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Summary

Summary

1,3,5benzenetrisamides (BTAS) represent a vesilablished class of materials known to form
supramolecular fibers driven by three strands of directed hydrogen bonds. However, precisely
controlling the dimensions in the grange, particular the length antameter with narrow
distributions of both is rarely achieved in a controlled manner. This hampers the use of such
supramolecular microfibers in certain applications. The goal of this thesis was to understand
and control the processing conditions of tiedf-assembly process in view of the preparation
and application of supramolecular microfibers with defined dimensions and morphology.

The firstpart aimed at thecontrolled preparation of 1,3;8enzenetricarboxamides fibers
solution on the liteiscaleupon cooling. For this, an experimental set up was developed and
optimized, which enabled the investigation of the-asdembly of three selected BTAs in view

of the fibers shape and dimensions depending odinear and linear cooling rates, different
stirring rates and concentrations. It was found that the cooling rate has a significant impact on
the fiber diameter and length distribution if no stirring is applied. With alinear cooling
profile, the BTA fibers show a broad distribution whereasaineooling rates results in a
narrower distribution. Stirring also has a major influence on the diameter and length, with faster
stirring leading to narrower distributions and shorter BTA fibers. Only the selected different
concentrations, appears to haadimited impact on the mean fiber diameter and length. In
particular, for the BTA based on trimesic acid with cyclohexyl side groups, the fiber diameter
can be tuned fromd to 15 um and the length from 160 to 500 um. These dimensions are

prerequisite forelectrostatic flocking presented in the following chapter.

The secongart aimed for the first time at the preparation of densely packed/entidally
alignedsupramolecular microfibers of BTAs by electrostatic flockilgctrostatic flocking is

an incdustrial technique that accelerate and align short cut polymer microfibers in an electric
field ultimately promoting their perpendicular arrangement on substrates used for various
applications. One key requirement for electrostatic flocking is a suitapéetsmtio and very
defined dimensions, both are challenging to achieve for supramolecular fibers ayssativly.

Here, specifically strongly rigid BTA fibers with a cyclohexyl periphery and narrowly
distributed diameters and lengths frahe first partwere selected. In particular, the defined
fiber lengths with narrow distributions were successfully achieved by developing a
straightforward noiestructive sieving process. Neat BTA fibers without additives can be

successfully flocked supporting the hyipesis that their intrinsic macrodipole moment



facilitates fiber alignment within an electric field. Efforts to optimize the -fleeing
properties of the BTA fibers to transport single fibers in the electric field, also combined with
conductivityenhancng materials to improve acceleration, resulted in higher flocking densities

and more vertical fiber alignment.

Thethird part explorel the selfassembly of supramolecular fibers within polymer floski

the aim to prepare novel morphologidshis workwas performed in collaboration with Felix
Bretschneider (Macromolecular Chemistry Il, Prof. Dr. Greiner). For this, a polyamide flock
was preparedy electrostatic flockingand exposed to solutions of three selected BTAs. It was
found, that for distinct BAs and proper processing conditions the polyamide flock serves as
structuredirecting substrate comprising capillary effects along the vertically aligned
microfibers and transporting the solutions towards the polyamide heads. This results in a
remarkable ige-specific seHassembly, where the BTA microfibers develop mostly on top of
the polyamide flocks. Surprisingly, the BTA fibers feature a unique conical shape with
microstructured surfaces arising from the hierarchical order of the supramolecular Tieers.
conical shape with its structural featuragluding microgrooves and structural gradients
mimics that of natural cactus spines in form and functiowl enableshe nucleation and

di rectional transpor't of wat er scanmng aleciom t he
microscopy reveal that these artificial BTA spines feature a superhydrophilic surface, which
further improves water transport. Here, a water droplet velocity of 158umas found,

exceeding those of the natural cactymu@ia microdasg by more than a factor of ten.

Finally, thelast part aimed for the first time to investigate ttieermal diffusivity of BTA fibers
determined using loek thermography. This work was performed in collaboration with Ina
Klein (Physical Chemistry I, PfoDr. Retsch). Essentially, this study requires high aspect ratio
BTA fibers with suitable diameter in the grange and lengthup to centimeters. This was
achieved by seldssembling BTAs from DMF via slow solvent evaporation. Fibers of eight
structurally different BTAs, all with anisotropic columnar arrangement, were successfully
prepared for a comparative study. Our findings indicate that the thermal characteristics improve
with increasing strength of the hydrogen bonds and order in the fibers. Thaltdéfusivities

of these fibers were found to be in the range of@t608.114 mrA st and is similar to that of

thermal insulators



Zusammenfassung

1,3,5Benaltrisamide (BTAs) sind eine etablierte Materialklasse, die fur ihre Fahigkeit
bekannt ist, supramolekulare Fasern zu bilden. Diese sind stabilisiert durch drei gerichtete
WasserstoffbriickenbindungenDie prazise Kontrolle derDimensionen der Fasernim
pm-Bereich, insbesondermerLange unddesDurchmessex mit engen Verteilungen, istjedoch

nur selten in einem kontrollierten Verfahren mdglich. Dies erschwantHinsatz solcher
supramolekularen Mikrofasern in bestimmtémwendungen Ziel dieserArbeit war es die
Prozesbedingungen des Selbstorganisationsprozesses zu verstehen kowdrallieren um
supramolekulare Mikrofasern nuefiniertenDimensionen undviorphologie herzustellen und

anwendingsspezifisch einzusetzen

Im ersten Teil der Arbeit wurde ein Verfahren zur kontrollierten Herstellung von
1,3,5BenaltrisamidFasernim Litermal3stabaus Losung und unter Abkuhlung entwickelt.
Dafurwurde ein experimentelles Setup optimieldsdie Untegsuchung der Selbstorganisation
von drei ausgewahlten BTAs ermoglichiierbei wurdendie Form und Dimensionen der
Fasern in Abhéangigkeit von nichhearen und linearen Abklhlraten, verschiedenen
Ruhrgeschwindigkeiten und Konzentrationen analysiert. Esdevdestgestellt, dass die
Abkuhlrate einen erheblichen Einfluss auf den Durchmesser und dier@ngilung der
Fasern hat, insbesondere wenn kein Rihren erfolgt. Bei einemlingdaten Abkuhlprofil
weisen die BTAFasern eine breite Verteilung auf, wéihd eine lineare Abkutdte zu einer
schmaleren Verteilung fuhrt. Homogenes Ruhren hat einen signifikanten Einfluss auf die
Durchmesserund Langrverteilung, wobei schnellere Rihrgeschwindigkeiten zu schmaleren
Verteilungen und kirzeren BFRasern fuhrenDie Variation der Konzentration beeinflusste
hingegen nur begrenzt dizmensionender Fasern. Besonders fur BIFasern auf Basis von
Trimesinsaure mit Cyclohex®eitengruppen liel3 sich der Faserdurchmesser zwigthad
15pum sowie die Lange zwischen 16fhd 500um einstellen.Diese Dimensionen sind

entscheidend fur die im ndchsten Kapitel beschriebene elektrostatische Beflockung



Zusammenfassung

Das Ziel im zweiten Teil dieser Arbeitwar die erstmaige Herstellung dicht gepacktemd
vertikal ausgerichteter supramolekularer Mikrofasern von B&A6s einem Substratlurch
elektrostatischeBeflockung Diese industriell genutzte Technik beschleunigt und richtet
kurzgeschnittene Polymermikrofasern in einem elektrischen Feld aus, soddssztiich
senkrecht auf Substraten angeordnet werdsn Verfahren, das vielseitiganwendbar Ehe
wesentliche Voraussetzung fur diese Technik ist ein geeignetes Verhaltnis von Lange zu
Durchmesser sowie prazise definierte Dimensionen, gnasisatlich bei supramolekularen
Fasern durch Selbstorganisatioschwer zu erzielen istDaher wurdenin diesem
Zusammenhang gezielt starre BFasern mit CyclohexylSeitengruppersowie eng verteilten
Durchmessern auslem vorherigen Kapitel ausgewahlt. Die defierten Faserlangen mit
schmalen Verteilungen wurden erfolgreich durch die Entwicklung eines einfasdi@menden
Siebverfahrengrreicht.Es zeigte sich, dasgine BTAFasern ohne Zusatzstoffe erfolgreich
geflock werdenkbnnen was die Hypothese stijtalass ihr intrinsisches Makrodipolmoment
die Ausriditung der Fasern im elektrischen Fdéiddert. Durch gezielte Optimierungen zur
Verbesserung der Rieselfahigkeit der BFAsern und der Transportfahigkeit einzelner Fasern
im elektrischen Feldkonnten eine hohere Flockdichte sowie eine verbesserte vertikale
Ausrichtung der Fasern erreicht werden. Die Kombination mit leitfahigkeitssteigernden
Materialien erwies sich dabei als vorteilhaft fir die Rieselfahigkeit als auch den

Beflockungsprozess.

Im Gegensatz dazawuird im dritten Teil dieser Arbeitininnovativer Selbstorganisationsansatz
untersucht, bei dem Polymerflocks &lsbstratfir die Bildung supramolekularer BFRasern
dienen DieseArbeit wurde in Zusammenarbeit mit Felix Bretschneidstakromolekulare
Chemie 1l, Prof. Dr. Greiner) durchgefihrt. Dazu wurde ein Polydfiedk mittels
elektrostatischer Beflockungergestellt und mit Lésungen von drei ausgewahlten BTAS in
Kontakt gebrachtFiur bestimmte BTAs und geeignete Prozessparameigir sieh, dass der
PolyamidFlock als strukturrichtendes Substrat wirkt. Die Kapillareffekte entlang der vertikal
ausgerichteten Mikrofasern transportieren die Losungen zu den Flockkdpfen, was zu einer
ortsspezifischen Selbstorganisation fuhrt, bei deh siie BTAMikrofasern hauptsachlich an
den Spitzen der PA&locks bilden Erstaunlicherweise nehmen die BFasern eine
einzigartige konische Form mit mikrostrukturiert®berflache an, die durch die hierarchische
Anordnung der supramolekularen Fasern ehtsiDiesekonische Form der BTA Fasenit
ihren strukturellen Eigenschaften, wie Mikrorillen und strukturellen Gradienten, imitiert
Kaktusstacheln in Form und Funktion, da sieMiikleationund dergerichteten Transport von

4



Zusammenfassung

Wasser zur Basis der Stachd&bndert. Mit einem speziellen Rasterelektronenmikroskop wurde
die Interaktion der BTA Stacheln mit Wasser untersucht und die Ergelresgen eine
superhydrophile Oberflachelie eine Nukleation und den unidirektionalen Wassertransport
entlang der BTAStacheln ermdglicht. Bemerkenswert ist, dass die gemessenen
Tropfengeschwindigkeiten voh 5 0  Odiie der nattiirlichen KaktusartpDntia microdasys

um mehr als das Zehnfache Ubersteigen.

Im letztenTeil dieser Arbeitvird erstmals die thermische Diffusivitat von BIFasern mittels
Lock-in-Thermografie untersucht. Diese Arbeit entstand in Zusammenarbeit mit Ina Klein
(Physikalische Chemie 1, Prof. Dr. Retsch). Die Studie erforderte-Badgern mit hohem
Aspektverhaltniseinem geeigneten Durchmesser im-Bereich und einer Langeis zu einem
Zentimeter. Diese Voraussetzungean die Dimensionen der Fasemwurden durch
Selbstassemblierung der BTAs aus DMF unter langsamer Losungsmittelverdanepfeiot

Fur eine vergleioknde Analyse wurden Fasern aus acht strukturell unterschiedlichen BTAs
erfolgreich hergestelliAlle acht BTAs weiseAnisotropieund einen saulenartigen Aufbau auf

Die Ergebnisse zeigen, dass sich die thermischen Eigenschaften mit zunehmender Starke der
Wasserstoffbriickenbindungen und einer hoheren Ordnung der Fasern verbessern. Die
gemessenen thermischen Diffusivitaten der Fasern liegen zwiS¢b@&hund 0,114 mmzs?,

was im Bereich der Warmeisolatoren liegt.






1 Introduction

JearMarie Lehn as pioneer ar@he ofNobel Prize winnes'in 1987 defined supramolecular

c h e mi s themistrysbeyoni the molecald He understood the sedfssembly process as

the selforganization of low molecular weight building blocks which are held together by
noncovalent intermolecular interactiaB$! For example, organic molecules can undergo
interactions such as donor acceptor interactions, electrostatic, van der Waals or hydrogen
bonding® The selfassembly is initiated in a state of lower organizatach as a solution,
disordered aggregate, or random coil, and evolves towards an organized final state, like a crystal
or folded macromolecule resulting in supramolecular architectlirése formation into such
complex and organized state through -gomalent interactions is primarily guided by the
molecular structures of the monomeric buildioigcks, their functional groups, and specific
environmental conditions. Depending on these conditions, the fundamental advantage of the
noncovalent interactions lies in their reversibility enabling an in situ assembly of monomers
into the supramoleculatrsictures® The resulting intermolecular bonding betweentthiding

blocks provides the opportunity for the design and fabrication of complex supramolecular
structures with unique and unprecedented properties and functionality. Coupled with the
advances in synthetic chemistry and characterization methods, srutdr morphology
determination and microscopy over the past decades, a more rigorous understanding of the
structure at the molecular level, the setsembly process and the intermolecular bonding was
generated?! Today, a levebf control over the selissembly process at the molecular level is
achieved which enables the control at the macroscopic level as well and facilitating the
adjustment of bulk material properti&€sThe resulting structures cover biological and chemical

as well as physical features greater than the single monomerdingudlock resulting in high
complexity and novel functional properti€s As a highly interdisciplinary field,
supramolecular chemistry bridges physical, chemical, biological and material SéfB8oene

key areas wheréhe supramoleculafunctional architecturesnake an important impacire
applications such as membraféssupramolecular nanoelectroni®s,delivery agentg®!
sensord and nucleatip agents for senrgrystalline polymersi!® Hence, till to date,

supramolecular chemistry remains a field for generating novel functional materials.



Introduction

1.1 Hierar chical slf-assembly

Hierarchical seHassembly is a process of multilevel organization into complex structures that
cover several length scales ranging from molecular to macroscopictsddlese structures

then serve as the foundational elements for constructing more intricate and multifunctional
entities at subsequent level(s). Nature usesahthical seassembly as fundamental concept

to create such multilevadrganized structures with unique properties and functionality.
Seltassembled biological structures can be as simple as the dimerization of two small building
blocks driven by hydragn bonding or as complicated as DNA, viruses and cell membranes
being considered as supramolecular architecttit8One prominent exampli@ natural living
systemsis the doublestrangtd DNA as schematically deicted in Figure 1-1A.l4 The
complementarynucleic base pair@denine and thymine, guanine and cytosimelp together
viamultiple hydrogen bonding (blugashedines) as shown ifigure 1-1 B.

A B
V' -
H
A N NH NN
\ -

R S e Qe W

A = H
ﬁ/«c :g_' >— H H >_
“c'fr° o) H
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Figure 1-1. Double stranded DNA with complementary base pdring. A: DNA double helix and

B: complementary DNA nucleic base pa@senine andhymine as well aguanine anctytosine with
multiple hydrogen bonding [le dashed lines¥igureadaptednd reproduced witftom Ref.[13 Copyright

© 2008 Nature Education

Some other examples fonulti-level organizechierarchical materials from natue spider
silk, crustacean8¥ wood**® human teeth (enaméf) or boné'*1"18 Figure 1-2 depicts
some of these examples with hierarchical order from the nanoscalel0& nm) to the
macroscale X 0.1 mm). Functionality arises as a result of high level of organization and
hierarchy @ the macroscale. Complex structures in form of fibers, helicoids or layered walls
are made of building blocks that selésemble within the nanoscale which further aggregate to

nanocrystals or fibrils on the next hierarchical level.
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Figure 1-2. An overview of various hierarchical materials in nature and their assembled structures
from the macroscale down to the nanoscal&chematic representatieof A: spidersilk exhibitsa multi-
hierarchical structure in which silk fibroin is the primary componeBt. The scaffold of crustaceous
exoskeletons contains chitin, which is organized hierarchic@liyWood that exhibits a hierarchical
structure, with a significant role played by cellulose nanoalyf: Bone has a hierarchicstructureandis
based oydroxyapatite crystals and collagen protEigure adapted and reproduaeith permission from
Ref.[14] Copyright © 2018, American Chemical Society.
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A different illustration ofthe hierarchical levels of human tissue such adotsnand bone
with its length scale are schematicadlijown inFigure 1-3. Tissues are a mulliierarchically
ordered composite made of collagen and mineral nanopariities the first hierarchical level
the amino acidsas monomericsubunitsare polymerizednto peptide chainsThree peptide
chainsseltassemble anaind together, forming a triple helixrrangel into the socalledtriple
helicalcollagen moleculwith lengtts of about300nm Collections of collagen moleculésen
aggregate both laterally and longitudinaltp the next hierarchical leveflorming thin
collagenfibrils with a uniform diameter of around00nm. However, in tissues like tendons,
there is a widganging distribution of fibril diameters, spanning from 100 to 600 In bone
tissue, the fibrils contain tiny hydroxyapatite crystals. These crystals provide the stiffness and
resistance to compressivealts that are characteristic of bone tissitee modified collagen
fibrils further bundle into a complegollagenfiber morphology and finally made up the bone
tissue resulting in thenacroscopidevel '8 Due to thecomplex hierarchy, a broad range of
mechanical functionaliés areintroduced which cannot be achievedt by a single collagen

molecule alone.

Tissues (tendon, bone)
dimension =cm

Collagen fiber
length = mm
diameter = 10 ym

Collagen fibril
length = pm
diameter = 100 nm

Collagen molecule
length = 300 nm
diameter = 1.6 nm

Amino acids %
covalent bond =1 A
Vr“' i &
2!

Figure 1-3. The hierarchical structure of collagen protein materials exhibiting several levels of
organization. Each collagen molecule is composed of three peptide aimaide of amino aciddhat wind
together to form a triple helix with approximately 308 length. Colletions of collagen molecules
aggregate both laterally and longitudinally to form thin fibwish a uniform diameter of arouridOnm. In
tendons and ligaments, multiple fibrils come together to form a collagenifib8irigure adapd and
reproduced witlpermissiorfrom Ref!18 Copyright © 2011, American Chemical Society.
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Figure 1-4 schematically illustrates the different levels of structural organization of
polypeptides as macromolecular subunits, which are composed of amino acids as their smallest
monomeric units The amino acid sequence is tigimary structureof a polypeptide chai
(Figure1-4 A). Electrostatiandhydrogen bonds between theHNand the C=0 groupsf the

amino acids lead to folding and twisting into a variety of shapes resuttiagseconday
structure(Figure 1-4 B). Thethreed i me nsi onal -mlypeptidetissshown asthe a £k
tertiary structureof the proten (Figure 1-4 C). The tertiary structure is determined by the
distribution of the substituents along the chain and their interactions with each other such as
ionic interactions, sulfur bridges, van der Waals forces hydrogen bonds.

The quaternarystructureis a complex of polypeptide chains its tertiary structureand thus

can be only found in proteins that have more than one polypeptide (@gime 1-4 D).

