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II. Summary 

Supramolecular chemistry provides the opportunity to efficiently produce nanofibers by self-

assembly of molecular building blocks via secondary interactions. Particularly in combination 

with woven or nonwoven fabrics, mesostructured superstructures can be obtained with appli-

cations ranging from filtration to catalysis. However, straightforward preparation methods that 

facilitate full control over all dimensions remain a challenge. In contrast to most self-assembly 

processes, this work focuses on a solvent-free process to produce superstructures with defined 

nanofibers by physical vapor deposition (PVD).  

The first part aimed for the development of superstructures with nanofibers of 1,3,5-benzene 

trisamides (BTA) capable of nucleating isotactic polypropylene (iPP). Therefore, various evapo-

rable BTA building blocks with cycloaliphatic and branched substituents known to nucleate iPP 

were selected. It was found that the ability to self-assemble into nanofibers on substrates 

strongly depends on the steric demand of the substituents. Optimal PVD conditions for the re-

producible production of supramolecular nanofibers were determined by systematic investiga-

tion of the process parameters, including substrate temperature, evaporation time and rate. A 

key feature is that the fiber length can be controlled directly via the evaporation time. Suitable 

glass fiber (GF) nonwovens, which are used as a reinforcing material in GF/polymer composites, 

were selected for superstructure preparation. In this way, mesostructured nonwovens with tai-

lored bottlebrush morphology were obtained. These mesostructured nonwovens were embed-

ded between iPP films and yielded composites with improved mechanical properties, namely 

increased tensile strength and modulus. This improvement was achieved by locally controlling 

the heterogeneous nucleation of iPP on the BTA/GF leading to a superior interfacial adhesion. 

The second part aimed to prepare superstructures with tailored bottlebrush morphology as air 

filtration medium. As a starting point, a polymer nonwoven was uniformly decorated with su-

pramolecular nanofibers based on a BTA with peripheral tert-butyl groups. Key parameters such 

as filtration efficiency and pressure drop were determined and evaluated for superstructures 

with varying nanofiber length. It was found that these superstructures or stacks of superstruc-

tures exhibited comparable filtration efficiencies of up to 94% for particles of 1 µm in size, as 

previously described, but had a much lower pressure drop. In a second step, glass fiber nonwo-

ven suitable for air filtration at elevated temperatures was chosen and superstructures were 
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produced in the same way. With these structures, filtration efficiencies of 99 % for 1 µm parti-

cles and 93 % for 0.3 µm particles were achieved with reasonable pressure drops. More im-

portantly, the heat resistance of the superstructures was investigated at 200 °C for 24 hours, as 

the BTA nanofibers exhibit excellent thermal stability. It was found that all key filtration param-

eters remained unchanged, demonstrating the suitability of such superstructures for air filtra-

tion processes at elevated temperatures that cannot be achieved with most polymer systems 

used. 

The third part of the thesis aimed at the preparation of superstructures for the immobilization 

of gold nanoparticles (AuNPs) and their subsequent use as heterogeneous catalysts. Thus, a BTA 

with peripheral tertiary amino groups was selected as functional building block. A single-layer 

polyamide fabric was used to produce the superstructures by PVD. The supramolecular nano-

fibers with the functional periphery on the polymer support enabled the efficient immobiliza-

tion of AuNPs from aqueous solution. Various electron microscopy methods confirmed a uni-

form loading of AuNPs with negligible leaching during catalysis. Using the well-investigated re-

action of 4-nitrophenol to 4-aminophenol as model reaction, a conversion of 95 % within 4 

minutes and a reaction rate constant of 1.16 min-1 was found, which is significantly higher than 

previously reported for similar systems. Moreover, it was shown that the superstructure re-

tained its morphology and catalytic activity over several cycles, demonstrating its durability and 

reusability.  

The fourth part aims to produce superstructures for the photocatalytic degradation of organic 

pollutants. For this, tricycloquinazoline (TCQ), a heterocyclic discotic aromatic molecule, was 

selected as a building block due to its high chemical stability and visible light absorption. Glass 

fiber nonwovens suitable for aqueous media were selected as substrate. The bottlebrush mor-

phology could be adjusted by the evaporation time with respect to the TCQ fiber length and 

therefore the optical density. High photochemical stability of these superstructures was 

demonstrated under harsh UV conditions, showing no structural or chemical degradation. The 

photocatalytic activity of the chromophore was studied by using organic model pollutants such 

as Rhodamine B. During the photocatalytic degradation it was found that 92% of Rhodamine B 

was decomposed within four hours under visible light irradiation. More detailed studies during 

irradiation of the superstructure revealed that superoxide radicals were the primary reactive 
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species supported by photogenerated holes. The mechanical stability of these superstructures 

allows them to be used in continuous flow mode and reused for multiple runs.  

In conclusion, this thesis presents a straightforward, solvent-free approach to produce 

mesostructured superstructures comprising supramolecular nanofibers by PVD. These super-

structures can be variably tailored to specific applications by properly selecting the building 

block with distinct functionality.
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III. Zusammenfassung 

Die supramolekulare Chemie bietet die Möglichkeit, Nanofasern durch Selbstorganisation mo-

lekularer Bausteine über sekundäre Wechselwirkungen effizient herzustellen. Insbesondere in 

Kombination mit gewebten oder nicht gewebten Stoffen lassen sich mesostrukturierte Über-

strukturen herstellen, deren Anwendungen von der Filtration bis zur Katalyse reichen. Einfache 

Präparationsmethoden, die eine vollständige Kontrolle über alle Dimensionen ermöglichen, 

bleiben jedoch eine Herausforderung. Im Gegensatz zu den meisten Selbstorganisationsverfah-

ren konzentriert sich diese Arbeit auf ein lösungsmittelfreies Verfahren zur Herstellung von  

Superstrukturen mit definierten Nanofasern durch physikalische Gasphasenabscheidung (PVD). 

Der erste Teil zielte auf die Entwicklung von Überstrukturen mit Nanofasern aus 1,3,5-Benzol-

trisamiden (BTA) ab, die in der Lage sind, isotaktisches Polypropylen (iPP) zu nukleieren. Daher 

wurden verschiedene verdampfbare BTA-Bausteine mit cycloaliphatischen und verzweigten 

Substituenten ausgewählt, von denen bekannt ist, dass sie iPP nukleieren. Es wurde festgestellt, 

dass die Fähigkeit zur Selbstorganisation zu Nanofasern auf Substraten stark von den sterischen 

Anforderungen der Substituenten abhängt. Optimale PVD-Bedingungen für die reproduzierbare 

Herstellung von supramolekularen Nanofasern wurden durch systematische Untersuchung der 

Prozessparameter, einschließlich Substrattemperatur, Verdampfungszeit und -rate, ermittelt. 

Ein wesentliches Merkmal ist, dass die Faserlänge direkt über die Aufdampfzeit gesteuert  

werden kann. Geeignete Glasfaservliese (GF), die als Verstärkungsmaterial in GF/Polymer- 

Verbundwerkstoffen eingesetzt werden, wurden für die Herstellung der Überstrukturen ausge-

wählt. Auf diese Weise wurden mesostrukturierte Vliese mit maßgeschneiderter Bottlebrush-

Morphologie erhalten. Diese mesostrukturierten Vliese wurden zwischen iPP-Folien eingebet-

tet und führten zu Verbundwerkstoffen mit verbesserten mechanischen Eigenschaften, insbe-

sondere einer höheren Zugfestigkeit und einem höheren Modul. Diese Verbesserung wurde 

durch die lokale Steuerung der heterogenen Keimbildung von iPP auf dem BTA/GF erreicht, was 

zu einer besseren Grenzflächenhaftung führte. 

Der zweite Teil zielte darauf ab, Überstrukturen mit maßgeschneiderter Bottlebrush- 

Morphologie als Luftfiltrationsmedium herzustellen. In einem ersten Schritt wurde ein Poly-

mervlies gleichmäßig mit supramolekularen Nanofasern auf der Basis eines BTA mit peripheren 
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tert-Butylgruppen dekoriert. Schlüsselparameter wie Filtrationseffizienz und Druckabfall wur-

den für Überstrukturen mit unterschiedlicher Nanofaserlänge bestimmt und bewertet. Es zeigte 

sich, dass diese Überstrukturen oder Stapel von Überstrukturen vergleichbare Filtrationseffizi-

enzen von bis zu 94 % für Partikel mit einer Größe von 1 µm aufwiesen, wie zuvor beschrieben, 

aber einen wesentlich geringeren Druckabfall hatten. In einem zweiten Schritt wurde ein Glas-

faservlies ausgewählt, das für die Luftfiltration bei erhöhten Temperaturen geeignet ist, und es 

wurden auf die gleiche Weise Überstrukturen hergestellt. Mit diesen Strukturen wurden Filtra-

tionseffizienzen von 99 % für 1 µm große Partikel und 93 % für 0,3 µm große Partikel bei ange-

messenen Druckverlusten erreicht. Darüber hinaus wurde die Hitzebeständigkeit der Über-

strukturen bei 200 °C für 24 Stunden untersucht, da die BTA-Nanofasern eine ausgezeichnete 

thermische Stabilität aufweisen. Es wurde festgestellt, dass alle wichtigen Filtrationsparameter 

unverändert blieben, was die Eignung solcher Überstrukturen für Luftfiltrationsprozesse bei er-

höhten Temperaturen zeigt, die mit den meisten verwendeten Polymersystemen nicht erreicht 

werden können. 

Der dritte Teil der Arbeit zielte auf die Herstellung von Überstrukturen für die Immobilisierung 

von Goldnanopartikeln (AuNPs) und deren anschließende Verwendung als heterogene Kataly-

satoren. Dazu wurde ein BTA mit peripheren tertiären Aminogruppen als funktioneller Baustein 

ausgewählt. Zur Herstellung der Überstrukturen durch PVD wurde ein einlagiges Polyamid Ge-

webe verwendet. Die supramolekularen Nanofasern mit der funktionellen Peripherie auf dem 

Polymerträger ermöglichten die effiziente Immobilisierung von AuNPs aus wässriger Lösung. 

Verschiedene elektronenmikroskopische Methoden bestätigten eine gleichmäßige Beladung 

der AuNPs mit vernachlässigbarer Auslaugung während der Katalyse. Anhand der gut unter-

suchten Reaktion von 4-Nitrophenol zu 4-Aminophenol als Modellreaktion wurde eine Um-

wandlung von 95% innerhalb von vier Minuten und eine Reaktionsgeschwindigkeitskonstante 

von 1.16 min-1 gefunden, die deutlich höher ist als die zuvor für ähnliche Systeme berichteten. 

Darüber hinaus wurde gezeigt, dass die Überstruktur ihre Morphologie und katalytische Aktivi-

tät über mehrere Zyklen beibehielt, was ihre Haltbarkeit und Wiederverwendbarkeit belegt. 

Der vierte Teil zielt auf die Herstellung von Überstrukturen für den photokatalytischen Abbau 

von organischen Schadstoffen ab. Hierfür wurde Tricycloquinazolin (TCQ), ein heterozyklisches 

diskotisches aromatisches Molekül, aufgrund seiner hohen chemischen Stabilität und Absorp-

tion von sichtbarem Licht als Baustein ausgewählt. Als Substrat wurden für wässrige Medien 
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geeignete Glasfaservliese gewählt. Die Bottlebrush-Morphologie konnte durch die Verdamp-

fungszeit in Bezug auf die TCQ-Faserlänge und damit die optische Dichte eingestellt werden. 

Die hohe photochemische Stabilität dieser Überstrukturen wurde unter harten UV-Bedingun-

gen nachgewiesen, wobei keine strukturelle oder chemische Degradation auftrat. Die photoka-

talytische Aktivität des Chromophors wurde anhand von organischen Modellschadstoffen wie 

Rhodamin B untersucht. Während des photokatalytischen Abbaus wurde festgestellt, dass 92 % 

des Rhodamins B innerhalb von vier Stunden unter Bestrahlung mit sichtbarem Licht zersetzt 

wurden. Genauere Untersuchungen während der Bestrahlung der Überstruktur ergaben, dass 

Superoxidradikale die primären reaktiven Spezies waren, die durch photogenerierte Löcher un-

terstützt wurden. Die mechanische Stabilität dieser Überstrukturen erlaubt es, sie im kontinu-

ierlichen Flussmodus zu verwenden und für mehrere Durchläufe wiederzuverwenden. 

Zusammenfassend wird in dieser Arbeit ein einfaches, lösungsmittelfreies Verfahren zur Her-

stellung mesostrukturierter Überstrukturen aus supramolekularen Nanofasern durch PVD vor-

gestellt. Diese Überstrukturen können durch die richtige Auswahl der Bausteine mit unter-

schiedlicher Funktionalität variabel auf spezifische Anwendungen zugeschnitten werden.
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1 Introduction 

 Preparation of nanofibers using physical vapor deposition 

Vapor deposition has undergone remarkable development in recent decades and has become 

a fundamental process in modern materials science and engineering. It enables the precise con-

trol and production of thin films and coatings with tailored properties that are critical in a wide 

range of applications.[1] This technique has played an important role in organic light emitting 

diodes,[2] batteries,[3,4] biomedicine,[5,6] and many other fields. 

In general, there are two different types of vapor deposition methods, chemical vapor deposi-

tion (CVD) and physical vapor deposition (PVD). The different principles of the deposition pro-

cesses are illustrated in Figure 1. In CVD, a gaseous precursor compound A reacts with the sub-

strate in a chemical reaction and forms a layer of the chemical reaction product B. So, whenever 

the deposited product has a different chemical composition to the starting material, the process 

is called CVD.[7] The chemical transformation is often triggered by a catalytic impact of the sub-

strate material. The chemical reaction that leads to the deposition of the layer of material B 

generally takes place at high substrate temperatures, as these make the underlying reaction 

possible in the first place. Prominent chemical reactions in CVD encompass various processes. 

One such reaction involves pyrolysis, notably observed during the deposition of pyrolytic graph-

ite from methane.[8] Moreover, employing multiple gaseous precursors enables reduction reac-

tions. For instance, silicon deposition occurs through hydrogen reduction of silicon tetrachlo-

ride, typically at about 1000 °C.[9] Additionally, oxidation reactions occur by incorporating oxy-

gen as a reactive gaseous precursor. An example includes the deposition of silicon dioxide 

through the oxidation of silane.[10] 

In contrast, within physical vapor deposition processes, material A undergoes vaporization from 

a solid or liquid source, emerging as atoms or molecules. It then traverses as vapor through a 

vacuum or low-pressure gaseous (or plasmatic) environment to the substrate, where it eventu-

ally condenses into a layer of material A.[7]  
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Figure 1. Schematic illustration of chemical vapor deposition (left) and physical vapor deposition (right) processes. 

 

PVD Setup 

In the simplest case, a PVD system consists of a vapor deposition chamber in which a vacuum 

is created, a vaporization source, and a substrate holder that contains the substrate. To ensure 

a good coverage of the substrate material with the vaporized target material the strength of 

the vacuum should be adjusted that the distance between the source and the substrate is 

smaller than the mean free path of the vapor. The typical range for the strength of the vacuum 

for organic molecules is around 10-3-10-6 mbar, when distance between the source and the sub-

strate is in the range of tens of cm.[7] In contrast, “microspacing in air sublimation” reduces the 

distance to several micrometers which allow the operation under ambient pressure.[11–16] 

The source, that vaporizes the target material, can do this either thermally or physically. Ther-

mal sources can consist of different heating techniques including, resistive heating, high energy 

e-beams, low energy e-beams, and inductive heating.[7] Each heating technique has its ad-

vantages and disadvantages and are suitable for different kind of materials. Resistive heating 

sources can be easily controlled via the current that is applied to them and is beneficial for 

organic materials. There are different configurations of the source like boats, crucible or for 

precise evaporation effusion cells. Physical sputtering, is based on the vaporization of atoms 

from a surface by momentum transfer from bombarding energetic atomic-sized particles, es-

pecially used for metals like platinum. 

The substrate, where the vaporized target material is deposited can be a variety of materials, 

including silicon wafer, glass slides or polymeric materials. In some cases that substrate holder 

Material A

Material AMaterial B

Chemical vapor 
deposition (CVD)

Physical vapor 
deposition (PVD)
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is equipped with thermoelements, that control the substrate temperature. To monitor the PVD 

process quarzcrystal micro balances (QCM) are often used to detect the evaporation rate.  

Additional elements can be added to a PVD setup to expand the possibilities, for instance sev-

eral sources can be used to give rise of the possibility to deposit several target materials at the 

same time or subsequently. Furthermore, masks and shutters can be used to access structured 

substrates or to perform combinatoric experiments.[1] 

In Figure 2 the PVD setup of the Macromolecular Chemistry I, that was used during this work is 

depicted. The setup consists of a vacuum chamber that is attached to a glovebox to handle air 

sensitive samples and an electronic control unit that allows the precise adjustment of the 

source temperature. The vacuum chamber is equipped with three effusion cells, that are all 

equipped with a QCM sensor, additionally two QCM sensors in close proximity to the substrate 

are installed to monitor the evaporation rate more precisely. The substrate is placed into a sub-

strate holder that can be turned in 90° increments during operation. Beneath the substrate 

holder a shutter mask is installed that can move stepwise or gradually. Between the shutter and 

the substrate different masks can be selected from a mask sampler. 

 

Figure 2. PVD setup in the Macromolecular Chemistry I at the University of Bayreuth. A) The setup consists of a 
vacuum chamber (framed in dashed blue lines) that is attached to a glovebox and an electronic control unit. B) The 
vacuum chamber is equipped with three effusion cells, that are all equipped with a QCM sensor, additionally two 
QCM sensors in the close proximity to the substrate and a rotatable substrate holder (framed in dashed orange 
lines). C) The rotatable substrate holder consists of a positionable substrate holder that can be turned in 90° incre-
ments during operation, a shutter mask, and a mask sampler. Source: University of Bayreuth, Macromolecular 
Chemistry I. 
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Combinatorial physical vapor deposition 

The specific PVD setup in our group, through the installed shutters and masks, allows the use 

of these combinatorial techniques to rapidly produce gradients and sectors on the same sub-

strate in a combinatorial experiment without breaking the vacuum or opening the chamber. 

The movable shutter mask beneath the substrate was used to prepare a linear gradient of one 

evaporated substance on the substrate when the movement was continuous, or a step gradient 

when the movement was stepwise (Figure 3).[1] Under optimized PVD conditions an uniformity 

of better than 3% over the whole substrate 76 x 76 mm, which corresponds to a layer thickness 

variation of less than 3 nm for a film of 100 nm, could be achieved.[1] This demonstrates the 

accuracy of the PVD process and allows different sectors on a substrate to be compared with 

each other. 

 

Figure 3. Schematic illustration of the preparation of linear or step gradient using a combinatorial approach by 
exploiting a movable shutter. Reprinted with permission of Ref.[1]© 2007 AIP Publishing. 

