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Summary

Summary

Supramolecular chemistry is supposed to become one of the significant resieadh in
material science of the 21 century. This is attributed to the manifold self-assembly
processes resulting in distinct supramolecular architectures with speftihctionalities.
However, several issues are still not easy to solve. For example, tailoring supramolecular
architectures with precise dimensions via bottom-up approaches remains chaliengin
Therefore, this work is dedicated &elf-assembly, dimensional control and application of
supramolecular 1D- and 2D- nanomateriaésed on 1,4-bisamides and 1,3,5-trisamides.

The first part addresses theelf-assembly of 1,4-benzene- or 1,4-cyclohexanebisamides into
2D-nanoobjects These novel 1,4-bisamides are designed with different fluorocarboeror
butyl substituents resulting in symmetrical or asymmetrical substitutiatigons. Within
each substitution pattern, the length of the fluorocarbons was varied @R over GFy; to

C/Fis. A symmetric 1,4-bisamide witkrt-butyl groups was used as reference. All bisamides
proved to feature sufficient thermal stability allowing self-assengxgeriments at elevated
temperatures. In this context, an important aspect was the structural elucddty X-ray
diffraction, solid-state NMR and IR spectroscopy, as these methods reveal tbadiidp
pattern, which typically reflects the shape of nano-objects on the mesasica®operation

with the department of Inorganic Chemistry @i the University of Bayreuth, it was shown
that bisamides withouttert-butyl substituents form rows of molecules connected by H-
bonds. These rows align into layers, which stack to form platelets. By contisetites
comprising at least ongert-butyl substituent connect to four neighbors to form layers,
which also stack into platelets. Based on this finding, a reference bisawad used to
evaluate different self-assembly processes and to tune self-assembly condibiarigain
thinner nano-platelets. Transferring and further optimizing these ltesio the symmetric

and asymmetric 1,4-bisamides with fluorocarbon substituents it was found #ra
asymmetric bisamide formed the thinnest platelets, featuring an average thickness of
around 32 nm, which equals 15 layers. In addition, a reduction of ptatielekness with
longer fluorocarbon chains was revealed. Moreover, contact angle measurements of two
fluorocarbon substituted bisamides revealed that the surfaces of their 2D-sbgee highly
hydrophobic

The second part focuses odimensional control of supramolecular fibeos 1,3,5-

benzene-trisamides via a top-down approach. In particular, length control offibech was
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Summary

addressed via ultrasound. For this, supramolecular submicron fibers of 1,3,5-
benzene-trisamide were produced in large amounts by self-assembly upomgaufli
solutions in high-boiling hydrocarbons. For later systematic sonication expasgneeveral
dispersion media for supramolecular submicron fibers suahlaaxane, methyl cyclohexane
and anisole were explored. A systematic screening of sonication parameters such as
sonication time, ultrasonic power amplitude, medium, cooling bath temperaand con-
centration of BTA fibers revealed their influence on the finarfiimensions. For instance,
the applied ultrasonic energy is the major factor for the lengthiihef obtained fibers. By
contrast, raisinghe concentrationor lowering the temperature gave only slightly shorter
submicron fibersRemarkably, the used medium during sonication altefdd ®enpth as
well as their aspect ratiolhis way, it was possible to vary the aspect ratio from 3.7 to 6.8
and the fiber length from 0.66 to 0.98 um. In this context, thefiengths were successfully
correlated with the viscosity of the media revealing shorter fibersnore viscous medi
even after a long sonication time demonstrating the control over therfifidimensions.

In the third part,supramolecular nanofiberaere applied to improve the foam morphology
and mechanical properties ofxtruded polypropylene foamsrhis work was realized in
cooperation with the department of Polymer Engineeriagthe University of Bayreuth
Conceptually, the homogeneously dissolved BTAs self-assemble during cooling in t
extrusion process into solid nanofibers, which act as finely dispersddation sites for the
foam cells and consequently control the foam morphology. To realize tthree different
BTAs at different concentrations were compounded iatoisotactic polypropylenei-£B
grade and injection molded. The specimens were thoroughly investigated basgd on
these results, compounds comprising different concentrations of theahBTAs were
chosen for foam extrusion. Talc at different concentrations was useefasence. Foam
extrusion was realized in a tandem extrusion line using &(hysical blowing agent. It was
found that the density and the morphology of extruded foams can be signilycaitered by

the presence of BTAs. With BT#&w foam density is strongly reduced by more than 40% to
0.09 g/cn? compared to neai-PR Also, the average foam cell diameter was reduced by
more than 40%, reaching an optimum diameter of 27 um. Such homogenous fodms wi
small cell sizes could not be achieved with the talc reference foams. Moreovegsit
demonstrated that the specific compression moduli of foams with Bduldclead to an
improvement of more than 100% compared to ned&Pand more than 65% compared to
the talc reference foam. This finding is attributed to a reinfor@ffgct of BTA fibers.

