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For every phenomenon, however complex,
someone will eventually come up with a simple and elegant theory.

This theory will be wrong.

ROTHCHILD’S RULE
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Zusammenfassung

Diese Arbeit befasst sich mit der nanomechanischen Charakterisierung von 1,3,5-
Benzoltrisamidfasern (BTA Fasern). Zu diesem Zweck werden Biegeexperimente ba-
sierend auf der Rasterkraftmikroskopie (AFM) angewendet und weiterentwickelt.
Ziel ist es, die linear elastischen Eigenschaften der Fasern zu bestimmen, insbeson-
dere ihren Elastizitdtsmodul. Weiterhin wird der Einfluss der Molekulstruktur und
der Morphologie auf die mechanischen Eingenschaften untersucht und Fasern, die
mittels top-down’ und 'bottom-up’ Techniken hergestellt worden sind, miteinander
verglichen. Dariiber hinaus beinhaltet die Arbeit theoretische Uberlegungen zu den
Modellen fiir die Auswertung der Biegexperimente. Als weiterfiihrende Perspektive
wird ein experimenteller Aufbau diskutiert, der die mechanische Charakterisierung
jenseits des elastischen Regimes ermdglicht, und die Anwendbarkeit der experimen-

tellen Ansadtze fur andere Materialien aufgezeigt.

Nano- und mikroskopische Fasern, Stabchen und vergleichbare eindimensionale
Strukturen sind wichtige Bausteine in vielen Funktionsmaterialien. Beispiele sind
Nanokomposite, Filter und Gertiste fiir die Gewebekonstruktion. Die Funktion fa-
serbasierter Materialien ist oft eng mit den mechanischen Eigenschaften der Ein-
zelfasern verkniipft. Folglich gibt es einen Bedarf nach einer zuverldssigen Charak-
terisierung der mechanischen Eigenschaften auf der Einzelfaserebene. Rasterkraft-
mikroskopische, nanomechanische Biegeexperimente sind unter den am hdufigsten
verwendeten Ansdtzen, da sie eine zuverldssige Charakterisierung bei gleichzeitig

moderatem Aufwand bei der Probenprdparation ermoglichen.

Eine hochinteressante Klasse von 1D Strukturen sind auf 1,3,5-Benzoltrisamiden
basierende supramolekulare Fasern. Diese Trisamide zeigen ein bemerkenswertes
Selbstassemblierungsverhalten in kolumnare Strukturen. Zusatzlich kann die Mor-
phologie dieser Aggregate tiber die Molekilstruktur der Trisamide mafigeschneidert

werden. Weiterhin konnen sie ebenfalls mittels Elektrospinnen verarbeitet werden



und bieten somit zwei komplementédre Praparationswege tiber "bottom-up’ und "top-
down’ Techniken. Dies ist eine auflergewohnliche Voraussetzung fiir die Ausbildung
hierarchischer Strukturen mit echter Strukturkontrolle auf allen Hierarchieebenen,

vom Einzelmolekil bis zum finalen Faserverbund.

Im ersten Teil dieser Arbeit werden nanomechanische Biegeexperimente an ver-
schiedenen Typen von BTA Fasern vorgestellt. Insbesondere wird die Messmetho-
de behandelt, die vereinfacht und verbessert wurde, um eine direkte Aufnahme von
sogenannten Steifigkeitsprofilen entlang des kompletten freistehenden Segments ei-
ner Probe, die iiber einem Kanal positioniert wurde, zu ermdglichen. Diese Profile
wurden benutzt, um die Randbedingungen (insbesondere die Fixierung der Faser
auf dem Substrat) zu bestimmen. Die Kenntnis der Randbedingungen war von be-
sonderer Bedeutung fiir die Auswahl des korrekten Modells, das das Faserverhalten
wahrend der mechanischen Deformation beschreibt. Die Experimente ermoglichten
das erste Mal, direkt den Elastizitdtsmodul selbstassemblierter BTA Fasern zu be-
stimmen. Der erhaltene Wert von 3 + 1 GPa (der vergleichbar ist mit teilkristallinen
Polymeren) war tiberraschend hoch angesichts der Tatsache, dass die Kohdsion der
Fasern lediglich auf supramolekulare Wechselwirkungen wie Wasserstoffbriicken-
bindungen und 7t-t-Wechselwirkungen zurtickzufiihren ist, ohne dass intermoleku-

lare kovalente Bindungen beteiligt sind.

Aufbauend auf diesen Ergebnissen wird in der Arbeit der Einfluss der Fasermor-
phologie und Molekiilstruktur auf die mechanischen Eigenschaften untersucht. Zu
diesem Zweck wurden drei BTAs mit unterschiedlicher Amidkonnektivitdt und un-
terschiedlicher Grofse der Alkylsubstituenten verglichen. Alle Trisamide bildeten
wohldefinierte Fasern aus, die signifikante Unterschiede im Durchmesser bis hin zu
einer Groflenordnung auswiesen. Wiederum wurden die mechanischen Eigenschaf-
ten mit Hilfe von rasterkraftmikorskopischen Biegeexperimenten bestimmt. Wah-
rend die Biegesteifigkeit der Fasern aufgrund der unterschiedlichen Radien Unter-
schiede von bis zu drei GréfSenordnungen aufwies, zeigte die Berechnung des Elas-
tizitdtsmoduls, dass dies ein reiner Grofleneffekt war und dass die Moduln aller
Systeme dhnlich waren und im Bereich von 2-4 GPa lagen. Das bedeutet, dass ei-
ne Variation der molekularen Struktur erlaubt, die Fasermorphologie zu verdndern
ohne den Modul zu beeinflussen und es folglich ermoglicht, die Fasersteifigkeit tiber

einen breiten Bereich einzustellen.

Der ndchste Schritt war der Vergleich von BTA Fasern, die aus der selben Ausgangs-

substanz einmal durch Selbstassemblierung (SA Fasern) und einmal durch Schmel-
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zelektrospinnen (ES Fasern) erhalten wurden. Wahrend Rontgendiffraktion zeig-
te, dass die Kristallstruktur der Fasern nicht durch die Prdparationsmethode be-
einflusst wurde, lief3en rasterelektronenmikroskopische Messungen morphologische
Unterschiede erkennen. Die SA Fasern bestanden aus fest verbundenen Bilindeln ein-
zelner Strdange, die ES Fasern waren glatt und homogen. Die Biegeexperimente zeig-
ten jedoch, dass der Elastizitditsmodul E nicht signifikant durch den Praparations-
prozess beeinflusst wurde. Obwohl die gemittelten Werte nahelegten, dass Eg4 etwas
niedriger war als Egg, waren die Unterschiede klein und im Rahmen des Fehlers der
Messmethode. Die Tatsache, dass die Grolenordnung und Verteilung der Moduln
vergleichbar waren, zeigt dass mechanisch robuste BTA Fasern tber beide Ansitze
hergestellt werden konnen. Dies eroffnet interessante Perspektiven hinsichtlich kon-
trollierter Bildung hierarchischer Strukturen mittels supramolekularer BTA Fasern

mit hoher Flexibilitdt im Bezug auf die Strukturkontrolle.

Der zweite Teil der Arbeit behandelt Weiterentwicklungen der theoretischen Mo-
delle und experimentellen Methoden. Im Hinblick auf theoretische Gesichtspunkte
wurde der Effekt einer durchhdngenden Faser auf nanomechanische Biegeexperi-
mente untersucht. Finite Elemente Simulationen zeigten, dass ein steigendes Ver-
hdltnis von Durchhangtiefe zu Faserradius zu einer apparenten Erhéhung der Fa-
sersteifigkeit, sowohl im Bereich kleiner als auch grofSer Deformationen, fithrt, und
damit zu einer Uberschitzung des Elastizititsmoduls. Weiterhin veridnderte es die
Form des Steifigkeitsprofils. Die Konsequenz ist eine Missinterpratation der experi-
mentellen Randbedingungen, wie wiederum eine weitere Uberschitzung des Elasti-
zitdtsmoduls um bis zu eine Groflenordnung zur Folge hat. Die Simulationen legten
nahe, dass eine laterale Belastung der Faser (d.h. senkrecht zur Durchhangsrichtung)
nur leicht vom Durchhidngen beeinflusst wird. Somit kénnen laterale Experimente
eine experimentelle Losung sein, um bei Proben, bei denen das Durchhdngen ein

Problem darstellt, zuverldssigere Ergebnisse zu produzieren.

In Hinblick auf die experimentellen Methoden werden in der Arbeit Experimente
vorgestellt, die die Charakterisierung der mechanischen Eigenschaften tiber den li-
near elastischen Bereich hinaus ermoglichen. Durch eine laterale statt einer vertika-
len Belastung konnen grofe Deformationen erreicht werden. Bei diesen erfdhrt die
Faser eine Kombination aus Biegung und Zug und eine entsprechende Auswertung
wird aufgezeigt. Innerhalb des elastischen Regimes zeigten die Daten gute Uberein-
stimmung mit den vertikalen Experimenten. Deformation bis zum Bruch erlaubte
die erstmalige Bestimmung der Biegefestigkeit eines BTA Fasertyps. Mit weiteren

Verbesserungen hinsichtlich der Kalibrierung und Befestigung der Fasern ermog-
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licht die Kombination von vertikalen und lateralen Messungen an genau der selben
Stelle die mechanische Charakterisierung im linearen Bereich und dartber hinaus

mit herausragender Verldsslichkeit.

Der zweite Teil der Arbeit schliefit mit der Demonstration der Anwendbarkeit der
entwickelten Biegeexperimente auf elektroversponnene Fasern aus Spinnenseiden-
proteinen, die mittels biotechnologischer Methoden gewonnen wurden. Wéhrend
vertikale Biegeexperimente zwar prinzipiell moglich waren, lieSen ihre Ergebnisse
keine eindeutigen Schlussfolgerungen zu. Die meisten Proben zeigten einen schein-
baren Modul der unrealistisch hoch war und ihre Form der Steifigkeitsprofile liefS
sich nicht durch klassiche balktentheoretische Modelle fiir die Randbedingungen er-
klaren. Obwohl diese Messungen nicht ausgewertet werden konnten, demonstrier-
ten sie die Fahigkeit der Biegeexperimente, nicht-ideales Verhalten zu identifizieren,
und folglich ihre Zuverldssigkeit. Zusdtzliche laterale Experimente zeigten keine
solch dramatischen Abweichungen von den theoretischen Modellen und erlaubten,
auf Einzelfaserebene eine klare Erhohung des Elastizitdtsmoduls und der Biegefes-

tigkeit durch Nachbehandlung mit Methanol zu zeigen.
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Summary

This thesis deals with the nanomechanical characterization of 1,3,5-benzenetris-
amide (BTA) fibers. For that purpose, bending experiments based on atomic force
microscopy (AFM) are applied and further developed. The main goal is determining
the fibers’ linear elastic properties, especially Young’s modulus. In addition, the in-
fluence of the molecular structure and morphology on the mechanical properties is
investigated and fibers prepared by top-down and bottom-up techniques are com-
pared. Beyond that, the thesis includes theoretical considerations concerning the
models used for evaluation of the bending tests. As a further perspective, an experi-
mental setup that allows a mechanical characterization beyond the elastic regime is
discussed and the applicability of the experimental approaches to other materials is

demonstrated.

Nano- and microscale fibers, rods, and comparable one-dimensional (1D) struc-
tures are important building blocks in many functional materials. Examples include
nanocomposites, filters, and tissue engineering scaffolds. The function of fiber based
materials is often closely related to the mechanical properties of the individual fi-
bers. As a consequence, there is a need for a reliable characterization of the mechan-
ical properties on the single fiber scale. Nanomechanical AFM bending experiments
are among the most frequently used approaches since they allow a reliable charac-

terization and require only moderate effort in terms of sample preparation.

A very exciting class of 1D structures are supramolecular fibers based on 1,3,5-
benzenetrisamides. These trisamides show a remarkable self-assembly behavior into
columnar structures. In addition, the morphology of these assemblies can be tai-
lored via the molecular structure of the trisamides. Furthermore, they can also be
processed via electrospinning, thus offering two complementary preparation path-
ways by bottom-up and top-down techniques. This is an exceptional prerequisite
for the formation of hierarchical structures with true structural control on all levels

of hierarchy, from the single molecule to the final fiber assembly.
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The first part of this work presents nanomechanical bending experiments on various
types of BTA fibers. It especially focuses on the measurement technique, which was
facilitated and improved to allow the straightforward acquisition of stiffness profiles
along the whole free-standing segment of a sample that was positioned over a chan-
nel. These profiles were used to determine the boundary conditions (in particular
the fixation of the fiber on the substrate). Knowledge of the boundary conditions was
of major importance for choosing the correct model that described the fiber behavior
during the bending deformation. The experiments allowed for the first time to di-
rectly measure Young’s modulus of self-assembled BTA fibers. The obtained value of
3 +1GPa (which is comparable to semi-crystalline polymers) was surprisingly high,
considering the fact that the cohesion of the fibers is purely due to supramolecular
interactions like hydrogen bonding and 7-m-stacking, without any intermolecular

covalent bonds.

Building on these results, this work investigates the influence of the fibers” morphol-
ogy and molecular structure on their mechanical properties. For that purpose, we
compared three BTA compounds with differences regarding the connectivity of the
amide moieties and the size of the alkyl substituents. All trisamides formed well-
defined fibers that exhibited significant differences in diameters of up to one order
of magnitude. We again determined the mechanical properties with AFM bending
experiments. While the flexural rigidity of the fibers showed a difference of up to
three orders of magnitude due to the differences in diameter, calculation of Young'’s
modulus revealed that these differences were a pure size effect and that the moduli
of all systems were similar and in the range of 2-4 GPa. This means that variation
of the molecular structure allows changing the fibers’ morphology without affecting

their modulus and consequently, allows tuning their stiffness over a wide range.

The next step was the comparison of BTA fibers obtained from the same compound,
but prepared by self-assembly (SA fibers) and melt electrospinning (ES fibers). While
X-ray diffraction (XRD) showed that the crystal structure of the fibers was not influ-
enced by the preparation method, SEM measurements revealed morphological dif-
ferences. The SA fibers consisted of firmly connected bundles of individual strands,
the ES fibers were smooth and homogeneous. The bending experiments, however,
showed that Young’s modulus E was not significantly affected by changing the prepa-
ration process. Although the average values suggested that Eg, was slightly lower
than Egg, the difference was small and within the error of the measurements. The
fact that the order of magnitude and distributions of the moduli were compara-

ble, demonstrates that mechanically robust BTA fibers can be obtained by both ap-
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proaches. This opens interesting perspectives for the controlled formation of hierar-
chical structures using supramolecular BTA fibers with great flexibility in terms of

structural control.

The second part of the thesis addresses further developments of the theoretical mod-
els and experimental approaches. In terms of theory, we studied the effect of a slack
fiber (i.e., a fiber that is not lying straight over the channel, but has a slight cur-
vature towards the substrate) on nanomechanical bending experiments. Our finite
element (FE) simulations showed that an increasing slack-to-radius ratio leads to an
apparent stiffening within the small- and large-deformation regime and therefore,
to an overestimation of Young’s modulus. In addition, it altered the shape of the
stiffness profile. The consequence is a misinterpretation of the experimental bound-
ary conditions which causes further overestimation of Young’s modulus by over one
order of magnitude. Our simulations suggested that lateral loading of the fiber (i.e,
perpendicular to the slack direction) is only slightly affected by the slack and can
therefore provide an experimental solution to deal with samples where slack is an

issue and to produce more reliable results.

In terms of experimental approaches, the thesis also presents experiments that allow
the characterization of mechanical properties beyond the linear elastic regime. By
applying a lateral instead of a vertical load, large deformations of the fibers can be
achieved. At large deformations, the fiber experiences a combination of bending
and tension, and an appropriate evaluation is considered. In the elastic regime, the
lateral data showed good agreement with the vertical experiments. Deforming the
fibers until failure for the first time allowed estimating the bending strength of a
BTA fiber type. With further improvements in terms of cantilever calibration and
sample fixation, the possibility to combine vertical and lateral bending on exactly
the same position allows characterization of the mechanical properties within and

beyond the linear elastic regime with outstanding reliability.

The second part of the thesis concludes with the demonstration of the applicability
of the developed bending experiments to electrospun fibers prepared from geneti-
cally engineered spider silk proteins. While vertical bending experiments were pos-
sible, they produced very inconclusive results. Most samples showed an apparent
modulus that was unrealistically high and shapes of the stiffness profile that could
not be explained by the classical beam theory boundary conditions. Although these
measurements could not be evaluated, they demonstrated the capability of bending

experiments to identify non-ideal behavior and therefore, their reliability. Addi-
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tional lateral bending experiments, however, did not show such dramatic deviations
from the theoretical models and allowed to clearly identify the increase of Young'’s
modulus and flexural strength by a post-treatment with methanol on the single fiber

level.
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1.1 Motivation: Fibers as Structural Elements on the Nanoscale 3

1.1 Motivation: Fibers as Structural Elements on the

Nanoscale

Emerging technologies inspire the creativity of scientists and artists alike, with nan-
otechnology being a prominent recent example on the boundary between science
and fiction. A miniaturization contest not unlike the one suggested in Richard Feyn-
man’s influential lecture There’s Plenty of Room at the Bottom (1959) is part of the
main plot in Nikolai Leskov’s story The Steal Flea (1881). The latter is one of the
first works of fiction that mentioned man-made structures which are not even visi-
ble anymore at five million times magnification, and microscopic technologies also
appear in the work of Arthur C. Clarke (The Next Tenants, 1956). While the con-
troversial ideas of futurist K. Eric Drexler! can be found in the critically acclaimed
novel The Diamond Age by Neal Stephenson (1995), Whitesides and Smalley pointed
out the severe physical and chemical limitations of nanotechnology in a Drexlerian
understanding .2l However, observing how science fiction and nanotechnology have
influenced each other has also revealed unexpected similarities in their way of envi-
sioning the future.*

As a scientist, it’s neither necessary to wait for the distant future nor to tend to
the manipulation of individual atoms to benefit from nanotechnological advances.
Even on scales that are, strictly speaking, not nano (meaning with at least one or
more dimension between 1 and 100 nm), the development of devices such as the
atomic force microscope (AFM) has opened up exciting new research fields, as they
allow the characterization of materials on small scales with unprecedented preci-
sion. While there is a multitude of fascinating physical phenomena that can be stud-

ied, this work focuses primarily on mechanical properties.

The recent progress in micro- and nanomechanics has for example provided ex-
tended insight into the properties of biological structures>** It has also allowed
studying how cells adapt to and respond to mechanical stresses or the mechanical
properties of their surroundings.®*! These studies are in the border region of classi-
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cal engineering and molecular mechanics,”*< and a deeper understanding requires

the combination of advanced experimental and theoretical approaches.

Many of these biological materials are part of larger hierarchical structures*¥>

A fundamental function of those natural structures is providing mechanical sup-

port and protection.™> Therefore, they often possess exceptional mechanical proper-
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ties which are a direct consequence of their microstructure*® Studying these con-
cepts allows chemists and materials scientists to draw inspiration for the design
and development of new artificial materials, which is sometimes termed ’bionics’
or ‘biomimetics’*” The possibilities and the power of clever material design are im-
pressively demonstrated by mechanical metamaterials, even though they are not in-

spired by biological examples.'®

A fundamental structural element in hierarchical materials are fibers, beams, rods,
and comparable one-dimensional (1D) objects,>¥ meaning that one dimension is
large (sometimes even continuous) compared to the other twof] Consequently, they
are also used in a large number of artificial materials with manifold applications.
Their mechanical properties, for example, play an important role in nanocompos-
ites, which are often based on the smart combination of individual fibers or a fiber
network embedded in a matrix with complementary mechanical properties. In
terms of nanocomposites, carbon nanotubes (CNTs) are the most commonly applied

21)22

1D material 1229 but also cellulose nanowhiskers and in few cases, electrospun

fibers% have been used.

Electrospinning is especially well-suited for the preparation of soft matter fibers
with diameters ranging from several nanometers to a few micrometers.?* Con-
sequently, there is a large number of functional structures based on electrospun
fibers'#? One important field is filtration, where nanofibers can increase the effi-
ciency and introduce selectivity and functionality.?® Other examples are biomedical
applications such as drug delivery and wound dressings, that utilize the combina-
tion of mechanical stability, high surface-to-volume ratio, and biodegradability2/48
Especially tissue engineering scaffolds based on electrospun nanofibers have re-
ceived a lot of attention.?? In contrast to the electrospun materials, metal nanowires
and other (semi)conductive 1D structures are mostly formed by bottom-up tech-
niques. They offer promising applications for electronic, optoelectronic, electro-

chemical, and electromechanical devices as interconnects and functional units 2"

1.2 Aim of the Thesis

The previous section has demonstrated that nano- and microfibers are highly rel-

evant for a large number of scientific fields. In addition, all previously mentioned

dAlthough the terms 'fiber’ and 'beam’ are mostly used throughout this thesis for the sake of sim-
plicity, the general concepts are of course also applicable to other 1D structures.
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functional structures require a suitable mechanical stability, either because the struc-
ture itself has a mechanical function (such as nanocomposites or fibrillar scaffolds),
or because it has to withstand a certain amount of forces during usage (such as fil-
ters). As a consequence, there is a need for a reliable characterization of the mechan-

ical properties on the single fiber scale.

A promising approach are AFM bending experiments. In analogy to a macroscopic
bending experiment, the samples are deposited on structured substrates and de-
formed with a microscopic cantilever which simultaneously measures the respective
forces. These measurements do not only allow calculation of the mechanical proper-
ties, but also the determination of the experimental boundary conditions which are

crucial for a correct interpretation of the mechanical behavior.

The main system that is studied within the scope of this thesis are alkyl substi-
tuted 1,3,5-benzenetrisamides (BTAs). They are a very exciting class of molecules
that show a remarkable self-assembly behavior into columnar supramolecular struc-
tures. The morphology of these assemblies can be tailored via the molecular struc-
ture of the trisamides. In addition, they can also be processed via electrospinning,
thus allowing the combination of bottom-up and top-down techniques. This is an
exceptional prerequisite for the formation of hierarchical structures with true struc-
tural control on all levels of hierarchy, from the single molecule to the final fiber

assembly.

Consequently, the aim of the thesis is divided into two closely interconnected as-
pects, the nanomechanical characterization of the trisamides and the further devel-
opment of the necessary experimental techniques. In terms of the BTA fibers, the
first step is reliably determining their linear elastic properties, especially Young’s
modulus. In addition, the influence of the molecular structure and morphology
on the mechanical properties is investigated. Furthermore, BTA fibers prepared by
self-assembly and electrospinning are compared to find out whether using different

preparation pathways affects their mechanics.

Beyond that, the thesis includes theoretical considerations concerning the models
used for evaluation of the bending tests. In addition, the experimental approach
is further expanded by implementing large deformation measurements up to fail-
ure of the fiber. Finally, the applicability of the experimental approaches to other
materials, such as engineered spider silk protein fibers, is demonstrated.
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2.1 Outline

Chapter 3| gives a brief overview of the status of the field and basic theoretical back-
grounds. The central part of the thesis is the nanomechanical characterization of
benzenetrisamide based fiber materials. It is discussed in three individual publi-
cations that are presented in Chapters [4] through [6] which are already published.
Chapter [7| considers experimental irregularities using finite element (FE) simula-
tions and is submitted for publication. The Chapters [8] and [9] are to date unpub-
lished and further extend the concepts of the thesis in terms of complementary
characterization techniques and other materials. In the following, the connection
between these individual Chapters is highlighted and the main results are summa-
rized. Finally, the individual contributions of each coauthor to the joint publications

are specified.

2.2 Nanomechanical Properties of Supramolecular
Whiskers

Chapter [4| especially focuses on nanomechanical bending experiments using the
atomic force microscope (AFM) (Figure [2.1(a)), which are the central experimental
approach in this thesis. These experiments are carried out in analogy to a standard
macroscopic three-point bending test. For a correct interpretation of the data, it
is essential to determine the experimental boundary conditions, i.e., the fixation of
the sample on the substrate. The two most common models assume that the fiber
is either fully clamped (double clamped beam model, DCBM) or only loosely sup-
ported by the substrate (simply supported beam model, SSBM). We facilitated and
improved the existing measurement technique by incorporation of the force map-
ping mode, which allowed the straightforward acquisition of stiffness profiles along
the whole free-standing segment of the sample (Figure[2.1(b)).These profiles can be
used to directly determine the boundary conditions and calculate the flexural rigid-
ity (and with knowledge of the cross section, Young’s modulus) of a free-standing

fiber segment.