Sector libraries can be prepared using masks that cover a certain area of the substrate. Turning 

the substrate by 90° increments allow the preparation of even more complex sectors. Addition-

ally, several depositions steps can be performed with different target materials allowing the 

preparation of multi material films with different layer sequences (Figure 4).  

 

Figure 4. Schematic representation of the sequential preparation of a four sector library with different layer se-
quences by using either three different masks or two masks and rotating the substrate 90° before the last step. 
Reprinted with permission of Ref.[1] © 2007 AIP Publishing. 

shutter
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This kind of combinatorial approach allows the fabrication of organic light emitting diodes or 

organic solar cells.[2,17–24] Furthermore the PVD technique can be used to deposit photoresists 

with subsequent use in lithography.[25–30] In addition, simultaneously evaporation of more than 

one target material leads to the formation of thin films with a homogenous distributed compo-

sition. This can be utilized for preparation of polyimides via physical vapor deposition polymer-

isation, where the prepared films are subsequently tempered in an inert atmosphere to achieve 

polymerisation.[31,32] 

Growth modes 

There are three major modes by which thin films grow in an epitaxial fashion on a surface, 

namely FRANK-VAN DER MERWE-growth, VOLMER-WEBER-growth and STRANSKI-KRASTANOW-

growth.[33] In Figure 5 the three different growth modes are depicted schematically. In FRANK-

VAN DER MERWE-growth, also known as layer-by-layer growth, the deposited layer grows atom 

by atom or molecule by molecule on the substrate. An even and continuous layer is formed 

before the next layer begins. This growth mode occurs when the interaction between the atoms 

of the substrate and the atoms of the growing layer is stronger than the interaction between 

the atoms of the deposited layer itself.[34,35] 

In VOLMER-WEBER growth, also known as island-growth, small islands or clusters initially form on 

the surface of the substrate, which can eventually grow together to form a continuous layer. 

This mode occurs when the interaction between the atoms of the growing layer is stronger than 

the interaction between the atoms of the layer and the substrate. The result is a three-dimen-

sional, island-like structure.[36] 

The STRANSKI-KRASTANOW-growth, also known as layer-plus-island growth, is a combination of the 

first two growth modes, i.e. this mode involves a two-step process, first a thin film forms in a 

layer-by-layer fashion until a critical layer height is reached, sometimes called wetting layer, 

before the growth transitions to the nucleation and coalescence of adsorbate islands.[37] 
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Figure 5. Schematically illustration of the three major growth modes of epitaxial growth by FRANK-VAN DER MERWE-

growth, VOLMER-WEBER-growth and STRANSKI-KRASTANOW-growth.  

 

Nanoobject formation 

Vapor deposition techniques can not only result in thin films but also in nanoobjects like nano-

fibers, nanobelts, or nanoflowers. To realize this several approaches including templated, nu-

cleated and self-nucleated nanofiber formation were introduced (Figure 6). The first approach 

uses a porous template, that after vapor deposition can be removed, resulting in nanoobject 

that have the shape, the void of the template had.[38–40] The second approach uses seeds, that 

are placed onto the surface before PVD, so that these seeds can act as nucleation sites and 

initiate nanofiber formation.[41,42] By placing the seeds in a targeted manner, even complex pat-

terns on surfaces can be decorated with supramolecular nanofibers.[42] The third approach in-

volves no pretreatment of the substrates surface, which is why this approach will be called self-

nucleated. Here, the material that is deposited on the substrate forms nuclei that initiate 

growth of supramolecular nanofibers. Especially VOLMER-WEBER and STRANSKI-KASTANOV growth 

modes enable the formation of one dimensional architectures.[43,44] 

Substrate Substrate Substrate

Substrate Substrate Substrate

Substrate Substrate Substrate

Volmer-Weber
(island)

Frank–van der Merweer
(layer-by-layer)

Stranski–Krastanov
(layer-plus-island)



Introduction 

7 

 

Figure 6. Schematic illustration of the three different approaches for the preparation of supramolecular nanofibers 

via PVD. 

The morphology of supramolecular nano-objects from vapor is strongly influenced by several 

parameters, including the molecular structure, the evaporation rate, the substrate temperature 

and the substrate material (Figure 7). 

 

Figure 7. Influence parameter for the morphology of supramolecular nanoobjects from vapor. 

Among them are the molecular structure, where small changes can result in drastic differences 

in the morphology while using a fixed set of PVD conditions.[45] Suitable molecules have to pos-

sess high temperature stability, evaporate without decomposition and self-assemble into nan-

ofibers via defined secondary interactions. In particular a lot of aromatic motifs fulfill these re-

quirements like perylene bisimides,[40,42,46–52] porphyrins,[41,53–59] phthalocyanines[39,60–67] 

among others.[38,68–72] In addition, small peptide sequences also fulfill these requirements and 
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can be successfully assembled to nanofibers via PVD.[43,45,73–81] Furthermore, it is also possible 

to co-vaporize several building blocks, resulting in more complex fiber architectures.[13,15,82] 

For a given molecule, optimal PVD conditions have to be found to ensure nanofiber formation. 

Among the parameters the evaporation rate, can influence the degree of uniformity. A low 

evaporation rate leads to a low vapor flux, which allows a uniform formation of nuclei and con-

sequently a uniform growth of the nanofibers. In contrast a high evaporation rate leads to high 

vapor flux resulting in the formation of polydisperse nuclei and consequently in a polydispersive 

growth of nanofibers.[68] 

Another parameter that influences the morphology is the substrate temperature. Here an opti-

mal temperature window has to be identified. When the substrate temperature is too cold, no 

nanofiber formation occurs but amorphous film formation. When the substrate temperature is 

too hot, the adsorption-desorption equilibrium is shifted towards the desorption site hence, 

little to no material is deposited on the substrate. Especially molecules, that need a high source 

temperature often need 50-70% of that as substrate temperature to enable nanofiber for-

mation.[44,46,54,65] 

Additionally, not only the temperature but the substrate material, in general can influence the 

nanofiber morphology. In particular, the surface of the materials is of great consequence in the 

nucleation process, whereby a specific degree of roughness provides an adequate number of 

sites for the nucleation of fibers. Furthermore, the polarity of the surface exerts an influence 

on the orientation of the molecules and, consequently, on the growth.[39,51,56,58,61,64] 

Exemplary SEM images of supramolecular nanofibers produced by PVD from different building 

blocks are depicted in Figure 8. A wide range of fiber morphologies, thicknesses and lengths can 

be achieved by using suitable PVD conditions. 
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Figure 8. SEM images of supramolecular nanofibers prepared via PVD based on A) perylene bisimide (Adapted with 

permission of ref.[48] © 2008, American Chemical Society), B) porphyrin (adapted with permission of ref.[55] © 2009 

American Chemical Society), C) phthalocyanine (adapted with permission of ref.[62] © 2015 IOP Publishing), and D) pep-

tides (adapted with permission of ref.[78] © 2011 WILEY‐VCH Verlag GmbH & Co. KGaA).  

Due to the wide range of molecules available in the PVD process, supramolecular nanofibers 

can be produced for just as many different applications. Among other things, these fibers have 

been used in the field of organic electronics i.e. photoelectric devices,[38,55,66,67,74,75] transis-

tors,[14,52,63,66,70,83,84] sensors,[47,49] battery [50] or supercapacitor anode materials,[77] and piezoe-

lectric energy harvesting.[43]  
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 Materials 

1.2.1 1,3,5-Benzenetrisamides (BTAs)   

Self-assembly to supramolecular nano-objects 

Supramolecular chemistry enables the self-assembly of molecular building blocks into supra-

molecular nano-objects by utilizing non-covalent interactions, also known as secondary inter-

actions. These include van der Waals forces, π-π interactions, hydrogen bonds, dipole-dipole 

interactions, ion-dipole interactions, ion-ion interactions, and coordination bonds of complex 

transition-metal ions with ligands. One of the best-studied substance classes for self-assembly 

in nano-objects are 1,3,5-benzene trisamides (BTAs). The general design is based on a benzene 

core that is substituted in 1, 3, and 5 position with amide groups, which form the link to periph-

eral substituents (Figure 9). The benzene core and the substitution pattern provide planarity 

and C₃ symmetry. The amide groups serve to form intermolecular hydrogen bonds, which ena‐

ble one-dimensional self-assembly. The peripheral substituents influence the solubility and 

function of the nano-objects. 

 

Figure 9. General molecular design of 1,3,5-benzene trisamides. 

The most widely used nucleus for C3 symmetrical trisamides is by far benzene, as its starting 

materials are readily available. In addition, there are other cores such as cyclohexanes,[85,86] 

carbonyl-bridged triarylamines, [87,88] heptazines, [89] triarylamines, [90] or triphenylenes [91] that 

were used to prepare the corresponding trisamides. The three amide groups can form hydrogen 

bridge bonds with non-covalent bond energies of 4-120 kJ mol-1 each, which as a sum are similar 

in strength to covalent C-C bonds with a bond energy of 350 kJ mol-1.[92,93] The amide groups 

can be attached to the benzene core in two different ways: either via the carbon atom (C-cen-

tered) or via the nitrogen atom (N-centered). Alternatively, a mixed attachment is possible, 
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which gives rise to four possible stereo isomers (Figure 10). The selection of peripheral substit-

uents attached to the amide groups can impact the thermal properties, solubility, self-assembly 

behavior, and ultimately, the function. Typically, three identical peripheral substituents are at-

tached to the core, resulting in a C3 symmetry. However, unsymmetrical BTA derivatives with 

varying substituents at the amide groups have also been documented. 

 

Figure 10. Chemical structures of 1,3,5-benzenetrisamides derivatives with different C- and N-centered amide link-
age. Based on 1,3,5-benzenetricarboxylic acid core all amide units are C-centered (CCC). Based on 5-ami-
noisophthalic acid core one amide linkage is inverted (CCN). Based on 3,5-diaminobenzoic acid core two amide 
linkages are inverted (CNN). Based on 1,3,5-triaminobenzene core all amide groups are N-centered (NNN). 

Trisamide synthesis often follows the SCHOTTEN-BAUMAN reaction, using either trimesic acid chlo-

ride with an excess of amine or triaminobenzene with an excess of acid chloride in the presence 

of an acid scavenger such as triethylamine or pyridine. Since the resulting trisamides often have 

low solubility, high-boiling solvents such as N-methyl-2-pyrrolidone are used. Alternatively, 

trisamides can also be produced via the aminolysis of methyl trimesic acid ester with an excess 

of amines and elimination of methanol.  

 

Figure 11. General reaction scheme for 1,3,5-benzene trisamides using a SCHOTTEN-BAUMAN reaction starting from 
trimesinic acid (top) or triamino benzene (bottom). As acid scavenger pyridine or triethylamine are typically used. 
Since BTAs show a low solubility, high boiling solvents like N-methyl-2-pyrrolidone (NMP) are used. 

It is known that BTAs have capabilities to form supramolecular columns in both bulk and solu-

tion states. The peripheral substituents have been demonstrated to influence a number of 

properties, including solubility behavior, thermal properties, as well as packing behavior and 

crystal structure in the solid state. It was found that in bulk the subsequent molecule is typically 
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co-facially stacked and rotated by 60°, resulting in three strands of helical hydrogen bonds, 

which leads to the formation of supramolecular columns.[94–96] The dipole moments of the di-

rected hydrogen bonds are additive over the length of a column, leading to the formation of a 

macrodipole moment. This can be compensated for by the antiparallel alignment of further 

columns, which leads to the formation of bundles (Figure 12).[94–97] Depending on the peripheral 

substituents, thermotropic liquid crystalline behavior manifests itself in BTAs. Several different 

phases, both nematic and smectic, can be realized.[85,98–100] 

 

Figure 12. Side view of a columnar stack of six benzenetrisamides molecules which builds up a macrodipole along 
a single supramolecular column (left). Side-view of two benzenetrisamides columns with antiparallel alignment to 
compensate the macrodipole (right). The macrodipoles are highlighted with the help of grey arrows. Adapted from 
Ref.[97] used under a Creative Commons CC—BY license. 

The self-assembly of BTAs into one-dimensional supramolecular structures can be stimulated 

by external factors under specific conditions, such as changes in temperature, concentration, 

solubility, or pH. For this to occur, the BTA must first be molecularly dissolved in a medium like 

a polymer melt or solvent (Figure 13). An external trigger initiates the self-assembly process, 

causing the molecular building blocks to aggregate into single supramolecular columns. Subse-

quent compensating of the macrodipole results in the formation of bundles of supramolecular 

columns. This process is fully reversible due to the involvement of non-covalent interactions. 
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Figure 13. Schematic illustration of a solution based self-assembly process of BTAs. The BTA (red), which has to be 
molecularly dissolved into a medium like solvent or polymer melt (blue), undergoes self-assembly into single su-
pramolecular columns upon an external trigger like changes in temperature, concentration or pH. To compensate 
the macrodipole of the single supramolecular BTA column bundles of such supramolecular columns are formed. 
Source: University of Bayreuth; Macromolecular Chemistry I.  

The morphology of supramolecular nano-objects upon cooling at constant concentration using 

the temperature change as trigger can be controlled by various parameters during the self-as-

sembly process. The most important parameters, which are shown in Figure 14, include the 

molecular structure, the concentration of the BTA, the cooling rate and the solvent.  

The peripheral substituents of the BTAs significantly influence the polarity and solubility of the 

compound, for this reason, it is necessary to determine the appropriate processing window for 

all BTAs. As a general rule regarding concentration, the diameter of the supramolecular nano-

fibers increases as the concentration increases. In terms of cooling rate, slow cooling results in 

a larger fiber diameter, while rapid cooling leads to thinner fiber diameters.[101] The solvent 

plays a crucial role during the self-assembling process. Different morphologies can be realized 

by the appropriate choice of solvent. For example, for a BTA with terpyridine groups as a pe-

ripheral substituent, both spherical nanoparticles and nanofibers could be selectively produced. 

The spherical nanoparticles were prepared from a solution with 0.1 wt% BTA from 6:4 (w/w) 

ethanol/H2O and the nanofibers from a solution with 0.1 wt% BTA in 9:1 (w/w) propa-

nol/H2O.[102] 
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Figure 14. Important self-assembly parameter that influences the morphology of supramolecular nano-objects, in 
particular the molecular structure of the used building block, the concentration, the cooling rate and the used 
solvent. 

Not only cooling of a molecularly dissolved BTA can lead to the initiation of self-assembly but 

also heating. It has been shown for BTAs with peripheral tertiary N,N-dialkyl-ethylamino groups 

that they form supramolecular microtubes when heated from water.[103] Another trigger for the 

initiation of self-assembly of molecularly dissolved BTAs is the change in pH. BTAs with periph-

eral p-carboxylphenyl groups completely dissolved in aqueous sodium hydroxide solution by 

forming the corresponding sodium salt. Decreasing the pH value to acid conditions by adding a 

proton source, self-assembly is initiated and thus the BTA assemble to nanofibers, which results 

in the formation of a hydrogel.[104,105] In addition, electro gelation can be used to produce pro-

tons near an electrode surface, which leads to an deposition of supramolecular nanofibers on 

that surface.[106,107]  

Application of supramolecular BTA nanofibers 

The large number of available peripheral substituents allows a wide range of applications for 

supramolecular BTA nanofibers. For example, trisamides can be dissolved in polymer melts and 

form supramolecular fibers during cooling via self-assembly. By carefully selecting the periph-

ery, an epitaxial match can be achieved between the supramolecular BTA fiber and the polymer 

crystal structure, which leads to nucleation of the polymer. In this context, the crystallization 

temperature and the crystal structure and size can be influenced by the BTA used.[108–114] A 

more detailed description of the nucleation process of polymers in bulk is described in Chapter 

1.3.1. 

Supramolecular
nano-objects

Molecular 
structure

Cooling rate

Solvent Concentration
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In addition to their use as a nucleating agent for bulk polymers, BTAs can also be employed as 

nucleating agents for polystyrene foams. The underlying concept is depicted in Figure 15. De-

pending on the concentration and the processing temperature, BTA with a tertbutyl group can 

be homogeneously dissolved in the polystyrene melt. Upon cooling, the BTA self-assembles into 

finely dispersed, solid supramolecular nano-objects, which subsequently act as nucleating sites 

for foam cell formation. At a concentration of 0.2 wt% BTA, the cell sizes were significantly re-

duced by a factor of 35, from 632 to 18 mm, in comparison to those of a neat extruded polysty-

rene foam.[115,116]  

 

Figure 15. Concept and processing steps of the morphology control of PS foams with supramolecular additives: (a) 
Dissolution of BTA (orange) and blowing agents (blue) in PS melt (gray), (b) self-assembly of the BTA upon cooling 
into supramolecular nano-objects, (c) foam nucleation on the surface of the nano-objects, and (d) PS foam cell 
structure with BTA nano-objects.[115] Reprinted with permission from Ref.[115]© 2019 Sage Publications.  

One advantage of self-assembly processes is that the formation of supramolecular nanofibers 

can be performed in porous media, thereby enabling the fabrication of interpenetrating net-

works. This has been utilized in the fabrication of polymer microfiber/supramolecular nanofiber 

composites as it is shown in Figure 16. Here, the polymer nonwoven was immersed in a hot 

solution containing dissolved BTA with peripheral alkyl substituents. Following this, the soaked 

polymer nonwoven was removed from the BTA solution and, upon cooling and solvent evapo-

ration, self-assembly to supramolecular nanofibers occurred. This resulted in an interpenetra-

tion network of polymer fibers and supramolecular nanofibers. The microfiber/nanofiber com-

posites were subsequently employed as air filtration media for particulate matter, exhibiting 

effective filtration efficiency and minimal pressure drop.[117,118] 
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Figure 16. Schematic illustration of the in situ preparation process of a microfiber-nanofiber composite composed 
of supramolecular BTA nanofibers (red fibers) within a nonwoven (blue fibers). For this, the nonwoven was im-
mersed in a molecularly dissolved BTA solution (blue dots: solvent, red dots: molecular BTA units). Upon cooling 
and solvent evaporation, the microfiber-nanofiber composite was obtained. Reproduced with permission from 
Ref.[117] © 2013 WILEY‐VCH Verlag GmbH & Co. KGaA. 

The selective filtration of heavy metal ions and particles may be addressed by the use of BTAs 

with sulfur-containing peripheral substituents. As illustrated in Figure 17, two distinct BTAs 

were dissolved in a hot organic solvent and poured into a sand filling. One BTA possessed alkyl 

substituents, which ensured mechanical stability, while the other BTA had sulfur-containing 

groups, which enabled the adsorption of heavy metal ions/particles. Upon cooling, self-assem-

bly of core shell nanofibers occurred, with the sulfur-containing BTA forming the shell layer. 