2



Zusammenfassung

Zusammenfassung

Die Supramolekulare Chemie wird voraussichtlich zu einem der bederieRdrschungs-
felder der Materialwissenschaften des 21. Jahrhunderts werden. Dies iswvigdgltigen
Selbstassemblierungsprozessen, die zu unterschiedlichen supramolekélechitekturen

mit spezifischen Funktionalitaten fihren, geschuldet. Dabei verktejpdoch bisher einige
ungeldste Aufgaben. Beispielsweise stellt die Schaffung supramolekularer Strukiitre
malggeschneiderten Dimensionen durdiottom-up-Anséatze weiter eine Herausforderung
dar. Deshalb befasst sich diese Arbeit 1&&lbstassemblierung, Dimensionskontrolle und
Anwendung supramolekularer 1D- und 2D-NanomateriadiginBasis von 1,4-Bisamiden und
1,3,5-Trisamiden.

Der erste Abschnitt behandelt die Selbstassemblierung von 1,4-BisamideBasais von
Benzol oder Cyclohexan zu 2D-Nanoobjekten. Diese neuartigen 1,4-Risdragken
Perfluorcarbon- odetert-Butylsubstituenten, was eine symmetrische oder asymmetrische
Substitution erlaubt. Innerhalb jedes Substitutionsmusters wurde dignge der
Kohlenwasserstoffsubstituenten von 3 Uber GFRji hin zu GFs variiert. Als
Referenzverbindung wurde ein symmetrisches 1,4-Bisamid terit-Butylsubstituenten
verwendet. Alle Bisamide zeigten eine flr Selbstassemblierungsexperimente beiehoh
Temperaturen ausreichende thermische Stabiliédr die behandelten Fragestellungen war
die Strukturaufklarung Uber Rontgenstreuung, Festkorper-NMR und IR-Spekti®skon
groler Bedeutung, da diese Methoden die Aufklarung des Musters der
Wasserstoffbrickenbindungen erlauben. Dieses spiegelt typischerweise die Form der
mesoskopischen Nanoobjekte wieder. In Zusammenarbeit mit dem Lehrstuhl fir
Anorganische Chemie Il der Universitdt Bayreuth wurde festgestellt, dass Bisamigle oh
tert-Butylsubstituenten durch Wasserstoffbriickenbindungen verknipfte dReihvon
Molekulen bilden. Diese Reihen ordnen sich zu Schichten an, weligdterum Stapel
bilden, wodurch Nanoplattchen entstehen. Im Gegensatz dazu bilden Bsamit
mindestens einentert-Butylsubstituenten Bindungen zu vier Ihrer Nachbarn aus und formen
so Schichten, die sich ebenfalls zu Nanoplattchen stapeln. Ausgebandiesem Ergebnis
wurden mithilfe eines Referenzbisamids verschiedene Selbstassemblierungsprozesse
verglichen und die Prozessparameter hin zu dinneren Nanoplattchemiepti Die so
gewonnenen Erkenntnisse wurden auf die symmetrischen und asymmetrischensaiée

mit Perfluorcarbonsubstituenten dbertragen und weiter optimiert. Dabeiddie ein
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asymmetrisches Bisamid die dinnsten Plattchen mit einer durchschnittlibieke von ca.

32 nm, was 15 Schichten entspricltiudem wurde ein Sinken der Plattchendicke mit
zunehmender Lange der Perfluorcarbonsubstituenten festgestBidtriber hinaus zeigten
Kontaktwinkelmessungen an 2D-Objekten zweier Bisamide mit Perfluorcarbstituenten

stark hydrophobe Oberflacheneigenschaften.