The presented approach allowed for the first time to directly measure Young’s
modulus of self-assembled 1,3,5-benzenetrisamide (BTA) fibers (Figure [2.2). These

trisamides form supramolecular, columnar structures with enormous aspect ratios
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Figure 2.1 @Schematic setup of an AFM bending experiment. Exemplary stiff-
ness profile of a free-standing fiber segment (taken from Chapter @

due to well-defined intermolecular hydrogen bonds. We determined their flexural
rigidity using bending experiments. Since their cross sections were not circular, we
imaged each investigated fiber individually with the AFM to be able to calculate
Young’s modulus. We obtained a value of 3 +1GPa, which is comparable to semi-
crystalline polymers. This was a surprising and striking result, considering the fact
that the cohesion of the fibers is purely due to supramolecular interactions like hy-
drogen bonding and m-7t-stacking, without any intermolecular covalent bonds. This
work demonstrated for the first time that BTAs are a mechanically robust building

block for the formation of supramolecular structures.

Figure 2.2 Free-standing BTA fiber positioned over a channel of a structured glass
substrate (Chapter (4).
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2.3 Influence of the Molecular Structure and

Morphology

Directly building on these results, the publication in Chapter [5|investigates the in-
fluence of the fibers’ morphology and molecular structure on their mechanical prop-
erties. Their assembly behavior strongly depends on the connectivity of the amide
moieties to the central core and on the constitution of the peripheral groups. Con-
sequently, BTAs offer the possibility to tailor desired properties, which makes them
very interesting for bottom-up approaches. We compared three BTA compounds
with different amide connectivity and different size of the alkyl substituents. To
interpret the mechanical properties of the structurally different BTAs, we first in-
vestigated the morphology of the self-assembled nanofibers using scanning electron
microscopy (SEM) (Figure [2.3). All trisamides formed well-defined fibers that ex-
hibited significant differences in diameters of up to one order of magnitude, ranging
from 0.21 £0.08 um to 2+ 1 um.

(b)

Figure 2.3 SEM images of BTA fibers with thesmallest andlargest diameters
obtained (Chapter.

We determined the mechanical properties using the nanomechanical AFM bending
experiments introduced in Chapter [4| To directly compare the different measure-
ments, we expanded the previously described approach by normalizing the stiffness
profiles with respect to the fiber diameter and length of the free-standing segment.
We could identify two contributions to the apparent mechanical properties, the dif-
ference arising from the different thicknesses of the individual nanofiber types and
additional changes of the material properties. The flexural rigidity of the fibers
showed a difference of up to three orders of magnitude (Figure [2.4(a)). This was
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a consequence of the increased diameters of the investigated nanofibers, since the

rigidity is proportional to the fourth power of the radius.

0.7 3 0.8 AT T T
0.6 = lal4 C N la| ]

> o0s = 1b| ] .. o6l = 1b|4
g - 2a| § 2 i 2a| ]
[} = @ - -
g 0.4 - g_ L i
o 3 o 04F -
L 03 - L - 4
K] E % r 1
¢ 02 N i
C o2f -

0.1 L ]
0.0 2 o_o-|||I|||||||||I|||||||||I||: 1 i
-17 -16 -15 L 13 -12 6.0 7.0 8.0 9.0 10.0 11.0

log(kL") log(E)

(@) (b)

Figure 2.4 @Apparent flexural rigidity of all investigated nanofiber segments. The
stiffness was measured at the midpoint of the free-standing 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. Distribution of the
calculated modulus for all three investigated systems. The results for all systems
are comparable (Chapter .

Calculation of Young’s modulus as described in Chapter [4| revealed that these dif-
ferences were a pure size effect, without equivalent changes of the material prop-
erties (Figure 2.4(b)). The moduli of all systems were comparable, ranging from
2.1 £0.1GPa to 3.3 £ 0.3GPa. This suggests that the influence of the investigated
molecular structures on the mechanical properties is small, most likely because the
intermolecular interactions are dominated by the three hydrogen bonds. The conse-
quence is that variation of the molecular structure allows tailoring the fibers’ mor-
phology without affecting their modulus and thus, allows tuning their stiffness over
a wide range. The results of this Chapter are a first step towards the application of
self-assembled BTA nanofibers as components for bottom-up functional materials

with tailored properties from the nano- to the microscale.
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2.4 Comparison of Self-Assembled and Electrospun

Trisamide Fibers

In addition to self-assembly from solution, BTA fibers can also be obtained via
melt electrospinning, thus offering two complementary preparation pathways by
bottom-up and top-down techniques. Chapter [6] compares electrospun (ES) and
self-assembled (SA) fibers obtained from the same compound and demonstrates that
both approaches lead to mechanically robust BTA fibers. X-ray diffraction (XRD)
revealed that the crystal structure of the fibers was not influenced by the prepara-
tion method. SEM measurements, however, clearly showed morphological differ-
ences. While the SA fibers possessed a hierarchical structure, consisting of firmly
connected bundles of individual strands, the ES fibers showed a smooth and homo-
geneous structure (Figure[2.5).

Figure 2.5 Top: SEM micrograph of the SA-fibers (left) and of a fracture section
(right). Bottom: SEM micrograph of the ES-fibers of 1 (left) and of a fracture section
(right). More detailed structures of the fibers are shown in the insets (Chapter@).

AFM bending experiments, which probe the mechanical behavior on the length scale
of the whole assembly, revealed that Young’s modulus E was not significantly af-

tected by changing the preparation process. While the average values suggested
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that Eg4 (3.6 £0.4GPa) was slightly lower than Egg (4.7 £ 0.6 GPa), the difference was
small and within the error of the measurements. The important result was that the
order of magnitude and distributions of the moduli were comparable (Figure [2.6)),
demonstrating that mechanically robust BTA fibers can be obtained by both ap-

proaches.
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Figure 2.6 Distribution of the Young’s moduli of SA-fibers (open bars, dashed line)
and ES-fibers (hatched bars, solid line) (Chapter @)

The findings of Chapters[4]through[6lopen interesting perspectives for the controlled
formation of hierarchical structures using supramolecular BTA fibers. First of all,
they posses surprisingly high elastic constants in the lower GPa range, despite the
absence of intermolecular covalent bonds. In addition, they can be obtained using
bottom-up and top-down approaches, thus allowing the combination of their com-
plementary advantages for one materials class. Furthermore, the molecular struc-
ture can be used to fine-tune the morphology of the individual fibers without sig-
nificantly affecting their modulus. Consequently, they offer the possibility of a true
structural control on all levels of hierarchy, from the single molecule over the indi-

vidual fibers up to future applications in nonwovens.
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2.5 A Critical Assessment of Slack Effects in

Nanobending Experiments

The previous chapters demonstrate that AFM bending experiments are a reliable
tool for the nanomechanical characterization of fibers. A prerequisite, however, is
the correct identification and interpretation of the boundary conditions. For some
measurements (e.g., Chapter [9), we found stiffness profile shapes that could not
be described by any of the common beam theory models or by a mixture of those.

Therefore, there was a need to elucidate the possible sources of such a behavior.

While most of the work in the literature has focused on non-ideal conditions at the
fiber supports, Chapter[/]investigates the effect of a slack fiber, which represents an
irregularity at the midsection. Our goal was to estimate how a certain degree of slack
will affect the apparent mechanical properties and present guidelines on how to de-
tect such influences and avoid a misinterpretation of the results. Since this effect is
difficult to study experimentally (in the sense that a well-defined and systematically
varied slack cannot be readily introduced), we used finite element (FE) analysis to
simulate stiffness profiles for fibers with various degrees of slacking. We found that
the slack produced a misleading shape of the stiffness profile (Figure[2.7). The dom-
inating effect for the profile change was the slack-to-radius ratio. For moderate slack
depths (comparable to the radius), the shape of the stiffness profile resembled the
simply supported beam model, although the fiber was firmly clamped in the sim-
ulations. Evaluation using the SSBM however would lead to an overestimation of

Young’s modulus by over one order of magnitude.

In addition, we also investigated large-deformation-measurements. Experimentally,
those measurements are often realized by applying the load in the substrate plane.
To see how this affects the measurements, we performed simulations with vertical
loading (i.e., in the same direction as the slack) and lateral loading (i.e., perpendic-
ular to the slack, Figure . The simulations revealed that lateral measurements
were not significantly influenced by the slack, no matter if performed within the
small-deformation regime or the large-deformation regime. Therefore, they could

be an experimental solution to deal with samples where slack is an issue.
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Figure 2.7 Stiffness profiles obtained from the FE simulations. For the sake of clarity,
not all simulated profiles are shown here. (Chapter )
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Figure 2.8 Volume element model used for studying the effect of loading the fiber
in and perpendicular to the slack direction (Chapter .
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2.6 Beyond Small Deformations

All previous chapters mainly focused on the linear elastic properties of the fibers.
However, for many applications, also properties beyond the linear elastic regime are
important. A possible approach to study these with bending experiments is dis-
cussed in Chapter By applying a lateral instead of a vertical deformation, the
fibers can be deformed until failure. In this setup, the fiber experiences a combina-

tion of bending and tension, and an appropriate evaluation is considered.

As the first important step for a quantitative evaluation of these measurements, a lat-
eral calibration approach of the AFM setup is presented. In contrast to vertical mea-
surements, the lateral calibration is more complicated, less precise, and although
several approaches have been reported in the literature, there are no standard tech-
niques so far. In our approach, the lateral sensitivity is determined in the same man-
ner as the vertical sensitivity, using the slope of the measured signal in the constant
compliance regime when applying forces to a hard substrate (Figure [2.9). Using the
vertical steps in the structured glass substrates that are also used for the bending
experiments ensured that the cantilever hits the calibration substrate at almost the
same position as the fibers in the measurements, thus keeping the lever arm (i.e., the
distance of the contact point to the reflective side of the cantilever) constant. The

lateral spring constant was calculated from the geometry of the cantilever.
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Figure 2.95ketch of the lateral sensitivity calibration using the step of the struc-
tured glass substrates. Lateral deflection-displacement curve obtained by push-
ing the cantilever against the undeformable substrate (Chapter .
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We compared vertical and lateral measurements on BTA fibers in the small-
deformation regime and found a good agreement between both deformation modes,
although the lateral measurements were much more prone to scatter, most likely
due to the unavoidable uncertainty of the lateral calibration. Building up on these
results, we performed large deformation measurements until failure (Figure [2.10).
Only the very thin fibers of one trisamide system could reliably be broken, since
thicker fibers detached from the substrate before fracture. Nevertheless, we were
able to estimate the flexural strength of the investigated system, which was compa-
rable to that of Nylon.
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Figure 2.10 Example of a lateral force curve until failure. The nonlinear part in the
beginning describes a purely elastic behavior of the material, but includes geomet-
ric nonlinearities (Chapter.

The work in this chapter demonstrates that lateral experiments can be a powerful
addition to the vertical bending setup, but there remain some drawbacks that have
to be addressed in future work. The most fundamental requirement in order to ap-
ply the lateral experiments to a wide variety of fibers is a suitable approach for a
fixation on the substrate. In addition, the lateral calibration remains a major error
source despite the presented improvements. Once these issues are solved, the pos-
sibility to combine vertical and lateral bending on exactly the same position allows
characterization of the mechanical properties within and beyond the linear elastic

regime with outstanding reliability.
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2.7 Extending the Material Library Beyond BTAs

Although supramolecular BTA fibers are the main focus of the thesis, the developed
concepts and techniques of course can also be applied to other materials. Chapter[J)
presents a study on electrospun fibers of recombinant spider silk proteins. Due to
their good biocompatibility, biodegradability, and low immune reaction, spider silks
are a promising material for scaffolding in tissue engineering applications and as
wound dressings. Since spiders cannot be farmed on a large scale due to their preda-
tory and cannibalistic nature, the recombinant production of genetically engineered

silk proteins is an alternative.

We investigated fibers prepared from a genetically engineered silk protein using the
vertical and lateral bending tests described in the previous chapters. Although the
vertical force-deformation curves on the free-standing segments showed a linear be-
havior, the experiments produced very inconsistent results with large deviations be-
tween the individual fibers. Generally, the SSBM showed better agreement with the
data, contrary to the impression during handling of the samples under the optical
microscope that suggested a firm fixation of the fibers on the substrate. In addition,
the apparent Young’s modulus was unrealistically high. While we could identify the
inhomogeneous cross section of the fibers as a possible source of error, it could not
explain the shape of the stiffness profile, and control experiments on fibers which
did not show the inhomogeneities showed comparable results (Figure [2.11). This
strongly suggested that the observed behavior must not be attributed to real sup-

ported boundary conditions.
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Figure 2.11 Exemplary stiffness profile of the control experiments on dry spun fibers
silk fibers. Although the SSBM fits better, the common models cannot describe the
shape of the profile (Chapter E[)
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In addition to the vertical bending tests, we also employed a lateral setup as de-
scribed in Chapter |8 In contrast to the vertical tests, the lateral data showed a very
good agreement with the predicted behavior and evaluation of the elastic properties
yielded realistic values of Young’s modulus with a reasonable amount of scatter. This
strongly resembles the behavior of a slack fiber reported in Chapter (7| but further
experimental investigation is necessary to provide a conclusive explanation. De-
spite the limitations, the lateral measurements allowed comparing silk fibers with
and without post-treatment by methanol vapor. This treatment is known to induce
a transformation from a predominantly «-helical secondary structure to a -sheet
rich structure, and we could clearly see a difference in the elastic properties of the
treated and untreated fibers (Figure[2.12).
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Figure 2.12 Distribution of Young’s modulus determined from the lateral bending
experiments for untreated (black) and methanol treated (red) silk fibers (Chapterl?[).

Regardless of the issues, this chapter demonstrates that a mechanical investigation of
other materials via bending experiments is possible, that they can identify non-ideal
behavior and therefore, produce reliable results. Especially lateral large deformation

experiments are a promising approach for further mechanical studies.
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2.8 Individual Contributions to Joint Publications

The experimental work and findings presented in the thesis are the result of collabo-
ration with fellow researchers. In the following, the individual contributions of each

coworker are specified.

Chapter [4| is published in Langmuir 2010, 26(5), 3020-3023 under the title Nano-
mechanical Properties of Supramolecular Self-Assembled Whiskers Determined by AFM
Force Mapping by Daniel Kluge, Frank Abraham, Stephan Schmidt, Hans-Werner
Schmidt, and Andreas Fery. I carried out all of the bending experiments, evaluated
the data, programmed the evaluation procedures, perfomed parts of the SEM imag-
ing, and wrote the publication. Frank Abraham performed the sample preparation,
parts of the SEM imaging, and wrote the publication. Stephan Schmidt was involved
in scientific discussions and corrected the manuscript. Hans-Werner Schmidt and
Andreas Fery supervised the project, corrected the manuscript and were involved in

scientific discussions.

Chapter [5]is published in Small 2012, 16, 2563-2570 under the title Influence of the
Molecular Structure and Morphology of Self-Assembled 1,3,5-Benzenetrisamide Nanofi-
bers on their Mechanical Properties by Daniel Kluge, Julia C. Singer, Jens W. Neubauer,
Frank Abraham, Hans-Werner Schmidt, and Andreas Fery. I carried out a part of the
bending experiments, evaluated the AFM data, programmed the evaluation proce-
dures, and wrote the paper. Julia C. Singer performed the fiber preparation, mor-
phological characterization, and wrote the paper. Jens W. Neubauer performed and
evaluated a part of the bending experiments within the scope of his bachelor thesis
under my guidance. Frank Abraham prepared a part of the self-assembled nanofi-
bers. Hans-Werner Schmidt and Andreas Fery supervised the project, corrected the

manuscript and were involved in scientific discussions.

Chapter [6] is published in Polymer 2012, 53, 5754-5759 under the title Top-down
meets bottom-up: A comparison of the mechanical properties of melt electrospun and
self-assembled 1,3,5-benzenetrisamide fibers by Daniel Kluge, Julia C. Singer, Benedikt
R. Neugirg, Jens W. Neubauer, Hans-Werner Schmidt, and Andreas Fery. I over-
saw the bending experiments, evaluated the AFM data, programmed the evaluation
procedures, and wrote the paper. Julia C. Singer performed the fiber preparation,
morphological characterization, and wrote the paper. Jens W. Neubauer performed
and partially evaluated the bending experiments on the self-assembled fibers within

the scope of his bachelor thesis under my guidance. Benedikt R. Neugirg performed
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and partially evaluated the bending experiments on the electrospun fibers under my
guidance. Hans-Werner Schmidt and Andreas Fery supervised the project, corrected

the manuscript and were involved in scientific discussions.

Chapter[7|was initially submitted for publication in Journal of Applied Physics under
the title A Critical Assessment of Slack Effects in Nanobending Experiments by Daniel
Kluge, Davide Ruffoni, and Andreas Fery. I performed all FEM simulations and
evaluated the data. Davide Ruffoni and Andreas Fery supervised the project, cor-
rected the manuscript and were involved in scientific discussions. At the date of
publication of this thesis, the chapter is intended to be published as part of a larger

upcoming paper, including further experimental work.
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3.1 Nanomechanical Characterization of Fibers

3.1.1 The Challenges of Nanomechanics

The advancing miniaturization of building elements allows the design of novel func-
tional structures with exceptional properties. However, even if the bulk properties
of a material are already known, the increased importance of defects and inhomo-
geneities on the nanoscale makes probing the individual structural elements nec-
essary. Especially tailored high-end materials often cannot be characterized with
macroscopic tests, since they lack the required sensitivity. Therefore, there is a grow-
ing need for simple, versatile and reliable nanomechanical characterization tech-
niques. While mechanical testing on such small scales is always difficult, nano- and

microfibers pose some special challenges:

* During sample preparation, the fibers have to be manipulated, aligned and
fixated with high precision and without unintentionally damaging the fibers

or inducing stresses and strains prior to mechanical testing.

* In situ oservation of the experiment is difficult and requires optical microscopy
or even electron microscopy techniques. The latter are limited to conductive
samples since on such small scale, the sputtered conductive layer could alter

the mechanical properties.

* The mechanical testing itself requires high precision and resolution for both
forces and displacements. Therefore, typical testing systems cannot be used
and the measurements are often performed using atomic force microscopy
(AFM, see Section[3.3).

There has been continuing effort and success in the last few years in overcoming
these difficulties, summarized in comprehensive reviews on nanomechanics in gen-
eral by Withers et al. X Aston et al.)? and, with an exclusive focus on the mechanical
testing of nanofibers by Tan et al.,” as well as a book chapter dealing with the char-
acterization of polymer nanostructures with AFM by Kim et al.* Although many of
the experimental techniques were further developed and fine-tuned since then, the
three major approaches for quasi-static mechanical testing of fibers are still bending
experiments, uniaxial tensile tests and indentation measurements. Besides, there are
also dynamic approaches which are mostly based on probing the resonant frequency

of free-standing fibers and which will not be further discussed here.
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3.1.2 Bending

Nanomechanical bending experiments are one of the most frequently used ap-
proaches since they allow a reliable characterization and require only moderate ef-
fort in terms of sample preparation. The principal setup is shown in Figure[3.1] The
fiber is placed on a substrate with well-defined gaps like channels or holes and the
load is typically applied to the fiber using commercial AFMs or equivalent devices.
Most measurements are evaluated with continuum mechanical beam bending the-
ory, especially since for fibers with a diameter larger than 100nm, surface effects,
such as surface tension, long range interactions, and a chemically different surface

layer, are typically negligible 37

Figure 3.1 Schematic setup of a micromechanical bending experiment on fibers via
AFM.

Nevertheless, several important prerequisites have to be considered for a correct in-
terpretation of the data, which are easier to control on the macroscopic scale. First
of all, indentation of the fiber during bending must be avoided to ensure that the
force-deformation behavior consists of pure bending. Second, the fixation of the
fiber on the substrate plays an important role. Finally, the fibers should lie straight
and perpendicular over the gaps in the substrate, but without prestress. Since not all
of these parameters can be completely controlled, sometimes it is necessary to incor-
porate them into the theoretical model used for evaluation, which will be discussed
in Section[3.2]and Chapter[7]
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One of the first investigations of nanoscopic fibers with bending experiments was
the determination of Young’s modulus of 3-chitin fibers.® Today, fibers consisting of
a wide variety of materials and with diameters of a few nanometers up to several
microns have been studied. The materials can be grouped into three main fields
of research, (carbon) nanotubes, metal or metal oxide nanowires, and soft matter
fibers. These fields have distinct scientific questions which may involve different

underlying physical principles and samples of vastly different sizes.

An interesting aspect to note is that although all three fields apply bending exper-
iments for a nanomechanical characterization, surprisingly little of the results and
findings are referenced within the respective other communities. One reason might
be that the focus of the individual groups is sometimes very different. In the soft
matter community that often deals with novel materials, mostly Young’s modulus
and comparable continuum mechanical characteristics are of interest, whereas, es-
pecially for nanowires, often the influence of defects is more important since the ma-
terials are well-established. Whatever the reasons, the consequence is that achieve-
ments within one community are typically slow to be recognized by the others.
Therefore, there is still potential for further improving the experiments by com-
bining the results of the different fields.

Since nanotubes possess remarkable properties but a very small size, a true nanome-
chanical characterization is highly relevant. Due to the difficult sample handling,
bending experiments have proven to be a very convenient approach to study the

210 a5 well as the effect of a mechani-

mechanical properties of CNTs and CNT ropes
cal deformation on their electrical characteristics!' Recently, also boron nitride na-
notubes were investigated.*? For the same reasons, bending experiments have also
been widely applied for the mechanical characterization of metal and metaloxide
nanowires and nanobelts.243722

Bending experiments are also very important within the soft matter community for
the characterization of (bio)polymer nanofibers, and especially for biological sys-
tems as the samples often have a given size and do not tolerate harsh measure-
ment conditions (e.g., ultra high vacuum). Experiments on biological samples and
biopolymers included microtubules,?® native, modified and electrospun collagen

28129 amyloid fibrils,?" different types of cellulose

fibrils,2#72Z intermediate filaments,
fibrils,*1733 and even gecko setae** Studies on synthetic poylmers are often focused
on electrospun fibers and included poly(L-lactic acid) (PLLA) nanofibers,*> electro-

spun polyacrylonitrile (PAN) fibers,*® polymer nanowires,*” and poly(vinyl alcohol)
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nanofibers reinforced with ferritin*® The concept was even further extended to par-
ticle bridges 22#¥ However, especially for synthetic polymers, there are also other
characterization methods available. The controlled fabrication of nanofibers via
electrospinning allows the application of uniaxial tensile tests (see Section
and if the polymers can be produced in larger quantities, there is often no need for

a nanoscopic mechanical characterization of the material.

While bending experiments are typically associated with small and elastic defor-
mations, they have also been employed to study the large-deformation regime. It
should be noted, however, that correct interpretation of these measurements re-
quires significantly more complex theories (see which have not been ap-
plied in every case*!' In addition, those measurements are typically performed in
a lateral setup, which introduces additional experimental difficulties (see Section
[3.3.5). The first studies employing large deformations have been performed on
SiC nanorods and CNTs 42 Other publications included carbon nanotube ropes,34
electrospun polymer-nanotube composite nanofibers,*? electrospun collagen and fi-
brinogen fibers, 2% fibrin fibers,*® and intermediate filaments?? While there is
a large number of studies on metal- and metal oxide nanowires, nanobelts, and
nanobeams, %! the work of Heidelberg et al. includes the most comprehensive de-

scription of the large-deformation behavior of nanowires.*!

