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Summary

This thesis focuses on the preparation, characterization and comparison of
supramolecular nano- and microfibers of 1,3,5-benzene- and 1,3,5-cyclohexane-
trisamides using two routes: self-assembly from solution as bottom-up approach and

melt electrospinning as top-down approach.

The design and the controlled fabrication of fibrous structures from self-assembling
molecules have gained increasingly interest in material and life science. Network
structures (nonwovens) based on supramolecular materials exhibit intriguing
properties. In addition to the high surface area to volume ratio well-defined surfaces are
present. A large amount of natural materials are made out of fibrous structures with

hierarchical organization.

In this context the Introduction summarizes the background of supramolecular
chemistry, which is the common bottom-up approach. Small molecules self-assemble on
the nano- and mesoscale in well-defined structures by the formation of noncovalent
bonds. Detailed information of secondary interactions necessary to build up such self-
assembled constructs is described. Selected examples from nature and other
supramolecular materials are presented. A prominent class of self-assembling molecules
are 1,3,5-benzene- and 1,3,5-cyclohexanetrisamides. Since these organic molecules
present the key structure of this thesis, a deeper insight of their self-assembly behavior
in solution and the resulting solid state is provided. Trisamides self-assemble
predominantly into columnar structures via the formation of strong and directed triple
hydrogen bonds. In case of 1,3,5-benzenetrisamides, the columnar construct is further
stabilized by m-m-interactions. The thermotropic behavior and the formation of a
macrodipole within a column can be utilized to manipulate and align those
supramolecular structures within an electrical field.

A modern top-down approach to prepare fibers is electrospinning of polymers from
solution and melt. The electrospinning process is well-studied for the fabrication of
polymeric fibers. A polymer solution or melt is subjected to an electrical field, and any
droplet is deformed into a cone-like shape (Taylor cone) due to electrostatic repulsion
of generated charges at the droplet surface. At stronger electrical fields a jet is ejected
from the cone and then accelerated towards a collector. The experimental conditions,
such as applied electrical field strength, flow rate or shape of the collector, exhibit
parameters to optimize and influence the fiber formation.

A very recent research area focuses on electrospinning of self-assembling small
molecules without the addition of a polymer. Only a few examples have been reported

on solution electrospinning, and only one molecule was electrospun from melt so far.
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The Objective of this thesis is the fabrication, characterization and comparison of
supramolecular nano- and microfibers based on 1,3,5-benzene- and 1,3,5-cyclohexane-
trisamides using the two approaches: self-assembly from solution as bottom-up
approach and electrospinning from melt as top-down approach. An objective was the
development of structure-property relations concerning the formation of
supramolecular nano- and micro fibers, and the mechanical properties of the fibers.
Therefore, the chemical structures of 1,3,5-benzene- and 1,3,5-cyclohexanetrisamides
was systematically varied. The morphology of obtained fibers was studied and

compared in detail and the fiber stiffness was determined.

In the first chapter, the influence of the molecular structure of 1,3,5-benzenetrisamides
on the mechanical properties of their supramolecular fibers is investigated. Three
compounds with different alkyl substituents and varying in the connectivity of the
amide linkage to the core were selected. From all compounds, well-defined, self-
assembled fibers were obtained by controlled recrystallization from 2,2,4,4,6,8,8-
heptamethylnonane (HMN), a high boiling nonpolar solvent, which can be evaporated
after fiber formation. The average diameter of the fibers varied from 200 nm to 2 um
depending on the molecular structure. In collaboration with the group of Prof. Andreas
Fery, Physical Chemistry Il, University of Bayreuth, the flexural rigidities of the fibers
were determined using atomic force microscopy (AFM) bending experiments. The
corresponding Young’s moduli E were calculated to average values of 2.1 to 3.3 GPa.
Their values are comparable to semi crystalline, non-orientated polymers. The flexural
rigidity of the fibers shows a difference up to three orders of magnitude, however, the
Young’s modulus of each fiber type is similar. Consequently, the flexural rigidity of the
fibers is a pure size effect allowing to tune the rigidity of the fibers by adjusting their

diameter.

In the second chapter, it was demonstrated for the first time that 1,3,5-benzene- and
1,3,5-cyclohexanetrisamides could be shaped into fibers by melt electrospinning. From
the thermotropic nematic phase and, surprisingly, also from the optical isotropic phase,
just above the clearing temperature, homogenous and long nano- and microfibers were
collected. The fact that fibers are obtained from these low molecular weight substances
is a consequence of the supramolecular structure of trisamides. The optical isotropic
melt still consists of very small columnar aggregates; thus, it is assumed that their
macrodipoles are acting with the electrical field and contribute to the formation of
fibers. The influence of the spinning temperature and the applied electrical field
strength were studied in detail. An increasing temperature resulted in an augmented
sphere formation, whereas, long and thinner fibers were obtained with increasing field

strength.
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The focus of the third chapter is on melt electrospinning of small molecules. A more
detailed structure-property relation of trisamides and other self-assembling molecules
was investigated. The amount and type of secondary interactions were systematically
investigated to gain more information about the applicability of this new top-down
approach. Different sets of compounds, including 1,3,5-benzene- and 1,3,5-
cyclohexanetrisamides varying in substituents and in the connectivity of the amide
linkage to the core, bisamides with benzene-, naphtyl- and cyclohexane moieties,
sorbitol derivates and perylenebisimide derivates were selected. Also 1,3,5-
benzenetrisamides incapable of forming hydrogen bonds were investigated. The
electrospun morphology was correlated with the molecular structure. 1,3,5-benzene-
and 1,3,5-cyclohexanetrisamides form most often and reliable fibers during melt
electrospinning. Electrospinning of bisamides and sorbitol derivates resulted mostly in
the formation of spheres due to insufficient strong secondary interactions. Due to the
fast cooling of the melt during the process, supramolecular fiber formation has no time
to develop. For the first time, it was shown that perylenebisimide can be shaped into
fibers, since sufficient m-m-interactions are present. By melt electrospinning of tertiary
1,3,5-benzenetrismaides, it was surprisingly found that hydrogen bonds are not
absolutely necessary to collect fibers.

The fourth chapter connects and compares the self-assembly and melt electrospinning
approach. Therefore, melt electrospun and self-assembled 1,3,5-benzene-
tricarboxamide fibers were characterized on different length scales including crystal
structure, fiber morphology and mechanical properties. From one compound, fibers
with significantly different morphologies were obtained by the top-down and the
bottom-up approach. Melt electrospun fibers offered a smooth and homogenous
surface, whereas self-assembled fibers were hierarchically structured by a bundle-like
structure. On the Angstrom scale, X-ray diffraction revealed the same crystal structure
of both fiber types. However, despite the morphological differences, nanomechanical
bending experiments show that the Young’s modulus (E= 3.6-4.7 GPa) is comparable for
self-assembled and melt electrospun fibers. The results are in the same range as further

supramolecular 1,3,5-benzenetrisamide fibers presented in the first chapter.

The results of this thesis reveal that 1,3,5-benzene- and 1,3,5-cyclohexanetrisamides
can be shaped into nano- and microfibers using powerful bottom-up and top-down
approaches. Their interesting morphology combined with their mechanical properties
make this class of low molecular weight substances suitable for constructing new

materials, such as hierarchically structured nonwovens for efficient filter applications.
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Zusammenfassung

Im Fokus dieser Arbeit steht vor allem die Herstellung und Charakterisierung von
supramolekularen Nano- und Mikrofasern aus 1,3,5-Benzol- und 1,3,5-
Cyclohexantrisamiden. Zur Faserherstellung wurden zwei bekannte Prozesse
untersucht: Als sogenannter Bottom-up-Ansatz wurde die Selbstassemblierung aus

Lésung und als Top-down-Methode Schmelzelektrospinnen gewahlt.

In den Materialwissenschaften sowie im Life-Science-Bereich hat das Design sowie die
gezielte Herstellung von faserigen Strukturen ein zunehmendes Interesse geweckt.
Diese Fasern werden vor allem durch ihre definierte Oberflichenmorphologie
charakterisiert. Netzwerke und Gewebe bestehend aus solchen feinen, definierten
Strukturen zeichnen sich daher besonders durch ihre auBergewohnlichen Eigenschaften
wie ein hohes Oberflachen-zu-Volumen-Verhiltnis. Viele natirlichen Materialen sind

zudem aus Fasern, Fibrillen und hierarchisch strukturieren Bausteinen aufgebaut.

In diesem Zusammenhang werden in der Einleitung zuerst die Grundlagen der
supramolekularen Chemie, angewendet als typische Bottom-up-Methode, zusammen-
gefasst. Einzelne Molekiile ordnen sich durch die Ausbildung von gerichteten und
reversiblen, nichtkovalenten Wechselwirkungen zu nanoskaligen Strukturen an.
Mégliche sekunddre Wechselwirkungen, die zum Aufbau definierter, selbst-
assemblierter Gebilde notig sind, werden im Weiteren detailliert erldutert. Ebenso
werden ausgewdhlte Beispiele aus der Natur sowie weitere supramolekulare Fasern
diskutiert. Zu den prominenten Vertretern selbstassemblierender Molekile zdhlen
1,3,5-Benzol- und 1,3,5-Cyclohexantrisamide, welche die Hauptverbindungsklasse dieser
Arbeit darstellen. Es wird vor allem ihre Selbstorganisation im festen und flissigen
Zustand naher betrachtet. Trisamide organisieren sich tber die Ausbildung von starken
und gerichteten Wasserstoffbriickenbindungen zu kolumnaren Strukturen. Diese
kolumnaren Gebilde werden im Fall von 1,3,5-Benzoltrisamiden zusatzlich durch m-m-
Wechselwirkungen stabilisiert. 1,3,5-Benzol- und 1,3,5-Cyclohexantrisamide zeigen
oftmals ein thermotropes, flissigkristallines Verhalten. Zudem bildet sich entlang der
Kolumnenachse ein Makrodipol aus. Dieser kann dazu genutzt werden, die gebildeten
supramolekularen Strukturen im elektrischen Feld auszurichten und zu manipulieren.

Eine typische Top-down-Methode zur Herstellung von Fasern ist Elektrospinnen aus
Losung oder Schmelze. Flr Polymerfasern ist der Elektrospinnprozess bereits sehr gut
untersucht. Eine Polymerlésung oder —schmelze wird kontinuierlich aus einer Dise in
ein angelegtes elektrisches Feld transportiert. Jeder Tropfen, der sich am Disenende

bildet, wird durch die elektrostatischen AbstoRungen der an der Tropfenoberflache
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induzierten Ladungen in Langsrichtung deformiert (Taylor-Kegel). In einem gentigend
starken elektrischen Feld wird aus dem Kegel ein Strahl ausgestofen, der im
elektrischen Feld in Richtung eines Kollektors beschleunigt wird. Die experimentellen
Bedingungen, wie die angelegte elektrische Feldstarke, die Flussrate oder die Form des
Kollektors, haben einen enormen Einfluss auf die Faserbildung.

Ein neues, vielversprechendes Forschungsgebiet umfasst das Elektrospinnen von
kleinen, selbstassemblierten Molekiilen, ohne den Einsatz einer Polymermatrix. Bisher
sind nur sehr wenige Verbindungen bekannt, aus denen Fasern durch
Losungselektrospinnen gebildet werden kénnen. Zudem ist bisher nur ein Beispiel iber

Schmelzelektrospinnen publiziert.

Das Ziel und die Motivation der vorliegenden Arbeit war die Herstellung, die
Charakterisierung und der Vergleich supramolekularer 1,3,5-Benzol- und 1,3,5-Cyclo-
hexantrisamid-Fasern. Zur Faserherstellung wurden sowohl der Bottom-up- als auch der
Top-down-Ansatz gewahlt. Ein wichtiges Ziel war die Entwicklung von Struktur-
Eigenschafts-Beziehungen. Dafiir wurde die Molekdilstruktur der Trisamide systematisch
gedndert, die Morphologie der entstandenen selbstassemblierten und schmelzelektro-
gesponnenen Fasern eingehend untersucht und verglichen, sowie deren Biegesteifheit
in Kooperation mit der Gruppe von Prof. Andreas Fery, Physikalische Chemie I,

Universitat Bayreuth, bestimmt.

Im ersten Kapitel wurde der Einfluss der molekularen Struktur von 1,3,5-
Benzoltrisamiden auf die mechanischen Eigenschaften der supramolekularen Fasern
untersucht. Drei Verbindungen wurden ausgewdhlt, welche sich in der Auswahl der
Alkyl-Substituten sowie in der Verkniipfung der Amidbindungen zum zentralen Kern
unterscheiden. Aus allen Verbindungen konnten durch kontrollierte Selbstorganisation
(Bottom-up-Methode) aus 2,2,4,4,6,8,8-Heptamethylnonan (HMN), einem hoch-
siedenden, unpolaren Losungsmittel, definierte Fasern hergestellt werden. Der mittlere
Faserdurchmesser lag, abhangig von der Molekiilstruktur, zwischen 200 nm und 2 pum.
Mittels Rasterkraftmikroskopie (AFM) konnte die Biegesteifigkeit der selbst-
assemblierten Fasern erfasst, sowie die entsprechenden Elastizitdtsmoduli mit E=2.1-
3.3 GPa berechnet werden. Die Elastizitatsmoduli sind vergleichbar mit denen von
teilkristallinen, nicht orientierten Polymerfasern. Obwohl sich die Werte der
Biegesteifigkeiten um bis zu drei GréBenordnungen unterschieden, waren die
Elastizitatsmoduli der Fasern ahnlich. Der Unterschied in den Biegesteifigkeiten der
Fasern ist somit auf einen reinen GroReneffekt zuriickzufiihren. Durch ein gezieltes
Molekildesign kann der Faserdurchmesser eingestellt werden und ermoglicht so die

genaue Einstellung und Vorhersage der Biegesteifigkeiten.
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Im zweiten Kapitel konnte zum ersten Mal gezeigt werden, dass sich 1,3,5-Benzol- und
1,3,5-Cyclohexantrisamide durch Schmelzelektrospinnen zu Fasern im Nano- und
Mikrometerbereich verarbeiten lassen (Top-down-Methode). Lange und einheitliche
Fasern wurden sowohl aus der thermotropen nematischen Phase als tiberraschender-
weise auch aus der optisch isotropen Schmelze gewonnen. Dass es gelang diese
niedermolekularen Verbindungen zu Fasern zu verarbeiten, lasst sich auf die supra-
molekularen Eigenschaften der Trisamide zurilickfiihren. Da sich in der optisch isotropen
Schmelze immer noch sehr kleine, kolumnare Aggregate befinden, wird vermutet, dass
die vorhandenen Makrodipole mit dem angelegenen elektrischen Feld wechselwirken.
Die verbleibenden sekundaren Wechselwirkungen in den Kolumnen miissen gleichzeitig
stark genug sein, um das ZerreiBen des Elektrospinnstrahls zu Tréopfchen zu verhindern.
Darliber hinaus wurde der Einfluss der Temperatur und der elektrischen Feldstarke
eingehend untersucht. Mit ansteigender Temperatur wurde eine vermehrte
Kugelbildung beobachtet, wohingegen mit einer hoheren elektrischen Feldstarke lange

und diinnere Fasern erzeugt werden konnten.

Das dritte Kapitel befasst sich intensiv mit dem Schmelzelektrospinnen
niedermolekularer, selbstassemblierender Molekiile. Die Anzahl und die Art der
sekunddren Wechselwirkungen wurden dabei systematisch variiert und detailliert
untersucht, um diesen neuartigen Top-Down-Ansatz besser zu verstehen. Zu den fir die
Studie ausgewdhlten Substanzklassen gehoéren 1,3,5-Benzol- und 1,3,5-Cyclohexan-
trisamide, die sich sowohl in ihrer Peripherie als auch in der Verkniipfung der
Amidbindungen zum zentralen Kern unterscheiden. Des Weiteren wurden Bisamide mit
Benzol, Naphtyl oder Cyclohexan als zentrale Einheit, Sorbitol- und Perylenbisimid-
Derivate gewdhlt. Zudem wurden tertidre 1,3,5-Benzoltrisamide, welche keine
Wasserstoffbriicken-Bindungen ausbilden koénnen, ausgesucht. Alle aus dem
Schmelzelektrospinnen erhaltenen Morphologien wurden mit der Molekulstruktur
korreliert. Vor allem aus 1,3,5-Benzol- und 1,3,5-Cyclohexantrisamides konnten
zuverldssig schmelzelektrogesponnene Nano- und Mikrofasern hergestellt werden.
Beim Elektrospinnen von Bisamiden und Sorbitol-Derivaten wurden fast ausschlieRlich
Kugeln mit einigen Mikrometern im Durchmesser erzeugt. Die sekundaren
Wechselwirkungen, die sich ausbilden wahrend die Schmelze im Elektrospinnprozess
sehr schnell abgekiihlt wird, sind nicht stark genug, um das Zerreilen des
Elektrospinnstrahls in Tropfchen zu verhindern. Dagegen konnte zum ersten Mal gezeigt
werden, dass Perylenbisimid-Derivate zu Fasern verarbeitet werden kénnen, da auch in
der Schmelze noch ausreichend starke n-n-Wechselwirkungen zwischen den Molekiilen
vorhanden sind. Dass Wasserstoffbriickenbindungen nicht unbedingt notig sind, um

Fasern aus niedermolekularen Substanzen durch Schmelzelektrospinnen herzustellen,
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wurde durch das erfolgreiche Verspinnen von tertidre 1,3,5-Benzoltrisamiden bewiesen.
Durch eine sorgfaltige Auswahl der niedermolekularen Substanzen ist es moglich,
gewlinschte elektrogesponnenen Morphologien, wie Fasern, perlschnurahnliche Fasern

und Kugeln, vorherzusagen und einzustellen.

Im vierten Teil der Arbeit wurden alle Ergebnisse dieser Arbeit miteinander verknipft
und verglichen. Daflir wurden schmelzelektrogesponnene und selbstassemblierte 1,3,5-
Benzoltrisamid-Fasern  einer  Verbindung auf verschiedenen Langenskalen
charakterisiert und miteinander verglichen. Im Fokus standen dabei die Kristallstruktur,
die Fasermorphologie sowie die mechanischen Eigenschaften. Uber den Top-down-
bzw. den Bottom-up-Ansatz wurden deutlich verschiedene Fasern erzeugt. Die
schmelzelektrogesponnenen Fasern zeichneten sich durch eine glatte und defektfreie
Oberflache aus. Die selbstassemblierte Fasern hingegen waren hierarchisch strukturiert
und durch eine biindelartige Struktur, bestehend aus vielen einzelnen Fibrillen,
charakterisiert. Mittels Rontgenbeugung wurden die Fasern auf der Angstrém-Skala
untersucht und es wurde fir beide Faserntypen die gleiche Kristallstruktur gefunden.
Obwohl sich die Fasernmorphologie derart unterscheidet, wurde durch
nanomechanische Biegeexperimente bewiesen, dass die Elastizitditsmoduli beider
Fasertypen im selben Bereich liegen (E= 3.6-4.7 GPa). Die mechanischen Eigenschaften
waren somit auch mit den Ergebnissen anderer selbstassemblierter Trisamid-Fasern

vergleichbar (siehe erstes Kapitel).

Mit den Forschungsergebnissen, die im Rahmen der vorliegenden Arbeit gewonnen
werden konnten, wurde gezeigt, dass 1,3,5-Benzol- und 1,3,5-Cyclohexantrisamide zu
Fasern mit einem Durchmesser im Nano- und unteren Mikrometerbereich (200 nm bis
10 um) verarbeitet werden kénnen. Zur Faserherstellung konnten sowohl der Bottom-
up- als auch erstmals der Top-Down-Ansatz als kraftvolle Methoden etabliert werden.
Die interessante Morphologie der Fasern sowie ihre hervorragenden mechanischen
Eigenschaften machen es dieser niedermolekularen Substanzklasse moglich, in neuen
Materialien, wie beispielsweise in hierarchisch strukturierten Vliesen fir effiziente

Filteranwendungen, eingesetzt zu werden.
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1 Introduction

In our daily routine we are surrounded by diverse technical equipments, high-tech
products and further countless objects facilitating, supporting and maintaining our life.
A tremendous amount of these applications are made of fibers or are based on fibrous
materials. Fibers are one-dimensional, flexible structural elements characterized by an
outstanding ratio of length to diameter of at least 3:1 and up to more than 1000:1.*2
Natural and synthetic fibers accompany us in textiles ranging from home textiles, street
wear over active wear to protective clothes. They are present in hygiene and sanitary
products as well as in filter applications for liquids and air as found in normal coffee
filters, vacuum cleaners or air conditioners. Particularly, nature itself takes the
advantage of mechanically robust fibers to build successful biological materials. These
mostly hierarchical structures cover many length scales and are found in flora, fauna as
well as in human bodies in form of e.g. wood, leaves, stalks, bones, blood vessels and
nerves.> A benefit of nanofibers, in particular, is the achieved high surface area to
volume ratio, thousand times higher than human hair and desired for a wide variety of
applications. Proposed uses of nanofibers include biomedical applications such as
wound dressing, vascular grafts, artificial skin and tissue engineering, drug delivery
systems as well as technical areas like (breathable) textiles, sensors, filters and
membranes.*®

To realize a sustainable, safe and healthy society, scientists focus more and more on the
controlled fabrication of well-defined one-dimensional structures.® There are two
approaches leading to micro- and nanofibers, denoted as bottom-up and top-down
approach (Figure 1). Typical bottom-up approaches cover the self-assembly and the self-
organization of smaller units such as single molecules or polymeric building blocks,
forming hierarchically structured fibers.”® The most prominent top-down approaches in
industry are dry spinning, wet spinning, melt spinning and other techniques to
manufacture synthetic fibers.

Industrial fiber spinning starts from solution or bulk, and desired shaped fibers with a
diameter range from 2 um to 500 um are produced in these pressure driven extrusions
of a viscous polymer solution or melt. Multiple dies are used to produce simultaneously
a large amount of fibers. The polymeric fibers are collected on a rotating drum inducing

additional stretching to increase strength and orientation.
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Fibers made of polymers
* Dry, wet and melt spinning

* Melt blowing
.‘,Op_dow\'\ *Island in the sea
« Centrifugal melt spinning

* Electrospinning
\q\auo

10 mm

Fibers made of up
supramolecular objects pottom-

* Self-assembly
« Self-organization

Figure 1. Preparation of micro-and nanofibers by bottom-up and top-down approaches.
[Modified from reference 9.]

Dry spinning is the technique of choice when polymers have to be dissolved in a solvent
to be spun. The solidification of the fibers occurs by evaporation of the solvent during
the spinning process facilitated by an air or inert gas stream.™ Also for wet spinning the
polymer has to be dissolved. The polymer solution gets spun directly into a liquid bath

filled with a non-solvent and fibers are obtained by precipitation or coagulation."*?

Melt spinning utilizes the polymer melt to spin fibers.">*

In melt blowing equipments
polymer melts of low viscosity are blown towards the collector using a high velocity air
stream, and fibers with diameters below 1 pm can be achieved.'>*® The solidification of
the fibers occurs for both melt extrusion processes simply by cooling, quickened by an
air or inert gas stream. Other industrial techniques to produce submicron fibers are
island in the sea® and centrifugal melt spinning.18

An interesting top-down approach to gain nonwovens with sub-micron diameters is
electrospinning from solution or melt. The fibers produced by electrospinning are
usually one to two magnitudes smaller than fibers gained by most conventional

techniques.”

This thesis focus addresses both types of fiber formation, self-assembly and
electrospinning. Self-assembly processes are based on supramolecular chemistry, and
many fibers are formed simultaneously from solution. Moreover, the size of the batch
can easily be up-scaled. Usually, self-assembled fibers have limited lengths.
Electrospinning results in nonwovens with infinite long fibers, which can be easily
aligned and orientated.”® In the following, both approaches are discussed in more
detail.
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1.1 Supramolecular chemistry

Supramolecular chemistry is a typical bottom-up approach. Early work in the field of
supramolecular chemistry concerned just two components, a host and a guest. In 1894
Emil Fischer defined the “lock-and-key” model for enzyme-substrate interactions.”
The host and the guest components interact in a non-covalent fashion. The host is made
of a large cyclic molecule or aggregate forming an intrinsic molecular cavity. Into this
central hole of convenient size the guest molecule, a small molecule or ion, can be
integrated. In any case, the bond of the guest in the host must be selective and involves
a special mutual attraction of lock and key (Figure 2). Recent research works concerning
host-guest-complexes focus especially on metal-organic frameworks (MOFs) and on

inorganic hosts, e.g. zeolites.?>?

R —

Small molecular
“quest”

Covalent

synthesis

e

Small molecules

Large “host™ molecule Host—guest complex

Figure 2. Schematic model of the molecular host-guest chemistry. [Scheme modified with
permission from reference 22. Copyright © 2012, John Wiley & Sons. Ltd.]

In its modern sense supramolecular chemistry includes, besides host-guest chemistry,
all aspects of self-assembly. This extended supramolecular concept was defined by Jean-
Marie Lehn in 1978 as “the chemistry of molecular assemblies and intermolecular
bonds”.** Further explanations refer to “the chemistry beyond the molecule”, “the
chemistry of the noncovalent bond” or the “chemistry of the intermolecular bond”.”
In a supramolecular approach which is a common bottom-up method, single molecules
or smaller units self-assemble spontaneously and reversible into nanoscale
constructions by the formation of additive and cooperative noncovalent bonds. The
small building blocks with carefully chosen shape, size, functional groups and
consequently defined properties, such as solubility and melting point, determine the
shape, size and properties of the dynamic supramolecular construct.

The supramolecular approach comprises the study, the intelligent design as well as
discrete functions and properties of intermolecularly bonded molecules. In contrast to
molecular chemistry which is the chemistry of covalent bonds, the self-assembly
concept creates self-assembled aggregates (Figure 3). For their pioneer contributions to
supramolecular chemistry, Jean-Marie Lehn, Charles Pedersen and Donald Cram were
honored with the Nobel Prize in 1987.7%%%
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synthesis

' l Covalent | Spontaneous

Larger molecule
Small molecules

Self-assembled
aggregate

Figure 3. Schematic illustration of self-assembly concept. [Scheme modified with permission from
reference 22. Copyright © 2012, John Wiley & Sons. Ltd.]

The concepts of self-assembly and self-organization are often mixed. However, they are
distinguished in their thermodynamic behavior. In contrast to self-organization
processes self-assembly systems reach their equilibrium without any outside force. In
the case of self-organization processes energy is required to achieve a nonequilibrium

state.®®

1.1.1 Supramolecular interactions

The formation of noncovalent forces and interactions, the key element in
supramolecular chemistry, encompasses ion-ion, ion-dipole, dipole-dipole, van-der-
Waals, metal-metal, n-i, cation-mt and anion- 1 interactions, as well as coordination,
halogen and hydrogen bonds. These interactions can be nondirectional, slightly

directional or directional by constructing molecular assemblies. *°

Simple inorganic salts, as sodium chloride, are built of ion-ion forces, forming a well-
defined isotropic lattice. These electrostatic interactions have extreme bond strengths
of 100-350 kJ‘mol™. In contrast, van-der-Waals bond energies are below 5 kl-mol™.
Closed-shell metal-metal interactions, known from agentophilic and aurophilic cation
systems e.g. Ag(l) and Au(l), are in the range of 5 kl-mol™ to 60 kl-mol™. All three

interactions are of nondirectional nature.?>*°

Covalent carbon-carbon single bonds are
typically 348 kJ-mol™.

Slightly directional forces result from ion-dipole and dipole-dipole interactions formed
due to electrostatic attractions by an ion and a neutral molecule with a dipole or by two
molecules with dipoles, respectively. The bond energies are 5-50 ki-mol™ for dipole-

dipole interactions and for ion-dipole forces in the range of 50 kl-mol™ to 200 kJ-mol™.*

The supramolecular interactions discussed in the following are directional. Widely used
in supramolecular chemistry are coordination bonds of complexes of transition-metal-
ions with ligands, such as metal-pyridine complexes. Coordination bonds are reversible

and form reasonable bond energies of 100 kJ-mol™ to 300 kJ-mol™.*°
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If an electron-deficient halogen atom (Lewis acid) interacts with an electron-rich atom
(neutral or anionic Lewis base), an attractive halogen bond is formed in the order of
10 kJ-mol™ to 50 kJ-mol ™30

Hydrogen bonds and m-m interactions are assigned to be the the most important
interactions in supramolecular chemistry. Hydrogen bonds are present in various length,
strength (4-120 kJ-mol™) and geometries. They were firstly described by Linus Pauling in
1931.32 In general, a hydrogen bond bridges two atoms A and B and is drawn as A-H--B.
The donor bond is A-H. Thus, atom B has to bring a lone pair of electrons or polarizable
n-electrons to act as acceptor, and so a reversible hydrogen bond can be formed.
A strong hydrogen bond on an almost covalent level is formed, for example, by HF
complexes or strong acids and bases. Moderate bond energies are reached by acids,
alcohols and several biomolecules by a mostly electrostatic character of the hydrogen
bonds. C-H:--O interactions are comparable weak as they are of pure electrostatic

nature.23’30'33

Examples of n-mt-stacking compounds are common organic compounds such as benzene.
The bond energies reach values of 2 to 50 kl‘mol™. Regarding a benzene dimer as
important consideration, five possible structures can be formed. Figure 4 shows the a)
face-to-face parallel stacked, b) offset parallel stacked, c) T-shaped edge to edge and d)
and e) two tilted T-geometries. o-1t attraction forces have to balance m-m-electronic
repulsions, dominating in structure a), to result in a favorable electrostatic interaction.

In solid states, the m-surfaces self-assemble in a stacked or herringbone structure

23,30,34,35
ﬂ H
H H

H

shape.