Subsequent exchange of the organic solvent with aqueous heavy metal ions/particles resulted 

in selective adsorption on the supramolecular nanofibers.[119,120] 

 

Figure 17. Schematic representation of the self-assembly process of co-assembled supramolecular filter-sea-sand-
composites. A: A container filled with a defined amount of sea sand is immersed into a clear BTA-mixture solution 
at elevated temperatures until the sand is fully soaked (red spheres: aliphatic BTA; blue spheres: functional BTA; 
green spheres: solvent). B: The system is cooled down to initiate the formation of supramolecular nanofibers 
within the voids of the granulate material. At first, the aliphatic BTA forms supramolecular fibers. Subsequently, 
the sulfur-containing BTA starts to assemble on the fibers of the aliphatic BTA. Thus, core-shell fibers can be formed 
(blue lines: core-shell fibers). A schematic representation of such a core-shell fiber is shown on the bottom side of 
the sketch. C: The solvent is exchanged with a non-solvent like water (light transparent blue spheres: non-solvent). 
D: Silver nanoparticles (AgNP) can be adsorbed on the surface of functional supramolecular fibers. These AgNPs 
are immobilized on the surface of the fibers (bronze lines: fibers with AgNPs). A schematic representation of such 
a core-shell fiber with adsorbed AgNPs is shown on the right side of the sketch.[120] 
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A further potential application for supramolecular BTA nanofiber is the immobilization of gold 

nanoparticles (AuNPs) for use as a catalyst carrier in heterogeneous catalysis. To obtain a me-

chanically stable composite, electrospun polymer short fibers and supramolecular nanofibers 

based on a BTA with peripheral terpyridine groups were combined using a wet laid process. The 

composite was dipped into an aqueous solution of Au(III) ions and subsequently immersed into 

a NaBH4 solution, resulting in the reduction of the bound Au(III) ions to AuNPs (Figure 18). The 

AuNP-decorated composite was subsequently employed as a heterogeneous catalyst in the cat-

alytic reduction of 4-nitrophenol to 4-aminophenol. It was demonstrated that the composite is 

both mechanically resistant and exhibits only minimal leaching of AuNP. This allows the com-

posite to be used as a catalyst without reactivity impairment during repeated use.[102,121] 

 

Figure 18. Schematic representation to prepare catalytically active composite nonwoven. Short electrospun poly-
acrylonitrile (PAN) fibers (yellow fibers) were mixed with a functional terpyridine-based BTA as supramolecular 

motif (blue nanofibers) and prepared with the wet-laid process. After immersion into a HAuCl4・3H2O solution 

and formation of AuNPs (red dots), a stable catalytically active composite nonwoven is observed. Adapted with 
permission from Ref.[121]© 2021 American Chemical Society. 
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Hierarchical superstructures  

The field of supramolecular chemistry is not limited to the creation of low-dimensional struc-

tures but is able to develop architectures of higher-order, which are known as hierarchical su-

perstructures. One method for creating such superstructures is to combine coaxial electrospin-

ning with a self-assembly process from solution (Figure 19). During the electrospinning process, 

BTA seeds are formed as a shell layer on top of the polystyrene core. When immersing these 

fibers in a solution of the same dissolved BTA, the seeds act as nucleation sites, from which a 

self-assembly process is triggered, resulting in a structure that resembles a penguin downy 

feather. A nonwoven consisting of these penguin-downy-feather-like fibers, was used as an air 

filtration medium for particulate matter. By varying the density of the supramolecular fibers via 

adjusting the seed concentration, a filter could be produced that has very high filter efficiency 

and a very low pressure drop.[122] 

 

Figure 19. Schematic illustration to prepare mesostructured nonwovens with a special morphology. A) Coaxial 
electrospinning of polystyrene (PS) fibers (colored in blue) with BTA seeds (colored in yellow). B) Resulting BTA 
seeds on top of the PS fibers. C) Mesostructured nonwoven composed of polymer and supramolecular BTA fibers 
after seeded growth of the BTA fibers. D) The corresponding optical micrograph of the mesostructured nonwoven. 
Adapted with permission from Ref.[122]© 2019 WILEY‐VCH Verlag GmbH & Co. KGaA. 

Another way to obtain hierarchical superstructures is to combine crystallization driven self-as-

sembly and molecular self-assembly. For this purpose, polystyrene was decorated with micelles 

using coaxial electrospinning as described in Figure 20. These micelles were obtained from a 

triblock co-polymer using crystallization driven self-assembly. After immersion of these fibers 

in a solution of dissolved BTA, and subsequent drying results in the formation of a superstruc-

ture rendering a fir-tree like morphology. The chemical match between the peripheral substit-

uent of the trisamide and the functional group of the triblock co-polymer is of crucial im-

portance; in the absence of this match, the superstructure is not formed. This superstructure is 

suitable for the immobilization of palladium nanoparticles due to the tertiary amine group, 

which may facilitate their use in heterogeneous catalysis or filtration.[123–125] 
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Figure 20. Schematically illustration for the preparation of hierarchical superstructures. A) The dispersion of patchy 
worm-like polystyrene-block-polyethylene-block-poly(N,N-dimethylaminoethyl methacrylamide) (SEDMA) 
triblock terpolymer micelles were coaxial electrospun on supporting polystyrene (PS) fibers to prepare patchy PS 
core/SEDMA fibers. B) The prepared patchy polymer fibers were immersed into an aqueous solution containing 
the BTA with N,N-dimethyl groups. Subsequent evaporation leads to the patch-mediated molecular self-assembly 
of the BTA onto the patchy polymer fibers and C) results in a hierarchical fir-tree-like superstructure. Reproduced 
from Ref.[123] used under a Creative Commons CC—BY license.  

Special self-assembly techniques even make it possible to mimic nature. Exploiting the capillary 

forces of vertically aligned polyamide microfibers serving as a structuring substrate for the site-

specific self-assembly of a specific BTA with tertiary amines as peripheral substituent from so-

lution (Figure 21). The morphology of the supramolecular spines resembles that of a cactus and 

extends over several hierarchical levels, eventually leading to a conical shape with elongated 

self-assembled microgrooves and a super hydrophilic surface. Like its natural model, the supra-

molecular cactus has also been shown to be able to transport water droplets unidirectionally 

via these hierarchical conical microstructures.[126] 

 

Figure 21. Schematic illustration of the preparation of artificial supramolecular spines on top of polyamide micro-
fibers. A) Polyamide flock consisting of vertically aligned polyamide microfibers fixed onto a polyethylene tereph-
thalate (PET) mesh. The PA flock is immersed into a BTA solution. B) The soaked polyamide flock is then placed on 
a filter paper for a dedicated time to partially remove the BTA solution. C) During the drying process in a covered 
petri dish capillary forces of the Polyamide microfibers transport the BTA solution toward the polyamide head and 
evaporation of the solvent occurs and self-assembly is initiated at the polyamide head. D) Polyamide microfibers 
decorated with supramolecular BTA spines. E) SEM micrograph of Polyamide microfibers decorated with supramo-
lecular BTA spines. Adapted from Ref.[126] used under a Creative Commons CC—BY license. 
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1.2.2 Tricycloquinazoline 

Tricycloquinazoline (TCQ) is an electron-poor nitrogen-containing heterocycle with the molec-

ular formula C21H12N4 (Figure 22). The molecule geometry is planar with a triple axis of rotation 

perpendicular to the plane of the molecule, resulting in a C3 symmetry. 

In the following, the synthesis and properties of TCQ and its derivatization will be discussed. 

Furthermore, the use and properties of TCQ and its derivatives in applications like discotic liquid 

crystals, covalent organic frameworks, and metal-organic frameworks will be summarized. 

 

Figure 22. Molecular structure of tricycloquinazoline (TCQ). 

TCQ can be produced from various reactants via a condensation reaction with elimination of 

water or ammonia by trimerization (Figure 23). The synthesis of TCQ was first described by 

JACOBSEN and HUBER in 1908. They heated indazole with two equivalent copper powders and 

obtained TCQ with a yield of 30 % by splitting off ammonia.[127] However, they proposed a linear 

arrangement of three benzene rings, two pyridine rings and one pyrazole ring for the molecular 

structure. The correct structure of TCQ was first proposed by KOZAK and KALMUS in 1933, who 

synthesized TCQ by reacting o-aminobenzaldehyde with ammonium chloride in 22 % yield.[128] 

The proposed structure was finally confirmed by IBALL and MOTHERWE through the crystal struc-

ture.[129,130] The salt of o-aminobenzonitrile and p-toloulsulfonic acid also produces TCQ in 26 % 

yield when heated to 210 °C.[131] YONEDA and MERA showed that TCQ can also be prepared from 

antranil and ammonium acetate in refluxing sulfolane : acetic acid solvent mixture in 51 % 

yield.[132] The yield could be increased to 75 % starting from o-aminobenzonitrile and catalytic 

amounts of ZnCl2 in refluxing α-chloronaphthalene.[133] Omitting an organic solvent and using a 

ZnCl2 melt instead gave TCQ in up to 97% yield.[134]  

TCQ is extremely temperature stable and has a melting point of 319°C.[127] In addition, it is also 

very chemically stable, as it can neither be acetylated nor methylated, is oxidant resistant and 

stable against strong bases.[135] It is insoluble in water, ether, alcohol, aqueous alkaline solutions 
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and dilute acids. However, it is soluble in concentrated sulphuric acid and concentrated hydro-

chloric acid, but precipitates again in needle form when diluted. It is very soluble in either hot 

aniline or pyridine.[127,128] 

 

 

Figure 23. Synthetic routes towards TCQ. Reaction conditions: a) Cu-powder 2 eq., 290°C, 6 h, 30% yield;[127] b) 
NH4Cl, 22% Yield;[128] c) 210°C, 0.25 h, 26% Yield;[131] d) NH4AcO 2 eq., sulfolane:AcOH 3:1, 170°C, 10 h, 51% 
yield;[132] e) ZnCl2 0.01 eq., α-chloronaphthalene, 290°C, 8 h, 75% yield;[133] f) ZnCl2 1 eq., 350°C, 24 h, 97% yield.[134] 

Synthesis of TCQ derivatives 

The low solubility in organic solvents prevents the possibility of carrying out chemical transfor-

mations on TCQ, with some exceptions. For example, nitration reactions can be conducted with 

nitric acid; here, the degree of nitration can be controlled by the concentration of nitric 

acid.[128,132,135,136] In addition to nitration, TCQ dissolved in acetic acid can also be converted to 

trichloro-TCQ by adding chlorine.[128] Hydroxylation under Fenton conditions can be used to 

produce 3-hydroxy-TCQ in 14% yield starting from H2O2 and FeSO4 and TCQ.[137]  

Since the preparation of substituted TCQ derivatives from TCQ is only feasible to a limited ex-

tent, the substituents can also be attached prior to trimerization. Thus, trichloro-TCQ, tribromo-

TCQ, trimethoxy-TCQ and hexamethoxy-TCQ could be prepared from substituted anthranils.[138] 
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Liquid crystals based on TCQ as discotic core 

The intrinsic C3 symmetry of TCQ makes it interesting as a core for liquid crystalline discotic 

mesogens. A whole series of 2,3,6,7,10,11-hexa(thioalkoxy)tricycloquinazolines have been syn-

thesized via the nucleophilic substitution of C3-symmetric hexachloro-TCQ with linear thioal-

kanes.[138] The resulting compounds featured aliphatic side chains varying from three to 18 car-

bon atoms. Thermal analysis of these compounds revealed a broad temperature range of liquid 

crystalline behavior. Structural elucidations of the mesophases revealed hexagonal columnar 

arrangements for all compounds.[138] Spectroscopic investigations of thin films based on 

hexa(heptylthio)tricycloquinazoline show, that the crystalline form has rich vibronic structure, 

indicating Frank-Condon excitation of individual molecules. After heating above mesophase 

transition temperature and consequently transforming it into a columnar phase the absorption 

bands broadens and the features are blue-shifted 5 to 16 nm compared to the crystalline 

phase.[139] In addition, 2,3,6,7,10,11-hexa(thioalkoxy)tricycloquinazolines with long aliphatic 

side chains can form monolayers on gold substrates, due to the six thioether moieties. The ori-

entation of the core was found to be face-on, whereas the alkyl chains do not lay flat on the 

gold surface but are folded upwards, shielding the aromatic core as indicated by atomic force 

microscopy, infra-red spectroscopy as well as scanning tunnel microscopy.[140,141]  

Another class of TCQ-based mesogens are 2,3,6,7,10,11-hexaalkoxytricycloquinazolines, that 

can be synthesized by a Williamson ether synthesis using hexahydroxy-TCQ or hexaacetoxy-TCQ 

and alkylbromides.[142,143] Mesogenic behavior is observed from a length of the aliphatic side 

chain of at least  four linear carbon atoms. Using branched aliphatic chains the mesogenic be-

havior is destroyed, when the branching is close to the TCQ core. Introducing sidechains where 

the branching is located farer from the core, leads to a drastic decrease in the isotropic temper-

ature, compared to the linear isomer.[144] For all linear and branched peripheral sidechain com-

pounds a columnar mesogenic phase is reported.[142,144] Lamellar liquid crystalline phases can 

be achieved by using either linking the hexa-deprotonated hydroxy-TCQ to didodecyldimethyl-

ammonium salt via ionic self-assembly or by six cyanobiphenyl moieties that are connected to 

the TCQ core via oligo ethylene glycol spacers.[145,146] Latter, can also be processed to Langmuir-

Blodgett films, where the compound are aligned edge-on.[147] Using oligo ethylene glycol chains 

as peripheral substituent of hexahydroxy-TCQ, also yields a discotic mesogen, that features a 
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broad mesophase from the temperature range of 77 °C-233 °C and shows a hexagonal colum-

nar mesophase.[148] This TCQ based liquid crystal is fluorescent and was successfully employed 

as a molecular probe for fluorescence imaging of other discotic liquid crystals.[149] Furthermore, 

the electrical conductivity of this columnar liquid crystal was investigated after n-doping with 

10 wt% potassium and revealed a conductivity of σll = 1.1x10-3 S m-1
. This is an increase of two 

orders of magnitude in conductivity compared to n-doped TCQ based liquid crystal with an ali-

phatic side chain.[150] The increase is attributed to the oligo ethylene glycol sidechains, that can 

stabilize the resulting potassium cation and hence allow a higher degree of n-doping.[148] Fur-

thermore, Langmuir monolayers where prepared using LANGMUIR–BLODGETT techniques and 

their structural alignment was elucidated. The monolayer exhibits a gas phase, a low density 

liquid phase, where the molecule orientation is face-on, and high density liquid phase, where 

the molecule orientation is both edge-on and face-on.[151,152] 

Covalent organic frameworks and metal-organic frameworks based on TCQ  

More recently, the structural motif of TCQ has gained attention in the field of covalent organic 

frameworks (COFs) and metal-organic frameworks (MOFs) (Figure 24). In 2019, BUYUKCAKIR et al. 

presented the first synthesis of TCQ-based COFs, also known as covalent quinazoline networks 

(CQN) using an ionothermal polymerization of 2,5-diaminoterephthalonitrile in a melt of ZnCl2. 

 

Figure 24. Chemical structure of TCQ-based covalent COFs and MOFs. 
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This COF-1 showed a remarkable surface area of more than 1800 m2 g-1 together with large pore 

volumes of up to 0.93 cm3 g-1, which enabled its application as a promising CO2 adsorbent with 

a CO2 uptake capacity of 7.16 mmol g-1 (31.5 wt%) at 273 K and 1 bar.[134] Furthermore, the in-

fluence of microstructuring on TCQ-based polymers on their porosity and performance in the 

electrochemical hydrogen evolution reaction (HER) was investigated. For this purpose, the 2-

dimensional COF-1 was compared with a 3-dimensional tricycloquinazoline conjugated porous 

polymer prepared by oxidative coupling polymerization of TCQ using FeCl3. It was shown that 

the 3-dimensional polymer has a higher surface area with a broadly distributed pore size distri-

bution in contrast to the periodically ordered COF-1 which has a smaller surface area but a very 

narrowly distributed pore size. Furthermore, it was shown that this periodically ordered pore 

architecture leads to open 1-dimensional channels. The conductivity of the electron/mass 

transfer through the π-conjugate plane and the open 1-dimensioal channel is ultimately more 

favorable to boost the electrochemical catalytic activity in the HER for COF-1 compared to the 

3-dimensional TCQ-polymer.[153] 

The incorporation of fluorinated 2,5-diamino-3,6-difluoro-terephthalonitrile in the ionothermal 

synthesis results in CQN-2, which can be used as an electrocatalyst in the electrocatalytic re-

duction of CO2 to ethylene with a Faradaic efficiency of ethene production (FEC2H4) of 61.1% at 

-1.07 V (versus reversible hydrogen electrode [RHE]).[154] COF-2 can also be used as an organic 

cathode material in lithium-ion batteries, where it delivers good performance with a high ca-

pacity (250 mA h g-1 at 0.1 A g-1), high rate capability (105 mA h g-1 at 5.0 A g-1) due to its 2-di-

mensional extended conjugated architecture and layered structure. The intrinsic chemical sta-

bility of COF-2 is reflected in a remarkable cycling stability of 95.8% retention rate after 2000 

cycles at 2.0 A g-1 together with a high coulombic efficiency of 99.95%.[155] 

In addition to covalent organic networks, the TCQ structural motif has also been used in organ-

ometallic networks. Here, the building block hexahydroxy-TCQ is combined with different met-

als (M= Cu2+, Ni2+, Mg2+, or Co2+) to create 2-dimensional MOFs with tunable electronic proper-

ties and high electrical conductivity. This precise control over the electronic properties of the 

resulting MOFs could pave the way for the next generation of hybrid electronics.[156]  

Hexahydroxy-TCQ is very suitable due to a large, electron-poor ligand core with reduced elec-

tron density at the metal binding site, which leads to a more pronounced reversibility of the 
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metal-ligand bond and a higher in-plane crystallinity for the production of single crystalline con-

ductive 2D-MOFs. Latter is difficult because in-plane growth (that is, growth in the ab plane) 

requires continuous formation and breakage of strong metal–ligand bonds, whereas growth 

normal to the covalent sheets (that is, in the c direction) is governed by much weaker π-stacking 

interactions. Because the latter are much more reversible, they usually dominate growth but 

are too weak to enforce long-range translational symmetry, causing severe stacking disorder. 

Consequently, these materials exhibit long needle- or thread-like morphology, with severely 

stunted in-plane growth such that the ab dimensions of typical MOF crystallites rarely exceed 

several hundred nanometers. Dou et al. were able to produce a series of single crystalline MOFs 

with sizes up to 200 μm and determine two crystal structure types that have analogous 2D 

honeycomb-like layers but different packing modes and pore contents.[157,158] For MOF-1, the 

π-π distance was determined to be 3.19 Å, which is less than in any other 2D MOF and also less 

than the distance of graphene layers in graphite.[159] Furthermore, the in-plane and out-of-plane 

conductivities were determined, showing that MOF-1 has an in-plane conductivity of  

~100 S m-1 and an out-of-plane conductivity of ~9 S m-1 at room temperature. The former is 

thus one of the highest reported conductivities for 2D MOFs.[160] 

Due to the conductive properties of TCQ based MOFs, MOF-1 and MOF-2 were investigated as 

electrocatalyst for CO2 reduction. For both MOF-1 and MOF-2 the only products from CO2 sat-

urated 1M KHCO3 aqueous solution was hydrogen and methanol. For latter, the faradaic effi-

ciency for methanol at -0.4 V vs. RHE was 53.6% using MOF-1 which is a remarkable yield.  

