 /500 mL 

H2O 

Dispersibility Free-flowing 

properties 

Series I 

0.50 g 1.25 g V ~ 

0.25 g 1.25 g V ~ 

0.10 g 1.25 g V ~ 

Series II 

0.10 g 1.00 g V ~ 

0.10 g 0.75 g V ~ 

0.10 g 0.50 g V ~ 

0.10 g 0.25 g V ~ 

0.10 g 0.10 g V V 

0.10 g 0.00 g V V 

Series III 

0.50 g 0.00 g V V 

0.00 g 0.50 g ~ ~ 

0.00 g 0.00 g ~ ~ 
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c) Application methods onto the electrode 

In the conventional top-down electrostatic flocking process of polymer fibers a big brush 

transfers the fibers through a net which are then subsequently accelerated in the electric field 

towards the substrate. Even though conventional flock fibers are mostly free-flowing due to the 

equipment of additives, agglomerates can be present. Transferring through a net ensures that 

single fibers are accelerated in the electric field rather than agglomerated fibers. Similarly, to 

polymer fibers, BTA fibers tend to agglomerate. This may already occur in the storage vials in 

solution and especially after drying.  

 

Whereas tensides reduces the agglomeration, the next step addresses the application method to 

transfer the BTA fibers directly onto the electrode of the flocking machine with the aim to 

further reduce agglomeration. Inspired by the top-down electrostatic flocking process, this 

should lead to an increased number of single BTA fibers on the electrode, less agglomerates 

and thus better behavior in the flocking process.  

 

At first, the BTA fibers were brushed through a metal net onto the electrode. However, this 

method seems to cause too much abrasion. Thus, a new method has been implemented to reduce 

the amount agglomerated BTA fibers and being non-disruptive. Here, two brushes are used as 

exemplarily shown in Figure 4-14. The bigger brush is used to collect the BTA fibers (A) and 

the smaller brush is used to deposit the BTA fibers onto the electrode by going over the bigger 

brush with BTA fibers (B) resulting in deposition of BTA fibers onto the electrode (C). Big 

agglomerates which have been deposited too are removed before the flocking process. The 

agglomerates which are still visible by eye will either loosen up during the flocking process or 

not accelerated towards the substrate. 
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Figure 4-14. Deposition of BTA fibers onto the electrode of the flocking machine using two brushes.  

A: The agglomerated BTA fibers are picked up and deposited on the bigger brush. B: The BTA fibers are 

brushed onto the electrode with the help of a second brush. C: Deposited BTA fibers on the aluminum 

covered electrode. 

An example of BTA fibers flocked with this method is shown Figure 4-15. For this, the 

equipped BTA fibers with a concentration of 0.20 g/L of each additive (CTAC and (NH4)2SO4) 

are used. The overall appearance shows a reduced density of BTA fibers. Most of the fibers are 

standing in the substrate proving the successful flocking. During the process, is was observed 

that the fibers accelerate towards the substrate after a few seconds when the power was switched 

on. Similar as seen for the neat BTA fibers, which could be explained by the necessary fiber 

charging at the beginning of the process.  
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Figure 4-15. Top view of scanning electron microscopy images of flocked BTA fibers equipped with 

0.20 g/L of CTAC and (NH4)2SO4. BTA fibers were deposited on the electrode by the two-brush method. 

A and B: show two different sample areas. 
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4.3.4 Electrostatic flocking of equipped BTA fibers 

 

In the next step, all samples of the equipped BTA fibers with different (NH4)2SO4  and CTAC 

concentrations were tried to be flocked. For this, supramolecular BTA fibers with dimensions 

of typically 184 ± 84 are used (fraction from 100 µm PET net). The results are summarized in 

Table 4-2. The flocked samples were analyzed by scanning electron microscopy to state the 

appearance. From Table 4-2 can be seen that samples prepared from solution with high 

(NH4)2SO4 content of 2.50 g/L (series I) and 2.00 g/L (series II) are not flockable, which means 

that the agglomerates were not accelerated in the electric field. This was expected as the prior 

equipment tests have shown no sufficient free-flowing properties. The fibers have a strong 

tendency to form strongly bonded agglomerates and are clumped together. These agglomerates 

cannot be easily broken up and therefore almost no single fibers deposited on the substrate 

during the flocking process despite the amount of reduced CTAC within the series.  