3.1.3 Uniaxial Tension

The big advantage of uniaxial tension measurements is the straightforward acquisi-
tion of stress-strain curves. However, there are several difficulties for nanofibers:>!
First of all, sample preparation requires direct manipulation of the fiber and there-
fore carries the risk of damaging the sample. Second, gripping is difficult and often
requires gluing the fiber to a support. This can influence the measurements due to
pull-out of the fiber or finite elasticity of the glue. Finally, misalignment of the load-
ing direction to the fiber axis can cause additional bending moments and stresses
which can lead to misinterpretation of the data. Therefore, setups for uniaxial ten-
sion are often much more sophisticated than bending experiments. A possible ap-
proach is sketched in Figure In some of the first studies, a comparable setup
was combined with electron microscopy to measure the tensile properties of carbon
nanotubes ©47°* Besides, experiments were performed on various types of electro-

spun polymers.®>*“!'Here, sample preparation can often be facilitated by depositing
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the fibers in a support frame, so that commercially available high-precision tensile

devices can be employed.

Figure 3.2 Schematic setup of a possible uniaxial tension experiment based on the
description by Tan et alP¥The fiber is glued between two AFM cantilevers with differ-
ent spring constants. The stiff triangular cantilever is used to apply a strain to the
fiber while the other one acts as force sensor.

It is important to differentiate between tension in general, and a pure uniaxial
tension. For uniaxial tension, the tensile stresses are homogeneously distributed
throughout the test specimen, while bending leads to an inhomogeneous stress dis-
tribution of compressive and tensile stresses 72 At large bending deformations, ad-

ditional homogeneously distributed tensile stresses may also become significant (see
Section [3.2.4and Chapter[g).

3.1.4 Nanoindentation

Indentation is based on pressing a hard probe with a defined geometry into the
sample and extracting the mechanical properties from the force-indentation curve.
The principle can be seen in Figure The measurements are evaluated with suit-
able theories of contact mechanics, depending on the nature and complexity of the
systems. Nanoindentation measurements are mostly performed at high loads
where adhesion forces play a minor role and thus, the measurements are often de-
scribed with an extended Hertzian or Oliver-Pharr model 7477

It has been demonstrated that nanoindentation measurements can be used for the

mechanical characterization of thin fibers78%8% They have the main advantage of
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-y

Figure 3.3 Schematic setup of an AFM based indentation experiment on a nanofiber.

much easier sample preparation compared to bending and tension, since the fibers
can simply be deposited on a flat, hard substrate. However, there are several is-
sues with this approach28% First of all, the fibers may be compressed so far that the
underlying substrate influences the measurement and Young’s modulus is overesti-
mated. For thin samples, this effect becomes important when the indentation depth
is larger than 5-10 % of the sample thickness, which results in a lower fiber diameter
limit of around 200 nm73 Second, for indenters with a sharp tip, the curved shape of
the fiber can also pose a problem due to the ill-defined contact area and slippage of

the tip.28Y Therefore, nanoindentation is most commonly performed on thin films
(especially polymers) and biological samples.”3/7251

An important thing to keep in mind is that the determined mechanical properties do
not necessarily have to correspond with bending and tension measurements: For an
isotropic material, the Young’s modulus determined by indentation measurements
will yield the same result as the other approaches. Many fibers, however, are more
likely to show transverse isotropy/3? Here, the elastic modulus in the axial direction
(longitudinal elastic modulus) will be different from the elastic modulus perpendic-
ular to the fiber axis (transverse elastic modulus). Therefore, indentation mea-
surements on nanofibers should be regarded as a complementary approach rather

than as replacement for bending and tensile tests.
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3.2 Beam Theory

Although bending on the nanoscale is experimentally by far more challenging than
on the macroscopic scale, the general mechanical concepts are the same and beam
theory is frequently used to evaluate the measurements. A detailed description of
beam theory can be found in textbooks of mechanical engineering. The major part
of this chapter is a summary of the concepts that are relevant for the experimen-
tal work in the thesis and is mainly based on the books by Gere and Ugural 727
Note however that the notation (especially the definition of the coordinate system)
deviates slightly from the engineering standards in order to be consistent with the

standards of AFM.

Since beam theory is a continuum mechanical approach, there will be limitations for
fibers with very small diameters that can no longer be treated as a continuous mate-
rial. In addition, phenomena like thermal fluctuations are normally not included in
macroscopic continuum mechanical theories. Especially surface effects start to have
a significant influence for fibers with a diameter below 100nm.>*” Since the fibers
investigated in this work were relatively thick (with diameters from =~ 150nm to
above 1 pm), the fundamental models and predictions of classical beam theory were

considered sufficient in the majority of cases.

3.2.1 Elastic Regime

A transverse load that is applied to a beam will result in a bending moment M and
the beam will bend into a curved shape which is called the deflection curve. The
deformation of a beam with a uniform cross section under pure bending is depicted
in Figure In pure bending, the shear forces are zero and cross sections remain
plane and normal to the longitudinal axis.”* In general, it is assumed that the beam
is symmetric to the (xz) plane (therefore, bending can be reduced to a quasi-2D-
problem) and slender, which means that its length is large compared to its maximum

cross-sectional dimension.

Let us consider a beam subjected to a positive bending moment as depicted in Figure
Internally, the top part of the beam will be shortened due to the curvature while
the lower part will be elongated, which corresponds to longitudinal strains €,. In
between, a surface is situated that does not change in length, which is called the

neutral surface and its intersection with the (xz) plane is called the neutral axis. The
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Deflection
curve

Figure 3.4 Pure bending of a beam. Deformed shape of a beam as a result of the
bending moments M acting on its ends. The deformation is strongly exaggerated.
Enlarged end of the beam. Since the beam is assumed symmetric to the (xz)-
plane, bending is reduced to a quasi-2D-problem.

deflection curve is defined by the location of this surface. Its distance from the center
of curvature O is called the radius of curvature p. The curvature itself is denoted

x = p~!. The relation between strain and curvature is

€y =—Kdy,, (3.1)

where d,, , is the distance to the neutral surface. For a linear elastic, isotropic mate-
rial that follows Hooke’s law, the corresponding normal stresses acting on the cross

section are therefore given by:

oy=FEe,=-Exd,, (3.2)

An important result of this equation is that the stresses vary linearly with the dis-
tance d,, , from the neutral surface and change from maximum compressive to max-
imum tensile from the top to the bottom of the beam. In addition, the stresses can be

correlated with the bending moment to calculate the moment-curvature equation:*

M =«EI (3.3)

The product EI is called the flexural rigidity and consists of Young’s modulus E and
the area moment of inertia I of the cross section. I is a purely geometric parameter and

depends on the axis around which the beam is curved and therefore on the direction
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of loading. For example, a load in the z direction will lead to curvature around the p

axis and therefore, Iy is needed for the calculations. It is defined as

L, = j 22dA (3.4)
A

where A is the area of the cross section. Combining Equations (3.2) and (3.3) yields
the flexure formula, which relates the stresses to the bending moment:

(3.5)

For practical applications, it is also important to calculate the deflection of the beam.
The deflection w is defined as the z component of the displacement of an arbitrary
point on the neutral surface in the distance x from the beam end. For small deflec-
tions of the beam, the relation between curvature and deflection can be expressed

as72

d*w
K= W (36)
Combining this with Equation (3.3) yields
d>w M
- == 3.7
dx? EI (3.7)

This is the governing differential equation of the deflection curve of a beam, some-
times also called the Bernoulli-Euler law of technical bending theory.®” Integrating
this equation with known bending moment M and flexural rigidity EI allows calcu-

lation of the beam’s full deflection curve 2%

3.2.2 Fixation and Boundary Conditions

Depending on the fixation of the beam, there are different boundary conditions for
which Equation has to be solved. While it is relatively easy to determine and
control the boundary conditions for a macroscopic bending test, things get signif-
icantly more complicated on the nanoscale. However, knowledge of the boundary

conditions is essential for a correct interpretation of the mechanical behavior. Often,
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an important issue is determining the proper model for the fixation of a microscopic

1D object on the substrate during bending.!>

The two most commonly applied models are a beam that is firmly fixed on the sub-
strate and a beam that is only supported by the substrate (see Figure[3.5)). The corre-
sponding models are often denoted as double clamped beam model (DCBM) and simply
supported beam model (SSBM). Since the ends of the beam are only loosely supported
in the SSBM case, they are free to rotate and are therefore lifted off the substrate

when the beam is loaded in its mid-section.

Figure 3.5 Common models for the boundary conditions of a beam under pure
bending. [@]The double clamped beam model (DCBM) assumes that the ends are
firmly attached to the supports. The simply supported beam model (SSBM) as-
sumes that the ends of the beam are only loosely lying on the supports and are
therefore free to rotate.

It is easy to determine the (symmetric) boundary conditions for both cases. For the
DCBM, the deflection and the slope are zero at the ends of the beam. The origin of
the x axis is set to one end of the beam, so the x coordinate of this end is 0, the other
is equal to the length of the free-standing segment (which is equal to the distance

between the supports) L. This results in:

w(0)=0 w(L)=0 (3.8)
dw dw
E . = O E . = 0 (39)

For the SSBM, only the deflection must be zero because the beam is able to rotate
and therefore w has a finite slope. However, the bending moment also has to vanish,
so that
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w(0)=0 w(l)=0 (3.10)

M(0)= EI=—| =0 M(L)= EI=—| =0 (3.11)

Finding a correct expression for the acting bending moments M and solving Equa-
tion (3.7) for specific boundary conditions is not straightforward. Detailed examples
can be found in the literature”? For the DCBM, the solution isl22

F(L- x)3 x3
=— 3.12
w0 = =35 (3.12)
and for the SSBM1#:15
F(L—-x)*x2
X)= ——— 1
W) = —57Fr (3:13)
When calculating the deformation at the midpoint for both cases, one obtains:
FL’
= 14
wi¥) = T93FT (3.14)
for the DCBM and
FL3
= 1
W) = FT (3.15)

for the SSBM, respectively. It is obvious that the deformation at a given force is
four times larger for the SSBM. The reason is that there is no additional curvature
at the ends, because they are lifted off the substrate, which significantly reduces the
stresses within the beam. Therefore, a simple 3-point bending test where the load
is only applied and the deformation is only observed at the midpoint of the beam,

is not sufficient to reliably determine the mechanical properties on the nanoscale.

However, Equations|3.12|and |3.13|show that the model also influences the shape of

the deflection curve, which presents a possibility to determine the boundary condi-
tions by performing spatially resolved force measurements along the free-standing

segment of the beam.
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For AFM force measurements, it is sometimes easier to determine the stiffness in-
stead of the absolute deformation of the sample. Rearranging Equations and

accordingly yields

3
K(x) = —0 Ef (3.16)
(L—x)"x3
for the DCBM and
k)= —L (3.17)
(L—x)" x2

for the SSBM 228 By determining the stiffness on multiple positions along the free-
standing segment, a stiffness profile is obtained. The shape of this profile can be used
to verify the boundary conditions and to calculate the flexural rigidity EI by fitting
the equations to the measured profile. Since the length of the channel is known, EI
is the only free parameter in the fit. When the area moment of inertia I is known
(e.g., by AFM measurements of the fiber cross section), the fiber’s Young’s modulus

E can be directly calculated from the stiffness profile.

With the increasing importance of bending experiments for the nanomechani-
cal characterization of 1D structures, determining the boundary conditions has
gained growing research interest. The influence of the boundary conditions was
investigated by dynamic®” and static®*!” bending measurements and its impor-
tance is still pointed out in very recent publications.*# There are several detailed
studies by the Aston group concerning the boundary conditions for nanobending
experiments.!HA07 Besides the commonly used models of complete clamping and
loose support, they also investigated the effect of a fixation with finite stiffness.
In this thesis, the effect of the boundary conditions and their investigation via force

mapping is further discussed in Chapter [4

3.2.3 Shearing

The discussion so far was limited to pure bending. However, for thicker beams,
larger deflections or highly anisotropic materials, there may be a significant con-
tribution of shear forces within the beam which leads to nonuniform bending and a

Timoshenko-Beam like behavior/Z22U In the literature, this issue is often addressed
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by defining a bending modulus Ej, which is related to Young’s modulus E and the

shear modulus G via:23122i28

1 1 1 3fd?

3.18
E, E G I? (3.18)

for a double clamped cylinder. Here, d is the diameter and L is the length of the
suspended segment. f, is a shape factor that equals 10/9 for solid cylinders.*® The
derivation of Equation uses the fact that the area moment of inertia I and
the cross-sectional area A are both functions of the fiber’s radius.?Y However, for
more arbitrary cross sections, this is not necessarily the case, and Equation (3.18)

becomes

1 1 1 fl
— = —4+—.48
E, E G AL

(3.19)

which is used in Chapter

For isotropic materials, small deflections and quasi-static experiments (i.e. low de-
formation speed), the contribution of shearing is only a few percent and can be
neglected®” and Ej.,q = E. For highly anisotropic materials, this is only valid if

the aspect ratio % fulfills the requirement:1%20

U
\%
(o)

(3.20)

Qf

If shearing contributes to the bending behavior of a specific sample, there will be a
linear dependency of 1/E, on d?/L? as suggested by Equation (3.18)), which can be

used to calculate E and G from the data!22+2>

3.2.4 Large Deformations

The characterization of nanofibers at large deformations is often performed in a lat-
eral bending setup (see Section [3.1.2). In this setup, the fiber experiences an addi-
tional tension due to a total increase in length at large deformations. The measured
forces will therefore be a combination of bending and tension: For small deforma-
tions, bending forces are dominant. For large deformations, the experiment can be

considered as quasi-uniaxial stretching and tension forces are dominant. The proper
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mathematical description of this interplay is rather complicated 21345 For the sake
of clarity, let us consider the approximate solution for the resulting force F.eper at
the midpoint of the fiber by Heidelberg et al*}

192E1 8EA
center — TAvcenter + ?Avgenter (3-21)

In this equation, Avepner is the absolute displacement of the fiber in p direction, E
is Young’s modulus, and A is the cross-sectional area of the fiber. For a lateral de-
formation, the area moment of inertia about the z axis I, is needed since the fiber is
deformed in the v direction. The first, linear term is the regular bending force. The
second, cubic term is the tensile force acting on the fiber which becomes significant
for deformations at the midpoint of the free-standing segment that are larger than
the radius of the fiber 2! Therefore, the force-deformation curve measured in a bend-
ing experiment will no longer be linear at large deformations, even if the material

still behaves linearly elastic.

Equation still assumes a linear elastic material behavior. If a material, for
example, behaves elastoplastically, it starts to show plastic deformations when the
stress exceeds the yield stress o,. Since the bending stresses are not homogeneously
distributed, the outer regions of the beam will show plastic deformation while an
elastic core remains linearly elastic.”? The point where the material starts to deviate
from the linear elastic models can be identified as the vield point if no other effects

(such as slipping of the fixations) occur.

Further deformation until failure allows calculation of the fracture strength o¢. Let us
first consider a beam that breaks at small deformations and that does therefore not
experience additional tensile stresses. It is important to remember that the stress dis-
tribution in bending is not homogeneous. Instead, the stress increases with distance
to the neutral axis and is either of compressive or tensile type (see Section [3.2.1).
Since fracture of the fiber is caused by failure at the region of highest stress, it is not
important to exactly determine the whole stress distribution, but only the maximum
stress at break which is equal to the bending or flexural strength o;,. The relationship

between the bending stress and the bending moment is given by Equation (3.5
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The maximum moment resulting from a concentrated load F on a double-clamped

beam is given by:?4

2Fx* (L - x)2

Mpax = - I3

(3.22)

Here, x is the position where the load is applied, and L is the length of the free-
standing segment. When applying the load at the midpoint of the free-standing

segment where x = /2, the equation facilitates to

FL
Mmax = Y (3.23)

Combining this result with Equation (3.5) and considering that the maximum bend-
ing stress will occur at the maximum distance from the neutral surface yields an

expression for the bending strength:*’

FL
Ob,max = gdn,max (324)

In reality, the calculation of a nanofiber’s fracture strength can become quite com-
plicated. Additional tensile stresses due to elongation of the whole beam will be
homogeneously distributed within the beam. Therefore, the bending and tension
components of the force described by Equation have to be treated separately
to calculate the resulting stresses. It depends on the sample, which contributions are
dominant and which models have to be applied. An example where the individual

stress contributions have been calculated can be found in Chapter|[3]



42 STATUS OF THE FIELD AND THEORETICAL BACKGROUND

3.3 Atomic Force Microscopy

3.3.1 General Setup

Nanomechanical characterization requires the precise measurement of forces and
deformations on the nanoscale. This can be achieved using the Atomic Force Micro-
scope (AFM). Tt was introduced in 1986 by Binnig, Quate and Gerber®3 Although it
was originally based on the setup of the Scanning Tunneling Microscope (STM) 24
the principle of the AFM is to use the deflection of a spring as a measure of the act-
ing forces. Today, AFM has become one of the most versatile and most commonly
applied methods for investigating objects and forces on the nanoscale?32¢ A major
advantage over electron microscopy is that measurements can be performed under
ambient conditions in air and even in (aqueous) solvents. On the downside, the in-
vestigation is limited to the sample surface. A typical setup is illustrated in Figure

3.6
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Figure 3.6 Illustration of a typical AFM setup.

All techniques which can be summarized as scanning probe microscopy (SPM)*Z are
based on the interaction of the sample with a probe. As the name implies, AFM is
used to measure forces. They can be of diverse nature (see[3.3.3) and either attractive
or repulsive. The probe is commonly a sharp Si or Si3Ny tip or a colloidal glass
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bead which is attached to a cantilever spring. Any interactions will lead to a deflec-
tion of the cantilever, which is commonly measured with the optical lever method ?®
Here, a laser beam is focused on the backside of the cantilever and reflected to a
quartered photo diode which serves as position sensor. Deflection of the cantilever
leads to a change of intensities in the individual quarters which is used to calculate
the vertical and lateral deflection. The x-, y- and z-movement of the probe relative to
the sample is controlled by piezo actuators. In many cases, an optical microscope is
integrated into the setup to facilitate positioning of the laser beam on the cantilever

and which allows monitoring the sample during measurements.

3.3.2 Imaging

The most widely-used application of AFM is imaging small scale samples. The sim-
plest approach is bringing the cantilever into contact with the sample (contact mode)
and either recording the deflection directly (constant height) or keeping it constant
by using a feedback-loop (constant force) and processing the feedback signal into an
image. Beyond that, dynamic approaches like the intermittent contact mode have
become especially relevant for imaging soft samples, since minimizing the contact
between tip and sample (and thereby especially shear forces) allows preventing dam-

age and increasing resolution.”2%°

There are two important drive modes for dynamic measurements:* Most measure-
ments in air or liquids use amplitude modulation. Here, the cantilever is excited near
its resonant frequency and the oscillation amplitude is kept constant by a feedback
loop. Y% 1n addition to the height image, the phase shift of the oscillation can be used

101

to evaluate the energy dissipation,*** which also allows drawing conclusions about

the mechanical properties of the sample.*? In frequency modulation, the shift of the

102/ This mode is often used for measurements in

resonance frequency is recorded.
ultra-high vacuum and can probe the repulsive regime of the tip-sample interac-

tion.

The resolution of scanning probe techniques is not limited by diffraction as in opti-
cal microscopy. Instead, the geometry of the probe limits the quality of the image.
Convolution of the sample and the tip geometry becomes a considerable issue for
samples with lateral dimensions in the same order of magnitude as the cantilever
tip radius (which is typically around 10 nm). Therefore, there are ongoing efforts to

correct AFM images for convolution effects /1031104
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3.3.3 Force Measurements

A fundamental capability of AFM is the detection and measurement of forces on the
nanoscale, often referred to as force spectroscopy.”* Typical examples include elec-
trostatic forces, van der Waals forces, steric forces and capillary forces. There are
numerous review articles and textbooks that explain the theories of intermolecular,
interparticle and interfacial forces as well as the interpretation of the corresponding
AFM measurements.”#1031061n addition, single molecule force spectroscopy allows the

07 and protein mechanics'® by attaching

measurement of molecular interactions
one or several molecules to the probe (which can also happen randomly simply by
adhesion when approaching the sample until contact and retracting) and evaluating

the forces involved in detachment, unfolding and rupture.

Furthermore, also the continuum mechanical properties of the sample can be inves-
tigated, which will be the focus of this thesis. Prominent examples include biological
samples (which immensely profit from the AFM’s capability to measure in liquids)
and polymeric thin films.2#19% In many of these approaches, the AFM is used as a

device for sensitive indentation measurements (see also Section|3.1.4).

In force spectroscopy experiments, the force is typically measured as a function of
the piezo displacement in the z-direction Z (force-displacement curve). In order to cal-
culate the true distance D between probe and sample, the deflection of the cantilever

. and the deformation of the sample o, have to be taken into account.”*

D=Z-(5.+9,) (3.25)

The continuum mechanical properties of samples are measured in the contact regime
(D =0). Therefore, Equation can be simplified and rewritten to express the
force as a function of the sample deformation (force-deformation curve). To calculate

the deflection of the cantilever, it can be treated as a Hookean spring;:

S, = k£ (3.26)
C

The result is:

oo=7—— (3.27)
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Instead of using the slope of the force-deformation curve, the stiffness of the sample

can also be directly evaluated with a model of coupled springs 2710

1 1

—+— 3.28
EETR 5.2
Here, k; is the stiffness of the sample and k; is the coupled stiffness which is equal to
the slope of the force-displacement curve. Solving Equation for k, leads to:

kckt

k.= ——
’ kc_kt

(3.29)

3.3.4 Calibration

For a quantitative evaluation of AFM force measurements, the photodiode signal
(PDS) has to be converted to an actual force. The calibration usually involves two
steps as depicted in Figure First, the signal in volt is converted to an actual de-
flection of the cantilever in nm using the inverse optical lever sensitivity (InvOLS), the
ratio of cantilever deflection to photodiode signal. The sensitivity is obtained from

the slope in the constant compliance regime of a force curve on a hard substrate.”*

Ph:;c;::de InvOLS Deflection ke Force
[PDS] =V [6c] = nm [F]=N

Figure 3.7 The typical steps of the AFM force measurement calibration.

While the spring constant of the cantilever can in principle be calculated from its
geometry, it requires precise knowledge of its plan dimensions, its thickness and
especially of the material properties and is therefore susceptible to error”# As a con-
sequence, a variety of more sophisticated approaches have been developed which
shall only be briefly summarized here. The thermal noise method uses thermal fluc-
tuations to determine the cantilever’s spring constant, resonant frequency, and the
quality factor Qf, which provides information concerning the dampening ! The
method introduced by Sader et al 14 has undergone several improvements and now
only relies on the resonant frequency, the quality factor and the plan dimensions

of the cantilever 314 The method proposed by Cleveland et al. determines the
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spring constant of the cantilever by measuring the resonant frequency before and
after adding a small mass to the end of the cantilever13

3.3.5 Lateral Force Microscopy

Regular AFM force measurements are carried out in the direction perpendicular to
the surface. In addition, it is also possible to perform measurements parallel to
the surface, where the photodiode detects the lateral deflection of the cantilever.
This is often called lateral force microscopy (LFM) and was first employed by Mate
et al. to study the friction force of a tungsten tip on a graphite surface ™8 One
of the main applications of LFM is nanotribology, i.e., the investigation of friction,
lubrication and wear on the nanoscale 7 The general setup is shown in Figure
The application of lateral deformations for bending experiments will be discussed
in Chapter|[g]

Cantilever

movement
—

. Torsional
< .
deflection

Figure 3.8 Schematic LFM setup.

One major limitation of LFM is that the calibration is more complicated and less
precise than for the vertical setup. As in regular force spectroscopy experiments, it
normally consists of two steps: First, the photodiode signal in volt is converted into

a displacement of the cantilever tip in nm using the lateral optical lever sensitivity.
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The actual forces can be calculated from this deflection with knowledge of the lat-
eral spring constant. Alternatively, a conversion factor is determined that allows to
directly calculate the force from the signal in volt. To date, there are many different
approaches in the literature, but in contrast to vertical experiments, there is no stan-
dard technique for a successful and reliable calibration, as even the best approaches
involve uncertainties of around 50%. A very comprehensive review on lateral force

calibration was recently published by Munz%

Special care should be taken concerning the terminology, in particular the use of

L8 where

the terms lateral and torsional. This work follows the terminology of Munz
torsional sensitivity and torsional spring constant refer to an angular torsion of the
cantilever in rad, whereas lateral sensitivity and lateral spring constant refer to an

actual displacement of the cantilever tip in nm (see also Figure|3.9).

Ag

d

Figure 3.9 Definition of the important quantities for LFM.