MOF-2 had its highest faradaic efficiency for methanol at -0.3 V vs. RHE 5.4%. Furthermore, a 

good durability of the faradaic efficiency could be shown, over a time period of 10h continuous 

operations.[161]  

In addition, the redox activity of the TCQ core in MOF-1 was used as a lithium storage material. 

This enables the transport of Li+/e- and guarantees a robust electrode. The result is a high ca-

pacity of 657.6 mAh g-1 at 600 mA g-1, which exhibits remarkable high-rate capability and im-

pressive cyclability.[162] 

Flexible photodetectors based on thin films of MOF-1 on flexible substrates show a broad pho-

toresponse in a range from UV to mid-infrared (370-3400 nm) due to the small bandgap and 

broadband light absorption. Furthermore, these photodetectors can act as an optical synapse 

and feature excellent data recognition accuracy in artificial neural networks.[163] 
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Lastly MOF 1 was used as a hole extraction layer in a perovskite solar cell, where it provides an 

ultra smooth surface for perovskite film growth, an excellent photocarrier extraction capability, 

and defect passivation on the perovskite surface. The power conversion efficiency of a flexible 

perovskite solar cell using MOF-1 as hole extraction layer was determined to be 20.3%, while a 

reference with a state of the art hole extraction layer NiOx only exhibit a power conversion 

efficiency of 18.3%.[164]    
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 Applications 

1.3.1 Nucleation of isotactic polypropylene 

Polypropylene (PP) is a thermoplastic polyolefin, which is obtained by polymerization of propyl-

ene. After polyethylene it has the highest annual production of all plastics. To put this into per-

spective, assuming a density of polypropylene of 1g/cm3 the annual productions equals the size 

of 24 Khufu’s great pyramid at Giza. The ever-increasing demand for polypropylene is primarily 

due to its outstanding properties. PP has the lowest density of all plastics, good thermal stabil-

ity, chemical resistance, mechanical strength, and low cost of only 1$ a kilogram.[165] 

In contrast to ethylene or other vinyl monomers, PP cannot be produced via radical polymeri-

zation, as propylene can stabilize the radical through its mesomeric boundary structure.[166] For 

a long time, PP was therefore considered unpolymerizable until NATTA used ZIEGLERS olefin 

polymerization catalyst system of TiCl4/Al(C2H5)3 for propylene.[167] Since the carbon atom to 

which the methyl group is attached is chiral, this leads to an ordered sequence of configuration 

repeating units in the main chain, also known as tacticity.[168] The possible tacticities for PP are 

depicted in Figure 25. The stereostructure of the polypropylene chain is described using the 

terms meso (m) and racemo (r), which indicate whether neighboring methyl substituents have 

the same (m) or different (r) configurations. For isotactic polypropylene (iPP) the neighboring 

methyl groups are dominantly meso positioned, where as in syndiotactic polypropylene (sPP) 

the methyl groups dominantly raceme positioned. For atactic polypropylene (aPP), the se-

quence of the methyl group is random. 

 

Figure 25. Molecular structures of the three different chain architectures of polypropylene; a) isotactic polypro-
pylene - iPP, b) syndiotactic polypropylene - sPP and c) atactic polypropylene - aPP. 
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Isotactic polypropylene is capable of existing in at least three distinct crystalline forms, namely 

the monoclinic α-, the trigonal β-, and the orthorhombic γ-phases, which are depicted in  

Figure 26. In all cases, the chains are arranged in a left- or right-handed threefold (31) -helix 

conformation, with all methyl groups oriented either upwards or downwards. The most com-

mon and under normal processing conditions thermodynamically stable alpha modification has 

the following unit cell parameters of the unit cell: a = 6.65 Å, b = 20.96 Å, c = 6.5 Å, α = γ = 90°, 

β = 99°80.[169] Since the length of a and c is almost the same, the α-modification of PP leads to 

the formation of lamellae with a unique tendency to organize in a “cross-hatched” pattern. The 

α-form spherulites consist of radial (mother) lamellae, which are the predominant direction of 

growth, and tangential (daughter) lamellae, which are oriented almost perpendicular to the 

radial direction. This severely restricts the mobility of the segments and therefore results in a 

material with comparatively high strength and stiffness and a rather brittle behavior. 

The metastable β-phase of polypropylene can be produced under specific crystallization condi-

tions, such as high-shear rates, a large temperature gradient, or the use of β-nucleating agents. 

The β-phase exhibits a trigonal unit cell with the lattice parameters (a) = (b) = 11.0 Å,(c) = 6.5 Å 

and β = 120°. Compared to the alpha modification, the beta modification does have an in-

creased impact strength, making it the modification of choice for applications requiring higher 

toughness.[165]  

The γ-phase exhibits an orthorhombic unit cell with the lattice parameters (a) = 8.54 Å,  

(b) = 9.93 Å and (c) = 42.41 Å. It is formed using homogenous metallocene catalysts, or for high 

molecular weight iPP at high pressures. The gamma modification has no relevant industrial ap-

plication.[165] 
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Figure 26. Left: Side- and top view of the conformation of an isotactic polypropylene macromolecule. Adapted 
from ref.[170] Center, top: Crystal structure of the α- phase of iPP. Center, bottom: Crystal structure of the β-phase 
of iPP. Adapted from ref.[170] Right: Crystal structure of the γ-phase, with its 80° tilt between adjacent layers of 
isochiral helices. Adapted from ref.[169] All three structures are presented in the a-b plane. 

In order to optimize the material properties of PP for the respective application, it is crucial to 

understand the crystallization process. In general, any system tries to move towards the ener-

getically favored state. Importantly, the free enthalpy of the amorphous state and the crystal-

line state have different temperature dependencies due to their different entropies  

(Figure 27).[171] Therefore, a specific temperature exists, where the free enthalpies of both states 

is identical – the melting point. Above this temperature, the amorphous or molten state is en-

ergetically favored and below this point, the crystalline state is energetically favored. A temper-

ature change crossing the melting point, hence, creates an energetical driving force for a phase 

transition.[171] 
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Figure 27. Schematic representation of the free energy in a polymeric system. At high temperatures, the free en-
ergy of the amorphous state (blue) is lower while at lower temperatures the free energy of the crystalline state is 
preferred.[172] 

The formation of a crystal is dependent on two terms related to free enthalpy (Figure 28). 

Firstly, energy is required for the incorporation of another molecule into an existing cluster dur-

ing the process of crystallization. This energy (∆Gc) must be consumed in the form of surface 

energy, as a boundary surface between two phases (solid cluster vs. liquid outside) must be 

overcome. On the other hand, there is the free enthalpy that is released by the change in vol-

ume when molecules transform from the liquid phase into the solid phase (∆Gv). Both terms 

depend on the radius of the nucleus, but the surface-related term scales with the square of the 

crystal size, and the volume-related term scales with the cube of the crystal size. This leads to 

a maximum of ΔG at rc, which is the critical radius for nucleus formation. The critical radius rc 

describes the minimum size of a nucleus that must be formed before it is stable in the polymer 

melt. Hence, nuclei with a smaller radius than rc are unstable and redissolve into the polymer 

melt.[171] 
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Figure 28. Free enthalpy of formation ΔG (blue), as a function of the interfacial energy ΔGC and the volume energy 
ΔGV, plotted vs the nucleus radius. At the critical radius rc the free enthalpy of formation ΔG possesses its highest 
value. At the radius r0 the free enthalpy of formation ΔG becomes zero, leading to growth of the nucleus. Reprinted 
from ref.[173] under a Creatives Common CC – BY. 

The energy barrier ∆G* that must be overcome to initiate crystal growth can be reduced in 

heterogeneous nucleation. Here, the energy barrier towards nucleation is lowered compared 

to homogeneous nucleation due to a lower surface energy penalty for the formation of a nu-

cleus. The surface energy cost of forming a solid is dependent on the contact angle Θ to the 

surface (e.g. surface of nucleating agent). While for homogeneous nucleation a contact angle 

of Θ = 180° exists, leading to a high surface energy, the contact angle for heterogeneous nucle-

ation is much smaller. A comparison of the free enthalpy of nucleus formation ΔG for the cases 

of homogeneous and heterogeneous nucleation is depicted in Figure 29. While the critical ra-

dius rc remains the same, the nucleation barrier is lowered in the case of the heterogeneous 

nucleation. Also, the radius at which the free enthalpy of formation reaches zero remains the 

same for both heterogeneous and homogeneous nucleation.[171,174] 
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Figure 29. Comparison of the free enthalpy of nucleus formation for homogeneous and heterogeneous nucleation. 
The nucleation barrier is lowered in the case of heterogeneous nucleation compared to homogeneous nucleation. 
The critical radius rc, however, remains the same. Reprinted from ref.[173] under a Creatives Common CC – BY. 

Since heterogeneous nucleation is dependend on the surface angle between the polymer melt 

and the nucleating agent, developing efficient nucleating agents with an appropriate surface is 

therefore desirable. Heterogeneous nucleation with nucleating agents takes place at higher 

temperatures compared to homogeneous nucleation.[171,174] This effect is shown in Figure 30, 

where the heating and cooling curves of a pure iPP and an iPP with a nucleating agent, meas-

ured with differential scanning calorimetry is depicted. The crystallization peak of the nucleated 

iPP Tc,nuc shifts to higher temperatures in comparison to the respective unnucleated polymer 

Tc,neat. Generally, the addition of nucleation agents does not increase the crystallinity.[175] 

 

Figure 30. Illustration of a heating and cooling curve from a DSC measurement of an iPP with melting temperature 
Tm and the crystallization temperatures of the unnucleated iPP Tc,neat and the nucleated iPP Tc,nuc. Adapted from 
ref.[176] under a Creative Commons CC – BY license.  

Although some classes of materials can nucleate iPP, sorbitol derivatives and 1,3,5-benzene 

trisamides are the most widely used industrial nucleating agents.[108,111,177,178] The latter work 

according the principle shown in Figure 31. The BTA dissolves homogenously in the iPP melt, 

without decomposition. Upon cooling, self-assembly to supramolecular BTA nanofibers takes 

place above the crystallization temperature of iPP. These nanofibers act as a nucleation site for 

the iPP. Upon initial nucleation on the supramolecular nanofibers polymer crystallites can grow.  
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Figure 31. Schematic illustration of the functional principle of supramolecular nucleating agents for iPP. The nucle-
ating agent dissolves homogenously in the iPP melt, without decomposition. Upon cooling supramolecular nano-
fibers are formed above the crystallization temperature of iPP. iPP starts to nucleate from these formed nanofibers 
and polymer crystallites are formed. Reprinted from ref.[172] under a Creative Commons CC – BY license. 

To guarantee optimal nucleation, it is crucial that the surface of the supramolecular BTA fiber 

exhibits an epitaxial match with the crystal structure of iPP. 1,3,5-tris(2,2-dimethylpropionyla-

mino)benzene, a commercial nucleating agent also known as Irgaclear® XT386 from BASF SE, 

crystallizes in an orthorhombic unit cell (a = 14.9 Å, b = 24.05(8) Å, c = 6.80(2) Å).[179] It has been 

determined that with a repeat distance of 6.80 Å in the c-direction, the epitaxial mismatch with 

the corresponding periodicity in isotactic polypropylene is less than 5%. This has been shown 

to facilitate epitaxial growth. Figure 32 depicts a schematic of the nucleation of a polypropylene 

chain on the crystal surface of one trisamide column of Irgaclear® XT386. 

 

Figure 32. Schematic of epitaxial growth of an isotactic polypropylene chain on the column surface of 1,3,5-tris(2,2-dime-
thylpropionylamino)benzene (Irgaclear® XT386). The small epitaxial mismatch of 5% between polypropylene and Irgaclear 
XT386 leads to a maximum repulsion (indicated at the position of the red dashed lines) between the methyl groups of the 
polypropylene chain and the tert-butyl groups of the benzenetrisamide column approximately every 20 nm. This maximum in 
repulsion favors chain folding of the polypropylene chain. Source: Macromolecular Chemistry I, University of Bayreuth. 
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1.3.2 Air filtration 

During the Covid 19 pandemic, everyone realized how important filter technology is for per-

sonal health protection. Scientific assessments have shown that wearing a face mask is an ef-

fective non-pharmacological measure to minimize the spread of disease in the commu-

nity.[180,181] However, it is not only during a pandemic that the demand for effective filters is 

high. Figure 33 shows the size of natural and artificial contaminants that pose a health risk when 

inhaled, such as acute respiratory infectious diseases.[182–184] For personal protection or to clean 

industrial exhaust air streams, to mitigate artificial contaminants, it is necessary to develop ef-

ficient, sustainable and stable filters. 

 

Figure 33. Size range of airborne natural and artificial pollutants. Reprinted with permission from ref.[184] © 2007 
Elsevier Ltd. 

In contrast to sieving, where particles that are larger than the pore size of the sieve are sepa-

rated, filtration separates particles that are smaller than the pore size of the filter. There are 

essentially four filtration mechanisms, which are shown in Figure 34: inertial impaction, inter-

ception, diffusion, and electrostatic attraction.[185] Inertial impaction occurs when large particles 

moving along an air stream are unable to adjust their direction to the rapidly deforming stream-

lines. Due to the inability of the particles to deviate from previously established paths, they 

impact the fiber surface directly.[186] Most of submicron particles are separated via an intercep-

tion mechanism. Here, streamlines that carry particles are in close proximity of the fiber sur-

face, until attractive forces capture the particle.[187,188] For very small particles the Brownian 
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molecular motion, causes the deviation from the streamlines, increasing the probability of im-

pacting the fibers surface.[186] Electrostatic attraction as a filter mechanism is based on the Cou-

lombic forces between a charged fiber and an oppositely charged particle. when either one of 

the particles or fibers is in a neutral state, the charge of one polarizes the other, resulting in 

attraction by dielectrophoretic force.[189] Using electrostatic attraction, allows for the selective 

filtration of charged contaminants.[190] 

 

Figure 34. Schematic illustration of the four types (Impaction, Interception, Diffusion and electrostatic attraction) 
of particulate matter filtration mechanism. Reprinted from ref.[185] used under a Creative Commons CC – BY license. 

The filter efficiencies of the various filter mechanisms depend on the particle size. Figure 35 

shows the size-dependent filter efficiencies of the different mechanisms and the resulting over-

all filter efficiency. This typically has a minimum at around 0.1-0.3 µm, which is called the most 

penetration particle size (MPPS).[191] 

 

Figure 35. Schematic illustration of the overall filter efficiency dependent on the particle size (red) and the individ-
ual contribution of the diffusion filtration mechanism (dark grey) and the inertial impaction and interception (light 
grey). The minimum in the overall filtration efficiency is called most penetrating particle size. Reprinted from 
ref.[192] under a Creative Commons CC – BY license. 
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The quality of filters can be measured using various indicators such as filter efficiency η and 

pressure drop ∆p. The filter efficiency indicates the percentage of a certain particle size that is 

separated by the filter medium.[117] Equation 1 is used to calculate the efficiency, where N cor-

responds to the number of particles that penetrated the filter medium and N0 refers to the 

number of all particles that were applied to the filter.  

𝜂 = (1 −
𝑁

𝑁0
) ∗ 100%    Equation 1 

Since the filter efficiency is measured for a specific particle size, the PMx notation has been 

established, where PM corresponds to particulate matter and x corresponds to the particle size 

in µm. 

A second important indicator for filters is the pressure drop ∆p. This is generally caused by air 

molecules hitting the fibers. According to DARCY’s law, the pressure drop ∆p can be expressed 

by Equation 2, where Q corresponds to the volumetric flow rate, μ corresponds to the dynamic 

viscosity of the fluid, L corresponds to the filter thickness, k corresponds to permeability of filter 

and A to the area of the cross-section of the filter.[193] 

Δ𝑝 = −
𝑄𝜇𝐿

𝑘𝐴
     Equation 2 

A filter should therefore be equipped with a small fiber diameter, sufficiently porous channels 

and a low thickness so that the air flow can pass through with little resistance. The greater the 

pressure drop, the more energy has to be expended to filter a contaminated air mass, which is 

the reason why a lower pressure drop is desirable. Since filter efficiency and pressure drop are 

in conflict with each other, the quality factor (QF) was introduced for a more comprehensive 

assessment of a filter's performance.[194–196] This is calculated from Equation 3 based on the 

filter efficiency and the pressure drop. 

𝑄𝐹 =
𝑙𝑛(1−𝜂)

Δ𝑝
      Equation 3 

As the pressure drop and therefore the quality factor is proportional to the flow velocity, it is 

important to only compare filters with similar test conditions. 