These noncovalent interactions are essential to achieve such a high level of organesadion

hierarchy in the final structurevhich provides theuhction

R ™ 7 ~ ey
N) P D
R i P 3
; RO
111 . ‘) A
H I e ol <
(0) ’JJ‘_J\J 5
JJ"{ : » Hydrogen
5 L “= % bond
W C: Tertiary structure

4’?.) '.TV = N ‘
9 >

P “.\ y ~Heme o polypeptide

A: Primary
structure

Y -
. ___= —— B polypeptide

B: Secondary structure

D: Quaternary structure

Figure 1-4. The different levels of structural organization of proteins A: Primary structureof a
polypeptide chain consisting of amino acids building blo&ksSecondary structurarises from hydrogen
bonding and resulting in a variety of shapgesT ertiarystructuredepicted as thredimensional structure of
a -pblypeptideandD: quaternary structuras a complex of severpkptide chainsFigure adapted and
reproduced witlpermissionfrom Ref1% Copyright © 2024 Pearson BeneluxB.V.
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Another interestingexample ofa multi-hierarchicalorganization procesis found withthe
dipeptide diphenylaksine as a low molecular weight building blo¢Kigure 1-5A).[20 221
Diphenylalanine has been reported to ssl$embles into various morphologies such as
nanotube&? nanofiberd?!l nanowired?! and hexagonal microtubes depending on the applied
set of conditions during the seisembly?® Yan et al’?® investigatechierarchically structured
diphenylalaninetubes by scanning electron microscopy and revealed the -ssl§embly and
organization process of the diphenylalanine building blocks into the hexagonal microtubes as
depicted inFigure 1-5. At the beginning,individual molecular building block&igure 1-5 A)
selfassemble into a hexagonal packing of six diphenylalammdecules Figure 1-5B).
Further hexagonal packing lead to the first stacking units which form the nanotubeFsga@s (

1-5 C andD). Hexagonalpacking of nanotubes is the beginning stage for the formation of the
hexagonalmicrotubes(Figure1-5 E). The selforganization of the nanotubes results in the final
hierarchical structure of hexagonal microtub&gygre1-5F). The hierarchical selassembly
covers several length scales from the monomeric building block to the resulting hexagonal
microtube consisting of ordered nanotube arrays with long ramger These microtubes
exhibit diameters inhe order of micrometers and can reach several millimetetength
(Figure 1-5G). A hexagonal crossection Figure 1-5H) spanning several magnitudes of
hierarchyis visible at aracturedtube inFigure1-5D.
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A B « ' (o4
<Y %,
9 —_— 5 —_— T
H OH o —— e
NH, 0 p & % )
. , %
Diphenylalanine \}
Hexagonal packing of s
six diphenylalanine : s RH R

Hexagonal microtube consisting
of ordered nanotube arrays

Figure 1-5. Schematic formation of the seHassembly process of diphenylalanine into hexagonal
microtubes.A: Diphenylalaninebuilding block B: First assembly of six diphenylalanine monomersinto a
hexagonal patter€ andD: Furtherhexagonal packing into nanotube seeds. The gasiebws an enlarged
view of the area in D indicated with a black rectanBlendF. show the beginning stage and further

Further hexagonal packing by
the first stacking unit

molecules

E
-
s

Hexagonal packing of
nanotubes at the beginning
stage of formation of the
microtube

D

Growth
S ——

Nanotube seeds

spontaneously organization into hexagonal microtuBels.Scanning electron microepy micrographs of

hexagonal diphenylalanine microtubes vidthhighermagnification and: asfracturedube Figure adapted

and reproduced withermissiorfrom Refl26] Copyright © 2011 WILEY¥VCH Verlag GmbH & Co. KGaA,

Weinheim
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The resultinglength scales from A to 1 mm and trough selissembly into hierarchical
structures ardlustratedin Figure 1-6.42% Here, the sethssembly into hierarchical structures
startingfrom elementary amino acid molecules to secondary structures suighe#iz or b-
sheds of peptides towards fibeand fiber bundles as well as oriented crystalline shsets
guided by several intermolecular interactions from short to-tange ordeP? The interplay
and balance of different nasovalent interactionsuch as hydrogebonds, vanderWaals
interactiors and electrostaticiteractiors as well as surface tewsi forces/dewettingetermines
the resulting overall hierarchical morphology into nanostructures such as the formation of
nanofibers, nanoribbons or nanoshé&dtsThe selfassemblyof the peptles is typically
spontaneous, rapidly and reproduciblaler given conditionsMoreover, by systematically
varying the chemical structure, such as the size and nature of aminofiaeitigiing of the
selfassembling characteristics of the building bkiskpossible and allow the preparation for

a wide range of diverse nanostructufes

ﬁ_

10um 100 pm 1 mm

~ Atoms B-sheet Fibers. .

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

of peptides. These interactions serve distinct functions at different scales, starting from elementary molecules
and progressing to secondary structukeglis b e e t -helices) then Extending to fibeand tapesfiber

bundles, and even crystalline structures. Figure adapted and reproduced with permission ffom Ref
Copyright © 2013 Wiley Periodicals, Inc.
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1.2 Non-covalent interactions and fabrication techniques on different

length scales
The binding energies for covalent bonds can vary basedhether the element is bonding with
itself, forming single, double, or triple bonds, or bonding with other elements, typically
hydrogen or oxygen. For instance, a single catanbon bond usually has a binding energy of
346kJI mol?, while double and tple carborcarbon bonds have binding energies of
602kJ moltand 835kJ mol?, respectively. In comparison, a single cadhydrogen bond has
a binding energy of 41kJmol?. For carboroxygen bonds, the binding energies are
358kJ mol*for a single bondind 79%J mol* for a double bon&”1 Non-covalent interactions
between individual molecules can be significantly weakech as vaerWaals binding
energies are found to be belovkbmol?, however, iorion interactions such as in NaCl can
reach higher binding energies up to 380nolX® Binding energies in hydrogen bonding
depending on the properties of the hydrogen bonds such as lengths, strengths and geometries.
Hydrogen bonds can be as strong as some covalent bambngegHF complexespr as low
as reported fortydrophobic effects for example €H---0).28 Even though nowmovalent
interactionscan beweaker than covalent bonds, in sufficient assembled number they can
generate stable assemblias demonstrated with the mentioned examplE® common

nortcovalent interactiongvolved in supramolecular chemistry are summarizedaiblel-1.

Table 1-1. Non-covalent interactions with their binding energies
involved in supramolecular chemistry!®

Non-covalent interactions Binding energies (kJ moft)

lon-lon 100-350
lon-Dipole 50-200
Hydrogen bonding 4-120
Dipole-Dipole 5-50
- 2-50
Hydrophobic effects <5

In addition new technologies are able to fabricate structaseving functions or properties
similar to those found in biological materialsor example, techniques such ab drinting,
layer-by-layer or seHassembly as shown Figure 1-7, have enabled the fabrication of various
complex structures such as artificial blood vesgI3 printing), microporous scaffolddayer
by-layer) and DNA origami (selfassembly) covering length scales from némo

macroscalg?®
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10m im 0.1m 1cm 1mm 100 pm 10 ym 1pm 100 nm 10 nm 1nm 0.1 nm
| PPRWEPIIPIN PRI SIS (TP IS SN [TTTRU AR (TTPT PN 17T T FTTETEPEE TR IPET I T !
3D printing
Layer-by-layer [ Q,

Self-assembly

Figurel-7. Fabrication techniques for different applications including3-D printing, layer-by-layer and
selfassembly covering length scales from nantw macroscale.Figure adapted and reproduced with

permissiorfrom Refl2%l Copyright © 2023 Jingjiang Wei et..

In summary, he presentecexamples for hierarchical structures from nature demonstrate that
their multiple levels of organizatiomnd hierarchycontribute to the overall properties and
functions. Nature provides crucial insight® utilizing supramolecular chemistrip also be
applied to rational design of artificial molecular building blocks in geahsize, the molecular
structure,geometry,orientation and strength of interactions.

This knowledgeis more frequentlyused in the scientific community to design new materials
for various applications in engineering, materials science and biomimiargupramolecular
chemistry Choosing an propriate material system aritablepreparation methad enable
the fabrication of artificial hierarchical structuréespite theexample of amino acids amall
building blocls there exists a multitude obther building blocks being able to undergo
selfassembly into hierarchidgl structured material$:or example, benzimidazole derivatives
which selfassemble into nanofibers or microflower structunda metatinteractiong®!
3,5-dimethyt4-iodopyrazolethat shows seldssembly into fibrils, sheets and tubular fibers
through hydrogen and halogeariding®™ orperylene diimide derivativeeforming mutilayered

nanobelts merely through-" -stacking®?

Another wel-established sefissembling systernased on small building blocksthe class of
1,3,5benzenetrisamide@TAS). These molecules are able to setsembly into a variety of
hierarchical structures depending on the molecular design ardsselfnbly parameters. This
classrepresents the structural motif used within this thesis and is desanilokdail in the

following chapters.
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1.3 1,3,5benzenetrsamides a versatile class of supramolecularbuilding

blocks

The class of,3,5benzenetsamides(BTAS) represent& prominent supramolecular moas
small building blocksapableo form hierarchical structure® 3" Their molecular design will
be explained in the followingrhe general chemical structure of sucBBA is depicted in
Figure 1-8 and can be dividedtm three structural element3:a central cordj) amidelinkages
andiii) the peripheal groups The depicted BTAconsiss of aplanar benzene ring as cand
symmetrical substitute@mide groupsn 1, 3 and Hositionleading to aCs-symmety. The
amide groupsenable directed hydrogen bondingresulting in threefold hydrogen bond
strandd®>%"1 However the selfassembly behavior can fieetunedby changingthe peripheral
substituents. DOe to the great variety of theossibleperipheres(e.g.linear and branchedlkyl
chainsof different length chiral, chromophori@r polar andionic substituents the solubility
in different mediaand thus selfassembly behaviorcan be adjusted concéng the desired
supramolecular structurdsr differentapplications.

7
(0] NH
H
_N @]
R
0 HN _
R
Central core Amide groups Periphery
Asymmetry Adirected H-bonding Adissolution
Aplanarity A1-D self-assembly Afunctionality

Figure 1-8. Structural elements of 1,3,5benzenetricaboxamidesvith a C-centered amide connectivity.
Thecentral core provielssymmetry and planarity, the amide groapsresponsible for directed-Honding
and the 1D selfassembly and the periphemjows to finetune the selissembly and morphology of the
supramolecular entities.
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There exisfour basicstructural variationsf benzengisamidesas depicted ifrigure 1-9. the
The amidelinkagesare eitherover the carbon atom of the C=0 bond, so callezenteredor
over the NHbond so calletll-centeredr even a mixture of themo the benzene cor€oupled
with variations inthe periphery, a library of 1,3benzenetricarboxamidelsecameavailable
making tlesemotifs a versatilesystemn supramolecular chemistrifhe trisamides used in this
work are based on a benzene core with eitheoNC-centered amide connectivity, thus the

seltassembly behavior of thederivativeds described in more detanl the following chapters

R 0 R
ccc CCN
R
c 1 ° 1
HN 0] HN 6]
0
J §
/N\
RN NH R™ ~C NH
)\ I
0”7 R 0 o)\

Figure 1-9. Molecular structures of trisamides with variation in their amide connectivity.
A: 1,3,5benzentricarboxamide with all C-centered amide connectivity, annotated a€CC
B: 1,3,5benzen&isamide with two C-centeredand one N-centeredamide connectivity (CCN).
C: 1,3,5benzentrisamide with one C-centeredand two N-centeredamide connectivity (CNN.
D: 1,3,5benzentrisamidewith all N-centerecamide connectivity, annotated &N Blue markedamid
linkagesrepresent the Mentered amide connectives.

In addition, there exists another structural variation using a cyclohexane ring a8%¢8te.
These molecules typically feature less solubility in polar solvéiigs, they are not further

described in detail in this thesis.
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The ability of BTAsto selfassemblarises fromthe formation of athreefold intermolecular
hydrogen bondinghelix as schematically showrin Figure 1-10.57 One BTA moleculeis
considered ag molecular building blockThe moleular building blocks start to sedfssemble
andcanform supramolecular stackshich can be considered eslumnar aggregate3he self
assembly into such columnar aggregates been revealed by crystallographic structure
analysi&€ 4 and experimental studies on their sa¢semigt behavior?® 48l As a result of the
columnar seHassembly of the triple hydrogen bonding per molecule BTAiractional
alignment of the polar NH and C=0 bonds takes place creating a macrodipalerfg the

columnar axig39:4049.50]

-
ey =T s
) M X
(o

Figure1-10. Schematic illustration of supramolecular columnar aggregate 8 TA with C-centered amide
connectivity and its selissemlad structureriven bythe formation of ahreefold intermolecular hydrogen

bondinghelix. Figure adpted and reproduced with permission from.RBfCopyright© Royal Society of
Chemistry 2012.

In detail, he supramoleculabuilding block itself is planaas schematically shown Figure
1-11 A. Due to the formationof the intermolecular triple hydrogen bondifdgelix in an
oligomer, theamide and carbonylinkages start to orient themselves resulting in a dipole
momentwhich adds up to eacrodipole() as schematically describedfgure1-11B. The
addition ofbuilding blocksto the stack has been proven to be favorable with each monomer
added showing a positive cooperativity among hydrogen B&hdse total dipole moment of

the stackincreases with growing stack sizéowever, f two columns arrange, they prefer an
anti-parallel alignment, i.e. opposite direction of the macrodipole. This is showrFigure
1-11 C where two stacks of BTA are depictedaspacefilling model view in an antiparallel
orientation due to the electrostatic interactions. The black and white hexagons indicate the
macrodipoé directionwith either up or downThe steric restraints of the peripheral groups of

a BTA influence the arrangement of the stacks and thus having an impact on the macrodipole
interaction. An example is shown fgure 1-11D of seven stacks in a hexagonal rod
packing®™ This packing of neighboring columns for BTAffers dense packing favorable for

van der Waals forcé®! However, in sucla hexagonal rod packing it is not possible to achieve
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an antiparallel alignment of all macrodipoles as exemplarily shown with the black, white and
grey hexagons. As a consequence, the macrodipole interaction beéhgestacksbecomes
frustrated relative to their nearest neighbor resulting in a reduced impact of the macrodipole

interaction in the lattice energy and increased impact of the steric regtfhints.

A B

Macrodipole
interaction

Packing

® O

Figure 1-11. Schematic presentation of the dipole formation of BTA stacks and the resulting geometric
frustration. A: Chemical structuref a BT A with tertbutyl moietiesB: Left: a columnar stack with six
BT A molecules showing hydrogen bonding (dotted lines). Tagarow indicates the macrodipgleRight:
spacefiling model of the same stack:: Two stacks of BTA depicted in spafiing model view in an
antiparallel orientation. The black and white hexagons indicate the macrodipole difeciiasplay of the
geometric frustration arising from seven stioka hexagonal rod packingigure adapted and reproduced
with permissionfrom Ref[*01© 2017 The Authors. Published by Wi4CH Verlag GmbH & Co. KGaA.
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1.4 Selfassemblyof 1,3,5benzenetrsamides

To achieve desiresbpramoécular structuresand morphology oBTAs fromselfassemblyne
has to consider several parametettsich influence the selissembly procedbat arei) the
molecular structurgi) the selectethediumiii) the concentratiorand temperaturandiv) the
appliedseltassembly metho@drigure 1-12). Forexample,for a given molecular structure, the
medium such as the choice of the right solvent, the right concentratidntemperature
determine the solubility. (Wtable selfassembly methadwill determine and allow for the
preparation of tailored sefssembled structuresd to control thelimensionsand shapeThus,
for a given applicatioeach BTA has an own processing windamd €t of conditions for its

selfassembly. The different influencing parameters are discussed in detail in the following.

Concentration Self-assembly
and temperature methods

»
’

Figure 1-12. Parameter that influence the solutionbased selassembly of BTAs The interplay of the
molecular structuremnedium,concentrationrand temperaturand selfassembly methods influences the
selfassembly of BTAs into supramolecular structures. Source: University of Bayreuth, Macromolecular

Chemistryl.

) Molecular structure

The molecular structure of the BTAe. the core (benzene or cyclohexane based), the amide
connectivity (G or N-centered) and the periphery strongigtermineghe crystal packing and
thus the selfassemi@d structuresFor example,hie difference ofa benzene ocyclohexane
corehas a significant influence on the dhite-discdistanceas well as the hydrogen bondiimg

the selfassembled stack¥he molecules with a cyclohexane comdich is more flexiblewill
stack with a disc distance of 3.Am[8 As described in literaturehe three carbonyl groups
can easily align parallel to each other and perpendicular tocybhexanering. This
conformation allows the threeabonyl oxygens ideally positioned to interact with the three
NH-groups of the adjacent molecudad thus almost linear hydrogen borads formed* 44!

Due to tle linear hydrogen bondingattern the peripheral groups have enough space to be

stacked on top of each othdn contrast to that, tricarboxamides wittpknarbenzene core
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usually stack with alisc distance of 0.34@m beingone thirdsmaller tha the cyclohexae
core derivative§®3°4352 This is reflected directly in the stacking sfichBTA derivatives.
A twist angle of 60° is observed between consecutive discs resultingaataf-plane rotation

of the amide groups amnsequently buildinghelix of threefold hydrogen borgtrandgd*¢:52]

The next molecular structure elemémtbe discussed the arrangement of the amitiekages
i.e.the amide connectivifywhich careither G or N-centeredor a mixture). The pattern of the
amide connectivity haan influence on thetrength and direction of theydrogen bonding and
thus, directly on the selssembly?”! Regardless the connectivignd the resulting different
symmetry, the threefold hydrogen bondimgalways formedRegarding amide connectivity for
BTA derivatives, Ncentered connectivity leads tmore planarized carbonyl group3he
intermolecular hydrogen bonds exhibit a larger distance indicating a lower strength resulting to
an overallreduced macrodipole. Thifurther leads to weakened macrodip-macrodipole
interactiors between two stackand predominantly grow in one direction (long aX%)This
phenomenon is observeelgardless the amount ofdéntered amide connectivity (only one,
two or all three amide groups) howevbe effect becomes more pronounced vei#ith shift
toward more N-centered connectivityConversely, when all three amide groups are in a

C-centered connection, a significant macrodipole is establigtr&d.

The last componenbf the moleculastructurei the peripherycan be either used to introduce
functionality (sich as favorable groups for nanopartiatisorptiof*54) or moieties which will
react to external triggers such as-phangd>2°958 temperatur@®® or light® Moieties
reported in literature argersatile ranging fromength and sizee.g. linear and branched
alkyl,[#662 ary| 335263641 pyridyl 558 triphenyl®® as well as amino acitf:5" 7% peptidé’* 7]

to benzo crown ethePd and nany morel®®7378 Studies about the crystal packing of short
aliphatic chains such asRmethyl[’1 R = ethyl’® or R= propyl”® show sheelike hydrogen
bond patterns or thredimensional networks instead of columnar stacking.
However, introducindargergroups( n ©O4) with higher sterically hindrance lead to columnar
stacking*¥ 43671 Larger aliphatic peripheral groups rather influence the macrodipole along the
axis, however contribute to the macrodipatacrodipole interactions between two columnar
stacks. The larger distance between two stacks will eventually weakenecethetiohs and
leading to a predominantly grow along the arisulting in long fibers rather than thick ort&s.

Long and flexible peripheral groups ofteasulting inliquid crystalline behaviof62.79]
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i) Medium
The choice othe mediumis crucial for the selassembly process and can lead to a variety of
supramolecular structurediffering in dimensions and shapa the same moleculasuilding
block For example, selassembly inbulk of BTAs is studied and mostly liquidrystalline
behavior is observei the BTAs are meltabl&®627° Changing towardsolventghe BTAs
show selective solubilis (in dependence of concentration, temperature and polarity of the
solvent) whity can be used tbnetune selfassembly in solutionMany groupsreport BTA
gelation either from wat&f 6980 and water mixturd®' 3 or from organic solven§+77.8486]
Seltassembly into fibrous structurdom different kind of solventare observed fovarious
BTA derivatives specific examples are given in the next chapt?$7387%3l Further research
dealt with the selassembly in polymemeltsresulting in seHassembly into fibrous structures
and thus nucleation in the polymer mé&t?74 Mostly, the different applications dictate in
which media the BTAs are sedssembled.

ii) Concentratiorand temperature

For a given BTA he concentratiorand temperaturgolay an important roléo control the
dimensions and shape of the supramolecular strucamésgjoverns the solubility of the BTA
in a given solventThe concentration has an impash the size of the selfassembled
hierarchical structuresit higher concatratiors, the more likely bundling and formation of
larger aggregates is observed followed by gel formation and solid as a function of
concentratioff® Due to the dependencé temperature and concentration on the solubility in
a given solvent, there exists a phase diagram (temperature vs. concentration) $@nBTide
selected solvent, showing either too good solubility (no-agdembly in theconcentration
range), selasembly in the right window oonly partial solubility.With this knowledge, the
selfassemblyand dimensions and shape of thierarchical structures can be controlled and
tuned in a reversible andighly reproducible manner. More details are descrilagstin the

section a) Seltassemblyn solutionat a constant concentration.

Iv) Selfassembly methods

The selfassembly method&-igure 1-13) have also am influence on the dimensions and shape
of the resulting supramolecular structures Common methods for the preparation of
supramolecular structures are: sgtsembly in a givemedium at a constant concentration,
selfassembly upon solvent evaporatiselfassembly in solvent mixtures siimuli responsive
selfassembly (pH change or light) to name a fEar. example, using seffssembly in solution
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at constant concentrationnginly governedoy processing parameters such as the stirring and
temperature profildHereconstant stirring at a defined stirring rate in a solution result in a more
homogenous distribution of the fiber diameter. Thinner fibers can be generated bygaplyi
higher stirring rate. The temperature profile plays a significant role, too. Using theesoter,
cooling profileand stirringeventually lead ta high reproducibility of the obtained fibrous
structures®® These methods can be consideredra&tool to achieve a dedicatedmensions

and shape of the supramolecular structamasthus, functionaly and applicationThe different
selfassembly mettats and the resulting hierarchical structures will be described in more detail

in the upcoming chapters.

Self-assemblyin a given Self-assemblyin
medium at a constant solvent mixtures

concentration
| Self-assembly j\
methods

Stimuli responsive
self-assembly

Self-assembly upon solvent

evaporation using dedicated
substrates

Figure 1-13. Different self-assembly methodsT heseselfassembly methods can be considered as tools to
preparaledicatedlimensions and shapefl,3,5benzenetsamides.