The torsional angle A¢ and the lateral displacement Ax are related through the lever

arm H of the cantilever:

Ax = HA¢ (3.30)

In aregular LFM setup (e.g., for friction measurements), it is defined as the tip length

h plus half of the cantilever thickness ¢:
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H:h+% (3.31)

Depending on the experimental setup, the calculation of the lever arm can be more
complicated for bending experiments (see Chapter [8). In summary, the important

quantities for LFM are defined as:

Torsional sensitivity: S AVy = SpAd [S¢] = Vrad™'
Lateral sensitivity: S, AVy =S Ax [Sy]=Vnm™
Lateral spring constant: k, Flat = k Ax [k,] = Nm™
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3.4 Finite Element Analysis

The Finite Element Method (FEM) is an indispensable tool for engineers and physi-
cists alike and provides a numerical technique for the approximate solution of dif-
ferential equations. Therefore, it can be applied to virtually all sorts of physical
problems like heat transfer, electrical and magnetic fields, fluid flow, and acoustic
problems, to name just a few. However, its origin and also its main application in
this thesis is the analysis of structural mechanics. Especially in this context, it is
often termed Finite Element Analysis (FEA). Section is supposed to provide a
very brief introduction into the basic principles of FEA and focuses solely on elas-

119 120
1. 1.,

ticity theory. It is mainly based on the books by Rieg et a and Henwood et a

as well as on the Abaqus 6.11 user manual*2!' In addition, Section m provides a
short overview of nanofiber studies in the literature that employed the FEM.

3.4.1 An Introduction to the Finite Element Method

Implicit methods

Figure 3.10 A rod with a fixed end and an applied load on the other end and its FE
representation as one truss element with two nodes.

A simple yet illustrative example to demonstrate the principle concept of FEA is a
rod that is firmly fixed on one end and to which a load is applied on the other end
(Figure[3.10). Such a problem can be modeled using a truss element with two nodes,

a and b. The external force F will lead to internal stresses and therefore to an internal
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force Fin. For small deformations of a linear elastic material, it can be calculated

according to Hooke’s law:

Fi = 0A = EAe = EA@ (3.32)

The expression % is called the elemental stiffness K. In equilibrium, the external

forces acting on each node must be balanced out by internal forces. This equilibrium

condition can be written as:

F,=Ku, - Kuy, (3.33)
Fb:Kub—Kua (334)

The same equation system can be written in matrix form as

F K -K
al_ “al _ g (3.35)
F[ |-k K ||u
The expression
K -K
-K K

is called element stiffness matrix (ESM) for an individual element or global stiffness
matrix (GSM) if multiple elements are present. To illustrate this, let us extend the
modeling of the rod under tension to two truss elements with a total of three nodes

a, b, and c. The equilibrium condition can than be written as

Fa Kl —K1 0 U,
Pb - —K1 (K1 +K2) —K2 Uy ¢ = 0 (336)
F, 0 K, K|l

When all elements are of equal elemental stiffness, the GSM in Equation (3.36) can

be rewritten as
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F, 1 -1 0](u,

EA
Fb —(T) -1 2 -1 Uy =0 (337)
F, 0 -1 1||\u.

Most FEA programs first determine the displacements u; by simultaneously solving
the equation system (3.36). Once the displacements are known, the internal forces

(i.e. stresses) are calculated.

No matter how complicated the FE model, this implicit approach for structural me-

chanical analysis is always comparable and can be summarized as follows:*?

1. Definition of the FE structure

2. Calculation of the ESMs

3. Generating the GSM by addition of the individual ESMs (compilation)

4. Definition of the boundary conditions (forces, constraints, displacements, etc.)

5. Iterative solution of the equation system yields the displacements u; of the

individual nodes
6. Calculation of the internal forces and stresses

Implicit approaches are also capable of solving nonlinear problems. For that pur-
pose, the total prescribed displacements, loads, etc., are divided into multiple steps
(incrementation) and a solution is calculated for each step. Since the size of the in-
crements of course affects the outcome of the simulation, it is important to choose
proper algorithms for the (adaptive) incrementation. However, discussion of these

algorithms is beyond the scope of this work.

Explicit Methods

Although they were not applied in this thesis, explicit dynamic methods should also be
briefly mentioned here. Instead of solving the whole equation system at once, they
calculate the propagation of a stress wave over several time increments. To illustrate
this, let us again consider the rod under tension, but now with three elements (Fig-
ure . In the first time increment, the concentrated load leads to an acceleration
% and a velocity dd”t” of node a, which in turn leads to a strain rate ddi;‘ in element

A. The total strain can be calculated by integrating the strain rate through the time.
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The other nodes do not move since there are no forces acting on them in the first

increment.

Qe
Qo
O

\/

d b a
=
>
Fint,A
d c b a
F
D) O O O

ANAASAAANER NSAPANSA R AR VSNNNY
Qo

Figure 3.11 Illustration of an explicit FEA model at the beginning of the first, second,
and third time increment.

In the second increment, the stresses resulting from the strain €4 in the first incre-
ment result in internal forces on the nodes of element A. These stresses are used to
calculate a dynamic equilibrium of nodes a and b. This now also leads to stresses in
element B. The whole process is continued until the desired total time is reached.

This example shows the main difference between implicit and explicit methods.
While implicit methods attempt a simultaneous solution of the whole equation sys-
tem, explicit methods consecutively calculate the dynamic equilibrium for each el-
ement over defined time increments. Therefore, explicit approaches are especially

well suited to calculate dynamic or highly nonlinear problems.

3.4.2 Finite Element Analysis for Nanofibers

In terms of computational methods, the nanoscale lies in the border region of what

can be described with large atomistic and molecular models, respectively, and con-
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tinuum models like FEA122 An important topic is the relation between microstruc-
ture and mechanical properties. For example, the results from atomistic or molec-
ular dynamics simulations can be used to model coarse-grained structural elements
like springs*#® FE models can then be used to simulate the behavior of these struc-
tural elements and also bridge the gap to the macroscopic properties without neces-

sarily assuming a complete continuum 123124

In the field of nanofibers and comparable 1D-objects, FEA was for example used
to study design criteria for MEMS/NEMS devices,*> the deformation of cellulose

126127 128

nanocrystals, and temperature effects on the elastic properties of SWCNTs.

In several cases, FE models were also used as a complementary tool for bending

49)58129H131 CNTs 1321134 micro-
)

measurements on metal and metaloxide nanowires,
tubules**? amyloid fibrils,**¢ and to study the bending mechanics of cytoskeletal

bundles 37

In general, FE simulations can provide valuable information when studying objects
on a small scale, since they allow investigating parameters that are otherwise not
accessible on such a small scale. However, when applied in a continuum mechanical
approach, the limitations (concerning, e.g., surface effects and thermal fluctuations)
have to be kept in mind for small objects (see also(3.1.2).7
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3.5 Fibers Based on 1,3,5-Benzenetrisamides

3.5.1 Self-assembly of 1,3,5-Benzenetrisamides

Alkyl substituted 1,3,5-benzenetrisamides (BTAs) are a very exciting class of mo-
lecules that show a remarkable self-assembly behavior. Due to the resulting ex-
ceptional physical properties (see Section [3.5.3), their self-assembly and struc-
tural aspects have recently attracted increasing research interest 87140 Supramo-
lecular BTA architectures consist of helical columnar stacks with enormous aspect
ratios 121122 In general, the self-assembly of BTAs from solution into an ordered
1D structure is governed by the three well-defined intermolecular hydrogen bonds
between the amide groups of adjacent molecules 1431144 However, the molecular
structure offers manifold possibilities to further influence the self-assembly behavior
and tailor the structure and the properties and there are ongoing efforts using ad-
vanced spectroscopy techniques to characterize their structure and also its influence
when used as a nucleating agent 121128 The two essential aspects, the connectivity
of the amide groups to the central core and the constitution of the peripheral alkyl

groups, will be discussed in the following.

There is a difference between BTAs based on trimesic acid (A) and 1,3,5-triamino-
benzene (B, see Figure . According to Wegner et al., all amide functions of
type A are pointing in the same direction, which leads to helically arranged, strong
hydrogen-bonds*#” They also found that the hydrogen bond length in columns
formed by type B are longer and hence weaker than in type A. This was also sup-
ported by Albuquerque et al., who found that the inverse connectivity of the amide
group in type B increases the planarization within the monomer unit compared to
type A, introduces asymmetry, and decreases the rnacrodipole.148 In addition, solid
state NMR experiments combined with Car-Parrinello Molecular Dynamics simula-
tions showed that the amide functions within the column of B can be asymmetri-
cally arranged, which further weakens the aggregation.'*” However, Schmidt et al.
demonstrated that there are also trisamides of type B where all carbonyl groups

point in the same direction.1#>

The constitution of the peripheral alkyl groups also influences the self-assembly be-
havior and solid-state properties.'*? For example, BTAs based on A with linear alkyl
substituents show discotic liquid crystalline behavior when the chain length exceeds

C6.150‘154 In addition, it was found that branched side chains lead to a stabilization



3.5 Fibers Based on 1,3,5-Benzenetrisamides 55

R R
O Moy, H\N,&O
3 a4
N o RJ\'}‘ o
°©  yMNy : OAR

A B

Figure 3.12 The chemical structure of trisamides based on trimesic acid (A) and
1,3,5-triaminobenzene (B).

of the aggregation!!4%15% Stgls et al. found that BTAs based on B only show ther-

motropic liquid crystalline behavior with chiral substituents.}4+

3.5.2 Electrospinning of Trisamides

Recentyl, Singer et al. discovered that BTAs can also be shaped into fibrous struc-
tures using melt electrospinning.}? Electrospinning is a typical top-down technique
for the formation of polymer fibers, and is especially well-suited for the preparation
of thin fibers (with diameters ranging from several nanometers to a few microme-
ters) from solutions and melts. 1297158 Other common top-down techniques are melt

D60 and centrifugal spinning 164

blow spinning
A review about the principles of electrospinning and its applications was recently
published by Greiner et al}>% The setup consists of a thin nozzle through which
the polymer solution or melt is pumped (see Figure [3.13). At the same time, the
nozzle serves an electrode, through which charges are induced in the liquid to create
a strong electric field (typically 100-500kVm~'). The collector plate for the fibers
is connected to the counter electrode. When a drop of liquid is pressed through the
nozzle, the applied potential induces a cone-shaped deformation of the drop towards
the counter electrode, the so-called Taylor cone 22 When the electrostatic repulsive
forces within the cone’s surface overcome the surface tension, a jet of liquid shoots
out towards the counter electrode and forms fibers on its way by the evaporation of
the solvent or solidifying of the melt. L0362 Although it may seem at first glance like
a straightforward and simple technique, electrospinning is highly complex due to

the interplay of several physical instability processes during jet formation 1647167
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Figure 3.13 Sketch of a typical electrospinning setup.

In the case of polymers, chain entanglements prevent the jet from breaking up
into individual droplets as often observed for low molecular weight substances
(electrospraying). However, a high molecular weight is not a mandatory prerequi-
site for electrospinning, as long as strong intermolecular interactions are present
and sufficient for stabilizing the jet168169 Therefore, the ability of trisamides to
form macrodipoles during their supramolecular organization in an external elec-
tric field makes them promising precursors for electrospinning 70172 In addi-
tion, as explained in Section [3.5.1} trisamide melts can show a complex mesophase
behavior I#749/154]155] Singer et al. utilized this effect and demonstrated that fibers
of self-assembling 1,3,5-benzenetrisamides can be melt electrospun from the ne-
matic liquid crystalline phase and even from the optical isotropic melt>3 Exem-

plary morphologies of self-assembled and electrospun trisamide fibers can be seen
in Figure
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Figure 3.14 Exemplary morphologies of trisamide fibers formed by self-assembly

(left) and electrospinning (right) using the same starting compound (see Chap-
ter@).

3.5.3 Applications of Trisamides

BTAs are a highly versatile class of molecules and have been the focus of numer-
ous scientific studies. They are probably best known and also commercially used
as additives for polymers, for example as nucleating agents and/or clarifiers for
polyvinylidene fluoride’”# and isotactic polypropylene (i-PP) 138173177 Beyond that,
they also show a large number of exceptional physical properties that can directly be
attributed to their remarkable self-assembly behavior. This makes them highly in-
teresting for the design of novel materials with an extremely wide variety of possible

applications 140

The trivalent interactions allow BTAs to act as supports for various kinds of lig-
ands and subsequent aggregation then leads to polyvalent molecular wires 78 For
example, BTAs were used as scaffolds to connect bioactive units with flexible linkers
for potential biomedical applications 78189 They were also successfully employed
in gadolinium-based contrast agents for magnetic resonance imaging (MRI) 284 Fur-
thermore, BTAs with suitable side chains can lead to interpenetrating metal organic

frameworks (MOFs) upon complexation with metal ions/140

While in those cases, the BTAs were more used as a means to an end, there have
also been studies of materials where the BTAs themselves play a more dominant
role. For example, it is possible to obtain aggregates that show a remnant polar-
ization and a high surface potential 10 Tt has been demonstrated that BTAs are
able to improve the properties of electret materials 1827188 The possibility to form

macrodipoles makes them interesting for organic thin film transistors, photovoltaic
cells and OLEDs 1481187
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Focusing more on their self-assembly properties, acid-modified BTAs were also
combined with polypropylene imine dendrimers to form liquid crystalline mate-
rials with a well-ordered superlattice that may become interesting as mesoporous
membranes with selective transport properties}¢ In addition, they allow the ther-

153)189H192

moreversible physical gelation of a variety of organic solvents, and also

hydrogelation!#37120

A question that has lately become relevant is whether it is possible to prepare me-
chanically stable BTA-based materials. There have been studies on their formation

of supramolecular materials, whether on their own,*%/

or by end-capping or copoly-
merizing the BTAs with low-molecular weight telechelic polymers1#2°7 Tn addji-
tion, Misslitz et al. demonstrated the possibility to use supramolecular nanofiber
webs in nonwoven scaffolds for air filtration.™?® This approach has several potential
benefits: First of all, self-assembly of the nanofiber web inside the support opens
up the pathway from surface filtration to volume filtration. Second, the thermore-
versible assembly of the nanofibers is a promising approach for allowing a simple

release of the residue and regeneration of the filter.

Although their mechanical properties play a crucial role for such applications, there
have been no comprehensive mechanical studies of individual BTA nanofibers to this
date. Therefore, the nanomechanical characterization techniques presented within
this thesis have been applied to numerous trisamide fibers consisting of different
core structures, substituents (see Figure and prepared by self-assembly and
electrospinning. A complete overview of the trisamide fibers studied in this work
can be found in Table This provided the possibility to characterize the nanome-
chanical properties of the individual supramolecular aggregates and to determine
whether, and how, influencing the self-assembly behavior via the core structure and
substituents, or changing the preparation route completely to electrospinning, will

affect the mechanics.

b C d

Figure 3.15 Trisamide substituents investigated within this thesis.

The previous sections have demonstrated that BTAs offer the exceptional possibil-

ity to combine all advantages of top-down (electrospinning) and bottom-up (self-
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Table 3.1 Overview of the trisamides investigated within this thesis.

Core type Substituent Preparation = Discussed in Chapter
A 2,3-dimethyl-cyclohexyl (a)  self-assembly 548
A 3-methylbutyl (b) self-assembly 5
A propyl (c) self-assembly 6
A propyl (c) electrospinning 6
B tert-butyl (d) self-assembly |Z§§|

assembly) techniques for fiber formation. As a consequence, they allow unprece-
dented structural control on all levels of hierarchy from the molecular structure to
the single fibers and fiber fleeces. The BTAs combine this feature with outstanding
physical and chemical properties that make them highly interesting for a wide range
of applications. Understanding their mechanical properties is another essential step

towards the tailored design of novel BTA-based materials.
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ABSTRACT

In this Letter, we investigate the nanomechanical properties of self-
assembled 1,3,5-benzenetrisamide whiskers with atomic force microscopy
(AFM) bending experiments. We use force mapping to acquire spatially re-
solved force measurements over the full length of a whisker segment span-
ning a channel of a structured glass substrate. This allows validation of
the experimental boundary conditions directly from the AFM data and a re-
liable determination of Young’s modulus. The presented technique can be
generalized for the mechanical characterization of other one-dimensional
materials.

4.1 Introduction

In the past decades, micro- and nanoscopic one-dimensional (1D) objects such as
fibers, rods, and whiskers have become increasingly important in materials science.
Their potential is demonstrated by nature, where these small-scale objects con-
tribute significantly to the combination of exceptional mechanical properties and
functionality of hierarchical structures**® Nanotechnological approaches to natural
and artificial fiber- and whisker-based materials offer diverse applications for tissue
engineering, for filtration, in composite materials, or as drug carriers.” !

While the physical and chemical properties of such materials have to meet high re-
quirements to be suitable for a specific application, the most fundamental property
for all of these applications is the mechanical stability. In order to investigate their
mechanical properties, approaches beyond standard characterization methods for
macroscopic materials are necessary. A comprehensive review was recently pub-
lished by Tan and Lim,*! presenting the most common techniques: indentation mea-

surements, tensile tests, and bending experiments.

In this work, we focus on bending experiments using atomic force microscopy
(AFM). These experiments are carried out in analogy to a standard macroscopic
three-point bending test. However, it is easy to understand that, at smaller scales, it
is difficult to determine the exact boundary conditions of the experiment, meaning
the way the sample is supported by the substrate. We use force mapping to achieve

spatially resolved force measurements over the full length of the suspended whisker.
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This approach on bending experiments allows the precise investigation of the exper-
imental boundary conditions without any complementary techniques. We discuss
the importance of these boundary conditions for a reliable evaluation of the flexural
rigidity and Young’s modulus. The knowledge of the elastic properties is important

to estimate the suitability of the whiskers for future applications.

Recently, alkyl substituted 1,3,5-benzenetrisamides (Figure have received con-
siderable attention because of their pronounced self-assembly behavior. In liq-
uids, they can induce thermoreversible physical gelation of a variety of organic
solvents!1213 More recently, we reported that substituted 1,3,5-benzenetrisamides
represent a highly versatile family of novel nucleating and/or clarifying agents for
isotactic polypropylene (i-PP)1#13 In addition, it has been shown that trialkyl-
1,3,5-benzenetricarboxamides with n-alkyl moieties > Cg4 display discotic liquid-
crystalline behavior.'°"1¥ This behavior results from the formation of supramolecu-
lar nanowhiskers or columnar structures due to well-defined intermolecular hydro-
gen bonds between the 1,3,5-trisamide molecules!?2Y Structural aspects of 1,3,5-

benzenetrisamides were reported by Kristiansen et al/?!

O R H. R

H
R_ _N N R.
hif H \ O
0] H
NO_O
Y )
R

Figure 4.1 Chemical structure of two types of 1,3,5-benzentrisamides.

4.2 Results and Discussion

We used the substituted benzentrisamide 1,3,5-tris(2,2-dimethylpropionylamino)-
benzene (Figure left, R = tert-butyl) to prepare supramolecular organic nano-
whiskers. We were able to control the assemblies’ final morphology by recrystalliza-
tion of the trisamide in the high-boiling hydrocarbon solvent 2,2,4,4,6,8,8-hepta-
methylnonane (HMN). Dissolving the additive at defined concentrations (typically
between 50 and 600 ppm) at 240°C in a sealed high pressure differential scanning

calorimetry (DSC) pan and then cooling at 10 K/min to room temperature gave
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suspensions of well-defined whiskers in HMN. With increasing concentration and
slower cooling rates, the whiskers” average diameter increased. At larger whisker di-
ameters, sometimes hollow structures appeared ['] For the mechanical measurements
of individual whiskers, the suspension was transferred to structured glass substrates

and the solvent was completely evaporated under high vacuum.

Figure shows a scanning electron microscopy (SEM) overview micrograph of
uniform and very long whiskers with aspect ratios exceeding 1000:1. These whis-
kers were prepared at a concentration of 50 ppm and a cooling rate of 10 K/min.
The whiskers in Figure[4.2(b)|were prepared at a concentration of 300 ppm (cooling
rate: 10 K/min). The higher magnification confirms a hexagonal structure of the
whiskers. The whiskers were cut with a focused ion beam (FIB) and it was revealed
that whiskers prepared under these conditions and with this diameter are hollow.
The SEM micrograph in Figure shows a free-standing trisamide whisker po-
sitioned over a channel of a structured glass substrate. This setup was used for the

bending measurements.

Bending experiments have successfully been used for the characterization of biolog-

225220 carbon nanotubes 48734 inorganic materials like nanowires and -

38H41

ical samples,
belts,**** polymer nanofibers, and artificial membranes.#243 The general setup
of a bending experiment is shown in Figure The fiber is suspended over well-
defined microgaps (such as channels, holes, etc.) and is pushed into these gaps by a
microfabricated cantilever. The AFM allows precise movement of the cantilever and
measurement of the respective forces. The mechanical properties of the sample can

be calculated from the force-deformation data using beam theory.44

To ensure that the whiskers are not indented by the AFM probe while performing
the bending experiments, we compared force-deformation curves acquired on the
plain substrate, on the whisker supported by the substrate, and on the free-standing
whisker. Under the applied loads, the deformation of the free-standing whisker was
in the linear elastic regime. No significant deformation was visible in case of the

supported whisker, which proves the absence of indentation (Figure [4.4).

Chen et al*? have demonstrated the importance of the experimental boundary con-
ditions for a correct evaluation of the mechanical properties. In many cases, it is
assumed that the sample is firmly fixed on the substrate due to adhesion2%*> In or-

der to ensure this, several groups have put high efforts into fixing the ends (e.g., by

aThe influence of the hollow structure on the mechanical properties is discussed in the Supporting
Information SI and turns out to be insignificant in this case.
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Figure 4.2 SEM micrographs of 1,3,5-benzenetrisamide whiskers. Overview of
whiskers obtained at a concentration of 50 ppm (cooling rate 10 K/min). Cross
section of whiskers with larger diameters prepared at a concentration of 300 ppm
(cooling rate 10 K/min). Free—standing whisker (600 ppm, cooling rate 10 K/min)
positioned over a channel of a structured glass substrate (channel width of 90 um).

electron or ion beam induced deposition of Pt3326 or W37 bridges). However, the ex-
periments were still based on an assumption of the boundary conditions. There are
only few reported cases where the actual boundary conditions of the experiments
have been investigated by using the dependency of the mechanical properties on the
loading position23333% The importance of acquiring additional spatial information
when investigating mechanical properties can be seen by the recent development of
commercial techniques such as the Digital Pulsed Force Mode (WITec) and the Peak-
Force Quantitative Nanomechanical Property Mapping (Veeco) that allow an in situ

combination of spatial mapping and quantitative nanomechanical measurements.

Our approach realizes this combination by applying the widely used force mapping
function of the AFM for the actual bending tests. Force mapping is the acquisition
of force-displacement measurements at each pixel of an AFM image*7#8 With this

procedure, a property of interest (e.g., hardness or adhesion) can be mapped to the
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Figure 4.3 Schematic setup of the bending experiments. v is the deflection of the
fiber, and L is the length of the suspended segment.
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Figure 4.4 AFM force-deformation measurements on different segments of one
whisker. (O) Segment supported by the substrate. () Free-standing segment over
the channel. The segment supported by the substrate shows no significant defor-
mation, which proves the absence of indentation.

sample by evaluation of the force measurements. However, our main interest was
not to image the sample, but to perform spatially resolved bending experiments.
This provides a way of investigating the bending behavior under different loading
positions, which allows determining the boundary conditions of the experiments
directly from the AFM measurements.

We evaluated the force-displacement curves with a self-written procedure in IGOR
Pro (Wavemetrics) to obtain the apparent spring constant k,, of the sample. To ac-
count for the contribution of the cantilever spring constant k. to k,,, we applied

39,49

a model of coupled springs and obtained the actual whisker spring constant

kw = kckapp/ (ke = kapp). The resulting force map yields a profile of the whisker spring



78 NANOMECHANICAL PROPERTIES OF SUPRAMOLECULAR WHISKERS

constants along the free standing segment of the whisker in the direction of the
whisker axis. The shape of the profile depends on the boundary conditions of the

t33

experiment®? and can be calculated using beam theory. Hence, the boundary condi-

tions can be obtained by fitting different models to the experimental data.