==

H—Q )—H H—@—I:I
b e

c d

Figure 4. Possible structures of a benzene dimer: a) face-to-face parallel stacked, b) offset parallel
stacked, c) T-shaped edge to edge, d) and e) tilted T—geometry.35

If organic ions or alkali-metal cations show affinities for aromatic structures, cationic-t

and anionic-m-interactions are formed. The electrostatic forces occur within bond

strengths of 5 to 80 kJ-mol .23
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1.1.2 Self-assembly in nature and further examples of supramolecular fibers

The main challenge in supramolecular chemistry is to understand, design and apply the
noncovalent interactions in an intelligent fashion to construct functional
supramolecular architectures. Some important facts can be learned and adopted from

nature.

Our human body is made of several self-assembled nanofibers of different dimensions.
Thereby, collagen is the major building unit of tissues, tendons and bones, and provides
mechanical stability, elasticity, and strength to organisms. In the extracellular matrix,
the stiffness of the collagen fibers is responsible for structural and biochemical support.
Collagen molecules are made of covalent bonded amino acids. These polypeptides of
300 nm in length and 1.6 nm in diameter develop a triple helix stabilized by hydrogen
bonds. Always three of the helices self-assemble into a several micrometer long and
100 nm thin collagen fibril. The fibrils self-assemble in lateral and longitudinal directions
into collagen fibers up to several millimeters in length and diameter of 10 um. Those
supramolecular collagen fibers are the basis material of the construction of tissues, like
tendons and bones.*® This complex, but for the human being crucial, self-assembly

mechanism is represented in Figure 5.

g N
Amino Collagen Collagen fibril Collagen Tissue
acids molecule fiber (tendon,
bone)

Figure 5. Hierarchical structure of collagen protein materials forming tendons and bones.
[Reprinted with permission from reference 36. Copyright (2011) American Chemical Society.]

The list of supramolecular assemblies in nature is long and can also be found in most
diverse fields of flora and fauna. For instance, the self-assembly of peptides is also
essential for viruses. In the tobacco mosaic virus (TMV) 2130 identical protein molecules
self-assemble in a regular helical array around an RNA strand forming a rod structure

with around 300 nm in length and 18 nm in diameter.*’

The self-assembly of amphiphiles in aqueous or organic media is well-studied.
Amphiphiles carry a polar head group and a hydrophobic tail and can form, besides
nanofibers, a broad variety of geometries, such as vesicles, tubes, disks, lamellas and
helices, depending on molecular shape and concentration. The self-assembled
amphiphiles form secondary and tertiary structures by interacting with the surrounding

environment similarly to protein folding. Amphiphiles, which are applied as organo- and
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hydrogelators, as surfactants, emulsifiers or as phospholipids, are a major building block
in cell membranes.?**°

More and more research groups focus on the well-defined design of self-assembled,
one-dimensional nanofibers, especially designed for applications in nanodevices.”
In supramolecular organic semiconductors the molecules are stacked via m-m-
interactions forming wire-like units, sometimes additionally stabilized by hydrogen
bonds. The often disc-shaped aromatic core units show thermotropic behavior and form
discotic liquid crystalline phases. In electronic devices the molecules have to stack in an
accurate way to allow an optimal charge carrier transport along the columnar axis.
Often used are perylene bisimide, porphyrin, triphenylene or carbazol units. For solar
cells, systems containing p- and n-type nanofibers might be an encouraging approach
for the generation of a photocurrent. Further promising examples are summarized in

works from Spiess40 and Gonzalez-Rodriguez and Schenning.**

Also polymers can self-assemble in even lager entities by noncovalent interactions. This
special class is denoted as supramolecular polymers.42 For example, block-co-polymers
self-assemble in hierarchical ordered structures, such as spheres, cylinders, lamellae

and vesicles.***

Recently, a DNA-based oligothymidine was utilized to guide the self-
assembly of dyes in water. m-stacked diaminotriazine derivates anchor to the single
strand of the oligonucleotide via complementary hydrogen bonds forming a right-
handed helical arrangement.** In Figure 6 this templated self-assembly process is

represented. More helical arranged self-assembled nanofibers formed by small
I..46

molecules or polymers are reviewed by Lee et a

Figure 6. Schematic representation of the supramolecular polymerization of a single strand DNA
unit and diaminotriazine derivates. This templated self-assembly process is stabilized by hydrogen
bonds and m-m-interactions. [Adapted with permission from reference 41. Copyright (2011)
American Chemical Society.]

Nowadays, supramolecular chemistry is a major, interdisciplinary research field
containing the cooperation and professional knowledge of chemists, biologists,
physicists and material scientists to develop new materials with unique functions for

advanced materials.
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1.2 Benzene- and cyclohexanetrisamides

One of the most investigated and easiest motif of self-assembling small molecules are
1,3,5-benzene- and 1,3,5-cyclohexanetrisamides. The central core, benzene respectively
cyclohexane, is responsible for symmetry and planarity of the molecule. Amide groups
at the 1, 3 and 5-position of the central core are the moieties forming hydrogen bonds
and forcing the one-dimensional self-assembly as well as the crystal growth. The
attachment of the amide moiety at the central core can be either accomplished with the
carbonyl groups (C-centered) or the nitrogen side (N-centered) of the amide groups.
Also molecules with mixed amide connectivity are known. By an intelligent choice of the
peripheral substituents R the dissolution and self-assembly behavior can be tailored.
The nature of the substituents can be aliphatic, aromatic, charged or neutral, polar,
apolar, chiral or achiral.*”*° The concept of the molecular structure of 1,3,5-benzene-

and 1,3,5-cyclohexanetrisamides is shown in Figure 7.

I(a) I(b) I1(a) 11 (b)

Figure 7. Concept of the molecular structure of 1,3,5-benzene- (I) and 1,3,5-cyclohexanetris-
amides (I1). The amide bonds can be tailored with C- (a) or N-centered (b) amide connectivity.

Since this representing class of supramolecular building blocks can be designed easily
and versatile, 1,3,5-benzene- and 1,3,5-cyclohexanetrisamides become more and more

important in many research fields.

1,3,5-benzene- and 1,3,5-cyclohexanetrisamides are widely investigated as organo—SO'54

55-59

and (pH-sensitive) hydrogelators. Moreover, well-defined 1,3,5-benzenetrisamides

fibers, formed in situ, can act reliable as nucleating agents for poly(vinylidene fluoride)®*
and poly(therephthalate)62 and additionally, as clarifier for isotactic polypropylene.sa'64
Further application fields for 1,3,5-benzenetricarboxamides are as additives to improve
the electret performance of isotactic polypropylene®, they serve as supramolecular
materials with thermoplastic and elastic properties®, and can form a supramolecular
nanofiber web inside of a nonwoven scaffold to be used as filter media.®’” This class is,

68-71

furthermore, suitable for coordinating metal ions for example applicable in

. . 72 73
asymmetric catalysis’® or as sensors.
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1.2.1 Benzenetrisamides based on trimesic acid

R\ o 1,3,5-Benzenetrisamides based on trimesic acid contain three carbonyl
o H’R group centered amid bonds. Depending on subtle changes of the
R peripheral substituents, different packing, crystal structures and self-

assembly behavior in solution have been observed.

Benzenetrisamides based on trimesic acid in the solid state

Table 1 summarizes the packing structures and space groups for several 1,3,5-
benzenetricarboxamides. Lightfoot et al. proved in 1999 via crystallographic
investigations that N,N’,N”-tris-(2-methoxyethyl)-1,3,5-benzenetricarboxamide self-
assembles into columnar structures by forming strong, three-fold hydrogen bonds
between adjacent molecules and crystallizes in the monoclinic space group P2, (Table 1,
entry 1).48 The resulting aggregates are stabilized additionally by the m-ni-stacking of the
phenyl units, indicated by an interdisc distance of 3.62 A. To form strong hydrogen
bonds the amide groups has to turn into a favorable 90° position with respect to the
central core. However, the extend of the turn is limited since the amide groups are
conjugated with the phenyl core, and consequently, the amide units turn with angles of
36.8° to 45.5° just slightly out of the coplanarity. Thereby, all amide groups point in the
same direction. Moreover, the adjacent discs undergo a 60° turn to strengthen the

hydrogen bonds resulting in a helical arrangement of the hydrogen bonds.**
Equipped with three bulky tert-butyl substituents, 1,3,5-benzenetricarboxamides form
also columnar structures, organized in a hexagonal fashion within the space group
P63/m (Table 1, entry 2). A directional triple-helical bonding pattern was found along
the column axis. Depending on the orientation of the oxygen atoms in the column, two
helical assemblies, the up- and the down-configuration, can be formed. To lower the
energy of the supramolecular structure adjacent columns arrange in an antiparallel
fashion.”* The one-dimensional self-assembly concept of trialkyl-substituted
1,3,5-benzenetrisamides is illustrated in Figure 8.

L ?\.4

_J';.\f

Figure 8. Schematic illustration of the self-assembly behavior of C-centred trialkyl-substituted
1,3,5-benzenetrisamides. Single molecules self-assemble into a columnar structure by triple-
helical hydrogen bonds and n-ri-stacking of the phenyl units. This concept applies also for N-
centered representatives (lb, Figure 7). [Reproduced from reference 49 with permission from
The Royal Society of Chemistry.]
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However, 1,3,5-benzenetricarboxamides can also crystallize in a two-dimensional
fashion, when heteroaromatic or short aliphatic side chains are introduced. Surprisingly,
a nanosheet structure was also reported for N,N’,N”-tris(n-octyl)-1,3,5-benzene-
tricarboxamide.” This finding is an absolute exception for trisamides with long, linear
alkyl chains and can maybe be attributed to the mild conditions used to obtain the
analyzed powder. Two-dimensional structures are in contrast with the columnar
molecular packing of 1,3,5-benzenetricarboxamides with longer* or more bulky”
trialkyl substituents. It is revealed that the nature of the side chains has an enormous

influence on the crystal structure, as well as the solvent used to obtain these powders.

Table 1. Packing structures and space groups for 1,3,5-benzenetricarboxamides 1-7.
2D: two-dimensional; 3D: three-dimensional packing.

Molecular structure:
R-nH o
R Packing
Entry o N Space group Ref.
structure
R-y"SNo
H
with substituent R
1 R _/\,0\ 3D, columnar monoclinic, P2, 48
2 R= _é 3D, columnar hexagonal, P63/m. 74
. 2D, rosette-like trigonal, P3 76
= 2D, T-shaped orthorhombic, Pbca 77
4 R=+— 2D, T-shaped orthorhombic, Pbca 77
5 R=+—cH, 2D, sheet monoclinic, P2, 51
6 _ NN 2D, sheet orthorhombic, P2,2,2, 79
7 R= 3D, network trigonal, R3c 79

Carrying three 3- or 4-pyridyl substituents (Table 1, entry 3 and 4), the pyridyl nitrogens
form intermolecular hydrogen bonds with the amide groups of the neighboring
molecules resulting in a macrocycle out of six molecules. This rosette-like structure
forces the creation of an infinitive two-dimensional honeycomb network. The bilayer
structure itself is packed in a three-dimensional porous superstructure with all
macrocycles located exactly on top of each other. To stabilize the structure, pyridyl-
76,77

substituted 1,3,5-benzenetrisamides include solvent molecules in the crystal lattice.

In general, trisamides developing intramolecular hydrogen bonds have a flatter
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geometry in comparison to trisamides with three amides groups forming intermolecular
hydrogen bonds with adjacent molecules.”

In 2009 Ruiz-Pérez et al. compared the crystal structures of methyl-,>! ethyl- and propyl-
substituted 1,3,5-benzenetricarboxamides (Table 1, entry 5-7). Supramolecular sheets
are formed by intermolecular hydrogen bonds of the methyl- and ethyl- substituted
representative.”” 1,3,5-Tripropyl-benzenetricarboxamide packs in a primitive cubic
supramolecular three-dimensional network stabilized by amide hydrogen bonds.”®

For 1,3,5-tricarboxamides equipped with three 4-halogen-phenyl substituents the role
of solvent in crystallization process was studied. In the presence of tetrahydrofuran
(THF) the molecules tend to form triple-helical hydrogen bonds in columnar fashion.
Interestingly, a blocking of the formation of hydrogen bonds occurred when
cyclohexanone was used as solvent, resulting in a two-dimensional packing of the

halogenated benzenetrisamide molecules.®

For 1,3,5-benzenetricarboxamides with long alkyl substituents different crystalline,
plastic crystalline and liquid crystalline phases were found. The presence of three-fold
intermolecular hydrogen bonds between neighboring trisamides is responsible for the
formation of stable, columnar mesophases in a wide temperature range.”’gl’82 Ordered
hexagonal columnar mesophases were reported starting from a linear n-hexyl side
chain. Benzenetricarboxamides substituted with linear butyl or pentyl side chains
provide plastic crystalline phases, but no liquid crystalline mesophases.82 The
introduction of branched side chains further stabilizes the aggregation in the
mesophase and has a major impact on the transition temperatures. As closer the
branching point is moved to the amide group, the higher the clearing temperatures and
corresponding enthalpies.gz'83

Recently, Timme et al. investigated the stepwise loss of order during heating. Columnar
hexagonal or rectangular mesophases are formed at higher temperatures when starting
at the well-defined crystalline state. With increasing temperature the lateral order, thus
the intercolumnar interaction, becomes weaker while maintaining the strong
intermolecular three-fold hydrogen bonds along the column axis. At even higher
temperatures the lateral order is completely lost. Depending on the strength of the
hydrogen bonds, the columns break into smaller pieces. Although if short columnar
aggregates still exist above the clearing temperature of the melt, the phase appears
optical isotropic. By further increase of the temperature, a molecular isotropic phase is

obtained.®
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Self-Assembly of benzenetrisamides based on trimesic acid in solution

Since years, the self-assembly behavior of achiral and chiral 1,3,5-benzenetrisamides
based on trimesic acid depending on the solvent has been intensively studied. Main

contributions are made by the research group of E.W. Meijer.

Derived from the crystal structures, it is evidently that C-centered 1,3,5-benzene-
trisamides self-assemble in solution into one-dimensional, columnar aggregates by
strong, helically arranged intracolumnar hydrogen bonds.* The presence and formation
of hydrogen bonds in dilute solutions can be detected by Ultraviolet-visible (UV-Vis)
spectroscopy. An absorption maximum is observed at 193 nm. In more polar solution
1,3,5-benzenetricarbxamides are molecularly dissolved, so that the UV-Vis absorption
maximum shifts to 208 nm. This was exemplarily shown for 1,3,5-trioctyl-
benzenetricarboxamide in acetonitrile at room temperature.®® As it was discussed
before, in the solid state N,N’,N”-tris(n-octyl)-1,3,5-benzene-tricarboxamide crystallizes
under mild conditions into a nanosheet structure.”” However, the self-assembly in dilute

n-heptan solution yielded columnar aggregates by helically arranged hydrogen bonds.®

Investigations by circular dichroism spectroscopy revealed a stable helical arrangement
of 1,3,5-benzenetricarboxamide columns in nonpolar alkane solutions.?® For achiral
trisamides right-handed (P) and left-handed (M) helices are formed in equal amounts.
Chiral side chains introduce a preferred helicity of the columns. If a mixture of achiral
and chiral trisamides in dilute solutions is investigated, the chiral compound determines
the preference in handness of the mixed aggregates. Thereby P- or M- helices can be
formed.®*#5%” The sense of the helical columns, P or M, depends strongly on the choice
of the solvent. As it was shown for a in the a-position deuterated trioctyl-
benzenetricarboxamide, leading to a (S,S,5)-benzenetrisamide motif, right-handed
helices were formed in methylcyclohexane, whereas in n-heptan left-handed columns
were achieved. The solvent also influences the amide torsion angle, leading to two
different conformations having an angle of 35° or 45° with respect to the central core,
and causes a larger interdisc distance by intercalating solvent molecules between the
trisamide molecules within a stack. At higher temperatures this intercalation is

facilitated.”%®

A computational study of the helical-sense bias of this (S,S,5)-enantiomer
shows that a right-handed helical aggregate is preferred when the solvent influence is
not considered. These calculations were carried out with a simplified molecular

structure by replacing the n-octyl side chains by ethyl groups.89
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Moreover, even the introduction of chiral information by a methyl group in one of the
three aliphatic side chain of 1,3,5-benzenetricarboxamides results in a preference of the
helical conformation of the self-assembled stacks in iso-octane. If the methyl group is
introduced to the a-position of the chain, a left-handed helix with an amide-benzene-
angle of 45° is preferred. A methyl group in B-position leads to right-handed helices with
a torsion angle of the amide group of 35°. Interestingly, if n-heptane is used as solvent,
the torsion angle is 45° independent of the position of the methyl group in the
asymmetrical substituted molecule. This is due to the intercalation of the solvent
molecules between the alkyl chains of the stacked trisamides. Anyway, for all
investigated compounds, intermolecular, helical arranged hydrogen bonds are

present.®%

In a recently published work of the Meijer group, the co-self-assembly of dye-labeled
and non dye-labeled 1,3,5-benzenetricarboxamides is followed by stochastic optical
reconstruction microscopy (STORM). This super-resolution microscopy method allows
the visualization of the molecular exchange pathways of these one-dimensional

aggregates and reveals a homogenous exchange along the trisamide stack.”

To study the role of the m-conjugated core, an oligo(phenylene ethynylene) unit was
introduced to the tricarboxamides. It is shown that this larger m-conjugated system also
self-assembles into helical, columnar stacks primarily via m-m-stacking. The stability of
these supramolecular assemblies is comparable to columns of conventional
1,3,5-benzenetricarboxamides. Moreover, it was shown that solvents, such as
chloroform, can interact faster with the columns of the larger m-conjugated molecules

weakening the self-assembling process.”

With a precise design of the peripheral substituents, 1,3,5-benzenetricarboxamides can
become water soluble and self-assemble into fibers. Thereby, the aggregation is

9495 or hydrophobic96 effects. By the

stabilized in addition to hydrogen bonds by ionic
introduction of fully rigid substituents a lyotropic liquid crystal phase was observed in
aqueous solutions. These hexagonal supramolecular columnar phases are formed by
helical rosette nanotubes.”’” By alignment of the channels anisotropic ionic conductivity
is achieved.”®

A lot of investigation was made concerning the mechanism of the self-assembly process.
By temperature depended CD- and UV-Vis analysis the self-assembly mechanism was
determined to be highly cooperative. This nucleation-elongation self-assembly model,
also called nucleating-growth model, includes two regimes: The nucleation regime is
present at high enough temperatures, depending on molecular structure, concentration

and solvent in which all molecules are molecularly dissolved. Upon cooling, large
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enough nuclei are formed promoting the further one-dimensional growth of the
aggregate. By further cooling out of the solution the elongation regime sets in in which
the aggregates are formed before they rapidly grow.®

Density Functional Theory (DFT) electronic structure calculations show that the
cooperative mechanism is caused by electrostatic interactions. With increasing number
of monomers in one stack the average electronic interaction energy decreases,
indicating that larger aggregates are more favorable than smaller ones. Moreover, the
intermolecular hydrogen bonds become stronger with an increasing length of the

99100 polecular dynamics simulations show, that the formation of the stack

101

column.
occurs within tens of nanoseconds.
For chiral compounds the growing aggregates are better stabilized by the branched side
chains resulting in larger stacks compared to achiral 1,3,5-benzenetricarboxamides.®*
Furthermore, this cooperative self-assembly mechanism is also valid for partially

fluorinated 1,3,5-benzenetricarboxamides.®

The nucleation-elongation self-assembly model is shown schematically in Figure 9.

Dissolved trisamide
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Figure 9. Schematic concept of the cooperative self-assembly mechanism of 1,3,5-benzene-
tricarboxamides in dilute nonpolar solutions. Dissolved trisamide molecules self-assemble upon
cooling into primary aggregates via strong hydrogen bonds. Upon further cooling supramolecular
bundles are formed. This self-assembly process is thermally reversible.

[Scheme modified from reference 9 and 103.]
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1,3,5-Benzenetricarboxamides with substituents forming intramolecular hydrogen
bonds prefer an isodesmic growth pattern as it was shown for 3,3’-diamino-2,2’-
bipydridine substituents.’®'® The isodesmic growth is characterized by the
independence of the stack length from the strength of association between two

monomers.lOG

Formation of macrodipoles in benzenetrisamides based on trimesic acid

Due to the fixed direction of hydrogen bonds of the supramolecular aggregates in solid
state as well as in solution a macrodipole arises along the columnar aggregate. This
macrodipole consists at least of the sum total of individual dipole moments generated
of each molecule within a column. A dipole moment of 8 to 14 Debye of the three
amide bonds is discussed. Even if the helically arranged columns come along with a
preferred helicity, a macrodipole develops in right- as well as in left-handed

. 107,11
helices.'07108

Columnar liquid crystal phase behavior of several 1,3,5-benzenetricarboxamides can
induce polar order in the mesophase by ferroelectric switching. The uniform alignment
and switching of columnar phases in an electrical field was possible. This polar order can
be frozen by crystallization of the 1,3,5-benzenetrisamide producing thin film with
stable, remnant polarization.m'111 Albuquerque et al. carried out calculations on a
semi-empirical level to describe the relation between macrodipole and properties of the
columnar aggregates in 1,3,5-benzenetrisamides. The dipole moment per molecule
increases with increasing molecules self-assembled within one supramolecular column.
Consequently, the generated macrodipole of a large column is larger than the sum of
the monomer units and the one-dimensional growth is favored.*

These findings support the self-assembly mechanism of cooperative growth in of
1,3,5-benzenetrisamides caused by electrostatic interactions, proposed by Greef et al.

for diluted solutions.*
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1.2.2 Benzenetrisamides based on triaminobenzene

R . . . _
Yo Ho R Another class of 1,3,5-benzenetrisamides is based on triaminobenzene
HN N
Q/ \g/ instead of trimesic acid. Here, all three amide groups are N-centered
R\IrNH with respect to the central core.
o

Benzenetrisamides based on triaminobenzene in the solid state

and the formation of macrodipoles

Recently, Marko Schmidt et al. determined the crystal structure of 1,3,5-tris(2,2,-
dimethylpropionylamino)benzene (Figure 10, left), an highly efficient clarifier for
isotactic polypropylene, by combining powder X-ray diffraction and solid-state NMR
spectroscopy. The trisamide crystallizes in the orthorhombic metric P2;2,2;, wherein
the molecules arrange in a pseudohexagonal columnar packing via moderate hydrogen
bonds and m-m-stacking of adjacent molecules. The amide bonds turn out of the
benzene core plane with torsion angles of 31.36°, 31.46° and 34.56° to form hydrogen
bonds. The distance between two benzene cores is between 3.37 A and
3.42 A Even for this molecule it was found that all three oxygen atoms of the amide
groups point in the same direction, as it was already shown for alkyl-substituted
C-centered 1,3,5—benzenetrisamides.“g'74 Within the individual columns of
1,3,5-tris(2,2,-dimethylpropionylamino)benzene a macrodipole is postulated. To cancel
the net dipole of the structure neighboring columns arrange here in an antiparallel

113

fashion (Figure 10).”*> This was also shown for the structural analogues with three

C-centered amid bonds.”

:

Figure 10: Left: molecular structure of 1,3,5-tris(2,2,-dimethylpropionylamino)benzene.
Right: insight of the crystal structure with view along the b-axis. The columns arrange anti-
parallel to compensate the generated macrodipole of each rod.
[Reprinted with permission from reference 113. Copyright (2012) American Chemical Society.]
In comparison to C-centered representatives, the amide groups are more planarized
with the central benzene core and weaker hydrogen bonds are formed, thus leading to

a decrease of the macrodipole as indicated by theoretical calculations.**?
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Additionally, Marko Schmidt et al. investigated the nucleating mechanism of 1,3,5-
tris(2,2,-dimethylpropionylamino)benzene in isotactic polypropylene. Even in very low
concentrations the molecules form long, needle-like objects in the polymer melt and
provide sufficient surface area to initiate a heteronuclear nucleation of polypropylene.
The packing of these trisamide molecules in columns leads to a surface modulation with

comparable distances (6.8 A) as characteristic for isotactic polypropylene (6.5 A).***

Spiess et al. studied the impact of the amide connectivity of 1,3,5-benzenetrisamides on
the self-assembly behavior in solid states via solid-state NMR experiments and Car-
Parinello Molecular Dynamics simulations. As model substances, a C-centered trisamide
equipped with (S)-dimethyloctyl and a N-centered trisamide carrying (S)-
dimethylhephtyl substituents were chosen. Asignificantly different molecular packing
was found. For simplicity reasons the simulations were carried out with leaving just
methyl groups as alkyl side chains.™™® The researchers revealed that the molecular
organization of N-centered compound showed a symmetry breaking. The amide bonds
of the N-centered representative are asymmetrically arranged, meaning two amide
bonds point in one direction, whereas the third one is turned and points in the opposite
direction. To form at least quasi-helically formed hydrogen bonds, a simple coplanar
arrangement of the central core, as it is known for C-centered trisamides, is not
possible. The discussion includes also the symmetric arrangement of the amide bonds,
generally valid for C-centered 1,3,5-benzenetrisamides. The asymmetric array is slightly
more stable than the symmetric one. However, these energy differences are too small
to predict the packing of N-centered trisamides directly. A more favorable packing of
the side chains within the asymmetric packing model is mentioned as deciding fact. At

higher temperatures a transition into the symmetric configuration is discussed.™®

The above presented studies of Schmidt and Spiess show impressively that the amide
connectivity in combination with the peripheral substituents may have remarkable
influence on the supramolecular organization. At least, a strong influence on the

generated macrodipole is evident.

A nanosheet instead of a columnar structure was obtained under mild conditions from a
N-centered 1,3,5-benzenetrisamide carrying three 3-cyclopentylpropan substituents’

identifying another possible arrangement of the molecules in the solid state.
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Self-assembly of benzenetrisamides based on triaminobenzene in solution

Only a few studies are available dealing with the self-assembly behavior of 1,3,5-
benzenetrisamides based on triaminobenzene in dilute solutions.

The stacking of N-centred benzenetrisamides in dilute alkan solutions into one-
dimensional aggregates via helical hydrogen bonds was proved via UV-Vis and CD
spectroscopy. In polar solvents as methanol the molecules are molecularly dissolved.'®
Compared to C-centered 1,3,5-benzenetrisamides, the columns formed by 1,3,5-
benzenetrisamides based on triaminobenzene are less stable. This fact can be attributed
to the difference in hydrogen-bonding strength. DFT calculations indicate that the
amide groups in N-centred trisamides are more planarized with the benzene core

16 The introduction of chiral

resulting in weaker intermolecular hydrogen bonds.
substituents results in aggregates with preferred helicity, similar to C-centered
benzenetrisamides, even if just one of the three side chains carries a chiral center. The
last case highlights that the amplification of chirality is present in both, C- and N-

centered representatives.!®

The self-assembly mechanism takes place in highly
cooperative fashion.™® Consequently, the mechanism shown in Figure 9 can also be

transferred to 1,3,5-benzenetrisamides based on triaminobenzene.

Among others’, the self-assembly of 1,3,5-tris(2,2,-dimethylpropionylamino)benzene
was investigated in high boiling hydrocarbon solvents. Supramolecular fibers with
exceptional aspect ratios (>1000:1) were obtained by the controlled recrystallization
from 2,2,4,4,6,8,8-heptamethylnonane (HMN) at defined concentrations between 50
and 600 ppm. Abraham et al. demonstrated that with decreasing trisamide
concentration, but constant cooling rate, the lateral dimension of the fibers becomes
smaller and the fiber diameter distribution gets more and more narrow down to the
nanometer range. Moreover, the influence of the cooling rate on the self-assembled
morphology was investigated by keeping the trisamide concentration in solution the
same. With a slower cooling rate a broader fiber diameter distribution is observed for

. . . 117
all investigated concentrations.

The nanomechanical properties of supramolecular fibers of 1,3,5-tris(2,2,-
dimethylpropionylamino)benzene obtained from a concentration of 600 ppm in HMN
with a cooling rate of 10 K/min were investigated via atomic force microscopy (AFM)
bending experiments (Prof. A. Fery, Physical Chemistry Il, University of Bayreuth).
Kluge et al. found a Young’s modulus of 3.2 + 1.4 GPa, which is similar to those of
semicrystalline polymers and consequently impressive due to the lack of covalent bonds

within the aggregates.'*®
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1.2.3 Cyclohexanetrisamides

R 1,3,5-Cyclohexanetrisamides are based on an alicyclic core. The
NH [¢] . R . .
o R different core structure has a significant influence on the solid state
properties and self-assembly behavior in solutions compared to 1,3,5-
R.

N0 benzenetrisamides. 1,3,5-Cyclohexane-trisamides with C-centered

amid bonds have been studied and are summarized in the following.

Cyclohexanetrisamides in the solid state

In 1995 Hilton et al. reported on the crystal structure of cis,cis-cyclohexane-

tricarboxamide carrying three 6-picoline substituents.'*®

The compound crystallizes in
the trigonal space group R3c. The amide bonds can rotate freely since they are not
linked to a conjugation with the core, as it is the case for 1,3,5-benzenetrisamides.
Thus, almost linear hydrogen bonds are formed by tilting the amide group nearly
perpendicular to the ring. All amide groups point in the same direction. The side chains
are arranged on top of each other. A turn of the molecule of 60° is not necessary to
strengthen the hydrogen bonds. Thus, a rigid supramolecular nonhelical column is
formed (Figure 11).48'119 The interdisc spacing is 41 A and, therefore, larger than the
distance in 1,3,5-benzenetrisamides with 35 A. The reasons for the wider spacing are
the almost 90° turned amide bonds filling more space in between two adjacent
cyclohexane cores. Moreover, the columns pack closer compared to aromatic
analogues, due to a smaller column distance, revealed from XRD investigations.®*

Carrying branched side chains, the packing structures of the columns are more compact
as for 1,3,5-cyclohexanetrisamides with linear substituents, which are more equally

distributed around the alicyclic core.*?