 

The free-flowing properties can be enhanced by using less (NH4)2SO4 amount in the dispersions 

and 0.20 g/L and constant CTAC concentration of 0.20 g/L (series II) and directly correlates 

with the flockability. Here, electrostatic flocking was possible for (NH4)2SO4 concentrations of 

1.50 g/L and lower. Interestingly, the appearance of the flocked BTA fibers varied in 

dependency of the salt content. With higher (NH4)2SO4 amount, most of the BTA fibers were 

adhered to the ground instead of the desired vertically alignment in the adhesive. The lower the 

(NH4)2SO4 amount, the better the flockability and appearance of the flock in terms of density 

and fiber orientation. Good flocking performance was obtained for the sample with 0.20 g/L of 

CTAC and (NH4)2SO4. Here, good coverage and vertically aligned fibers were obtained (see 

Figure 4-15) which can be explained to good free-flowing properties. Interestingly, when 

reducing the (NH4)2SO4 amount to zero with a CTAC concentration of 0.20 g/L, the coverage 

decreases again. This might be explained by the reduced charges without (NH4)2SO4. 

Nevertheless, it was observed that the fibers with only CTAC were mostly vertically aligned.  
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Table 4-2. Summary of the amount of the used additives (CTAC and CTAC / (NH 4)2SO4) for  BTA fiber 

equipment in dependency of flockability  and flock appearance. 

 CTAC / (NH4)2SO4  in g/L Flockability and Appearance 

Series I 

1.00 / 2.50 Not flockable 

0.50 / 2.50 Not flockable 

0.20 / 2.50 Not flockable 

Series II 

0.20 / 2.00 Not flockable 

0.20 / 1.50 Flockable, few fibers 

0.20 / 1.00 Flockable, few fibers  

0.20 / 0.50 Flockable, few fibers  

0.20 / 0.20 Flockable, good coverage 

0.20 / 0.00 Flockable, few fibers 

Series III 

1.00 / 0.00 Flockable, best performing 

0.00 / 1.00 Not flockable 

0.00 / 0.00 Flockable, few fibers 

 

In the last series, the BTA fibers are equipped with only one of the additives with concentrations 

of 1.00 g/L each. While only (NH4)2SO4 equipment lead to no flockability due to agglomerates, 

the sample with CTAC shows best performing flocking properties. The agglomerates of this 

sample were easy to break up, showing good free-flowing properties. The overall appearance 

shows an increased density of BTA fibers as depicted in Figure 4-16. The BTA fibers stand 

mostly vertically aligned. The flocking density increase of the sample with 1.00 g/L CTAC 

compared to the sample with 0.20 g/L of CTAC and (NH4)2SO4 might be explained by 

combination of two effects: free-flowing properties and fiber charging. The free-flowing 

properties are increased and less agglomerates are observed for the sample with only CTAC. 

Furthermore, it is assumed that the CTAC is easier attached to the BTA fibers due to the tenside 

character with a nonpolar chain and a polar headgroup. As the BTA features a nonpolar nature, 

it is assumed that the nonpolar tenside part likely attach to the BTA fibers and the polar head 

facing outwards.  
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Figure 4-16. Top view of scanning electron microscopy images of flocked BTA fibers equipped with 

1.00 g/L of CTAC. BTA fibers were deposited on the electrode by the two-brush method. A and B: show 

two different sample areas. 