Nanostructured nonwoven filtration media based on nanofibers have proven to be an promis-

ing strategy, approaching ideal filters with high filtration efficiency across the entire range of 

particle sizes and a low pressure drop.[197] An overview of various morphologies that have been 
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produced by modifying polymer fibers can be seen in Figure 36. By exploiting the RALEIGH insta-

bility during the electrospinning process, graphene oxide polyacrylonitrile composite nanofiber-

based membranes with a structure like a string of olive-shaped beads were realized (Figure 

36A). These composites exhibit a filtration efficiency of 99.97% for PM2.5 with an 8 Pa pressure 

drop, tested by a flow velocity of 5.31 cm s-1.[198] Electrospun nanofibers with a wrinkled mor-

phology (Figure 36B) were produced from polycaprolactone/polyethylene oxide fibers by a sol-

vent annealing process with acetone.[199] Such wrinkled fiber exhibit a filter efficiency of 80.01 

% for PM2.5.[200] Porous nanofibers were prepared by electrospinning of a mixture of  

polylactic acid and zeolitic imidazolate framework-8 (Figure 36C). These porous nanofibers ex-

hibit a filtration efficiency for PM2.5 of around 95% and a pressure drop of 37 Pa.[201] Fibrillated 

para-aramid fibers with off-standing nanofiber branches mimicking a downy feather-like mor-

phology, were prepared by surface fibrillation of Kevlar fibers in either sodium hydroxide or 

phosphoric acid immersion baths (Figure 36D).[202,203] These fibrillated fibers exhibit a filtration 

efficiency of around 70% for PM0.3, with a pressure drop of only 3.8 Pa.[202] 

 

Figure 36. SEM images of nanostructured nonwoven filter media. A) graphene oxide polyacrylonitrile composite 
nanofiber-based membranes with a structure like a string of olive-shaped beads. Adapted with permission of 
ref.[198] © 2018 Elsevier B.V, B) electrospun nanofibers with a wrinkled morphology. Adapted from ref.[199] under a 
Creative Commons CC – BY license, C) Electrospun porous nanofibers. Adapted with permission of ref.[201]© 2018 
Elsevier B.V, D) Fibrillated para-aramid fibers with off-standing nanofiber branches mimicking a downy feather-like 
morphology. Adapted with permission from ref.[203]© 2020 Royal Society of Chemistry. 
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An emerging approach for realizing more complex morphologies for air filtration medium is 

based on the combination using bottom-up and top-down fiber strategies (Figure 37). Polymer 

microfiber / supramolecular nanofiber composite could be produced by immersing polymer mi-

crofiber nonwoven in solutions of BTA and subsequent drying (Figure 37A). During the evapo-

ration of the solvent, the BTA assembles into supramolecular nanofibers that entangle with the 

polymer nonwoven, resulting in a mechanical stabile composite.[117] The filtration efficiency of 

these composite is dependent on the BTA used, the concentration and the solvent in which it is 

immersed.[117,118] Under optimized conditions a filtration efficiency of 95% for 0.2 μm particles 

and approximately 100% for 2.0 μm particles at an average pressure drop of 1529 Pa using a 

flow velocity of 25 cm s-1.[118] 

A similar approach was conducted with 1,3:2,4-di(3,4-dimethylbenzylidene) sorbitol as molec-

ular building block, that formed a network of supramolecular nanofibers penetrating a polyac-

rylonitrile nonwoven (Figure 37B). This resulted in hierarchical dual-nanonets, that showed re-

markable filtration efficiencies of 99.999 for PM0.3 and a pressure drop of 32 Pa measured at 

flow velocities of 0.75 cm s-1
.
[204]

 

Mesostructured nonwovens with a penguin downy feather-like morphology (Figure 37C), were 

realized by coaxial electrospinning, decorating the core polystyrene fiber with BTA seeds. These 

seeds can act as nucleation sites, when immersed and subsequently removed from a BTA solu-

tion leading to hierarchical superstructures with off-standing supramolecular nanofiber 

branches. The density of the nanofibers can be tailored by the concentration of the seeds and 

the concentration of the BTA dissolved in the immersion solution. Using optimized conditions, 

these mesostructured nonwoven exhibit a filter efficiency of 99.8%% for 0.3 μm particles and 

approximately 100% for 1.0 μm particles at an average pressure drop of 22 Pa using a flow 

velocity of 5 cm s-1.[122] 
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Figure 37. Complex morphologies for air filtration medium. A) SEM image of Polymer microfiber / supramolecular 
nanofiber composite. Adapted with permission of ref.[118]© 2016, American Chemical Society B) SEM image of 
hierarchical dual-nanonets. Adapted with permission of ref.[204]© 2021 Royal Society of Chemistry., C) Optical micro-
graph of a mesostructured nonwoven with a penguin downy feather-like morphology. Adapted with permission 
from ref.[122] © 2019 WILEY‐VCH Verlag GmbH & Co. KGaA. 

Although multi-structured polymer-based filters have resulted in very good filtration efficien-

cies and low pressure drops, this type of filter typically does not have sufficient thermal stability 

required for filtration at elevated temperatures, such as those found in typical industrial ex-

haust streams. Temperature-stable, mesostructured filters for air filtration at elevated temper-

atures therefore remain an open field of research in which innovative solutions are urgently 

needed. 
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1.3.3 Nanoparticle loading and catalysis 

Metal nanoparticle 

The history of gold nanoparticles (AuNPs) began as early as 1857 with FARADAY's work on colloi-

dal gold, which he was able to produce by reducing tetrachloroauric(III) acid with phosphorus. 

Although analytical capabilities were severely limited at the time, the characteristic ruby red 

color of gold nanoparticles could already be observed at that time.[205] Since then, the research 

field of (gold) nanoparticles has expanded remarkably. On the one hand, this is due to the con-

tinuous technical progress that has advanced the characterization of NPs, which ultimately 

leads to a deeper understanding of NPs.[206–211] On the other hand, the field of research has 

become more attractive due to its promising potential in numerous application areas e.g. med-

icine[212–214] or (photo)catalysis.[215–217] 

Metallic NPs typically have a size of 1-100 nm, which leads to a large surface-to-volume ratio. 

This results in a significant change in chemical and physical properties compared to the bulk 

material. Compared to bulk materials, where surface atoms make up only a small percentage 

of the total atom count, nanoparticles (NPs) have a much higher proportion of surface atoms. 

Due to their large curvature, the atoms in NPs exhibit a strong affinity for the surface, meaning 

nearly all of them are either close to or directly on it.  Therefore, the coordination number de-

creases in NPs compared to the bulk material, which results in a higher reactivity.[218]  

A further distinctive attribute of metal NPs is the phenomenon of localized surface plasmon 

resonance (LSPR). This occurs at a specific wavelength and is dependent on the dimensions, 

morphology, and local refractive index of the NPs in question.[219] LSPR is defined as the collec-

tive oscillation of electrons in metallic NPs caused by the electromagnetic interaction between 

the metal NPs and the incident light of a specific wavelength. The plasmon resonance model is 

based on the assumption that positively charged metal atoms are locally fixed and that free 

valence electrons can move around these metal atoms. In the event that the wavelength of the 

incident light is greater than the dimensions of the metal NPs, an interaction occurs between 

the electromagnetic field produced by the incident light and the free valence electrons. De-

pending on the metal, the LSPR features an absorption maximum at different wavelengths. This 

LSPR can change the optical appearance of a metal quite drastically. For instance, bulk gold with 

its characteristic metallic golden color, appears in the colloidal form as dark red to violet, due 
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to the LSPR the absorption maximum shifts from 520 to 570 nm for spherical particles with an 

increase in diameter from ∼10 to ∼100 nm (Figure 38).[220] 

Figure 38. A) Optical reflectance spectrum of bulk gold. B) Optical extinction spectra of gold colloids (3–100-nm 
diameters, see legend). Inset: Photograph of 10-nm Au colloid. Reprinted with permission from ref.[220] © 2016 
American Chemical Society.  

In order to exploit the superior properties of AuNPs for possible applications, it is essential that 

the NPs do not agglomerate and form larger clusters. However, this is precisely what occurs 

with small NPs, which possess high surface energy and attempt to compensate for this by ag-

glomerating. The theory that describes the agglomeration of NPs is the DLVO theory, named 

after DERJAGUIN, LANDAU, VERWEY, and OVERBEEK. This theory considers the balance between at-

tractive van der Waals forces and repulsive electrostatic forces acting on colloidal particles. 

By plotting the force acting on a particle—arising from van der Waals forces, electrostatic 

forces, as well as their sum—against the distance to a second particle, it becomes evident that 

attractive van der Waals forces dominate at short distances, whereas electrostatic forces pre-

vail at longer distances (Figure 39). To avoid agglomeration of NPs strategies must be used that 

either strengthen the repulsive forces or reduce the attractive forces. Generally, van der Waals 

interactions can be decreased by increasing the size of the NP.   

 

 

  



Introduction 

42 

 

Figure 39. Schematic illustration of the force acting on a particle, i.e. attractive van der Waals forces (green), re-
pulsive electrostatic forces (blue) and their sum, the resulting DLVO force (orange) against the distance to another 
particle.  

These strategies must already be considered during the synthesis of AuNPs. With regard to the 

synthesis itself, there have been few changes compared to the methodology that FARADAY em-

ployed. In general, AuNPs are produced from a gold precursor (often HAuCl₄), a reducing agent, 

and a stabilizer to suppress agglomeration.[221] The two most commonly used methods for the 

production of stabilized AuNP are the TURKEVICH method and the BRUST-SCHIFFRIN method.[209] In 

the original TURKEVICH method, HAuCl₄ is boiled with sodium citrate, whereby the citrate is oxi-

dized to the corresponding dicarboxyacetone. This then acts as a stabilizing ligand for the re-

duced Au0.[222] In this case, the size of the AuNPs can be modified by adjusting the concentration 

of sodium citrate and the pH value.[223,224] Due to the limited reducing power of sodium citrate, 

the synthesis of AuNP can be optimized by adding the reducing agent NaBH4. Another ad-

vantage is that the reaction can be carried out at room temperature, which enables the for-

mation of AuNP with a smaller size than in the conventional TURKEVICH method.[225] The BRUST-

SCHIFFRIN method is based on the observation, that AuNPs can be stabilized by sulfur containing 

ligands i.e. thiolates.[226,227] As reduction agent also NaBH4 was used. In particular the BRUST-

SCHIFFRIN method allows the functionalization/stabilization of AuNPs with disulfides,[228] xan-

thates,[229] and thioacetates,[230] which give rise to a lot of different surface modified AuNPs. 

Other AuNP ligands are oxygen (phenol and carboxyl groups),[231–233] nitrogen (amines)[234–236] 

or phosphorus (phosphine)[237,238] based and are typically introduced via ligand exchange reac-

tions. In addition to small molecular ligands, polymers and macromolecules are becoming an 

important class of ligands to stabilize and functionalize AuNP, hence they feature various ad-

vantages, i.e. long-term stability, adjustability of the solubility, tunable surface density of 

brushes and processability.[239] There are two major strategies of decorating AuNPs with poly-

meric ligands, “grafting to” and “grafting from”.[240,241] Latter uses a small molecular ligand, that 

has a polymerizable functional group, e.g. a vinyl group, where polymerization occurs after a 
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(radical) initiator is added.[242] In the “grafting to” approach a polymer, that has either stabilizing 

groups attached in the backbone, e.g. poly (vinylalcohol) or poly (vinylpyrrolidone),[243,244] or is 

end-capped with stabilizing groups, e.g. thiolate endcapped polymers.[240,245,246] Often these 

polymer-stabilized NP are produced via ligand exchange reactions in which small molecular lig-

ands are exchanged for polymeric ligands, which is entropically triggered. 

All the stabilization methods described above refer to AuNP dispersions. However, for catalytic 

reactions in particular, it is desirable to immobilize the nanoparticles on a heterogeneous sup-

port, which increases reusability. Silicon dioxide, aluminum oxide, MOFs, graphene or other 

forms of carbon, as well as various types and architectures of polymers have been used as car-

rier materials with different techniques.[247–251] In particular, polymer fibers are very popular as 

carrier materials due to their versatile functionality, straightforward processability and low cost. 

A commonly employed technique for immobilizing NPs onto a support material is known as the 

deposition method. In this approach, NPs are first synthesized separately and then immobilized 

by depositing them onto a support. The colloidal deposition process involves immersing the 

support in an aqueous or organic NP dispersion, followed by various purification steps such as 

centrifugation, filtration, or multiple washings.[252] The immobilization depends on electrostatic 

interactions and the possibility of forming chemical bonds between the NP surface and the 

functional groups of the support material, hence polymers with the earlier mentioned func-

tional groups are ideal to immobilize AuNPs.[253–255] Polymers that do not intrinsically carry suit-

able functional groups to immobilize AuNPs, such as polystyrene, can be modified by surface 

modifications to overcome this issue.[256–260] In addition to covalent, polymeric fibers, metallic 

NPs can also be immobilized on non-covalent, supramolecular fibers. For example, the class of 

1,3,5-benzene trisamides can be immobilized by selecting the appropriate peripheral substitu-

ent.[121,125,261–263] 

Among the numerous applications of AuNPs, research was particularly focused on their use in 

catalysis.[216,264–266] AuNPs have been shown to catalyze an extensive range of diverse chemical 

transformations, including CO oxidation, alcohol oxidation, and nitroarene Reduction. This the-

sis will focus on the catalytic reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP), a re-

action that has been extensively studied due to the toxicity and carcinogenicity of nitro com-

pounds and the importance of amino products as precursors in the production of analgesic and 
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antipyretic drugs such as paracetamol. Figure 40A describes the reaction equation of the re-

duction of an aqueous 4-NP solution to 4-AP in the presence of NaBH4 catalyzed by AuNPs. The 

reaction is particularly suitable as a model reaction to test the catalytic activity of catalyst sys-

tems due to the simple reaction control by in situ UV/Vis measurements. Figure 40B illustrates 

the typical absorption spectrum of the solution as a function of time. The peak at 400 nm is 

attributed to the 4-nitrophenolate, the concentration of which decreases with time, while a 

new peak emerges at 300 nm, the intensity of which increases with time. This peak can be as-

signed to the 4-aminophenolate. The reaction follows a first-order reaction so that the apparent 

rate constant Kapp can be determined via the slope of the linear correlation of ln(A/A0) over time. 

 

Figure 40. A) Reaction equation of the reduction of an aqueous 4-NP solution to 4-AP in the presence of NaBH4 
catalyzed by AuNPs B) Representative absorption spectra of the reaction solution as a function of time. The time 
between two consecutive curves is 2 minutes. Full conversion takes place in 20 minutes. The main peak at 400 nm 
(nitrophenolate ions) decreases as reaction time proceeds, whereas a second peak at 300 nm, referring to the 
product aminophenol, slowly increases (see arrows). Two isosbestic points are visible at 280 nm and 314 nm and 
indicate that only one product is formed during this reaction. Adapted with permission from.[265]© 2012 Royal 
Chemical Society. 

The mechanism of the reduction of 4-NP is described by the Langmuir-Hinshelwood model, 

which is illustrated in Figure 41. The initial stage of the process involves the adsorption of the 

4-NP and the borohydride ions onto the surface of the AuNP, coupled with the hydrolysis of the 
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NaBH4. Given the relatively rapid progression of this process, the rate-determining step is the 

reduction of surface-bound 4-NP by surface-hydrogen species. The final step of the catalytic 

cycle, namely the desorption of the product 4-AP, is once again rapid and results in the regen-

eration of an active site.  

The apparent rate constant is dependent on various factors including the size, shape, crystallin-

ity, and the used ligand of the AuNPs. Furthermore, the reaction is dependent on more general 

reaction conditions, i.e. pH, temperature, and dissolved oxygen concentration. 

 

Figure 41. Mechanistic model of Langmuir–Hinshelwood mechanism for the reduction of 4-NP to 4-AP catalyzed 
by AuNPs in the presence of NaBH4. Adapted with permission from Ref.[267] © 2015 Elsevier B.V. 

Although many efforts have been made to optimize catalytic systems based on AuNPs, the de-

velopment of new architectures that ensure good accessibility of the nanoparticles and prevent 

leaching of the NPs into the reaction solution is necessary, especially for AuNPs immobilized on 

support materials.  
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1.3.4 Photocatalysis  

Photocatalytic degradation of organic pollutants 

In addition to conventional metal-based catalysis, photocatalysis has emerged as a major field 

of research in recent decades. It aims to address some of humanity’s greatest challenges, in‐

cluding the development of sustainable energy sources and ensuring access to fresh water for 

all. For the latter, it is essential to convert polluted water into clean water using environmentally 

friendly, inexpensive technologies. In the following chapter, the degradation of organic contam-

inants by the advanced oxidation process will be discussed, with a particular focus on the pho-

tocatalytic degradation of organic pollutants. 

Advanced oxidation process (AOP) 

AOPs are defined as those that involve the in situ generation of strong oxidants such as hydroxyl 

radicals, superoxide radicals, or photogenerated holes in sufficient quantities to decontaminate 

polluted water.[268,269] These strong oxidizing agents transform organic contaminants into envi-

ronmentally friendly carbon dioxide, water and additionally, if heteroatoms are present, into 

the corresponding mineral acids e.g. hydrochloric acid, sulfuric acid or nitric acid.[270,271] 

The various AOPs can be classified according to the trigger used to convert an oxidizing precur-

sor into the oxidizing agent. Probably the longest known variant is the chemical AOP, which was 

introduced in 1894 by FENTON and his investigations on the degradation of tartaric acid by hy-

drogen peroxide in the presence of iron (II) salts.[272] Later mechanistic studies showed that 

FENTON reagents, as the iron is oxidized, lead to the release of hydroxyl radicals, which then 

oxidize and decompose the organic matter.[273,274] Even though FENTON's discovery was over 130 

years ago, industrial wastewater is still treated using this process today.[275] Another chemical 

variant of AOP is peroxonation, in which ozone and hydrogen peroxide together form hydroxyl 

radicals.[276] Here the hydrogen peroxide supports the decomposition of ozone in the aqueous 

medium.[277] 

The photochemical AOP represents an improvement because the conversion of the oxidizing 

precursor into the oxidizing agents can be significantly accelerated by using light as an addi-

tional trigger. The splitting of hydrogen peroxide homolytically into two hydroxy radicals can be 

achieved through the irradiation of the latter with ultraviolet light in the wavelength range of 

200-300 nm.[278] However, due to the low absorption coefficient and the absorption maximum 

of hydrogen peroxide, a high concentration of hydrogen peroxide and very high energy light are 
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required for this process. One potential disadvantage of low absorption can be avoided by using 

ozone instead of hydrogen peroxide, as the absorption coefficient of ozone is approximately 

200 times higher than that of hydrogen peroxide.[269,279] The classic FENTON process can also be 

improved by irradiation with UV light, where the additional trigger light leads to an accelerated 

conversion of hydrogen peroxides to hydroxy radicals.[280] In addition, irradiation with UV light 

offers the advantage that the iron (III) ions generated from iron (II) salts can be reduced back 

to its original form, which enables the catalytic use of iron salts instead of the stoichiometric 

use as is the case with the conventional FENTON process.[281,282] Despite all these improvements 

in photochemical AOPs, the need for high-intensity UV irradiation and the addition of oxidizing 

precursors such as hydrogen peroxide or ozone to polluted waters limit the AOP. 

These disadvantages can be overcome by using a photocatalytic variant of the AOP. In this pro-

cess, oxidizing species can be directly generated from water in the presence of a semiconductor 

that acts as a photocatalyst. Photocatalysis is defined as follows:  

“Change in the rate of a chemical reaction or its initiation under the action of ultraviolet, visible 

or infrared radiation in the presence of a substance—the photocatalyst—that absorbs light and 

is involved in the chemical transformation of the reaction partners.”[283] 

The general mechanism for any heterogenous photocatalysis can be divided into four steps 

(Figure 42). i) Absorption/Excitation, ii) Energy Transport, iii) Reduction and Oxidation-Reac-

tions (redox) and iv) Product formation/Catalyst recovery. The photocatalyst absorbs a photon 

with an energy larger than its band gap. This promotes an electron from a ground state to an 

excited state, which leads to the formation of an electron-hole pair, a so-called exciton. These 

excitons can either decay under radiation of light, decay over a non-radiative pathway or sepa-

rate into free charges. Reactions only take place on or near surfaces, so the free charges have 

to be transferred within their diffusion limit to the surface. On the surface the electrons and 

holes respectively will be transferred to the substrates where a redox-reaction takes place and 

generates charged intermediates. The last step is the formation of the products by these 

charged intermediates. 
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Figure 42. General photocatalytic steps for a particle including i) absorption/excitation, ii) charge transfer, iii) redox 
reaction and iv) product formation. 