Figure 11. Top and side view of N,N’,N”-octyl-1,3,5-cyclohexanetricarboxamide. The geometry was
calculated using a PM6 approximation. [Modified with permission from reference 112. Copyright
2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.]
The thermotropic phase behavior of symmetric 1,3,5-cyclohexanetrisamides equipped
with several linear and branched substituents was intensively investigated by

Sijpesma et al'® and Timme et al® Starting from n-hexyl side chains,
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1,3,5-cyclohexanetrisamides form columnar rectangular plastic mesophases. A relatively
rare columnar nematic phase was found for this substance class with alkyl chains longer
as n-heptyl. The nematic phase is an intermediate state between the higher ordered
columnar mesophase and the isotropic phase. With branched side chains
pseudorectangular lattices and columnar hexagonal ordered phases were observed.
In general, the transition temperatures are higher than those of analogous 1,3,5-
benzenetrisamides, since 1,3,5-cyclohexanetrisamides form stronger hydrogen bonds

within a columnar stack resulting in highly stable aggregates.sz'120

Concerning the transition from the mesophase into the optical isotropic phase, weaker
lateral interactions are lost first while maintaining the hydrogen bonds, as it is already
known from 1,3,5-benzenetricarboxamides. 1,3,5-Cyclohexanetrisamides carrying
branched alkyl chains are transferred into a nematic phase, which is optically
anisotropic. With increasing temperature the hydrogen bonds get weaker, the columns
break into smaller pieces and the melt appears optically isotropic, even if there are still
columnar aggregates present. Just by further heating single molecules are obtained in

the molecular isotropic phase.82

Self-assembly of cyclohexanetrisamides in solution and

the formation of macrodipoles

1,3,5-Cyclohexanetrisamides are widely used as organo- and hydrogelators. They form

enormous long supramolecular aggregates, resulting in a dramatic increase of the

L3 The self-assembled columns are remarkable straight and

121

solution viscosity.
stabilized by strong hydrogen bonds™" as seen from the structural elucidation in solid
state.

Due to the fixed direction of the amide groups in one direction, a macrodipole is

1 Theoretical

generated along the stiff columns in solid state and in solution.
investigations show that the macrodipoles formed in cyclohexanetrisamides (~170 D)
are much stronger than those of benzenetrisamides (~110 D). This fact can be attributed
to the different strength of the hydrogen bonds of these two substance classes. The
macrodipole itself is higher than the sum of the dipole moments of the individual
monomers within one column, indicating cooperativity among hydrogen bonds pushing
the one-dimensional growth.112 Consequently, the self-assembly mechanism shown in
Figure 9 is also valid for 1,3,5-cyclohexanetrisamides.

Samori et al. proved that supramolecular 1,3,5-cyclohexanetrisamide fibers can be

aligned and manipulated in an electric field due to the presence of the macrodipole.'?
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1.3 Electrospinning

Electrospinning, or electrostatic fiber spinning, is an easy, versatile, and inexpensive
technique to produce fibers with diameters down to several nanometers by subjecting a
fluid jet into an electrical field. The collected nonwovens are formed of quasi infinitively

long fibers; fiber ends are barely observable.***?*

Electrospinning of solutions, as typical top-down approach was already observed by
Rayleigh in 1897. The first patent was granted to Formhals in 1934, followed by several
others dealing with the experimental set-up to produce polymer fibers using an
electrostatic force. In the past 80 years an enormous amount of publication and patents

124

have been published about electrospinning of polymer solution and melts.” Over a

hundred natural and synthetic polymers have been electrospun into fibers. The variety
of investigated polymers ranges from commercial ones, such as polyethylene,
polypropylene, polystyrene and poly(methyl methacrylate), to biopolymers, such as

collagen, gelatin and silk fibroin, and quuid—crystallinelz‘r’

126,127

representatives, just to

mention a few.

Worldwide more than 200 universities and research institutes are examining the
electrospinning process in its detail and all the various aspects of fiber formation by
using electrostatic forces.'?® Away from the academic investigations, the technique is
already well-established in many technological areas.'?® Besides a tremendous amount
of available review articles, a very good overview of electrospinning is given in the

/. 19. /..129

recently published text books from Wendorff et al.”” and Ramakrishna et a

Most research topics and articles about electrospinning deal with the fabrication of

polymeric fibers from solution™®*?1%

Nevertheless, just a few studies are available for
melt electrospinning since polymer melts are intrinsically nonconductive and their
viscosity is much higher compared to solutions. The fiber formation of solution
electrospinning is based on the evaporation of the solvent, whereas the fiber formation
gained by melt electrospinning relies on the cooling of the melt.**°

The first study about electrostatic fiber spinning from polymer melts was done by
Larrondo and St. John Manley in 1981. Their melt electrospinning process resulted in
large fibers with diameters above 50 um, related to the high viscosity of the polymer
melt. 333 Recent studies demonstrate that homogenous melt electrospun fibers with
a diameter below one micron are accessible by applying higher voltages and increasing

128,130,134,135

the spinning temperature. Increasing the conductivity of the polymer melt

by addition of conductive additives such as antistatic agents, ammonium salts, sodium

oleate and sodium chloride, is another possibility to achieve more narrow fiber

136,137 138

diameter distributions. In the case of polypropylene and polyamide-6
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electrospun fibers with average diameters in the range of 500 nm were obtained.
Therefore, the benefits of the easy and inexpensive generation of nanofibers are
ensured by avoiding problems known from solution electrospinning, such as (harmful)
solvent residuals in nonwovens.®® Moreover, melt electrospinning offers the access to
many polymers being limited in fiber production due to their low solubility, often just in
scarce and expensive solvents.®® A severe drawback of electrospinning arise e.g. from

the lower fiber output compared to melt blowing techniques.

1.3.1 Electrospinning set-up and the influence of the parameters

A typical experimental set-up of a solution or melt electrospinning apparatus is shown
in Figure 12. For an electrospinning experiment a syringe equipped with a metal needle
capillary, which is filled with (polymer) solution or melt is required. The fluid or melt is
pumped through the needle capillary to ensure a homogenous flow and maintain
material supply during the spinning process. A high voltage source is applied between
the metal needle capillary and the collector plate serving as counter electrode. For a

melt electrospinning apparatus additional heating around the syringe is required.

syringe pump

syringe filled with
(polymer) solution or melt
!
i.
—
—_— A
o

needle capillary

é fiber formation
(

_\________'_'_,_._-/

high voltage
supply

collector

I

Figure 12. Schematic set-up of an electrospinning unit.

Usually a metering syringe pump is used to transport the solution or melt at a
continuous and stable rate through the capillary into the electrical field. The flow rate is
usually in the range from 5 uL/h up to 100 mL/h. The diameter of the capillary needle
used depends on the application: For melt electrospinning the inner needle diameter is
restricted by the viscosity of the melt because a sufficient flow has to be ensured.
Usually, the inner spinneret diameter is around 0.5 mm.

In many experiments the distance between needle tip and collector is between 3 cm
and 25 cm. Since fast solvent evaporation respectively fast cooling of the melt is

important for solidification of the jet, the collector distance has to be set sufficiently
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large to avoid the collection of coalesced fibers. An exception is near field

electrospinning using reduced distances in the range of 500 um to 3 mm.**°

There are variations on the collector geometries and collection configuration to
fabricate desired fiber patterns, such as a nonwoven fiber mesh, aligned fibers, huge
fiber mats or the production of individual fibers. Set-ups with e.g. a rotation drum,
parallel electrodes, rotating wire drum disc collectors, an array of counter-electrodes
and yarn collection using a water bath represent a selection of various approaches to
obtain ordered electrospun fiber assemblies.*** 4

The applied electric field is determined by the needle tip to collector distance and the
applied voltage. Typically the electrical fields are between 100 kV/m to 500 kV/m. The
required high voltage, mostly in the range of 7 kV to 50 kV, can either be applied at the
needle tip or at the collector. The corresponding counterpart is either grounded or
oppositely charged. E.g., when a positive voltage is applied at the needle tip, the melt is
positively charged before accelerated towards the collector. Most studies of solution or
melt electrospinning of polymers are based on an electrical field direction from needle

tip to collector. In some cases the direction of the electrical field can be
I’eversed.19'125'127’130'144

The morphology and diameter of the electrospun fibers depends strongly on the
electrospinning parameters, such as applied voltage, distance between needle tip to
collector, configuration of the electrodes, flow rate and inner needle diameter.
Additionally, intrinsic parameters such as electrical conductivity of the polymer, surface
free energy, viscous and elastic properties and, in case of solution electrospinning, on
solution and solvent properties are crucial for the electrospinning process. Experimental
and theoretical studies show that changes in solvent purity respectively applied
temperature, molecular weight of the polymer, flow rate and electrical field strength

. e . . 127,130,145-148
have significant influence on the diameter.” ">

Moreover, charge-bearing
additives such as surfactants, cationic or anionic agents are widely used to enhance the
electrospinnability due to a better conductivity of solution or melt and, consequently, to

. . - 125,137,138,144,14
end up with thinner electrospun fibers 5137,138,144,149

The fiber formation during the electrospinning process from solution or melt can be
divided into four parts: (1) droplet formation at the tip of the needle capillary; (2)
initiation of the jet; (3) elongation of the jet due to instabilities; (3) solidification of the
jetinto fibers.**® On the first glance this top down approach looks quite simple, but the

physical process behind is very complex.m'153
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1.3.2 Fiber formation by solution electrospinning

In solution electrospinning a drop is formed at the tip of the capillary die and begins to
deform from a hemispherical to a cone-like shape, when the drop gets electrostatically
charged in the presence of the electrical field. A so called Taylor cone™* with a half
angle around 30° is formed by electrostatic repulsion of the charges into the

droplet 126,155,156

The induced charges are positive in case of an electrical field direction
from needle to collector, whereas a reversed field direction leads to oppositely charged
charges. When the applied electrical field is higher than a critical value, the repulsive
electrostatic forces overcome the surface tension and a fluid jet is ejected towards the

126,128,142,150,157

collector. The formation of the Taylor cone and the initiation of the jet are

shown in Figure 13.

(polymer)
solution or melt
/ Taylor cone
pendantdrop
induced charges from electric field

initiation of the jet

)

Figure 13. Schematic illustration of the formation of the Taylor cone. In this case the electrical field
direction is from needle to collector. Left: pendant drop, formed at the needle tip; center:
elongation of the drop from hemispherical to a cone-like shape due to the repulsion of the induced
charges; right: formation of the Taylor cone and the initiation of the jet, if a high enough electric
field is applied. [Adapted from reference 142.]

In solution electrospinning instabilities occur about 1 cm under from the capillary tip.
Thereby, the diameter of the filament gets extremely reduced by stretching, bending,
further acceleration, and the evaporation of the solvent. These instabilities strongly
influence the size, geometry, and morphology of the electrospun fibers. The first
upcoming instability is axisymmetric and known as Rayleigh instability. It occurs when
the applied electric field is too low or when the viscosity of the solution is below an
optimum value. Apart from the Rayleigh instability, the straight part of the jet is also
controlled by two further instabilities. These instabilities are bending (axisymmetric)
and whipping (non-axisymmetric), and arise from the charge-charge repulsion of the
excess charges present in the jet. The axisymmetrical instabilities, Rayleigh and bending,
can be avoided by applying higher electrical fields, resulting in a larger charge density,
or by working with higher solution concentrations. In this case whipping instabilities are
enhanced. Often, the whipping instability occurs in such a high frequency that the jet

appears to be split into multiple filaments.*#***¢163
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The solution concentration and the molecular weight of the polymer, consequently the
solution viscosity, is a parameter for the extent of chain entanglement which plays a
crucial role in the formation of fibers. If the chain entanglement is lower than a critical
value, often denoted as concentration for entanglements C, the electrospinning jet
breaks up and electrosprayed beads are obtained instead of electrospun fibers. This
happens at very low concentrations even if high molecular weight polymers are used.
Beaded fibers are collected, if the extend of chain overlap is not high enough, even if
the chains starts to interact with each other (C<C.). First at concentrations above Ce,

d. 147142164165

fiber formation in electrospinning will procee The schematic sketch in

Figure 14 draws possible morphologies being formed by solution electrospinning.

=

Increasing polymer solution concentration

Figure 14. Schematic representation of the influence of the solution viscosity on the electrospun
morphology obtained by solution electrospinning of polymers as parameter for chain
entanglement. [Adapted from reference 147.]

1.3.3 Fiber formation by melt electrospinning

The physical process for the jet formation during melt electrospinning is similar to
solution electrospinning. A pendant drop of a polymer melt, hanging at the spinneret, is
first extended (Taylor cone) when exposed to a high electric field. The electrostatic
charges, introduced by the applied electrical field acting on the fluid have to overcome
the surface tension and viscoelastic properties of the melt to form a single fluid jet out
of the Taylor cone. This jet is accelerated towards to the collector when a sufficient field
strength is reached. 30135166 Compared to solutions, the viscoelastic jet obtained from
melt is thicker because of the higher elongational viscosity.’®” As the molecular weight
of a polymer increases, the increasing chain entanglement resists the stretching process
and, consequently, a higher electrical field is required to stretch the cone into a fiber

130
form.

Even at high electric fields it was not possible to form a Taylor cone for a high
molecular weight polypropylene. Due to the high viscosity of the melt, it is rather
extruded through the spinneret than electrospun.*®®

On its way to the collector the jet gets accelerated in the electrical field, internal
stresses caused by charge repulsion result in an alignment of the polymer chains along

the fiber axis and a thinning of the jet is observed.*>**® Within the initial region the jet
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stays straight for a long distance, about 10 cm at a nozzle-collector distance of 15 cm,

135,169

before instabilities occur and the jet begins to coil and to buckle. This so called

“late coiling” was also demonstrated for other melt electrospun polymers such as

167
d.

polylactic aci This agrees with early studies performed by Taylor, pointing out that

the jet stability increases with a high viscous material.*’'7*

If excessive surface charges
overcome the surface tension, an area of instabilities occurs resulting in buckling and,
consequently, whipping of the jet, whereby the diameter of the jet decreases by orders
of magni'cudes.130 The jet thinning rate decreases, if the jet temperature comes close to
the melting point of the polymer.*®®

Low conductive and viscous fluid materials, such as silicone oil and ethylene glycol, form
stable jets without buckling instabilities. Coalesced fibers were collected in this case.
Consequently, the low conductivity of polymer melts might be the reason that melt
electrospun fibers are often thicker than solution electrospun fibers because buckling
instabilities of the jet are suppressed.™°

In general, the chain entanglement increases with increasing molecular weight of the
polymer which is crucial to obtain homogenous fibers without beads. At low viscosities
of the polymer melt, for example by selecting higher temperatures of the melt
electrospinning process, the jets breaks up during acceleration and droplets are

formed.164,172

Since bending and buckling of the molten polymer jet occurs close to the collector,
elongated jets from polymer melt have been exploited to “write” direct lines of

electrospun fibers (near field electrospinning).’*173174

Melt electrospinning offers a
stable jet allowing a rather good prediction over the position of electrospun fibers,
when the needle-collector distance is reduced.** Especially for tissue engineering, it is
important to place electrospun fibers into discrete patterns on a collector/substrate.
For example, fibroblast cells were seeded onto a melt electrospun biodegradable
polymeric fiber mesh and they start to adhere within the scaffold in a three dimensional

fashion.}417®
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134 Electrospinning of small molecules from solution and melt

When a liquid of a low molecular weight substance is subjected to an electric field, a jet
is formed out of the elongated droplet. Due to the electrical forces, the jet breaks up
when it is accelerated in the electrical field. The jet disrupts into droplets due to the lack

176

of chain entanglement and electrospraying occurs.””” Therefore, polymers have been

178-180

tailored with additives like drugs,”” enzymes, bacteria, inorganic particles or for

181

example liposomes to act as supporting material during the electrospinning

pl‘OC(ESS.uG'150

However, Long et al. proved in 2006 that homogenous electrospun fibers from solution
can also be obtained from lecithin, a mixture of phospholipids and neutral lipids derived
from soybean, thus a non-polymeric, low molecular weight substance (Table 2, entry 1).
Required are solely sufficient intermolecular interactions acting similar to the chain
entanglements in polymeric systems.'® This low molecular mass amphiphile could be
electrospun due to the formation of cylindrical micelles growing in a one-dimensional
fashion upon an increase in amphiphile concentration. At higher concentrations these
formed “wormlike” lecithin micelles overlap and undergo entanglement, comparable to
polymer chains in semi-dilute solutions. At 35wt% in a 70/30 chloroform/N,N’-
dimethylformamid solution beaded fibers were obtained, identifying the critical
entanglement concentration (C=C.). At lower concentrations only droplets were formed
(C<Cc). Above 35 wt% lecithin (C>C.), electrospun fibers within a diameter range of
1 um to 5 um were formed due to sufficient entangled properties of the wormlike

micelles. 164182183

In the last years some publications appeared dealing with successful electrospinning of
self-assembling molecules from solution into a uniform nonwoven. The investigated
substances are summarized in Table 2.

Long et al. examined also another class of amphiphiles on their electrospinnability. The
ammonium gemini surfactant, N,N’-didodecyl-N,N,N’,N’-tetramethyl-N,N’-ethandiyldi-
ammonium dibromide (12-2-12), self-assembles into threadlike micelles in solution.
Thus, an important factor required for electrospinning is given. Electrospun fibers were
obtained from a 50/50 water/methanol mixture above a concentration of 22 wt%
(C>Ce). At lower concentrations (C<C.) beads were formed and beaded fibers were
obtained at C=C, (Table 2, entry 2).184

(Table 2, entry 3) were recently electrospun into fibers (d= ~1 um) from methanol

Moreover, also phosphonium gemini surfactants

(52w’c%).185 Consequently, Long et al. demonstrated once again that the electrospinning
jet is stabilized by the entanglement of the wormlike micelles being required for the

formation of electrospun fibers from this low molecular weight amphiphile.
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Table 2. Overview of small molecules investigated by solution electrospinning with molecular

structure, used solvent, solution concentration and morphology of the electrospun material.

Conc. Morphology/
Entry Molecular structure Solvent Ref.
[wt%] | fiber diameter
| 0 JoL <35 | beads
N
N P. 164,
2+"0710 0" R CHCls/DMF
1 -0 o/\o(\ > 35 beaded fibers 182,
70/30
R : 183
R, R fatty acid residues >35 | fibers/~5um
| <22 | beads
.\M/\/\/\/\/\/\
Br Water/MeOH
2 22 beaded fibers 184
BT NN 50/50
>22 | fibers /~5um
beads and
A <52 )
P/\/\/\/\/\/\ beaded fibers
Br 45
3 _ MeOH 185
Br P/\/\/\/\/\/\
+
@ >52 | fibers /~1um
n=2-3
<13.2 | beads
HFIP 13.2 | beaded fibers 186
4 H 9
HoN "\é)LOH >13.2 | fibers /~0.7 um
\© n.n. >15 | fibers 187
o
5 O o N_I n.n. >15 | fibers 187
OH
5 ¥
O 2
o__N_.J OH fibers/ 187,
6 ) NY HFIP >18
Q o ~0.3-10 um 188
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Solution Conc. | Morphology/
Entry Molecular structure . i Ref.
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Continuation of Table 2: Overview of small molecules investigated by solution electrospinning.

Solution Conc. | Morphology/
Entry Molecular structure . . Ref.
parameters | [wt%] | fiber diameter

<100 | beads
Water, DMF 192-
12 ~100 | beaded fibers
or DMAC 195
n=6: a-cyclodextrin fibers/
n=7: B-cyclodextrin ~140 ~0.2-2 pum

n=8: y-cyclodextrin

|
.O o\/\N/\/jn/l\o fibers/

N
13 H CHCl, 181 | 199
. O/\/N n/q/j\No/\ o
|
N

Kern et al. reported the electrospinnability of diphenylalanine (Phe-Phe) nanotubes
from 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) above 13.2 wt% (Table 2, entry 4). At

lower concentrations (6 wt%) beads or a mixture of beads and fibers (13.2 wt%) were

obtained due to the absence of entanglement respectively low entanglement of the
assembled molecules. It is pointed out that strong interactions acting similar to
sufficient entanglement, are essential for the fiber formation, and are only achieved
with high concentrated solution. It was assumed that above 13.2 wt% the phenyl
molecules start to interact in the Taylor cone, before a jet is ejected into the electrical
field. As driving force for the formation of beadless fibers the evaporation of the solvent
is mentioned forcing the diphenylalanine molecules into an ordered structure, at least
along the surface of the jet. The surface of the fibers seems to be totally hydrophobic
and is probably completely composed of phenyl moieties. The mechanical properties of
the electrospun fibers were investigated in comparison to self-assembled fibers via
atomic force microscopy (AFM) tests showing that the self-assembled fibers are much

stronger.'®

Further self-assembling aromatic peptide derivates, Fmoc-glycine (Table 2,entry 5) and
Fmoc-phenylalanyl-glycine (Table 2, 5) were electrospun into fibers from various
solvents with a concentration above 15 wt%.'® Fmoc-phenylalanyl-glycine was
electrospun from a 18 wt% solution in HFIP into short fibers with diameters from
300 nm to 10 um (Table 2, entry 6).157188
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Also tetraphenylporphyrin (TPP) is a self-assembling, small molecule (Table 2, entry 7).
Electrospinning from a 9.1 wt% HFIP solution resulted in fibers with an average
diameter of 0.8 + 0.6 um. Furthermore, diphenylalanine (Phe-Phe) was coupled with
TPP (Phe-Phe-TPP) and electrospun from HFIP (Table 2, entry 8). Nanofibers with a
diameter distribution of 0.4 £ 0.3 um were obtained. Additionally, a mixture of Phe-Phe
and Phe-Phe-TPP (1:9 mol%) was electrospun from a 9.1 wt% HFIP solution into fibers
(0.5 +0.2 um).*®

At a very low concentration of 3 wt%, two bioactive peptide amphiphiles were
electrospun from water (Table 2, entry 9 and 10). Due to the achieved, already
sufficient high enough solution concentration and solution conductivity, electrospun

fibers with average diameters of around 4 pm were collected.*®

A heteroditopic monomer was successfully electrospun from solution by Huang et al..
Benzo-21-crown-7 forms with a dialkylammonium salt a host-guest interaction which
self-assembles in chloroform into a rod-like fiber at high concentrations (Table 2, entry
11). The electrospinning from chloroform in a concentration of 250 mM resulted in a
nonwoven with a broad fiber diameter distribution in the range from 200 nm to 4 um.
Huang et al. argue that the formation of the required stable electrospinning jet is
stabilized by the formation and entanglement of the supramolecular structure.
Moreover, the increase of the solution viscosity caused by the good association of the
host-guest complex in chloroform is important to generate fibers. Using Acetonitril
instead of chloroform as electrospinning solvent solely beads were obtained. The choice
of solvent is crucial in the electrospinning process since it affects the bond strength

between the molecules as well as the solution viscosity.***

The class of cyclodextrins is the most published representative of electrospinable low
molecular weight substances. Cyclodextrines are cyclic oligosaccharides with a ring-
shaped molecular structure. If the chemical structure is built up of six, seven or eight
glucopyranose units, a-, B- or y-cyclodextrins are formed, respectively. Like the
heteroditopic monomer, also cyclodextrins can form host-guest complexes with various
small molecules and self-assemble via intermolecular hydrogen bonding into intriguing
structures. The ring-shaped cyclodextrin structure acts thereby as hydrophobic cavity.

In 2010 Uyar et al. reported on electrospun cyclodextrin nanofibers obtained from very

high concentrated solutions for the first time.'*?

Bead-free nanofibers from B- and y-
cyclodextrins were collected from water, dimethylformamide (DMF), and dimethyl-
acetamide in concentrations of 140 and 160 (w/v) (Table 2, entry 12). Note that more

substance than solvent was used. The obtained fibers were in the range of 20 nm to
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2.0 um. At concentration around 100-120 % (w/v) beaded fibers were obtained and
electrospraying occurred from the three solvents.’**%
Similar observations were made for a-cyclodextrin when it was electrospun from

195,

a 10 % (w/v) NaOH aqueous solution.””B-Cyclodextrins can also be electrospun from

water at concentrations between 60 wt% to 70 wt% with an improved electrospinning

set-up, which was published by Khan et al. in 2012.*%

An additional study of
electrospinning of B-cyclodextrins from DMF was done by Diao et al.. The electrospun
cyclodextrin nanofibers were decorated afterwards in an adsorption experiment with a
red dye to show their potential in separation applications of organic pollutants or drug
delivery.197

Also y-cyclodextrin was electrospun from a DMSO/water system without using a
carrying polymeric matrix. Furthermore, the nanofibers were successfully used for the
entrapment of aniline and toluene by inclusion complexation opening the way for

functional filter materials.'®®

These studies prove that at high concentrations cyclodextrin molecules are able to form
sufficient hydrogen bonded aggregates and efficiently acting as chain entanglement and
necessary overlap in electrospinning by stabilizing the electrified jet.

Also, the addition of urea to the water based electrospinning solutions was investigated
because urea acts chaotropic and can break the hydrogen bonds between self-
assembled molecules. Due to the lowered viscosity of the solution the jet was more
stretched during the electrospinning process. Thinner fibers were obtained when up to
10 wt% urea were added to the 140 % (w/v) and 160 % (w/v) cyclodextrin solutions.

A higher amount of urea (17.5-20 wt%) led to the formation of beads, because the
electrified jet broke up due to the lack of a sufficient amount of cyclodextrin
aggregates.wz’196
In a different work, a cyclodextrin inclusion complex with triclosan, an antibacterial and
antifungal agent, was investigated in electrospinning. As the host-guest complex was
not soluble in water, the dispersion was electrospun into homogenous fibers with an
average fiber diameter distribution of 380 £ 200 nm. The addition of 20 wt% urea to the
inclusion complex resulted also in beads, due the depressed self-assembly of the

. 193
cyclodextrin molecules.
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Very recently, Yang et al. reported on a photoresponsive supramolecular substance in
electrospinning. A blue fluorescent nonwoven of a stiff stilbene with two
ureidopyrimidinone moieties in (Z)-configuartion was obtained by electrospinning from
chloroform (Table 2, entry 13). The stiff stilbene derivate self-assembles in ring-chain
supramolecular fashion due to the quadruple hydrogen-bonding unit 2-ureido-4[1H]-
pyrimidinone. It is the first published work on photoresponsive quadruple hydrogen-

199
bonded supramolecular substances.

When lecithin, a phospholipid mixture, was investigated in melt electrospinning, the
process failed and ended up in electrosprayed beads. Long et al. speculate that the
electrospinning process occurs too fast for the different molecules interacting, included
in the phospholipid mixture. Another phospholipid, 1-palmitoyl-2-oleoyl-sn-glycerol-3-
phosphoethanol-amine (POPE, Figure 15), was successfully melt electrospun at 200 °C
into fibers with an average fiber diameter of 6.5 + 2.0 um by this research group. They
argue that POPE molecules associate fast enough during the electrospinning process
due to its well-defined chemical structure and the existing long range aggregates in

164,200
melt.”™"

D N N N

o
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Figure 15. Chemical structure of 1-palmitoyl-2-oleoyl-sn-glycerol-3-phosphoethanol-amine (POPE).
It is the only investigated small molecule yielding fibers by melt electrospinning.200
This novel solution and melt electrospinning approach using low molecular weight
substances offers a promising access to self-assembling molecules. The necessary
requirements to obtain electrospun nano- and microfibers have to be further

investigated.
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2 Objective of this thesis

The main objective of this thesis is the preparation, characterization and comparison of
supramolecular nano- and microfibers based on 1,3,5-benzene- and 1,3,5-
cyclohexanetrisamides using self-assembly from solution as bottom-up and

electrospinning from melt as top-down approaches.

The first objective is the establishment of structure-property relations concerning the
mechanical properties of nano- and microfibers prepared by self-assembly.
Supramolecular 1,3,5-benzenetrisamide fibers should be prepared from nonpolar
solvents within a fiber diameter range of 200 nm to 2 pum. The molecular structure of
the trisamides (connectivity of the amide linkage to the central core, peripheral
substituents) and the self-assembly conditions (concentration, cooling rate) should be
varied to investigate the influence on the morphology. Suitable methods have to be
applied to characterize the fiber structure. The mechanical properties of the
supramolecular fibers should be determined in collaboration with the group of

Prof. Andreas Fery, Physical Chemistry Il, University of Bayreuth.

As top-down approach, electrospinning, which is well-studied for polymers, is a suitable
method. In contrast, electrospinning of small molecules from melt has only been
described for one phospholipid. Therefore, the second objective is to establish melt
electrospinning of 1,3,5-benzene- and 1,3,5-cyclohexanetrisamides without utilizing a
polymeric carrier material. The conditions of the melt electrospinning process such as
spinning temperature, electrical field strength and electrical field direction should be
varied to gain a deep understanding in the electrospinnability of this class of low
molecular weight substances.

In case of a successful preparation of supramolecular nano- and microfibers, a
systematic study of the influence of the molecular structure of 1,3,5-benzene- and
1,3,5-cyclohexanetrisamides on their electrospinnability should be performed in more
detail. Additionally, the gained experience should be used to shape small molecules of
other self-assembling compound classes into fibers by melt electrospinning (third

objective).
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To connect all previous findings, the fourth objective of this thesis is concerned with the
comparison of the crystal structure, the morphology and the nanomechanical
properties of 1,3,5-benzenetrisamides fibers obtained by self-assembly from nonpolar
solvent and melt electrospinning. Further structure-property relations should be
established.
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3 Synopsis

Four publications are the basis of this thesis, which have already been published. Three
of them are published as full article and one as feature article. They are presented in

chapter 4, section 3 to 6.

The objective of this thesis is the formation, characterization and comparison of nano-
and microfibers consisting of 1,3,5-benzene- and 1,3,5-cyclohexanetrisamides
fabricated by self-assembly from a nonpolar solvent and by electrospinning from melt.
The chemical structure of these low molecular weight substances was systematically
varied to study the influence on their self-assembly behavior and melt
electrospinnability. In addition, the mechanical properties of the supramolecular fibers
obtained by a typical bottom-up and by a top-down approach were investigated in
collaboration with the group of Prof. Andreas Fery, Physical Chemistry I, University of
Bayreuth. The findings were compared to establish new structure-property relations.