To summarize, the seHfssembly behavior in bulk or the solubileyd seassemblyof a
molecule in a specific medium is detened by the combination of its structural elements and
the final molecular structure. Consequently, each BTA exhibits a unique processing window
influenced by the interplay of molecular structure, solvent, concentration, temperature, and
selfassembly méibds. Thorough investigatistof these combinationarerequired to achieve
tailored functional materialsand to control the dimensions and shape of the resulting

supramolecular structures

In the following a) self-assembly in solution at a constant conagion b) self-assembly in
solvent mixtures c) self-assembly during solvent evaporatiand d) stimuli responsive self
assembly triggered by pH changall be discussedFor each method examples from literature

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

One typical solutionbased selfassembly process of 1,3fenzenetsamides into
supramolecular fiberat a constant concentratiosmdepicted irFigure 1-14 (A). The processis
dependent on the change in temperature, concentratioth@solubility of the BTA in the
givensolvent Starting from the molecularly dissolved sta#g) (the initiation of seHassembly
occurs upon cooling leading to the formation of supramolecular filzexr$é¢ld together by
hydrogen bondingFigure 1-14 B depicts thehierarchical |leel of the formed supramolecular
fibers () composed ofiber bundles with dimensions of > Quin (l). The fiber bundles are
made of single BTA molecules which featurecdumnar arangementwith typical dimensions
ranging from 13 nm (bs), depending on the peripheral substituents of the utilized Bh&.
supramolecular fibersan exhibit variouslimensionge.g.aspect ratiosand shapesontingent

on the molecular structure and saffsembly conditions.

Self-assembly in solution at a constant concentration

A Dissolved BTA Supramolecular fibers
a, a
. s * s *
. " . 2 % a .. Tl
* - -
BTA\ AN °. L) . Cooling
\‘o\.. Tt e - : -
Solvent—— ., .- 7 " . —>
° ., . - . T . e
... o T I Self-assembly
* . s s® e

17 3nm
>0.1 pm
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Figure 1-14. Schematic presentation of thedrmation process of supramolecular fibers from solution

at a constant concentrationA: Self-assembly process from dissolved BTA towards supramolecular fibers
upon coolingwith the depiction ofaz: Complete molecularly dissolved BTA molecules (red dots) in a
selective solvent (blue dots) at elevated temperafliigandaz: initiation of hierarchical selassembly and

the creation of supramolecular fibers upon coqifig). B: The resulting lerarchicalsupramoleculafibers

(by) arecomposed df.: supramoleculdiber bundles which further consistslod: a columnar arrangement

of thesingle BT Amolecules Source: Macromolecular Chemistry I, University of Bayreuth.
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Due to the dependency oarcentration and temperature, one can generate a phase di@agram

a selecteTA andsolvent The phase diagram of a BTA can be divided into thng@ortant

regions thatare caused by theolubility of the BTA molecules at constant concentratiach

a phase diagram is schematically depicteéigure 1-15.

Self-assembly in solution at a constant concentration
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Figure 1-15. Schematic representation of the selassembly process of 1,3;Benzenetrsamidesin
solutionat constant concentration Self-assembly in solution at constant concentratiith A: Complete
molecularly dissolve®TA moleculegred dots) in a selective solvent (blue dots) at elevated temperatures
andB: hierarchicalselfassembly and creation of supramolecular fibers upon codling phase diagram
exhibit three regions: Region I: BT Acompletely soluble, Region II: BT Aasdembly and Region Ill: BTA

not completely solublevenat elevated temperatures. The end concentration of X st&ovariable
depending on the selected BTAf@mnt system Source: Macromolecular Chemistry |, University of

Bayreuth.

26



Region I:
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Region | refer toBTA completely solubléfhe BTA molecules(red dots)are
completely dissolvedat the molecular leveh the solvent(blue dots)and no
selfassemblyccursin the region | aslepicted irFigure 1-15A. The relationship
between temperature and concentration affecting the solubility is illustrated by the
red ddted line.At low concentrationsthe BTA remains molecularly dissolved

even at room temperature.

Region Il refer toBTAselfassemblyThis region represents the right conditions
of temperature and concentratitmreproducibleselfassemi@ BTA molecules

to supramolecular fiber®uring the procesthe concentrationemainsconstant
Consequently, selissemblys onlyinduced through a change in temperatéa
example is showin Figure 1-15A wherethe BTA is molecularlydissolved at
elevated temperaturesagivenconcentratiorthus being irRegion | Subsequent
cooling of the molecularly dissolved solutiarausesa decrease in th8TA
solubility, the red line is crossecdesulting in supersaturatiodt this point, he
selfassemblystarts and supramolecularaggregates aréormed via hydrogen
bonding The resulting suspension of supramolecular fibers in the selective
solvent is shown ifrigure 1-15B. Thus, Region Ili BTA selfassemblgan be

achieved by crossing the solubility line in the phase diagram.

Region lll refeito BTA not completely solubdeeratelevated temperatureshis
regionis characterized by a high concentration of BTA moleculeand herehe

BTA is not entirely solubl@anymoreat elevated temperatureSelfassembly may
occur upon cooling the solutiobecauseot dissolvedBTAs are stil present in

the solution acting as nuclei and trigger further growth. Ti@sulsin a mixture

of bulk material andsupramolecular fibersThus, even if selassembly occurs,

the region (grey) is considered as not completely soluble as a whole. This
solubility limit is often restricted by the boiling points of the used solvent$
depends on the selected BTA
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Seltassembly in solution at constant concentration has been used widely and several groups
reported their work on systems that are triggergdsdiubility changesupon cooling. In the
following literature examples oBTA derivatives in pure organic solvendsd waterare
described using the temperature change as trifggef>°5°61 BTA motifs have been
extensively studied in organic solverieing able to formalsogels consisting of a network of
fiborous assemblic&*70738486.971 Similarly, Kumar etal®® investigated aBTA derivative
bearing Gphenylalanineas substitueh being able to form an organogel in toluene or xylene
upon cooling the molecularly dissolved solution from elevated temperafliheschemical
structure of the BTA derivative is depictedkigure 1-16 A. The morphology of the xerogel
from toluene reveals entangled fibgfSigure 1-16B) with a twistedmorphology of the
individual fiber bundlegFigure 1-16 C).

Figure1-16. Selfassembly behavior oTHphenylalanine substituted BTA derivative in organic solvents.
A: Chemical structure of thé&phenylalanine substituted BTA derivative aBd scanning electron
microscopy images as xerogel showing entangled fiber€ athe twisted morphologyf thesupramolecular
fibers Figure adapted and reproduagith permissionfrom Ref.[85 Copyright ©The Royal Society of

Chemistry 2021

For example, Paikaetal.l” reported @ B TA der i v at i-ammobetywinacidvhiaghi ng 9
selfassembles intan organogel in xylene or toluene dueatoentangled supramolecular fiber
network after heating, subsequent cooling and ageing the solution at room temperature.

Other groups focus on sedfsembly in aqueous medkor example, the group Meijdesigned
water solubldBTA derivativesvith ethylene glycol motifs in the peripheimat form micrometer
sized supramolecular fibrillar aggregatedlinimal changes in molecular structures caused
significant changes in the internal packing of the aggrefdte$he work of the group of
Palmans \ad a lot of work together with Meijer was published aiming to understand the
selfassembly behavior of BTAs in aqueous soluli®f? In general, watesolubility can be

achieved by introducingolar sidegroupsinto the BTA structure withaliphatic chains as
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shielding units for the central hydrogen bonding groups. Systematic investigation from
Beseniusetal *¥l showed thatthe larger the hydrophobic spacer between the amide groups and
the pola sidegroups, the stronger the aggregation of BTAs in aque®aia This is caused by

a more effective shielding of the amide groups from water molecules. Another example is given
by Huangetal.®? who investigatedBTA derivative with sulfonic acideadgroupgsegarding

the formation of structuresn water wih varying concentrationsThey found that wh
increasing concentration, the molecules assemble first into stable clusters of seven molecules
followed by the formation afobust columns antinal arrangemeninto nanofibersincreasing

the concentrationufther led tomicrofibers and fiber bundles

In our group,selfassembly in solution at constant concentration has been investigated for
example by Frank etal®®! Here, a BTA derivative bearing peripheral tertiary
N,N-diethylethylamino substituenstiows watersolubility up to 10 wt.% at room temperature.
However, aspecial seHassembly behavior was observed. Heating the molecularly dissolved
solution at room temperature resuliedclouding of the sampland reversible seissembly

into microtubes Another derivative of this family, namelthe N,N-diisopropylethylamino
substituted BTA derivativePr-BTA) shows poor water solubility of 0.04t.%, however
selfassembly in solutionat constant concentration @propanolis observed for various
concentrationsas depicted ifrigure 1-17. Evolution of cloud and clearing points d#r-BTA

in 2-propanol reveal three distinceégiors as shown irFigure1-17 A. In regon| the iPr-BTA
remains dissolved at low concentrations within the investigated temperatuee Irarggon I

the concentration increasasdthe iPr-BTA forms a gel upon cooling and fully dissolves upon
heating In regonlil the iPr-BTA is not completely soluble anymore at fegltoncentrations.

An example of the shape and dimensions of theasdémbled structures is shownFigure
1-17B. The scanning electron microscope micrograph reveal, uniform supramolecular

nanofibers with a diameteof about320 nm>*
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Figure 1-17. Self-assenbly process of N,N-diisopropylethylamino substituted BTA derivative
(iPr-BTA) in solution at constant concentration and corresponding supramolecular strucures
A: Evolution of cloud and clearing points i#f-BTA in 2-propanol. Three distincegbonsarepresent. In
regon | at low concentrationsp to 0.75vt.% the iPr-BTA remains dissolved within the investigated
temperature rangés the concentration increases tReBTA forms a gel upon cooling and fully dissolves
upon heating (reghl). At very high concentrations th@r-BTA s not completely solublevenat elevated
temperaturegegon lll) . B: A scanning electron microscope micrograph of a dried gel from a 2& wt
solution of iP-BTA reveals long, uniform supramolecular nanofibers wittiisaneter of approximately
320nm for the single fiberszigure adapted and reproduced vaigtmissiorfrom Ref54 Copyright© 2022
The Authors. Macromelc u | ar

Rapid Communications

b) Self-assembly in solvent mixtures

published

Despite the BTA derivatives that are able to form ramo microfibers insingle organic

solvents, researchinterest concerns BTA derivatives thaasséfimble isolvent mixtures. For

example, organic solvents with addition of water with the aim to reduce solubilitsl ke

selfassemblye+73.97.103]

For instance,adding small amounts of the arsiolvent leads to instantous gelation ands

reported for &glutamic acid based BTéerivativeas showrby Caoetal 3 While gelation

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

certain amount othe antisolvent (water) is added anacetone, dimethyl sulfoxide (DMSO)

or dimethylformamide (DMF) solution. Tubulatructures with a hexagonakosssectionof

nanc and micrometer size were revealed by electron microscopy after removing the solvent.
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Furthermore, Nagajaran and Pedidi® prepared N, N Njjsdéralkylphenyl}1,3,5
benzenetricarboxamide derivativegh varying length of the alkyl chain from methig butyl.

The gelation abilityof these derivativesvas investigatedn DMSQO. Despite the butyl
subgituted BTA, all derivatives show gelation in DMSO within 96 hours and a fibrous
morphology revealed by investigations from the xerogels. The addition of a small amount of

water rapidly accelerated the gel formation within seconds.

On the other hand thequeous solutiocan be the main part and the organic solvent are co
solventg®>8390.1041 a5 shown byPalmansetal.®® who investigated BTAs with pyridyl
substituentand their ability tdorm hydrogels in mixtures of water with MeOH, EtOH, DMSO
or DMF upon coolingHexagonal hollow shaped microefhave been reportdtbm aBTA
derivative with pyridyl substituents in B-THF solutions During the seHassembly into
microtubes, they obseed a gel like state. If the BTA concentration is increased, larger tubes

have been observéd.

A “
>N
O. _NH
N
/l H
> N o]
(o] HN
“
N~

Figure 1-18. Self-assembly behavior of a pyridyl substituted BTA derivative in a solvent mixture
H20-THF. A: Chemical structure of tHéphenylalanine substituted BT A derivative @dndC: scanning
electron microscopy image$the hexagonal microtaisobtainedn the solvenmixtureof H.O-THF. Figure
adapted and reproduced wittrmissiorfrom Ref 83 Copyright© The Royal Society of Chemistry and the
Centre National de la Recherche Scientifique 2008
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c) Self-assemblyduring solvent evaporation

Another mehiod of a selfassembly process into fibrous structuregolvesthe selfassembly
triggeredduring solvent evaporatiorin this processhe BTA moleculegred dotsheed to be
molecularly dissolved in the solvefitlue dotslasdepicted inFigure 1-19A. Experimentally
this istypically achieved by heating the BTA solutidfor lower concentratiorthe molecularly
dissolved state can be achieved without heafirige selfassembly can be dcedin two

different process routes:

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

temperature and subsequent solvent evaporation

The phase diagram of process route 1 is schematically shdwgune 1-19 with three regions
andfour stateskigurel-19 A-D). In region | of the selassembly phase diagram, namBIjyA
completely solublghe solution remains molecularly dissolvasl depicted idrigure 1-19A.
The subsequent step involves the crossing ofrdtesolubility line in the phase diagram from
region | to regionl 1 initiating the BTA selfassemblyfor this, he solution igiropped onto a
substrate at room temperature, allowing the solvent to evapbwieg evaporation of the
solvent, the concentration locally increases resulting in a crossing of the solubilidyiéirie
supersaturation of the soluti@md thus initiation of the selfassembly Coexistence of solvent
and fibrous structursecan be observedr(gure1-19 B). Further drying Figure1-19 C) resulting
in 100% completely dried supramolecular fibergFigure 1-19D). Regionlll of the
selfassembly phase diagram represents the condition n&W@ynot completely solub&en
at elevated temperaturddpon coolingfrom this region, the solubilized BTA molecules will
selfassembleesulting ina mixture of bulk and sekissembled structureslowever, region Il
Is not relevant for 18 process routas typically lovwer concentrationsareselected
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Self-assembly during solvent evaporation (Process route 1)
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Figure 1-19. Schematic representation of the selissembly process of 1,3;Benzenetrsamides (BTAS)
forsolvent evaporation.A: Completanolecularly dissolve®T A moleculegred dots) in a selective solvent
(blue dotsat room temperature at constant concentratrsolvent evaporation resulting in a crossing of
the red solubility line and subsequent-sedsembly. Bpramolecular fiberare illustrated irred coexisting

with remaining solventllustrated asblue dots.C: Further drying of the solventD: Complete solvent
evaporation results in dried supramolecular fib&rse phase diagram exhibit three regions: Region I: BTA
completely soluble, Regidiit theBTA self-assembly and Region Ill: BT A not completely solubleenat
elevated temperatureSource: Macromolecular Chemistry I, University of Bayreuth.

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

solution from elevated temperatures

The secongrocess routas depictediFigure1-20 begins with the same initial state@®scess

route 18 a molecularly dissolved solutidmere at an elevated temperatu(Eigure 1-20A).
Simultaneous cooling and solvent evaporation occur in the next step, causing the crossing of
the solubility line from region | to Il at higher temperatures than room temperdtiee has

the advantage that higher BTA concentrations can be achieved and that the evaporation of the
solvent is fasterThis simultaneous procealsoleads taa supersaturation inthe drying solution

and consequently welfassembly, resulting in fibreauassemblie@igure 1-20B) with further

drying (Figure 1-20C) and resultirg ultimately in the dried supramolecular fiber@-igure

1-20D).
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Self-assembly during simultaneously cooling and solvent evaporation (process route 2)
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Figure 1-20. Schematic representation of theself-assembly process of 1,3;Benzenetisamides (BTAS)

for simultaneous cooling and solvent evaporatiorA: Completemolecularly dissolvedBTA molecules

(red dots) in a selective solvent (blue dots) at elevated temperatuisSsamiamolecular fibers€d lines)
coexisting with remaining solvent (blue dotfder simultaneous cooling and solvent evaporatbrState

after further drying D: Complete solvent evaporation results in dried supramolecular fibers. The phase
diagram exhibit three regions: Regil: BTA completely soluble, Regioh: the BTA self-assembly and

Region 1l BTA not completely solublat elevated temperaturédource: Macromolecular Chemistry I,
University of Bayreuth.

The difference between the first and the second process route lies in the resulting fibers, which
are illustrated as the same in the figures, however may differ in their dimensions and shape
depending of the used BTA. Both routes can be employed in cambinaith any substrate or

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

Seltassembly upon solvestvaporation i®ftenused to create seffissembled structures either
on simple flat substrates or more advanpexbus substrates such as nonwovens. An example
for supramolecular structures frosolvent evaporatioprepared viahe first process routs
shown inFigure 1-21. The molecular structure of the us@&TTA derivativeN, N 6N &-tdis(3-
methylpyridyl}trimesic amides depicted inFigure1-21 A. The supramolecular structures are
formed va solvent evaporation from the solvent THF on a glass slide. Theassdfnbled
structures feature a hexagonal hollow fiber morpholagyghown ithe SEM images ifigure
1-21B and C®]
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Figure 1-21. Example of supramolecular structures preparedduring solvent evaporation A: Molecular
structue of the BTA derivativeN, N6 No -tris(3-methylpyridyl}-trimesic amide B: Scanning electron
microscopy images of theipramoleculastructures obtained Isglf-assembly via solvent evaporation from

a drop ofthe BTATHF solution on a glass slid€: magnification of the selissembled structurBigure
adapted and reproduced wittrmission fronRef.[83 Copyright© The Royal Society of Chemistry and the
Centre National de la Recherche Scientifique 2008

An exampleof selfassembly viaimultaneous cooling and solvent evaporation can be given
from our group. Misslitzet all*%®! investigatedfor the first timethe selfassembly behavior of
the BTA derivativeN, N 6N & tis(2-ethylhexy1,3,5benzenetricarboxamiden a porous
substrateof viscose/polyestemonwoven The molecular structure of the used BTA is depicted
in Figure 1-22A and the corresponding sefsembled structuregrepared from different
concentrationsin Figure 1-22B, C and D. Here the simultaneous cooling and solvent
evaporatiorwithin the nonwoven microfibers results in a nanofib@crofiber composite*°®!
Using different concentrations of the initial BTA solution prior solvent evaporation led to
different density of BTA fibers within the nonwovedemonstrating the importance of

concentration iad theseltassembly conditiawith respect to the final structure

Figure 1-22. Example of supramolecular structures prepared via solvent evaporation method
(simultaneous cooling and solvent evaporation)A: Molecular structureof the BTA derivative
N, N6 N6 -dris(2-ethylhexyl}1,3,5benzenetricarboxamidB-D: Scanning electromicroscopy imagesf
self-assembled BTA fibers within a viscose/polyester nonwoven from solvent evaporatBn@#avt.%,

C: 0.6wt.%, andD: 1.0wt.% 2-butanone solutioanrespectively Figure adapted and reproduced with
permissiorfrom Refl19% Copyright© 2013 WileyVCH Verlag GmbH & Co. KGaA, Weinheim

35



Introduction

d) Stimuli responsive lf-assembly triggered by pH change

Using the external triggerof pH-change has been used by different groups achiewe
supramolecular structures from aqueous solution where a temperature/concentration change is
not sufficient to induce sedssembly$>59%8.72 For instance, VandenBeret all’d present an

BTA with glutamic acid residuethat are sensitive tgH changeand formsupramolecular
structureswhich var according to the rate of pH stimulus alteratibhe molecular structure

of the BTA is depicted ifrigure 1-23 A. Theinitial stage of sample growth triggered by HCI,
exhibits a thick and branching fibrillar nanomdwogy is shown inFigure 1-23 B. After one

hour the sample is composed of a dense network with thick fibrillar burfelps e 1-23 C) 2]

Figure 1-23. Example of a pH responsive BTA structure and resulting seldssembly A: Molecular
structure of the BT A derivativerith glutamic acid residueB: Transmission scanning electron microscopy
imagefrom theinitial stage of ample growth triggered by HCI, exhibiting a thick and branching fibrillar
nanomorphologyC: Scanning electron microscopyage after 1 hour depicts a dense network composed of
thick fibrillar bundles.Figure adapted and reproduced witarmission from Reff2 Copyright © 2020
American Chemical Society.

lonic selfassembly ofBTAs withsulfonic acidperipheral groups has been observed by
lwan etal % Here the resulting structures are supramolecular aggregations in form of

spherulitelike or featheflike morphologies

Other work focused oBTA derivative with sodium carboxylate peripheral groupshich
exhibits liquid crystalline properties in solutiofihe ionic BTA derivatives sefissemble into

cylinder assemblies in agueous solutions and by addition of ghaeltmlactonel®.88.107.108]

A similarBTA derivative NN Ny, Njigj(4-carboxyphenylene},3,5benzenetricarbxamidenas
been investigatedh our group by Bernetet al’®? who used thepH-sensitivity of the molecule
to induce seHassembly intaa photoluminesent supramolecular hydrogély addition ofthe

acidgluconadeltalactone
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Formation of supramolecular chromophores

Figure 1-24. Formation of supramolecular chromophores from BTAs A: Chemical structure of the BTA
derivativeN, NNNNjN§(4-carboxyphenylenell,3,5benzenetricarboxamidB: P hotographs dahe hydrogel
samples of aqueou8T A solutionwith a)before and to g) after addition of gluconaleltalactone Figure
adapted and reproduceith permissiorfrom Ref.[52ICopyright? The Royal Society of Chemistry 2012

In a collaboration work wittHelfricht et al’®! from the physical departmerhe feature of
reversibility of the supramolecular hydrogslusedto pattern thespecificBTA. Oncethe film

is formed, it @an belocally dissolvedunder alkaline conditions. By a combination afomic
force microscopy (AFM) and nanofluidids so called FluidFMi ¢ he mi c a | wr i tin
hydrogel is achieved by dissolving the supramolecular structuretetail, theBTA hydrogel
can be locallydissolved when aralkaline solutions ejectedhrough the aperture of a hollow
AFM-cantileverwhich isconnected to a nanofluidic controll@he chemical writing and the

resulting writing lines are depicted kigure 1-25.