During photocatalytic AOP, superoxide radicals and hydroxyl radicals are predominantly in-

volved as reactive oxidative species.[284] Superoxide radicals are generated by the reduction of 

oxygen dissolved in water, whereas hydroxyl radicals are formed by the oxidation of water with 

photogenerated holes h+.[284] The necessary redox potentials of these reactions are shown in 

Table 1. In order to generate superoxide radicals from oxygen dissolved in water, the photo-

catalyst must have a sufficiently negative reduction potential. Specifically, the conduction band 

potential of the photocatalyst should be -0.16 V or more negative (compared to the standard 

hydrogen electrode, SHE).[285,286] This is the potential required at pH 7 to donate electrons to 

molecular oxygen and reduce it into the superoxide radical. On the other hand, a photocatalyst 

must have a strong positive oxidation potential to generate hydroxyl radicals from water. The 

generation of hydroxyl radicals requires that the oxidation potential of the photocatalyst is at 

least +2.32 V (relative to SHE).[285,286]  

Table 1. The redox potentials for reactive oxygen species associated redox couples at pH=7.[285,286] 

Half-reaction Redox couple Redox potential (E0) [V] 

O2 +e- →O2•
- O2/O2•

- -0.16 

H2O + h+ → H+ + •OH H2O/•OH 2.32 

 

Photocatalysts 

To ensure efficient AOP, the photocatalysts used must have a number of properties. These in-

clude a suitable absorption spectrum, appropriate redox potentials, chemical and photostabil-

ity, ease of processing, and scalable, low-cost quantities. For the absorption spectrum, it is de-

sirable to absorb in the visible range so that resources and energy-saving light sources (such as 

the sun) can be used. In addition, it must meet the redox potentials for the generation of at 
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least one of the reactive oxygen species. Due to the harsh oxidative conditions during AOP, it is 

necessary that photocatalysts have sufficient chemical stability so that they do not self-destruct 

during the process. This is particularly challenging for organic photocatalysts. However, the pho-

tocatalytic efficiency is not only determined by the material properties, but also by the mor-

phology of the photocatalyst. Basically, as already described in the definition of photocatalysis, 

the reaction only takes place at or near the surface of the photocatalyst, so it is desirable to 

increase the surface area of the catalysts using suitable processing techniques.  

Figure 43 shows the redox potentials of common photocatalysts. It is notable that only TiO2 and 

ZnO have a sufficiently positive redox potential to generate hydroxyl radicals directly from wa-

ter. In contrast, organic photocatalysts in particular have a sufficient negative reduction poten-

tial to generate superoxide radicals from oxygen dissolved in water. 

 

Figure 43. Redox potentials of represantitive inorganic semiconductor (TiO2, ZnO, CdS) and organic semiconduc-
tors (porphyrin, perylene bisimide, Phthalcyanine). The dotted vertical lines indicate the redox potential of O2/O2

-• 
and H2O/HO•. 

Examples of inorganic photocatalysts that are widely used in the literature are mainly metal 

oxides or sulfides.[287,288] For example, TiO2 or ZnO, which can generate both hydroxyl radicals 

and superoxide radicals due to their high band gap, are suitable, but the band gap also limits 

the usable light to high-energy UV radiation, as a reference only 5% of the sun irradiation is in 

the UV range.[289–291] Furthermore, both materials are inexpensive and are characterized by high 

chemical and photostability.[292,293] In addition, there are enough processing techniques that 
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allow specific shapes and dimensions for the photocatalyst, such as the sol-gel technique,[294,295] 

hydrothermal growth,[296,297] or spray pyrolysis technique.[298,299]  

Organic photocatalysts 

Inorganic photocatalysts often have large band gaps, which requires the use of UV light. One 

advantage that organic photocatalysts offer is that their molecular design can be adapted so 

that their absorption spectrum can absorb a large proportion of the light emitted by the sun. 

Especially heptazine based materials such as graphitic carbon nitrides (g-CN),[300–304] porphy-

rins,[305–307] perylene bisimides,[308–312] phthalocyanines,[313–315] ullazines,[316] and quina-

cridone[317] (Figure 44) are of interest due to their broad absorption in the visible light range as 

well as the high stability these chromophores show against harsh oxidative conditions during 

AOP.  

 

Figure 44. Molecular structures of prominent chromophores found in organic photocatalysts that absorb in the 
range of visible light.  

These photocatalysts can be self-assembled via supramolecular chemistry, in particular by ex-

ploiting hydrogen bonding or π-π stacking, to 1D nanostructures i.e. nanofibers, nanorods or 

nanobelts (Figure 45). These nanoobjects feature a high surface area, which is beneficial for 

adsorption of organic pollutants to the photocatalyst. In addition, organic chemistry, allows for 

introduction of peripheral substituents that either promote self-assembly or to modify the elec-

tronic structure of the photocatalyst and thus promoting charge-separation to enhance the 

photocatalytic performance.[310] 

 

Figure 45. TEM images of supramolecular photocatalysts based on A) perylene bisimides, adapted with permission 
of ref.[309] © 2016 WILEY‐VCH Verlag GmbH & Co. KGaA, B) ullazines, adapted with permission of ref.[316] © 2022, 
American Chemical Society and C) quinacridone, adapted with permission of ref.[317] © 2020 Royal Chemical  
Society. 
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Immobilized photocatalysts 

In all the examples mentioned so far, the photocatalysts were used in the form of low-dimen-

sional geometries, i.e. 0D quantum dots, nanoparticles or noble metal atoms, 1D nanotubes, 

nanorods or nanowires, or 2D nanofilms or nanowires, which were dispersed in polluted water 

and then illuminated. This has the advantage that the photocatalysts have a large surface area 

due to their size in the nanometer range. However, these dispersions have the problem that 

they are not stable and the photocatalysts agglomerate and thus lose their high surface area 

and consequently their catalytic reactivity.[318] Furthermore, the separation/recovery of the 

photocatalyst is tedious or energy intensive due to the size of the photocatalyst.[318]  

These disadvantages can be avoided by immobilizing the photocatalysts on a macroscopic sup-

port material.[319] In addition to preventing agglomeration of the photocatalyst and easy sepa-

ration/recovery from the water,[320,321] other synergistic effects, such as the support material 

adsorbing pollutants, can lead to an increased concentration of pollutants in the near vicinity 

of the photocatalysts, thus accelerating degradation.[322,323] Furthermore, the surface polarity 

can be controlled by selecting the appropriate support material, thereby tailoring the selective 

adsorption of organic pollutants.[324–326] Additionally, the choice of support material can influ-

ence the electronic environment of the photocatalyst. For example, a highly conductive support 

can facilitate the rapid separation of photogenerated electron-hole pairs while slowing their 

recombination, thereby enhancing photodegradation efficiency.[327,328] 

Among macroscopic support materials, fibrous materials are of particular interest, due to the 

fact that the mechanical properties of the support material can be controlled by the choice of 

material. Organic polymer fibers can be designed to have a flexible character, whereas inorganic 

fibers such as glass or steel fibers are inherently very stiff.[329,330] Particular glass fibers can be 

stably present in the harsh oxidative environment during the AOP, further are glass fibers per-

meable for light.[330,331] In addition, fibrous materials provide high aspect ratio, which ensures 

that more photocatalyst can be immobilized on the support surface; thus, more active sites are 

provided for photocatalytic reaction.[327,332] Furthermore, the production methods of fibers are 

very well established, which makes the production of fibers very inexpensive and scalable. 

The photocatalysts can be immobilized using different techniques such as dip-coating,[326,333,334] 

chemical vapor deposition,[331,335,336] or hydrothermal techniques.[330,337,338] By cleverly selecting 

the processing methods, it is possible not only to immobilize the photocatalyst on the macro-
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scopic support, but also to create a mesostructured architecture and thus a hierarchical super-

structure, which, for example, has additional properties such as an increased surface area. In 

Figure 46 SEM images of hierarchical superstructures that were used as photocatalyst in AOP 

are depicted. Here, ZnO nanofibers, -wires and -rods were radially grown from either inorganic 

glass fibers or organic electrospun fibers via a hydrothermal method.[330,337,338] Creating hierar-

chical superstructures based on organic photocatalysts remains an ongoing challenge and is 

desirable to generate novel, efficient heterogenous photocatalysts for photocatalytic degrada-

tion of organic pollutants. 

 

Figure 46. SEM images of immobilized photocatalyst on a macroscopic fibrous support rendering a hierarchical 
superstructure. A) ZnO nanofibers prepared via hydrothermal method on electrospun polyacrylonitrile fibers, 
adapted with permission from ref.[338] © 2014 Elsevier B.V., B) ZnO nanorods prepared via hydrothermal method 
on glass fibers, adapted with permission from ref.[337] © 2010 The American Ceramic Society, and C) radially grown 
ZnO nanowires on flexible polylactide fibers.[337] Adapted from ref.[330] under a Creative Common CC – BY license 
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2 Aim of this thesis 

Mesostructured superstructures particularly based on woven or nonwoven fabrics with defined 

supramolecular nanofibers have great potential to be used in wide range of applications due to 

their high aspect ratio including filtration to catalysis. However, the preparation of superstruc-

tures, which enables full control over all dimensions of the supramolecular nanofibers remain 

a challenge. Moreover, this work aims to focus on a solvent-free straightforward process to 

produce superstructures with defined nanofibers by physical vapor deposition (PVD) in contrast 

to typical solution-based self-assembly procedures. This thesis aims to address these challenges 

in four parts. 

The first part will deal with the development of a solvent-free process to prepare supramolecu-

lar nanofibers via PVD. A first requirement to be used in PVD is the ability of the material to 

vaporize without thermal decomposition. In particular, selected BTAs, which are known to sub-

lime and have the capability to nucleate iPP, shall be investigated. The morphology of the de-

posited BTAs will be investigated using scanning electron microscopy. The influence of the pro-

cess parameters, i.e. substrate temperature, evaporation time, and evaporation rate on the 

fiber morphology will be comprehensively studied on solid substrates for the most promising 

BTA. After establishing the optimal PVD conditions, the preparation of mesostructured nonwo-

ven will be realized using a fibrous support. Here a distinct glass fiber (GF) nonwoven will be 

selected, which can also be used as reinforcement material for polymers. Since the BTAs are 

selected in a way that the supramolecular BTA nanofibers can also act as nucleating agents for 

iPP, this will allow one to study the nucleation potential of the mesostructured nonwovens for 

iPP. Finally, this shall lead to an improved adhesion between the GF structures and the iPP and 

influence the mechanical properties of the final composite.  

The second part of this thesis aims to prepare mesostructured polymer nonwovens decorated 

with defined supramolecular BTA nanofibers for the potential use in air filtration applications. 

Here, a model polymer nonwoven, which was already recently used in our group will be selected 

allowing a comparison with previous results. The preparation of superstructures with supramo-

lecular nanofibers shall be performed by PVD and characterized by electron microscopy. The 

influence of the length of decorated supramolecular nanofibers shall be investigated with re-

spect to filtration characteristics. For this a filter test rig and ISO fine test dust as particulate 

matter will be used to determine filtration efficiency and pressure drop. An intriguing aspect of 
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BTAs is the relatively high thermal stability. This opens the way to fabricate more temperature 

resistant superstructures to be used at temperatures, which cannot be realized based on com-

modity and engineering polymers. For this purpose, the polymer nonwovens will be replaced 

by thermally stable glass fiber nonwovens. Here the aim is to investigate how the decoration 

with supramolecular nanofibers in mesostructured glass fiber nonwovens will improve the fil-

tration performance. After preparation of such mesostructured glass fiber nonwovens with de-

fined supramolecular BTA nanofibers by PVD process, filtration characteristics and temperature 

resistance shall be investigated. 

The third part of this thesis will deal with the preparation and use of mesostructured superstruc-

tures, which provides additional functionality in the periphery of the BTA nanofibers. The func-

tional BTA nanofibers prepared by PVD shall be able to immobilize gold nanoparticles (AuNPs) 

and the so-formed AuNP-decorated superstructures shall be acting as heterogeneous catalyst. 

For this, a BTA with peripheral tertiary amino groups will be selected as a functional building 

block. A single-layer polyamide fabric will be used to produce a highly porous superstructure, 

which can be easily permeated by solutions. After determination of all parameters for super-

structure formation by PVD and the characterization with electron microscopy, AuNPs will be 

prepared and immobilized on the superstructures from aqueous solutions. Ultimately, the po-

tential of the AuNP-loaded superstructures as supported heterogenous catalysis will be assessed 

and evaluated in aqueous solutions using standard model reactions for catalysis. This also in-

cludes catalytic performance, stability and reusability of the AuNP-loaded mesostructured wo-

ven. 

The fourth part of this thesis will deal with the preparation and use of mesostructured super-

structures, in which the supramolecular nanofibers themselves act as heterogeneous photo-

catalysts. In contrast to the chapter above, this requires a photocatalytically active building 

block. For this, tricycloquinazoline (TCQ), which is a heterocyclic discotic aromatic molecule, will 

be selected as a building block due to its high chemical stability and visible light absorption. 

After synthesis and molecular characterization by common analytical techniques, suitable pro-

cessing conditions for PVD will be established to enable the formation of supramolecular nan-

ofibers during evaporation. Mesostructured superstructures based on suitable glass fiber 

nonwovens and supramolecular TCQ nanofibers will be prepared, and their morphology and 

optical properties will be characterized. Additionally, these mesostructured nonwovens will be 
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tested to determine whether they can withstand the harsh conditions encountered during irra-

diation. Ultimately, the application of these mesostructured nonwovens as heterogeneous pho-

tocatalysts in the photocatalytic degradation of two model compounds including the dye Rho-

damine B and the antibiotic Tetracycline will be demonstrated, both in batch and under contin-

uous flow conditions. The degradation mechanism of the pollutants, the reusability of the pho-

tocatalyst, and its leaching behavior will be evaluated. 
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3 Synopsis 

 Overview of the thesis 

Porous mesostructured superstructures, which are based on woven or nonwoven support 

structures on which supramolecular nanofibers with a high aspect ratio are firmly attached have 

great potential to be used in wide range of applications including filtration to catalysis. How-

ever, the precise preparation of supramolecular nanofibers leading to defined and tailored su-

perstructures remains a challenge. To achieve full control over all dimensions of supramolecular 

nanofibers, this thesis focusses on evaporable molecular building blocks, which can be pro-

cessed by physical vapor deposition (PVD). Beneficially, PVD is a solvent-free straightforward 

process comprising a continuous and controllable building block feed for structure formation, 

which is in contrast to typical solution-based self-assembly procedures.  

The main results of this thesis have been documented in four manuscripts, all of them are pub-

lished in peer-reviewed journals. 

A general overview of the thesis is shown in Figure 47. The central theme of this thesis is to 

make use of vapor deposition of molecular building blocks to form defined mesostructured su-

perstructures. Both the molecular building blocks as well as the woven or nonwoven support 

structures were carefully selected in view of their proposed application. Thus, the first part 

deals with the preparation of supramolecular nanofibers by PVD based on a series of distinct 

benzenetrisamides (BTAs), which can also act as nucleating agents for the commodity polymer 

iPP. As support, a glass fiber nonwoven was selected with can be used to reinforce iPP. Such 

glass fiber / BTA fiber superstructures can locally induce iPP crystallization when deposited in 

an iPP melt improving the adhesion between matrix and superstructure. In the second part, we 

aim to transfer the findings realizing superstructures by depositing BTA nanofibers on polymer 

model nonwovens or glass fiber nonwovens, which can be used for air filtration applications. In 

particular the combination of the selected BTA with glass fibers allows to prepare mesostruc-

tured superstructures to be used for air filtration at elevated temperatures, which cannot be 

realized with commodity polymers for filtration applications. Differently to part one and two, 

part three makes use of a functional BTA comprising peripheral tertiary amino groups. After 

superstructure formation by PVD, this allows for the selective immobilization of AuNPs on the 

BTA nanofibers, which can be subsequently used as reuseable composite for catalytic reactions. 

Finally, the fourth part aims to realize superstructures suitable for photocatalytic reactions. For 
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this, tricycloquinazoline (TCQ), a heterocyclic discotic aromatic molecule, was selected to be 

used as photocatalytically active building block. Stable mesostructured superstructures, using 

a suitable glass fiber nonwoven, allow for the degradation of organic pollutants under continu-

ous flow conditions. 

 

Figure 47. Overview of this thesis to prepare and make use of mesostructured superstructures for different appli-
cations. The central theme comprises the development of a PVD process using distinct molecular building blocks 
(blue circle) resulting in supramolecular nanofiber formation in a controlled manner. By rationally selecting the 
building block the application of these mesostructured materials can be tailored. In the first part several nonpolar 
BTAs were comprehensively studied and the preparation of mesostructured materials that can be used to nucleate 
iPP is demonstrated. In the second part the potential of such mesostructured materials is demonstrated as air 
filtration medium. The third part makes use of functional BTA building block. Those nanofibers on woven are able 
to immobilize gold nanoparticle, which ultimately acts as heterogenous catalyst. The fourth part introduces  
tricycloquinazoline (TCQ) as photocatalytically active building block, which allows the preparation of mesostruc-
tured materials to be used for the degradation of organic pollutants under continuous flow condition. 
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 Hierarchical glass fiber superstructures with supramolecular 

nanofibers for the nucleation of isotactic polypropylene  

The first publication deals with a comprehensive study using a solvent-free process, i.e. PVD, to 

prepare mesostructured superstructures based on a nonwoven support and supramolecular 

nanofibers based on 1,3,5-benzenetrisamides (BTAs). In general, BTAs are a well-known class 

of materials suitable to self-assemble in nanofibers from solutions. For this study, six different 

BTAs with cycloaliphatic and branched peripheral substituents were selected as molecular 

building blocks, which are known to sublime without decomposition (Figure 48). These BTAs 

are also known to act as nucleating agents for isotactic polypropylene (iPP). To study the influ-

ence of the molecular structure on the formation of supramolecular nanofibers on flat sub-

strates by PVD, the same set of conditions were chosen for all six BTAs. This includes a substrate 

temperature (Tsub) of 25°C of the used silicon substrate, an evaporation time of 30 min and an 

evaporation rate of 1.4 µg s-1. To achieve a constant evaporation rate of 1.4 µg s-1, the source 

temperature (Tsource) was set individually to 315 °C for BTA 1, 270 °C for BTA 2, 245 °C for BTA 

3, 235 °C for BTA 4, 230 °C for BTA 5 and 230 °C for BTA 6. 

 

Figure 48. Left: Schematic illustration of the physical vapor deposition of benzenetrisamides (BTA). The vapor dep-
osition depends on the physical and thermal properties of the BTA and can be controlled by the source tempera-
ture (Tsource) and the temperature of the substrate (Tsub). For a general and comprehensive study, various flat sub-
strates were used. To prepare mesostructured superstructures suitable for applications, glass fiber substrates were 
used. Right: SEM images of six different BTA 1-6, with cycloaliphatic and branched peripheral substituents that 
were investigated on flat substrates in view of the formation of supramolecular nanofibers. PVD conditions: The 
evaporation rate was 1.4 µg/s which was obtained by adjusting the source temperature for BTA 1 to  
Tsource = 315 °C, for BTA 2 to Tsource = 270 °C, for BTA 3 to Tsource = 245 °C for BTA 4 to Tsource = 235 °C for BTA 5 to 
Tsource = 230 °C and for BTA 6 to Tsource = 230 °C with an evaporation time of 30 min for all BTAs on a flat silicon 
substrate at 25°C Tsub. Adapted from Ref.[I]

 under a Creative Commons CC – BY license.  
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Scanning electron microscopy (SEM) investigations, as depicted in Figure 48, reveal that the 

capability to form supramolecular nanofibers increases with decreasing steric demand of the 

peripheral substituent. To systematically investigate the influence of different process param-

eters, namely substrate temperature, evaporation time and rate, BTA 6 was chosen as the rep-

resentative BTA.  