A schematically representation of the focus of the thesis is shown in Figure 16.
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Figure 16. Schematic illustration of objectives of the publications and manuscripts of this thesis.
Fibers are produced from 1,3,5-benzene- and 1,3,5-cylohexanetrisamides by using self-assembly
and melt electrospinning techniques. The molecular structure is systematically varied to gain
insights to structure-property relations concerning fiber morphology, mechanical properties and
molecular orientation.
The 1,3,5-benzene- and 1,3,5-cyclohexanetrisamides discussed in this thesis were
synthesized via established synthesis procedures using commercially available starting
materials. In general, the substances were synthesized from the amine reacting with the
corresponding acid chloride. The synthesis routes of 1,3,5-benzene- and 1,3,5-
cyclohexanetrisamides and other investigated self-assembling molecules can be found
in detail in the corresponding publications and manuscripts. The characterization of the
materials was carried out by standard techniques. The purity of the materials was

analyzed by nuclear magnetic resonance spectroscopy (NMR) and mass spectroscopy.
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The thermal behavior was characterized by thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC). Image techniques such as polarized optical
microscopy (POM), scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) were applied to characterize the morphology of the formed fibrous

materials. The crystal structure was investigated using X-ray diffraction.

The first part of this thesis deals with the influence of the molecular structure of 1,3,5-
benzenetrisamides on fiber morphology and on mechanical properties of the fibers.
Three compounds were selected varying in the connectivity of the amide group to the
benzene core and carrying different alkyl substituents. Well-defined, self-assembled
nano- and microfibers were obtained from all substances by controlled recrystallization
from 2,2,4,4,6,8,8-heptamethylnonane (HMN) as nonpolar solvent, as a typical bottom-
up approach. Using atomic force microscopy (AFM) bending experiments, the flexural

rigidities and the Young’s moduli of the supramolecular fibers were determined.

In the second part, the possibility to shape 1,3,5-benzene- and 1,3,5-cyclo-
hexanetrisamides into fibers by using melt electrospinning, a typical top-down
approach, is demonstrated for the first time. Long and homogenous fibers in the
(sub)micron diameter range were obtained from the thermotropic nematic phase, and,
as well, from the isotropic phase. In particular, the influence of the spinning

temperature and the applied electrical field strength were investigated in detail.

In the third part of this thesis, the melt electrospinning approach was extended besides
further trisamides to other self-assembling molecules such as bisamides, sorbitol and
perylene bisimides derivatives. By a selection of several sets of compounds, the number
of hydrogen bonds was systematically decreased or even prevented and the influence
of the m-conjugated core was taken into account. The electrospinning process, in
particular the formation of the Taylor cone, was investigated. With this work melt

electrospinning of small molecules into nanofibers was established.

The fourth part connects and compares all results obtained in this thesis. Therefore, the
focus is on the characterization on multiple length scales of supramolecular fibers
obtained by bottom-up and top-down approaches. Self-assembled and melt
electrospun microfibers were fabricated using the same 1,3,5-benzenetricarboxamide.
On the Angstrom scale, X-ray diffraction was performed to investigate the resulting
crystal structure of both fiber types. The microscopic fiber morphologies were observed
using SEM and the Young’s modulus of self-assembled and melt electrospun fibers was

determined by nanomechanical bending experiments.
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In the following, the major findings, applied procedures and experimental set-ups of the
four topics are summarized. No literature references are given in the synopsis, but they

can be found in the attached publications and manuscripts (chapter 4).
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3.1 Influence of the Molecular Structure and Morphology of Self-Assembled
1,3,5-Benzenetrisamide Nanofibers on their Mechanical Properties*

The first part of this thesis focuses on the self-assembly of different 1,3,5-
benzenetrisamides into fibers. To establish structure-property relations, the mechanical
properties were determined as function of the molecular structure and fiber

morphology.

Three compounds (1a, 1b, 2a) were selected varying in connectivity of the amide
moieties to the central core and the structure of the substituents. The morphology of
the supramolecular assemblies obtained by a controlled recrystallization from
2,2,4,4,6,8,8-heptamethylnonane (HMN), a high boiling nonpolar solvent, depending on
concentration and cooling rate was investigated in detail. The chemical structures of the

compounds are shown in Figure 17.
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Figure 17. Chemical structures of 1,3,5-benzenetrisamides based on trismesic acid (1) and 1,3,5-
triaminobenzene (2). As solvent 2,2,4,4,6,8,8-heptamethylnonane (HMN) was used.

For the controlled recrystallization, compounds 1a (600 ppm), 1b (500 ppm) and 2a
(600 ppm) were dissolved in a closed cup in HMN at 240 °C using a drop point cell.
The self-assembly into fibers was achieved by cooling the samples to room temperature
applying a cooling rate of 20 K/min for 1a and 2b and 5 K/min for compound 1b.
The morphology of the supramolecular fibers was investigated by scanning electron
microscopy (SEM, Figure 18). All fibers exhibited large aspect ratios of more than 500:1.
Over the whole length of the fiber, the uniform and linear structure, and, the fiber
diameter are maintained. Nanofibers with a narrow average diameter of 200 nm were
obtained from 1a. Compound 1b self-assembles into nanofibers with an average
diameter 400 nm. Fibers with a significantly larger diameter are generated by
compound 2a (d= 2000 nm). Thus, the influence of the peripheral substituents and the
amide connectivity to the benzene core on the self-assembly behavior resulting in

different fiber morphologies was established.

*This part of the thesis was published as a full article, which can be found in section 4.3:
D. Kluge, J.C. Singer, J.W. Neubauer, F. Abraham, H.-W. Schmidt, A. Fery; Small, 2012, 8, 2563-2570.
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Figure 18. a) SEM image and size distribution of nanofibers of 1a. The average diameter d is
0.240.1 pm. The SEM overview image and the inset highlight the narrow size distribution and
homogeneous structure of the nanofibers. b) SEM image and size distribution of nanofibers of 1b
(d = 0.4+0.2 pm). c) SEM image and size distribution of fibers of 2a (d = 21 um). The vertical
dashed lines in the histograms indicate the minimal and maximal size of each fiber type for which
successful AFM bending measurements were performed. [Modified with permission from Small,
2012, 8, 2563-2570. Copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.]
The mechanical properties of the supramolecular fibers were determined by
nanomechanical bending experiments using atomic force microscopy (AFM) in
collaboration with the research group of Prof. Dr. Andreas Fery, Physical Chemistry I,
University of Bayreuth. For that purpose, the fibers were transferred to glass substrates
structured with channels (width: 10-40 um) to achieve a freestanding configuration
(Figure 19a). The deformation setup is schematically shown in Figure 19b. Recorded
force-deformation curves on the supported segments of the fibers reveal no significant
deformation of the fibers influencing the nanomechanical bending experiments (Figure
19c). Afterwards, force-distance measurements were performed on several positions x

along the freestanding fiber segments. From the slope of the force-distance curve the
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stiffness k of the fiber at the respective position x was calculated. An obtained stiffness

profile of a supported fiber segment of 1a is shown in Figure 19d.
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Figure 19. a) Freestanding configuration of a fiber on a structured glass substrate. b) Sketch of
the experimental setup. c) Force-deformation curves obtained on the bare substrate, around the
middle of the supported segment (A), and at an intermediate position between edge and
midpoint (B). From the slope of the curves the stiffness k at the respective position is calculated.
d) Stiffness profile of a freestanding segment of 1a along position x. The data were obtained by
averaging over six measurements on the same segment and were fitted with the double-
clamped beam model (DCBM; solid line) and the supported beam model (SSBM; dashed line).
The DCBM allows the better fit. [Modified with permission from Small, 2012, 8, 2563-2570.
Copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.]
From the shape of the profiles, the boundary condition and the fiber modulus was
determined. There are two commonly applied models describing the boundary
conditions: The fiber ends are firmly fixed in the double-clamped beam model (DCBM),
whereas the fiber ends can rotate freely in the supported beam model (SSBM). For the
herein investigated fiber data both models were tested. Since the DCBM allowed the
better fit, only segments corresponding to the DCBM were used for the calculation of
the flexural rigidity and the modulus. The Young’s modulus of 1a was calculated to
2.3+0.3 GPa, for 1b a modulus of 2.1#0.1 GPa and for 2a of 3.3+0.4 GPa was
determined. The values are comparable with those found for electrospun poly(trimethyl
hexamethylene terephthalamide) (PA 6(3)T).
For the comparison of the three 1,3,5-benzenetrisamides the stiffness of the
freestanding fiber segments was considered (Figure 20a). The rigidity of 1b was two
orders of magnitude higher than for 1a. For compound 2a, the flexural rigidity was three
orders of magnitude higher. Since rigidity is proportional to the cross section, this

increase is a pure size effect.
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In addition, it was found that the distribution of the individual moduli is comparable for
all systems (Figure 20b). Consequently, the influence of the investigated molecular

structures of 1,3,5-benzenetrisamides on the Young’s modulus is less pronounced.
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Figure 20. a) Apparent flexural rigidity of all investigated nanofiber segments. The stiffness was
measured at the midpoint of the freestanding segments. Please note that the x axis has a
logarithmic scaling. The rigidity of 1b is one to two, and of 2a is up to three orders of magnitude
higher than that of 1a. b) Distribution of the calculated modulus E for all three investigated
systems. The results for all systems are comparable. [Adapted with permission from Small, 2012,
8, 2563-2570. Copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.]

Via a defined molecule design and carefully chosen recrystallization conditions the
morphology of the nano- and microfibers can be altered and their flexural rigidity can

be tuned while maintaining the Young’s modulus.
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3.2 Shaping Self-Assembling Small Molecules into Fibres by Melt
Electrospinning*

Usually, a liquid drop of a low molecular weight substance disrupts into droplets when
subjected to an electric field due to the lack of chain entanglement. Recently, it was
shown by Long et al. that secondary interactions in small molecules can act similar to
chain entanglement in polymers necessary to form fibers by solution and melt
electrospinning. That 1,3,5-cyclohexane- and 1,3,5-benzenetrisamides self-assemble
into supramolecular structures from solution was well-investigated in the first chapter
of this thesis. Their mesophase behaviour and the existence of a macrodipole along the
columnar stacking axis which can be utilized to align self-assembled fibers in an
electrical field is the motivation to investigate these small molecules in melt

electrospinning.

In this chapter, for the first time , the fiber formation from 1,3,5-cyclohexane- and 1,3,5-
benzenetrisamides using melt electrospinning technique as top-down approach was
described. It was demonstrated that quasi-endless and homogenous fibers were
obtained from the liquid crystal nematic and from the isotropic phase of 1,3,5-
cyclohexane- and 1,3,5-benzenetrisamides. It is assumed that even in the optical
isotropic melt sufficient secondary interactions are present to prevent the
electrospinning jet from disruption. In particular, the influence of the spinning
temperature and the applied electrical field strength on the morphology of the

electrospun material was studied.

Three compounds, 1,3,5-cylohexane- (1) and two 1,3,5-benzenetrisamides (2-3), were
chosen, their molecular structure differing in core structure, connectivity of the amide
groups to the central core, and the length of the linear aliphatic substituents (Figure 21-
23). Compound 1 and 2 form liquid crystalline phases: 1,3,5-cylohexanetrisamide 1
exhibits a columnar rectangular plastic mesophase followed by a nematic phase before
the transition into the isotropic state is observed. Compound 2 exhibits a hexagonal
plastic phase transforming into a columnar hexagonal ordered phase before reaching
the isotropic state. Compound 3 is characterized by a melting point without forming any
mesophases.

The obtained fiber morphologies of 1-3 were investigated as function of spinning
temperature and applied electrical field strength. The used electrospinning set-up is a

custom designed machine. The syringe needle and all attached electronic components

* This part of the thesis was published as a communication, which can be found in section 4.4:
J.C. Singer, R. Giesa, H.-W. Schmidt; Soft Matter, 2012, 8, 9972-9976.
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were earthed and the high voltage power supply was attached to the collector plate.
For comparable electrospinning parameters, the needle to collector distance (6 cm) and
the flow rate (200 uL-h™") was kept constant for all experiments.

Compound 1, a 1,3,5-benzenetrisamide based on trimesic acid, was electrospun from its
nematic phase since this phase is less viscous than columnar phases. From the columnar
phase at 200 °C electrospinning failed due to the high viscosity of the melt. Moreover,
fibers were also collected by melt electrospinning from the optical isotropic melt, even

if secondary interactions are not expected anymore (Figure 21).
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Figure 21. Left: chemical structure of 1. Comparison of SEM images of melt electrospun fibers of
1 from the nematic phase at 300°C (center) and optical isotropic phase at 330°C (right).
[Modified from Soft Matter, 2012, 8, 9972-9976 with permission from The Royal Society of
Chemistry.]

A more heterogeneous spinning process was observed for electrospinning from the
nematic phase due to the relatively high melt viscosity resulting in fiber with a broader
diameter distribution (d=1.1#1.2 um). Long and homogenous fibers with a size
distribution of d=1.3+0.2 um were obtained from the isotropic melt.

For compound 2 the fiber formation was studied as function of the spinning
temperature (Figure 22).

Figure 22. Chemical structure of 2 and the SEM images of melt electrospun fibers and spheres of
2 as a function of the spinning temperature. Spinning conditions: voltage: -30 kV, flow-rate:
200 pL h™, distance needle tip—ground plate: 6 cm, needle ID: 0.6 mm. [Modified from Soft
Matter, 2012, 8, 9972-9976 with permission from The Royal Society of Chemistry.]
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Electrospinning from the columnar phase at 200 °C was not possible due to the high
melt viscosity. However, at 32 K above its transition into the isotropic phase (250°C)
homogenous and quasi-endless fibers were obtained with a diameter distribution of
0.940.2 um. By further increasing the temperature (290 °C) a fiber thinning to
d=0.3+0.2 pm and the formation of spheres was observed. At an even higher spinning
temperature (310°C) solely spheres were collected.

Compound 3, based on 1,3,5-triaminobenzene, was electrospun from its isotropic melt
at 200 °C, and the influence of the applied electrical field strength was studied
(Figure 23). At a voltage of -25 kV (E=4.2 kV-cm™) thick fiber fragments with an average
diameter of 12.0+2.0 um were obtained. With increasing electric field strength,
respectively voltage, an elongation of the fragments to homogenous and quasi-endless
fibers was observed. Fibers with an average size distribution of d=2.2+0.4 um were
collected at -45 kV (E=7.5 kV-cm'l). A stronger electrical field induces additional charges
to the melt droplet and facilitates the formation of long and homogenous fiber by melt

electrospinning.
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Figure 23: Left: chemical structure of 3. SEM images of melt electrospun fibers of 3 from the
isotropic phase as function of the electrical field strength E: center: -25 kV (E=4.2 kV-cm’l); right:
-45 kV (E:7.5kv-cm'1). Spinning conditions: temperature: 200 °C, flow-rate: 200 pL h'l, distance
needle tip—ground plate: 6 cm, needle ID: 0.6 mm. [Modified from Soft Matter, 2012, 8, 9972-
9976 with permission from The Royal Society of Chemistry.]

A unique consequence of the supramolecular properties of trisamides is the fiber
formation during melt electrospinning even from the isotropic phase. It is assumed that
in the optical isotropic phase columnar aggregates are still present. Due to these pre-
aggregates forming a macrodipole, it is proposed that the columns can interact with the
electrical field and fiber formation is favored. The disruption of the electrospinning jet
into spheres is prevented in the same manner. At higher temperatures sphere
formation is observed due to the decreasing hydrogen bonds interactions between the
molecules within a column and the resulting length reduction of the pre-aggregates

down to molecular isotropic phase where single molecules are present.
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3.3 Melt Electrospinning of Small Molecules*

In the third part of this thesis the field of melt electrospinning of low molecular weight
compounds was exhaustively explored. Therefore, the amount of hydrogen bonds was
consciously decreased or even prevented and the influence of the m-conjugated core
was investigated. Besides 1,3,5-cyclohexane- and 1,3,5-benzenetrisamides, the study
was extended to bisamides, sorbitol derivates as well as to perylenebisimide derivatives
and 1,3,5-benzenetrisamides incapable of forming hydrogen bonds as curiosity. The
melt electrospun morphologies of 31 small molecules were explorated as function of
molecular structure and the parameters necessary to obtain electrospun fibers were

investigated.

First of all, the study focuses on the determination of the experimental parameters
using 1,3,5-cyclohexane- and 1,3,5-benzenetrisamides. The distance between needle tip
to ground plate was set to 6 cm, the flow rate was adjusted to 200 mL h*, and for every
experiment a needle capillary with an inner diameter of 0.6 mm was chosen. Since with
increasing spinning temperature, the amount of electrosprayed beads rises by
surpressing the formation of fibers, the spinning temperature was set for all
experiments about 20 K above the isotropic transition. Therefore, a fully isotropic melt
was ensured and progressing decomposition was handled.

In the next step, the influence of the electrical field direction on the fiber morphology
was investigated. When a positive voltage was applied in the used electrospinning set-
up with a grounded needle tip, the field direction pointed from ground plate to needle
tip and negative charges were induced to the melt surface. In case of applying a
negative voltage the field direction was reversed and, consequently, the melt was
positively charged. It was found, that when a positive voltage is applied, a lower
electrical field was necessary to obtain fibers. However, with negative applied voltages
thinner and more uniforms fibers were collected and the melt electrospinning process
was overall more homogeneous.

Finally, the influence of the electrical field strength E was tested by applying negative
voltages from -25kV to -45 kV (E = 4.2 — 7.5 kV cm™). At higher voltages solely fibers
were collected, whereas at lower applied voltages mainly spheres and beaded fibers
were obtained. Therefore, it was shown, similar to polymer solutions, that the net
charge density on the surface of the melt droplet increases with stronger electrical field

strength facilitating the formation of long and homogenous fibers.

* This part of the thesis was published as a feature article, which can be found in section 4.5:
J.C. Singer, A. Ringk, R. Giesa, H.-W. Schmidt; Macromol. Mater. Eng., 2015, 300, 259-276.
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Consequently, all further experiments were performed using a negative applied voltage

of -40 kV at a distance of 6 cm (electrical field strength E = 6.7 kV/cm).

For a 1,3,5-benzenetricarboxamide equipped with n-hexyl substituents the Taylor cone
formation and the jet ejected from the drop was studied (Figure 24). This was the first
time that the electrospinning process of small molecules was investigated by high-speed
imaging. A spherical fluid drop was emerged from the capillary die (0 ms) and got
electrically charged in the electrical field. The interaction of the charged fluid with the
electrical field resulted in a cone-like deformation of the drop shape (1.05 to 2.15 ms).
The applied electric field overcame the surface tension of the drop when a half-angle of
the cone of 30° was reached and, consequently, a jet was ejected towards the collector
(2.35 and 2.50 ms). The ejected and accelerated jet followed a straight path before
instabilities occurred and the jet performed unstable motions necessary to obtain
nanofibers during electrospinning (Figure 24, right). It was visualized that a stable jet
was generated by melt electrospinning and the intermolecular interactions are

sufficient to prevent a breaking of the fluid jet into droplets.

Figure 24. Images taken from a high-speed video of the formation of the Taylor cone (left) and
the acceleration of the jet in the electric field (right) are shown for trihexyl-1,3,5-
benzenetricarboxamide. Images were taken with a frame rate of 20,000 frames/s (left) and
10,000 frames/s (right), respectively. The scale bar indicates 1 mm. (Spinning parameters:
voltage: -30kV, distance needle tip—ground plate: 6 cm, temperature: 250 °C, flow rate:
200 mL h'l, needle capillary ID: 0.6 mm). [Adapted from Macromol. Mater. Eng., 2015, 300, 259—
276. Copyright © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.]

To establish structure-property relations, the study focused on melt electrospinning of

1,3,5-benzene- and 1,3,5-cyclohexanetrisamides from the isotropic phase. A comparison

of trisamides carrying linear or branched side chains indicated a strong influence of
these substituents on the melt electrospun morphology. With branched side chains
mainly beaded fibers and spheres were collected when electrospun. In contrast,
compounds with linear side chains were shaped into long and homogenous nanofibers.
1,3,5-cyclohexanetrisamides were additionally electrospun from their nematic phase

and fibers with a broader diameter distribution were collected.
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Moreover, the influence of the amide connectivity to the central core was investigated
in detail for 1,3,5-benzenetrisamides. When all three amide bonds were connected C- or
N-centered homogenous melt electrospun nanofibers were collected. However, with
mixed amide connectivity from electrospinning resulted in a heterogeneous mixture of
fibers, beaded fibers, and spheres (Figure 25, left). The formation of spheres and
beaded fibers was the consequence of a less stable electrospinning jet and could not
been explained solely by considering the strength of the macrodipoles formed within a
supramolecular column. The reason might be a weaker packing of the columnar
aggregates when formed out of the melt of trisamides with mixed amide connectivity.
The disturbed stability of the jet might also be caused by weaker hydrogen bonding

within a column due to an asymmetric arrangement of the hydrogen bonds.
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Cr1841; Ts, = 200 °C;

Figure 25. SEM pictures of a representative morphology obtained by the spinning experiments of
a 1,3,5-benzenetrisamide (left), a 1,4-benzenebisamide (center) and a 1,4-cis-cyclohexane
bisamide (right) is depicted in the SEM images. Their phase transitions, melt electrospinning
temperatures (Ts,) and fiber/sphere diameters (dfs/dsph) are listed. (Cr: crystalline, I: isotropic.
Spinning parameters: voltage: -40 kV, distance: 6 cm, flow rate: 200 mL h?, needle capillary ID:
0.6 mm). [Modified from Macromol. Mater. Eng., 2015, 300, 259-276. Copyright © 2015 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim.]
To understand the influence of the amount of amide hydrogen bonds needed for fiber
electrospinning, the amount of hydrogen bonds was successively decreased. Therefore,
mono- and bisamides based on benzene-, naphthyl and cyclohexane cores were
investigated. Electrospinning of these compounds resulted mainly in spheres or short
and inhomogeneous fiber fragments and beaded fibers (Figure 25, center). For
compounds with a low melting point undefined morphologies were collected due to an
insufficient difference between spinning and ambient temperature. However, only 1,4-
cis-cyclohexanebisamide equipped with n-octly substituents was found to formlong and

homogenous microfibers (Figure 25, right).
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In the following, sorbitol derivates were investigated in melt electrospinning, since they
are known for their self-assembly behavior by another type of hydrogen bond
interactions, namely between an oxygen and a hydrogen atom. For all compounds
electrospraying was observed and mostly spheres were collected (Figure 26, left).

It seemed that the hydrogen bonds formed by the fast cooling of the melt during

electrospinning were too weak to shape the fluid jet into fibers.

To answer the question whether hydrogen bonds are essential for fiber formation,
electrospinning experiments were performed with perylenebisimide derivatives,
equipped only with large, conjugated m-m-systems. For the very first time, it was
demonstrated that these electron transporting materials can be shaped into fibers by
melt electrospinning (Figure 26, center). The strong n-m-interactions, originated from

the extended aromatic systems, are obviously sufficient to obtain electrospun fibers.

Cr 245 I; Tgy = 245°C; Cr 64 Coly, 123 I; Tg, = 140°C; glass, T,=65°C; Ts, = 140°C
degp= 3.1£2.9 pm dpp = 3.4£1.2 pm dip = 12.941.3 um

Figure 26. SEM pictures of a representative morphology obtained by the spinning experiments of
the sorbitol derivative NX8000 (left), a perylenebisimide derivative (center) and a 1,3,5-benzene-
trisamides incapable of forming hydrogen bonds (right) is depicted in the SEM images. Their
phase transitions, melt electrospinning temperatures (Ts,) and fiber/sphere diameters (df,/dspn)
are listed. (Cr: crystalline, Col: columnar mesophase, h: hexagonal, o: ordered liquid crystalline, I:
isotropic. Spinning parameters: voltage: -40 kV, distance: 6 cm, flow rate: 200 mL h™, needle
capillary ID: 0.6mm). [Modified from Macromol. Mater. Eng., 2015, 300, 259-276. Copyright
2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.]
Encouraged from the finding that hydrogen bonds were not necessarily essential to
form fibers of small molecules during electrospinning, the study was extended to
tertiary 1,3,5-benzenetrisamides incapable of forming hydrogen bonds. Surprisingly,
fibers were collected from all three investigated tertiary 1,3,5-benzenetricarboxamides
(Figure 26, right). Presumably, secondary m-mi-interactions of the central benzene core
are still present and, even if they are weaker than hydrogen bonds, sufficient enough to

prevent the electrospinning jet from breaking into droplets.
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This extensive and for the first time available study on melt electrospinning of self-
assembling low molecular weight substances shows that hydrogen bonds are not
necessary to collect fibers as long as sufficient m-m-interactions are present. By a
carefully selection of the substance and an intelligent design of the periphery, desired
electrospun morphologies such as fibers, beaded fibers and spheres, can be achieved.
With this study melt electrospinning was established as powerful top-down method for

the fabrication of nano- and microfibers of small molecules.
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3.4 Top-Down Meets Bottom-Up: A Comparison of the Mechanical
Properties of Melt Electrospun and Self-Assembled

1,3,5-Benzenetrisamide Fibers*

As it was shown in the previous chapters, supramolecular fibers of 1,3,5-benzene- and
1,3,5-cyclohexanetrisamides can be obtained by bottom-up and top-down approaches.
To connect all results of this thesis, this chapter focuses on the characterization of those
fibers on multiple length scales: crystal structure, fiber morphology and mechanical

properties were investigated and compared.

Tripropyl-1,3,5-benzenetricarboxamide (1, Figure 27) was selected and fibers were
prepare by controlled recrystallization from 2,2,4,4,6,8,8-heptamethylnonane (HMN), a
nonpolar solvent, (denoted SA-fibers) and by melt electrospinning (ES-fibers).

At an Angstrom scale, XRD measurements were performed on powdered fibers

indicating the same crystal structure for SA- and ES-fibers (Figure 27).
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Figure 27. Left: chemical structure of tripropyl-1,3,5-benzenetricarboxamide (1). Right: X-ray
diffractogram of self-assembled (SA) and electrospun (ES) fibers in powder form. [Modified with
permission from Polymer, 2012, 53, 5754-5759. Copyright © 2012 Elsevier Ltd.]

On a microscopic scale, the morphology of the SA- and ES-fibers was investigated by
SEM. SA-fibers were obtained with an average diameter of 1.2+0.7 um and ES-fibers
were fabricated with an average diameter of 0.8+0.2 pm. Even if the fiber diameters are
comparable, the morphology was found to be considerably different (Figure 28). The
differences in fiber morphology can be attributed to the process used to generate the
two fiber types: The self-assembly process, allowing the development of defined
structures, is much slower than fiber formation in electrospinning occurs. Therefore, SA-
fibers consisted of bundles formed by individual, approximately 100 nm thick strands. In

contrast, ES fibers are obtained with a smooth and defect-free surface.

* This part of the thesis was published as a full article, which can be found in section 4.6:
D. Kluge, J.C. Singer, B.R. Neugirg, J.W. Neubauer, H.-W. Schmidt, A. Fery; Polymer, 2012, 53, 5754-5759.
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In addition, ES-fibers are obtained from molten bulk material resulting in homogenous

fiber morphology.

Figure 28. SEM micrograph of the fracture section of a SA fiber (left) and an ES-fiber (right).

[Modified with permission from Polymer, 2012, 53, 5754-5759. Copyright © 2012 Elsevier Ltd.]
To compare the mechanical properties of both fiber types, nanomechanical bending
experiments using AFM (see section 3.1) were performed. The fibers were transferred
to micro-structured glass substrates to attain the required free-standing fiber segments
over the gap. The stiffness profiles, obtained by bending deformation measurements,
matched the double clamped beam model (DCBM). Afterwards, the Young’s modulus of
each investigated segment was calculated by applying the DCBM fitting conditions. The
distributions are shown in Figure 29. For SA-fibers an average modulus of E=3.610.4 GPa
and for ES-fibers a value of E=4.7+0.6 GPa was calculated. The Young’s moduli of the
investigated fibers are in the same range as (semi)crystalline or glassy polymers and are
in good agreement with former performed bending experiments on 1,3,5-

benzenetrisamides (see section 3.1).
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Figure 29. Distribution of the Young’s moduli E of each individual fiber of SA-fibers (open bars,

dashed line) and ES-fibers (hatched bars, solid line). [Modified with permission from Polymer,

2012, 53, 5754-5759. Copyright © 2012 Elsevier Ltd.]
Even if the fiber morphologies of SA- and ES-fibers are significantly different, both fiber
types show comparable elastic properties. The determined modulus of SA-fibers is
slightly lower than that for ES-fibers. This observation can be explained by the bundle
structure of SA-fibers tending to defects. In summary, supramolecular fibers were
obtained from tripropyl-1,3,5-benzenetricarboxamide (1), processed by a common

bottom-up and top-down approach.
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4 Publications

This chapter presents the list of publications; the individual contributions to joint
publications and manuscripts are outlined and the publications and manuscripts are

embedded. The corresponding author is marked with an asterisk.

4.1  List of publications

1. Daniel Kluge, Julia C. Singer, Jens W. Neubauer, Frank Abraham,
Hans-Werner Schmidt and Andreas Fery*
“Influence of the Molecular Structure and Morphology of Self-Assembled
1,3,5-Benzenetrisamide Nanofibers on their Mechanical Properties”
published in Small, 2012, 8, 2563—-2570.

2. Julia C. Singer, Reiner Giesa and Hans-Werner Schmidt*
“Shaping Self-Assembling Small Molecules into Fibres by Melt Electrospinning”
published in Soft Matter, 2012, 8, 9972-9976.

3. Julia C. Singer, Andreas Ringk, Reiner Giesa and Hans-Werner Schmidt*
,Melt Electrospinning of Small Molecules”
published in Macromolecular Materials and Engineering, 2015, 300, 259-276.