The two most common models are the double clamped beam model (DCBM), where
the ends of the sample are firmly fixed to the substrate, and the simply supported
beam model (SSBM), where the ends of the sample may freely rotate as response to

the applied load 2324 The respective equations for the spring constants are

3L3EI

k,(x) = ———— 4.1
w( ) (L )3X3 ( )
for the DCBM and SLE]
k,(x) = ———— 4.2
w( ) (L )2 ) ( )

for the SSBM 2753 In both equations, L is the length of the suspended segment, and
x is the position where the load is applied. The product of Young’s modulus E and
the area moment of inertia I is the flexural rigidity. Both equations were fitted to the
data with EI as the only free parameter. The comparison of both fits in Figure
clearly shows that the clamped boundary fit represents the data best, and thus, the

whisker was indeed firmly fixed on the substrate by adhesion.

Using the fitted flexural rigidities, E can be calculated when I is known. In order
to obtain I, we imaged the whiskers on the hard substrate and determined their
precise dimensions. Since the lower part of the whiskers was not accessible by AFM,
we completed the missing areas with a hexagonal shape so that the cross section
was consistent with the morphology known from the SEM measurements. With
this topographical data we calculated I using the program Fmom. In comparison
with simplified geometries, we found that an elliptical model (using the height and
width as obtained by AFM) can be used as a good approximation (see the Supporting
Information SI[4.4).

The so obtained average modulus is 3.2 + 1.4GPa, which is comparable to that of
semicrystalline polymers. While the order of magnitude is a reasonable result, the
exact numerical value has to be considered carefully, since all AFM bending exper-
iments share intrinsic uncertainties due to the cantilever calibration, the modeling
of the cross section, and the possible inhomogeneities of the material. We also in-

vestigated the effect of shearing during bending for the experiments and found no
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Figure 4.5 Normalized profile of the corrected spring constants. Solid squares:
Data of one measurement on a whisker. Solid line: Data fitted with the DCBM.
Dashed line: Data fitted with the SSBM. Open circles: Data from measurements
on other whiskers. It can be clearly seen that the DCBM is a valid assumption and
that all experimental data is in good agreement with the calculated profile.

visible contribution (see the Supporting Information SI[4.5). Therefore, the obtained
modulus does not need to be corrected to account for shearing. Since the detailed
influence of the self-assembled structure on the nanomechanical response to bend-
ing has yet to be investigated, E has to be treated as an apparent value as is common

in the literature2?

4.3 Conclusion

We presented an approach on AFM bending experiments that uses the force map-
ping function of the instrument to perform spatially resolved deformations over the
full length of a freely suspended one-dimensional sample. The advantage of this ap-
proach is that it allows a determination of the experimental boundary conditions di-
rectly from the AFM data. We used this method for a mechanical characterization of
supramolecular organic whiskers based on 1,3,5-benzenetrisamides. For our exper-
iments, a double-clamped beam model was valid. We obtained the flexural rigidity
and Young’s modulus of the whiskers, which was comparable to that of semicrys-
talline polymers. Further investigations will focus on the influence of the molecular

structure on the bending behavior to establish structure-property relationships. Our
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work points out that AFM bending experiments provide a powerful way to perform
mechanical investigations that bridge the gap between the molecular and the macro-

scopic scale.

4.4 Experimental Section

Whisker preparation. The detailed synthesis of the trisamide is described in the
Supporting Information SI Suspensions of the trisamide with defined concen-
trations (300 and 600 ppm) were prepared by dissolving the respective amount in
2,2,4,4,6,8,8-heptamethylnonane under nitrogen blanket. For the controlled assem-
bly, 20 uL of a suspension was transferred to a stainless steel high pressure pan of a
Diamond differential scanning calorimeter (Perkin Elmer, Waltham, MA). The tem-
perature program started with annealing for 10 min at 240°C and then cooling with
10 K/min to room temperature. The samples for the bending experiments were pre-
pared by adding 10 puL of the final suspension to structured glass substrates (GeSiM,

Grofierkmannsdorf) and evaporating the solvent.

AFM Measurements. A Nanowizard I atomic force microscope (JPK Instruments
AG, Berlin) was used for all AFM measurements. A Zeiss Axiovert 200 (Zeiss, Jena)
microscope was used in order to choose an appropriate segment of the whiskers (uni-
form, undamaged, and perpendicular to the channels of the substrate) for the force
measurements. After careful calibration of the cantilever with the thermal noise
method,”* force-displacement measurements were performed over the whole free-
standing segment of the whisker using the force mapping mode. The resolution was
chosen to measure at least 10 lines along the whisker with each line consisting of a
minimum of 40 measurements. This yielded a point distance ranging from 0.5 pum
(channel width 20 pm) to 2 um (channel width 90 um). The approach set point was
set in the range of 20-100 nN with a typical value of 50 nN. The maximum applied
force was between 100 nN and 200 nN, with a typical value of 150 nN. For the force
measurements, tipless cantilevers (CSC12/tipless/AlIBS and NSC12/tipless/AlBS by
Mikromasch, Estonia and AppNano Forta-TL-50 by Applied NanoStructures, Inc.,
Santa Clara, CA; spring constants 0.5-1.5 N/m) were used. Imaging of the whis-
kers in order to determine their dimensions was done on the segments supported
by the substrate in the intermittent contact mode with high resolution cantilevers
(DP15/GP/AIBS, Mikromasch, Estonia).



4.4 Experimental Section 81

Scanning Electron Microscopy (SEM). The samples were sputtered using platinum
(1.0 nm) in a Cressington sputter coater 208HR to enhance conductivity. SEM micro-
graphs were recorded on a Zeiss LEO 1530 FESEM (Zeiss, Jena) instrument. The FIB
cross-sectional imaging was performed on a Zeiss 1540 EsB CrossBeam microscope,

using DSC aluminum pans as substrates.
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4.5 Supporting Information

Sl 4.1 Synthesis of 1,3,5-tris(2,2-dimethylpropionylamino)benzene.

Pivaloyl chloride was added at 0°C under nitrogen to a mixture of dried N-
methylpyrrolidone, pyridine as base, LiCl and the 1,3,5-triaminobenzene hydrochlo-
ride. The reaction mixture was heated to 60°C and maintained at this tempera-
ture for 48 hours. After cooling, the reaction mixture was precipitated into a five-
fold excess of ice water. The precipitate was filtered off, dried under vacuum for
24 h (30°C, 0.1 mbar) and recrystallized from THE. Reaction Batch: 19.0 g (0.157
mol) 2,2-dimethylpropionyl chloride, 11.0 g (0.047 mol) 1,3,5-triaminobenzene hy-
drochloride, 500 mL NMP, 100 ml pyridine, 0.1 g LiCl. Recrystallization from THF,
Yield: 7.1 g (0.019 mmol), 40 %. Characterization: 'H-NMR (DMSO-dg): & = 1.20
(s, 27H); 7.60 (s, 3H); 9.15 (s, 3H, N-H), MS (70 eV), m/z (%):375 (M*, 15); 291 (15);
207 (8); 57 (100); 41 (12). TGA: T,,;: - (sublimation), T_;gwt.o: 374°C (10 K/min, N,).
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Sl 4.2 Calculated relative rigidity Elcoig/EIhoiow @S @ function of an increasingly
hollow structure. For the sake of clearness, we used a circular cross section for the
calculation. The whiskers with the largest holes ever observed had an inner diam-
eter that was smaller than half of the outer diameter. Therefore the largest 7;,/7,,;
was 50%, which causes a decrease of rigidity of only around 6%. Since even this
maximum decrease is smaller than the error of the measurements, the occurrence
of holes can be neglected for the evaluation of the mechanical properties.
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SI 4.3 Exemplary force map and the respective profile plot of the uncorrected spring
constants. Please note that the individual lines of the force map (from Lleft to right)
were shifted for the sake of clearness to account for the convolution with the can-
tilever shape.
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Sl 4.4 Comparison of models for the cross section used in order to obtain the area
moment of inertia I. From left to right: a) Cross section as determined by AFM imag-
ing. The dotted line illustrates the hexagonal shape that cannot be fully determined
by AFM since the cantilever cannot image below the broadest segment. b) Model for
Fmom using the full shape of the AFM cross section, leading to a possible overes-
timation of I and subsequently a underestimation of Young’s modulus E. Obtained
value: E = 2.9+ 1.5GPa. c) Model for Fmom using the assumed hexagonal lower
part, leading to a possible overestimation of Young’s modulus. Obtained value:
E = 3.2+ 1.4GPa. d) Elliptical approximation. Obtained value: E = 3.7 + 1.6 GPa.
On comparison it is clear that while each model has certain inaccuracies, the devi-
ations are small and within the error ranges.
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Sl 4.5 Investigation of the influence of shearing on Young’s modulus as proposed
by Kis et al'’?? Each point represents a measurement on a fiber segment. w is the
width and h the height of the fibers as obtained by AFM imaging. L is the length of
the free standing segment. If shearing played a significant role during bending, the
modulus should decrease with increasing wh/L? ratio.
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ABSTRACT

The influence of molecular structure on the mechanical properties of self-
assembled 1,3,5-benzenetrisamide nanofibers is investigated. Three com-
pounds with different amide connectivity and different alkyl substituents
are compared. All the trisamides form well-defined fibers and exhibit sig-
nificant differences in diameters 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 mod-
ulus 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” morphol-
ogy, 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.

5.1 Introduction

Functional materials with a defined nanostructure have become one of the most
promising research fields for advanced applications such as tissue engineering, drug
delivery, micro-/ nanoelectromechanical systems (MEMS/NEMS), and filtration 1
In these materials, one-dimensional (1D) objects like nanofibers or nanorods play
an important role since they often define or reinforce their structure — as individual

rods or threads or as a part of complex hierarchical networks*3

Naturally, a lot of effort has been put into the development and efficient preparation
of 1D nanostructures and structured materials in general ”>** However, regardless of
their preparation, the macroscopic properties of these materials are always deter-
mined by their structure on much smaller length scales. As a consequence, there is
an ever growing interest in systems where, already on the molecular level, structure-

property correlations can be understood and controlled.

Recently, 1,3,5-benzenetrisamides (BTAs) have attracted great research interest be-
cause of their supramolecular aggregation into helical columnar stacks with enor-
mous aspect ratios® In general, the growth of BTA molecules into an ordered
1D structure is stabilized by threefold hydrogen bonding %} The specific self-

assembly behavior, however, strongly depends on the connectivity of the amide moi-
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eties to the central core. Thus, we must differentiate between BTA based on trimesic
acid 1 and 1,3,5-triaminobenzene 2 (Figure . All amide-functions of type 1 are
pointing in the same direction, which results in helically arranged, strong hydro-
gen bonds™ Compared to type 1, the hydrogen bond length in columns formed by
BTA molecules of type 2 are longer and hence weaker. Solid-state NMR experiments
combined with Car-Parrinello Molecular Dynamics simulations showed that in the
solid state, the amide functions within the column of 2 are asymmetrically arranged,

thus leading in total to a weaker aggregation.™>

I'? R
O N< H.
H N/go

: Pl
R,N (@) R)Ll}l N,H
H R H O)\R

1 2

la: R= o 1b: R= 0/\)\ 2a: R= o

Figure 5.1 Chemical structure of BTAs based on trimesic acid (1) and 1,3,5-
triaminobenzene (2).

The self-assembly behavior in solution and the solid-state properties of BTAs also
depend dramatically on the constitution of the peripheral groups** Even subtle
changes of the side chains can influence the aggregation behavior and properties
of BTA. Starting with a linear Cg-alkyl chain, 1 shows discotic liquid-crystalline
behavior>"1? The aggregation in the mesophase is stabilized utilizing branched side
chains M8 BTAs of type 2 show thermotropic liquid-crystal behavior only with chi-

ral substituents 12

Consequently, BTAs offer the possibility to tailor desired properties. Well-defined

19423 24427

BTA fibers were tailored to serve as organo- and hydrogelators, supramo-

2829 nucleating agents for polyvinylidenfluoride,”” and were de-

lecular materials)
signed to improve the properties of electret materials/*'**> Both BTAs based on
trimesic acid and on 1,3,5-triaminobenzene were intensively studied as polymer pro-
cessing aids®® and nucleating agents for isotactic polypropylene (i-PP).2753% Varga

et al. recently used 1a as a new type of B-nucleating agent for i-PP/%
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While there are many studies on the application of BTAs, only little is known about
their mechanical properties. In a previous study we showed that fibers obtained
from 2a self-assembled from 2,2,4,4,6,8,8-heptamethylnonane (HMN) possess a sig-
nificant mechanical stability*¥ The reported stability and the possibility to tailor
their properties makes BTA nanofibers very interesting for bottom-up approaches
and demands further mechanical investigations. However, there are no experi-
mental reports on the effect of the molecular structure on the mechanical proper-
ties to this date. Investigating the mechanical properties of 1D materials on this
scale requires approaches beyond typical macroscopic characterization techniques.
Amongst other methods (e.g., indentation and tensile tests), nanomechanical bend-
ing experiments are recognized for their reliability, straightforward sample prepa-
ration, and applicability to a wide variety of systems*#2 In the past, bending ex-

periments were used for the mechanical investigation of polymer nanofibers,*¥>

23723 and even

biological materials, 2929 carbon nanotubes (CNTS),51'52 nanowires,
complex structures like particle bridges2%27 In a previous study of BTA fibers, we
performed bending experiments using atomic force microscopy (AFM).*" The pre-
sented experiments allowed us to identify the correct type of sample fixation directly
from the AFM data, and thus to reliably measure the Young’s modulus of the inves-

tigated fibers.

Herein, we study the influence of the molecular structure 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 connec-
tivity of the amide moieties and the size of the alkyl substituents. We briefly discuss
morphological aspects and, using AFM bending experiments, determine the stiff-
ness of the fibers and calculate their Young’s modulus. Furthermore, we compare

our results with predictions and findings in the literature.

5.2 Results and Discussion

5.2.1 Morphology

To interpret the mechanical properties of the structurally different BTAs, we first
investigated the morphology of the self-assembled nanofibers. A scanning electron

microscopy (SEM) overview image of the dried samples is shown in Figure The
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nanofibers of 1a have an average diameter 4 of 0.21 £ 0.08 um. The narrow size dis-
tribution (Figure right) illustrates the homogenous formation of the stacked
structure. Moreover, all self-assembled fibers exhibit an immense aspect ratio of
more than 500:1. The inset in Figure shows the morphology of a single na-
nofiber. The diameter and the straight and uniform structure are maintained over
the whole length. Compund 1b self-assembles into long aggregates with an aver-
age diameter of 0.4 £ 0.2pum. Compound 1la with substituted cycloaliphatic groups
forms smaller fibers than 1b with branched alkyl substituents, thus demonstrating
the influence of the peripheral substituents on the self-assembly behavior. A signif-
icantly larger fiber diameter, accompanied by a wider distribution, is formed by 2a
(d=2+1pm).

5.2.2 Bending experiments

For the AFM bending experiments, the nanofibers were transferred to glass sub-
strates structured with lithographically prepared channels to achieve a free-standing
configuration. Figure shows a schematic representation of the deformation
set-up. A representative SEM image of suspended fibers can be found in the Sup-
porting Information (SI[5.1). As a first step, we ensured that there was no inden-
tation or compression of the nanofibers contributing to the bending experiments.
Therefore, we recorded force-deformation curves on the supported segments of the
samples. A typical measurement can be seen in Figure There was no signifi-
cant deformation visible for the typically applied loads.

For the actual bending experiments, we performed force-distance measurements on
30 to 40 positions along the free-standing nanofiber segments. The stiffness at the
respective position was calculated from the slope of the force-distance curve. To-
wards the midpoint of the channel the measured stiffness decreased, and hence we

obtained stiffness profiles along the whole free-standing segment Figure|5.3(c)

From the shape of the profiles, we determined the boundary conditions (i.e., the
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
beam model (DCBM), where the ends of the sample are firmly fixed, and the simply

supported beam model (SSBM), where the ends are assumed to rotate freely,232%2



95

5.2 Results and Discussion

1d=(0.21+0.08) pm
254 I

Rel. Frequency

0.0 0.2 0.4 0.6
Fiber diameter [um]

30
I d= (0.4£0.2) pm
254 I I
) |
o2
S I
o 151
o |
L 104 I
°
X s- 1
04
00 02 04 06 08 10 12
Fiber diameter [um]
10
I I d=(221)um
8 | |
>
0 |
<
g |
=
T
:.:> |
- |
[7]
[v4

1 2 3 4 5 6
Fiber diameter [um]

Figure 5.2 SEM image and size distribution of nanofibers of 1a. The average di-
ameter d is 0.21 £0.08 um. The SEM overview image and the inset highlight the nar-
row size distribution and homogeneous structure of the nanofibers. @SEM image
and size distribution of nanofibers of 1b (d = 0.4 + 0.2 um). SEM image and size
distribution of fibers of 2a (d = 2+1 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.



96 INFLUENCE OF THE MOLECULAR STRUCTURE AND MORPHOLOGY

1.6
O Measured profile
Y — DCBM
x=0 B A x=L AN
1.0
(@) £ F
b4 I i
x L ]
Y . 08 .
20k %“% m  Fiber supported| ] 3 b
by the substrate 06 [ ]
Z 30 o, A Position A N 1 - ]
E 20k % O Position B _ T PR EEEE L 1
R - X& 4 oar 7
o 3 i
BT N B B S [ T 0.2 AETENEENI RN FEE NI SNENI RNEN FRERE NN NN RN FNE N SRR NI RREE]
-150  -100  -50 0 50 100 150 200 0.2 0.3 04 0.5 0.6 0.7 0.8
Distance / nm x/L

(b) (c)

Figure 5.3 l@] Sketch of the experimental setup. Exemplary 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). Exemplary
stiffness profile of a supported segment of 1a. The data was obtained by averaging
over 6 measurements on the same segment and fitted with the DCBM (solid line)
and SSBM (dashed line). The DCBM is clearly valid.

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 fixa-
tion points can lead to profiles that resemble a SSBM-type behavior although the
ends are clamped, and hence can lead to an inaccurate interpretation of the data.
On the contrary, when a profile matches the DCBM, the experimental conditions
have to be in perfect agreement with the modeled clamped conditions, and there-
fore the interpretation is much more reliable. To avoid uncertainties, we decided to
use only segments 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

k(x)= LE; (5.1)

(L—x)’x3
Here, L is the length of the free-standing segment and x is the position where the
load is applied, with 0 < x < L. EI is the flexural rigidity and defined as the product
of the modulus E and the area moment of inertia I. The measured profiles were
fitted with EI as the only free parameter. To obtain E, we imaged each individual

nanofiber with AFM and calculated I from the respective cross sections. This is a
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highly important step, since the flexural rigidity scales quartic with the diameter of
the samples. By imaging each individual investigated nanofiber and calculating the
correct area moment of inertia, our evaluation of the mechanical data is not based
on any assumptions concerning size and shape of the cross section. An exemplary

cross section can be found in the Supporting Information (SI[5.2).

It can be seen from Equation (5.1) that the spring constants of multiple nanofiber
segments can be normalized so that one obtains

3E
Knorm (%) = RETRE (5.2)
(1-1)(f)
with 5
Knorm(x) = 2L 53

We averaged the normalized spring constants of all investigated nanofiber segments
and fitted the data with Equation (Figure [5.4). The resulting modulus for 1a
was 2.3 +0.3GPa. In the same way, we determined the Young’s moduli of 1b (2.1 +
0.1GPa) and 2a (3.3 £0.3GPa). The quality of the fit shows the excellent agreement
of the deformation profiles with the DCBM. Therefore, the error bars are a direct
measure of the uncertainty of the determined Young’s modulus which is caused by
defects and inhomogeneities of the self-assembled nanofibers and by uncertainties
of the measurements. Those may be attributed to the error of the AFM cantilever
spring constant (<10%), the channel width (<5%) and the determined area moment
of inertia (<20%).

Since the molecular structure suggests highly anisotropic mechanical properties for
the nanofibers, the effect of anisotropy should also be discussed. When bent, the
upper part of a beam is subjected to compression while the lower part is subjected
to extension. This leads to additional shear forces within the beam that become im-

portant in anisotropic materials when the length-to-radius ratio of the bent segment

becomes £ <4 %.60 In this case, shearing can be accounted for by defining an ap-

parent bending modulus E; that is related to the true elastic modulus E and the

shear modulus G via®2#47

1 1 R%1
— =+ 12f——
E, E f5L2G

for samples with a circular cross section. L is the length and R the radius of the

(5.4)

free-standing segment, f; is the form factor of shear, which is related to the sample’s

cross section (e.g., 10/9 for a cylinder).61 For more arbitrary cross sections, the area
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Figure 5.4 Results of the spatially resolved bending experiments. The shape of
all profiles shows excellent agreement with the DCBM. The larger size of the error
bars compared to the individual measurements (as seenin Figure is a conse-
quence and a direct measure of the distribution and uncertainty of the determined
moduli amongst individual specimen of one sample.

and second moment of area cannot be expressed by the radius and therefore

1 I 1

|
Y S
MR AYFTe

b (5.5)

In any way, if shearing plays a dominant role, G and consequently E can be de-
termined from the slope of 1/E, versus I/(AL?). However, for all investigated sys-
tems, no significant influence of shearing could be observed (Supporting Informa-
tion SI5.3). Therefore, the anisotropy is only of minor importance for the bending
behavior under our measurement conditions, and the determined values can be re-

garded as the true Young’s moduli in the axial direction of the nanofibers.
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5.2.3 Comparison of the systems

To determine the effect of the molecular structure on the mechanical properties, we
have to differentiate between two effects: The difference arising from the different
thicknesses of the individual nanofiber types and additional changes of the material
properties. First, we compared the stiffness of the free-standing nanofiber segments
(Figure [5.5(a)). Since the measurements had to be performed on different chan-
nel widths, we normalized the stiffness with respect to the channel width to obtain
the apparent flexural rigidity, irrespective of the boundary conditions found during
evaluation of the modulus. The rigidity of the free-standing segments of 1b was one
to two orders of magnitude higher than that of 1a. For 2a, it was up to three orders
of magnitude higher. This increase is a consequence of the increased diameters of
the investigated nanofibers, since the rigidity is proportional to the fourth power of

the radius.

In contrast, the modulus is comparable for all systems. For 1a, we found a modulus
of 2.3+ 0.3GPa, for 1b 2.1 £ 0.1 GPa and for 2a (3.3 +£ 0.3GPa). These values are in
good agreement with those found for electrospun polyamide fibers.®? The result of
2a also confirms a study where self-assembled aggregates of the same molecule were
prepared under different preparation conditions and a modulus of 3 + 1GPa was
found.*V Therefore, the change of stiffness by up to three orders of magnitude can
clearly be identified as a pure size effect without equivalent changes of the material
properties. This is a rather surprising finding, since it suggests that the influence
of the investigated molecular structures on the mechanical properties is small. In
addition to the absolute value, we also investigated the distribution of the individual
moduli which was also comparable for all systems (Figure [5.5(b)).

From a molecular point of view, there are several contributions to the mechanical
stability of the BTA aggregates. The formation of intracolumnar hydrogen bonds and
the intercolumnar interactions governed by macrodipoles are most important 1863
The size and nature of the substituents (linear, branched, cyclic) play an additional
role. The calculations of Stals et al. on the effect of the amide connectivity on the ag-
gregate stability suggest that BTAs based on trimesic acid 1 are able to form stronger
hydrogen bonds.! Therefore one would expect that 1a and 1b have a higher elastic
modulus than 2a. However, our measurements indicate a slightly higher modulus of
2a compared to 1a and 1b. There are two explanations for our findings. If the vol-
ume of the substituent is increased, the intercolumnar distance becomes larger. Con-

sequently, the strength of the macrodipole interactions is lowered. Concomitantly,



100 INFLUENCE OF THE MOLECULAR STRUCTURE AND MORPHOLOGY

0.7 1 0.8 P T

06 - 1a|3 r 1a| ]
3 05 = 1b) 3 5 06 N 1b|+
e - 2a| § e r 2a| ]
o) E @ o g
2 0.4 - 2 o E
o E ® 041 -
w 03 - L o E
& o2 g ,,b k

0.1 [ ]

0.0 0'0- 1 | 1 | 1 i

o
o
~
=}
©
=}
©
<}
=
(=]
=}
P
[N
=}

17 -16 -15 - . |
log(kL%) log(E)

(@) (b)

Figure 5.5 Apparent flexural rigidity of all investigated nanofiber segments. The
stiffness was measured at the midpoint of the free-standing 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. Distribution of the
calculated modulus for all three investigated systems. The results for all systems
are comparable.

the number of columns per cross-sectional area decreases. Both effects contribute to

the lower modulus of 1a and 1b compared to 2a.