It was found that the substrate temperature influences the balance between adsorption and 

desorption of the molecules, which in turn influences the nanofiber formation and their mor-

phology. Experiments with three substrate temperatures (25°C, 50°C, 100°C) on silicon wafers 

show that at 25°C dense nanofibers with a uniform distribution and a fiber thickness of 204 nm 

are formed. At 50°C, the number of nanofibers decreases and are more unevenly distributed. 

At the same time, they become thicker (300 nm). This indicates that the overall number of nu-

clei is decreased. At 100°C, the fiber formation is strongly hindered on the substrate and only a 

thin wetting layer is overserved. This is attributed to a shift in the equilibrium towards desorp-

tion after layer formation at higher temperatures. Therefore, for all further experiments the 

substrate temperature was set to 25°C. 

By using combinatorial experiments, different sectors that differ in vapor deposition time could 

be produced on the same substrate. It is assumed, that the nanofiber formation follows a STRAN-

SKI-KRASTANOW-growth, where in this case a critical layer height of around 200 nm must be pre-

sent before supramolecular nanofiber growth can continuously proceed in a linear fashion with 

around 0.1 µm/min. This knowledge allows for straightforward length control representing a 

major advantage over solution-based self-assembly methods. Similarly, it was found that the 

evaporation rate, which can be adjusted by the source temperature, controls the nanofiber 

growth in a linear fashion. 

The demonstrated length control of BTA nanofibers using PVD, encouraged us to produce and 

investigate hierarchical superstructures, by replacing flat substrates with glass fiber nonwoven 

as substrate material (Figure 49). The molecular building block and the PVD parameters were 

kept identical: BTA 6 was evaporated at a rate of 1.4 µg/s on the nonwoven at substrate tem-

perature of 25°C. Using a combinatorial approach different sectors on the glass fiber nonwoven 

were created that differ in the evaporation time, i.e. 15 min, 30 min and 45 min. The SEM im-

ages of a neat glass fiber nonwoven and the superstructures are depicted in Figure 49. A homo-

geneous coverage with supramolecular nanofibers on the glass fibers was found with increasing 
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fiber density and length depending on the evaporation time. Thus, fiber growth and morphol-

ogy develop in a similar manner as found for flat substrates, resembling a bottlebrush morphol-

ogy. The average superstructure diameter (dashed lines) are found to be 13 µm (for 15 min), 19 

µm (for 30 min) and 24 µm (for 45 min evaporation time). Considering an average diameter of 

10 µm for a neat glass nanofiber (solid lines), the supramolecular nanofiber length is around 

1.5 µm, 4.5 µm, and 7 µm for the respective evaporation time. 

 

Figure 49. Schematic illustration of the controlled superstructure formation on glass fiber nonwoven (blue) with 
supramolecular nanofibers of BTA 6 (red) using a evaporation rate of 1.4 µg s-1, a Tsub of 25°C and a Tsource of 230°C. 
SEM images of the neat glass fiber nonwoven and hierarchical superstructures prepared via PVD of BTA 6 on the 
glass fiber nonwoven at different evaporation times of 15, 30, and 45 min (Tsub = 25 °C, evaporation rate = 
1.4 µg s-1). The white solid lines indicate the glass fiber diameter and the white dashed lines diameter of the bot-
tlebrush structure including the supramolecular nanofibers. Adapted from Ref.[I] under a Creative Commons CC – 
BY license. 

Supramolecular nanofibers of BTA 6 are known to efficiently nucleate iPP due to the epitaxial 

match between the crystal lattice of BTA 6 and of iPP. Powder X-ray diffraction measurements 

revealed that the supramolecular nanofibers prepared via PVD, exhibit the same crystallo-

graphic features as previously reported. Similarly, nanofibers scratched off from substrates af-

ter PVD and placed on top of an iPP melt provide clear evidence of trans-crystallization around 

the supramolecular nanofibers as the iPP melt cools at 135°C. This demonstrates that PVD-pro-

cessed nanofibers exhibit the same nucleation performance as the conventional BTA nucleating 

agent. Based on these findings, we were interested in the investigation of nucleation capability 

of the BTA nanofibers present on the glass fibers with bottlebrush morphology when placed on 

an iPP melt. For this, a single hierarchically structured fiber was removed from the decorated 

BTA 6

Glass fiber nonwoven
Thickness 300µm
Tsub=25°C

Tsource=230°C
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nonwoven studied using polarized microscopy. A single neat glass fiber was used as reference 

(Figure 50). As observed before, the BTA nanofibers clearly induce trans-crystallization of iPP at 

134 °C, which proceeds upon further cooling in a direction perpendicular to the glass fiber fea-

turing a dense fine-grained crystalline layer iPP of about 20 µm. At temperatures below 128°C 

homogenous nucleation leading to large spherulites of the iPP matrix takes place. These find-

ings are very interesting and demonstrate a locally induced and limited nucleation suggesting 

an improved adhesion of the glass fiber to the iPP matrix due to the trans-crystallization, which 

is not the case in the reference experiment, in which only randomly formed iPP spherulites can 

be observed.  

Based on these encouraging findings, we prepared a hierarchical superstructure with a bottle-

brush morphology comprising 10 wt% BTA. Such a hierarchical superstructure was then lami-

nated between two thin sheets of iPP by compression molding resulting in a glass fiber rein-

forced composite material containing about 3 wt% of glass fibers. For reference, a neat glass 

fiber nonwoven without the supramolecular nanofibers was laminated between two iPP sheets 

using the same conditions as well as the same amount of the glass fiber nonwoven. Dog bone 

specimens from all samples were used for mechanical testing, i.e. tensile tests. It was found 

that the reinforced iPP with the neat glass fiber nonwoven had an E-Modulus of 1264 ± 92 MPa 

and an ultimate strength of 33.0 ±2.1 MPa. The E-Modulus of the composite with the hierar-

chical superstructure was determined to be 1609 ± 128 MPa and the ultimate strength was 

determined to be 37.0 ± 1.2 MPa. These findings clearly confirm, that the supramolecular nan-

ofibers play a beneficial role for the mechanical properties by improving the adhesion from the 

glass fibers to the iPP matrix due to tailored heterogeneous nucleation of iPP. 

In conclusion, a robust PVD process was introduced to decorate surfaces with supramolecular 

nanofibers based on BTAs. Using GF nonwovens as a substrate enabled the creation of hierar-

chical bottlebrush-like superstructures with defined nanofiber lengths. These superstructures 

effectively nucleate iPP, promote trans-crystallization from the decorated glass fibers and en-

hance GF/iPP composite adhesion, which is reflected in improved mechanical properties. These 

results highlight that PVD is a viable method for producing fiber-decorated superstructures, 

which can be extended to other nucleating agents and semi-crystalline polymers to improve 

composite performance. 
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Figure 50. Polarized optical micrographs of a glass fiber decorated with supramolecular nanofibers of BTA 6 pre-
pared via PVD and placed into the melt of iPP at 170°C (A). Trans-crystallization of iPP nucleated form supramolec-
ular nanofibers of BTA 6 starts at 134°C after cooling it with a cooling rate of 5°C/min (B&C). Melt of iPP with a 
neat glass fiber without any BTA at 170°C (D). Linear cooling with 5K/min, does not lead to a crystallization of PP 
at 134 °C (E), only further cooling to 124°C triggers the nucleation of large spherulites, indicating that the neat glass 
fiber does not act as nucleation side (F). All photographs taken with λ/4 plate. Adapted from Ref.[I] under a Creative 
Commons CC – BY license. 
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 Mesostructured polymer and glass microfiber nonwovens with 

supramolecular 1,3,5-benzenetrisamide nanofibers for air filtration 

Based on the findings of the first publication, the second publication deals with mesostructured 

superstructures based on either polymer or glass fiber nonwovens and supramolecular nano-

fibers of BTA 6 prepared via PVD, which can be used for air filter applications. An ideal filter 

medium should combine two major characteristics: This includes outstanding filtration effi-

ciency while at the same time the pressure drop, being present due to the drag, should be as 

low as possible. With the approach used in this thesis, we aim to make use of supramolecular 

nanofibers to increase filtration efficiency and to control the nanofiber length to reduce drag 

by avoiding excessively covering pores present in the microfiber support structures. To demon-

strate this proof of concept, hierarchical superstructures were prepared by using a polymer 

nonwoven, which were decorated with supramolecular nanofibers of BTA 6 by PVD. To study 

the performance systematically, different amounts of BTA ranging from 2, 5 to 10 wt% were 

used (Figure 51). The overview SEM images reveal that the polyester nonwoven is completely 

and homogeneously covered with supramolecular BTA nanofibers. At larger magnifications it 

can be observed that the nanofibers grow perpendicularly away from the substrate material, 

resembling a bottlebrush morphology as shown before. The average length of the supramolec-

ular BTA fibers were determined to be 3.3±1.7 µm, 12±4.1 µm, and 20±3.4 µm for the hierar-

chical superstructures containing 2 wt%, 5 wt%, and 10 wt% of BTA, respectively. To ensure a 

homogenous coverage of both sides, the nonwovens were flipped after the first half of the 

evaporation time. 

 

Figure 51. Comparison of SEM images overview (top row) and magnification (bottom row) of neat polyester 
nonwoven and mesostructured polyester nonwoven with 2 wt%, 5 wt%, and 10 wt% BTA 6. Adapted with permis-
sion from Ref.[II] © 2025, American Chemical Society. 
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Prior to filtration experiments a stability test of the filter was conducted, by applying an air flow 

of 0,25 m s-1 for 24 h. A particle analyzer did not observe any leakage or detachment of nano-

fibers from the filter. Additional SEM investigation before and after the stability test showed no 

significant change in morphology. For the filtration tests, ISO fin test dust was used as aerosol 

a to investigate the filtration efficiency of the hierarchical superstructures. While the neat pol-

ymer nonwoven as reference does only separate particulate matter of sizes in the range of 0.2-

1.0 µm size to 5 %, the superstructure feature improved filtration efficiencies. The higher the 

mass fraction of supramolecular nanofibers, the better is the filtration efficiency of the speci-

mens: In this study, filtration efficiencies of up to 87 % for 2.0 µm sized aerosol particles were 

achieved with the superstructure containing 10 wt% of supramolecular nanofibers (Figure 52). 

Further enhancing the filtration efficiency was achieved by using stacks of the three mesostruc-

tured superstructures leading to filter efficiencies of up to 98% for 2 µm sized particles while 

still a low pressure drop was maintained.   

 

Figure 52. Filtration efficiencies of A) a mesostructured nonwoven with 2 wt.% of BTA (red diamond) exhibiting a 
pressure drop of 24 Pa, B) a mesostructured nonwoven with 5 wt% of BTA (blue triangle) with a pressure drop of 
35 Pa, C) a mesostructured nonwoven with 10 wt% of BTA (green square) showing a pressure drop of 90 Pa. A neat 
nonwoven (yellow circle) was used as reference (Ref.) exhibiting a pressure drop of 8 Pa. Testing conditions: meas-
uring time = 30 s; flow velocity = 0.25 m s-1; filtration area = 28.3 cm2, test aerosol = ISO fine test dust, upstream 
aerosol concentration = 30.000 particles cm-3. Adapted with permission from Ref.[II] © 2025, American Chemical 
Society. 

Since BTA 6 is known to feature a high thermal stability, this renders the use of supramolecular 

nanofibers based on BTA 6, as a promising candidate to realize mesostructured nonwovens 

which are suitable to be used for filtration applications at elevated temperatures. Since com-

modity polymers or engineering plastics are not suited to be used at temperatures of about 
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200°C, distinct glass fiber nonwovens were used to replace the polymer nonwoven and to pre-

pare hierarchical superstructures via PVD. For the preparation, the same conditions were used 

as evaluated before, resulting in the same absolute amount of BTA deposited on the glass fiber. 

Since glass fibers exhibit a higher density than polymers, the relative amount of BTA decreased 

to 0.9, 1.9 and 3.3 wt%. SEM investigations of the glass fiber superstructures reveal the same 

bottlebrush morphology as found for the polymer analogues. 

Filtration experiments show that with the BTA superstructure, the filtration efficiency of the 

glass fiber filter media can be improved, in particular in the region of particulate matter below 

1 µm. Decoration of the glass fiber nonwoven with BTA nanofibers increase the filtration effi-

ciency to about 99% for 1 µm sized particles and to 93% for 0.3 µm sized particles (Figure 53). 

The pressure drops were determined to be 317 Pa, 361, to 387 Pa, to 546 Pa, for neat, 0.9 wt%, 

1.8 wt%, and 3.3 wt% glass fiber nonwoven, respectively. 

 

Figure 53. Filtration efficiencies in the range of 0.3-2.0 μm of particulate matter of mesostructured glass 
nonwovens with A) 0.9 wt% of BTA (red triangle) with a pressure drop of 361 Pa, B) 1.8 wt% of BTA (blue triangle) 
with a pressure drop of 387 Pa, C) 3.3 wt% of BTA (green square) with a pressure drop of 546 Pa, and ref) a neat 
glass nonwoven (yellow square) with a pressure drop of 317 Pa. The inset shows a magnification of the filtration 
efficiencies of mesostructured glass nonwoven and the reference in the range of 0.3 – 1.0 μm. Testing conditions: 
measuring time = 30 s; flow velocity = 0.25 ms-1; filtration area = 28.3 cm2, test aerosol = ISO fine test dust, up-
stream aerosol concentration = 30.000 particles cm-3. Adapted with permission from Ref.[II] © 2025, American 
Chemical Society. 

To demonstrate the temperature stability of these mesostructured glass fiber nonwoven, filters 

with 3.3 wt% BTA content, where heated to 200°C for 24h. The morphology of different filters 

with and without the heat treatment is depicted in Figure 54. The SEM images show no observ-

able change in morphology, demonstrating high temperature stability of the BTA fibers. The 
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heat-treated filters were also subjected to particulate matter in the filter test rig and compared 

to filters without heat treatment. It was found that the filtration efficiency did not change com-

pared to untreated mesostructured glass fiber nonwoven, further evidencing the thermal sta-

bility. 

 

Figure 54. Comparison of SEM micrographs of mesostructured glass nonwoven with 0.9 wt%, 1.8 wt%, and 3.3 wt% 
of BTA before (top) and after (bottom) a heat treatment of 200°C for 24 h, showing no observable change in mor-
phology. Adapted with permission from Ref.[II] © 2025, American Chemical Society. 

In conclusion, the controlled decoration of microfiber nonwoven with supramolecular BTA nan-

ofibers lead to improved filtration performance of the resulting mesostructured nonwoven. 

Choosing a suitable nonwoven allows realizing more temperature resistant filter. This approach 

highlights the feasibility of the post modification by PVD to enhance the performance of existing 

nonwoven fibrous media, potentially enabling the fabrication of mesostructured nonwovens 

with a broadened application window in filtration and separation. 
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 Surface-decorated functional supramolecular nanofibers with 

immobilized gold nanoparticles for catalytic applications 

The finding, namely the mechanical stability of PVD-deposited supramolecular nanofibers on 

nonwovens during air filtration, encouraged us to expand the concept and study the applicabil-

ity of such mesostructured superstructures in aqueous media. Here we were also seeking to 

introduce functionality in the periphery of the supramolecular nanofibers by selecting BTA 

building block with functional groups in their periphery. For this, a BTA with tertiary amino 

groups was chosen, which is insoluble in water and has the potential to immobilize gold nano-

particles (AuNPs) via attractive interaction with the tertiary amine group (for chemical structure 

please see Figure 47). Combining these features allows one to prepare stable mesostructured 

superstructures with a high surface/volume ratio and strongly immobilized AuNPs with high 

catalytic activity in water, which can be used as reusable heterogeneous catalyst. The successful 

demonstration of this concept was the main objective of the third publication. 

Interestingly, the selected functional BTA features a similar thermal stability of up to 300°C as 

the prior investigated aliphatic BTAs. Consequently, the first evaporation experiments on solid 

substrates revealed that similar conditions were suitable including an evaporation rate of 

1.4 µg/s at a temperature of 230°C. SEM studies showed that the BTA molecules were assem-

bled into supramolecular nanofibers on the support. These PVD-deposited supramolecular nan-

ofibers feature a columnar arrangement driven by the helical hydrogen bonds without accom-

panied by-products as evidenced by IR and HPLC spectroscopy. Cross section SEM images taken 

after given evaporation times showed that the nanofiber growth proceeded in a linear fashion 

similarly as described before. 

To prepare porous mesostructured superstructure, a single-layer woven polyamide fabric was 

chosen as substrate, in order to ensure good accessibility of the reactants during catalysis. The 

morphology of the vapor-deposited supramolecular nanofiber on the woven fabric was inves-

tigated by SEM. The overview image in Figure 55A reveals that the entire polyamide fabric is 

densely and homogeneously covered with supramolecular BTA nanofibers. Larger magnifica-

tions showed (Figure 55B, C), that the supramolecular nanofibers of the vapor-deposited build-

ing blocks were grown perpendicularly from the surface of the support structure. From these 

images a supramolecular fiber diameter of about 350 nm can be estimated. Due to the curved 
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nature of the support, the nanofiber length cannot be easily determined. However, proper su-

perimposing of a neat woven fabric with a surface-decorated fabric allows to estimate the fiber 

length with a reasonable degree of accuracy (Figure 55D-F) yielding a length of the supramo-

lecular BTA fibers of about 8 μm. 

 

Figure 55. SEM micrographs of surface-decorated woven fabrics with defined supramolecular nanofibers. A) Over-
view image and B, C) different magnifications of the polyamide woven fabric with fibers of BTA. SEM micrographs 
of D) a neat woven fabric, E) a surface-decorated fabric and F) the corresponding superimposed image of D) and 
E). The red dashed lines indicate the outer border of the neat woven fabric and the surface-decorated fabric. The 
difference between the lines indicates the supramolecular fiber length of about 8 µm. PVD conditions: Tsource = 
230 °C, Tsubstrate = 25 °C. p = 10-6 mbar, deposition time 120 min. Adapted from Ref.[III] under a Creative Commons 
CC – BY license. 

Subsequently, the capability of the functional periphery of the supramolecular nanofibers to 

immobilize AuNPs were studied. For this an aqueous solution of dimethylaminopyridine 

(DMAP)-stabilized AuNPs were prepared and characterized. Dynamic light scattering (DLS) 

yielded a mean diameter for the AuNPs of about 10 nm and UV/vis spectroscopy a plasmon 

resonance at 520 nm. For the immobilization of the AuNPs, a mesostructured woven fabric was 

immersed into an AuNP solution for one hour. A washing step ensured the removal of unbound 

AuNP from the mesostructured woven. SEM investigations revealed that the morphology does 

not change during this immobilization process and by using a back scatter detector, clusters of 

AuNP can be visualized (Figure 56). The presence of the AuNPs was also determined by TEM 
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analysis of mechanically detached supramolecular nanofibers, showing the immobilization of 

the nanoparticles with an average diameter of 4.7 nm being somewhat smaller as determined 

by DLS. ICP-OES experiments showed an AuNP loading of 21 µg gold per mesostructured woven. 