A

Figure 1-25. Chemical writing into BTA hydrogel films. A: Schematic illustration of the chemical writing
with the FluidFM byselectively disoiving BTA fims. B: Resulting line patterns after the chemical writing
into the BTA hydrogelFigure adapted and reproduced wittrmissionfrom Ref[>¢! Copyright© 2017
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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The formation of the hydrogel was then further intensively studies by RaRehai” For

this an in-situ nancindentation technique was developedthat was integrated in an
electrochemistryAFM fluid cell and allowed for the deposition of the BTA hydrogel on a
conductive layer within seconds. The film thicknesa fanctionof the BTA @mncentraton, the
appliedpotentialandthe gelationtime. The BTA film formation isillustratedin Figure 1-26.

The process, also referred to as electrogelatielies on a localized change in pH resulting
from the electrolysis of water at the electrode. The protonation of the BTA sodium salt depicted
inFigure1-26 A induces the seldssembly into supramolecular fibrduglrogel.Figure1-26 B
illustrates theseltassembly othe BTA into a hydrogel induced by local acidification in the
vicinity of the working electrode in a thredectrode electrochemical setup. The local desgrea

in pH results from proton generation by the oxygen evolution reaction at the working
electrode®”!

(oo e COOH

+3H*

+3 Na*

v
o]
z
I

+3 OH"

\ 4

Figure 1-26. Electrogelation process of the BTA derivativeN, NNNNji§(4-carboxyphenylene)1,3,5
benzenetricarboxamide into a fibrous hydrogel A: The three carboxyl groups of the soluble trisodium
salt of the BTA derivative (NaBTA) undergo protonation under acidic conditions. The protonated BTA
molecules assemble it fibrous hydrogel. The assembly process can be reversed by shifting lihekpoH

to the alkalineregime B: The assembly of the BTAinto a hydrogel can be induced by local acidification in
the vicinity of the working electrode in a threkectrode electrchemical setup. The local decrease in pH
results from proton generation by the oxygen evolution reaction at the working eleEigade adapted and
reproducedvith permissiorfrom Refl5”1 Copyright © 2023, American Chemical Society.
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1.5 Hierarchical superstructureswith supramolecular fibers

In the literature, the term "superstructure” has been applied to a variety of morphologies, leading
to its use for any supramolecular structures that exhibit hierarchical morphdlagyincludes
copolymer micelled® that form a multitude of hierarchical superstructures depending on their
polymer composition, seklissembly of small organic molecules into micrand
nanonhierarchicat® fibroud*Y or tubulai'? superstructuresin the followinghierarchical
superstructuresefer to a combination of two systems: topwn and bottorup.

One example forhierarchical superstructurds the collaborationwork of Burgard et alf**3l
where they fabricateshesostructured nonwoveasd studied the nonwovens in the context of
filtration. They achieve a penguin downy feathdike morphology by combining
electrospinning and seHlassembly resulting in electrospun fibrs with off-standing
supramolecular nanostructuréBne process involvesoaxial electrospinningf a polystyrene
and BTA N, N Xtris(l-¥méthoxymethyl)propyl)benzehe3,5tricarboxamide solution as
schematically show inFigure 1-27 A resulting in electrospun polystyrene fibers with
BTA seedsB). Combinationof theelectrospun polystyrene fibers witlthe BTA solution and
subsequent solvent evaporation leadsséeded growth of the BTAsnd off-standing

supramolecular fibers.

Figure 1-27. lllustration of the fabrication process for mesostructured nonwoven with penguin downy
feather-like morphology. A: thecoaxid electrospinningf a polystyrensolution(P S)and a BT A solution.

B: The resulting polystyren@onwoven(blue) featuring BTA seeds (yellow dots) onhe surface

C: Mesostructuredonwoven aftean BTA immersion process asdbsequergeeded growtinto fibers

(yellow) - left image. @rrespondingptical microscopy athemesostructured nonwoven fibers with seeded

BTA fibersgrown fromtheP S fibers surfaceright image Figure adapted and reproduced vggrmission
fromRefll¥ICopyright E 2019 WILEY VCH Verlag GmbH & Ci

39



Introduction

Coaxial electrosimning and seeded sadssembly has been also uskd our group by
Franketal*'¥ to fabricate well-defined hierarchical fitreelike superstructures Here,
polymer fibersare decoratedvith patchy micellesvia coaxial electrospinning of a micellar
dispersion composed of patchy  polystyrendlock-polyethyleneblock-poly(N,N-
dimethylaminoethyl methacrhamide) (SEDMA) worrike crystallinecore micelles and a
polystyrenesolution resulting in patchy SEDMA fibers as showifrigure 1-28 A. The patchy
SEDMA fibers are located on aluminum follfter immersion of the patchy SEDMA fibers
into an aqueoud\!, N3, N°-tris[2-(dimethylamino)ethyill,3,5benzenetricarboxamidsolution
and subsequent solvent evaporation hierarchical superstructures are created as ddpicted in
and C. Herge the patchy micelles angsed to induce the molecular sasembly othe BTA.
For this, a chemical match of the functional groups in the micelldgstand the peripheral
groups of the BTA is crucial. Theeededeltassembly of the BTA is a result of accessibility

of the patch for the BTA and a local increase of BTA concentration at the corresponding patch.
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A: Preparation of patchy PS.,.. / SEDMA fibres via coaxial electrospinning

S E DMA
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O~ °NH
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Dispersion of patchy
worm-like micelles

PS solution

Solvent evaporation
induce self-assembly

> BTA solution

C: Resulting hierarchical fir tree-like superstructures

Figure 1-28. Formation of hierarchical superstructures by combining patchy electrospun fibers and
selfassembly oBTAs. A: Schematic representation of the coaxial electrospinning process of a polystyrene
(PS) solution and a dispersioof patchy worrdlike polystyreneblock-polyethyleneblock-poly(N,N-
dimethylaminoethyl methacrylamide) (SEDMA) triblock terpolymer micelles to prepare patchy fibers.
B: Immersion of the patchy fibers into an aqueol’N3 N>-tris[2-(dimethylamino)ethyfl,35
benzenetricarboxamide solutid®eededelfassembly of the BTA onto the patchy fibers occurs upon solvent
evaporationC: Scanning electron microcopy image of the final hierarchical superstructures after complete
solvent evaporatiorkigure adapted amgproduced witlpermissiorfrom Refl114 Copyright ©2021 The

Authors. Angewandte Chemie International Edition published by Wil GmbH
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As the patchymicelles are predestineditaducethe seededeltassembly of BTA if chemical
matching groups of the patchy micelle and the Bar& chosen, this approachfisther used

for a BTA and patchy micelle witthemical matchind\N,N-diisopropylaminoethyl substituents
(seeFigure1-29 A) .54 A nonwoven is fabricated with the corresponding patchy miceltesh

is then combinedwith a chemical matching BTAsolution Subsequent solvent evaporation
results in hierarchically mesostructured nonwoveiihe functional BTA fibers in this
hierarchicaly mesostructured nonwoven contribute to an increased active surface area,
enabling effective immobilization of metal nanoparticéssshown irfFigure 1-29 B.

A

S E DiPA Y

Chemical

YNY matching groups

Figure 1-29. Functional mesostructured nonwovensA: Chemical structuie of the SEDIPA patchy
micelles and chemical matching BTf@aturingN,N-diisopropylaminoethyl substituenied dotted box)

B: Scanning electron microscopy images of hierarchically mesostructured nonwovens with immobilized
palladium nanoparticle@ dNP3$. The mesostructured nonwowsemereprepared by immersioof patchy
nonwovens ito BTA solutionsof 0.50 wt.%in 2-propanoland subsequent drying at ambient conditions.
PdNPs were immobilized bgnmersion ofthe mesostructured nonwowanto aqueou$®dNP dispersian

for 3h at room temperature and subsequent drying at ambient conditigme adapted and reproduced
with permission from Ref[34 Copyright © 2022 The Authors. Macromolecular Rapid Communications
published by Wiley VCH GmbH
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2 Motivation of the thesis
Supramol ecul ar chemi stry known as fichemistr
of objects with tailored dimensions and shapes and thus unique proediefsinctiors.
Specifically, 1,3,5benzenetrisamides (BTAs) represent a thoroughly investigated class of
materials known to form supramolecular (nano)fibers guided by three strands of directed
hydrogen bonds. These directed hydrogen bonds results inhly fegganized columnar
arrangement of thenolecular building blocks featuring a macrodipole along the columns.
Depending on the sedssembly conditions and macrodipole interactions between the columns,
the selfassembly process enables the realizationasfous anisotropic morphologies with
different hierarchical levels, shapes and dimensions. This thesis aims for the preparation of
highly ordered and anisotropic (micro)fibers from BTAs with control over shape and
dimensions such as diameter and lengtld dneir morphology necessary for specific
applications. The thesis comprises fqartsas illustrated inFigure 2-1. Their individual
motivations arelescribed in the following:

Controlled preparation
of supramoleculafibers
TLI

L -

(I

- :ﬂ[iw’ .

d
_E Controlled
3 preparation s
4 and application 3
of supramolecular
Thermal diffusivity of fibers Electrostatic Flocking c
supramoleculafibers supramoleculafibers

Selfassembly of supramolecular
fiberswithin polymer flocks

Figure2-1. Graphical overview of the fourparts of the thesiscovering the controlled preparation and
application of supramolecular (micro)fibers. Development of a controlled preparation process of
supramolecular fibers with tailored shape and dimensions. First time electrostatic flocking of supramolecular
fibers with defined dimensions. Novel sipecific sefassembly process using BTA solutions within
polymer flocks. First time measurements of thermal diffusivity in supramolecular fibers.
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Motivation of the thesis

l. Controlled preparation of supramolecular fibers

The first part of thethesis aims for the controlled preparation of supramolecular BTA
microfibers on the litescale upon cooling. This requires the development of a custade

setup for the seHassembly process that enables the identification and precise control of the
relevant processing parameters for supramolecular fibers with dimensions in the micrometer
range in a reproducible manner. Due to the unique processing window of each BTA, determined
by factors such as molecular structure, solvent, concentration and temgexatomprehensive
investigation of each parameter is essential for achieving control over the shape and dimensions.
Beyond the previous work in our group from D. WEf$san advanced custemade
experimental setip will be built and optimized with a focus on adjustable linear andinear

cooling rates and constant stirring to analyze the influencing parameter individually. Three
different BTAs wil be selected for this study and the processing parameters during the self
assembly process to supramolecular fibers will be systematically varied including cooling rates,
stirring rates and concentrations. The dimensions of the supramolecular fiberainiyl be
characterized and analyzed by scanning electron microscopy to evaluate and optimize the
impact of each parameter on the resulting BTA fibers dimensions. Control over the BTA

dimensions are a prerequisite for electrostatic flocking, which wibldyein the following

Il. Electrostatic flocking of supramolecular fibers

Based on the findings from the first part, the objective of the second part is to achieve
electrostatic flocking using supramolecular fibers for the first time. Electrostatlarftpis an
industrial technique that align short cut polymer fibers in an electric field ultimately promoting
their perpendicular arrangement for various applications. Importantly, successful flock
preparation requires rigid fibers with defined dimensiand aspect ratios. However, precisely
controlling the dimensions, in particular the length, of supramolecular fibers in the micrometer
range isachallengingtask Thus, a critical aspect to prepare wadfined flocks with high fiber
density is to use rig BTA fibers with welldefined dimensions, including uniform diameter
and length For this, supramolecular fibers with suitable morphology, from the previous chapter
will be used Specialfocus will be given onmachieving definedfiber lengths with narrow
distributionsby implementing a novehondestructivesieving process. Another challenge is
related to their possolation handling and processing parameters for electrostatic flocking.
This includes for example their frdl®wing propertieghat facilitates transport of single fibers
along the electric field. The addition of conductive additives will be also considered to create
optimized, densely packed flocks with highly aligned supramolecular BTA fibers.
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Motivation of the thesis

M. Self-assemblyof supramolecular fibers within polymer flocks

Differently to theelectrostatidlocking of supramolecular fibers, this part of the thesis deals
with substrates comprising vertically aligned polymer flocks and how BTA solutions self
assemble within these flocks. Previstigdies have demonstrated that the shape and dimensions
of seltassembled BTA fibers on various fibrous substrates can be tuned by using prior
deposited nuclei and seettowever, the supramolecular fibers typicdtlym randomly along

the polymer fibersjepending on the seedbcations®11314 Therefore, the primary objective

here is to explore how capillary forces within aligned polymer flocks act as stralttading
substrate by driving the transport of the solution to the top of the flock. Together with a distinct
solventevaporation profile from the polymer flocks top, this leads to a concentration gradient
and potentially to a sitselective selassembly process of BTAs resulting in novel
supramolecular fiber morphologies. To address all these questions, this parthesthadeals

with a thoroughly investigation of the sel§sembly behavior of BTAs within polymer flocks.

In particulamumerous parameters such as, the choicktled flocking material and) the BTA
together withii) the application techniquey) the solvent properties) the BTA concentration
andvi) the drying method have to be considered. Evaluating the data by various microscopy
techniques should provide a better understanding how these various conditions control and
directthe selassembly prcess. This research was performed in a joint collaboration with Felix

Bretschneider (Macromolecular Chemistry I, Prof. Dr. Greiner).

V. Thermal diffusivity of supramolecular fibers

The final part of this thesis aims at the preparation of highly ordered, columnar and anisotropic
BTA microfibers,which shall be usetb investigate the timeependence of the temperature
distribution in supamolecular fibers, i.e., thermal diffusivity for the first tinide thermal
diffusivity will be determined with the loekn thermography method, which requires high
aspect ratio BTA fibers with suitable diametén the pmrange and lengtin the crarange.

Thus, a main target of this part is the elaboration of a suitablasstimbly method that can
consistently produce supramolecular fibers with these large dimensions for BTAs, while the
order and columnar arrangement will be maintained to a very higleale§ince it is unclear

how thermal diffusivity is related to the hydrogen packing and order, several BTAs with distinct
structural variations will be selected, processesljramolecular micifiioers and their impact
within the BTAs on their thermal difivity will be analyzed. This research was carried out in

collaboration with Ina Klein (Physical Chemistry I, Prof. Dr. Retsch).
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3 Controlled preparation of supramolecular fibers

3.1 Backgroundto selfassemblyunder controlled conditions

Controlled seHassembly in solutioat a constant concentratiom produce weldefined BTA
fibers is of great interest as it allows tailor the fiber morphology includinghape and
dimensionsg.g.diameter and lengthAn exampleto address the controlled sel§semblywas
given byD. Weisset all® in which theyinvestigatedthe influence of the stirringatein a
custoramade experimental sep fora solutiorbasedseltassemblyprocesss summarized in
Figure 3-1. The custormmade experimental sep includes a 25(L screwmountable glass
bottle as vessel with a modified cap for the insertion of the mechanical stirrer and a
thermocouple The investigeed BTA alkoxy substituents in the periphery is showirigure

3-1 A. The vessel with the BTA solution was then heated in a water bath°© uitiil the BTA

was comjetely dissolvedAfter that, itwas directly transferred into a cryostat with a fixed
temperature which was set betwe&fC to 25°C to achieve differenhon-linear cooling
profiles. Furthermore, thstirring ratesvere varied fron Orpmto maximum 450 pm (Figure
3-1B). It was shownthat the diameter of the alkospbstituted BTA in a water/@ropanol
(80/20) mixture can be tuned by the stirrnage The higher th stirring ratethe thinner the
BTA fibers, which is also exhibit an increasingly smaltéstribution of the fiber diameter.
Without stirring the solutionduring the cooling procesdedto a broad distribution of the fiber
diameterwith a mean fiber diaaterof 1459nm as shown in the histogram depictedkinglre
3-1C). In contrast,applying a stirring rate of 30@m eventually Id to the narrowest
distributionwith a mean fiber diameter &44nm (Figure 3-1 D). Keeping the stirringate
constant at 30@pm but varying the temperature of the cooling bath t6@515°C and5 °C
leads to thinner BTA fibers and narrower fiber diameter distribution, respecti@tgtheless,
due to the notinear nature of the cooling rates, the solvent experieacesiitially rapid
cooling, reaching room temperature within the first 5 nasutespecially when at highirring
rates. The subseque@0 minutes of stirring contribute to a gradual attainment of the set
temperature of 8C. However there is no information provided regarding the temperature at
which the seHassembly initiates ithe given solvent mixture. While the cooling rates are
reproducible with the set temperatures, ithiéal rapid cooling coupled with the fast stirring
rate may impact the fiber morphology. Consequently, the consideration of both parameters

cannot be obseed individually with this type of saip.
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Figure 3-1. Results from the thermally induced selfassembly under controlled conditionsby
Weissetal.[?% A: Chemicaktructureof the BTA.B: Tailoredcooling profiles by applying different stirring
ratesof O rpm, 50 rpm, 150 rpm, 300 rpm and 400 r@nand D: Resulting BT A fiber diameténistograms
in dependence of the stirring rate0 rpm(C) and 300 rpnand (D). Figure @aptedand reproducedith

permissiorfrom Refl® Copyrightt: 2016 WI LEY VCH Ver | a@ghe®mbH & Co.

Furthermore, Steinleietal® have sown that the aspect ratio of a selected BTA can be
controlled by ultrasonication. In this work, the BTA derivative3,5tris (2,2
dimethylpropionylamno) benzendias been used which forms rigid supramolecular submicron
fibers fromthe solvent MarlotherfhSH, a mixture of dibenzyltoluene isomers. Supramolecular
fibers prior the sonification process exhibit fiber length of %Y um and diameter of
0.59+ 0.41pm. Utilizing a sonification protocol allows for the reduction and control of fiber
length. With increased sonificatidime, the BTA fibers become shorter, reaching an average
length of 0.14um. The aspect ratio is also diminished, decreasing #0183 after Iminute of
sonification to 2.4 after 90 minute$he sonification process acts as a cutting mechanism and
influences the overall fiber morphology, particularly the homogeneity ofdfjlzest produces

very small BTA fragments that adhere tasting larger fibers.
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Controled preparation of supramolecular fibers

Approach in this thesisfor the controlled preparation of supramolecular fibers

Supramolecular fibersxhibit unique properties, whiattiffer significantly from those of the
individual supramolecular building blocks and thus beingresting for a multitude of
applications. However, tailoring tli#mensions such dsngth and diameteand ultimatelythe
aspect ratioof selfassembled fibers is challenging. Achieving control over the diameter and
length distribution of BTA fibersequiresghe consideration of the set of conditions sucthas
molecular design anthe choserprocessing parameters includitige solvent,concentration,
stirring andcooling rate With this, supramolecular fibers can be producedargescalen an
efficient manner In contrast tothe described method of Weissal.!® the custormade
experimental setip will be optimized with a focus on adjustaldinear cooling rateandat a

constant stirringateto analyze the influencing parameter individually.

Prior to the preparation of supramolecular fibers under controlled condititms
temperaturedependent selissembly and disassembly behavioexplored.For this, selected
BTAs are investigatedising the crystallization system Crystall6® device, which allows the
simultaneously observation of multiple samples with respehbetsolubility and selassembly
behavior insolutionin small scale (1 iy). The findings are then transferred to the optimized
custoramade experimental sep with larger scale of L with the aimto achievecontrol over

the dimensions of the supramolecular fibiers reproducible manndsy adjusting thecritical

selfassembly conditions.