4. Daniel Kluge, Julia C. Singer, Benedikt R. Neugirg, Jens W. Neubauer,
Hans-Werner Schmidt and Andreas Fery*
, Top-Down Meets Bottom-Up: A Comparison of the Mechanical Properties of
Melt Electrospun and Self-Assembled 1,3,5-Benzenetrisamide Fibers”
published in Polymer, 2012, 53, 5754-5759.
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4.2 Individual contributions to joint publications

The publications of the thesis present the experimental work and findings as result of
collaborations with fellow researchers. The individual contributions of each coworker to

joint publications and manuscripts are specified in the following.

My work contribution was carried out at the chair of Macromolecular Chemistry |
(MC 1), University of Bayreuth, and assisted by Dr. Reiner Giesa under the supervision of
Prof. Dr. Hans-Werner Schmidt. The technical assistants Jutta Failner, Sandra
Ganzleben, Doris Hanft and Rika Schneider, Macromolecular Chemistry |, University of
Bayreuth, synthesized most of the compounds used in this thesis under my guidance.

The publications 1 and 4 were accomplished in cooperation with the research group of

Prof. Dr. Andreas Fery, Physical Chemistry Il, University of Bayreuth.

Publication 1:
Influence of the Molecular Structure and Morphology of Self-Assembled

1,3,5-Benzenetrisamide Nanofibers on their Mechanical Properties

Small, 2012, 8, 2563-2570.
Daniel Kluge, Julia C. Singer, Jens W. Neubauer, Frank Abraham, Hans-Werner Schmidt

and Andreas Fery*

The first manuscript was published as a full article describing the mechanical properties
of self-assembled 1,3,5-benzenetrisamides as a function of molecular structure and
fiber morphology. The compounds were synthesized by Sandra Ganzleben under my
guidance. | characterized all substances. Dr. Frank Abraham prepared one class of self-
assembled nanofibers. All other investigated self-assembled fibers were prepared by
me. | carried out the morphological characterization of all fibers by SEM investigations
and evaluated the fiber diameters of all supramolecular fibers. Dr. Daniel Kluge and Jens
W. Neubauer, Physical Chemistry I, University of Bayreuth, performed the
nanomechanical bending experiments by AFM measurements and evaluated the AFM
data.

The first draft of the manuscript was equally written by myself and Dr. Daniel Kluge.
Prof. Dr. Hans-Werner Schmidt and Prof. Dr. Andreas Fery supervised the project and

were involved in finalizing of the manuscript.
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Publication 2:

Shaping Self-Assembling Small Molecules into Fibres by Melt Electrospinning
Soft Matter, 2012, 8, 9972-9976.

Julia C. Singer, Reiner Giesa and Hans-Werner Schmidt*

The second manuscript was published as a communication article demonstrates for the
first time that supramolecular nano- and microfibers can be obtained by melt electro-
spinning. Under my supervision, the compounds were synthesized by Sandra
Ganzleben. The characterization of the substances was carried out by me. The melt
electrospinning experiments were performed jointly with Dr. Reiner Giesa. | performed
the morphological characterization by SEM investigations, evaluated the fiber diameters
and interpreted the results.

The first manuscript draft was written by me. Dr. Reiner Giesa and Prof. Dr. Hans-

Werner Schmidt were involved in the scientific discussion and finalized the manuscript.

Publication 3:

Melt Electrospinning of Small Molecules

Macromolecular Materials and Engineering, 2015, 300, 259-276.

Julia C. Singer, Andreas Ringk, Reiner Giesa and Hans-Werner Schmidt*

The third manuscript was published as a feature article discussing the state of the art of
electrospinning of small molecules from solution and melt. Different sets of self-
assembling, low molecular weight compounds varying in the amount of secondary
interactions were investigated with respect to melt electrospinning. Two of the
investigated compounds were synthesized by Dr. Andreas Ringk. All other substances
were synthesized by Jutta Failner, Sandra Ganzleben and Doris Hanft under my
guidance. | characterized all substances. The melt electrospinning experiments were
performed by myself, assisted by Dr. Reiner Giesa. The electrospinning parameters were
systematically investigated by me to determine the optimum process condition.
The morphology and size distribution of electrospun materials was evaluated by myself
and | interpreted the results. Dr. Roland Dersch, Macromolecular Chemistry II,
University of Bayreuth, and | investigated the melt electrospinning process using a high
speed camera.

| wrote the first draft of the manuscript, which was jointly finalized with the help of all

coauthors.
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Publication 4:
Top-Down Meets Bottom-Up: A Comparison of the Mechanical Properties of Melt
Electrospun and Self-Assembled 1,3,5-Benzenetrisamide Fibers

Polymer, 2012, 53, 5754-5759.
Daniel Kluge, Julia. C. Singer, Benedikt R. Neugirg, Jens W. Neubauer,

Hans-Werner Schmidt and Andreas Fery*

The fourth manuscript was published as full article and describes the characterization
on multiple length scales of fibers prepared by self-assembly and melt electrospinning.
The compound was synthesized by Doris Hanft under my supervision. | did the
characterization. The preparation and morphological characterizations of the
supramolecular microfibers were performed by myself and | carried out the XRD
investigations. An important step was the electrospinning directly on structured glass
substrates for the mechanical evaluation, which allowed the study of a broader range of
supramolecular nano- and microfibers. The AFM bending experiments and the
evaluation of the AFM data were carried out by Dr. Daniel Kluge, Benedikt R. Neugirg
and Jens W. Neubauer, Physical Chemistry Il, University of Bayreuth.

The first draft of the manuscript was equally written by myself and Dr.Daniel Kluge.
Prof. Dr. Hans-Werner Schmidt and Prof. Dr. Andreas Fery supervised the project and

were involved in finalizing of the manuscript.
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4.3  Influence of the Molecular Structure and Morphology of Self-Assembled
1,3,5-Benzenetrisamide Nanofibers on their Mechanical Properties*

The mechanical properties of supramolecular nanofibers are revealed by means of
nanomechanical bending tests. Different molecular structures have a strong influence
on the diameter and stiffness of the fibers. In contrast, the Young's modulus is

surprisingly little affected by differences in the chemical structure.
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Reproduced with permission;
Copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

* Daniel Kluge, Julia C. Singer, Jens W. Neubauer, Frank Abraham, Hans-Werner Schmidt, Andreas Fery;
Small, 2012, 8, 2563-2570.



Influence of the Molecular Structure and Morphology of Self-Assembled 1,3,5-Benzene-
trisamide Nanofibers on their Mechanical Properties

Smfﬂ I“—

I mm— Nanofibers

Influence of the Molecular Structure and Morphology
of Self-Assembled 1,3,5-Benzenetrisamide Nanofibers
on their Mechanical Properties

Daniel Kluge, Julia C. Singer, Jens W. Neubauer, Frank Abraham,
Hans-Werner Schmidt, and Andreas Fery*

The influence of molecular structure on the mechanical properties of self-assembled
1.3.5-benzenetrisamide nanofibers is investigated. Three compounds with different
amide connectivity and different alkyl substituents are compared. All the trisamides
form well-defined fibers and exhibir significant differences in digmeters of up to one
order of magnitude. Using nanomechanical bending experiments, the rigidity of the
nanofibers shows a difference of up to three orders of magnitude. Calculation of
Young's modulus reveals that these differences are a size effect and that the moduli of
all systems are similar and in the lower GPa range. This demonstrates that variation
of the molecular structure allows changing of the fibers” morphology, whereas it has
a minor influence on their modulus. Consequently, the stiffness of the self-assembled
nanofibers can be tuned over a wide range—a crucial property for applications as
versatile nano- and micromechanical components.

1. Introduction

Functional muterials with a defined nanostructure have
become one of the most promising research ficlds for advanced
applications such as tissue engineering, drug delivery, micro-/
nanoelectromechanical systems (MEMS/NEMS), and filtra-
tion" In these materials, one-dimensional (1D) objects
like fibers or Is play an imp role since they
often define or reinforce their structure—as individual rods

Naturally. a lot of effort has been put into the development
and el ol 1D s and i
erials in general 7l However, regardless of their prepa-
ration, the macroscopic propertics of these materials arc
always determined by their structure on much smaller length
scales. As o consequence, there is an ever-growing interest
in systems where, on the molecular level, structure—property
correlations can be und, 1 and lled.

R Iy, 1,3.5-b i Jes (BTAs) have attracted

il

or threads or as a part of complex hierarchical networks#%1
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great research interest because of their supramolecular aggre-
gation into heli 1 stacks with aspect
ratios**! In general, the growth of BTA molecules into an
ordered 1D structure is stabilized by th
bonding!"™ 12l The specific self-assembly behavior, i
strongly depends on the connectivity of the amide moictics 1o
the central core. Thus, we must differentiate between BTA based
on trimesic acid 1 and 1.3, 5-triaminobenzene 2 (Scheme 1)
All amide functions of type 1 are pointing in the same direc-
tion, which results in helically arranged, strong hydrogen
bonds "'l Compared to type 1, the hydrogen-bond length in
columns formed by BTA molecules of type 2 are lnng(r and

fold hveh

hence weaker, Salid-stat \IMR T L 1 with
Car-P. ] becul imulati showed that
wileyonlinelibrary.com
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Scheme 3. Chemical structure of BTAs based on trimesic acid (1) and 1,3,5-triaminobenzene (2).

in the solid state, the amide functions within the column of 2
are asymmeltrically arranged, thus leading in total to a weaker
aggregation !

The self-assembly behavior in solution and the solid-state
properties of BTAs also depend dramatically on the consti-
tution of the peripheral groups!™! Even subtle changes of
the side chains can infl the ngg beh and
properties of BTA. Starting with a linear Cg-alkyl chain, 1
shows discotic Ibquid{mlullim behavior!" 1 The aggrega-
tion in the i bilized utilizing hed side
chains /191 BTAs of type 2 show thermotropic liquid-crystal
behavior only with chiral substituents''

Consequently, BTAs offer the possibility to tailor desired
propertics. Well-defined BTA fibers were tailored 1o serve as
organo-"* 1 and hydrogel Ja-a) lar mate-

rials/ ™™ pucleating agents for polyvi sde

bridges!®* In a previous study of BTA fibers, we per-
formed bending experiments using atomic force microscopy
(AFM)F The presented experiments allowed us to identify
the correct type of sample fixation directly from the AFM
data, and thus 1o reliably measure the Young's modulus of
the investigated fibers.
Herein, we study the infl of the molecul

of self-assembled BTA nanofibers on their morphology and
mechanical properties. For that purpose, we investigate the
fibers of three different BTA structures, with respect to the
connectivity of the amide maoicties and the size of the alkyl
substituents. We briefly discuss morphological aspects and,
using AFM bending experiments, determine the stiffness of
the fibers and calculate their Young's modulus. Furthermore,
we compare our results with predictions and findings in the

and were designed to improve the properties of electret
materials!"' 1 Both BTAs based on trimesic acid and on
1.3, 5-triaminob were ly studied as polymer
processing aids™! and nucleating agents for isotactic poly-
propylene (i-PP) % Varga et al. recently uscd Ta as a new
type of f-nucleating agem for i-PRI

While there are many studies on the application of
BTAx only a little is known about their mechanical proper-

ties. In a previous study we showed that fibers obtained from

2. Results and Discussion

2a self-assembled from 224 4.0.3 K-

2.1. Morphology

To interpret the i T of the dif-

ferent BTAs, we I'trs: m\ullg,mcd the morphology of the self-
hyl bled A electron v (SEM)

(HMN) possess a
reported stability and the possibility 1o tailor their proper-
ties makes BTA nanofibers very ml:n‘slmg l'm bu:lom up

image of the dried samples is shown in Flpll! 1L
The nanofibers of 1a have an average diameter  of (.21 £
ll!l'li} um. The narrow siee distribution (Figure la, right)

Py hes and d Is furth

However, there are no experimential reporis on llu. effect
of the molecular structure on the mcch:m:.nl propertics 1o
date. 1 gating the hanical propertics of 1D mate-
rials on this scale requires approaches beyond typical macro-
scopic characterization techniques. Amongst other methods
{e.g., indentation and tensile tests), nanomechanical bending
experiments are recognized for their reliability, igl

the h of the stacked struc-
ture. Moreover, all sq.hl assembled il exhibit an immense
aspect ratio of more than 500:1. The inset in Figure 1a shows

the morphology of a single fiber. The di and the
straight and uniform structure are maintained over the whole
length. Compound 1b self bles into long aggreg

with an n\':mga diameter u[ {041 £ 0.18) pm. Compound

wird sample preparation, and applicability 1o a wide variety
of systems. 41 In the past, bending experiments were used

Ta with sub ] | groups forms  smaller
fibers than 1b \mh branched alkvl subumn.nn thus demon-
strating the i of the periph on the

lor ihc mcchnmcnl investigation of polymer fibers, 43451
15144 carbon bes (CNTs) 14141
and even complex structures like particle

nnnnmn‘ﬁ.l“'“'
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If- beh, A su;u!llicnntl\ larger fiber diameter,
accompanied by a wider distribution, is formed by 2a (d =

(241) pm).

small 2012, , Mo, 16, 2563-2570
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Figure 1. a) SEM image and size distribution of nanofibers of 1a. The average diameter d is (0.21 £ 0,08) um. The SEM overview image and the

inset highlight the narrow size

and structure of the

b) SEM image and size distribution of nanofibers of 1b

(d = (0.4 = 0,2) ). ¢} SEM image and size distribution of fibers of 2a (d = (2 £ 1) pm). The vertical dashed |Inrs in the histograms indicate the

minimal and maximal size of each fiber type for which

ful AFM bending

were

2.2. Bending Experiments

For the AFM bending experiments, the nanofibers were
tr rred o glass substrates structured with lithographically
prepared channels to ach a freestanding configuration.
Figure 2a shows a sche representation of the defo
tion setup, A representative SEM image of suspended fibers
can be found in the Supporting Inform.nllun [SI 1). As o first

For the actual bending experiments, we performed force—
distance measurements on 30 1o 40 positions along the free-
standing nanofiber segments. The stiffness at the respective
position was ited from the slope of the force-distance
curve. Towards the midpoint of the channel the measured
stiffness decreased, and hence we obtained stiffness profiles
along the whole freestanding segment (Figure 2c).

From the sh.q'k. of the profiles, we determined the

step, we ensured that there
sion of the nanofibers contributing to the bending experi-
ments. Therefore, we recorded force-deformation curves
on the supported segments of the samples. A typical meas-
urement can be seen in Figure 2b, There was no significant
deformation visible for the typically applicd loads.

small 2012, 8, N, 16, 2563-2570
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boundiary i { he type of fixation) of each segment
and the modulus of the nanofiber using models of classical
beam theory!*™| A detailed discussion of the importance of
the boundary conditions, of the analytical models, and of the
experimental procedure can be found in the literature. ¥ The
two most commonly applied models are the double-clamped
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Figure 2. a) Sketch of the setup. b) F cufves abtained on the bare substrate, around the middle of the supported

segment (A}, and at an intesmediate position between edge and midpoint (B). ¢) Stiffness profile of a supported segment of 1a, The data were

six

obtained by
s clearly valid.

an the g

beam model (DCBM), where the ends of the sample are
firmly fixed, and the simply supported beam model (SSBM),
where the ends are assumed 1o rotate freely*55

We observed both types of behavior and could clearly
distinguish between both cases. However, effects like a slight
slackness of the sample or defects at the fixation points can
lead to profiles that resemble a SSBM-type behavior although
the ends are clamped, and hence can lead to an inaccurate
mnterpretation of the duta. On the contrary, when a profile
matches the DCBM, the experimental mnd:ln‘ms h.n\': o e
in perfect ag with the modeled cl
and therefore the interpretation is much mnn. reliable, To
avoid uncertainties, we decided to use only scgments that
clearly corresponded to the DCBM for the calculation of the
modulus.

For the DCBM, the stiffness k(x) at a given position x is

ILET

k{x) =
==

F )
Here, L is the length of the freestanding segment and x is
the position where the load is applied. with D s x < L. El'is
the flexural rigidity defined as the product of the modulus £
and the arca moment of inertia 1. The measured profiles were
fitied with EI as the only free parameter.

To obtain £, we imaged each individual ber with

and were fitted with the DCBM {solid line} and S5BM (dashed line). The DCBM

It can be seen from Equation (1) that the spring constants

of multiple ik can be lized so that
one oblains
Ko (%) = T (2)
with

k(x) L'
b = 2L )
We I the lized spring of all investi-

gated nanofiber segments and fitted the data with Equation
(2) (Figure 3). The resulting modulus for la was (2.3 £ 0.3)
GPa. In the same way, we determined the Young's moduli of
Ih (2.1 £ 0.1) GPa) and 2u ((3.3 £ 0.4) GPa). The quality of
the fit shows the ! o of the def pro-
files with the DCBM. Therefore, the error bars are a direct
measure of the uncertainty of the determined Young's mod-
ulus wh:ch |< cﬂuq:d by defects and inhomogeneitics of the
I fibers and by intics of the meas-
urements. Those may be attributed 1o the error of the AFM
cantilever spring constant (<10% ), the channel width (<5%),
and the determined arca moment of inertia (<20%).
Smm_ tlu_ molecular structure suggests highly anisotropic

AFM and calculated 1 from the respective cross sections. This
sa hlghiy imporiant step, since the flexural rigidity scales

h pertics for the fibers, the effect of anisot-

ropy shuuhl also be discussed. When bent, the upper part of a
Iheam is subjected to compression while the lower part is sub-

tln. dmm:l‘.-r of the samples. By imaging each jeet to This leads to additional shear forees within
iber and caleulating the correet  the beam that become imp in ani it ial
arey moment of inertia, our evaluation of the when gth-t lius ratio of the bent segment becomes

data is not based on any assumplions concerning the size and
shape of the cross section. An example cross section can be
found in the Supporting Information (S12),

© 2017 Wiley-¥CH Verlag GmbH & Co. KGaA, Weinheim

L =4 /£ 1% In this case, shearing can be accounted for by
defining an apparent bending modulus £, that is related 1o
the true elastic modulus £ and the shear modulus G vial*47
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- 48, - Al_ G (5)
In any case, if shearing plays a dominant role, @ and con-
sequently E can be determined from the slope of 1 3
MAL?). However, for all i i 1 systems, no sig
influcnce of shearing was observed (Supporting Infor
51 3). Therefore, the anisotropy is only of minor :mpurmm
for the bending behavior under our measurement condi-
tions, and the determined values can be regarded as the true
Young's moduli in the axial direction of the nanofibers.

2.3. Comparison of the Systems

To dthlmlﬂL the effect of the molecular structure on the
we have to diff, between two

effects: the dufhr\.n« arising from the different thicknesses
of the individual iber types, and addi | changes of
the material properties. First, we compared the stiffness of the
freestanding nanofiber segments (Figure 4a), Since the meas-
had 10 be d on diff channel widths

for both samples. we normalized the stiffness with respect
to the channel width to obtain the apparent flexural rigidity,
irrespective of the boundary conditions found during evalua-
tion of the modulus. The rigidity of the freestanding segments

TR T T T T e TR T
osf @) [ REIE
=
& 05
& g m
= 04
@ =
H L 03
k] £ o2
E 01
z 0.0 .
§ a7 16 -15 14 13 2
z loglkL’)
e reeeerprroroeespatrerenererreroesoperiereoes
02 03 04 05 06 07 08 E
XL - b) = 1a

Figure 3. Results of the spatially resolved bending experiments, The
shape of all profiles shows excellent agreement with the DCBM. The
Lasger size of the eror bars compared to the individual measurements
135 seen in Figure 2) is a consequence and a direct measure of the

and of the moduli amongst
individual apeclmens of one sample.

| Rl
e o
for samples with a circular cross section. L is the length and
R the radius of the freestanding scgment, and f, is the form
factor of shear, which is related to the sample’s cross section
(.. 1009 for a evlinder), ! For more arbitrary cross sections,
the arca and second moment of area cannot be expressed by
the radius, and therefore

)

small 2012, 8, Mo, 16, 25632570
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= 1b
= 2a

Rel. Frequency
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=
T

100 10
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Figure 4. a) Apparent flexural rigidity of all investigated nanofiber
segments, The stiffness was measured at the midpoint of the
freestanding segments. Please note that the x axks has a logarithmic
staling. The rigidity of 1b is one to two, and of 2a is up to three orders
of magnitude higher than that of 1a. b} Distribution of the calculated
modulus for all three investigated systems. The results for all systems
are comparable,
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demonstrate that while the molecular structure alters the

Ia. For 2a, it was up 1o three orders of de higher. This
increase is a of the i d di of the

hology and th the absolute stiffness of the sclf-

investigated nanofibers, since the rigidity is proportional 1o
the fourth power of the radius.

In contrast, the modulus is comparable for all systems.
For la, we found a modulus of (2.3 £ 0.3) GPa, for 1b (2.1 £
0.1) GPa, and for 2a (3.3 £ 04) GPa. These whluﬁ are |n

bled fib the clastic modulus of all systems is
similar, even over a large range of sizes from about 100 nm to
3 pm. This allows tuning of the stiffness of the nanofibers. The
results of our study are a first step towards the application of
If- bled BTA hers as comyp for bott
functional materials with tailored propertics from the nano-
1o the mi I

good agreement with those found for el il
fibers!®! The result for 2a also confirms a study whers self.
assembled aggregates nl the same molecule were prepared

under diff ditions and o modulus of (3 g4, Experimental Section
+ 1) GPa was found M) Therefore, the change of stiffness by it =
up to three orders of can clearly be identified as of the 1.3, 1a, 1b, and 2a were synthe-

a pure size effect without equivalent changes of the material
This is a rather surprising llnﬂ.mg. since il suggests

sized as described in the literature. 4661
Nanofiber Preparation: Compound 1a or 2a (600 ppm) in
2,2,4,4,6,8,8-h oyl (HMN) was dissolved under

il of the i tigated mol on
the mechanical properties is small. In addition to the abso-
Tute value, we also investigated the distribution of the indi-
vidual moduli, which was also comparable for all systems
(Figure 4b).

From a molecular point of view, there are several contri-
butions to the mechanical stability of the BTA aggregates.
The ion of i hydi honds and the
mtercolumnar interactions governed by macrodipoles are
most important."*# The size and nature of the substitucnis
(lincar, branched, cyclic) play an additional role. The calcula-
tions of Stals et al, on the effect of the amide connectivity on
the aggregate stability suggest that BTAs based on trimesic
acid 1 are able to form stronger hydrogen bonds!"'l There-
fore one would expect that 1a and 1b have a higher elastic
modulus than 2a.

However, our measurements indicate a slightly higher
modulus for 2a compared to 1a and b, There are two expla-
nations for our findings. If the volume of the substituent is
i , the i distance b larger. Con-
sequently, the strength of the macrodipole interactions is
lowered. Concomitantly, the number of columns per cross-

I area d Both effects 1o the lower
modulus of 1a and Ib compared 1o 2a.
3. Conclusion
We have I} 1 sell- bled fibers of three BTA
Jerivatives with diff lecul; structures. Wc recorded

SEM images to i their phol

and found that 1a forms nanofibers with an J\emm. diameter
of (0.21 + 0.08) pm. followed by the nanofibers of 1b with an
average dismeter of (0.4 £ 0.2) pm, The fibers of 2a had an
average diameter of (2 £ 1) pm. wlth a much wider slrslr:hu
tion. We d the h as d

reflux at 240 "C and cooled to room temperature. This suspen-
sion (200 pL) was transferred to a custom-made high-pressure pan
and heated to 240 °C for 10 min in the dropping point cell FPEIHT
from Mettler Toledo. By cooling from 240 to 30 *C at 20 K min™
{controlled with the Mettler Toledo central processor FP20), a con-
trolled self-assembly into fibers was achieved. For the preparation
of 1b, a solution (500 ppm) was treated as described above. The
cooling rate was 5 Kmin™'.

The samples for the bending experiments were prepared by
wetting structured glass substrates (GeSIM GmbH, Grosserk-
mannsdorf, Germany; channel widths 5 and 10 pm for 1a, 10 pm
for 1b, and 30 pm for 2a) with blank HMN (15 L), adding the
nanofiber suspension (0.5 pL), and allowing the samples to dry
ovemnight.

SEM Imaging: For preparation of the SEM samples, the
nanofiber suspensions (5 uL) were placed in DSC aluminum pans
and the solvent was evaporated under reduced pressure. The
samples were sputtered with platinum (2.0 nm) in a Cressington
sputter coater 208HR to enhance conductivity, SEM Images were
recorded on a Zeiss LED 1530 FESEM instrument (Zeiss, Jena, Ger-

many). For the size over 200 indivi of
each system were evaluated.
AFM All AFM vere perfi d on
| i AG, Berin,

(umbined with a Zeiss Axdovert 200 microscope and a Zeiss LD
A-Plan® Ph1 objective lens (20w, numerical aperture 0.3, working
distance 4.3 mm). The bending experiments were performed as
previously reported,*® using tipless NSC12/AIBS cantilevers
(uMasch, Tallinn, Estonia). For 1a, the typical load was 50 nN,
which resulted in typical deformations of 100-200 nm at the mid-
point. In addition, 50 force-distance measurements with a max-
imum load of 150 nN were on 10 individual fib

on by the to prove that there was
no of the fibers during the bending
i For the on 1b, the typical load was

via nanomechamical AFM bending umem nts of all systems
and found that the fexural rigidity of Ib is one to two, and of
2a is up to three orders of magnitude higher than that of 1a.
We calculated the modulus of all three systems and obtained
(2.3 £0.3) GPa for 1a, (2.1 £ 0.1) GPa for Th, and (3.3 £ 0.4)
GPa for 2a. This showed that the dramatic difference of the
stiffness was purely o size effect. In conclusion, our findings

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

amund 30 nN. For 2a, the loads were between 50 and 100 nN to
achieve comparable deformations, None of the systems showed
unwanted compression under the tested loads of up to 150 nN.
The dimensions of the mechanically investigated nanofibers were

an the by the in inter-
mittent contact moede with sharp imaging cantilevers (Olympus
OMCL-AC160TS, Atomic Force, Mannheim, Germany). All data were

small 2012, 8, No. 16, 2563-2570



and using self-writt in Igor Pro
& (Wavemetrics Inc., Portland, USA), For the caiculauun of Young's
modulus, the data from 96 d profiles on 16 fibers of
1a, 72 profiles on 10 nanofibers of 1b, and 66 profiles on 10 fibers
of 2a were used.,

e —
Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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Supporting Information

SI 1. Representative SEM image of a fiber of 2a deposited on a structured glass substrate: The
fiber is free-standing in the channel areas, while it is supported on the elevated areas.
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SI 2. Exemplary cross-sections of a fiber of 2a as obtained by AFM imaging. It can be seen
that the cross-section deviates from a cylindrical shape. Therefore, we imaged each individual
investigated fiber and calculated the area moment of intertia / directly from the AFM-image
in order to calculate Young’s modulus.
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S1 3. Investigation of the shearing influence on the measured moduli. The data was calculated
using Equation (5). It can be seen that for 1a and 2a, no influence of shearing can be observed.
Only for 1b, a slope of the data points can be seen which — although ill-defined — could be
attributed to shearing. However, the contribution is too small for a reliable determination of G
which can be seen from the scatter of the data. Therefore, even if shearing contributes to the
measurements of 1b, the contribution is insignificantly small and the calculated bending
modulus Ej can be regarded as the true Young’s modulus E.
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4.4  Shaping Self-Assembling Small Molecules into Fibres by Melt

Electrospinning*

The melt electrospinning of low molecular weight trisamides into nano-and microfibres
is investigated in dependency on phase behavior, spinning temperature and electric

field strength.
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melt
electrospinning

Reproduced with permission;
Copyright © 2012 The Royal Society of Chemistry

* Julia C. Singer, Reiner Giesa, Hans-Werner Schmidt; Soft Matter, 2012, 8, 9972-9976.
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moieties,"! diph " or b iC Mono-

Self- "‘.-sm“ 1 1 k yY ..r "'“
nology for fabricating micro- and nanosized features. Utilization of
typical top-down approaches, such as electrospinning, is rare in
combination with sell-assembly. Here we report for the first time on
mell el of 1.35-cycloh and  1.3.5-benzene-
trisamides into fibres. The fibre spinning conditions were investi-
gated with respect to the type of mesophase and applied field
strength. It is possible to electrospin fibres from the nematic liquid
crystalline phase and, most surprisingly, also from the optical
isotropic state slightly above the clearing temperature, but not from
columnar L.C phascs. Under optimized conditions it is possible to
prepare b fibres with below 1 jum.

Thefummmufmuuandmnmnl}mlmrﬁbtsunﬂhmd

mers Long et al u-punui also the first case where melt electro-
spinnmg at 20 “C of a low molecular weight amphiphilic
phospholipid, forming long range aggregates, rendered fibres in the
range of 6 pm.*

1.3, 5Cyclot and 1,35 are an important
class of self- bling low lecular weight Is. The
mechanism of s.'lf-awtm of this class of ormmc compounds
into supramolecular structures is well established. Due to strong
intermolecular interactions in the form of hydrogen bonds of three
amide groups self-assembling takes place to form supramolecular
structures such as fibres and networks, and can also induce solvent
gelation.™* Depending on the core structure and substituents,
trisamides exhibit a complex mesophase phase behavior in the
mel."™™ It was also shown that compounds of this class of organic

by typical 1
such as melt blow splnmng. omlnl'ug'.d spmmns. or docl:tb
spinning.’ An altemative strategy vielding fibres in the same size
range is sell-assembly of small molecules as a typical bottom-up
a]:lprmdt. Hmutmnnnlhcmnlmalmnrmmwmﬁby
ing and self- bly from the melt of small

mola:ules.