Using a neat woven fabric as reference for the immobilization process showed that no AuNP 

were immobilized demonstrating the necessity of the functional periphery of the BTA fibers. 

 

Figure 56. A,B) SEM images at different magnifications of AuNP decorated mesostructured woven using an Inlens 
detector. C,D) SEM images at different magnifications using the same woven and a backscatter electron detector 
reveal bright areas on top of the supramolecular fibers indicating the presence of gold particles. E) Distinct individ-
ual AuNPs on mechanically detached supramolecular nanofibers as revealed by TEM featuring a uniform particle 
size distribution. F) Corresponding histogram of the diameter of the immobilized AuNPs determined by evaluating 
100 particles showing an average particle diameter of 4.6 ± 0.7 nm. Adapted from Ref.[III] under a Creative Com-
mons CC – BY license. 

The AuNP-loaded mesostructured woven fabrics were then ultimately studied with respect to 

the reduction of 4-nitrophenol to 4-aminophenol in the presence of NaBH4 (Figure 57). The pro-

gress of the reaction was monitored by UV/vis spectroscopy yielding an almost complete con-

version of 95% within 4 min only. Assuming first order kinetics an apparent rate constant (k) of 

1.16 min-1 was calculated, which is an order of magnitude higher than previously reported k 

values for heterogeneous catalysts based on supramolecular BTA nanofibers. The reusability 
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was demonstrated by performing three consecutive runs, where no activity decrease could be 

observed. SEM characterization showed that the morphology stays intact after the catalysis and 

TEM analysisconfirmed that the size of the AuNP does not change. This finding was also sup-

ported by ICP-OES measurement, which revealed that only a neglectable amount of AuNP-

leaches out of the mesostructured superstructure. 

 

Figure 57. A) Schematic illustration of the reduction of 4-nitrophenol to 4-aminophenol using an AuNP-deposited 
catalyst on mesostructured woven fabric as heterogenous catalyst in the presence of NaBH4. B) Decrease of the 4-
nitrophenolate concentration (ct/c0) over time with and without AuNP-deposited catalyst on mesostructured wo-
ven fabric. C) Reusability experiments of the AuNP decorated mesostructured woven in three consecutive catalytic 
cycles. Reaction conditions: 1.5 mL of 0.1 mM aqueous 4-nitrophenol solution, 1.5 mL of 100 mM aqueous NaBH4 
and 21 µg of immobilized AuNPs on mesostructured woven fabrics. The reaction is performed at 25°C with stirring 
at 600 rpm. Adapted from Ref.[III] under a Creative Commons CC – BY license. 

In conclusion, this approach allows for fabrication of tailored surface-decorated wovens with 

uniform functional supramolecular nanofibers by PVD. The functional periphery of BTA 

nanofibers facilitates robust AuNP immobilization, allowing efficient 4-nitrophenol reduction 

on the AuNP catalytic sites. These mesostructured woven fabrics with immobilized AuNPs are 

mechanically stable, enabling reuse without performance loss. This concept may be transferred 

to other BTA nanofibers and paves the way for mesostructured surfaces for other (photo-)        

catalytic applications. 
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 Mesostructured nonwovens with supramolecular tricyclo-

quinazoline nanofibers as heterogenous photocatalyst 

A final question to be addressed in this thesis was to design mesostructured nonwovens in 

which the supramolecular fibers themselves can act as catalyst. Apart from conventional catal-

ysis, photocatalysis represents an emerging field that offers promising, sustainable approaches, 

including water splitting or wastewater purification. Major considerations for this chapter in-

clude the use of building blocks, which (i) can form nanofibers, (ii) contains a photocatalytic 

active core, (iii) is highly stable in aqueous media, and (iv) omits the conventionally used pe-

ripheral side groups to ensure access to the active centers. For this, tricycloquinazoline (TCQ, 

for chemical structure please see Figure 47), an electron-poor, disc-like heterocycle that ab-

sorbs visible light was selected and synthesized.   

Thermal characterizations demonstrated that the molecule exhibits temperature stability of 

more than 300°C. Above this temperature TCQ is able to sublime residue-free at normal pres-

sure. Evaporation under controlled conditions i.e. pressure of 10-6 mbar, Tsource of 200°C and a 

substrate temperature of 25°C resulted in supramolecular TCQ nanofibers. Interestingly, the 

diameter of the TCQ fibers is significantly thinner at 70 nm than BTA fibers that were produced 

via PVD previously. Similarly, the height of the fiber mat can be readily adjusted through the 

use of combinatorial techniques, specifically via the manipulation of evaporation time. UV/Vis 

investigations have demonstrated that the absorption can be specifically controlled through 

this straightforward process (Figure 58).   

TCQ was subsequently evaporated onto glass fiber nonwoven, selected as the substrate due to 

its chemical robustness against the strongly oxidizing species formed during photocatalysis. As 

illustrated in Figure 59, hierarchical superstructures with a bottlebrush morphology were ob-

tained as described in the previous chapters. The length and, consequently, the absorption of 

the supramolecular TCQ fibers can be adjusted depending on the evaporation time, which is 

also indicated by the increasing yellow color of the specimens.  
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Figure 58. A) Schematic illustration of supramolecular TCQ nanofibers with increasing fiber-layer thicknesses by 
combinatorial vapor deposition with a shutter being moved stepwise from left to right. The vapor deposition time 
for sector I is 300 s, for sector II 600 s, and for sector III 900 s. B) Absorption spectra of sector I (black), II (red), and 
III (blue) on a quartz glass substrate. C) Absorption at 400 nm (in black) and the TCQ fiber-layer thickness (in red) 
as function of the vapor deposition time revealing an average fiber growth rate of 3.3 nm s-1. D–F) Side-view SEM 
images of TCQ nanofibers for sectors I, II, and III on a silicon wafer with a fiber-layer thickness of about 1.0, 2.1, 
and 3.1 μm. The dotted lines are a guide to the eye to indicate the thickness. PVD conditions: Tsource = 200 °C, p = 
10-6 mbar, and Tsubstrate = 25 °C. Adapted from Ref.[IV] under a Creative Commons CC – BY license. 

 

Figure 59. SEM images of supramolecular TCQ nanofiber/ glass microfiber nonwovens by PVD with increasing dep-
osition time from 600, 1200, to 2400 seconds. The average diameter of the TCQ nanofibers for all mesostructured 
nonwovens were determined to be around 70 nm. The inlets show photographs of the mesostructured nonwovens 
with a macroscopic diameter of the specimen of 37 mm. PVD conditions: Tsource = 200°C, Tsubstrate = 25°C, p = 10-6 

mbar, deposition time see figure, evaporation rate = 1.7 nm/s. Adapted from Ref.[IV] under a Creative Commons 
CC – BY license. 
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In order for phototactically active organic materials to be utilized effectively, it is mandatory 

that they show high photochemical stability under operational conditions. Therefore, we con-

ducted UV light exposure tests using the TCQ nanofiber/glass-microfiber nonwovens under con-

ditions that simulated harsh environments. In this experiment, a mesostructured nonwoven 

was immersed in deionized water, with the TCQ nanofibers facing upwards, and subjected to 

UV radiation at an intensity of 5 suns for 48 hours. Subsequently, the TCQ was molecularly dis-

solved and analyzed using high-performance liquid chromatography (HPLC). The HPLC elugrams 

from the solutions before and after UV exposure showed only one TCQ signal, confirming the 

high photochemical stability of TCQ under these conditions. Additionally, HPLC analysis of the 

residual water revealed that no other organic compounds are present, indicating that the TCQ 

remained stable under these conditions. Further evidence was provided by scanning electron 

microscopy (SEM) analysis before and after UV exposure, which showed that the bottlebrush-

like morphology remained unchanged. 

The potential of TCQ nanofiber/glass-microfiber nonwovens to be used as photocatalysts was 

initially assessed in a batch-type process. The setup is shown in Figure 60A. A 6200 K LED, which 

emits visible light in the range of 400 to 700 nm, was used to irradiate mesostructured 

nonwovens with 0.4 mg of TCQ nanofibers. This value is calculated to a loading of only 

0.05 mg/cm². The nonwovens were exposed to a 10⁻⁵ mol/L Rhodamine B solution, and the 

decomposition of the dye was monitored by UV/Vis spectroscopy every 15 minutes over four 

hours. The absorption maximum shifted from 554 to 500 nm, indicating degradation via a N-

deethylation pathway (Figure 60B). The decomposition of Rhodamine B was observed to reach 

92% within four hours (Figure 60C). Assuming pseudo first-order reaction kinetics under con-

stant illumination, the apparent rate constant (k') was calculated to  

1.0 x 10-2 min-1. SEM analysis demonstrated that the bottlebrush-like morphology of the 

nonwovens remained intact after photocatalysis. 
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Figure 60. A) Schematic illustration of photocatalytic degradation of organic pollutants using a batch-type reactor. 
B) Progress of the UV/Vis absorption of aqueous Rhodamine B solution during photocatalysis using a mesostruc-
tured nonwoven and a batch setup. C) Progress of photodegradation of Rhodamine B as a function of time using 
mesostructured nonwovens. D) Schematic illustration of photocatalytic degradation of organic pollutants using a 
continuous flow reactor: Organic pollutants are circulated from a reservoir solution with a flow rate of 1.5 L h -1. 
The nanofiber/microfiber nonwoven is fixed as a heterogenous photocatalyst upon visible-light LED irradiation. E) 
Progress of photodegradation of Rhodamine B as a function of time without (dark) and with irradiation (light on) 
using mesostructured nonwovens (closed circle) and neat glass microfibers as reference (open squared).  
F) Progress of photodegradation of tetracycline as a function of time without (dark) and with irradiation (light on) 
using nanofiber/microfiber nonwovens and neat glass microfibers as reference. Adapted from Ref.[IV] under a Cre-
ative Commons CC – BY license. 

To elucidate the mechanism of photocatalytic degradation of organic pollutants by TCQ, we 

studied the photodegradation of Rhodamine B in the presence of various scavengers, capable 

to identify the reactive oxygen species, i.e. hydroxyl radicals, photogenerated holes and super-

oxide species. Scavenging hydroxy radicals did not influence the degradation rate, constant, 

showing that the hydroxy radicals are not dominantly involved in the degradation of rhodamine. 

In contrast, scavenging photogenerated holes or superoxide radicals decreased the rate con-

stant of 25% or 85%, respectively. Which lead to the conclusion, that holes are involved in the 

degradation but the main reactive species, which are formed for the degradation of rhodamine, 

are superoxide radicals. 

In contrast to batch processes, continuous flow processes offer several advantages, including 

the ability to convert larger quantities of material at reduced treatment time. The efficiency of 

TCQ nanofiber/glass-microfiber nonwovens as photocatalysts for the degradation of Rhoda-

mine B dye and the antibiotic tetracycline in water under continuous flow conditions was eval-

uated. Figure 60D schematically depicts the configuration of the continuous flow photoreactor, 
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in which the nonwoven was positioned with the TCQ nanofibers facing towards the light source. 

The tenfold volume, i.e. 250 mL of aqueous solution of Rhodamine B at a concentration of 

10−5 mol/L was circulated through the reactor using a peristaltic pump. Within four hours, 95% 

of the dye was degraded, as illustrated in Figure 60E. Total organic carbon (TOC) measurements 

indicated that 35% of the initial Rhodamine B was converted to CO₂, while 65% was degraded 

into other products. 

After photodegradation, we analyzed the remaining water solution for traces of TCQ using 

HPLC. The analysis confirmed that no TCQ leached from the mesostructured nonwoven after 

four hours of circulation. This led us to explore the potential for reusing the mesostructured 

nonwovens as photocatalysts. For this, we conducted three consecutive runs, each performed 

with freshly prepared Rhodamine B solutions. Throughout these tests, there was no significant 

loss in photocatalytic activity, indicating that the TCQ did not degrade and the nanofibers re-

mained intact on the glass-fiber nonwoven. SEM analysis after the third run confirmed that the 

supramolecular TCQ nanofibers were still present on the glass-microfiber nonwoven. 

Finally, the photocatalytic degradation of tetracycline, a common antibiotic found in 

wastewater, was investigated using supramolecular TCQ nanofiber/glass-microfiber 

nonwovens. The experiments were conducted with an aqueous tetracycline solution at a con-

centration of 10⁻⁴ mol/L and the same continuous flow reactor setup was used as described 

above. Control experiments showed no significant changes: neither the circulation of the solu-

tion in the dark with the mesostructured nonwoven nor photolysis without photocatalysts re-

sulted in notable decomposition of tetracycline. In contrast, under illumination with the TCQ-

mesostructured nonwoven (loading: 0.05 mg/cm²), 60% of the tetracycline was degraded 

within 7 hours (Figure 60F). TOC analysis of the remaining solution revealed that 40% of the 

degraded tetracycline was mineralized into CO₂.  

In conclusion, the fabrication of mesostructured nonwoven by PVD containing supramolecular 

nanofibers based on TCQ as photoactive building block was successfully demonstrated. Using 

glass-microfiber nonwovens as a porous support leading to a bottlebrush-like morphology of 

fine TCQ nanofibers, which functions as a visible-light photocatalyst for degrading Rhodamine B 

and tetracycline under continuous flow conditions. It was shown that this approach represents 

a robust, reusable method for the production of functional supramolecular nanofibers with con-

trolled morphology for (photo)catalytic applications. 
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4 Publications 

 Individual contributions to the publications 

Publication I: Hierarchical Glass Fiber Superstructures with Supramolecular Nanofibers for the 

Nucleation of Isotactic Polypropylene 

Dennis Schröder, Jannik Thanner, Klaus Kreger, and Hans-Werner Schmidt 

Macromol. Mater. Eng. 2024, 2400389. DOI: 10.1002/mame.202400389 

The first publication introduces a PVD process for the preparation of mesostructured 

nonwovens based on supramolecular BTA nanofibers and glass microfibers to nucleate iPP.  

I performed all PVD experiments and analyzed the resulting morphology using electron micros-

copy. Furthermore, all additional characterization, i.e. Thermal analysis, HPLC analysis and IR 

spectroscopy, were conducted by me. Nucleation experiments with supramolecular nanofibers 

prepared via PVD or mesostructured nonwoven prepared via PVD were performed by me. I 

prepared tensile test specimen of composites based on iPP and mesostructured nonwovens 

and investigated the mechanical properties of these composites. Powder XRD measurements 

of supramolecular nanofibers prepared via PVD were conducted by Jannik Thanner.  

Hans-Werner Schmidt and Klaus Kreger were involved in scientific discussions during the pro-

ject, in the interpretation of the results and in the outline of the manuscript. I prepared the 

figures and wrote the initial draft of the manuscript. All authors were involved in finalizing the 

manuscript and in the revision of the manuscript. 

Publication II: Mesostructured polymer and glass microfiber nonwovens with supramolecular 

1,3,5-benzenetrisamide nanofibers for air filtration 

Dennis Schröder, Klaus Kreger, and Hans-Werner Schmidt 

ACS Appl. Mater. Interfaces. 2025, 17, 14569-14577, DOI: 10.1021/acsami.4c22310 

The second publication focuses on the preparation of mesostructured nonwovens based on 

supramolecular BTA nanofibers and glass or polymer microfibers and their use as air filtration 

medium.  

I performed all PVD experiments, prepared all the samples for the filtration experiments and 

analyzed the resulting morphology of the mesostructured nonwoven using electron micros-

copy. In addition, I analyzed the resulting mesostructured nonwoven using dynamic and iso-

thermal thermogravimetric analysis for temperature resistance. All results from the air stream 

test and filtration experiments were evaluated by me. Hans-Werner Schmidt and Klaus Kreger 

were involved in scientific discussions during the project, in the interpretation of the results and 

in the outline of the manuscript. I prepared the figures and wrote the initial draft of the manu-

script. All authors were involved in finalizing the manuscript and in the revision of the manu-

script. 



Publications 

77 

Publication III: Controlled Surface Decoration with Functional Supramolecular Nanofibers by 

Physical Vapor Deposition  

Dennis Schröder, Klaus Kreger, Ulrich Mansfeld, and Hans-Werner Schmidt 

Adv. Mater. Interfaces 2024, 11, 2400259. DOI: 10.1002/admi.202400259  

The third publication focuses on the preparation of mesostructured wovens based on supramo-

lecular BTA nanofibers with peripheral tertiary amine groups and their use for AuNP immobili-

zation and subsequent catalysis.  

I characterized the thermal properties of the molecular building block and tested the suitability 

for vapor deposition. I identified optimal PVD conditions for the preparation of supramolecular 

nanofibers and investigated the structure using HPLC, IR and SEM. I prepared mesostructured 

woven and analyzed the resulting morphology using electron microscopy. I synthesized and 

characterized the used AuNP using UV/VIS and DLS. I developed a procedure to immobilize 

AuNP on the mesostructured woven and visualized the successful immobilization using SEM 

with a back-scatter detector. TEM images of AuNP loaded mesostructured woven were taken 

by Ulrich Mansfeld and I evaluated these images to receive the mean diameter of the AuNPs. 

All catalytic experiments were also performed by me.  

Hans-Werner Schmidt and Klaus Kreger were involved in scientific discussions during the pro-

ject, in the interpretation of the results and in the outline of the manuscript. I prepared the 

figures and wrote the initial draft of the manuscript. All authors were involved in finalizing the 

manuscript and in the revision of the manuscript. 

Publication IV: Mesostructured Nonwovens with Supramolecular Tricycloquinazoline Nano-

fibers as Heterogenous Photocatalyst  

Dennis Schröder, Christian Neuber, Ulrich Mansfeld, Klaus Kreger, and Hans-Werner Schmidt 

Small Sci., 2024, 4, 2300160. DOI: 10.1002/smsc.202300160 

The fourth publication focuses on the preparation of mesostructured nonwovens based on su-

pramolecular TCQ nanofibers and their use as heterogenous photocatalysts.  

The synthesis and molecular characterization TCQ were performed by me. I performed PVD 

experiments to identify optimal PVD conditions for the generation of nanofibers with assistance 

of Christian Neuber. These nanofibers were evaluated using HPLC, IR and the resulting mor-

phology with electron microscopy were conducted by me. I designed and built the flow reactor, 

established a procedure to reproducibly measure the photocatalytic activity and performed all 

photocatalytic experiments. TEM and SAED measurements were conducted by Ulrich Mansfeld.  

Hans-Werner Schmidt and Klaus Kreger were involved in scientific discussions during the pro-

ject, in the interpretation of the results and in the outline of the manuscript. I prepared the 

figures and wrote the initial draft of the manuscript. All authors were involved in finalizing the 

manuscript and in the revision of the manuscript. 
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