During the electrostatic flocking process, the BTA fibers seem to be accelerated easily and 

mostly single fibers are flying towards the SEM stub. The process and evolution of the flocking 

process was captured with a single-lens reflex camera and is depicted in Figure 4-17. Single 

BTA fibers are accelerated towards the SEM stub which can be seen in Figure 4-17 A after the 

electric field is switched on for 6 seconds. Two seconds later (8 seconds into flocking process), 

the BTA fibers are still accelerating towards the SEM stub. It can be clearly seen, that the BTA 

fibers are adhered in the carbon layer of the substrate on the SEM stub (Figure 4-17 B). 
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Figure 4-17. The process and evolution of the flocking process obtained using equipped  BTA fibers 

with 1.00 g/L CTAC. A: single BTA fibers are accelerated towards the SEM stub after 6 seconds when the 

electric field is switched on. a1: Overview and a2: magnification. B: Two seconds later (8 seconds into 

flocking process), the BTA fibers are still accelerating towards the SEM stub and the BTA fibers are adhered 

in the carbon layer on the SEM stub. b1: Overview and b2: magnification 
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The last sample in the series III are the neat BTA fibers, i.e. no additives. As known from the 

previous chapter, neat BTA fibers can be flocked, however, the agglomeration leads to less 

free-flowing properties and most BTA fibers laying in the adhesive. As the two-brush method 

seem to be the most promising to deposit the BTA fibers onto the electrode and loosen up 

agglomerates, neat BTA fibers has been tested with this method, too. The results are shown in 

the SEM images of Figure 4-18. The density seems to be quite similar to the samples deposited 

without the two-brush method, however the overall appearance regarding the alignment is 

optimized. Nevertheless, samples treated with CTAC still have best performing flocking 

properties and thus are used in the upcoming chapter for the optimized electrostatic flocking. 

 

Figure 4-18. Top view of scanning electron microscopy images of flocked neat BTA fibers. 

BTA fibers were deposited on the electrode by the two-brush method. A and B: show two different sample 

areas. 

.  
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4.4 Electrostatic flocking with optimized conditions 

 

From previous experiments aiming for optimization in the flocking process for BTA fibers the 

following influences were determined and optimized: 

 

i. Isolation process of BTA fibers after controlled self-assembly 

ii. Sieving and fractionation process regarding BTA fiber length (size selection: fibers 

from the 100 µm net) 

iii.  Equipment with conductive-enhancing material with suitable concentration 

(1.0 g/L CTAC) for fiber charging and free-flowing properties  

iv. Application method onto the electrode (two brush method) 

 

The following chapter uses these optimized conditions to flock CTAC equipped BTA fibers 

and investigate the influence of the flocking time and evaluation of the flock density. The 

properties of the supramolecular flock are further evaluated with respect to their orientation and 

supramolecular fiber length. 
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4.4.1 Influence of the flocking time 

In addition to dependencies on fiber length and free-flowing properties which have been 

optimized in the previous chapters, electrostatic flocking and the density of the resulting flock 

is dependent on the flocking time. Typically, the longer the flocking time the higher the fiber 

density. Thus, the flocking time was altered to investigate whether the density can be increased 

with increasing time. Therefore, the optimized BTA fibers ï equipped with CTAC and fraction 

from 100 µm net - are used and the flocking time was raised from 10 s (A) to 20 s (B) and 

30 s (C). The increasing coverage on the used SEM stub is optically visible with increasing 

flocking time as depicted in Figure 4-19. Most of the fibers show vertical alignments which is 

supported by the cross-section supplements the top view revealing that most of the fibers are 

vertically aligned and coverage increases with flocking time (see Figure 4-20). 

 

 

Figure 4-19. Flocked BTA samples on SEM stubs prepared with different flocking  times.  

A: Flocking time of 10 seconds, B: 20 seconds and C: 30 seconds. a1-c1: SEM stub of the flocked samples. 

a2-c2: top view of corresponding scanning electron microcopy images of the flocked samples.  
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Figure 4-20. Scanning electron microcopy images of the top view and the corresponding cross-sections 

of BTA samples flocked with different flocking times. A: Flocking time of 10 seconds, B: 20 seconds and 

C: 30 seconds. a1-c1: Top view of the sample. a2-c2: cross-section of the sample. 
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