Among top-d hes, solution elec became a
straightforward and wﬂsaulc fibre spinning technique for polymers. ™
In this process, charges are induced to a solution of a high molar
weight polymer in the presence of a strong electric fiekd. Due 10
polymer chain entanglements, breakup into droplets is not observed
but a stable jet s formed when electrostatic repulsive foroes on the
fuid surface overcome the :-urfaw tension. For small low molecular
weight molecul T ng into smull spherical droplets is the
result. As it was pointed out by Long ef al, a high mokecular weight
polymer is not actually essential for obtaining uniform electrospun

lecules form fip due 10 stacking. "™ This
\\Js utilized for electric-fickd assisted alignment of Hs-c_-,v.'k»
isarmides.™ or remnant polar
1,354 isamides. Fm‘ solution electrospinning of
a liquid crystalline, =-helical poly(z-amino acid) with rrummw
dipoles prealigned in the direction of the helical axis resulted in
materials with high thermally stable piezoelectric coefficients. ™
Trisamides were abso employed i our group as supramolecular
pnlymcr additives to improve the charge storage capability of
pylene as clectret fals ™ These results were our moti-
\-nmu to explore electrospinning of this class ol' compounds from
the melt. Candid: d in this 1on were selected
from a large pool of substances mutching certain phase behavior
and tempersture criteria, Dal’f‘cn:nl mcsuphw und an isotropic
melt should be in the experi range
up to 330 °C, detailed expenimental methods are included in
the ESL¥

fibres from solution, The primary criterion is the presence of suffici
intermolecular interactions which function similar to chain entan-
glements.® Only a few examples are reported where self-assembling
small malmxlu have been electrospun l'rom snILu.Lon mla fibres, for
Im sholipids™* " urewdo-

Tod the general el spinnability of this class of low
lecular weight pounds, one 1.3.5-cycloh (1) and two
types of 1.3,5-benzenctrisamides (2 and 3) were selected differing in
direction of the linkage of the amide groups to the core and core
W‘tun:llsclf Scheme | summarizes chemical structures, phase
type of pl applied spinning

Macromolecular Chemistry I Bayreuth Institite of Macromolecular
Research | BIMF), and Baveeuth Center for Collokl and Interfoces
(BZKG), University of Bayrewth, 95440 Bayreuth, Germany. E-mil:
Dares-werner. schmicdii@uni-bayrewth.de; Fax: +49 (0)921 553206; Tel:
+49 (0)92] 553200

tE ic sup Y ion (ESI) available. See DOI:
10.1039/c2sm264651

temperatures a.nd thermal stability of 1-3. Compounds 1 and 2

exhibit  liguid  crystaline  (LC)  phases,  denoted  as
Cn117C0167Col 2SIN31TI and Cr72Coly1 72Col 2181, respec-
tively,"” Explicitly, 1 forms a col lar plastic

(Coly) between 167 “C and 254 (_fo]juu!dby.lmnuucpiusel\lp
up 1o 317 °C.

9972 | Soft Matter, 2012, 8, 9972-9976

This journal is © The Royal Society of Chemistry 2012
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erystalling, o: ordered hiquid crystalline, N.: columnar nematic).

Comyp 1 2 forms a col hexagonal plastic phase (Coly,)
starting at 72 “C, transforming into a columnar hexagonal ordered
phase (Colyo) at 172 °C, and changes at 218 “C into an isotropic mell.
An exhaustive identif and ch iration of all mesophases
are reported clsewhere,"” and the sequence of losing order in discotic
mesophases and isotropic phases of trisamides with increasing
temperature, which has a direct impact on the melt electrospinning
resulls, is illustrated in Fig. 52 (ESIY). Finally, compound 3 exhibits
no mesophase and melts at 183 °C.

In the following, we will discuss fibre morphologies obtained as a
function of core structure, \rm\mu;. temperature, and apphed electric
field strength. € d of cyclob v civ-1,3.5-
tricarboxylic acid, exhibits a columnar rectangular (Col,) and a
columnar nematic (N,) phase (Scheme 1), but our efforts to electro-
spin 1 at 200 C from its Col,, phase failed due to the high viscosity of
this mesophase impeding the ¢ and defi of the
droplet at the tip. Instead, a v ucent sofl strand was extruded at
high pressure. In general, nematic phases are less viscous than
columnar phases because of reduced secondary interactions.™ Due 1o
the lower viscosity of the N, phase, compound 1 was successfully
electrospun at 300 “C and, most surprisingly, also from the optical
isotropic melt at 330 “C, as illustrated in Fig. 1. Very homogencous
and long fibres with a narrow size distribution of 1.3 £ 0.2 um were
collected at 330 °C. A larger variety of diameters (histograms are
included in Fig. 53-585t) were observed for fibres electrospun from
the nematic phase at 300 “C, indicating a more heterogencous spin-
ning progess,

Compound 2, based on trimesic acid with n-hexyl sub:

Fig. | Comparison of SEM images of melt electrospun fibres of 1 from
the nematic phase at 300 °C and optical isotropic phase at 330 °C. In both
cases fibre formation i\u!uﬂu'd fibres from the isotropic melt are thinner

exhibits a columnar hexagonal plastic (Colyy) and a hexagonal

and more h fitions: voltage: —40 kV, flow rate:
200 ul h 1.|h-|.|l|u nmjh tip grwnd plate: 6 cm, needle 1D: 0.6 mm),

Soft Matter, 2012, 8, 9972-9976 | 9973
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Shaping self-assembling small molecules into fibers by melt
electrospinning

Julia C. Singer, Reiner Giesa and Hans-Werner Schmidt
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Bayreuth Center for Colloids and Interfaces (BZKG)
University of Bayreuth, 95440 Bayreuth, Germany
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Supporting Information

Content
Experimental Methods

Figure 51. Drawing and details of the melt spinning equipment.

Figure S2. lllustration of loosing order with increasing temperature in a discotic mesophase

and optical isotropic melt of trisamides.

Figure S3. SEM i and fiber histog of 1, electrospun as function of the applied

temperature.

Figure S4. SEM images and fiber/sphere diameter histograms of 2, electrospun as function of
the spinning temperature in the optical isotropic melt.

Figure 5. SEM images and fiber diameter histograms of 3 as function of the negative

electric field strength at 200°C in the optical isotropic melt.

Figure 56. Melt viscosity as function of the temperature of compound 2 for the first cooling

run at 2K/min.
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Experimental Methods

Materials

1,3,5-Cyclohexane- and 1,3,5-benzenetrisamides 1-3 were synthesized according to reference
16 and 17. The molecular weight of 1 is 634 g/mol, and of 2 and 3 460 g/mol. The melting
temperature of 3 was determined in a Perkin Elmer Diamond DSC (heating rate: 10 K/min,
nitrogen flow: 20 mL/min). Temperature weight loss measurements of 1-3 were performed
using a Mettler SDTA 851 TGA at 10 K/min (nitrogen flow: 60 mL/min). 1 shows a 10%-
weight loss at 382°C, 2 at 390°C, and 3 at 379°C due to evaporation and not decomposition
indicated by a 100% weight loss without any char yield."® In isothermal TGA runs at the
spinning temperature under nitrogen atmosphere, 1-3 showed evaporation weight loss below
5wi% for at least 30 minutes which is much less than the typical time (15 min) for an

electrospinning experiment. For each temperature a new sample and syringe was used.

Electrospinning and Characterization

For melt electrospinning a custom designed equipment was utilized (Figure S1). An | mL
glass syringe (3) (Poulten & Graf, Fortuna Optima, luer glass tip) with a shortened (length:
1 mm} hypodermic 20G needle is placed in an electrically heated block (2) which temperature

can be set up to 350°C with a fluctuation of +0.5°C at 250°C. The reported spinning

temy is the temperature of the heated cylinder around the syringe body. The
temperature at the needle tip is max. 5 % lower. The plunger of the syringe is driven via a
piston, equipped with a pressure transducer, by a precision motor and gear system (1). The
entire drive unit can be tilted by 90° and thus the syringe can be easily replaced. Reversely to
the most common design for electrospinning, in this setup the syringe needle and

ih8

consequently all attached electronic components are earthed.™" The high voltage (HV) power

supplies (7) (Schulz Electronic, high voltage units AK0175 and AK1026, +60 and -60 kV,

(¥
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respectively) were connected to the collector plate (6) in the base plate (5) below the needle

(4).

Figure S1. Drawing and details of the melt spinning equipment,

(1)

12)

-3
(a)

distance

(s
(6)

(1) drive unit: DC motor, gear, and pressure transducer, (2) band heater, (3)
glass syringe with plunger, (4) metal hollow needle, (5) base plate (Teflon®),
(6) collector plate/HV electrode, (7) HV supply max. £60 kV,

The maximal distance between needle tip and collector is 14 ¢m, and the feeding rate for a
I mL syringe can be set from 20 to 1500 ul/h by adjusting the plunger speed. In many
preceding spinning experiments the influence of flow rate, needle ID, and distance needle tip-
ground plate were optimized, and kept at 200 pL/h, 0.6 mm, and 6 cm, respectively. Before
applying HV, each sample was equilibrated for three minutes at the spinning temperature and
flow rate. The electrospun material was collected on a single 12 mm diameter aluminum SEM
stub which was mounted on the collector plate. To investigate the surface morphology, the
stub was sputtered with platinum (2.0 nm) in a Cressington sputter coater 208HR and imaged
in a SEM Zeiss LEO 1530 FESEM (Zeiss, Jena, Germany) at 1.5 to 3 keV. From SEM
images the thickness distribution from at least 100 individual fibers or spheres was evaluated
using AxioVision LE Software (Carl Zeiss AG, Germany). The histograms for all thickness

distributions are listed in Figure §3 1o S5.



106 | Shaping Self-Assembling Small Molecules into Fibres by Melt Electrospinning

Electronic Supplementary Material (ESI) for Soft Matter
This journal is © The Royal Society of Chemistry 2012

Figure S2. lllustration of loosing order with increasing temperature in a discotic mesophase

and optical isotropic melt of trisamides.

In general for discotic mesophases, the order of the liquid crystalline phases decreases with

i,

perature.[see 17, and for instance, S. Laschat et al., Angew. Chem. Int. Ed.,
2007, 46, 4832.] Please note that typical and characteristic for trisamides, the isotropic phase

still consists of shorter columns but without birefringence, thus called optical isotropic. At

higher tempe the i ion between individual molecules in form of hydrogen bonds

is lost resulting in molecular isotropic, single molecules.

i S :
I “ I ' |
ot i e pravsup—
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Figure S3. SEM images and fiber histograms of 1, electrospun as function of the spinning
temperature. At 300°C the compound exhibits a nematic mesophase, at 330°C, above the
clearing temperature at 317°C, an isotropic melt is formed. Spinning parameters: voltage:

-40 kV, flow rate: 200 pL/h; distance needle tip — ground plate: 6 cm; needle 1D: 0.6 mm.
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Figure S4. SEM images and fiber/sphere diameter histograms of 2, electrospun as function of
the spinning temperature in the optical isotropic melt. Spinning parameters: voltage: -30 kV:

flow rate: 200 puL/h; distance needle tip — ground plate: 6 em; needle 1D: 0.6 mm.
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Figure S5. SEM images and fiber diameter histograms of 3 as function of the electric field
strength at 200°C in the optical isotropic melt. Spinning parameters: temperature: 200°C; flow

rate: 200 plL/h; distance needle tip — ground plate: 6 cm; needle 1D: 0.6 mm.
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Figure S6. Melt viscosity as function of the temperature of compound 2 for the first cooling
run at 2K/min. During cooling, at 207°C the viscosity of the melt dramatically soars during 10
K. Note, that the transition temperatures determined with DSC (Scheme 1) and melt rheology
of compound 2 differ by approx. 10 K. (Measured in a CVO150 rheometer (Malvern,
Germany) using an oszillating (1 Hz) cone-plate geometry (2.5%/25 mm) at a cooling rate of

2K/min)
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4.5  Melt Electrospinning of Small Molecules*

Electrospinning is an attractive way to prepare nano- and macrofibers. It was
demonstrated by our group that trisamides can be melt electrospun into
supramolecular fibers. To establish structure—property relationships regarding
spinnability and morphology, melt electrospinning experiments were conducted using
several classes of compounds. The number of hydrogen bonds was systematically
decreased from three for trisamides, to two for bisamide and sorbitols, and to zero for
perylene bisimides and tertiary trisamides. As a result, trisamides are readily spun into
fibers, whereas for bisamides and sorbitols mainly electrospraying into spheres is
observed. Perylene bisimides form well-defined fibers due to strong m—m interactions.

This supramolecular fiber is interesting for many scientific disciplines.

Keywords: fibers, melt electrospinning, structure-property relations, supramolecular

structures, trisamide

Reproduced with permission;
Copyright © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

* Julia C. Singer, Andreas Ringk, Reiner Giesa, Hans-Werner Schmidt;

Macromolecular Materials and Engineering, 2015, 300, 259-276.
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Melt Electrospinning of Small Molecules

Julia C. Singer, Andreas Ringk, Reiner Giesa, Hans-Werner Schmidt*

Electrospinning is an attractive way to prepare nano- and macrofibers. It was demonstrated by
our group that trisamides can be melt electrospun into supramolecular fibers. To establish
structure—property relationships regarding spinnability and morphology, melt electro-
spinning experiments were conducted using several classes of compounds. The number of
-

hydrogen bonds was systematically decreased from
three for trisamides, to two for bisamide and sorbitols,
and to zero for perylene bisimides and tertiary
trisamides. As a result, trisamides are readily spun into
fibers, whereas for bisamides and sorbitols mainly
electrospraying into spheres is observed. Perylene
bisimides form well-defined fibers due to strong w—v
interactions. This supramolecular fiber is interesting for

many scientific disciplines.

1. Introduction

When a liquid at the tip of a capillary is subjected to an
electric field, the created drop is electrostatically charged,
deforms from a spherical into a cone-like shape, and a jet
is formed out of the elongated droplet. The formation of
this cone was first described by Taylor and hence bears his
name.""! Due to the electric charges, the jet breaks up when
accelerated in an electric field and bursts into droplets.”>
The maximum charge g on a drop depends on the size d and
surface tension yof the droplet and is knownas the Rayleigh
limit: g = \J‘ls.'f’!p}c'd‘whl!ﬂ! € denotes the vacuum per-
mittivity."! An induction of more charges leads to splitting
of the drop bec: pulsi b harges onthe
droplet surface exceed the surface tension. This process is

L C. Singer, Dr. A Ringk, Dr. R. Glesa, Prof. H-W. Schmidt
Macromolecular Chemistry |, Bayreuth Institute of

e Research (BIMF) enter for Colloids
and Interfaces (BZKG), University of Bayreuth, 95440, Bayreuth,
Germany
E-mail: h il i-b. h.de

Supporting Information is available from the Wiley Online Library or
from the author.

Macromol. Mater. Eng. 2015, 300, 259-276
© zo1g WILEY-VCH Verlag GmbH & Co. KGak, Weinheim

wileyonkinefibrary.com

e

known as electrospraying, a process used to generate from
solution fine and highly monodisperse particles down to
10nm. After solvent evaporation, the collected powder
does not coagulate because the charged aerosol is self-
repellent ?!

During the last two decades, the electrospinning process
was i method to prepare specialized
nang- and microfibers for many different applications. The
use of polymer solutions with sufficiently high viscosities
inthis process prevents the break-up of the jet in the electric
field into droplets; instead, fibers are formed. In the electric
field, the droplet at the tip of the capillary is electrostatically
charged and shaped into a Taylor cone. As soon as repulsive
surface electrostatic forces overcome the surface tension of
the droplet, a jet is ejected toward the collector, and is
accelerated in the electric field. Instabilities stretch, bend,
and introduce a whipping motion of the viscous fluid and
the diameter of the jet is extremely reduced !

Polymer type, molecular weight and concentration, type
of solvent and possible additives, electric field strength,
feeding rate, and ambient conditions are the main
parameters which play a crucial role in fiber spinning
and control the diameter.!**! In particular, the solution
viscosity determines the morphology of the collected
material. If the solution concentration is too low, beads

dasa

DOl 10.1002/maime. 201400256
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are formed during the electrospinning process due to the Julia C. Singer is a PhD student in the graduate
lack of smﬁdenl polymer chain entanglements and an school [BayNAT) of the University of Bayreuth,
A Py A enias: Germany, She received her BSc in chemistry in
wi e 3008 and her Mt in material chemistry and
ing molecular weight or I'ugher concentration, the neces- catalysis in 2000 at the University of Bayreuth,
sary amount of chain entanglements is reached. The chain P Germany. Afterwards, Julia i the group
entanglements have to overcome a critical value C. to keep Macromolecular Chemistry | of Prof. Hans-Weener
! : Schmidt at the University of Bayreuth and was
the jet from breaking up. Beaded fibers are obtained when m-ﬂumdh Bite w
the polymer chains start to interact with each other, but the
chain overlap is still not sufficiently high (€ < C.). Homo- d the comparison
Benous ﬁbe_ls i.IE obtained a.t cormntl.ihons above (l‘_. by seif-assembly and melt electrospinning.
Thus, the link chain in poly

solutions and their electrospinnabilty into fibers is evident.
Similar arguments hold true for polymer melts, When the
viscosity of the melt is too low, breakup of the jet occurs
during acceleration in the electric field!"*" However,
Yu et al. investigated the morphologies of electrospun
Newtonian Boger PEO/PEG fluids below concentrations

Reiner Glesa Is 2 senior staff chemist at the
m_qmumuu
Md’m Germany. He holds 3

where any entanglement transition is observed. Their Higening dmmm;"ﬂ:
results indicate that the presence of entanglements is not B m'. accepted 2 'wﬁ i} m“ ol
required for the formation of uniform fibers but rather a St Bret. S e
certain degree of fluid elasticity,”*!) ing" which Is focused on the development and
Solution electrospinning of small molecules: Compared to application of polymer processing and testing
solution electrospinning of polymers, only a few studies Schalpescor th £ prvws ‘m
have been published dealing with the solution electro- high mmmawm
spinning of small molecules. Mainly, the investigated materi-

and

compounds can be classified as amphiphiles, mono- and "'” wll fieids of interest are m
dipeptides, or cyclodextrine derivatives. In Table 1, an
overview of examples from the literature is presented.
It was demonstrated by Long et al"***! and Bittner
et all***7 that using different self-assembling com-
pounds with sufficiently strong secondary interactions
above a certain salution concentration can act like chaln
entangl of poly and thus elec B is
avoided. For instance, phospholipids were successfully
!Iectwspun into homogenous fibers by using chloroform
or y ide (DMF) soluti at sufficiently
high concentrations (Table 1, a)**

Eiectmspun fibers were also ohlamed from ammomum

N 1

a[lu vuln.la

mixture thJ 1341 grom diphenylalanine [c) '“' other peptide
derivatives (d)*® tetraphenylporphyrin (TPF)/*" and from
diphenylalanine coupled with TPP (e)"*” In these cases

1,113.3.3h 2-propanol (HFIF) was used as sol-
vent. fibers were obtained by solution electro-
ing of two bi ive peptide iphiles from water

{f) at a sufficiently high solution concentration and solution
conductivity**! Fibers from a crown-ether containing
monomer (g) were obtained by Huang et al, suggesting
that the fi and gl of the sup 1
ular structures stabilize the electrospinning jet.”** Soluti
:I:clmspmmns of a-, B and yqrrludextnns (f) was
ghly by Celebioglu and uyarlm-
Here the electrospinning jet seems to be stabilized by
hydrogen-bonded cyclodextrin aggregates with sufficient

I T — s
© zong WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www MaterialViews com
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Tabie 1. Literature overview of selected small by solution are the structure,
solvent or solvent mixture, solution resulting merphology, and Ref
Entry Molecular structure Solvent Cone. [wt.-%] Morphology/ Ref.
fiber diameter
CHCly/DMF(70,/30) <35 Beads 12,13

a
Shormodoomoke 35 Beaded fibers
- Y >35 Fibers/=5 pm

R, R fatty acid residues

b | Water/MeOH (50/50) <22 Beads 14
R s S 22 Beaded fibers
i S >22 Fibers/=5 um
[ e
c HFIP <13.2 Beads 15
132 Beaded fibers
>13.2 Fibers/=0.7 pm
g n\{g‘m
d HFIP =18 Fibers/0.3-10 pm 16
e HFIP 9.1 Fibers/0.4 + 0.3 pm 17
f ‘Water 3 Fibers/3.8 + 0.4 um 18

(Comtinued)

M ViedS Macromol. Mater, Eng. 2015, 300, 258-276 W 261
© 2075 WILEY-VCH Verlag GmbH & Co. KGad, Weinheim
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I Table:. Continued

Entry Molecular structure Solvent Cone, [wt.-%] Morphology,/ Ref.
fiber diameter
g CHCl, 13 Fibers/0.4—4 pm 19
-
L)
e
oSN oL
R=
h Water, DMF or DMAc <100 Beads 20
H =100 Beaded fibers
m =140 Fibers/0.2-2 pm
n
6: a-cyclodextrin
= 7: p-cyclodextrin
= 8: y-cyclodextrin
i CHCl, 181 Fibers/0.3-3 um 21
Omu/'i‘\;‘*a
HM
T r
o N
CHEL: chloroform; DME: NN-dimethylf; ide; MeOH: methanal; HFIP: 1,1,1.3,3,3-hexafluoro-2-propanal; TFA: 2.2.2-trifl

acid: DMAC: N.N-dimethylacetamide.

interactions formed only at very high solid concentrations
in water or amidic solvent. necemty. a photoresponsive

with diameters of 65+20pm. We confirmed these
Msulu at slightly diff melt ing conditions and
1 uniform fibers with a diameter distribution of

pound (i) was also i d for solution electro-
spinning by Yang et al. The ﬁbn' formation is dn\r:n bythe
farmed lecular ring-chain 1711 Most

used solventa such as chloroform, DMF, or HFIP are,
however, problematic due to their toxicity.
Melt eiertrcspmmng of small molecules: In general, melt

d=1.8=0.2um (Figure 1).

However, when a mixture of phospholipids derived from
soybean (asolectin) was melt electrospun, solely electro-
spraying into spheres occurred. In this case, Long et al
assume that asolectin does not associate readily enough to

g of small results in form fibers during the rapid eleﬂlosp:nmng Pprocess,
ing lnto spheres In 2008 I.ons et al P rted on the Iting in droplet fi only*?

f fibrous viamelt el Itecmtly. we reported for the first time on the melt
of a low molecular weight phosp! 'x"“”ﬂ\ewell pinning of 1,351 and 1,3,5-cyclot
defined  1-palmitoyl-2-aleoyl-sn-glycerol-3-ph isamid inlolcmgand' il fibers #3271 Depend-

lamine (POPE) with a mol weight of?lsg mal* ing on core structure, amide connectivity to the core, and

was melt electrospun around 200 °C at +30kV and with
a needle tip to ground plate distance of 10 am into fibers

262 m
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Figure 1. Chemical structure of POPE and an SEM image taken
from fibers obtained from melt electrospinning at a spinning
temperature of 210 'C, an applied voltage of ~4okV, a distance
from needle tip to ground plate of Gem, a flow rate of
200ul-h ", and an inner needle capillary diameter of o6 mm.
The diameter f the fibers were d dto be
1B+toapm.

state, as well as in dilute non-polar so]utmns these clga.mc
molecules self ble into one-di
rod-like structures stabilized by three hydrogen hnnds fasan
Along a single astrong is
formed due to the amide groups pointing in the same
direction."®"!! This macrodipole was used to align and
manipulate supramolecular fibers with an electric field "
Encouraged by our initial melt electrospinning results
and to sy property rela-
tionships with lespec‘t to spinnability and fiber phol
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objective here to vary all possible electrospinning param-
eters until fiber formation might occur. Therefore, we kept
all spinning parameters constant except the spinning
temperature, which is the most critical parameter for small
molecules, Solution electrospinning of trisamides is not a
topic of this contribution.

2. Experimental Section
2.1, Materials

Starting materials and solvents purchased from ABCR. Acros
Organics, and Sigma-Aldrich were purified and dried according to
edures. All table and figure with the prefix 5
and compound numbﬂi specified with (5) refer to the Supportl.ng
itable online. The ESI contat
fior all their ﬂ\gmu:al structure,
molecular weight, phase and spinning
and dynamic thermal weight loss temperatures
The synthesis of most trisamides used in this study has been
13/ (1(5) to 6(S)), and
1.3.5-cyclohexanetrisamides (11-14) were synthesized according
to the literature procedures™**" All other as yet unreported
trisamides presented in this article were synthesized according to
k.nown llluatu(e metheds *7# %% pyl| synthetic procedures and
included I.ntheES-l des based on benzene
(26 and 17) were sy ding to p
elsewhere*! Bisamides based on naphl\rlﬂldﬂ] and cyclohexane
core (19-22(5}) were synthesized from the amine with the
corresponding acid chloride in N-methylpyrrolidone (NMF) as
solvent, pyridine as base and lithium chloride to break hydrogen-
bonding i . The and of all
'hmmudes can be found in the ESL. The sorbitol derivatives 1.3:24-

ogy, melt electrospinning experiments were conducted on
several classes of small molecules. The molecules had
molecular weights between 300 and 1 200 g-mol *. In
these different classes, the intermolecular interaction
potential was ically varied hy c ing type,
number, and strength of the y aswell
as the symmetry of the molecules, In particular, the
influence of structural details of the small molecules, such
as (i) size and flexibility of substituents, (if) amide
connectivity to the core, (ili) alicyclic or benzene as core
structure, and (iv) the amount of hydrogen bonds, was
investigated. The number of hydrogen bonds was pur-

(23, DBS, Millad” 3905, Milliken Chemical or
Irgaclear” D, Ciba Specialty Chemicals), 1,3:2,4-bis(3 4-dimethyldi-
benzylidene) sorbitol [24(S), DMDBS, M.lllad 3933] and 123
trideoxy-4.6:5,7-bis-0{(4-prop | 1 (25,
Millad” NX" 8000) are a\raLIab]: !mm Milliken Chemical Perylene
bisimide 26 was purchased from Aldrich. compounds 27 and 28
were obtained according to literature procedures ™! POPE was
purchased from Sigma=Aldrich.

2.2. Characterization

'H NMR spectra were recorded on a Bruker Avance 300
spectrometer (300 MHz). Chemical shifts are reported in ppm at

posely decmased from three in the class of tri to
two in b de and sorbitol d , then to zero in
perylene bisimides and tertiary tﬂsamidts Thus, series
n[ compounds based on 1,3,5-benzene- and 1,3,5-cyclo-
with b naphtyl
and cycl cores, sorbitol and molecules
with an extended w-conjugated core, such as perylene
bisimides, and finally tertiary 1.3.5-benzenetrisamides,
incapable of any hydrogen bonds, were subjected to
melt electrospinning experiments. However, it is not the

Wi
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a FINNIGAN MAT 8500 instrument. Phase transition and melting
temperatures were determined with a Perkin Elmer Diamond DSC
(heating rate: 10 K - min~*, nitrogen flow: 20 mL- min ). Reported
are data obtained from the second heating curves. Often the term
aptical isotropic melt is used in this werk, owing to the observation
that even in the melt of trisamides above the isotropic transition

the DSC, shorter are still present, which was
reported by Timme et al**The temperature at 10% weight loss
(T.acr) was determined in a Mettler SDTA 851 TGA at 10 K-min
(nitrogen flow: 60 mL-min " *} and is included in ESI Table $1-57,

m 263
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The material collected on the SEM stub during electrospinning
was sputtered with 20nm platinum in a Cressington 208HR
sputter coater and analyzed by SEM Zelss LEO 1530 FESEM (Zelss,
Jena, Germany) at 2.0-3.0 keV. The fiber and sphere diameter
distributions were calculated from at least loum:ilvldual fibers or

1. € Singer, A, Ringk, R, Giesa, H-W. Schenidt

solution or melt electro spinning of polymers, the electric field is
directed from the needle tip to collector and positive charges
are induced into the fluid **) Since the voltage is applied to the
cellector in our setup, a negative voltage was chosen to maintain
the dmrk field direction, namely from tip to collector. Unless

spheres (amount n dencted in the h ) by g at
leastth diffs atdifferent p Wllhlll
one stub, For upto5um, SEM images at a i i

of 2500 were used; above 5um a magnification of 1000 was

chosen. In the main text, SEM images are depicted with a

magnification of 2 500; additionally the ESI contains SEM i Lrnagﬁ

witha of 1000. Th software

LE (Carl Zelss AG, Germany) was used. In case of the sphere

dlnmclcls. only single spheres were taken into account \mtlwul
objects. The were

using the software OriginPro 8G from Origin-

Lab; reported are the mean value and the

standard deviation. Two histograms shown in

Figure 2 as an example and for all other

compounds the fiber/sphere diameter histo-

grams can be found in the ESI (Table 51-57). o

2.3. Melt Electrospinning

23.1. Spinning Setup

For the melt electrospinning experiments, a
custom-designed apparatus was used (see
scheme 1) similar to the one described
before %I The substances were filled as powder
into a 1 mL Fortuna-Optima syringe with luer
glass tip (Poulten & Graf). Mounted to this tip
with a high temperature adhesive was a

20G (inner di 0.6mm}

e st itol mm.

was placed in an electrically heated block. m
temperature was regulated by an electronic
controller up to 400°C. Compared to the
previous setup,”! two additional cartridge
heaters were placed next to the syringe to
reduce the temperature loss toward the needle
tip. The actual temperature at the tip is about
2% lower than the temperature of the block; the
latter is denoted as spinning temperature (T,,).
A precision motor and gear system equipped
with a force transducer moved the syringe
plunger. By adjusting the plunger speed
in combination with a 1ml syringe the
feeding !alﬂ (¥ o] can be varied from 20 to

h . the voltage U at the collector was set to—40kV,
ﬂ.-su]lmg in a field strength £ of 67 kV.em ™%,

Before each electrospinning experiment, the melt in the syringe
was equilibrated for at least 3min at T,, and Vs, = 200pL-h
Then the voltage was turned on and the electrospun material was
collected di yonal2 mmSEM
a self-adhesive carbon conducting tape. Even with an optimized
spinning setup and the experience gained by many spinning
experiments, melt electrospinning of highly fluid materials—
particularly at temperatures above 300 ‘C—remains an exper-

. 2: M =459.7 g-mol”!
r 72 Col olpo
L Cr 72 Colyy 172 Coly, 2181
.00 = 382°C

240°C
O = 04710 M

22y { 20

° 1 H 3 ‘
Filar | Gohers diameter rangs [m]

1500pL-h?, mlh:spapemmleunuuu_ mt
wasset . SyTinge,
and all attached el were

Figure 2. Trisamid 2 was e!ecumpun il 40 and 270 C from the isotropic melt. With

grounded The collector plate belwtthe needle
'was connected either to +60 or ~60kV power
supplies (Schulz Electronic, high veltage units
AKD175 and AK1026). In this study, the
distance D between needle tip and collector
plate was set to 6cm. In most studies of

.