5.3 Conclusions

We have compared self-assembled nanofibers of three BTA derivatives with differ-
ent molecular structures. We recorded SEM images to investigate their morpho-
logical differences and found that 1a forms nanofibers with an average diameter
of 0.21 £ 0.08 um, followed by the nanofibers of 1b with an average diameter of
0.4 £ 0.2pum. The fibers of 2a had an average diameter of 2 + 1 um, with a much
wider distribution. We compared the mechanical properties as determined via na-
nomechanical AFM bending experiments of all systems and found that the flexural
rigidity of 1b 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 1b, and 3.3 + 0.3GPa for 2a. This showed that the dra-
matic difference of the stiffness was purely a size effect. In conclusion, our findings
demonstrate that while the molecular structure alters the morphology and there-
fore the absolute stiffness of the self-assembled nanofibers, the elastic modulus of
all systems is similar, even over a large range of sizes from about 100 nm to 3 pum.
This allows tuning the stiffness of the nanofibers. The results of our study are a

first step towards the application of self-assembled BTA nanofibers as components
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for bottom-up functional materials with tailored properties from the nano- to the

microscale.

5.4 Experimental Section

Synthesis of the 1,3,5-trisamides. 1a, 1b and 2a were synthesized as described in

the literature 6260

Nanofiber preparation. Compund 1a or 2a (600 ppm) in 2,2,4,4,6,8,8-heptamethyl-
nonane (HMN) was dissolved under reflux at 240°C and cooled to room tempera-
ture. This suspension (200 pL) was transferred to a custom-made high-pressure pan
and heated to 240°C for 10 min in the dropping point cell FP83HT from Mettler
Toledo. By cooling from 240°C to 30°C at 20Kmin~! (controlled with the Mettler
Toledo central processor FP90), a controlled self-assembly into fibers was achieved.
For the preparation of 1b, a solution (500 ppm) was treated like described above.
The cooling rate was 5Kmin~!. The samples for the bending experiments were pre-
pared by wetting structured glass substrates (GeSiM GmbH, Grolerkmannsdorf,
Germany; channel widths 5 and 10 pm for 1a, 10 um for 1b, and 30 um for 2a)
with blank HMN (15 pL), adding the nanofiber suspension (0.5 pL), and allowing

the samples to dry overnight.

SEM imaging. For preparation of the SEM samples, the nanofiber suspensions (5 pL)
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 sput-
ter coater 208HR to enhance conductivity. SEM images were recorded on a Zeiss LEO
1530 FESEM instrument (Zeiss, Jena, Germany). For the size distributions, over 200

individual nanofibers of each system were evaluated.

AFM measurements. All AFM measurements were performed on a Nanowizard I
apparatus (JPK Instruments AG, Berlin, Germany), combined with a Zeiss Axiovert
200 microscope and a Zeiss LD A-Plan® Ph1 objective lens (20x, numerical aper-
ture 0.3, working distance 4.3 mm). The bending experiments were performed as
previously reported,*” using tipless NSC12/AIBS cantilevers (uMasch, Tallinn, Es-
tonia). For 1a, the typical load was 50 nN, which resulted in typical deformations
of 100-200 nm at the midpoint. In addition, 50 force-distance measurements with a
maximum load of 150 nN were performed on 10 individual nanofibers on segments

supported by the substrate, to prove that there was no unwanted compression of
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the nanofibers during the bending experiments. For the measurements on 1b, the
typical load was around 30 nN. For 2a, the loads were between 50 and 100 nN in
order to achieve comparable deformations. None of the systems showed unwanted
compression under the tested loads of up to 150 nN. The dimensions of the mechan-
ically investigated nanofibers were determined on the segments supported by the
substrates in intermittent contact mode with sharp imaging cantilevers (Olympus
OMCL-AC160TS, Atomic Force, Mannheim, Germany). All data were processed and
evaluated using self-written procedures in Igor Pro 6 (Wavemetrics Inc., Portland,
USA). For the calculation of Young’s modulus, the data from 96 measured profiles
on 16 nanofibers of 1a, 72 profiles on 10 nanofibers of 1b and 66 profiles on 10 fibers

of 2a were used.
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5.5 Supporting Information

SI 5.1 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 5.2 Exemplary cross section 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 im-
aged each individual investigated fiber and calculated the area moment of intertia
I directly from the AFM-image in order to calculate Young’s modulus.
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SI 5.3 Investigation of the shearing influence on the measured moduli. The data
was calculated using Equation . 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 contribu-
tion 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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ABSTRACT

1,3,5-Benzenetrisamides (BTAs) are a prominent class of low-molecular
weight compounds in supramolecular chemistry. They are well-known
to self-assemble 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 approaches lead to mechanically robust BTA fibers. We
compare self-assembled and electrospun fibers of N,N’,N”-tripropyl-1,3,5-
benzenetricarboxamide 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 signifi-
cantly different morphologies of both fiber types on the sub-micron-scale.
However, atomic force microscopy (AFM) bending experiments show that
despite differences in morphology, Young’s modulus 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 ac-
cessible structures and potential applications are available for this class of
materials.

6.1 Introduction

The controlled fabrication of well-defined microscopic fibrillar structures has be-
come one of the main topics in materials science.l™ Networks and nonwovens
based on these structures possess exceptional properties, such as high surface area,
possibility for easy functionalization and superior mechanical strength* These are
promising features for applications such as tissue engineering, drug delivery, sen-
sors, micro-/nanoelectromechanical systems (MEMS/NEMS), and filtration >4 Es-
pecially fibers of sub-micron or nanoscale diameters are of interest due to their sur-
face 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® Top-down approaches, such as electrospinning, shape the materials
directly into the desired structure. Especially for fibers and nonwovens, a great va-

riety of structures has been demonstrated.™

Both techniques are complementary in various ways: Since self-assembly allows si-

multaneous formation and growth of many fibers in a given volume, it is preferable
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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 sim-
ple fashion than in electrospinning ® 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 macro-
scopic length and well-defined orientation on macroscopic length scales. This even
allows the controlled formation of superstructures at the micrometer level and
above. However, the processing times are longer since electrospinning is a sequen-
tial 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.

Lately, the self-assembly of 1,3,5-benzenetrisamides (BTAs) into fibrillar struc-
tures has attracted increasing research interest12!3 The benzene core realizes
a planar and symmetric moiety and three amide groups allow the formation
of strong hydrogen bonds between adjacent molecules resulting in supramole-
cular architectures.'* BTAs are well-known as nucleating agents for polyvinyli-
dene fluoride and polypropylene.t>"¥ Moreover, they are applied as organo- and

19422

hydrogelators, as additives to improve the charge storage capability of electret

materials®? and as supramolecular materials 223

In addition to their bottom-up properties, we recently reported on the melt electro-
spinning of various BTAs and 1,3,5-cyclohexanetrisamides into defined fine fibers
with a narrow size distribution.? Although a high molecular mass polymer is not
essential for obtaining uniform electrospun fibers,%” electrospinning of low molecu-
lar weight substances is still unusual. BTAs form macrodipoles along the main axis
of the column during the supramolecular assembly process within external elec-
tric fields and consequently offer excellent preconditions for electrospinning.28+3
The melt electrospinning of BTAs is an exciting new top-down approach for self-
assembling systems. It offers the possibility to overcome the strict limitation of the
self-assembly conditions and consequently opens up a wide field of new applications

for BTAs.

For all applications, a reasonable mechanical stability is an essential prerequisite.
However, regardless by which means the BTA fibers are prepared, the mechani-
cal characterization on a micron- or sub-micron scale requires sophisticated meth-

ods. A powerful technique are nanomechanical bending experiments, which have
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been used for the mechanical investigation of polymer nanofibers,*1**? biological
materials,?*38 CNTs 2?2 and nanowires#**3 In previous studies, we performed
bending experiments on BTA micro- and nanofibers obtained via controlled self-
assembly from nonpolar solvents. The experiments demonstrated that their molec-
ular architecture allows control over the fiber morphology without decreasing their

mechanical stability. 42>

In this work, we address the question whether the properties of BTA fibers are af-
fected by using a top-down approach instead of a bottom-up approach. For that pur-
pose, we prepare fibers of the same 1,3,5-benzenetrisamide via self-assembly from
solution and melt electrospinning. This allows us for the first time to compare crys-
tal structure, morphology and nano-mechanical properties of BTA fibers prepared

from the same material.

6.2 Results and Discussion

For the comparison, we prepared fibers of N,N’,N”-tripropyl-1,3,5-
benzenetricarboxamide 1 (Figure via bottom-up (in the following termed
SA-fibers) as well as top-down techniques (in the following termed ES-fibers). The
SA-fibers were produced via controlled self-assembly by cooling of a solution of 1
in 2,2,4,4,6,8,8-heptamethylnonane (HMN). As top-down approach, we used melt

electrospinning.

Figure 6.1 Chemical structure of N,N,N”-tripropyl-1,3,5-benzenetricarboxamide

(1).

In order to investigate structural features on the Angstrém-scale, we performed XRD
measurements on chopped fibers. The X-ray diffractograms of both systems are iden-

tical, indicating the same crystal structure (Figure see also Supporting Informa-
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tion SI[6.1). The peaks of the SA fibers show a narrower full width at half maxi-
mum, what is expected since a higher degree of crystallinity is typically achieved
by the bottom-up 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.*® 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
columnar pre-aggregates.2%+” Thus the crystallization process is greatly accelerated

due to the pre-aggregation of single molecules and leads to a poly-crystalline state.
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Figure 6.2 X-ray diffractograms of SA- and ES-fibers in powder form.

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 um and 0.8 £ 0.2 um
(size distribution diagrams see SI[6.2]and SI[6.3)). Although the diameters of SA- and
ES-fibers are comparable, the morphology of both systems shows significant differ-
ences. SA-fibers possess a hierarchical structure: they consist of bundles of individ-
ual strands that have an average diameter of about 100 nm (see inset of Figure
top, left). This bundle substructure is also visible in the irregular fracture sections of
the SA-fibers (Figure top, right). In contrast, ES-fibers exhibit a homogeneous,

smooth surface without defects or pronounced surface features (Figure bottom,
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left). Even fracture sections of the ES-fibers are very smooth without any detailed
sub-structure or obvious defects (Figure[6.3} bottom, right).

Figure 6.3 Top: SEM micrograph of the SA-fibers (left) and of a fracture section
(right). Bottom: SEM micrograph of the ES-fibers of 1 (left) and of a fracture section
(right). More detailed structures of the fibers are shown in the insets.

These differences in the microscopic morphology arise from the significantly differ-
ent methods used to generate the two investigated fiber types. The crystallization
process of the SA-fibers is much slower, allowing the development of larger crys-
tals which then bundle into fibers. This explains the broader diameter distribution
found for SA-fibers. In contrast, during electrospinning, ES-fibers are obtained from

molten material, resulting in a homogenous strand.

In order to evaluate the mechanical properties of both systems, we performed na-
nomechanical bending experiments using an atomic force microscope (AFM). A de-
tailed description of the theoretical background and experimental procedures can be
found elsewhere** Both fiber types were transferred to microstructured glass sub-
strates (Figure to achieve a free-standing configuration (Figure [6.5(a)). In this
configuration, no deformation was observed when applying a vertical load to the
segments supported by the substrate (Figure[6.5(b)). Therefore, only bending defor-
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mations are measured when applying a load to the free-standing segments over the

gap and the results can be evaluated with classical beam theory.@

Figure 6.4 SA-fibers (left) and ES-fibers (right) on microstructured glass substrates
for AFM bending experiments.

We recorded stiffness profiles by measuring the stiffness k(x) at several positions x
along the free-standing segment (Figure [6.5(c)) and calculated Young’s modulus E

of each investigated segment by fitting the profiles with the double-clamped beam

model Equation (6.1) [A1144)43]
3L3E]

(L—x)>x3

Here, L is the length of the free-standing segment and I is the area moment of in-

k(x) = (6.1)

ertia. We imaged each investigated sample with the AFM to obtain the correct fiber

thickness and shape to avoid errors as I 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*3
The resulting Young’s moduli were Es4 = 3.6 £ 0.4GPa and Egpg = 4.7 £ 0.6 GPa (see
SI for more detailed data). In addition, we calculated the modulus of each fiber
individually and determined the distributions (Figure [6.5(d)). While the ES-fibers
show a slightly higher average modulus than the SA-fibers, the distributions are sim-
ilar for both systems. We also investigated if shearing affects the measurements, but
found no influence (see SI[6.5).

Our experiments show that the moduli of SA- and ES-fibers are in the same range
and comparable to those of (semi)crystalline or glassy polymers like PVC and
PMMA, common fiber materials like nylon and electrospun collagen fibers 23#% The
elastic properties of the fibers are also in good agreement with BTAs with differ-

ent molecular structure where Young’s moduli between 2 and 4 GPa have been
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Figure 6.5 Schematic setup of the bending experiments. Force-deformation
measurements on bare glass substrates (black squares), substrate-supported (red
triangles) and free-standing segments (blue circles) of ES-fibers. Stiffness pro-
file of a free-standing ES-fiber segment fitted with the DCBM.Distribution of the
Young’s moduli of SA-fibers (open bars, dashed line) and ES-fibers (hatched bars,
solid line).

observed 243 In order to understand the mechanical similarity of these morpho-
logically quite different SA- and ES-fibers, one has to look at the underlying prin-
ciples behind the mechanics. In both systems, intermolecular hydrogen bonds and
m-stacking are responsible for the formation and cohesion of the fibers. Likewise,
the ensemble of these noncovalent interactions determines the response to mechan-
ical stresses. Therefore, despite differences in their morphology, it is reasonable that
SA- and ES-fibers posses comparable elastic properties. Although the distributions
of the moduli are rather broad, we observed a tendency towards 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 stabil-

ity despite the small molecule size and the absence of covalent interactions.
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6.3 Conclusions

In this study we demonstrated for the first time that mechanically robust BTA fi-
bers can be accessed via bottom-up and top-down approaches. We prepared self-
assembled (SA) and melt electrospun (ES) fibers from the same compound 1 and
obtained fibers with an average diameter of 1.2 + 0.7 um and 0.8 £ 0.2 um for SA-
and ES-fibers, respectively. On the Angstrém—scale, XRD measurements show the
same crystal structure of the fibers, independently of the preparation method. On
the microscopic scale, SEM measurements however clearly revealed morphological
differences: The self-assembled fibers possessed a hierarchical structure, consisting
of firmly connected bundles of individual strands, while melt electrospun fibers
showed a smooth and homogeneous structure. AFM bending experiments, which
probe the mechanical behavior on the length scale of the whole 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 compa-
rable, the average values suggested that Eg4 (3.6 £0.4GPa) was slightly lower than
Ers(4.7+0.6GPa) 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.

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 demonstrate that the fibrillar structures are mechanically ro-
bust regardless of how they are formed, qualifying them as a platform for hierar-
chical structure formation. Second, the results show that BTAs are shapeable into
fibers with both approaches. This is interesting, since bottom-up and top-down ap-
proaches have complementary advantages and disadvantages, as discussed in the
introduction. Now with this system, the best of the bottom up and top-down ap-
proaches can be combined for one materials class and used for creating hierarchi-

cally structured nonwovens for example for filter applications.

6.4 Experimental Section

Material. N,N’,N”-tripropyl-1,3,5-benzenetricarboxamide 1 was synthesized ac-

cording to the literature.*” The melting temperature of 1 is 289°C and was deter-
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mined in a Perkin Elmer Diamond DSC (heating rate: 10 K/min, nitrogen flow: 20
mL/min). The temperature at a 10% weight loss is 351 °C. The measurement was
performed in a Mettler SDTA 851 TGA at 10 K/min (nitrogen flow: 60 mL/min).
Isothermal TGA runs at the spinning temperature (290°C) under nitrogen atmo-
sphere were performed to verify the thermal stability of 1 during the period of the
electrospinning process. 1 shows a weight loss below 5 wt.% for 55 minutes.

SA-fiber preparation. In 2,2,4,4,6,8,8-heptamethylnonane (HMN) 600 ppm of 1
were dissolved under reflux at 240°C and cooled to room temperature. To ensure
a controlled self-assembly behavior, 200 ul of the suspension were heated in a cus-
tom designed high pressure pan to 240°C for 10 minutes 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 with 10 puL of blank
HMN, 0.5 pL of the fiber suspension were added and the samples were allowed to
dry overnight.

ES-fiber preparation. The melt electrospinning experiments were carried out as
described elsewhere?® 1 was equilibrated in a syringe with an inner needle diameter
of 0.6 mm for three minutes 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 uL/h. 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 minutes. For the bending experiments, the fibers were transferred to structured
glass substrates (GeSiM GmbH, Grosserkmannsdorf, Germany; channel widths 20,
30 and 40 um, respectively) by gently bringing the SEM stub and the substrates in

contact.

XRD-Measurements. The XRD-measurements in the angle range of 6 = 0.5° - 15°
were carried out on a Huber Guinier diffractometer 600. To get Cu K, radiation
(A =154.051 pm) it is equipped with a Huber germanium monochromator 61. An
extra slit diaphragm reduces the broadening of the primary beam due to scattering
in air. The samples were prepared in soda glass capillaries (1.5 - 2 mm diameter)

from powder.

Scanning Electron Microscopy. For preparation of the SA-fiber SEM samples, 5 tL

of the HMN-suspension were put in aluminum pans and the solvent was evaporated
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under reduced pressure. ES-fibers of 1 were directly spun onto a SEM specimen
stub with a carbon tab. All samples were sputtered with platinum (2.0 nm) in a
Cressington sputter coater 208 HR. The SEM micrographs were recorded on a Zeiss
ULTRA plus FESEM (Zeiss, Jena, Germany). To obtain a reliable size distribution,
250 individual SA- and ES-fibers, respectively, were evaluated using AxioVision LE
Software (Carl Zeiss AG, Germany). The histograms can be found in the Supporting
Information SI[6.2]and SI[6.3

AFM measurements. All AFM measurements were performed on a Nanowizard I
(JPK Instruments AG, Berlin, Germany). The bending experiments were performed
as previously reported.** Details about the used cantilever types and applied loads
can be found in the Supporting Information SI

Acknowledgments

This work received financial support from the German Research Foundation (Deut-
sche Forschungsgemeinschaft) within the SFB 840, project B8. We thank Doris Hanft
for help with the synthesis of the 1,3,5-benzenetrisamide, Martina Heider and Dr.
Beate Forster from Bayreuth Institute of Macromolecular Research for support with
the SEM images and Andreas Timme and Marina Behr for the XRD measurements.
DK, JCS, BN and JWN acknowledge the support of the Elite Network of Bavaria.



6.5 Supporting Information 121

6.5 Supporting Information

Intensity
(o

a

02 04 06 08 10 12 14 16 18 20
Scattering Vector [A1]
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Sl 6.2 SEM image and histogram of self-assembled fibers of 1, obtained by self-
assembly from 2,2,4,4,6,8,8-heptamethylnonane (600 ppm of 1).
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SI 6.3 SEM image and histogram of melt electrospun fibers of 1. Spinning param-
eters: Applied voltage: -30 kV; Temperature: 290°C; Flow rate: 500 uL/h; Distance
needle tip - ground plate: 6 cm; Needle ID: 0.6 mm.
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Sl 6.4 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 the literature 43
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S1 6.5 Shearing influence. More details on the theoretical background of the shear-
ing investigation can be found in the literature 3342 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 I/AL? (where the second is a measure for the thickness-to-length ratio for
fibers with arbitrary cross sections). Since we found no such dependency, we can
conclude that shearing does not significantly affect our measurements

S1 6.6 Experimental parameters of the AFM measurements.

For the bending experiments, we used tipless NSC12/AIBS cantilevers (uMasch,
Tallinn, Estonia). The typical loads were 50 nN (SA-fibers) and 150 nN (ES-fibers),
which resulted in typical deformations of 100 nm (SA-fibers) and 200 nm (ES-fibers)
at the midpoint of the free standing segment. In addition, force-distance measure-
ments with a maximum load of 50 nN (SA-fibers) and 150 nN (ES-fibers) were per-
formed on sample segments supported by the substrate to proof that there was no
unwanted compression of the fibers during the bending experiments. The systems
showed no unwanted compression under the tested loads. The dimensions of the
mechanically investigated samples were determined on the segments supported by
the substrates in intermittent contact mode with sharp imaging cantilevers (Olym-
pus OMCL-AC160TS, Atomic Force, Mannheim, Germany). All data was processed
and evaluated using self-written procedures in Igor Pro 6 (Wavemetrics Inc., Port-
land, USA). For the calculation of Young’s modulus, the data from 10 free-standing
segments on a total of 9 SA-fibers and 23 segments on a total of 18 ES-fibers and

were used.
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ABSTRACT

Bending experiments using atomic force microscopy (AFM) are an impor-
tant tool for the nanomechanical characterization of fibers. Since these
measurements are often evaluated with rather simple models of beam the-
ory, the importance of the correct identification and interpretation of the
experimental boundary conditions has been repeatedly pointed out in the
literature. However, most of the work so far has focused on non-ideal con-
ditions at the fiber supports. In this work, we investigate the effect of a
slack fiber, which represents an irregularity at the midsection, on its nano-
mechanical behavior. Using finite element (FE) analysis, we demonstrate
that the slack produces a stiffening as well as a misleading shape of the
stiffness profile which can lead to an overestimation of Young’s modulus by
over one order of magnitude. In addition, we propose an alternative experi-
mental setup where the fiber is loaded perpendicular to the slack direction
as a method for evaluating the nanomechanical properties of fibers that is
robust against slack.

7.1 Introduction

Micro- and nanoscopic one-dimensional (1D) objects such as nanofibers, -wires,
and -rods are important structural elements in materials science*™® Their proper-
ties are of interest in many scientific topics, including (but not limited to) micro-
/nano electro mechanical systems (1\/[E1\/[S/NEI\/[S),2 tissue engineering,4 biomedical
applications,* biological systems,” filtration/®) and supramolecular materials. 80
Determining and understanding the nanomechanical properties of the individual
1D objects is an important step towards the design of novel functional materials.
A central approach for the nanomechanical characterization of fibrillar structures
are bending tests on free-standing fibers! Typical experimental setups use struc-
tured substrates for the fiber preparation and atomic force microscopy (AFM) for the
measurement of forces and deformations (Figure[7.1). For data evaluation, classical

beam theory is applied.!*

It has been demonstrated that careful determination of the boundary conditions
is essential for a reliable evaluation of the mechanical properties*® This can be
achieved by recording a deformation or stiffness profile along the free-standing fiber
segment 2132 The shape of this profile can be used to verify the boundary condi-

tions. A very important point is, for example, whether the fiber is firmly attached
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30 um
I

Figure 7.1 Typical AFM-setup for nanomechanical bending experiments.

to or only loosely supported by the substrate, which is typically described by two
models: The double clamped beam model (DCBM) and the simply supported beam
model (SSBM) ™ The respective equations for the stiffness profiles are

3
k(x)= _SLEL (7.1)
(L—x)°x3
for the DCBM and
k(x)= _SLET (7.2)
(L-x)*x2

for the SSBM, where k(x) is the stiffness at the respective position x, E is Young’s
modulus, I is the area moment of inertia and L is the length of the free-standing
segment. There are also more complex models that consider a finite stiffness of
the fixation, ™ or incorporate geometrical parameters, such as a non-perpendicular
alignment of the fiber on the channel ¥ However, most research has only focused on
the behavior of the fiber at its supports 3*18 The influence on the bending behavior
of non-ideal geometry of the fiber in the mid-region, such as the presence of a slack,
has not been studied so far. In fact, such defects are often experimentally inaccessi-
ble due to the small scale of the problems. In those cases, computer simulations can

be a helpful tool. Depending on their size, nanofibers can be described with large
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atomistic and molecular models, respectively, or continuum-based approaches like

finite element (FE) analysis.”