The detailed description of the approaches in this thesis to comprehensively investigate the
controlled preparation of BTA fibers are summarized in the following:

) Selecting suitable BTAs with different moleculardesigns and seHs&mbly
behavior in polar organic solvents to prepare supramolecular fibers with varying
dimensions Here it isaimedto validate thegeneral applicability of this approach

across different BTA/solvent systems.
i) Solubility studies ofhe selected BTA ata constant concentratiomm crystallization

system Crystall6®Ilevice. Basean these resulisthe findings of solubility and

selfassembly behavior are transferred to the experimentalpset
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i) Developmentand optimization of thexperimental setip to conducseltassembly
in solution at constant concentration with linear temperature profiles and constant

stirring

iv) Extensive nvestigation of the processing parameter such as the temperature profile,
the stirring rate and concentration arfe selected BTA regaling the influence on

the dimensionse.g.diameter and length distribution of the resulting BTA fibers

V) Implementation of thdindings from the optimizedeltassembly conditions onto
two other BTA systems and validation of the experimental-igetacross the

different BTA/solvent systems

— e N
Transfer of 1]
findings A
Solubility studies of selected Controlled self-assembly in
BTAs with the crystallization the custom-made
system Crystal16® device experimental set-up

Figure 3-2. Schematic illustration of the two main parts in this chapter of controlled preparation of
supramolecular fibers. Findings of solubility studies of selected BTAdth crystallization system
Crystall6® devicare transferred to the controlled safisembly in the custemade experimental sep.
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3.2 Controlled preparation of supramolecular fibers

3.2.1 Selectionof 1,3,5benzenetrisamides

For the study of controlled sedissembly in solution at constant concentration, suitable BTAs
need to be selected that show variety in th@tecular desigas well as in their seklissembly
behavior. As previouslgtated, the formation of fibers through satisembly is significantly
influenced by the molecular design of the BTA and the selected processing parameters, such as
solvent and concentration. Rigid supramolecular fibers are typically achieved when emgployi
BTAs with short or aliphatic moieties that lack heteroatoms. In contrast to that, BTAs with
heteroatoms in their periphery or longer aliphatic peripheral side chains typicalfsselhble

into more flexible and long aggregat&. Basedon 7 different BTAs differing in treir
peripheral groups (functionalized and ffanctionalized) pre-experiments resulted in the final
selection of three BTAs exhibiting a variety in theliemical structure and seHassembly
behavior in polar organic solvents. The three selected BTAslepieted inFigure 3-3. The
BTA-1 (A) features a cyclohexyl periphery and ssdfembles into rigid and thick fibers
whereas the BTA (B) with a 2,4,4trimethylpenta-2-yl periphery shows selissembly into

long, thin fibers (gelike). The third BTA3 has amethionine methyl esteperiphery and

compkete the material selection with sel§sembly behavior intehort, thin fibers.

BTA-1 BTA-2 BTA-3
Rigid, thick fibers Long, thin fibers (gel-like) Short, thin fibers

Figure 3-3. Chemical structure of selectedBTAs as suitable candidates for selassembly in solution at
constant concentration.A: BT A featuring cyclohexyl periphery selffssembles intagid, thick fibers.B:
BTAfeaturinga 2,4,4trimethylpentarR-yl peripheryself-assembles into long, thiibers(getlike). C: BTA
featuringmethionine methyl estgreriphery selfassembles intghort thin fibers. Al molecular building
blockscan beself-assembldfrom polar organic solventssing gpropriate conditions
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Controlled preparation of supramolecular fibers

3.2.2 Seltassembly experiments with BTA 1

BTA-1 is selected for detailed investigation in the subsequent chapters to screen parameters for
the selfassembly procesdhe gained knowledge is then transferred and implemented for

BTA-2 and BTA3 in the sectiodmplementation of controlled sedfssembly on other BTAs

At first, investigationsin view of the solubility of BTAL in different solvents are done to
elaborate the optimal solvent for the sadisemblyin solution. For this purpse,
temperaturedependent turbidity measurements were perforwida the crystallization system
Crystal16® deviceto determine the cloud and clearing points by means of transmittance
revealing the selaissembled or solution state, respectivEhe changen transmittance upon
cooling from 100% to 0% is defined as cloud point and indicates presence of turbid
solutions due to theselfassembly of BTAs. In contrast, the change in transmittance upon
heating from 0% to 100% is defined as clearing poisince dissolutiorresultsin a clear
solution. Here, cloud and clearing points were determined at%®f transmittanceupon
heating or coolingTable3-1 summarizes the solubility tests of BTJAin selected solvents that
gualify for the use in the controlled experimental-getFor examplethe BTA1 was tested
with respect tdhe solubilityat room temperature and at the boiling points of the used solvents.
It was found thaBTA-1 shows no solubility in water and toluene at room temperature and no
changewas observed upon heating. In the solvent methanol, ethanol, MEK-parapano)
BTA-1 exibits alsono solubility at room temperatyréut it is completely dissolved when
heated close to the boiling points of the solvents. In THF abdtdnol BTA1 showsalready
good solubility at room temperaturBurthermore, the mimal concentration totart the sel
assembly(first turbidity detected) and the maximal concentration soluble was determined
(upper concentration limit)The BTA-1 exhibits the best solubility in-butanol with & upper
solubility limit of 1.8wt.% at80 °C showingcompletedissolution.Concentrations > 1.&t.%

were not soluble anymore and the sedemblyupon coolingwas not investigated for higher
concentrationsThe lowest concentration which still shows sasembly upon cooling water
determined with 0.8Wt.%. Thus, the ®lf-assemblyregion for butanol upon coolingtartat
concentrations of 0.8@t.% and ends at the solubility limit at 1v&.%. In THF the solubility

limit is reached at 1.@/t.% but no selHassembly occurs upon cooling the sample. The lowest
solubiity was observed for MEK with 0.3&t.%. However, selhssemblyat the lowest

concentratioroccurs at 0.12%t.% resulting inrigid fibers.
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Table 3-1. Solubility of BTA-1 in selected solventat rt and at the b.p. of the solventvith
determinedlowest concentration detected for selassembly upon coolingnd maximal
concentration solubleat b.p. of the solvent (concentrations giveim wt.%).

Lowest Maximal
Solubility Solubility at concentration concentration
Solvent b.p. of detected for solubleat b.p.
atrt
solvent  selfassemblypon of solvent
cooling[wt.%] [wt.%]
Water U U - -
Methanol U 0.40 1.0
Ethanol U 0.50 1.3
MEK U 0.125 0.35
2-Propanol U 0.45 1.0
THF - 1.0
1-Butanol 0.80 1.8
Toluene U U - -

= completely soluble) = no solubility, b.p. = boiling point

After investigation of the fiber morphology from the different solvents, the most promising
resultsregarding the formed fiber morphology and dimensi@reobtained from MEK. Thus,
the temperaturedependent turbidity measuremergbtained fromthe crystallization system
Crystal16® device in MEK will be describedin more detail as an exampléor this,
concentrations of 05 wt.% up to 40 wt.% in MEK were prepared abom temperature. The
samples werbeatedo 75 °C and hold at this temperatufer 30 minutes at 400pm toensure
completedissolutionof the BTA. Samples with a concentratior> 3.5 wt.% showed naclear
solution at these conditions amdere considereda s fAnot c 0 mp |Afeert thel y
isothermal step and first dissolution, the temperadiggendent transmittance of each sample
was recorded for three cycles upon heating and coulitiga rate of 0.® C min? in the range
from 75°C to 5 °C while stirring with 400pm. The changen transmittance upon cooling from
100%to 0 % indicatesclouding of the sample and thuke selfassembly of BTAs into
selfassembled fibers. Theloud points (Teoug)Were determined at S of transmittane. In
contrast, the change in transmittance upon heating frétrta0100% indicatesdissolutionof

the selfassembled fibersesulting in a clear solutiorThe so-called clearingooints (Tclearing
were determined at 50% of transmittandeo. Exemplarily, the 2¢cooling and 2 heating
temperaturedependentransmittance curves of a 0.%t.% BTA-1 in MEK sampleare shown

in Figure 3-4. Upon coolng to 5°C, clouding of the solution occurat around 42C (Teioud)
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Controlled preparation of supramolecular fibers

and fibers are formed. dditing the sample back td 7C, thefibersdissolves and a clear solution
is observed around 51°C (Tcearing- A hysteresis of ~10C is observetietween theloud and

clearing point.This process is completely reversible and all three heating and cooling cycles
resulted in dissolution and clouding, respectively.

100 ~

B —

cooling

80

60 - Cloud Clearing

Point

40 -

Transmittance [%]

20
heating

10 20 30 40 50 60 70
Temperature [°C]

Figure 3-4. Temperature-dependent transmittancecurve. The2ndheatingand2"d cooling of a0.2wt.%

BTA-1 sample in MEKwith a scanningate of 0.56C minL. Upon cooling, the sample starts to-selembly
into rigid fibers (Cloud Point, dous=42°C). Upon heating, dissolution of the fibers letaslearing of the
sample (Clearing Pointclaring= 51°C). The process is fully reversible.

The concentraticlependentourseof the cloudand clearing points @TA-1in MEK as mean
values irluding the standard deviation from the applied three igatnd cooling cyclewere

obtained. With this data a phase diagram from 5 t6C76an be created as depictedrigure

3-5. The phase diagram can be divided int@¢hregors:

U Regon: In this region, no selassembly takes pladdere,the BTA-1is fully soluble
in MEK at low concentrations in thavestigatedemperature rangeom 5°Cto 75°C.

This is valid for concentrations up @125wt.%.

U Regon II: In this region, controlled seldssembly takes placeThe BTA-1l
selfassemby} yielding in a turbid solutiompon cooling and reversibly dissolves upon
heating the sample back to 70. This is observed for concentrations of

0.125wt.% - 0.30 wt.% The cloudpoints increase from ZIC (0.125wt.%) to 62°C
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(0.30 wt.99 with increasing concentration. The clearing points raising fromiC32
(0.125wt.%) to 68°C (0.30 wt.%9. Above the clearing points, the BTAis completely
dissolved againThe high reproducibity of the sefassembly process is indicated by

the small error bars of the mean values for the cloud and clearing points.

U Regon lll: In this region, no controlled sedssembly takes placEor concentrations
larger than0.30 wt.%in MEK, BTA-1 is not completely soluble anymora elevated
temperaturesSeltassembly occsrupon cooling the solution, because not dissolved
BTAs are still present in the solution, acting as nuclei and trigger further growth. This

results in a mixture of bulk materiahd supramolecular fibers.

80 : :
1 ! e Cloud Point :
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Figure 3-5. Phasediagram of the BTA-1 with a cyclohexyl peripheryin MEK. The concentration
dependent development of the cloud and tlgapoints of BTA in MEK as mean valus including the
standard deviation from thappliedthreeheating andooling cycleswith ascanning rate of 0.0 minL,
Regionl: No selfassembly takes place #& BTAis fully soluble in MEK at low concentrations up to
0.125wt.% in the given temperature rangegionll: Controlled selfassembly ofhe BTA selfassemblies
into fibers upon cooling and reversibly dissolves upon heating the saRgm@n Ill: No controlled
selfassemblitakes placeas the BTAL is not completst soluble anymorat elevated temperatures for
concentrations 0.3wt.%.
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3.2.3 Development of the custommade experimental setup for self-assembly

Aifter the determination for the optimal solvent and concentration rangeepardibersfrom
BTA-1, the next step involves the transfer of these findiingen small scale (InL) to large
scale (1L) using a custoramade experimental sep. The setup is designedn a way, that
evaporation of the solvent igreventedduring the seHassembly procesand ontrolled
selfassembly in solution at constant concentration can be realized. Furthermosetipés
ableto stir with an adjustablend reproduciblstirring rateaswell asdefinedlinear cooling
ratesduring the seHassembly process

The custommade experimental sep isschematicallyshownwith all componentswumerically
marked from 1 to 10in Figure 3-6. A screwmountable 1 vessel(laboratory glass bottle
DURAN GLS 80 (1) has been chosen to bied with the BTA at a given concentratiom a
selected solvent2]. The cap(3) of the vessel is modified for the insertion of a mechanical
stirrer (4) and a temperaturesensor(5) to prewvent evaporationThe temperaturesensoris
immersed in the solution and linked the thermaneter (6) to record timedependent
temperature profiles which are saved witbhustoramade software on the computdi7). The
vessel isalmost completelyplaced in avater bath §) of acryostat(9), to ensureheaing and
cooling with a defined linear heating and cooling rét€ min?), respectively. Furthermore, a
camcordel9) is setin a way, that it records the experimemteterminethe selfassembly point
visually upon cooling the solutions. kgeneralprocedurethe solvent and the BTAas been
weighed in the vessel which was then sealed platedinto the custoramade setup. At this
point, the BTA was not dissolved. The mixture was then heated 0 and isothermally
hold for about 30ninutes with rigorous stirringuntil all BTA was molecularly dissolved. The
cooling profile was then started and the BTA solution was cooled do®s°t0 with achosen

linear cooling rateind defined stirring rate
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1 Screw-mountable 1L vessel

- / - 2 BTA with solvent

1
o \/Wj i T 3 Modified cap

4 Mechanical stirrer

2_) 5 Temperature sensor
6 Thermometer
8 <__>
7 Software for temperature recording
2 8 Water bath
C J 9 Cryostat

10 Camcorder

SONY

4K

Figure 3-6. Schematic presentation of the custommade experimental sewup for controlled
selfassembly in solution with all the componentsnumerically marked. The setup consists ofa
screwmountable 1 vesse(1) filled with the BT Ain a selected solver®)(a modified caif3), a mechanical
stirrer(4), atemperatureensoimmersed in the solutiofd) linkedto athermomete(6) and ecustommade
software for temperature recording,@@ water batli8) associated of eryostai(9) and a camcordet ().
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3.2.4 Sample preparation for scanning electron microscopy measurements

To determine thedimensions,i.e. diameter and length of theesulting BTA fibers, suitable

samplesneed to be preparexhd investigated bgcanning electron microscog$EM). The

obtainedSEM-images can then be evaluated by means of Imagedy a r d i

and length In a typical procedure, the dispersion with BTA fibers are dragted often

ng the

resulting intodenseand accumulatedibers on the substratduring the drying proceswhich

significantly hampers proper evaluation of the SEMges.

To avoiddenseiber accumulationa new processasimplementedas schematically shown in

Figure 3-7. Here, thefibersin the dispersioareisolatedby a glass pipettéA) and deposited

on a meshwith meshsize of 50um. The solvent passes the mesh and the BTiBers are

statistically depositedn the mesh{B) without leading to a coffee stain effedthe deposited

BTA fibers arethen washed with wate(C) to removethe remaining BTA in solutiomnd

prevent further selassembly upon solvent evaporatiéfter drying of the BTA fibers, they

aretransferred to SEM stufD), which is equipped with a conductive adhesive lamesuring

the fixation by stamping

A

/7

\ [

/
s o

Extraction from

batch

N

Deposition on
mesh

Wash step with
water

=T

Fixation on
SEM stub

Figure 3-7. Schematic illustration of the sample preparatiorfor the investigation of BTA fibers with
scanning electron microscopyThe sample preparation includés isolation of the BTA fibers and

B: deposition on a mesE: a wash step with water abd further fixation on a SEM stub via stamping for

the investigation with SEM.
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An example bthe well distributed BTAL fibersisolatedwith the new methodanalyzed with
SEM andevaluated bymageJ is shown iRigure 3-8. The diameter and length are determined
for the same fibers from theame image as depictedrigure 3-8 A andB.

B: Evaluation of the fiber length

- / Bz

Figure 3-8. SEM images of BTA1 fibers for the evaluation of the fiber diameter(A) and length (B).
The diameter and length of the fibers are evaluated by ImageJ using the same SEM image.
a1 and bi: overview of the samplez and bz: Magnification of a sample spot used for evaluation.
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3.3 Self-assembly experimentsinder controlled conditions

3.3.1 Selfassembly experiments with BTAL

As demonstrated befor®IEK is a proper solvent for BTA in which the BTAselfassembles

into rigid fibers in solution at a constant concentratiohusT MEK is used in all following
experiments in the custemade setp, in which a variety of other parameteannow be
considered. The following chapter deals, therefore, with the investigation of the influence of
cooling rates, stirring rates and varying concentrations on the fiber dimerisitmes following

the a) influence of the cooling rat®) influence ofthe stirring rateand c) the influence of the

concentratiomredescribed

a) Influence ofthe cooling rate

Thenext set okxperiments dealith the investigation of the cooling rate the BTAL1f | ber 0 s
morphology. From the solubility studies, theorcentration of 0.17Wt.% is identified for the

initial experiments as this concentration marks the middle betwihenmetastable dissolved
solution and the uppesolubility limit. In the firstset of experimentsthree different cooling

rates has been instgatedwithout stirringthe solution.These experiments aim to investigate

the influence of cooling rates individuallyhe first experimentorrelates tdhe experimental
method from Weid¥! without stirring. The BTA-1 is heated to 78C and isothermally hold

for 30 minutes to guarantee complete dissolution of the HTiA MEK. The vessel is then

taken outof the water bath from the cryostat and placed on the bench to cool down to room
temperature Here, no linear cooling rate realized and the solution is alloweddod from

75°C until room temperatures reachedIn contrast,in the second and thirdxperment the

linear cooling rateof 0.50°C mint and0.25°C min, was chosemnespectivelyln both cases,

the solution was cooled from 75 1€ 15°C. The corresponding temperature profiles recorded
during all three selfassembly processare depicted irFigure 3-9. As expected, when the
vessel is taken out of the water bath and cooled by the surrounding temperature, the cooling
profile shows acomparablenonlinear cooling rate as reportédy Weissetal °® Despite no

stirring for all three samples, the solution vedte to becooled with the set cooling rate when

the vessel is placed within theyostat.Note, that he thermocouple is fixated in a waythe

middle of the vessel.
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Figure 3-9. Temperature profiles recorded during the sefassembly process of a BTA solution in MEK

with 0.175wt.% and no stirring. Thediagram shows three temperature profiles with alimear cooling,

a cooling rate of 0.5%C min‘tand 0.25C min1.

After the selfassembly process, a sample for SEM investigation was preparédscribed
before The results of the SEM images are depictdéigure 3-10for the three cooling profiles
(seea-c1). The BTAL fibers show a rigid fibrous morphology for all threeofiles, which,
however differ in their dimensions.The results of the fiber diameter and length distributions
of all three cooling profiles are summarized Figure 3-10 (a2-C2). The norlinear cooling
profile showsa BTA-1 fiber diameterof 32.5 + 21.6 um with the highest distributiariysing a
linear cooling rate of 0.50C min leads to a narrower distribution of the diametéhe fibers
exhibit a meanfiber diameter of 18+ 7.7um. Choosing an even lower cooling rate of
0.25°C min? results in the thinnest fibers with a mean diameter.4f%.1 um. From trese
findings can be concluded, that the cooling rate has a significant influence on the fibers
morphology. With a nonlinear cooling profile, the BTAL fibers show a broad distribution
arising from the very fast cooling at the beginning within the first minutes leading to a multitude
of nuclei growing rates from supercooling. Compared to that, witmeati cooling rate of
0.50°C min, the slow homogenous cooling results in a narrower distribution, however still
spanning several micrometers. Slowing the cooling process even more, results in thinser BTA
fibers.
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A: O rpm stirring rate, non-linear cooling rate
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Figure 3-10. Diameter histograms and corresponding scanningelectron microscopy images of
self-assembly BTAL fibers from a 0.175wt.% solution in MEK treated with different cooling rates

without stiring . A: No stirring and on-linear cooling profile B: No stirring andcooling rate of
0.50°C mintandC: No stirring anccooling rate of @5 °C min't. a;-c1: SEM images of the prepared fibers
andag-cz2: corresponding histograms of the fiber diameter distribution.
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b) Influence ofthe stirring rate

The next experimentaim to examinethe influence of the stirring rate on the filtkmension
during the seHassemblyprocess In these experimentsthe BTALl concentration is kept
constant at 0.17&t.% and thelinear cooling rates of 06°C min! and 0.25°C mint are
applied.To investigate the influence of stirring, thirring ratesare variedrom O rpm, 25 rpm,

100 rpmto 200 rpm. The result®f the fiber diameter and length distributidrom the
selfassembly experiments are exemplarily shawrFigure 3-11 and Figure 3-12 for the
parameter set of 0.5 min?! as cooling ratea BTA-1 concentration of 0.17&t.% in MEK
atdifferent stirring ratesEmploying a linear cooling ratevithout any stirringesults in anean
diameter of 18+ 7.7um with a wide rangeof mean diameters from |Bn up to 56um.
Applying a lowstirringrateof 25rpm leads to a narrower distributiohBTA-1 fiber diameter

The BTA1 fibersshow a reducetheanfiber diameter of8.1+ 2.8 um with a minimum fiber
diameter of im and amaximum of 22um. Increasing thestirring ratego 100rpm or 200rpm
leads to a slight decreasetioé mean diameter of the BTAfibersto 7.6+ 3.2 um for 100rpm

and 7.1+ 2.8um for 200 rpm, respectivelfurther. However, the distribution shifts towds
smaller mean fiber diameters with higher stirring rates. The broad fiber distribution observed
when no stirring is applied can be attributed to the temperature gradient which is formed during
cooling. The solution near the cooling side of the vessdlamals faster than the solution inside

the vesselin which is mainly attributed tthe formation of numerous nuclei at different times.
This may lead to larger fibers forming on the outside of the vessel (more time to grow) and
smaller fibers on the inde (less time to grow), creating a wide distribution in fiber diameter.
Once stirring is introduced, the temperature gradierédsiced and the distribution becomes
narrower. With faster stirring, the cooling process remains consistent when applynegra li
cooling rate of 0.50C min’. The slight reduction in diameter with increasing stirring may be
explained by the assumption that, with a constant cooling profile, other factors such as
homogeneous nuclei formation, nuclei quantity per time, and fjpewth are impacted
differently. As the distribution narrows with faster stirring, it can be assumed that nuclei form
more uniformly, with most of the nuclei forming simultaneously during the-assémbly
process. A smaller diameter suggests an increagetber of nuclei, as the concentration

remains constant
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Figure3-11. Fiber diameter histograms of BTA fibers fabricated from a 0.17%t.% solution in MEK,
constant cooling rate of 0.50C min-1 and different stirring rates. A: Chemical structure of BTA and
stirring rateof O rpm B: 25 rpm,C: 100rpmandD: 200 rpm. The histogranug the diameter and lenggne
based on 450 fiye.