© zong WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

of beaded fibers and spheres is
observed. The of 2, the at 0% weight loss
(Te) and the diameter distribution of the collected fibers are denoted. Histograms
were evaluated from three different SEM images with a magnification of 2 500. {Cr:
erystalline, Cal: columnar P h: hexag e plastic o ordered
liquid erystalline, |: isotropic. Spinning parameters: voltage U =—40 kv, distance from
needle tip to ground plate D = 6cm, flow rate Vi, = 2004l - h™*; needle capillary 1D,

dip = 0.6 mm),
Wids
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This experiment shows that T, has a direct influence on the
morphology. However, for each individual compound, the selected
Ty depends on the transition into the isotropic state and
decomposition onset. In the following experiments, Ty, was set
around 20K above the isotropic transition temperature, identical
with the temp at D5C peak This
was done fully P
decomposition progressed at even higher spinning temperatures,
in particular above 300 C. Exceptions are noted in the text.

melt, with the comyp that

2.3.3. Influence of the Electric Field

First, the influence of the electric field direction on the fiber
logy was i by applying positive and negative

Scheme 1. Drawing of the melt electrospinning setup. (1) Drive
unit: DC motor, gear, and force transducer; (2) heating unit: band
heater and two cartridge heaters; (3) 1mL glass syringe with
plunger; (3) metal needle 20G (ID: o.6mm); (s) base plate
(Teflon’}, (6] brass collector plate/HV electrode; (7] HV supply
max. £ BokV.

imental challenge due to low fluid viscosity and. in some cases,
and

232, Infl

of the (Tep)

The investigation of the electrospun morphology as a function of
Tipls 't P d for P 2, whichisa d
based on trimesic acid with n-hexyl substituents (Figure 2). It
exhibits a columnar hexagonal plastic (Col,,) phase from 72°C to
172 °C followed by a columnar hexagonal ordered (Coly,.) meso-
phaseuntil 218 C.Ab h P ptical picmelt
is formed %

As observed before,”* the high viscosity of columnar phases
impedes melt electrospinning from these phases. Therefore,
compound 2 was electrospun at higher temper-
atures (240, 270, and 300°C) from the optical
isotropic melt. The resulting electrospun mor-
phologies and ponding histog are
shown in Figure 2 and Table 51 (ESI). At a
spinning temperature of 240 'C, ie, 22 K above
the transition into the optical isotropic phase.
long and homogenous nanofibers (dy, =05
+0.3 pm) were obtained. At 270 °C, a mixture
of spheres (dyze = 1.0+ 0.8 um), beaded fibers,
and fibers [dy, =04 %03 um) was obtained
The histograms, presented in Figure 2, show the
relative frequency of the fiber and sphere
diameter distribution with n denoting the
amount of counted species. At an even higher
temperature of 300 °C, the amount of spheres
increases and the formation of fibers is sup-
pressed (Table 51). The presence of fibers from
the meit is feasible since the optical isotropic
phase still consists of short columnar pre-
aggregates which are strong enough to interact
with the applied electric field 12224

Wi
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veoltages using compound 2. In our setup, a positive net charge
density at the emerging melt droplet is achieved by applying a
negative voltage at the collector plate; hence the field direction is
the same as in standard electrospinning experiments, When a
positive voltage is applied, the melt is negatively charged before
being accelerated toward the collector.

A breakdown of the electric field was observed after applying a
voltage of +40kV at a distance of D=6 em (E=6.7 kV -cm ); thus
this is consi the field strength. alower
wvoltage of +35 kV (£= 5.8 kV-cm ") was applied to achieve fiber

Fibers with a di of 09 £05 pm by d by
melt electrospinning from the isotropic phase (250°C) with a
voltage of +-35 kV; sporadic bead formation also occurred (Figure 3
left). When applying a negative voltage, no spinning process was
observed at voltages below ~30kV (=50 kV-cm ). In Figure 3,
right image, electrospun nanofibers (dgs =0.5+02 pm) of 2 are
depicted using a voltage of -40kV (E=67 kV.em ™).

In summary, lower electric field strength is necessary to collect
fibers when positive voltage is applied At negative voltages,
meaning a positively charged melt, thinner and more uniform
fibers were obtained and the melt electrospinning process was
more homogeneous.

o

Figure 3. SEM images of the melt electrospun fibers obtained from compound 2 at
Top =250 'C for similar field strengths, but with reversed field direction. Left: at a
pasitive voltage of +35kV [E=5.8 k- cm ') the field direction is from ground plate to
needle tip: du = 6.9 + 0.5 um. Higher voltages resulted in electric breakdowns. Right: a
negative voltage of ~4o0 kV (E =67 kV -cm ') ks applied, the field direction Is reversed
and now from needle tip to collector: dap=0.5=02um. (Spinning parameters:
Tup=1250°C, D=6m, Vpgy = 200uL - h ", dig=0.6 mm.
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Furthermore, the influence of the electric field strength £ on the

marphology was Investigated by applying a negative voltage.
P pound 14, 3 ide based on cycloly

c15+1,3,5-carboocylic acid with branched side chains was chosen
(Figure 4). It exhibits a columnar hexagonal erdered (Col,..) phase
from 121 Clo338°C. Fortheexperiment Ty, was keptat 385 C.This
temperature is just 7 K above the isotropic transition, but at higher
temperatures electrospinning of 14 was impeded by evaporation
and decomposition. The distance between the needle tip and the
ground plate was kept at6 cm and U was varied from -25,-30,-40,
to =45 kV (Figure 4),

At avoltage of =25 kV (E = 4.2 kV . cm ), fibers with a broad size
distribution of 0.9 £ 0.5 um, beaded fibers, and spheres of several
micrometers were collected. With a higher electric field of 5.0

R 14: M=643.0 g/mol
Cr 121 Coly, 338 1
Te=345°C

Tim= 378°C

7/ f
= 1.6£0.9 pm

di

Figure 4. SEM images of fibers of 14 melt electrospun as a function of the applied
voltage of -25,~30, 40, to =45 kV and thus electric field strength £ [kV . cm "] of 4.2, 5.0,
6.7, and 7.5, respectively. (Field direction from needle tip to ground plate. Spinning
345°C, D=6cm, Vi = 200uL- h ", do=0.6mm).

parameters: T, =

Macromol Mater. Eng. 2018, 300, 259-276
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kV-cm ™ (=30kV), the electrospinning process also resulted in a
heterogeneous mixture of fibers, beaded fibers, and spheres. At a
voltage of ~40kV (6.7 kV - e~ *) mostly fibers were observed Then,
with a very strong electric field of 7.5 kVom ! (-45kV), solely long
and homogeneous fibers (de, = 1.6+ 0.2 um) were collected.
Spheres and beaded fibers were mainly observed at applied
voltages of <25 and ~30kV, whereas at higher veltages only fibers
were observed. This example shows that a higher electric field

trength the net charge density on th fthe melt
droplet and thus fa the i lon of long and h
11a]

fibers and in turn prevents the formation of spheres.
Since a voltage of —40kV at a distanceof 6 cm (E = 6.7 kV-cm ™)
is optimal for the of long and h fibers from
compounds 2 (Figure 3) and 14 (Figure 4) and avoids the
breakdowns more often observed at —45kV,
the electric field was set to E=67 kV.cm™*
(U=40kV, D=6cm) for all subsequent
experiments.

Hence, in this work the optimal melt
electrospining parameters were set toa voltage
U=-40kV (needle grounded), the distance
from needle tip to ground plate at D=6cm, a
flow rate of Ve = 200pL-h! and a needle

capillary ID, dp = 0.6 mmy).

2.3.4. Taylor Cone Formation

The el Fermall malecul

further usinga P
to gain more details about Taylor cone for-
mation, the accelerated melt, and instabilities
occurring within the fluid jet. The formation of
the Taylor cone (Figure 5) and the acceleration
of the fluid jet in the electric field (Figure 5, right
image) were tracked using compound 2 at
250 'Cagain Imaging of the emerging jet at the
capillary was performed with an Optronis
CR5000«2 High Speed Camera [(Optronis,
Germany) with a Navitar 1-60135 6.5x Zoom
e

clectrospinning apparatus.™ For illumina-
tion, a Jansjd LED lamp (IKEA, Germany) was
used, image acquisition was controlled by
Optronis CamControl V5.0 software.

The jet shows a straight path before it starts
to move rapidly in lateral directions; instabil-
ities oocur and lead to unstable motions which
are critical for the creation of fibers during

R "

from lh;: capillary ;ih: (Figure 5, ﬂl;B] andu—ii
electrically charged in the electric field The

field results in a cone-like deformation of the
drop shape, and with increasing electric field
the drop is elongated (1.05-215ms). For
215ms the half-angle of the cone is 34°. The
applied electric field overcomes the surface
tension of the drop when the half-angle of
the cone reaches 30° and a jet is ejected toward

MK
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Figure 5. Images taken from a high-speed video of the formation of the Taylor cone (left with elap
the electric field (right] are shown for compound 2. Images were taken with a frame rate of 20 ooo frames -5 (left with elapsed time) and

wooo frames-s
00pl - h™", dg = 0.6mm).

the collector (images at 2.35 and 2.50 ms), The images reveal that
a stable jet is by melt g of 2 and
intermolecular [r.lmes are sufficient to prevent b:!nkupoflh: fluid
Jet into droplets,

For pelymer solutions and melts, the formation of the Taylor
cone has been studied in detail. At a eritical point, the conical shape
exhibits a characteristic half-angle of the cone in the range of 30
and above before a jet is ejected ™ As pointed out by Shin et al for
any given fluid, and also for simple mulecuhes such as glycerol, the
electric B ffect the shape of
the jet. As the electric field is increased, the jet thins maore rapidly
and the cone region becomes shorter and more concave in
profile,*!

3. Results and Discussion

To ensure of the morphol the electro-
spinning parameters, such as electric field strength and
direction, flow rate, and capillary diameter, were kept
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d time) and the f the jet in

' (right), respectively. Scale bars reflect 1mm. (Spinning parameters: U =30V, T, =250'C, D=6cm, Viow =

images at a lower of 1 000, d
with fiber and sphere histograms.

3.1. Benzenetrisamides

B i ides are molecules in I

ular chemistry and are g more and more imp

in several scientific areas. Recently this class of supra-

molecular building blocks was reviewed by Palmans

et al®¥ 13 5.Benzenetrisamides are accessible with a

few synthetic steps and their structure can be tailored fora

broad range of applications inrludmg nannlcchnology

polymer , and bi

can be applied, for exa[mﬁll.e. as nucleating agents for poly
FmE e i

[viny poly P
(PBT) polylethylene-co-propylene),'*”! polylactides'**!
and isotactic poly(propylene) (i-PP)./**2%45%%] 1n some cases
trisamides are also efficient clarifiers"***! Furthermore,
they can control the cell nucleation and foam morphology

for all exp As the main p the  during foaming of injection molded i-PP,*”! and addition-
T ure (T,,) was adj 1 fn: each com-  ally are known as additives to improve the electret
pcund mlh respect to its melting point or transition into  performance of i -PP.**! They also have been appl:ed. as
the optical isotropic phase. To keep this article to a  metal complexation 9 as org;
length, with an § 18 th: hydroge! 4 and as lecular fibers in
compound number—for i 1(S)—are di i only scaffolds for filter media ™!
briefly in this main text, but detailed mfomahcn an be In the g several b isamides were

found intheESL. ,the ESI se:lectcd to study their melt elenmsannJ.ng behavior and
fi ion for all P i di theu' hemical P The first series
structure, molecular wgight phaselramitionand i P 1,354 isamides with linear alkyl
thermal degradation, and additi SEM i and k hed alkyl substituents. In a second

Wi
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series, the influence of the connectivity of the amide bond to
the benzene core was studied while keeping the substitu-
ents unchanged.

3.1.1. Benzenetricarboxamides with Linear and Branched
Substituents

The trisamides 1(S) to &(S) are based on trimesic acid
(benzene-1, 3 5- tncalboxyl.nc acid) and thus referred to as C-
Comp 1(5) features a propyl
substituent, 2 and 3 n-hexyl and n-octyl chains, respec-
tively. Trisamides 4(5). 5. and 6(5) are substituted with
branched alkyl chains of various lengths up to seven C-

atoms, as shown in Figure 6 and Table 51,
Electrospinning of 1(S) has been discussed briefly
before.”"! Due to the progressing evaporation of 1(S) at
temperatures above 290 'C, the spinning temperature (T,,)
‘was set at 290 °C, only 1K above the melting transition of
289 °C, and uniform nanofibers (dpy, = 0.5+ 0.2 pm) were
obtained as depicted in Table 51 (ESI). As described in detail
in the Experimental section and there in Figure 2 and 3,
trisamide 2 with hexyl substituents was used to study the
influence of T,,. As shown in Figure 2, at a spinning
temperature of 240 'C uniform nancfibers with dgy = 0.5
+0.3 were obtained. Also the influence of the electric field
:Iu:ctlnn and the formation of the Taylm cone were
d using thistrisamide as depicted in Figure 3and

5, respectively.

Trisamide 3 exhibits a columnar hexagonal ordered
phase with a transition to the optical isotropic phase at

as

1. € Singer, A, Ringk, R, Giesa, H-W. Schenidt

diameter distribution of dsp, = 1.0+ 0.3 um. The surface of
the fibers is slightly structured and the fibers adhere
together, indicating that incompletely solidified fibers
reached the ooﬂ!ectoldunng the fast e]echnspmmg pwocess
Inthe f g, the melt el i
and 6(5) with hrdm:h!d substituents will hedlscussed asto
whether this structural feature has any impact. Compound
4(s) with a 3-methyl-butyl group exhibits a plastic
crystalline phase from 211 to 272 “€.1*! From the isotropic
melt at T,,=300°C, thin fibers were obtained (dg, =07
+ 0.4 um), Besides fibers, many spheres with a diameter
of dypn=2.1+0.8 um were observed, which was not the
case fw hnea! substltuted analogs 2 and 3 under

c bsti d with a 5- mﬂ_‘nyl h:x'yl
group (Figure 6) 5 forms a c
plastic (Coly,;) phase at rt, at higher temp

by a Coly,, phase. The transition into the isotropic phase is at
291 °C.Electrospinning of Sat 310 “Cresulted in a mixture of
fibers, spheres, and some indication of beaded fibers. Fibers
of § exhibit a size distribution of dy, =08 +0.5um and
spheres a distribution of d,, = 2.4 £ 1.0 pm. Trisamide 6(S)
with 2-ethyl-hexyl substituents (Table 51) exhibits a very
similar phase behavior as to 5. Also the electrospinning
results are very similar; fibers, spheres, and beaded fibers

are formed in a comparable size range
A of1,3,5-b ith] and
h:anrhed substituents reveals how very s!i,ght changes in
the molecular structure govern morphology during melt
electrospinning. With branched substituents more and
more the formation of spheres and beaded fibers can be
k . The linear induce the formation of

207 °C."**! From the i spic phase, 3 was melt ek P
at T,,=230°C into long, uniform fibers with a namow

3:Cr 117 Coly 207 I, Ty,
da = 10203 pm

= 230 °C;

uniform supramolecular nanofibers.

5: Coly, 204 Coly, 291 I; Ty, = 310 °C;
de = 0.320.5 pm; dya = 2.451.0 pm

obtained from the spinning e:p:rlmeut is depicted in the SEM images. (Cr:
erystalling, o: ordered liquid crystalline, I: isotropic. Spinning parameters: U =—40 kV, D= 6em, Vi, -

268 m

I Figure 6, Chemical structures of 13,5-tricarboxamides 3 and §, based on trimesic ackd with linear and branched substituents. Phase
melt [T
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ldnp/dye) are listed. A representative fiber morphology
Col: columnar h:

p: plastic
200pL-h™", dg= oamm}
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3.1.2 Influence of the Connectivity of the Amide Linkage
to the Benzene Core

Thet isamides di d sofar are based on trimesic
acid and are thus C-centered. In this series, we systemati-
cally change the connectivity while keeplngn hexylsmups
asthe linear peripheral sut 1to

2 with three C-centered amide bonds lFJ,gu.re 2), one amide
connectivity is reversed, resulting in trisamide 7 (based on
S-amino isophthalic acid), and in 8(based on 3,5-
diamino benzoic acid) two amide bonds are reversed.
Finally, trisamide 9 is based on 1,3 5-triaminobenzene with
three N-centered amide bonds. The chemical structures of
7-9 are shown in Figure 7. The melting temperature for all
three compounds is around 180 'C and thus lower than the
218 °C of 2. Compounds 7-9 do not exhibit LC phases.

For all three compounds, T,;, was set at 200 C. With one
N-centered amide bond (7), electrospun fibers exhibit larger
diameters (dy, = 1.4 4 0.4 um), several fiber ends are visible.
From 8, with one C-centered and two N-centered amide
bonds, fibers (dg, = 1.7 + 0.9 pm), beaded fibers, and large
spheres (d,h = 6.6 + 2,0 um) are obtained. The melt electro-
spinning of 9 resulted in a homogenous non-woven of
nanofibers (dg, =07 £ 0.3 um) without any evidence of
spheres or beaded fibers.

The strength of the macrodipoles formed by triple helical
hydmgenbcmds along the column axis can be considered as
an ion for the diffi hol observed
:Iepe-n,d.lns on the tonm:lhrlly .Mhemeli:al investigation
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metrical C-centered trisamide 2 and N-centered 9 results in
very h fibers. For trisamides 7 and 8, with mixed
amide connectivities, the formation of fibers, beaded fibers,
and spheres is observed.
Hence, it can be luded that the elec
results rannut be caused suIEIy by dlfferrnl rnal:lod:pule
G Ily, a stable electrosy g jet results in
the loa'matmn of fibers, whereas a disturbance of the jet
during electrospinning can lead to a partial breakup of the
amlelated melt and results in beads, beaded fibers, or a
T mixture of hologies. Therefore, for
trisamides 7 and 8 the elect ing jetis not stabilized in
the same way as for 2 and 9. Reasons might be slower
packing of the columns from the melt owing to mixed
amide connectivity and the resulting asymmetry in 7and 8.
Trisamide 10(S) is based on 1,3,5-triaming-2.4.6-trime-
thylbenzol and belongs to a class of ultra-efficient supra-
molecular nucleating agents for i-PP.!**! Its benzene core
additionally features a triple methyl substitution (ESI
Table 52). The core substitution influences the supra-
molecular packing, resulting in higher transition temper-
atures™**7 Here, n-octyl substituents were chosen to
lowrer the transition temperatures instead of n-hexyl ones.
Trisamide 10(5) was successfully electrospun at 375 "Cinto
thin uniform fibers with a narrow size distribution of
dep=10£03 pm.

3.2 Cydehmzmﬁnmldn

Cycloh ides are ly similar to benze-

of 135b ides shows that macrodipoles are
formed by all four isomers 2, 7, 8, and 9. The

ipoleis IUII[\NWC1EI!I€IN id thelowesl
inN p ives, Elec g of the sym-

netnsumldes but their alicyclic core shungly affects their
stacking behavior; consequently their phase transition

T-Cr1761
Tp =200 °C;
dgy = 144 0.4pm

B:Cris4al
Ty~ 200°C;
di = 1.740.9 pm; dgy, = 6.642.0 pm

9:Crig8il
Ty~ 200°C;
day = 0.740.3 pm

Figure 7. The amide connectivity to the benzene core is changed in 7 to 9. The armows indicate the position of the
changed in9all three are N. d. The ch | and phase are listed, the
spinning 200 'C. The f the melt electrospun materials is shown in the SEM images and complemented with
the ponding fiber/sphere di dygfdiy. (Cr: crystalline, I isotropic. Spinning parameters: Us=—4okV, D=6cm,

V fiow = 200pL - h ™", dgy = 0.6 mm),

Wi
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temperatures are generally higher**** For 1,35-cyclo-
hexanetrisamides substituted with n-hexyl and longer
alkyl chains, columnar rectangular plastic (Col,,) meso-
phases and columnar nematic (N phases have been
observed™™; they form columnar aggregates with much
higher dipole moments than similar benzene trisamides.!”!
Using conventional melt fiber spinning equipment, Japa-
nese researchers succeeded in fabricating thick fibers with
d:nmeters in the Tange of 100—300 pm from a 135

oy 153 Their self-

havior distingui cye isamides as efﬁclen!
gelators for organic solvents and water 2%

In our preliminary work, the electrospinnability of

cyclohexanetrisamide 13(5), with three n-decyl substitu-
ents (ESI, Table 53), was demonstrated. Starting at a
Typ=300°C in its N, phase, fibers were o]mmed with

1. € Singer, A, Ringk, R, Giesa, H-W. Schenidt

exhibits a broad Col,;, phase from 189 to 276 'C and an
N phase up to 320 'C. For trisamide 12, melt electrospun
fibers in the micrometer range (dgy, = 2.3 + 1.2 pm) were
collected from the N, phase at T,,,=300°C. and from the
isotropic phase at T,, = 340 °C, fibers in the same thick-
ness range (dgy, = 2.6 + 1.2 pm) were obtained.

In additi a cyclol i ide with branched

bsti (14) was i igated by melt elec pinni
as shown already in Figure 4 in the Expenmema! secuan
This trisamide p a h 1 ordered
(Coly) phase but no N, phase. As shown in Figure 4 for
—40kV, at T, = 345 C in the isotropic phase, a mixture of
fibers (day = 1.6 + 0.9 pm) and spheres (dypy = 2.6+ 1.7 um)
was obtained. Similar to trisamides based on a benzene
core, melt electrospinning of cyclohexane with branched
subsumems results in a mixture of fibers and spheres,

diameters of dg,=28+08um. in its
isotropic phase at 330°C led to thinner fibers with
doy= 2.0+ 0.6 pm.2

In this work, the melt electrospinnability of 1,3,5-
cyclohexanetrisamides from the N, and isotropic phases
was verified by spinning five trisamides with different
connectivities and alkyl substituent lengths. C d

di dist; d column packing. It seems conclusive
that steric effects are the reason for slower packing of the
resulting columns during the fast molmg of the melt,
causing a more ble elect etand anincrease
in the amount of beads.

To study lhe influence of the amide connectivity,

P

11(5) (Table 53), with n-heptyl substituents, forms a

loh 15 (Figure 8) with three N-centered

<Y

amide bonds was synthesized. Trisamide 15 is based on

columnar rectangular plastic (Col,,) phase t 218
and 290 °C, followed by an N phase up to 319 'C. At
Tep=310°C, and thus in the N. phase, fibers with
dip = 2.8 + 0.8 pm were observed, whereas in the isotropic
phase at a spinning temperature of 340°C, long and
hemogenous fibers (dg,=1.9 +0.6 um) were collected;
hence fibers from the N. phase are slightly thicker.
Trisamide 12 (Figure 8), with n-octyl substituents,

1,3,5-cyclot riamine with n-octyl substituents. It
possesses a mellmg puinl of 272 € without an LC phase

andth ler thermal bek: thanC- |
cyclok isarnides. Trisamide 15 was melt electrospun
at 285 °C into fibers with a size distribution of dgp, =12
4 0.5 pm. C to 12 with C amide bonds

electrospun from the isotropic phase, 15 forms thinner
fibers.

12: Cry 43 Cry 189 Col, 276 N 3201, 12 15: Cr2721
Tyg= 300 °C nemntic phase Ty = 340 °C, isotropic phase T=285°C
dg, = 2.341.2 pm dey = 26412 pm d = 1.240.5 pm

Figure 8. Chemical of 1,3,5-clscis

Col: columnar

12 and 15 with n-octyl substituents, their phase transition, and spinning

temperatures (T..). Note that for trisamide 15 the connectivity of the amide bonding s all N-centered. SEM images of melt electrospun
h:

fibers are shown. [Cr:

Macromol Mater. Eng. 2018, 300, 259-276
© zong WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

r: rectangular, p: plastic crystallln! o ordered liquid crystalline,

MWD

www MateriakiViews.com

Ne: eolumnar nematic, I: isotropic. Spinning parameters: U =—40 kV, D = 6em, Vi = 200pL - ", dig = 0.6 mm),
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These experiments show that smooth and homogeneous
fibers without any defects can be prepared from 1,3,5-
cylohexanetrisamides with linear substituents. The result-
ing fiber diameters are slightly thicker than those based on
benzene cores. The connectivity has a minor impact on the

fiber morphology but the sy 8 ure is lower for
N-centered compounds.

33. des Based on and Cycloh

Cores

In order to gain a better understanding of the influence of
the amount of hydrogen bonds on the electrospun
morphology. the number of amide hydrogen bonds was
successively decreased and furthermore the amide con-
nectivity changed. 14-Bisamides can
function as nucleating agents, as charge
storage modifiers for -PP® and as
organogelators!®! Bisamides are also
known for self-assembling into two-
dimensional nanosheets.”*"!

In this section, bisamides based on
different benzene, naphtyl, and cycdo-
hexane cores were synthesized and elec-
trospun. For cyclohexane systems cis- and
trans-isomers were also considered. To
achieve better comparability and lower
melting points, again n-octyl groups were
chosen as substituents. In addition, we
also investigated moncamides based on
phenylamine, benzoic acid, cyclohexane-
amine, or cyclohexanecarboxylic acid
with n-octyl substituents for melt electro-
spinning. However, under the applied
electrospinning parameters, none of

these led to fiber
but rather undefined, unstructured mor-
ies and hen detailed results

and SEM images are omitted here.

3.3.1. Bisamides Based on Aromatic
Cores

14-Bisamide 16, referred to as being N-
centered since it is based on 1,4-diamino-
benzene, exhibits a melting point at
209 °C. By electrospinning at T,, =230 C
mainly beaded fibers were obtained,
along with spheres and very few fibers

(Figure 3). Also, the analogous C-centered
" T were

19: Cr271 I T, = 290 °C
deg = 14£1.2 pm; dys = 2.941.6 pm

Figure g. 1,4-Bisamides based on benzene (16 and 17) and cyclohexane {19 and 20)
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tion of 24 £1.0pum. To study the influence of a larger
aromatic system, bisamide 18(5) (Table 54, mp =232 C),
based on naphthalene-2,6-dicarboxylic acid, was synthe-
sized and electrospun at 260 'C. Only spheres (d,;), = 2.7
+ 0.8 pm) were observed.

These electrospinning experiments show that the
secondary interactions formed in benzene bisamides are
considered too weak to form a stable jet within the electric
field, and electrospraying occurs due to the breakup of the
jet. The larger naphtyl core in 18(5) cannot induce fiber
fi for aromatic bi either.

3.3.2. Bisamid

To study the influence of the cyclohexyl core, bisamide 19
(mp =271 °C), based on trans-cyclohexane-1.4-diamine, as

Cores

Based on Cyclok

17: Cry 79 Crz 115 Cry 190 Cry 206 1

Typ™ 225 °C; dyay = 24£1.0 pm.

20: Cr85 L Ty = 110°C

de = 2.0+0.6 pm

based on ic acid 17
(mp = 206 ‘C) was synthesized and spun
at 225 °C. Electrospinning of 17 rendered
solely spheres with a diameter distribu-

Wi
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by melt Thelr phase transition, spinning

o) and diameters are listed, The melt electrospun morphologies are
shown in the SEM images. Only for 20 was a fibrous morphology observed. (Cr:

U=—gokV, D=6cm,

m mn

isotrophc.  Spinning

parameters:

Vi = 200pL - h~", dig = 0.6 mm).
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well as the cis-isomer 20 {mp=85'C) were synthesized
(Figure 9). Electrospinning of 19 at 290 C resulted in a
mixture of spheres and fiber fragments. However, the cis-
isomer 20 can be melt electrospun at 110'C into
homogenous, long fibers with a diameter distribution of

1. € Singer, A, Ringk, R, Giesa, H-W. Schenidt

between acetal oxygens and protons of the terminal
hydroxyl groups.** Sorbitals serve as efficlent nucleation
and clarifying agents for {-PP. In polymer melts, they self-
assemble upon cooling into fine fibrils and induce
nucleahurL'“' In sulwnts thr.'y can act as organusﬁators.

2.0+ 0.6 um (Figure 9). Next, the amide connectivity was  wherethe phy d by the fi
re\msed from N-centered to C-centered hy i gating  a three-di i netwmk_"' o]
I ds based on cycloh 1,4-dicarboxyli md For melt electrospinning experiments we selected

'.I‘mns ‘bisamide 21(5) (mp=255°C) and cis-isomer 22(5)
{mp=70"C) (Table 54} were chosen for spinning experi-
ments. From 21(5), at Ty, = 275 °C, spheres with a diameter
distribution of 2. .0 pm were collected, whereas from
cis-14-bisamide 22(S) at T, = 100 °C, a vitrified, featureless
glass was obtained (ESL, Table 54).

For cyclohexane-based compounds 19 and 21(5) with
their melting points above 250 °C, a fiber s process

derivatives such as dibenzylidene sorbitol, (DBS, 23), 3.4-
dimethyl-dibenzylidene sorbitel (DMDBS, 24(s)), and a
nonitol derivative 25. DBS (23) exhibits a melting point at
225°C. By introducing two methyl substituents at each
aromatic ring in 3,4-position, the melting point is increased
to 275°C for 24(S). Nonitol derivative 25, a recently
commercialized clarifier for i-PP, features one propyl

lesull:d in a mixture of beads and fiber fragments,
al ing process. Sur-
prisingly and for leasans yet unknown, homogenous
microfibers could only be collected for the N-centered 1,4-
cis-bisamide 20 (mp = 85 "C). A clear influence of the trans-
or cis-configuration on the melting points and ele:uospun
phologies of the cyc based comp is
observed.