In the field of nanofibers and comparable 1D objects, FE models have been used to
study design criteria for MEMS/NEMS devices,*? the properties of cellulose fibrils

20421

and nanocrystals, and have already been a complementary tool for bending mea-

surements in several cases. Examples include metal and metaloxide nanowires,2474>
CNTs,272% microtubules,?” amyloid fibrils,?" the bending mechanics of cytoskeletal
bundles,”! and they have even provided further insight into ill-defined boundary
conditions at the edge of the fiber'® It is important to point out that continuum
mechanical FE models have certain limitations in describing the behavior of nano-
objects (concerning, e.g., surface effects and thermal fluctuations).”# Nevertheless,
they provide a fast and computational inexpensive way to analyze problems where

those effects play a minor role.

In this work, we investigate the effect of a slack fiber (Figure on nanobending
experiments. Our goal is not to establish a complete theoretical description of this
problem, but to estimate how a certain degree of slack will affect the apparent linear
and non-linear mechanical properties and to present guidelines on how to detect
such influences in order to avoid a misinterpretation of the results. For that purpose,
we simulate stiffness profiles by means of FE analysis for fibers with various degrees
of slacking. Using classical beam theory, we evaluate the stiffness profiles to estimate
the error when determining Young’s modulus from such experiments if the slack is
neglected. In addition, we examine whether alternative experimental setups can be

used to circumvent these issues.

==z-----3% 12r

L

Figure 7.2 Sketch of a free-standing fiber segment with a slack mid-section. L is
the length of the free-standing segment, r is the radius of the fiber and s is the
maximum depth of the slack at the mid-point of the fiber.



132 A CRITICAL ASSESSMENT OF SLACK EFFECTS IN NANOBENDING EXPERIMENTS

7.2 Results and Discussion

The presence of a slack in the fiber had a clear effect on the fiber stiffness (Figure[7.3).
For small slack depths s (s < 0.3 um), the shape of the stiffness profiles corresponded
to the DCBM, since the beam in the simulations was fully clamped. However, with
increasing slack depth, the absolute stiffness increased and we found a flattening of
the profiles up to a point (starting at a depth of around 0.7 um) where the stiffness
in the mid region of the free-standing segment (0.4 L to 0.6 L) was even higher than

in the border regions.
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Figure 7.3 Stiffness profiles obtained from the FE simulations. For the sake of clarity,
not all simulated profiles are shown here.

Nanomechanical bending experiments that use the shape of the profile to evaluate
the mechanical properties can easily identify such extreme cases and therefore, we
limited the evaluation to the experimentally relevant range up to a slack of 0.7 um.
However, moderate slack depths have a more subtle influence on the profile that
may lead to misinterpretation of the data. In order to estimate the error that arises if
slack is present in the experiments but not accounted for during the evaluation, we
applied the conventional DCBM model (which correctly represents the fixation used
in the FE analysis, but neglects the slack) and calculated the apparent Young’s mod-
ulus E,pp. Since the slack would have lead to an overestimation of Young’s modulus

in all simulations, we defined an overestimation factor f, as the ratio of E,,, and the

app
actual modulus that we defined in the simulations, Eg;,:



7.2 Results and Discussion 133

EaPP
- (7.3)
fo Esim

Since the stiffness of the fiber increased with increasing slackness, the overestima-
tion of Young’s modulus by the DCBM model also increased and led to a maximum
overestimation of a factor 2 (Figure|7.4).

2'2'"'l""I""l""l""l""I""l""
2.0 °
18
16
14
12

1.0 1

fo
llIllllllllllllllllllllll

([
lllllllllllllllllllllllll

0.8 AN RN AN AN NN NS NN NN

0.0 0.2 0.4 0.6 0.8
Slack depth / ym

Figure 7.4 Overestimation f, of the apparent Young’s modulus E,,, when evaluat-

ing the stiffness profiles with the DCBM.

app

In addition, the presence of slack also changed the shape of the stiffness profile,
which turned out to be an additional source for misinterpretation of the experimen-
tal results. Although the simulated fiber was clamped at both sides, the stiffness
profiles showed a SSBM-like shape when increasing the slack depth (Figure[7.5). In
order to quantify this effect, one can look at the relative error of the fit of the stiff-
ness profile using both analytical models (Equations and [7.2). For slack depths
s > 0.3um, the SSBM started to show much better agreement with the data (Fig-
ure [7.6). However, as the SSBM assumes only a supported fiber, evaluating the pro-
files with this model resulted in a drastic overestimation of Young’s modulus by a
tactor of 10.

In summary, the slackness gives rise to two sources of error. The first is an apparent
stiffening which, at small deformations, may lead to an overestimation of a factor 2.
The second is a shape change of the stiffness profile that causes a misinterpretation
of the boundary conditions as well as an overestimation of Young’s modulus by one

order of magnitude.
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Figure 7.5 Exemplary fit of a profile obtained for moderate slack depth with the
DCBM and SSBM. Although the shape of the profile clearly corresponds to the SSBM,
Young’s modulus is overestimated by a factor of 10.
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The DCBM error increases with increasing slack, while the SSBM error initially de-
creases, which will lead to misinterpretation of the data as an apparent SSBM-case
for moderate slack depths.

Up to this point,

we only considered a fixed model with absolute values of L, r and

s. Obviously, the influence of the slack will depend on the relations between these

three parameters. Although an increasing slack-to-length ratio resulted in slight

stiffening, we found that the dominating influence was the slack-to-radius ratio (Fig-

ure [7.7). Simple variation of the length-to-radius ratio did not cause significant
changes of the profile (Supporting Information SI[7.3).
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Figure 7.7 Stiffness profiles with various combinations of L, r, and s. The s/r ratio is
the dominating influence. Note that because the absolute stiffness is dependent on
the diameter and length of the free-standing segment, the data was normalized to
the length of the free-standing segment and the area moment according to Kluge et
al?to directly show the slack influence. The different curves with the same symbols
are simulations with the same s/r ratio but with different L/r ratios.

We also characterized the influence of the slack in large-deformation measurements.
Normally, bending experiments are performed within the small-deformation regime,
since strictly speaking, commonly applied Euler-Bernoulli beam theory is only valid
for deformations < radius.l4 However, Heidelberg et al. proposed a model that also
considers large deformations.”® Here, being mostly interested in the influence of the

slack, we only used the approximate solution to the bending problem:

192E1 8EA
center — T Vcenter T ?Avgenter (7-4)

where Feenter 1S the force applied at the midpoint of the fiber, Avcepter is the corre-
sponding midpoint displacement and A denotes the cross-sectional area. In addition
to the regular bending forces (linear term), there are also tensile forces acting on the
fiber (cubic term). Note that Equation describes a nonlinear, but still fully elas-

tic behavior.

Experimentally, it is often difficult to achieve large deformations when loading the
suspended fiber from the top due to a possible contact between fiber and substrate.
Therefore, many studies that utilize large deformation measurements apply the load
in the substrate plane and therefore, perpendicular to the slack direction****> Hence,

we investigated the difference between vertical loading (in the same direction as
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the slack) and lateral loading (perpendicular to the slack) in the large deformation
regime. To study the latter, we used a model with tetrahedral elements (Figure
since the quasi-2D beam element model does not allow the deformation modes in-
duced by lateral loading. We compared the simulations for vertical loading between

beam and volume element models and found no significant differences (Supporting

Information SI[7.4).

Lateral
loading

Slack
direction

Figure 7.8 Volume element model used for studying the effect of loading the fiber
in and perpendicular to the slack direction. The transparent geometry is the initial
(undeformed) fiber and the colored geometry is the simulated deformed fiber. The
colors indicate the stress distribution along the fiber axis, from maximum compres-
sive (green) to maximum tensile (red).

The (approximate) solution proposed by Heidelberg et al. corresponded well with
our simulations of a double clamped beam without slack, but produced an overesti-
mation of Young’s modulus by 16%, which is in the same range as the previously re-
ported maximum error of 18%.%® However, the inaccuracy present in Equation

was much smaller than the drastic influence of the slack.

When loaded vertically, increased slack resulted in a stiffening of the fiber and pro-
duced an overestimation of Young’s modulus by roughly a factor of 3 (Figure|[7.9(a)).
With the slack, the force-displacement curve showed a small but clear deviation
from the Heidelberg model, especially at very large displacements (i.e., displace-
ment >r). This demonstrates that slack does not just affect the profile shape when
performing small deformation measurements to obtain Young’s modulus, but also

the large deformation regime.
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Figure 7.9 Results of the large-deformation simulations with the volume element
(VE) model. Vertical loading. @ Lateral loading. The black curves represent the

model without slack.
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The results for the lateral loading, however, are very different. Despite a significant
slackness of the fiber, the simulated force-displacement curves showed only little de-
viation from the DCBM behavior (Figure[7.9(b)). In fact, the apparent modulus was
even 9% smaller than in the model without slack. The most likely explanation is that
if a significantly curved beam is loaded perpendicular to the curvature plane, the de-
formation is no longer bending dominated, but rather involves significant amounts
of torsion. For larger deformations, the cubic term in Equation is again domi-
nating the force-displacement behavior. Therefore, the slack has negligible influence
when the fiber is loaded laterally. The same is true for the small-deformation stiff-
ness profiles obtained by lateral loading that showed no significant slack influence
and yielded a correct modulus (Supporting Information SI[7.5).

It has to be kept in mind that we performed the simulation with the assumption
of an isotropic, linear elastic material. Therefore, although the deformation mode
changes, it is not surprising that the results are consistent with the predictions of the
analytical DCBM model. This may not be the case for many real samples, especially
in the small deformation regime since a torsional deformation involves different ma-
terial constants as the regular bending. In the large deformation regime, the differ-
ences will become less significant as the axial tension dominates the deformation.
Therefore, although slack may be present, it will not be visible when performing

large deformation measurements perpendicular to the curvature plane.

7.3 Conclusions

Herein, we have investigated the effect of a slack fiber on nanomechanical bend-
ing experiments using FE simulations. The results suggest that an increasing slack-
to-radius ratio will lead to an apparent stiffening within the small- and large-
deformation regime and therefore, to an overestimation of Young’s modulus. In
addition, the slack alters the shape of the stiffness profile, which is commonly used
in bending experiments to determine the boundary conditions. This can lead to a
misinterpretation of the boundary conditions which results in an overestimation of
Young’s modulus by over one order of magnitude. Since slack is difficult to iden-
tify experimentally, it is important to find characterization methods that are robust
against such effects. Our simulations suggest that loading the fiber perpendicular to
the slack direction might be an experimental solution to deal with samples where

slack is an issue and to produce more reliable results.
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Small deformations. Finite element (FE) models of a typical fully clamped fiber
having a circular cross section with a diameter of 0.5um and a free-standing seg-
ment length (i.e., absolute distance between the clamping points) of 20 um were de-
veloped. Two different scenarios were considered: a reference case of a straight fiber
without a slack and a parametric study where the slack depth (Figure was var-
ied from 0.1 um to 1 um in steps of 0.1 pm. For each slack depth, 5 simulations were
performed where a point load of 100nN was applied at different positions along the
fiber axis, equally spaced with an interval of 10% of the total fiber length L. Due to
symmetry, only 5 positions (i.e., 0.1 L, 0.2 L, ..., 0.5 L) were probed. The correspond-
ing stiffness was calculated at each load application point by dividing the imposed
load with the resulting FE displacement, as in the AFM experiments.®"*Y For the
evaluation, we focused on the experimentally relevant range from 0.2 L to 0.8 L.
All the FE simulations were performed with the commercial FE software Abaqus
(Version 6.11; Providence, RI, USA). The FE mesh consisted of at least 80 second
order Timoshenko beam elements (element B22 in Abaqus) and mesh density was
checked to assure convergence of the results (Supporting Information SI[7.1)). Addi-
tionally, the FE models were verified by a comparison with a very refined mesh of
approx. 5000 second order tetrahedral elements (element C3D10 in Abaqus). The
computed stiffness between the two meshing approaches varied less than 7% (Sup-
porting Information SI[7.2). For all the simulations, an isotropic elastic modulus of
3GPa (comparable to previous studies®’) and a Poisson’s ratio of 0.3 were used. To
assess the interplay between the fiber aspect ratio and the slack, the slack/radius
(s/r) and length/radius (L/r) ratios were also varied. Specifically, we kept the length
of the free-standing segment constant and changed the radius and the slack depth
to obtain L/r ranging from 25 to 200 and s/r from 0 to 2.

Large deformations. Simulations including geometric nonlinearities were per-
formed using the above described FE model (beam elements) with a diameter of
0.5pum and an applied load of 5uN at the midpoint of the free-standing segment
to achieve large deformations. The volume element (tetrahedral elements) model
was also used to simulate a lateral loading (i.e., perpendicular to the slacking). The

material was modeled to respond elastically over the whole deformation range.
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hedral and beam elements are insignificant compared to the effect of the slack.
Therefore, beam elements were chosen for the parametric investigation due to the
facilitation of the geometrical modeling.
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8.1 Introduction

The previous chapters demonstrated that bending experiments are a powerful tool
to reliably determine Young’s modulus of a material. However, in the vertical bend-
ing direction (perpendicular to the substrate), the deformation is limited to a very
small range. In order to investigate the mechanical properties of fibers beyond the
linear elastic regime, the deformation mode has to be changed. One approach is to
employ lateral force microscopy (LFM) X There are several successful reports in the
literature where this technique was used for free-standing 1D samples like carbon
nanotubes, various types of nanowires, silicon(dioxide) nanobeams, polymer
composites, 3 biopolymers, and biological samplesT®17 The setup is depicted in

Figure[8.T}

Figure 8.1 Schematic setup of a lateral AFM fiber bending experiment.

In this setup, the fiber experiences a combination of bending and tension (see Sec-
tion [3.2.4). For small deformations, bending-type forces are dominant. For large
deformations, the experiment can be considered as quasi-uniaxial stretching and
tension forces are dominant. The full mathematical description of this interplay
is rather complicated 713 For the sake of clarity, let us consider the approximate
solution for the resulting force at the midpoint of the fiber by Heidelberg et alZ



150 PERSPECTIVES |: BEYOND SMALL DEFORMATIONS

192E1 8EA
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The first term is the regular bending force. The second, cubic term is the tensile force
acting on the fiber which becomes significant for deformations at the midpoint of the
free-standing segment that are larger than the radius of the fiber. For all evaluations,
this approximate solution is used. Although it has a maximum error of 18%,” it
is sufficient for a first estimate of the elastic properties at large deformations. In
addition, it allows determining whether the plastic properties (such as yield stress
and fracture strength, see Section [3.2.4) can still be evaluated with beam theory or if
the additional stresses due to uniaxial tension have to be considered.

8.2 Results and Discussion

8.2.1 Calibration

The first step was finding or developing a suitable lateral calibration for our specific
setup. In contrast to vertical measurements, the lateral calibration is more com-
plicated, less precise, and although several approaches have been reported in the
literature, there are no standard techniques so far (see also Section .3 We de-
cided to perform the calibration in close analogy to the vertical experiments, i.e.,
determining the lateral sensitivity and lateral cantilever spring constant separately.
The terms lateral (referring to an actual displacement of the cantilever tip in nm)
and torsional (referring to an angular torsion of the cantilever in rad) are sometimes
used inconsistently in the literature, and this work strictly follows the definition
described in Section[3.3.5

We determined the lateral sensitivity S, in the same manner as the vertical sensitiv-
ity, using the slope of the measured signal in the constant compliance regime when
applying forces to a hard substrate. Of course, for lateral measurements, this re-
quires a vertical step. In addition, the distance of the contact point to the reflective
side of the cantilever (i.e. the lever arm) plays a crucial role as already pointed out
(see Section [3.3.5). We used the same glass substrates for the calibration as in the
fiber bending experiments. The setup can be seen in Figure This setup en-
sures that the cantilever hits the calibration substrate at almost the same position

as it will afterward hit the fibers in the measurements. A corresponding calibration
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curve can be seen in Figure [8.2(b)l In the constant compliance regime, the lateral
displacement of the cantilever tip is equal to the lateral displacement of the piezos.

Therefore, the slope of the calibration curve directly yields the lateral sensitivity.
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Figure 8.25ketch of the lateral sensitivity calibration using the step of the struc-
tured glass substrates. Lateral deflection-displacement curve obtained by push-
ing the cantilever against the undeformable substrate. Deflections larger than 10V
cannot be detected by the photodiode and hence lead to the plateau of the curve.
The slight nonlinearity observed towards the end of the curve is most likely caused
by the nonlinear response of the photodiode.18 The nonlinear region was only taken
into account for the sensitivity calibration if very large deflections were needed to
break the fibers.

This approach shares similarities with the method suggested by Cannara et al. who
modified the cantilever with a colloidal probe and pushed against GaAs samples.*
However, the major advantage of our calibration is that we do not require a test
probe but can use exactly the same setup as for the lateral force measurements, thus
having precise control over the lever arm. This greatly enhances the reliability for
our specific type of experiment. Control of the lever arm for lateral bending ex-
periments can also be achieved via the approach recently reported by Gestos et al.
who calibrated the cantilever against a free-standing glass fiber'¥ However, since
our approach uses a non-deformable substrate, knowledge of the reference sample’s
mechanical properties is not needed, thus eliminating another error source. The
ongoing effort of developing a simple, fast and reliable calibration approach demon-
strates the importance of large deformation AFM measurements for materials sci-

ence.
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In order to calibrate the lateral spring constant k,, we used a semi-empirical ap-
proach. The vertical spring constant k, of a rectangular cantilever can be calculated
from its geometry:*

_ Ewt3

ko= =20
=4

(8.1)
Where w, t and [ are the width, thickness and length of the cantilever, respectively,
and E is the elastic modulus of the cantilever material. The same can be done for the

lateral spring constant k, using the shear modulus G of the cantilever material:

B Gwt3
Y 3]H?

(8.2)

Here, H is the lever arm of the cantilever which is normally simply defined as the
tip length & plus half of the cantilever thickness (see Section and Figure[3.2),
but of course in this case, the distance of the tip-fiber contact point to the tip end
has to be subtracted:

t
H = ht 5 = deon (8.3)

One can easily see that the lateral and normal spring constant are related by

4G(1\
kx_gf(ﬁ) k., (8.4)

Therefore, we calibrated the normal spring constant of the cantilever with the ther-
mal noise method?" and used the geometry of the cantilever to calculate the lateral

spring constant based on the results of the vertical calibration.

It is important to note that this approach has limitations: First of all, it requires
knowledge of the cantilever material properties. Although provided by the man-
ufacturer, those can be inconsistent within different batches of cantilevers. In ad-
dition, determining the lever arm is not straightforward and even small deviations
can have a large effect on the spring constant. It requires knowledge of the can-
tilever thickness and tip length. However, this is a problem for all lateral calibration
approaches. For the majority of the experiments in this work, we used the values

provided by the manufacturer which were confirmed by SEM imaging of selected
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cantilevers. Despite these limitations, Neugirg could show in later work that the
calibration employed here is consistent with more sophisticated techniques like the

torsional Sader method 41723

8.2.2 Friction influence

In the described setup, the cantilever tip is in contact with the substrate during
the lateral deformation. This leads to the occurrence of friction. Amontons’ 1st
Law states that the friction force is directly proportional to the applied load. We
wanted to investigate if the vertical setpoint (which is directly proportional to the
applied load) influences the lateral results. For that purpose, we performed repeated
measurements on a test fiber with varied setpoint (Figure [8.3). While the absolute
measured lateral force increases with increasing friction, the slope of the deflection-
displacement curve does not change. Therefore, the friction does not affect the lat-
eral measurement of the fiber stiffness. However, it leads to increased noise and
reduced precision. Therefore, it would be beneficial to perform the measurements
in a frictionless setup, i.e. without touching the substrate with the cantilever tip

during the lateral movement.

The experimental realization of this approach was not straightforward and can be
found in Section Since the solution to this problem was achieved only late
during the progress of the lateral experiments, it was only applied to few samples
and shall only be briefly discussed here. In Figure typical force-displacement
curves of lateral bending and friction-free lateral bending can be seen. It is clear
that friction-free experiments offer an enormous increase of the signal-to-noise ratio

of the lateral measurements in the small-deformation regime.

In addition, the friction-free setup allows acquiring trace and retrace data if the
measurement is aborted before plastic deformation occurs (Figure [8.5). This is not
possible if tip and substrate are in contact during the measurement, since the tip-
substrate friction causes the cantilever to snap in the opposite direction at the point

of reversal and therefore to lose contact with the sample.

However, note that the advantages came at the prize of a less reliable calibration:
Since the AFM was not designed for lateral measurements without feedback of the
z-piezo, we developed a workaround where the cantilever was positioned in a way
that it could no longer reach the bottom of the channel, even with fully extended

piezos. The disadvantage is that in this setup, the exact distance between tip and
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Figure 8.3 Repeated lateral measurements of the same test fiber with varied ver-
tical setpoint (which corresponds to the vertical loading force). While the absolute
lateral deflection increases with increasing load, the slope (which corresponds to
the fiber stiffness) does not change significantly.

substrate cannot be determined and as a consequence the lever arm in the sensi-
tivity calculation - and therefore also the cantilever spring constant - have an in-
creased inaccuracy. This problem was later approached and solved by Neugirg in the
course of his master’s thesis22 Concerning the following sections, the measurements
in Section [8.2.3| were performed in a friction-free setup while the measurements in
Section [8.2.4] were performed with a defined tip-substrate contact.

8.2.3 Small Deformation Measurements

We investigated two types of trisamides using lateral bending experiments,
N,N’,N”-tri(2,3-dimethyl-cyclohexyl)-1,3,5-benzenetricarboxamide 1 (Figure[3.6(b)]
see Chapter and 1,3,5-tris(2,2-dimethylpropionylamino)-benzene 2 (Figurem
see Chapters[4and[5). The first step of the trisamide investigation was to establish a
reference for the lateral bending experiments. For that purpose, we needed very pre-
cise lateral measurements and therefore used a friction-free setup. Since it was the

best-studied system, we performed the measurements on fibers of compound 2. We
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Figure 8.4 Comparison of lateral force curves with and without tip-substrate con-
tact during the measurement. The signal-to-noise ratio is significantly improved.
The measurements were performed on two different fibers with comparable stiff-
ness in order to illustrate the difference and both measurements were aborted be-
fore any plastic deformation to the fibers occurred.
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Figure 8.5 Exemplary lateral trace and retrace curves.
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first acquired a vertical force map on a free-standing segment and afterward used
a lateral setup with a very soft cantilever to perform sensitive small-deformation
measurements (for more on the experimental procedure see Section [8.4) to produce

a lateral force map on exactly the same position.
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Figure 8.6 The structural formulas of (b)) compound 1 andcompound 2.

A very good comparison can be seen in Figure Although the lateral data showed
a little more scatter, both results were in very good agreement with each other. Also,
the corresponding moduli of these two measurements were comparable (3.5 GPa and
4.1 GPa, respectively). We compared several measurements of 2 in the same way and
found a generally good agreement between both deformation modes, although the
lateral measurements were much more prone to scatter. The main reason for devia-
tions was most likely the uncertainty in the lateral calibration. In addition, since the
lateral force maps had to be performed manually (instead of using the force mapping
mode in the vertical case), there was an additional source of error when reposition-
ing the cantilever. However, the experiments showed that the lateral measurements

can be used for a mechanical characterization with reasonable reliability.

8.2.4 Large Deformation Measurements

Our goal was to perform large deformation measurements until failure. It was not
possible to reliably break the fibers of 2 since the required forces were too high to be
detected with the AFM photodiode even when using the stiffest cantilevers available.

Therefore, we only investigated fibers of 1 for the large deformation experiments.
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Figure 8.7 Vertical and lateral stiffness profiles measured on the same free-
standing segment of a fiber of compound 2. Although the lateral data shows more
scatter, the shape of the profiles and the resulting Young’s moduli are in good agree-
ment.

Since they were thinner, they in turn also possessed a smaller flexural rigidity and
24

smaller forces were needed to break them.
In Figure two typical examples of lateral force-deformation curves can be seen.
Figure shows the most commonly observed case which was comparable to a
brittle fracture: The force increased linearly with deformation until a sudden drop
of the force indicated the failure of the material. The second case (Figure [8.8(b)),
which rarely occurred, shows a nonlinear behavior. However, when applying the
completely elastic model by Heidelberg et al.)” the nonlinearity can clearly be iden-
tified as a purely geometric effect, the material itself is still within the linear elastic
regime. Therefore, the curves essentially confirm the brittle behavior seen in the first
case. We fitted the simplified Heidelberg model to all measurements and it described
the fibers” behavior extremely well. For every investigated sample, the model pre-
dicted the correct shape of the force-deformation curve (linear or nonlinear) only

based on the AFM-image of the fiber cross section.