A more pronounced impact is observed on the length distribafithe BTA-1 fibers as shown
in Figure 3-12. No stirring leads to a mediter length of 505+ 386 um with a wide distribution
ranging from short BTA fibers measuring lelsart 100um up to a length of &hm. Inducing
mild stirring of 25rpm leads to a narrower distribution of BTA fiber lengttere, he mean
fiber length is 274+ 182 um with a minimum fiber length of 58m and a maximum of 87am.
Higher stirring at100rpm results in amean lengthof 201+ 120pum and 200rpm in
162+ 100um. Stirring > 100rpm leads to a greater number of smaller fibkergeneral, a trend
IS noticeable, wherte distribution becomes narrower with the introduction of stirring into the
selfassembly processhe resulting length of the BT-A fibers shows a significant dependence
on faster stirring. The faster the stirring, the shorter the -BTivers becomeThis can be
similarly explained as discussed for the fiber diameter reduction.if&eléngth distribution
narrows with faster stirring due ® morehomogeneousnuclei formation. Additionally, the

fibers become shorter at a constant concentration, likely because of the increased number of
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nuclei and fewer remaining building blocksailable to form large supramolecular assemblies.
Moreover, shearing forces may contribute to the length distribution, particularly with fast

stirring at 200 rpm, thus restricting the growth into larger assemblies.

A B
80 80
[ ]0rpm [ ]25rpm
60 60
5 5
S 401 (505 + 368) um § 40+ (274 £ 182) um
20+ 20
0 e L B e e e L 0 1 1 1 T T T T
0 250 500 750 1000 1250 1500 1750 2000 0 250 500 750 1000 1250 1500 1750 2000
Fiber length [um] Fiber length [pm]
c D
80 30
[ 1100 rpm [ 1200 rpm
604 60
= ] =
3 3
S 404 8 40

(201 + 120) pm (162 + 100) pm

20+ 20

0

T T T T T T T T T T T T T T T O T T T T T T T
0 250 500 750 1000 1250 1500 1750 2000 0 250 500 750 1000 1250 1500 1750 2000
Fiber length [um] Fiber length [um]

Figure 3-12. Fiber length histograms of BTA fibers fabricated from a 0.175wt.% solution in MEK,
constant cooling rate of 0.50C min-1 and different stirring rates. A: of 0 rpm,B: 25 rpm,C: 100rpm
andD: 200 rpm. The histograms of the dianredad length are based on 450 fihe

To proof the reproducibility of the experimental -spt and the selassembling system, the
parameter o25rpm, 0.175wt.% and 0.50C min as cooling rate were repeated (n=10) and
the mean diameter and length of le@ample were evaluate. graphical representation is
given inFigure3-13. The mean value of all samplessults ina fiber diameter 06.5+ 1.3 um
and a fiber length c238+ 37 um.
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Figure 3-13. Mean diameter(A) and length (B) of BTA fibers of n=10 samples treated by the same
selfassembly profile Parameter25 rpm, 0.17%vt.% in MEK and a coling rate of 0.50C min-L.

Further experiments wereonductedwith the linear cooling rateof 0.25°C mint employing
different stirrirg ratesat a constant concentration of 0.1%%% in MEK. The histograms of
the fiber diameter and length are summarized AppendixA Figure 8-1 and Figure 8-2,
respectivelyThe values of thdiber diameter and length distribution for this parameter set are

summarized inTable 3-2. Similar as seen for the linear cooling rate of ®60min?, the
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introduction ofstirring has greatimpacton the diameter and length distribution. A pronounced
difference in the mean diameter and distributiomasiceable when comparingo stirring

(0 rpm) to a stirringateof 25rpm Whereas no stirring resultsarbroad distribution and mean
diameter of %+ 6.1 um, stirring with 25rpm resultan a narrower distribution with a mean
diameter of & £ 2.9 um. Increasing the stirringateresults n a decreased mean fiber diameter
0of 5.3+ 2.6 um for 100rpm and 4.6 2.2 um for 200rpm, respectivelyHowever, br the linear
cooling rate of 0.28C min® as well the length of the BTA fibers isotably affected by the
stirring rates decreasingrom a mean length d383+ 311 um with abroad distribution for no

stirring (Orpm) to 188t 133um with a narrower distribution when stirred with 2@on

Table 3-2. Mean fiber diameter and length in dependence ddifferent cooling rates 0.25°C min-tand
0.50°C min-1) and stirring rates (0, 25, 100 and 200 rpmyith a constantconcentrationof 0.175wt.%.

0.25 °C mint 0.50 °C mint
Stirring Diameter Length Diameter Length
[rem] [um] [um] [um] [um]

0 9.4+6.1 383+ 311 153+ 7.7 505+ 368
25 6.4+ 2.9 262+ 186 8.1+2.8 274+ 182
100 5.3+ 2.6 213+ 179 7.6+3.2 201+ 120
200 46+22 188+ 133 7.1+2.8 162+ 100

In conclusion,the greatest impact othe mean fiber diameter and on the mean fiber length of
the BTA:L fibershas stirring. If no stirring is applied, the distribution of the mean fiber diameter
and length is broad and very large and thick fibers are obtained forlBIi&ontrast, if stirring

is applied, even for low stirring rates of &m, the mean fiber diameter and length distribution
is narrower and botdiameter and length are reduced to smaller valdagher stirring rates
steadily decrease the mean fiber diamatar length, however, the impact is rather low. Note,
by applying the highest stirring rate of 2(#n, the mean fiber diameter and length can be
reduced by ~506 compared to no stirring. However, &5m are sufficient to generate a
narrower distribution bthe BTA fibers diameter while applying a linear cooling rate.
Furthermore, comparing both linear cooling rates (0Génint and0.25°C mint) with each

other,the impact on the mean fiber diameter and
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c) Influence of the concentration

The next experimentaim to study thenfluence of the concentration on the fiber morphology.
For this,the linear cooling rate of 0.5€ min? is used and additionally to the concentration of
0.175wt.%, the two concentration®.20wt.% and 0.2%wt.% areinvestigated.These two
concentrations are within the lower and upper concentration limits of the-IBIPAMEK
investigated by the solubility studiegith the crystallization system Crystall6@evice.All
experiments were performed and evaluated as destbieforeThe histograms of the diameter
and length distribution in dependence of the stirring rates for both concentrations are
summarized imAppendix AFigure 8-5 - Figure 8-6, respectivelyAn example of the impact of
the concentration on the BFAfibers dimension is shown iRigure 3-14 for samples treated
by astirring rate of 25 rpm and a linear cooling rate of Gnint. The mearfiber diameter
slightly increases from .8+ 2.8um with 0.175wt.% to 8.6+ 3.1 um for 0.20 wt.% and
10.3 £ 4.4 um with 0.25wt.%. Additionally, the distributionof the fiber diameters wider for

the higher concentratisn

The fiber length idargely uraffected using different concentrationsand astirring rate of
25rpm The mearfiber length is 274t 182um for the 0.175vt.% sample, 27& 178 um for

the 0.20 wt.%sample and 241 161 um for the0.25 wt.%sample. The distribution of the fiber
diameters of the different samples is also very similar leading to the conclusion that the

coneentration does not affect the fiber dimension significantly for a given set of conditions.
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A: Concentration of 0.175 wt.%
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Figure 3-14. Diameter and length histograms of BTAL fibers in dependence of BTA concentration.

a constantooling rate of0.50°C min'! from different concentration

(A: 0.175wt.%, B: 0.20 wt.%andC:0.25 wt.%in MEK). a:-c1: depicts the fiber diameter distribution and

Parameterstirring rate of 25rpm,
az-c2: the fiber length distribution.
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The mearfiber diameter and length of the BTA fibers fabricated with constant coolingfate
0.50°C mint in dependence of concentration and stirring rate are summariz&dbla3-3.
Additionally, to the exemplarily shown parameter set of @#n stirring for the three

concentrationsthe mean diameter and length are only affected slightly comparing each data of

the different stirring rates.

Table 3-3. Mean fiber diameter and length in dependence ofdifferent concentrations (0.175 wt.%,
0.20wt.% and 0.25wt.%) and stirring rates (0, 25, 100 and 200 rpmyvith a constant cooling rate of

0.50°Cmin.
0.175 wt.% 0.20 wt.% 0.25 wt.%
Stirring  Diameter Length Diameter Length Diameter Length
[rpm] [um] [um] [ [um] [um] [um]
0 153+7.7 505+368 | 11.6+£5.8 326+289 | 149+7.9 326+ 205
25 81+28 274+182 8.6+31 270+178 | 103+x4.4 241+161
100 7.6+3.2 201+120 6.8£3.6 213+172 8.9+£3.5 227+148
200 7.1+2.8 162+ 100 6.0+23 233+155 6.7£3.0 211+153

From this data can be concluded, that the stirring rate has a higher impact rather than the
concentrationThe meanfiber diameter and lengtbf the supramolecular fibeese quite similar

using the same cooling rate and stirring for each concentrdtenmost significant difference

is observed in the diameter and length distributions of the fibers, which become narrower with
higher stirring rates, regardless of the concentragisrexplained previously is a result of the

homogenously formation of nucland growth into supramolecular fibers.
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3.3.2 Selfassembly experiments with BTA 2

The secondBTA derivative(BTA-2) is also based on trimesic acid afedtue a branched
aliphatic periphery i.e. NL,N3N°-tris(2,4,4trimethylpentar2-yl) benzenel,3,5tricarbox
amide The chemical structure a@epicted irFigure 3-15. This derivative shows good solubility
in polar solvents and sedfssembly ability into fibrous géike structures. For the upcoming
experiments, roponal is chosen as solvebecause wit 2-propanol thesolubility and sel

assemblypehavioris highly uniform within thesolubility studieswith the crystallization system

Crystal16® device
g
(o]
HN f

(o)

H

K

Figure 3-15. Chemical structure of a N2,N3,N5-tris(2,4,4-trimethylpentan-2-yl) substituted BTA
(BTA-2).
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a) Solubility studies and ®If-assembly behavior in solution at constant concentratiofor
BTA-2

To get more detailed informaticabout the solubility anthe selfassembly behaviasf BTA-2
ataconstant concentration, temperatdependent turbidity measurements were performed to
determine the cloud and clearing points by means of transmittance revealing-tessaibled

or solution state, respectivelyhe concentratichlependent developmewtf the cloud and
clearing points of the BT in 2-propanolis summarized ire phase diagrarffom 0°Cto

75°C (Figure 3-19). The phase diagracan be divided intthreeregiors:

U Regionl: In this region, no selassembly takes pladdere,the BTA 2 is fully soluble
in 2-propanol at low concentrations in thevestigatedkemperature range. This is valid

for concentrations up to @ wt.%.

U Region II: In this region, controlled selissembly takes placeThe BTA-2
selfassembles intentangled fiberapon cooling and reversibly dissolves upon heating
the sample. This isbserved for concentrations 000.wt.% - 0.25 wt.% The cloud
points increase from30°C (009wt.%) to 65°C (0.25wt.%) with increasing
concentration of the BTAR. The clearing points raising from0°C (009wt.%) to
69 °C (0.25wt.%). Above the clearing points, the BTAis completely dissolved again.
The high reproducibility of the sedssembly processisindicated by the small error bars

of the mean values fdhe cloud and clearing points.

U Regionlll: In this region, no controlled sedssembly takes placEor concentratns
larger than 0.25wt.% in 2-propano) BTA-2 is not completely soluble anymorat
elevated temperatureSelfassembly occsrupon cooling the solution, because not
dissolved BTAs are still present in the solution, acting as nuclei and trigger further

growth. This results in a mixture of bulk material and supramolecular fibers.
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Figure 3-16. Phasediagram of N1,N3 ,N5-tris(2,4,4-trimethylpentan -2-yl) substituted BTA (BTA -2) in
2-propanol. The concentratiodependent development of the cloud and clearing points of the BTA in
2-propanol as mean values includihg standard deviation from the applied three heating and cooling cycles
with a scanning rate of M3C min-1. Regionl: No selfassembly takes place e BTA2 is fully soluble

in 2-propanol at low concentrations up t@8wt.% in the given temperature rangegionll: Controlled
selfassembly ofthe BTA-2 selfassemld into getlike fibrous structuresipon cooling and reversibly
dissolves upon heating the sample for concentratidd®a.%- 0.25 wt.% Region Ill: No cortrolled
selfassemblyakes placasthe BT A2is not completely soluble anymdia concentrations 8.25wt.%.
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b) Sel-assembly under controlled conditionsfor BTA -2

The solubility studiesenabled the selection of a proper concentration for the experitfiagnts
the controlled selassembly in theustoramade 1liter scalesetup. The chosen concentration
for BTA-2 in 2-propanol i9.15wt.%. Under these conditionBTA-2 selfassembles inteery
long and thin fibersvith some entanglenent resulting into macroscopically géike state
Therefore, BTA2 has been selected to compleméhe BTA selection, aiming to verify
whether the controlled sedissembly parameters are applicable for smtangled fibersTo
analyze the influence of the different parameter settings during thasselinbly and to analyze
whether the prior detern@a stirring rates and cooling rates will influence the BXAbers
diameter in a similar manner, three different parameter settings arenchast, no stirring
and norlinear cooling profile is applied to investigate the sedfembly in an uncontrole
manner. The two other experiments are conducted by introducing stirring as well as a linear
cooling rate toinvestigatethe controlled selassembly. Thus, the second experiment is
conducted by using a defined stirring rate of 25 rpm and a coolingfrateas C mint and the

third experiment with a stirring rate of 100 rpm and a cooling rate of°@sAiN ™,

The results of the obtaindiber morphologyare depicted in the SEM images Rigure 3-17
(as-cy) for the three settings, respectively. The BZAssemblies show a fibrous morphology
for all three profiles, being very flexible and bending. As they are flexible and bending, the
length cannot be corrdgtdetermined. Thus, the following evaluation concentrates oficbe
diameter distribution. The diameter distributions of the fibers are depict&igune 3-17
(a-Cc2). The nonlinear cooling profile paired with no stirring showes slightly broader
distribution of the BTA2 f i b diaméter withl.4+ 0.53pum with a minimum diameter of
372nm and a maximum of 2#m. Using a linear cooling ratef 0.50°C mint and introducing
stirring leads to alightly narrower distribution of the diameter. The fibers treated withp25
stirring rate exhibit a mean diameterlof + 0.44 um within adiameterrange from500nm to

2.5 pm including one fiber vih a larger diameter &5 pm. Faster stirring with 10@pm results

in an even narrower distribution and smaller mean diamet&Oaf 0.35 um with a minimum
diameter o#413nm and a maximum &.3pum. Despite the stirring and cooling rate, the BTA
intrinsically forms much thinner fibers than the BTA However, introducing stirring and
cooling with a linear rate results in the saffisembly in a controlled manner and tuning

possibilities of the fiber diameter into smaller dimensions.
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A: 0 rpm stirring rate, non-linear cooling rate
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Figure 3-17. Diameter histograms and corresponding scanning electron microscopy images of
self-assembly BTA?2 fibers from a 0.130wt.% solution in 2-propanol treated with different cooling
rates and stirring rates.A: Nostirring and on-linear cooling profileB: 25 rpm as stirring rate araboling
rate of 0.9 °C min-tandC: 100 rpm as stirring rate aedoling rate of 0.6°C min-. ai;-ci: SEM images of
the prepared fibers amg-c2: corresponding histograms of theditdiameter distributian
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3.3.3 Selfassembly experiments with BTA 3

The third BTA derivativeBTA-3 is a sulfurcontaining BTA derivativesdepicted inFigure
3-18. This derivative shows good solubility in polar solvents and-astembly ability into
fibrous structures.-Proponal was found to be the most suitable solvent and, therelfmsen

as solentfor the upcoming experiments

Figure 3-18. Chemical structure of amethionine methylester substitutedBTA (BTA-3).

a) Solubility studies and selfassembly behavior in solution at constantoncentration for
BTA-3

At first, the temperaturedependent turbidity measurements were performettpropanolto
determine solubility of the BTA3 derivative. Based on allsolubility measurementsthe
concentratiordependent development of the cloud and clearing pointtheoBTA-3 in
1-propanolwere obtainedand a phase diagrarimom 5 to 75 °C created as depicted kigure

3-19. The phase diagrashowsthreeregiors:

U Regionl: In this region, no selassembly takes pladdere, he BTA-3 s fully soluble
in 1-propanol at low concentrations in the temperature réage 5°C to 75°C. This

is valid for concentrations up to 00 wt.%.

U Region II: In this region, controlled selissembly takes placeThe BTA-3
selfassembles into fibers upon cooling and reversibly dissolves upon heating the
sample. This isbserved for concentrations ofl0.wt.% - 1.75wt.%. The cloud points
increase fron13°C (010wt.%) to 60°C (1.75wt.%) with increasing concentration of

the BTA-3. Concentrations %.750 wt.% result in a fibrous gdike structure of the
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BTA-3. The clearing points raising frord1°C (010wt.%) to 64°C (1.75wt.%).
Above the clearing points, the BTF2 is completely dissolved agaihe high
reproducibility of the sethssembly process is indicated by the small error bars of the

mean values for the cloud and clearing points.

U Regionlll: In thisregion, no controlled selassembly takes placEor concentrations
larger thanl1.75wt.% in 1-propanol,BTA-3 is not completely soluble anymorat
elevated temperatureSeltassembly occsrupon cooling the solution, because not
dissolved BTAs are still present in the solution, acting as nuclei and trigger further

growth. This results in a mixture of bulk material and supramolecular fibers.
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— ]<¥—— soluble - . :
O 1 = hd 1
o 507! i} : I
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Figure 3-19. Phasediagram of methionine methyl estersubstituted BTA (BTA-3) in 1-propanol. The
concentratiordependent development of the cloud and clearing points of theET A-propanol as mean
values including the standard deviation from the appleede heating and cooling cycles with a scanning
rate of 0.9°C minl. Regionl: No selfassembly takes plaesthe BTA-3is fully soluble in1-propanol at

low concentrations up to wt.% in the given temperature rangegionll: Controlled sefasembly of

the BTA3into fibers upon cooling and reversibly dissolves upon heating the sample for concentrations
0.10wt.%- 1.75wt.%. Regionlll: No controlled seffassembljtakes placesthe BT A3is not completely
soluble anymorat elevated temperatsfor concentrations > 1. #8t.%.

78



Controlled preparation of supramolecular fibers

b) Sel-assembly under controlled conditionsfor BTA -3

The solubility studiesnabled the selection of a proper concentration for the experiments of the
controlled seHassemblyin the custoramade 1lliter scalesetup. 0.30wt.% was chosenas
constantconcentration for BTA3 in 1-propanoin all experiments. At this concentratidd]A-
3 selfassembles into thin fibers pritie formation ofgellike structures The BTA-3 was
investigated regarding three parameter settingso stirring, nodinear cooling profileji) 25
rpm as stirring rate and linear cooling rate of @.60mint andiii) 100 rpm and 0.50C mir.

The results are depicted in tB&M images irFigure 3-20 (a-c1) showingthe morphology of

the BTA-3 derivativefor the three settings, respectiveljne aggregates oBTA-3 exhibit a
fibrous morphology in all three profileShe resultingfiberstreatedwithout stirring and a nen

linear cooling rate appear stiffer and less flexible compared to the fibers treated with stirring
and controlled coolingdowever, seHassembly dung stirringseemdo yield a large amount

of agglomerates which are deposited in a highly oriented manner. Thhe, accurate
determination of length is challengirdue to insufficient statisticd-rom the non or less
agglomeratedstructuresit seemsthat the fibers are shorter with faster stirrimghich is
consistent with the findings for BFA and BTA2. Therefore, the subsequent evaluation
focusesonly on the diameter distributiofthe diameter distributions of the fibers are illustrated

in Figure 3-20 (ax-Cy).