3.4. Sorbitol Derivatives

Sorbitol derivatives are butterly-shaped compounds com-
posed of a hydrophilic sorbitol moiety with two hydro-
phobic phenyl wings which are often additionally sub-
stituted. Their self-assembly beh.am into fibrillar
structures is based on int hydrogen bonds

b at each aromatic ring and one at the core and
melts at 245 ‘CI5**

By electrospinning DBS (23) at 245 'C, a mixture of fibers
and spheres was collected (Figure 10). The very few visible
fibers are often connected tosph d exhibi
range of 07+03pm For nonitol derivative 25, the
spinning temperature was first selected 20K above the
melting point with T, = 265 °C. Electrospraying occurred
and solely spheres in the 2-5pum diameter range were
observed (Figure 10, center). As shown for 1,3,5-benzene-
trisamides (Figure 2}, higher spinning temperatures typi-
cally lead to an increased formation of spheres. Thus, we
conducted spinning experiments at 245'C, to suppress
sphere formation. However, also at this lower temperature
larger spheres of 25 (d,;; =6.1+29um) with a broad
d:ametel distribution and dented surface reminiscent of

were collected but no fibers were formed

13 (DBS): Cr2251; T, = 245°C; 25: Cr245 1, Ty = 265 °C; 15: Ty = 245°C;
dg = 0.720.3 pm; dgg, = 7.043.0 pm dgy = 3.4£1.5 pm dia = 6.142.9 pm
Figure 10. SEM images of meit el shol (DBs) 25.The ch | their phase transition,
I and spinning temperatures (T,,) are given, (Cr: crystalline, |- isotropic. Spinning parameters: U =-gokV, D =6am, Viow = 200pL-h ™",
d = 0.6 mm).
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(Figure 10, right). Electrospinning of DMDBS (24(5))at 295 C
resulted also in spheres with a smooth surface and a
diameter range of 3.9 + 2.3 um (ESI, Table $5).
VanderHart et al reported for sorbitol 23 the formation of
weak and inhomoegeneous hydrogen bonds upon rapid
coaling from the melt**! This observation can provide an
!xpla.natian for the formation of spheres during melt
elec i g The formed hyd: ‘bonds are not strong
ermmhto stablllze the fluid jet into fibers, the jet breaks up
during electrospinning and the melt returns to:ts energetic
favorable state asa droplet and thus elect
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atures just slightly above the extreme isotropic transition

p of 375°C, sub ial evar ion and degra-
dation occurred. Consequently, a poor and non-uniform
fiber quality was observed.

To lower the transition !emperatum and thus reach
feasible spinni: rylene bisimides sub-
stituted with swallow tail subshtuents were selected "]

ide 27 (Figure 11) a melting point of 163°C
and forms no LC phase. Long, thick, and very homogenous
fibers (dgy = 6.8+ 0.3 um) were obtained at a spinning
of 180°C,

3.5. Perylene Bisimide Derivatives

To shed futher 1|,gh1 on the role of interactions on the
elec iorof small molecules into fibers, also
molecules with extended w-conjugated structures were
investigated. One p:ornment c]ass ale perylene bisimides
which exhibit ior and are, for
example, applied as electron tmnspncmng material in
functional devices!*” Here =—w interactions act as
intermolecular force and neither hydroxy nor amide
hydrogen bonds are present.

Three perylene bisimides with different types of
substituents, such as linear n-octyl alkyl chains 26(3) (ESI,
Table $6). a swallow tailed n-heptyl alkyl chains 27
(Figure 11}, and substituted with polar swallow tailed
oligo{ethylene glycol) substituents 28 were selected
Perylene bisimide 26(5) is known as a high performance
organic semiconductor and utilized in organic field-effect
transistors. ™! It exhibits a liquid crystalline phase from 220
to 375 C. Electrospinning of 26(S) at T, = 385 ‘Cled to very
inhomogeneous fibers (ESI, Table 56) with a ribbon-like
structure and some beads. At such high spinning temper-

27:Cr 163 I Ty = 180
dig, = 6.8:3.0 pm

28: Cr 64 Coly, 123 1; Ty = 140 °C;
dey = 34412 pm

Perylen: ide 28 with b cligo(ethylene
glycol) tails and shows an LC columnar hexagonal ordered
phase from 64 to 123 'C, followed by the isotropic phase.
This substance forms at T, = 140°C homogenous fibers
(dy=324+12pum) lacking bead formation. Electrospin-
ning at 185 C, now 62 K above the isotropization, resulted
solely in thick spheres (d =11.7 + 4.1 pm Figure 11}, indi-
cating that now the higher thermal energy suppresses fiber
formation, similar to the previously discussed behavior for
trisamides (Figure 2).

For the first lee. it was demonstrated that electron

rting materials—namely perylene bisimides 27 and
28— ca.n be processed by melt electrospinning into fibers.
Theresultd fibers can beobtained
from molecules with amide hydrogen bands but alsa fram
those with strong =—w interactions. Melt electrospinning of
perylenet is an alternative solvent-free technique
to shape organic semiconductors into fibers.

only

3.6. Tertiary Benzenetrisamides

Finally we investigated tertiary 1,3,5-benzenetrisamides. In
this class of compounds all amide nitrogen atoms are fully

dgy = 11.744.1 pm

and spinning temperatures (T,g) are given. (Cr: crystalline, Cok columnar mesophase, h: hexagonal, o: ordered, LC: liquid crystalline, I:

I Figure 1. SEM images of melt electrospun morphologies of perylene bisimides 27 and 28. The chemical structures, their phase transition,

isotropic. Spinning parameters: U =—40kV, D= 6em, Ve

Wi
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substituted. Consequently, these molecules cannot form
intermolecular interactions via amide hydrogen bonds.
Three benzenetrisamides (29-31) based on trimesic acid
and reacted with cycloaliphatic and aliphatic secondary
amines were synthesized. Trisamide 29 (Figure 12) is
substituted with methyl and hexyl groups and only
exhibits a glass transition at 65°C. The stability of this
glass was followed over three months by annealing
experiments using DSC without any indicati of

1. € Singer, A, Ringk, R, Giesa, H-W. Schenidt

perylene bisimides, we conclude the presence of hydrogen
bonds is not a prerequisite for fiber formation during melt
electrospinning of small molecules.

4. Summary and Conclusion

In this feature article, we discuss morphologies such as
fibers, beaded fibers, and spheres observed from melt

crystallization.

As depicted in Figure 12, tertiary trisamide 29 electro-
spun at 140°C forms thick, but very homogenous fsbets
witha narrow size distributionof 12.9 + 1.3 pm. C

electrospinning of small molecules. Another aspect of this
resealch is the of the
ly used for solution elec i
In o!de: to reveal structule-ploperty mlntlons with
respect to sy bility and fiber morphology, we synthe-

30(5) with two cyclohexyl groups exhibits a melting
temperature at 295 "C. At Ty, = 305 "C, a mixture of thinner
fibers (dg, =3.6+17um) and large spheres (d,, =123
+ 8.2 um) was collected (ESI, Table 57). Compound 31 with
one methyl and one tert-butyl substituent at each amide
nitrogen melts at 220°C. At a spinning temperature of
230°C wvery different beaded fibers with fine, short
structures several nanometers in length growing on the
surface were obtained. Dynamic TGA measurements
revealed a two-step weight loss around 228 and 310 °C.
The unusual surface morphology of 31 as depu:ted in

sized 30 substances with different molecular structures. In
particular, the influence of structural details, such as size
and flexibility of substituents, amide connectivity to the
core, alicyclic or aromatic rings as core, and amount of

gen bonds, were exp These | features
gwem the intermolecular interaction potential of each

e. Classes of ¢ ds based on 1,3.5-b
and 135._,-" id A-bisamides, and ter-
tiary 13 i were gated by melt
elec Additionally, sorbitol ives forming

hyd.mxyl hydmgen bonds, and molecules with an extended

Figure 12 is caused most likely by vapor pt leg
the fiber surface.
In summary, also fibers were nnzxpected!y coll.etted
from tertiary 1.3,5-t tric
dless melt elec
g]assy or a crystalline

g was performed using a
Since these d:

are not able to form amide hydrogen bonds 51|11|.I.ar to

jugated structure, such as per}rlene bisimides, were
bjected to melt el
13,5-Benzene- and 1, El 5 tyduhcnnetnsamdes com-
pnse thm_e stmng hydrogen bonds and thus exhibit a
bly behavior. As shown over the
course oﬂh:.swmt.these'lwo classes form fibers most often
and most reliably during melt electrospinning. Linear
substituents facilitate the formation of
uniform supramolecular nanofibers, how-
ever, with branched substituents spheres
and beaded fibers were increasingly
obtained.

based on b phthyl,
and cyclechexane cores were also melt
electrospun. The experiments revealed
that interactions in bisamides are too
weak to form stable jets and mainly
electrospraying occurred. Similar results
were observed for the three tested sorbitol
derivatives.
To answer the question, whether amide
h‘yd.msen bonds are essenttal for flbel

melt elect

29: glass, T, = 65°C; T, = 140°C 31:Cr220 1 T, = 230°C; ments were also performed with Per)flm
dgy = 129413 pm dg, = 1.640.7 pm bisimides and tertiary trisamides. Pery-
. £ ]ene bisimides are characterized by an
Figure 12. Compound 29 forms a glass whereas 31 lst,rysulﬂnunuenhlbuuam:m sl e A strigchire, A% 1

point. The electrospinning temperatures (T,.) are denoted and

images of melt electrospun morphologies are shown. (Cr: crystalline, I: isotropic, Ty
U=-qokV, D=6cm,

glass
Veow = 200 h ™", dy = 0.6 mm).

W

Spinning

was shown for the first time, these
materials can be successfully shaped into
fibers by melt electrospinning, The strang
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Table S1. continued.
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Table S2: [nfluence of the ivity of the amide linkage 1o the benzene core 7-10,
(M: molecular weight, Cr: crystalline, I; isotropic. Spinning parameters: voltage: 40 kV, flow rmte: 200 uL b,
distance needle tip 1o ground plate: 6 cm, needle 1D: 0.6 mm, spinning temperature Ty, as specified).
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Butey  phaseteansition temp. / SEM of melt electrospun  Fiber and sphere diameter

hologi hist
temp. at 10% weight loss REMTIRe R
Cably
b Nu“"“ PR oo
wn.ui,
7
M = 459.66 g-mol”
Ccri76l S T
T;p=200 oC Fitses charscter range ar]
Topwe=375°C
e v .I—ET
L ~Cabhy . a‘n.mm‘nﬁ:
o = 0.5621 08 pem
b Zenl
Y il
8 ;_E
M = 459,66 g-mol” Y _
Crig4l T T T T T T
Wiy | St et 4o o]
Ty=200 °C
T w=372 °C
G g . T
Y, H\g: i d,, = 08540 28 pmy
3 -
; z
CyHyyeHH o=
9 ¥ |
M = 459.66 g'mol” i
Cris3l 1
Ty=200 °C =
T nl!-.=3 79°C
o,
P 1 S : .2
. N
10 -y Ii :
M = 589,90 g-mol”’ 1 .
Crisel G
Ty=375°C N
Tiowe=392°C




Publications|141



142 | Melt Electrospinning of Small Molecules

Table S3. continued.
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Table S4: Bisamides based on aromatic and cvelohexane cores 16-22,
(M: molecular weight: Cr: crvstalline, 1) isotropic. Spinning parameters: voltage: <0 kV, distance needle tip 1o
ground plate: 6 cm, fow mate: 200 pl. 1™, needle capillary 1D: 0.6 mm, spinning temperature T,p as specified).

Chemical structure /
Entry  phase transition temp. /
temp. at 10% weight loss
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Table S4, continued.
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Table 85: Sorbitole and nonitol derivatives 23-25.
(M: molecular weight; Cr: crvstalling, Col: coll ph h; hexagonal, o: ordered liguid crvstalline, 12

isotropic, LC: liquid crystalline. Spinning parameters: voltage: -40 kV, distance needle tip to ground plate: 6 cm.
Mow rate: 200 pL. 1", needle capillary 1D: 0.6 mm, spinning temperature T, as specified).

Chemical structure /
Entry  phase transition temp. /
temp. at 10% weight loss

SEM of melt electrospun  Fiber and sphere diameter
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Table S6: Perylene bisimides 26-28.
(M: molecular weight, Cr: crvstalline, Col: col

Publications|147

o: ordered liquid crystalline, 1:

isotropic, LC: liquid crvstalling. Spinning paramciers: \Dl::lgr.' -40 kV, distance needle tip to ground plate; 6 cm,
fow rate: 200 mL b, needle capillary 1D: 0.6 mm, spinning temperature T, a5 specified),
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Table ST: Tertiary benzencirisamides 29-31 and POPEa.

(M: molecular weight: Cr: crvstalling, I isotropic, T, glass iti P pinning p voltage: -
40 kV, distance needle tip 1o ground plate: 6 cm, flow mte: 200 L. b, needle capillary 1D; 0.6 mm, spinning
temperature T as specified).

Chemical structure /
Entry  phase transition temp. /
temp at 10% weight loss

SEM of melt electrospun  Fiber and sphere diameter
morphologies histograms
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ABSTRACT

135 isamides (BTAs) are a p class of | lecular weight comp in supra-
malecular chemistry. They are well-k to self ble into micro- and nanofibers in a bottom-up
approach. At the same time, BTAs are also suitable for top-down processing by melt electrospinning. In
this work, we demonstrate for the first time that both app lead to mechani robust BTA fibers.
We compare self-assembled and electrospun fibers of NN N"-tripropyl-1.3,5- - ide on
multiple length scales. X-ray diffraction (XRD) reveals the same crystal structure independently from the
preparation method. Using scanning electron microscopy (SEM). we observe significantly different
maorphologies of both fiber types on the sub-micron-scale. However, atomic force microscopy (AFM)
bending experiments show that despite differences in morphology, Young's medulus is comparable for
both types and in the lower GPa range (3-5 GPa). Thus, both top-down and bottom—up techniques with
their complementary features in terms of accessible structures and potential applications are available
for this class of materials.

1. Introduction

The controlled fabrication of well-defined microscopic fibrillar
structures has become one of the main topics in materials science
[1-3]. Networks and nonwovens based on these structures possess
exceptional properties, such as high surface area, possibility for
easy functionalization and superior mechanical strength [4]. These
are promising features for applications such as tissue engineering,
drug delivery, sensors, micro-| tromechanical sy
(MEMS/NEMS), and filtration | 3-7]. Especially fibers of sub-micron
or nanoscale diameters are of interest due to their surface to
volume ratio and the possibility to form structures with small
mesh-sizes. Two approaches are feasible to access these length
scales: Bottom—up approaches rely on the self-assembly of smaller
units (even single molecules) to hierarchical structures [8,9]. Top—
down approaches, such as electrospinning, shape the materials

* Corresponding author. Tel: 49 921 55 27 51; fax: +49 921 55 20 59,
E-mail addresses:  hans-wemer.schmidt@uni-bayreuth.de  (H-W. Schmidt),
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0032-3861/5 — see front matter © 2012 Elsevier Ltd. All rights reserved.
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© 2012 Elsevier Lid. All rights reserved.

directly into the desired structure, Especially for fibers
and nonwovens, a great variety of structures has been demon-
strated [10].
Both techniques are complementary in various ways: Since self-
ly allows si formation and growth of many
fibers in a given volume, it is preferable in terms of processing
times, especially for upscaling. In addition, if the processing
conditions are chosen well, smaller fiber diameters are accessible in
a more simple fashion than in electrospinning [9.11]. On the
downside, self-assembled fibers have smaller length and random
orientation since they grow from many nuclei,

The advantage of electrospinning is that fibers can easily be
formed with macroscopic length and well-defined orientation on
macroscopic length scales. This even allows the controlled forma-
tion of superstructures at the micrometer level and above.
However, the processing times are longer since electrospinning is
a sequential process, in which the time necessary to form fibers is
proportional to the total fiber length.

To offer the highest flexibility, it would be desirable to switch
from one to the other approach for the same class of materials -
especially for the formation of hierarchically organized structures
which span multiple length scales.
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Lately, the self- bly of 1,3,5-k risamides (BTAs) into
fibrillar structures has attracted increasing research interest [12,13].
The benzene core realizes a planar and symmetric moiety and three
amide groups allow the rorn\atmn of strong hydrogen bonds

dj molecules in ular architec-
tures [14]. BTAs are well- knovm as nuclv.-anns agents for poly-
vinylidene fluoride and polypropylene [15-18]. M . they are
applied as organo- and hydrogelators [19-22], as additives to
improve the charge storage capability of electret materials [23] and
as supramolecular materials [24,25).

In addition to their bottom—up properties, we recently reported
on the melt electrospinning of various BTAs and 135-
cyclohexanetrisamides into defined fine fibers with a narrow size
distribution [26]. Although a high molecular mass polymer is not
essential for obtaining uniform electrospun fibers [27], electro-
spinning of low molecular weight substances is still unusual. BTAs
form macrodipoles along the main axis of the column during the
supramolecular assembly process within external e]ectnc ﬁelds
and consequently offer excellent pre-conditions for elec

the following termed ES-fibers). The SA-fibers were produced via
controlled self-assembly by cooling of a solution of 1 in
2,24,4,6,8.8-heptamethylnonane (HMN). As top—down approach,
we used melt electrospinning.
In order to i i structural on the Angs
scale, we performed XRD measurements on chopped fibers, The X-
ray diffractograms of both systems are identical, indicating the
same crystal structure (Fig. 1, see also Supplementary material 51},
The peaks of the SA fibers show a narrower full width at half
maximum, what is expected since a higher degree of crystallinity is
typically achieved by the bottom—u, E process, Due to hydrogen
bonds, 1 packs in a primitive cubic [4"]-pcu supramolecular three-
dimensional network. The molecules are located in planes, which
are stacked along the ¢ axis [46]. While it is on first glance
surprising that the electrospun material shows an as well-
developed crystalline order as the self-assembled material, we
demonstrated in previous work that ES-fibers are not formed from
a molecular liquid state but from a melt which still consists of short

|28—30]. The melt electrospinning of BTAs is an exciting new top—
down approach for seli-assembling systems. It offers the possmutily
to overcome the strict limitation of the self-

and consequently opens up a wide field of new .lppllcalmns for
BTAs.

For all applications, a reasonable mechanical stability is an
essential p quisite. However, dless by which means the
BTA fibers are prepared, the mechanical characterization on
a micron- or sub-micron scale requires sophisticated methods, A
powerful technique is nanomechanical bending experiments,
which have been used for the mechanical investigation of polymer
nanofibers [31-33], biological materials | 34—38|, CNTs [39,40), and
nanowires [41-43]. In previous studies, we performed bending
experiments on BTA micro- and nanofibers obtained via controlled
self-assembly from nonpolar solvents, The experiments demon-
strated that their molecular architecture allows control over the
fiber morphology without decreasing their mechanical stability
[44.45].

In this work, we address the i the ies of
BTA fibers are affected by using a top—down approach instead of
a bottom-up appmach For that purpose we pmpare fibers of the
same 1,3,5- le via self- y from solution and
melt electrospinning. This allows us for the Eirst time to compare
crystal structure, morphology and nano-mechanical properties of
BTA fibers prepared from the same material,

2. Results and discussion
For the comparison, we prepared fibers of NN N"-tripropyl-

1,3.5-benzenetricarboxamide 1 (Scheme 1) via bottom—up (in the
following termed SA-fibers) as well as top—down techniques (in

Scheme 1. Chemical structure of NN N-tripropyi-1.3.5-benzenetricarboxamide (11

pre-aggregates |26,47]. Thus the crystallization process is
greally accelerated due to the pre-aggregation of single molecules
and leads to a poly-crystalline state.

The microscopic morphology of the fibers was investigated via
SEM. The average diameter of the SA- and ES-fibers, respectively,
was 1.2 = 0,7 ym and 0.8 + 0.2 pm (size distribution diagrams see
52 and S3). Although the diameters of SA- and ES-fibers are
comparable, the morphology of both systems shows significant
differences. SA-fibers possess a hierarchical structure: they consist
of bundles of individual strands that have an average diameter of
about 100 nm (see inset of Fig. 2, top, left). This bundle substructure
is also visible in the irregular fracture sections of the SA-fibers
(Fig. 2, top, right). In contrast, ES-fibers exhibit a homogenous,
smooth surface without defects or pronounced surface features
(Fig. 2. bottom, left). Even fracture sections of the ES-fibers are very
smooth without any detailed sub-structure or obvious defects
(Fig. 2, bottom, right).

These differences in the microscopic morphology arise from the
significantly different methods used to generate the two investi-
gated fiber types. The crystallization process of the SA-fibers is
much slower, allowing the development of larger crystals which
then bundle into fibers, This explains the broader diameter distri-
bution found for SA-fibers. In contrast, during electrospinning, ES-
fibers are obtained from molten material, resulting in a homoge-
nous strand.
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Fig. 1. X-ray diffractograms of SA- and ES-fibers in powder form.
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Fig. 2. Top: SEM micrograph of the SA-fibers (left) and of a [racture secti

{right}. Bottom: SEM

of the ES-fibers of 1 {left) and of a fracture section (right). Mare detailed

structures of the fibers are shown in the insets.

In order to evaluate the mechanical properties of both systems, we
performed nanomechanical bending experiments using an atomic
force microscope (AFML A detailed description of the theoretical
background and experimental procedures can be found elsewhere
|44]. Both fiber types were transferred to micro-structured glass
substrates (Fig. 3) to achieve a free-standing configuration (Fig. 4a). In
this configuration, no deformation was observed when applying
a vertical load to the segments supported by the substrate (Fig. 4b).
Therefore, only bending deformations are measured when applying
a load to the free-standing segments over the gap and the results can
be evaluated with classical beam theory [48].

‘We recorded stiffness profiles by measuring the stiffness k{x] at
several positions x along the free-standing segment (Fig. 4¢) and
calculated Young's modulus E of each investigated segment by
fitting the profiles with the double-clamped beam model (Eq

the AFM to obtain the correct fiber thickness and shape to avoid
errors as | shows quartic scaling with the radius,

Since Young's modulus is a material property, it is possible to
normalize the profiles of all investigated SA- and ES-fibers,
respectively, to calculate the averaged values [45]. The resulting
Young's moduli were Esy = 3.6 + 0.4 GPa and Egs = 4.7 = 0.6 GPa
(see 54 for more detailed data). In addition, we calculated the
modulus of each fiber individually and d ined the distrib
tions (Fig. 4d). While the ES-fibers show a slightly higher average
modulus than the SA-fibers, the distributions are similar for both
systems. We also investigated if shearing affects the measurements,
but found no influence (see 55).

Our experiments show that the moduli of 5A- and ES-fibers are
in the same range and comparable to those of {semi) crystalline or
glassy poly like PVC and PMMA, common fiber materials like

(1)) [42.44.48).

3L°H

k) = =5
) (L—x)°x3

(1

Here, L is the length of the free-standing segment and [ is the
area moment of inertia. We imaged each investigated sample with

nylon and electrospun collagen fibers [33,49]. The elastic properties
of the fibers are also in good agreement with BTAs with different
molecular structure where Young's moduli between 2 and 4 GPa
have been observed [44,45]. In order to understand the mechanical

ilarity of these morpt ically quite different SA- and ES-
fibers, one has to look at the underlying principles behind the
mechanics. In both systems, intermolecular hydrogen bonds and 7-

Fig. 3. SA-fibers (left) and ES-fibers (right]) on micro structured glass substrates for AFM bending experiments.
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Fig. 4. a) Schematic setup of the bending b} Fo on bare glass substrates {black squares), substrate-supported (red triangles) and free-

standing segments (blue circles) of ES-fibers. ¢) Stiffness profile of a free-standing ES-fiber segment fitted with the DCBM. d) Distribution of the Young's moduli of SA-fibers (open
bars, dashed line) and ES-fibers (hatched bars, solid lne). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

stacking are responsible for the formation and cohesion of the
fibers, Likewise, the ensemble of these noncovalent interactions
determines the response to mechanical stresses. Therefore, despite
differences in their morphology, it is reasonable that SA- and ES-
fibers posses comparable elastic properties. Although the distri-
butions of the moduli are rather broad, we observed a tendency
toward a slightly lower modulus of the SA-fibers compared to the
ES-fibers. This can be explained by their bundle-substructure
which is more likely prone to defects. However, the effect is small
and within the range of sample deviations and the error of the
measurements, The important finding is that both fiber types show
a remarkable mechanical stability despite the small molecule size
and the absence of covalent interactions.

3. Conclusions

In this study we demonstrated for the first time that mechan-
ically robust BTA fibers can be accessed via bottom—up- and top—
down-approaches, We prepared self-assembled (5A) and melt
electrospun (ES) fibers from the same compound 1 and obtained
fibers with an average diameter of 1.2 = 0.7 pm and 0.8 + 0.2 pm for
SA- and ES-fibers, respectively. On the Angstrom-scale, XRD
measurements show the same crystal structure of the fibers,
i of the p ion method. On the microscopic
scale, SEM measurements however clearly revealed morphological
differences: The self- bled fibers d a hierarchical

These findings open interesting perspectives for structure
formation from BTAs. First, the relatively high elastic constants in
the lower GPa range that are found for both approaches demon-
strate that the fibrillar structures are mechanically robust regard-
less of how they are formed, qualifying them as a platform for
hierarchical structure formation. Second, the results show that
BTAs are shapeable into fibers with both approaches, This is
interesting, since bottom—up and top—down approaches have
complementary advantages and disadvantages, as discussed in the
introduction. Now with this system, the best of the bottom—up and
top—down approaches can be combined for one materials class and
used for creating hierarchically structured nonwovens for example
for filter applications,

4. Experimental section

4.1. Material

NN N"-tripropyl-1,3.5-b 1 was synthe-
sized according to the literature [50]. The melting temperature of 1
is 289 °C and was determined in a Perkin Elmer Diamond DSC
(heating rate: 10 K/min, nitrogen flow: 20 mL/min). The tempera-
ture at a 10% weight loss is 351 °C. The measurement was per-
formed in a Mettler SDTA 851 TGA at 10 K/min (nitrogen flow:
60 mLimin). Isothermal TGA runs at the spinning temperature
(290 “C) under nitrogen atmosphere were performed to verify the
| stability of 1 during the period of the electrospinning

structure, consisting of firmly connected bundles of individual
strands, while melt electrospun fibers showed a smooth and
homogenous structure. AFM bending experiments, which probe
the mechanical behavior on the length scale of the whaole assembly,
revealed that Young's modulus E was not significantly affected by
changing the preparation process, While the order of magnitude
and distributions of the moduli were comparable, the average
values suggested that Esy (3.6 + 0.4 GPa) was slightly lower than Egs
(4.7 £ 0.6 GPa) due to the bundle-substructure of the SA-fibers
which is more likely prone to defects. However, the difference
was small and within the error range of measurements. Still, our
results prove that mechanically robust BTA fibers can be obtained
by bottom—up as well as top—down approaches.

process. 1 shows a weight loss below 5 wik for 55 min.
4.2, 5A-fiber preparation

in 2,2.4,4,6,88-heptamethylnonane (HMN) 600 ppm of 1 were
dissolved under reflux at 240 “C and cooled to room temperature.
To ensure a © lled self. bl ior, 200 plL of the
suspension were heated in a custom designed high pressure pan to
240 °C for 10 min in the Dropping Point Cell FP83HT from METTLER
TOLEDO followed by cooling to 30 °C with 5 K/min (controlled with
the METTLER TOLEDO Central Processor FP90). For the bending
experiments, identical structured glass substrates were wetted
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with 10 pL of blank HMN, 0.5 L of the fiber suspension were added
and the samples were allowed to dry overnight.

4.3, ES-fiber preparation

The melt electrospinning experiments were carried out as
described elsewhere [26]. 1 was equilibrated in a syringe with an
inner needle diameter of 0.6 mm for 3 min at its melting point at
290 °C (temperature of the heated cylinder around the syringe
body in the melt electrospinning set-up) before applying high
voltage of —30 kV. The distance between needle tip and collector
was 6 cm and the feeding rate 500 pLjh. The electrospun material
was collected on a single 12 mm diameter aluminum SEM stub with
a carbon tab which was mounted on top of the collector plate. The
melt electrospinning experiment was carried out during 15 min.
For the bending experiments, the fibers were transferred to slmc—
tured glass substrates (GeSiM GmbH, G

Appendix A. Supplementary data

Supplementary data related to this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.polymer.2012.10.016.
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Figure S3. SEM image and histogram of melt electrospun fibers of 1. Spinning parameters: applied
voltage: -30 kV; temperature: 290°C; flow rate: 500 pL/h; distance needle tip — ground plate: 6 cm;

needle ID: 0.6 mm.
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Figure S4. Evaluation of all normalized ES-fiber and SA-fiber bending profiles and fit with the
double clamped beam model. Detailed information about the normalization procedures can be found in

Kluge et al., Small, 2012, 8 (16): 2563-2570.
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Figure S5. Shearing influence. More details on the theoretical background of the shearing
investigation can be found in e.g. in Yang et al., Biomaterials, 2008, 29 (8): 955-962 and Kluge et al.,
Small, 2012, 8 (16): 2563-2570. Briefly, if shearing occurs, the apparent measured modulus decreases
with increasing ratio of fiber thickness to fiber length. Therefore, one would expect to see a linear
increase in the plot of 1/E versus /AL’ (where the second is a measure for the thickness-to-length ratio
for fibers with arbitrary cross sections). Since we found no such dependence, we can conclude that

shearing does not significantly affect our measurements
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This thesis focuses on the preparation, characterization and
comparison of supramolecular nano- and microfibers of 1,3,5-
benzene- and 1,3,5-cyclohexanetrisamides using two routes:
self-assembly from solution as bottom-up approach and melt
electrospinning as top-down approach.

The results of this thesis reveal that trisamides can be shaped
into nano- and microfibers using powerful bottom-up and top-
down approaches. Their interesting morphology combined with
their mechanical properties make this class of low molecular
weight substances suitable for constructing new materials.
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