We used Equation to calculate Young’s modulus from the elastic regime and
again cross-checked the results with the vertical measurements reported in Chap-
ter 5| The order of magnitude was generally in good agreement and the average
values were consistent (Eyer = 2.3 + 0.3GPa?* and Ej,, = 3.4 + 5.1 GPa), although the
lateral data showed huge scatter that caused the extremely high standard deviation.

The main reason was most likely a systematic error due the cantilever calibration,
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Figure 8.8 Exemplary lateral force curves and fit with the Heidelberg model. The
most common case with linear elastic deformation until fracture. Example of a
purely elastic behavior with geometric nonlinearities.

since sets of measurements that were performed within a short time frame and with
the same cantilever calibration yielded very similar results. In addition, the applied
model required a loading exactly at the midpoint of the fiber which could cause
additional uncertainties if the cantilever tip contacted the fiber not exactly in the

middle of the free-standing segment.

To determine the plastic properties of the fibers, one has to investigate the regime
where the measured data starts to deviate from the behavior described by Equa-
tion . As discussed, most fibers showed a rather brittle behavior according to
one of the two cases shown in Figure without any pronounced signs of yield.
There were only few samples where the behavior at large deformations significantly

deviated from the elastic model. An extreme example can be seen in Figure
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Figure 8.9 Exemplary lateral force curve. While the initial behavior is completely
linear, slippage at higher loads leads to a steady decrease of the slope.
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In these cases, the slope of the force-deformation curve constantly decreased after a
certain point. However, it is questionable whether this point should be identified as
a yield point: It is known that the adhesion of the trisamides on the glass substrate
is sufficient to guarantee a firm fixation for small loads, but that detachment and
slipping of the whole fiber occurs at high loads.“? Due to the small size of the fibers,
however, a reliable observation with optical methods was not possible. In addition,
vertical forces can occur during the lateral deformation due to the geometry of the
contact between cantilever tip and fiber. These can push the cantilever upwards and
cause instabilities of the contact. In summary, it is impossible to distinguish the in-
dividual contributions of material and slippage and the results concerning a possible
yield point are ambiguous, especially considering that the crystalline microstructure
of the self-assembled fibers only allows limited deformation mechanisms that could

cause yielding.

While this complicates the determination of the bending strength, slippage can (to
certain extend) be neglected when calculating the bending strength since the force at
break F, is not affected by any slippage or yield that occurs during the deformation.
The only value that changes is the effective length of the free-standing segment.
However, for small amounts of slippage this is only of minor importance. It has
been shown in Sectionthat the bending strength oy, 1, of a fiber is given by:

FL

Ob,max = g dn,max

Here, F is the applied load, L is the length of the free-standing segment, I is the
area moment of inertia and d,, . is the distance to the neutral axis. In case of
the benzenetrisamides, the cross sections had a very irregular shape and therefore
determining the distance to the neutral axis (which is equivalent to the distance to
)25

the centroid of the cross section)=” is complicated. As a first approximation, we

defined an effective radius r.g calculated from the cross-sectional area of the fiber

A
Teff = s (8.5)

which leads to the following expression for the bending strength:

FL
Ob,max = greff (86)
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However, since the fibers often had a flattened shape, the dimension in the direction
of the bending is larger than the effective radius. Therefore, the bending strength
will be underestimated. In addition, this approach neglects the homogeneously dis-
tributed tensile stresses that become significant at large deformations, which leads
to an overestimation of the bending strengthf| A full theoretical treatment of these
additional stresses is very complicated and can be found in the literature.” However,
our measurements were clearly dominated by bending. Therefore, we only estimated

the effect of tension instead of performing a full theoretical evaluation.

To do so, we calculated the deformation based on the measured force at break as-
suming completely elastic behavior using Equation (8.1)). This deformation allows
calculating the ratio of bending and tensile forces. We calculated the corresponding
maximum bending stresses according to Equation and added the corresponding
tensile stresses o; = %. However, it should be pointed out that for our experiments,

neglecting the tension would only have led to an average overestimation of 4%.

The order of magnitude of the flexural strength ranged between 10 and 500 MPa
with an average value of 102+ 97 MPa. The main contributions to the large standard
deviation are the uncertainty of the cantilever calibration and the error introduced
by using the effective radius instead of the real distance to the neutral axis. In ad-
dition, local defects play a significant role for bending strength, since the stress is
concentrated on small portions of the sample and therefore, the scatter is higher
than for uniaxial tensile measurements. The measurements which showed the best
agreement between vertical and lateral modulus can be assumed to be the most reli-
able ones and suggested a flexural strength of around 70 MPa, which is comparable

to Nylon 6.4

8.3 Conclusions

The work in this chapter demonstrates that LFM can be a powerful addition to the
vertical bending setup, because it allows applying large deformations until failure to
the fibers. These large deformations lead to a combination of bending and tension,

which makes interpretation of the data more complicated than in a pure bending

If a certain force is assumed and the pure bending stresses are calculated, it is neglected that a
part of this force is also used to stretch the fiber. Since uniaxial stretching of the fiber causes
significantly smaller maximum stresses than bending, the total stress is overestimated. If, in turn,
a given deformation is used to calculate the force and the pure bending stresses, the additional
uniaxial tension is neglected and the actual force is underestimated.
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or uniaxial tension experiment. In the elastic regime, the lateral data showed good
agreement with the vertical experiments. In addition, we could for the first time
determine the bending strength of fibers of 1, which was comparable to Nylon 6.
However, there are also some drawbacks that have to be addressed in future work:
The lateral calibration requires special care and is a major error source. In addition,
performing the measurements without contact between cantilever tip and substrate
is essential to eliminate the strong noise caused by friction. The most fundamental
requirement in order to apply the lateral experiments to a wide variety of trisamide
systems is a suitable approach for fixation of the fibers on the substrate. Once these
issues are solved, the possibility to combine vertical and lateral bending on exactly
the same position allows characterization of the mechanical properties within and

beyond the linear elastic regime with outstanding reliability.

8.4 Experimental Section

Fiber preparation. The fibers of 1 and 2 were prepared as previously described in
Chapters|4{and 24'27

Vertical bending. All vertical bending measurements were performed as previously
described in Chapter 24

Lateral calibration. The method described herein was developed on a Nanowizard I
apparatus (JPK Instruments AG, Berlin, Germany), combined with a Zeiss Axiovert
200 microscope and a Zeiss LD A-Plan® Ph1 objective lens (20x, numerical aperture
0.3, working distance 4.3 mm). We used a combination of the manipulation mode
and the real-time scan (RTS). In manipulation mode, the cantilever follows a pre-
determined path while keeping contact with the substrate at a defined load. The
RTS was used to monitor the x-, - and z-displacement of the piezos as well as the
vertical and lateral deflection of the cantilever during the manipulation. In order
to determine the lateral sensitivity, the cantilever (Nanosensors AdvancedTEC Cont
by NanoWorld AG, Neuchatel, Switzerland) was brought into contact with the struc-
tured glass substrates inside a channel (setpoint 0.2V) and moved perpendicular to
the ridges with 0.01 —0.02pum/s. When a significant deflection was achieved, the
measurement was aborted by retracting the piezo to avoid damaging the tip. For
the calibration of the friction-free measurements, we used the same procedure but
reduced the z-range of the piezo so that the cantilever was separated 500 nm from
the bottom of the channel.
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Lateral bending. The measurements were performed by choosing an appropriate
sample segment in the optical microscope (perpendicular to the channels and with-
out visible defects) and imaging the segment in intermittent contact mode. The
manipulation path was selected and the AFM data was recorded via RTS. The tip
velocity was 0.02 — 0.05pum/s (with a vertical setpoint of 0.2V for the in-contact
measurements). In order to allow friction-free measurements, we again restricted
the z-range of the piezo so that the measurements were performed at a distance of
500 nm above the bottom of the channel. The lateral force maps were acquired by
repeatedly performing lateral bending experiments on several positions along the
free-standing segment and aborting the measurements after a sufficient lateral de-
flection signal was reached to avoid damaging the fibers. The raw data was evaluated
using self-written procedures in Igor Pro 6 (Wavemetrics Inc., Portland, USA). Addi-
tional time-lapse videos were obtained using an AxioCam (Zeiss, Jena, Germany) by
acquiring individual microscope images in appropriate intervals (typically 250 ms)

and processing the multidimensional images with the Zeiss AxioVision software.
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9.1 Introduction

In recent years, silks have become very popular materials due to their impressive me-
chanical and biochemical properties.* Their good biocompatibility, biodegradability,
antimicrobial activity, and low immune reaction make them a promising material for
scaffolding in tissue engineering applications and as wound dressings.?™* In terms of
mechanical properties, especially spider silks possess an exceptional combination of
stiffness, extensibility, and strength. In general, their remarkable mechanical prop-
erties are based on a combination of amorphous and crystalline regions on the scale

of the fiber’s nanostructure.

It is important to keep in mind that spider silk fibers can be very different, depend-
ing on their role in the spider’s web. The garden spider Araneus diadematus for exam-
ple possesses seven gland-spinneret complexes that can produce fibers with unique
properties.®” Amongst those, the major ampullate (MA) gland fibers that form the
web frame and the spider’s dragline have the most impressive mechanical properties
and are best understood ®? To illustrate this, the MA silks have an initial stiffness
comparable to bone combined with a ten times greater extensibility that is compa-

rable to nylon and a strength that almost matches high-tensile steel®

In contrast to silk worms, spiders cannot be farmed on a large scale due to their
predatory and cannibalistic nature!” An alternative is the identification of the rel-
evant protein sequences and the recombinant production of genetically engineered
silks 712 The fibers investigated in this work were prepared from the genetically
engineered protein eADF4(C16). It consists of 16 repeats of a module termed C
derived from the fibroin ADF4, one out of at least two MA silk proteins of A. diade-
matus’ dragline silk.2*"1¢ The engineered module comprises alanine-rich segments
that are known to form crystalline 3-sheet stacks in natural silks and increase their
tensile strength 217/ In addition, it also has glycine-rich segments that adopt flexible
helices, providing elasticity** Thus, it mimics the natural silk’s composite charac-

ter.

In general, both natural and engineered silk proteins can be processed into a large
variety of morphologies like spheres, films, foams, fibers and many more.** In terms
of fibers, the main processing pathways are solvent extrusion, microfluidics and
electrospinning*¥ The major advantages of electrospinning are that it requires only
small amounts of protein and that it produces mats of extremely fine fibers that are

well-suited for cell- and tissue-culture studies.'® Recently, Leal-Egafia et al. used
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electrospinning to form nonwoven scaffolds of recombinant spider silks.*> Testing
the mechanical properties of the individual electrospun fibers requires sensitive

techniques like the bending experiments presented within this thesis.

9.2 Results and Discussion

9.2.1 Vertical Bending Measurements

Since this was a new class of materials, the first step was of course again to ensure
that the fibers undergo pure bending without any indentation. We found no signif-
icant indentation when the fibers were supported by the substrate (Figure [9.1). In
addition, the force-deformation curves on the free-standing segments showed a lin-

ear behavior, thus allowing an evaluation with common models of beam theory as
described in Chapter [3.2]
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Figure 9.1 Force-deformation curves on a silk fiber segment supported by the sub-
strate (black squares) and on a free-standing segment (red circles). The segment
supported by the substrate showed no significant deformation for the maximum ap-
plied load during the measurements (50 nN).

However, the experiments produced very inconsistent results with large deviations
between the individual fibers. Although the SSBM showed better agreement with
the data, the majority of the profiles could not be described by any of the common
beam theory models or by a mixture of those. In addition, the general tendency

was that with increasing deviation from the DCBM shape, the determined apparent
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modulus became unrealistically high, sometimes over one order of magnitude above
the literature value for A. diadematus’ dragline silk, 10GPa® This was true even if
the experiments were evaluated in an extremely conservative way by excluding any
measurements that showed a pronounced non-standard behavior. Of all 45 inves-
tigated samples, only very few measurements yielded at least reasonable stiffness
profiles and moduli in a a realistic range (around 1-10 GPa). Just one single pro-
file showed a perfect DCBM behavior (Figure[9.2). This was completely contrary to
the impression during handling of the samples under the optical microscope that

suggested a firm fixation of the fibers on the substrate.
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Figure 9.2 One of the few fiber segments that corresponded to the DCBM. The
stiffness profile was obtained by averaging over 6 individual measurements on the
same free-standing segment.

The results strongly suggests that the observed behavior must not be attributed to
real supported boundary conditions, but rather to a to date inexplicable effect. To
better compare the measurements on all free-standing segments, the profiles were
normalized and averaged as previously described.™” Again, the SBM seemed to cor-

respond best to the data, but fails to completely describe the shape of the averaged
stiffness profile (Figure[9.3).

The important task was to identify the source of these issues. We investigated the
fibers using SEM and found that many samples showed a flattened cross section on
the segments that were supported by the substrate, while the cross section of the
free-standing segment was circular (Figure[9.4). Since the cross section for evalua-

tion of the data is determined on the supported segments (see Section [4), this will
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Figure 9.3 Averaged stiffness profile of tall investigated spider silk samples and the
corresponding fits with the DCBM and SSBM. To allow a comparison, the individual
measurements were normalized as previously described?

lead to an underestimation of the fiber height and therefore to an overestimation of
Young’s modulus. However, since the change seemed to be very abrupt at the edge

of the channel, it did not explain the shape of the stiffness profiles.

A reason for the inhomogeneous morphology of the fibers may have been the fact
that they were directly electrospun on the structured glass substrates. The flattened
shape may have been caused by the fiber hitting the substrate while the solvent was
not completely evaporated. In order to produce fibers without these artifacts, we
tested two approaches. The first was to prepare the fibers by collecting the fibers
between two wires with a gap of ~ 2cm and bringing them into contact with the
substrate after a certain time to ensure that the solvent was completely evaporated
and the fiber morphology was stable (in the following termed ESW fibers). The
second approach was to use dry spinning for the fiber preparation (in the following
termed DS fibers). Both approaches yielded fibers with homogeneous cross sections

along the fiber.

We performed control experiments on both types. For the ESW fibers, the shape of
the stiffness profiles was comparable to our previous observations (Figure [9.5(a)).
The apparent modulus showed a narrower distribution around smaller values, but
still yielded a very high value (= 50GPa) if evaluated with the SSBM (as suggested
by the profile shape). The DS fibers also showed the SSBM-like shape of the stiff-
ness profiles (Figure [9.5(b)), but yielded a significantly higher modulus (~ 270GPa
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Figure 9.4 SEM image of a suspended spider silk fiber. It is clearly visible that the
cross section is not homogeneous along the fiber axis, with a significant broadening
where the fiber is in contact with the substrate.

if evaluated with the SSBM) than the ESW fibers. However, it is not possible to de-
termine if the difference in modulus is a systematic effect due to the preparation or
only a statistical effect because of the small number of specimens (6 segments of 5
ESW fibers, 4 segments of 3 DS fibers). In summary, while the effect of an inhomo-
geneous cross section due to the fiber preparation definitely is an issue, it does not

explain the observed behavior.

It should be pointed out that the flattened stiffness profiles and overestimation of
Young’s modulus strongly resembles the effects of a slack fiber reported in Chap-
ter [/l However, it is difficult to identify the source for such a slack. One possible
explanation could be the influence of the relative humidity. It is known that humid-
ity can have a pronounced effect on the properties of silks2% Changes in the relative
humidity between preparation of the fibers on the substrate and the bending mea-
surements could therefore lead to a swelling. However, significant swelling of the

fibers, thus leading to an elongation and a possible slack, is not very likely.

Of course, also the opposite could happen. Natural silks show a phenomenon
called supercontraction, which is a strong contraction of the fiber with increased
humidity222 This would lead to a prestress of the fiber and therefore also to an
altered mechanical behavior. However, supercontraction has not yet been observed

in the genetically engineered samples that we investigated (a reason could be that
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Figure 9.5 Normalized and averaged stiffness profiles of the control experiments
on silk fibers that were not directly spun onto the substrate. Fibers electrospun
between two wires. Dry spun fibers.

the fibers consist only of a single silk protein and do not possess the additional lipid
layer of the natural silks) and hence, can be excluded as an explanation. In sum-
mary, no comprehensive and convincing model for the observed behavior was found
to this date.

9.2.2 Lateral Bending Measurements

In addition to the vertical bending tests, we also employed a lateral setup as de-
scribed in Chapter [8| An exemplary force-deformation curve can be seen in Fig-
ure We evaluated the measurements with the simplified model of Heidelberg et

al. in order to determine the elastic properties.*” In contrast to the vertical bending
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experiments that could not be correlated to any literature model, the lateral data
showed a very good agreement with the predicted behavior (Figure [9.6). In addi-
tion, evaluation of the elastic properties yielded realistic values of Young’s modulus
with a reasonable amount of scatter. This again corresponds well to the findings of
Chapter[7, which predicted only a minor influence of slack on lateral measurements

(i.e., measurements perpendicular to the slack direction).
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Figure 9.6 Exemplary lateral force-deformation curve and evaluation of Young’s
modulus using the Heidelberg model.

Although the results of the lateral measurements were obviously much more reli-
able than the vertical ones, it has to be kept in mind that there were still several
limitations. Besides the uncertainties of the lateral measurements that were dis-
cussed in Chapter [8, especially concerning the cantilever calibration, the inhomo-
geneous cross section will strongly influence the results and lead to a systematic
error. Consequently, the absolute values of the elastic modulus should be taken with
care. However, the measurements are suited to compare different sets of samples

and show relative differences.

Therefore, we used the lateral bending measurements to study the influence of a
post-treatment on the single fiber mechanics. According to Huemmerich et al., silk
proteins that were processed from hexafluoroisopropanol (HFIP) solutions show
predominantly «-helical secondary structures, but can be transformed into (3-sheet
rich structures by methanol treatment.?* While this is mostly used to make the pro-
teins water-insoluble, the structural change will of course also affect the mechani-

cal properties. To investigate this influence, we performed lateral bending experi-
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ments until fracture on several untreated and methanol treated eADF4(C16) fibers
and evaluated their modulus by fitting the simplified Heidelberg model to the ini-
tial, elastic part of the curve. We saw a clear difference between untreated and

methanol treated fibers, with a significant increase in modulus of the treated fibers

(Figure[9.7).
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Figure 9.7 Distribution of Young’s modulus determined from the lateral bending
experiments for untreated (black) and methanol treated (red) silk fibers.

There were also qualitative differences in the deformation behavior between the
treated and untreated fibers that were best visible under the optical microscope.?>
The treated fibers mostly showed a clear and sudden rupture and gave the impres-
sion of a rather brittle material, regardless of their extensibility. In addition, they
often returned to their initial position after breaking. The untreated fibers, on the
other hand, rather resembled a material with significant yielding at larger defor-
mations, showed a higher extensibility (although not in all cases) and did not re-
cover their initial shape after unloading. Unfortunately, these effects were difficult
to quantify in the force curves, since at large deformations, a possible yielding of the
material often was difficult to distinguish from instabilities of the cantilever-fiber
contact. However, unlike the previous experiments on the BTA fibers (Chapter [3),
the fiber-substrate contact remained stable in most cases and the silk fibers showed

no pronounced slipping or detachment.

We also performed a preliminary evaluation of the silk fibers’ bending strength. For

that purpose, we determined the maximum force at which the fibers ruptured and

applied Equation (8.6).
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Ob,max = ﬁreff

We could clearly see a difference between the treated (0, = 0.9 £ 0.3GPa) and un-
treated (0. = 0.2+ 0.1 GPa) fibers. Modulus and strength of the post-treated fibers
were in good agreement with the literature values for Araneus MA silks (E = 10GPa,
Omax = 1GPa).® However, it again shall be stressed that this is only a very rough
estimation due to the multitude of uncertainties that contribute to the final value.
Especially the inhomogeneous cross section will largely affect the results, because
the bending strength depends linearly on the area moment [ and therefore, on the
fourth power of the fiber radius. Since the actual thickness of the fiber in the direc-
tion of the applied load is smaller than suggested by the AFM image of the broad-
ened cross section, thus leading to an overestimation of I,, and an underestimation
of the fibers’ strength. This effect will most likely dominate any other errors that
result from the assumptions and simplifications described in Section [8.2.4]

However, it is important to mention that in contrast to the BTA fibers, the silks
showed a considerable elongation before breaking, thus leading to a significant con-
tribution of tensile forces to the total measured force and therefore, an overestima-
tion of the maximum stresses and o}, . Which will likely be higher than for the
BTAs. In addition, yield is not considered in this model which will lead to further
inaccuracies. Another source of error that affects both modulus and strength is of
course the lateral cantilever calibration. Furthermore, the noise due to cantilever-
substrate friction made it sometimes difficult to determine the onset of force-defor-
mation curve, but this was only a minor issue that did not significantly influence
the results. Despite the problems and the resulting uncertainties of the absolute
values, the tendency of a significant increase of fiber modulus and strength by post

treatment is clear.

9.3 Conclusions

This chapter illustrates that the experimental approaches developed and refined
within this thesis are not limited to the BTA fibers, which of course were the cen-
tral topic, but can also be transferred to fibers of virtually any other material class.

Here, we investigated the mechanical properties of electrospun fibers of genetically
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engineered silk proteins, which are a promising building block for advanced func-
tional materials due to the remarkable combination of biochemical and mechanical
properties of natural silks. While vertical bending experiments were possible, the
results were inconclusive. Most samples showed an apparent modulus that was un-
realistically high and shapes of the stiffness profile that could not be explained by
the classical beam theory boundary conditions. Although the source of this behav-
ior could not be definitely identified, the fact that it could only be identified as an
artifact by acquiring stiffness profiles demonstrates the importance of validating the
boundary conditions and mechanical models for a reliable nanomechanical charac-

terization.

Additional lateral bending experiments did not show such a dramatic deviation from
the theoretical models and allowed to clearly identify the increase of Young’s modu-
lus and flexural strength by a post-treatment with methanol on the single fiber level.
The results also strongly support the slack hypothesis of Chapter|[7} as it provides a
valid explanation for all of the observed effects. However, to provide a definitive an-
swer on the role of slack for the observed behavior, further experimental verification
is necessary. Regardless of the issues, this chapter demonstrates that in principle, a
mechanical investigation of engineered silk fibers via bending experiments is possi-
ble, that it can identify non-ideal behavior and therefore, produce reliable results.
Especially lateral large deformation experiments that include the improvements de-

veloped by Neugirg® are a promising approach for further mechanical studies.

9.4 Experimental Section

Fiber preparation. The electrospun fibers were prepared from a solution of
100mg/ml eADF4(C16) in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) as described in
the literature.™> The fibers were directly spun onto the structured glass substrates
(GeSiM GmbH, Grofierkmannsdorf, Germany), which were fixed on a rotating cylin-
der to allow fiber alignment perpendicular to the channels of the substrate. The ESW
fibers for the control experiments were prepared in the same way, but spun between
two wires and deposited on the glass substrates afterward. The dry spun fibers were
prepared from a solution of 250 mg/mL eADF4(C16) in HFIP. A droplet of the solu-
tion was brought between two glass slides, the solvent was allowed to evaporate until
the concentration was high enough so that fibers formed upon separation of the glass

slides. For the post-treatment, the electrospun fibers were subjected to methanol va-
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por by heating a closed beaker that contained methanol and the electrospun fibers

(which were not in contact with the methanol liquid) to 50°C.%/

AFM measurements. All vertical AFM measurements were performed on a
Nanowizard I (JPK Instruments AG, Berlin, Germany) as previously reported,** us-
ing tipless NSC12/AIBS cantilevers (uMasch, Tallinn, Estonia). The maximum ap-
plied load was 50 nN. The lateral measurements were performed using special tip-
visible cantilevers (DP16/GP/AIBS, uMasch, Tallinn, Estonia) at a vertical setpoint
of 0.2V and a deformation speed of 0.5ms~!. The detailed experimental procedure
is described in Chapter
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