As found before for BTAL and BTA-2, the nonlinear cooling profilepaired with no stirring
shows thebroadestdistribution of the BTA3 fibers. The BTA-3 mean fiberdiameterwas
determined to b2.2+ 1.3 um with a minimum diameter of nm and a maximum of 9@m.
Using a linear cooling rate of 0.8C min! andapplying a stirring rate of 25 rpheads to a
narrower distribution of the diameteExperiments wih 25 rpm results irfiberswith a mean
diameter 0f0.87+ 0.37um with a minimum diameter of 276m and a maximum of 2m.
Faster stirring with 10@pm results in aeven narrower distribution and smaller mean diameter
of 0.39£ 0.13 um with a minimum diameter df56nm and a maximum of79nm In contrast

to BTA-2, a very strong dependence on the stirrizigis observeds well as a morphology

change witlrespect tdhe dimensions.
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A: 0 rpm stirring rate, non-linear cooling rate
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Figure 3-20. Diameter histograms and corresponding scanning electron microscopy images of
self-assembly BTA3fibers from a 0.30wt.% solution in 1-propanol treated with different cooling rates
and stirring rates. A: No stirring and on-linear coolingprofile. B: 25 rpm as stirring rate amgdoling rate
of 0.50°C mintandC: 100 rpm as stirring rate amdoling rate of 0.6°C min-. a1-c1: SEM images of the
prepared fibers arat-c2: corresponding histograms of the fiber diameter distribution
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3.4 Conclusion to controlled preparation of supramolecular fibers

This chapteraimed at the controlledpreparationof 1,3,5benzenetricarboxamiddibersin
solutionon the literscaleupon cooling. For this, an experimental -aptwas developed and
optimized,which enabled the investigation the selfassembly of three selectB@As in view

of the fibers shape and dimensiatepending on nehinear and linear cooling rates, different
stirring rates and concentrat®onDue to the unique processing window of leaBTA,
determined by factors such as molecular structure, solvent, concentration and temperature, a
comprehensive investigation of each parameter is essential for achieving control over the shape
and dimensionsPrior to the preparation of supramoleculdrefs under controlled conditions

in the custoramade experimental setp, the temperaturdependent selissembly and
disassembly behavior was explored. For this, the selected BTAs are investigated using the
crystallization system Crystall6® devioghich allows to identify a suitable BTA/solvent
system and to determine the solubility and -ss$embly behavior in solution at different
concentrations on a mkcale. Subsequently, experiments with the custade setp on the

1-liter scale were performed amdlevant seHassembly parameters includitige temperature

profile, stirring rate and concentrations were systematically varied

It was found that the cooling rate has a significant impact on the fiber diameter and length
distribution if no stirring isapplied. With a notiinear cooling profile, the BTA fibers show a
broad distribution whereas linear cooling rates results in a narrower distribution. Stirring also
has a major influence on the diameter and length, with faster stirring leading to narrower
distributions and shorter BTA fibers. Only the selected different concentrations, appears to have
a limited impact on the mean fiber diameter and length. For BTA 2 and BTA 3 flexible fibers
with diameters of about 1 um and below were found. For BTA 1, wikittased on trimesic

acid and linked via amide groups to cyclohexyl side groups, the fiber diameter can be tuned
from 4 to 15 ym and the length from 160 to 500 prhese rigid microfibers with defined
dimensions are of particular interest to be used ielectrostatic flocking process, as it will be

demonstrated in the following chapter.
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4 Electrostatic flocking of supramolecular fibers

4.1 Background to electrostatic flocking

In the followingintroduction partthe process of electrostatic flocking will be introduckd
this context the most importaninfluences on the process, application and materfais

electrostatic flocking are addressed.

Electrostatic flocking process

Flocking is a process ofdepositing fine objects onto an adhesivecoated surfac&!®!
Electrostatic flocking is an industrial technique that align fiberan electric field ultimately
promoting their perpendicular arrangemeats schematically illustrated iRigure 4-1. The
electric field is established by applying a voltage between a positive electrode and a grounded
electrode. Here, the fibers reservoir which is connected to the electrode resultsalhyparti
charging the fibersSubsequently, the charged fibers orient themselitls respect to their

long axesalong the electric field lineSypical voltagesappliedin the electrostatic flocking
process are-30kV depending on the flocking devi€é? 11 The field lines of the electrostatic
field lead to the repulsion and alignment of the flockefibalong these [ind$S8 Consequently

a densdlock is generatd asthe majority of fibers are oriented perpendiculantythe surface.

The flocking process can be divided into several steps including ygateent of the
substrateif necessary, 2) application of adhesive layer, 3) the flocking, 4) cleaning 5)
drying/curing of the adhesive and 6) final treatment such as clé&fii§ The flock fibers
exhibit length of approximately 0i53.0mm*°. Typically used flock fibers are made of
cotton, rayon, acrylic, nylon or polyestéts119121 The polymer flock fibers usually exhibit

low electrical conductivities and thus would not be aligned within the electrical field. Therefore,
the fibersareequippedusing coding products, metal salts, tannic acids, or similar substances

that enhance conductiviy®!
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Reservoir with fibers
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Figure 4-1. Schematic illustration of the electrostatic flocking. Under applied voltage thpolymer

microfibersare accelerated and aligned in the electrostaticrigditing in a perpendicularly alignment on

asubstrate covereglith an adhesivd-igure adapted and reproduced vpitmissiorfrom Refl1361Copyright

E 2024 The Authors. Advanced Materials Interfaces p
There existtwo different configurations of electrostatic flocking as schematically shown in

Figure 4-2. The first configurationis basedon abottomto-top (A) configuration that has a

charging electrodeat the topwhere the flock fibers are deposited. Hetiee fibers are

accelerated againgravity towards theop substrate Throughout thebottomito-top process,

the flock fibers move back and forth between the two poles untis githeranchored in the

adhesive or falls out of the fieldnother configuration is the tefo-bottom (B) that ses a

charged sieve boat the topwhere the flock fibers are brushed throtdgH

| 0
\ \l I

AU

Kt )\ ' by il i Vl"l”l’
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bottom-to-top top-to-bottom

Figure 4-2. Schematic representation of a bottorto-top and top-to-bottom electrostatic flocking
configuration. A: The bottormto-top configuration has a charging electrode where the flock fibers are
depositedB: The topto-bottom configuration uses a charged sieve box where the flock fibers are brushed
through Figureadapted andeproducedvith permissiorfrom Ref.[1171Rights managed by AIP Publishing.
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Several parametensifluence the flocking process. For examplee tdistance between the
electrode and the substrate plays a significant role in the flocking praeeger distances
between the positive and negatigeounded)poles can complicate flocking and leaditorse

results. However, this issue can be countered by elevatingottege. Essentially, a higher
voltageis requiredwith increased distance between the electrode and the subBtaaters
affecting an ideal flocking outcome involve the preparatiad chemically treatmerof the

flock fiber, air conditions, ands mentioned abowke distance between the electrode and the
substraté!'®!18 These parameters are interconnected and influence each other. To achieve the
best flocking results, it's essential for the flock fibers to exhibit proper elgatooaductivity.

In general, fiber charging is achieved through contact charging when a direct current is applied
to the electrodes. Fibeptacedon the positively charged electrode accumulate positive charge
on their surfaces. The longer the voltageppleed, the more charge is generated between the
two differently charged electrodes. With the fibers possessing equal positive charge, repulsion
occurs between them and the electrode. Once the electrostatic force surpasses the force of
gravity, the fibersaccelerate towards the negatively charged electrode and adhere to the
substratewvhich is typically covered with adhesiV/é”1?21241 While in flight within the electric

field, the fiber experiences forces from electrostatic repulsion, air resistance, gravity, and the
electric fieldas well as rotational and translational rotatié®.If the distance between the two
electrodes is too small, fibers may not rotate sufficiently, and their angle with respect to the
substrate will be well below 90° h&refore, a high conductivity of the fibers is necessary. The
calculated theoretical maximum occupied area of the substrateis B8wever, if the fibers
randomly hit the substrate or do not adhere perpendicularly, the theoretical flock density is
significantly reduced. This reduction is attributed to the coulombic repulsion of the fibers within
the flock, which occupies a portion of the area around each®b&f! Generally, around 0%

of the surface is actually covered with flock fibafter flocking procesd he limited coverage

of the substrate can be explair®dthe electrostatic charge of each individual flock fibexcht

fiber to create an electrostafield around itseltlue to the applied voltag€onsequently, the

next fiber can only adhere at a specific distaocthe already adhered fibeFhe size of this

field depends on the length of the flock fibex.longer fibers possess larger electrosthdlds.
Furthermore, nce the initial fibers are anchored in the adhesive or on the substrate, they
generate additional field lines that extend upwards, similar to the field lines around them. These

lines also play a role in determining the spacing betwtbe fiberg*el
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Application of flocked fibers

Electrostatic flocking is applied across a broad spectrurapgficationsto manufacturea
variety of flocked products=lockedproducts ar@sedin the medical and autative sector, in
cosmetics, fabrics and clothing, in the decorative seoidissue engineergnas composite
materialg!l’.118.122.123.12229 Eor example, in the medical sector, flocked swaps of Nylon are
used for extraction cdampleB? such as the swaps used for the corona tests of Covid 19. A
large application field is the automotive sector, where polymer flocks are ushe ghove
compartment and theenterconsole Theflocked surface provide a visually higiguality finish
andimprove thehaptics and reduce noisén cosmetics the polymer flocks serve as applicators
or as inishing of various packaging he most prominenarea offock application is the fashion
industly with the application of various polymer flocks and sizes feghirts. Furthermore,
flocking is known in the decoration sector, especially for t8{s.However, besides the
industrial application of flocking, it has beme popular in the scientific field where flocking

is used for wound healing application8?®l or thermal conductivity thermal interface
materialg?3 For all of these applications, whether industrial or scientific, the chosen material
and the dimensions of the flocks are crucial for the electrostatic flocking process and the final
finish of the flocked product.
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New materials for electrostatic flocking

In addition to traditional polymer fiberseveratesearcheshave directedtheirattention toward
exploring new materialsuch as carbon fibers or inorganic materfalselectrostatic flocking
to discover novel applicatisnSeveral works were dealingith carbon fibersas flocking
materialfor applicationssuchas low reflection microwave shielding mateffé? elastomeric
thermal interfae  materiaf?3131 ultrasensitive airflow sensd®fd threedimensional
stretchable fabribased electrode for supercapaciféi® Another work investigated the use of
MgO. nanofibers for electrostatic flocking to obtaim alectrode for longerm stable
supercapacitorsvith high cycling rate$3 Examples oftwo different examples from long
fibers (>3 mm) and nanofibers are shown kigure 4-3 represented bylocked carbon
fibers(A) and MgQ nanofibers(B).

A: Flocked carbon fibers

100um

Figure4-3. Examples of flocked carbon fibers and Mg@nanofibers. A: Flocked carbon fibensith length
exceeding 3nm ax: as ultrasensitive airflow sen§g?! and a2 as low reflection microwave shielding
material13% B: MgO: narofibers for electrostatic flocking to obtain an electrode for supercapaéiors.
b1: Presentation with contact angle on flocked Mg@nofibersandb.: Crosssection of the flocked Mg®
nanofbers Figure adapted and reproduced vpitmissiorfrom Ref.[130.132.134Copyright© 2020 Elsevier
Ltd. All rights reseved © The Royal Society of Chemistry 202a8d© 2022 John Wiley & Sons Ltd
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Approach for electrostatic flocking of supramolecular fibers

Apart from the abowenentioned carboriiber-based and inorganic materialde@rostatic
flocking is a method whertypically polymer microfiberswith conductiveenhancing materials

are aligned in an electric field and adhenedstly perpendicularto a surface giving dense

pile finish This is anaready established industrial method with applicatiang. in
biomedicine, textile and automobile sectiBfA. In this conext, supramolecular BTA
microfibers exhibit a high potentiab be flocked because thesibers intrinsically feature a
macrodipole, arising from their hierarchical structure and thus might be suitable for an

alignment in an electric field.

This chapterdeals withselfassembled BTA fibers from solutiowhich will be isolated and
sieved to achieve defined fiber dimensions with defiasgect ratio (I/d)Subsequently these

small fibers willbe processed in an electric fielddbtaina vertical BTA arrg.

For this BTA fibers need to be prepared in the first dtepng suitable for electrostatic flocking.

The following requirements need to be considered:

) suitable and homogenous dimensions of the fibers,
i) certain stiffnessand

ii) free-flowing propertiesafterisolationfrom the seHassembled solution.

Thus, the chapter can be divided into two parts as schematically shdwgure 4-4. Part |
coversthe controlledseltassembly in solution in theustommade experimental setup
elaborated in Chapt& Controlledpreparation ofsupramolecularfibersto produce the BTA
fibers with suitable and homogeneous dimensidie next step addresstbe isolationand
drying process of the BTA fibers to generate {fflesving fibers. Part Il deals wth the
experiments for thelectrostatic flocking saip with the aim to orientate the BTA fibers and

produce an aligned BTA fiber array.
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Part |: Preparation of flockable BTA fibers Part 1l : Electrostatic flocking of BTA fibers

al ~
/\ 4b - X
D 7 SBEZTAT )| kY ==
/O | —
\ On +
Off
Controlled self-assembly complexity: Electrostatic flocking complexity:
A Solubility and concentration of the A Electric field (distance to electrode)
BTA in the selected solvent A Fiber properties (dimensions and shape,
A Cooling rate conductivity, free-flowing properties)
A Siirring rate A Flocking time

Figure 4-4. Schematic illustration of the two main parts of chapter 4. Part I: Experimentalsetup
elaboratiorfor the preparation of BTA fibersuitable for electrostatic flockindPart 1l: Subsequent usaf
prepared supramolecular fibeirs an electrostatic flocking seip top obtain a vertically aligned BTA

microfiber array.

To comprehensively investigate the suitability of selected BTA fibers for electrostatic flocking,

this chapter covers the following objectives:
i) Material selectiomf a suitable BTA
i) Preparation of BTA fibers featuringuitable charactestics for electrostatic
flocking such astiffness,aspect ratio and possibility isolateand handlefrom
solution
iii) Equipmentof processing additives on th&TA fiberssurfacesuch asonductivity
enhancing material® improve freeflowing propertiesand electrostatic flocking

process

iv) Electrostatic flocking of BTA fibers and characterization of the BTA flocks
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4.2 Material selectionfor suitable supramolecular fibers

This chapter deals with thereparatiorof supramoleculaBTA fibersthat exhibit properties
being suitable for electrostatic flockingrhis requires short supramolecular fibers, which
feature a certaistiffnessand defineddimensions For electrostatic flocking, it is favorable to
use fibers of similar diameter asdnilar lengthresulting in a define@dspect ratio, as too much
variety causes a density reduction (flock perf) of the flocked materialas well as a
nonregular surface modulation in terms of fiber heighta fiberwith alarger lengthwill be
adhered first, itcreate a larger electrostatic field around itsetfue to the applied voltage
Consequently, the next fiber can only adhere at a specific distative already adhered fiber
To avoid such a phenomenon, it is favorable to usabenous dimensions of the fibefsus,
the controlled seHassembly in solutiomta constant concentratiors considered as it allows
for the adjustment of the BTA fiber diameteAs elaboratedin Chapter3 Controlled
preparation ofsupramoleculafibers, the use of a selectet of conditiondTAs results in a
control over the BTA fibers diameter and distributiémother crucial requirement is that the
fibers should exhibit minimal agglomeratiamprovingthe "free-flowing" propertiedo ensure
successful flockingFor instancejf the BTA fibersexhibit nanometeiscale diameters, they
tend to agglomerateduring dying procedureswhich hinders theproper alignment and
perpendicular deposition of single filserduring the electrostatic flocking process
Consequently, the choice of an appropriate BTA focusediffimess which is associated with
small peripheral gngps andiber diameters in the micrometer range. HtadiedBTA-1 from
Chapter3 exhibits both of these characteristics and is therefore selected for the upcoming
preparation andlocking experimentsThe chemical structuref BTA-1 is depicted irFigure

-

O~_NH

H
N o
O )

Figure 4-5. Chemical structure of the selected BTA for electrostatic flocking experiments he BTA1
exhibits acyclohexyl periphery and Beassembles into rigichicrafibers.
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For thecontrolled seHassemblyat a constant concentration solution the following seof
conditionsis chosen:) a concentration 00.20 wt.%in MEK resulting in about §j BTA-1

fibers each charge, which is sbte for comprehensive and various experiments using the same
batch,ii) a cooling rate of 0.50C min! andiii) a constant stirring at 2pm. Fibers produced

with these parameteis the custommade experimental sep from chapter &re shown in
Figure4-6.

Figure 4-6. Scanning electron microscopy images ddTA-1 fibers. A: Overview of the prepared BTA
fibers B: Magnification of the white boxSet of conditionsconcentration 00.20 wt.%in MEK, cooling
rate of 0.50C min! and constant stirring at 2pm.
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The correspondindpistogramswere prepared with respectite fiber diameter and lengthased
on450fibersaredepicted irFigure4-7 A and B, respectivelyrhe supramolecular micfibers

of BTA-1 show ameanfiber diameter 08.6+ 3.1 um and a mean length of 240178 um.
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Figure4-7. Diameter and length histograms of BTA-1 fibers. A: Fiber diameter
distribution.B: Fiber length distribution. Set of conditiorstirring rate of 25pm,
concentration 00.20 wt.%in MEK anda constant cooling rate of 0.8Q min.
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4.3 Developmentof electrostaticflocking of supramolecular fibers

4.3.1 Electrostatic flocking device and process

The experimental sefp is based on a W@tenics Pro Grass Applicatdeviceas depicted in
Figure4-8 and used fothe electrostatidowntop flocking process Theelectrostatic flocking
deviceconsists of dargesurfaceareaelectrodg~12 cm x 10cm) and an alligator clamp acting
as the ground electrodehdlarger arealectrodeis covered with luminum foil. Two glass
slides are placed at the left and right end to fixate the aluminurengiimg acomplete contact
of the aluminum foilwith the electrodeThe supramolecular BTAibers for flocking process
are subsequently placed on the aluminum (Bigure 4-8 A). A SEM stub isclamped to e
ground electrodewhich acts asubstrate where the fibers should flecked onto Figure
4-8 B). An adhesiveconductive carbon layelis placed on the SEM stub. Thufycking is
achieved on the surface of thenductivestuhh whereas the supramolecular fibers are directly
fixated in the adhesive laydfurthermore this flocked sample can be directly used for SEM
measurements for screeg purposedo investigatehe flocking morphologyon local scalas
well as the overall appearance of the flocked sample.

Large ar*‘p SEM stub
electrode < clamped to

covered with 5 ,_'\_( the ground
aluminum foil N electrode

ON/OFF
switch

Figure 4-8. Optical images of the flocking machine and the substrate used for tHcking process.
A: Flocking WWScenics Pro Grass ApplicatBrevicewith the component$arge area electrode covered
with aluminum foil and glass substrates to ensure complete co@WOFF switch andhe ground
electrodeB: SEM stub(substrateglamped to the ground electrode
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4.3.2 Electrostatic flocking of neatsupramolecular fibers

The first flocking experiment aims to demonstrate the principal flockability of BTA fibers.
Normally, nonconductive material cannot be accelerated in an electridfieltb the missing
intrinsic charges or no possibility to be charged on the electrode. Typically, fiber charging is
achieved through contact charging when a direct current is applied to the electrodes. Fibers
placed on the positively charged electrode uamdate positive charge on their
surfaced!"1?2124 To obtain fiber chargig for nonconductive materials the use of conduetive

enhancing additives as done for conventional polymers is one common procedure.

As the BTA fibers exhibit a macrodipole, teeexists gossibilityto be charged on the electrode
whichlead tothe invesgation for flockabilityof neat BTA fibers without any additives. In the
first step, the seldssembled BTA fibers need to be isolated from the solUfigare4-9 shows

the process from sedssembled fibersn solution towards the drying procedure. The
selfassembled BTA fibers in the vessel after the controlledesslémbly are depictedkigure

4-9 A. Most of he solventMEK can be decantated as the BTA fibers settle down after a while
in the solution. This solution is then given through a PEfTwith a mesh size of 50m which

is fixated andspanned betweawo roundshapedmagnetic 3D printed polypropylene holder
(Figure4-9 B) to filter off the selfassembled fibers. The fibers are then washed with water to
remove the MEK with residual dissolved BTA as depictedrigiure 4-9C. The latter step
prevers thatresidual dissolved BTAmoleculesselfassembleupon drying resulting inra

undesired different BTA fiber morphology
The BTA fibers were isolated from the MEK solution as described above and subsequently

dried at 80°C overnight. The resultingibers with a mean length of 270n and a mean

diameter of 8.um still showed some extend of agglomeration after drying.

94



Electrostatic flocking of supramolecular fibers

A: BTA fibersin 1 L Vessel B: Filtration overaPET net C: Washing step with H,O

L \‘\

Figure 4-9. Optical images of theisolation process of BTAfibers after the controlled selfassembly

A: Shows the 1 vessel with settled BT A fibers after the controlled-sslfemblyB: Filtration of the BTA
fibers over a PET net with a mesh size ofif0 C: Subsequent washing step with deionized water to remove
the residual MEK wittdissolved BTA.

To check the above mentioned expectatithed the BTA fibers might be accelerated in an
electricfield a first set of experimenigas done with the isolate@atBTA fibers. For this, the
BTA fibers are deposited on the aluminum foilatede andThe SEM stub connected tioe
ground electrodevas placed at a distance tm over thealuminum foil. The electric field
was applied for 10 secondscan be observed, that within the first few seconds, no BTA fibers
are accelerated towardwet SEM Stub. However, after typically&dseconds the BTA fiber
agglomerates start to be transported in the electric fldiid.indicates thafiber chargingtook
place and that the BTA fibeacedon the positively charged electrode accumulate positive
charge on their surfaced-urthermore, for bottorto-top processs it has been observed that
the flock fibers move back and forth between the two poles unti githeranchored in the
adhesiveor falls out of the field*'”l Exactly this phenomenon has bees@lved for the BTA

agglomerates.

The results of the flockedample are showhigure 4-10. It is visible thatthe BTA fibers are
generally flockableand wereacceleratd within the electric fieldowards the substrate.
However, theflocked BTA fibers on the SEM stubwere mostly composedof lessdefined
agglomerates resulting in most of the fibers layanghe adhesivéayerrather tharthey were

vertically aligned.This is a result of the whole agglomerates being accelerated towards the
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electrode instead of single BTA fibei®Gnly someof the fibers are vertically aligned (bright
color in the SEM images).

The most important finding here is that supramolecular Bb&r§ can be genelglaccelerated

in an electric field without using additiveslowever, the appearance is not optimal when
compared to standard polymer flocks which show higher density and degree oTbudetthe
next stepfocusseson optimization stes to enhance the flockability and finishing densityd

the appearancef the BTA fibers.

A: Saple areal

Figure 4-10. Scanning electron microscopy images of flocked neat BTA fibers on the SEM stub
(top view). BT Afibers were deposited on the electraaieagglomerates andB: different sample areas
the sample.
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4.3.3 Optimization of the dectrostaticflocking process

For the optimization, two main influences of the electrostatic flocking process are considered:
i) the dependency on the fiber length d@ihdhe freeflowing properties. Large fiber distribution

in length and diameter will reduce the density and appearance of the flock in terms of
orientation!*! Thus, narrowing fiber length and diameter distributions are promising to
optimize the flocking process. Thus, the filbemgth distribution of the BTA fibers is tried to
narrowed by a fractionation process as the controlledassiémbly already narrowed the
diameter distribution of the supramolecular fibers. Furthermooeretlize flocking of
individual BTA fibers, whichis a requirement to achieve homogeneous flocks, agglomeration
of the BTA fibers to larger lesdefined bundles has to prevented. Very fine-agglomerated
objects can often freely move thr oufglho wihneg oa
solids. To prevent agglomeration, salts or charged materials can beTussxk materials are
known tobe conductiveenhancing thusmproving theacceleration ithe electric fieldand they
increase the freiowing propertiesiue to less agglomeratigh’

a) Development of a sizeselectionprocess

The BTA fiber fracionation process using/ovenfabrics with defined mesh sizes and the
corresponding histograms of the BTA fiber lendiktributionsfrom the fractionsare shown in
Figure4-11. The woven fabricsonsist of polyethyleneterepathalate (PET) and feature defined
mesh sizes ranging from 4@@n, 100um to 50um. The fractionation process starts from the
initial fiber lengh distribution of 27Qum+178um obtained after the controlled
selfassemblyA). The dispersion of the fibers is filtrated through an assembly of the PET nets
of the different sizes (B). Using the fabric with 40® mesh size, most of the very long fibe

can be retained. However, a significant number of small fibers adhere to the larger ones,
resulting in a broad distribution of 43®n + 197 um (C). The fibers collected from the 100 pm
mesh have a mean length of 184 + 84 um (D) and the fibers colleetl from the 50 um mesh

have a mean fiber length of 1juth + 52 um (E). The fractionation process and the resulting
dimensions of the fibers is most successful with mesh size giirbO@hich is considered for

the upcoming experiments. The sample of theuBOnet is not considered due to high
agglomeration tendency. Furthermore, scanning electron microscopy images reveal very fine,
small fibers adhering on the larger BTA fibers. A more homogenous picture is obtained from
the 100 um net sample$his sieving ¢chnique allows a nedestructive fractioning for the

BTA length.
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Figure 4-11. Fractionation process using nets of various mesh siz&00 um, 100 um and 50 um) and

the corresponding histograms of the BTA fiber length distribution from the fractions.The mean fiber

length of the collected fibers on the different nets is summarized for each mesh size in the histograms.
A: Mean fiber legth histogram of the batch after controlled ss§embly with et of conditionsstirring

rate of 25pm, concentration 00.20wt.% in MEK and a constant cooling rate of 0&Dmin.

B: Fractionation procesg&-E: Mean fiber length histograms of tfractions from the different nets.
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b) Equipment with salt and tenside

As described in th@reviouschapterElectrostatic flocking of neat supramolecular fibemeat
BTA fibers can be accelerated within the electric fiéldwever, agglomeration of theTB
fibers prevent an optimal flock appearanospired bythe conventional processy of polymer
fibers thenext step includes the equipmentBXA fibers with salt. Due to the nonpolar nature
of the chosen BTA, the equipment of saitaBTA fiber from an aqueous solutiorequiresa
tenside The use of a tenside resultsa homogeneous dispersiddere,ammonium sulfate
(NH4)2SOy was selectedas saltto increasethe conductivity of the BTA fibers and
N,N,N-Trimethyl-1-hexadecan-aminiumchlored (CTAC), a cationic tensidewas chosento
improve the dispersibility of the BTA in the aqueous solutidime chemical structure of the
tensideCTAC is depicted inFigure4-12.

cl
™~

Figure4-12. Chemical structure of the tensigN,N-Trimethyl1-hexadecan-aminiumchlogdCTAC).

The equipmentprocedure of the BTA fibers is shown kigure 4-13. After the controlled
selfassembly, a batch @bout 1g of all selfassembledTA fibers isisolatedand filtrated
over a PET mesh with 56m mesh sizeRigure4-13 B). The PETmeshwith the BTA fibers is
then put into the (NH,)>SQ/CTAC mixture as shown ifrigure 4-13C. The BTA fibers are
subsequentlytransferred into the(NH4).SQ/CTAC mixture The resulting homogenous
dispersion oBTA fibers equipped with the additive®NH4),SQ/CTAC in 500mL deionizel

water is shown ifrigure 4-13D. In the next step, the fibers grassedhrough aconsecutive
series ofPET nes$ as depicted ifrigure 4-13 E for sieving Here, three different PEimeshes
with mesh sizeof 400 100 and 50 pnmare assembleftom top to bottomeachfixated by a
magnetic 3D-printed PP holderWith this method the BTA fiberswith the additivesare
selected in sizas described befor&urthermore this procedure has the advantage tess
BTA fibers are at each net and thus reducing agglomerationPERhemeshesvith the defined
fiberswith additvesare dried in an oven at 8C overnight Figure4-13F). The driecquipped

BTA fibers are then used for the flocking experiments.
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A: BTA fiber preparation B: BTA fiber isolation C: Additive Equipment

o 54 !
- - PET net + BTA fibers
Extrathc_eriaf?:elrséolated %qhgginto aqueous s/olgiﬁon
' 4 of C 'FAC.andiEﬁf'{;’SQ N

D: BTA fiber dispersion E: BTA fiber sieving F: Drying and isolation

BTA fibers 4
in aqueous solution with
CTAE}ma“ﬁd'((NF‘4)2SO4

Figure4-13. Equipment procedure of BTA fibers with salt (NH4).SOsandtenside CTAC). A: Defined
amount of(NH4)2SOsand CTAC are dissolved in 50GL deionized waterB: The prepared BTA fibers
under controlled conditions are filtratéfttougha 50 um PET net and subsequently washed with deionized
water. Image shows tligolatedBTA fibers. C: The PET net with the deposited BTA fibers is transferred
into the(NH4)2SQW/CTAC solution. As soon as the BT Afibers are transferred into the solution, the PET net
is taken outD: Homogenous BTA fiber dispersion (BT A fibé{idH4)>SQW/CTAC 500mL deionized water).

E: The dispersion is filtrated through an assembly of PET nets (40QQ@®rum and 50 um}:: The PET

nets with deposited BTA fibers are dried in the oven at 80°C overnight.

To reveal structur@roperty relationand to identify optimal conditionseveral samples were
preparedvith respect to varyinghe concentrationof (NH1)>SQ, and CTAC The investigated
different ratiosof (NH4).SQ» and CTAC to BTA fiberaresummarized irmmable4-1. First, the
dispersibilityin solution and thefree-flowing propertiesesultingafter equipmentand drying
of the BTA fiberswerein focus of this studyThe concentration of théNH.).SQ: was varied
in the range from @0to 2.9 g/L and the CTAC from @0to 10 g/L, whereas the amount of

BTA fibers were kept constant atO® g/L in all casesin a first seriesa large(NH4)2SOx
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concentration2.50 g/L) was used and kept constant @mel CTAC concentration was lowered
successivelylt was observed, that I g of CTAC is sufficientto achieve a homogeneous
dispersibilityof the BTA fibers However, the high(NH4).SQ; content lead to even more
agglomeration than neat BTA fibers, thus the fileeving properties are lown the second
seriesthe CTAC conentrationwaskept constantat 0.20 g/L and the amount of{NH.)>SO,
wereloweredsuccessivelyWith the concentration of 0.29L of CTAC, the dispersibility was
good for each sample. Reducing {éH.).SQ, amount eventually lead to better frié@wing
properties. A concentration of 0.8(L of (NH4),SQ, and CTAC is considered as good for
dispersibility as well as freBowing properties. Interestinglyonly CTAC as additive leads to
good freeflowing propeties and thus less agglomeratéso. A sample with only CTAC
(increased amount of M%) and ndNH4).SO, was prepared which showed good dispersibility
and freeflowing propertiesof the BTA fibers too. In contrast, when using oniiNH.)>SO,
(0.50 g) ard no CTAC the solution is notvell-dispersed antdig agglomerates of BTA fibers
are observedhen asampleis dried This is also valid if no additives are used and the BTA

fibers are dried from the MEK solution.

In contrast to the conventional equipmenf polymer flock with salt, the results for the
equipment of BTA fibers shows that a high amoun{Nii1).SQ, is counterproductive in terms

of the freeflowing propertiesFurthermore, it habeen tried to break the BTA agglomerates
before the flocking process by different methods. Transferring the fibers into a vial and try to
loosen up the agglomerates with a spatula results in smaller fibers, however agglomerates are
still present. Mixing osshaking the fibers within the vial does not result in better-fieeging
properties of thdNH4)>.SQ, equipped samplegven though fredlowing properties could be
enhanced, the samples still show some extend of agglomerates.
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Table 4-1. Amount of additivestenside (CTAC) and salt((NH,),S0,) in 500mL water and ~1 g BTA fibers
and corresponding dispersibility in solution and freeflowing properties in the dried state

CTAC/500 mL  (NH4)2SQ: /500 mL Dispersibility  Freeflowing

H,0 H,O properties
0.50g 1.25g ~
Series | 0.25g 1.25g -
0.10g 1.25¢g =~
0.10g 1.00g ~
0.10g 0.759 =~
0.10g 0.50g ~
Series Il
0.10g 0.25¢ =
0.10g 0.10g
0.10g 0.00g
0.50g 0.00g
Series Il 0.00g 0.50g ~ -
0.00g 0.00g ~ =
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c) Application methods onto the electrode

In the conventional toplown electrostatic flocking process of polymsers a big brush
transfers the fibers through a net which are then subsequently accelerated in the electric field
towards the substratBven though conventional flock fibers are mostly ffiesving due to the
equipment of additivesagglomerates can be praselransferring through a nensures that

single fibers are accelerated in tkectricfield rather than agglomerated fibe&milarly, to

polymer fibersBTA fiberstend toagglomerate This may already occun the storage vials
solutionand espeally after drying.

Whereas tensides reduces the agglomerati@mext stepaddressgthe applicatiormethodto
transfe the BTA fibers directly onto the electrod#f the flocking machinewith the aimto
further reduce agglomeratiorinspired by the fo-down electrostatic flocking process, this
should lead tan increased number single BTA fiberson the electroddess agglomerates

and thus better behavior in the flocking process

At first, the BTA fibers were brushed through a metal net ontoelbetrode. However, this
methodseemdo cause too much abrasidimus,a new method has been implemented to reduce
the amountagglomeratedBTA fibersand being nowlisruptive Here, two brushes are used as
exemplarily shown ifrigure 4-14. The bigger brush is used to collectthe BTA fibers (A) and
the smallebrushis used to deposit the BTA fibers onto the electrode by going over the bigger
brushwith BTA fibers (B) resulting in deposition of BTA fibers onto the electrode (C). Big
agglomerates which have been deposited too are removed before the flocking proeess.
agglomerates which are still visible by eye will either loosen up during the flocking process or
not acelerated towards theubstrate
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A: Fibers picked with a brush B: Application on electrode C: Fibers on the electrode

Figure 4-14. Deposition of BTA fibers onto the electrode of the flocking machine usingvo brushes.

A: The agglomerated BTA fibers are picked up and deposited on the biggdr.B: The BTA fibers are

brushed onto the electrode with the help of a second b@usbeposited BTA fibers on the aluminum
covered electrode.

An example of BTA fibers flocked with this method is shoWwigure 4-15. For this, the
equippedBTA fiberswith a concentration d3.20 g/L of each additive (CTAC andNH4)2SOx)

are usedThe overall appearance shows a reduced density of BTA fildlexs.of the fibers are
standing in the substrate proving the successful flocking. During the process, is was observed
that the fibers accelerate towards the substrate after a few seconds when the power was switched
on. Similar as seen for the neat BTA fibewhich could be explained by the necessary fiber

charging at the beginning of the process.
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A: Sample areal

Figure 4-15. Top view of sanning electron microscopy images of flocked BTA fibergquipped with
0.20 g/L of CTAC and (NH4)2SO4. BT A fibers weredeposited on the electrode by the tlrash method.
A andB: show two differensample areas.
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4.3.4 Electrostatic flocking of equipped BTA fibers

In the next stepall samples of thequippedBTA fibers with different(NH4).SQ: and CTAC
concentratios weretried to beflocked. For this,supramolecular BTAiberswith dimensions

of typically 184+ 84 are usedfraction from 100 um PET net)lhe results areummarized in
Table4-2. The flocked samples wemmalyzed by scanning electron microscopy to state the
appearanceFrom Table 4-2 can be seen that samples prepared from solution with high
(NH4)2SOy contentof 2.50g/L (series 1) and 2.00/L (series ll)are not flockablewhich means

that the agglomerates were not accelerated in the electric field. This was expected as the prior
equipment tests have shown no sufficient fileeving properties. The fiberbave a strong
tendency to form strongly bonded agglomerates andlamgped togetherThese agglomerates
cannot be easily broken up and therefore almost no single fibers ddpamsitee substrate

during the flocking process despite the amount of reduced CTAC within the. series

The freeflowing propertiexan beenhanced by using le@$H.)>SQ; amount in the dispersisn
and 0.2Qy/L and constant CTAC concentration of 0dlQ (series Il) and directly correlates
with the flockability Here, electrostatic flocking was possible f8bH4).SQ, concentrations of
1.50g/L and lower. Interestingly, the appearance of the flocked BTA fibers varied in
dependency of the salt contelftith higher (NH.)>SQ; amount, most of the BTA fibers were
adhered to the ground instead of the desired vertically alignment in the adihésivewer the
(NH4)2SQy amount the better the flockability and appearance of the fiaclerms of density
and fiker orientationGood flocking performance was obtained for the sample with @126f
CTAC and(NH4).SOy. Here, good coverage and vertically aligned fibers were obtdsesl
Figure 4-15) which can be explained to good frié@wing properties Interestingly, when
reducing the(NH4)>SQ; amount to zeravith a CTAC concentration of 0.20 g/L, the coverage
decreases again. This might be explained by the reduced chargesitwhkhHs).SO,.

Nevertheless, it wadgerved that the fibers with only CTAC were mostly vertically aligned.
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Table 4-2. Summary of the amount of the used additives (CTAC andCTAC / (NH,),S0O,) for BTA fiber
equipmentin dependencyof flockability and flock appearance

CTAC / (NH4)2SQr ing/L Flockability and Appearance

1.00/ 2.50 Not flockable

Series | 050/ 2.50 Not flockable
0.20/2.50 Not flockable
0.20/2.00 Not flockable
0.20/1.50 Flockable, few fibers

Series || 0.20/1.00 Flockable, few fibers
0.20/0.50 Flockable, few fibers
0.20/020 Flockable, good coverage
0.20/0.00 Flockable, few fibers
1.00/ 0.00 Flockable best performing

Series |l 0.00/1.00 Not flockable
0.00/0.00 Flockable, few fibers

In the last series, the BTA fibers are equipped with only one of the addititresoncentrations

of 1.00g/L each. While onl{{NH.)>SQ, equipment lead to no flockability due to agglomerates,

the sample with CTAC shows best performing flocking properties. The agglomerates of this
sample were easy to break up, showing goodffoxeing properties. The overall appearance
shows an increasecnsity of BTA fibers as depicted Figure 4-16. The BTA fibers stand

mostly vertically alignedThe flocking density increase of the sample with QQOCTAC
comparel to the sample with 0.29L of CTAC and (NH4)2SQ; might be explained by
combination of two effects: frefbowing properties and fiber charging. The frié@wing
properties are increased and less agglomerates are observed for the sample with only CTAC.
Furthermore, itis assumed that the CTAC is easier attached to the BTA fibers due to the tenside
character wth anorpolar chain and a polar headgroup. As the BTA featuresyzolar nature,

it is assumed that theorpolar tenside part likely attach to the BTA fibers and the polar head
facing outwards.
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A: Sample areal

Figure 4-16. Top view of scanningelectron microscopy images of flocked BTA fibergquipped with

1.00 g/L of CTAC.BTA fibers weredeposited on the electrode by the #rash methodA andB: show

two differentsample areas.

During the electrostatic flocking proceske BTA fibers seem to be accelerated easily and
mostly single fibers are flying towards the SEM stub. The process and evolution of the flocking
process was captured withsanglelens reflexcameraand is depicted ifrigure 4-17. Single

BTA fibers are accelerated towards the SEM stub which can be sEmuia4-17 A afterthe
electric field is switched on for econds. Two seconds later (8 seconds into flocking process),
the BTA fibers are still accelerating towards the SEM stub. It can be cleanlytsatthe BTA
fibers are adhered in the carbon lagkthe substraten the SEM stubRigure4-17 B).
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A: 6 seconds into flocking

7
BTA fibers
» " adhered to the
- ? * substrate

2

Figure4-17. The process and evolution of the flocking process obtained usiequipped BTA fibers

with 1.00 g/LCTAC. A: single BTAfibers are accelerated towards the SEM stub after 6 seconds when the
electric field is switched orai: Overview andaz: magnification B: Two seconds later (conds into
flocking process), the BT Afibers are still accelerating towards the SEM stub and the BT Afibers are adhered

in the carbon layer on the SEM stbly. Overview and.: magnification
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The last sample in the series Il are the neat BTA fibexspo additives. As known from the
previous chapter, neat BTA fibers can be flocked, however, the agglomeration leads to less
free-flowing properties and most BTA fibers laying in the adhesiv@th® twebrush method

seem to be the most promising to deposit the BTA fibers onto the eleeaindd®osen up
agglomeratesneat BTA fibers has been tested with this method, Tthe.results are shown in

the SEM images oFigure4-18. The density seems to be quite similar to the samples deposited
without the twebrush method, however the overall appearance regarding the alignment is
optimized. NevertHess, samples treated with CTAC still have best performing flocking

properties and thus are used in the upcoming chapter for the optimized electrostatic flocking.

A: Sample areal

Figure 4-18. Top view of scanning electron microscopy images of flockedneat BTA fibers.
BTA fibers weredeposited on the electrode by the throsh methodA andB: show two differensample
areas.
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4.4 Electrostatic flocking with optimized conditions

From previous experiments aiming fgptimization in the flocking process for BTA fibers the

following influences were determined and optimized:

Isolationprocess of BTA fibers after controlled saelssembly

Sieving and rfactionationprocessregarding BTA fiber length(size selectionfibers
from the 200 um net)

Equipment with conductiveenhancing material with suitable concentration
(1.0g/L CTAC) for fiber charging and frelowing properties

Application method onto thelectrode (two brush method)

The following chapteusesthese optimized conditionsto flock CTAC equippedBTA fibers

and investigate the influence of the flocking timed evaluation of the flock densityhe

properties of thesupramoleculardck arefurther evaluatedvith respect to theiorientationand

supramolecular fier length.
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4.4.1 Influence of the flocking time

In addition to dependencies on fiber length and-fteeing properties which have been
optimized in the previous chapters, electrostatic flocking and the density of the resulting flock
is dependent on the floicly time. Typically, the longer the flocking time the higher the fiber
density. Thus, the flocking time was altered to investigate whether the density can be increased
with increasing timeTherefore, the optimized BTA fibefsequipped with CTAC and fracin

from 100 pm net- are used andché flocking time was raised from B0(A) to 20s (B) and
30s(C). The increasing coverage on the used SEM stub is optically visible with increasing
flocking time as depicted iRigure 4-19. Most of the fibers show vertical alignments which is
supported by the crossection supplements the top view revealing that most of the fibers are

vertically aligned and coverage increasathwocking time (sed-igure 4-20).

A: 10 seconds flocking B: 20 seconds flocking C: 30 seconds flocking

Figure 4-19. Flocked BTA samples on SEM stubsprepared with different flocking times
A: Flocking time of 1GecondsB: 20seconds an@: 30 secondsa:-c1: SEM stub of the flocked samples.
ae-c2: top view of corresponding scanning electron microcopy images of the flocked samples.
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A: 10 s flocking time

-

C: 30 s flocking time

Figure4-20. Scanning electron microcopy imagesfthe top view and the corresponding crossectiors
of BTA samples flocked with different flocking times A: Flocking time of 1&GecondsB: 20seconds and
C: 30secondsas-c1: Top viewof the sampleaq-c2: crosssection of the sample.
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