Der zweite Abschnitt befasst sich mit deontrolle der Dimensionen von supramolekularen
1,3,5-Benzoltrisamidfasemmittels einestop-downAnsatzes. Mithilfe von Ultraschall wurde
insbesondere eine Kontrolle der Faserlange angestrebt. Dazu wurden supralameku
Fasern eines 1,3,5-Benzoltrisamids (BTAs) in groReren Mengen durch Selbstassegbli
beim Abkuhlen ihrer Losungen in hochsiedenden Kohlenwasserstoffen syrtietksir
spatere systematische Ultraschallexperimente wurde mehrere geeignete Dispersionsmedien
wie beispielsweisa-Hexan, Methylcyclohexan und Anisol identifizidine systematische
Untersuchung der Parameter Beschallungszeit, Ultraschallleistung, MediunbaHiih
temperatur und Konzentration der BTA-Fasern zeigte den jeweiligen Einfludgedinalen
Faserdimensionen. Beispielsweise ist die applizierte Ultraschallleistunigaéieor mit dem
grol3ten Einfluss auf die Lange der erhaltenen Fasern. Im Gegensatz dazu diilerte
Erhohung der Konzentration oder eine Senkung der Temperatur nur zu gerqgtiigeren
Submikrofasern. Das zur Beschallung verwendete Medium beeinflusste bemerkenswerter-
weise nicht nur die Lange der Fasern, sondern auch ihr Aspektverhaltnisccbddunnte

das Aspektverhaltnis im Bereich von 3,7 bis 6,8 und die Faserlange zwischen 0,66 und
0,98 um variiert werden. In diesem Zusammenhang wurde die Faserlange erfolgitér
Viskositat des Mediums Kkorreliert. Viskosere Medien flhrten selbst naclgetan
Beschallungszeiten zu kurzeren Fasern, was gleichzeitig die erfolgreiche Ggewktu
Faserdimensionen verdeutlicht.

Im dritten Abschnitt wurdersupramolekulare Nanofasernur Verbesserung von Schaum-
morphologie und Mechanik voextrudierten Schdumeaus Polypropylen eingesetzt. Dieses
Projekt wurde in Kooperation mit dem Lehrstuhl fir Polymere Werkstoffe develsiiat
Bayreuth realisiert. Das zugrundeliegende Konzept sieht homogen geléste BTAkevor,
durch Abkuhlen im Extrusionsprozess zu Nanofasern selbstassemblieren. Diese alsrk

gut verteilte Nukleierungskeime fir Schaumzellen und bestimmen so die Schaum-
morphologie. Um dieses Konzept zu verwirklichen wurden zuerst drei vedscte BTAS in

ein isotaktisches PolypropylenRB eingemischt und spritzgegossen. Die erhalten Probe-
korper wurden grindlich untersucht und auf Basis dieser ErgebnisstewCompounds mit

4
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verschiedenen Konzentrationen der drei BTAs fir die Schaumextrusion ausgemghlt
Referenz wurde Talk in verschiedenen Konzentrationen verwendet. Fir die Schaisioext
wurde eine Tandem-Extrusionsanlage mit,@3 physikalischem Treibmittel verwendet. Es
wurde festgestellt, dass die BTAs Dichte und Morphologie der extrudieBemume
deutlich veranderen. Mit BTAs wurde die Schaumdichte gegeniber reir®R um mehr als
40%, auf 0.09 g/cirverringert. Der mittlere Durchmesser der Schaumzellen wurde ebenfalls
um mehr als 40% auf bis Z¥ um reduziert. Solche homogenen Schaume mit geringen
ZellgroRen konnten bei den talkhaltigen Referenzschdumen nicht erreichtewe#ldem
wurde gezeigt, dass die spezifischen Kompressionsmoduln von Schaumen mit BTAs
vergleichen mit reinem-PP maximal um bis zu mehr als 100% und verglichen mit den
talkhaltigen Referenzschaumen um mehr als 65% gesteigert werden konbieses

Resultat wird auf einen verstarkenden Effekt der BTA Fasern zurickgefuhrt.
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Introduction

1. Introduction

Nanomaterials have attracted broad interest for many years due to their outstgnd
properties related to their large surface area, which differ from bulikterials featuring the
same composition. Owing to these size-dependent properties, dimensionatotaat of
paramount importance for nanomaterials. Therefore, nanomaterials featuringtstres of
defined size are supposed to play a significant role in industry ang Ideilin the future.
Notably, this big impact of such materials is reflected in large reseaogigms intended to
foster research and technology transfer to industry and to practices.ekample, the
government of the United States of America has launched Mational Nanotechnology
Initiative , having the vision ofa future in which the ability to understand and control
matter at the nanoscale leads to a revolution in technology amlstry that benefits
society. Similarly, # WE}% v hv]}v o+} v o}e v v}§ Zv}o}PC ]v

AN

w
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1.1. Nanomaterialst Definition and examples

According to the most common definition, a nanomaterial i$a § E] oarf]e&rnal
dimensions in the nanoscale or having internal structure or surfacetwieuon the

v v}e O Th¥ nanoscale is generally understood as the range between 1 andnid®
Nanomaterials often consist of many objects, which frequently featuseze distribution. As
a rule, 50% of the objects should feature at least one dimension omahnescale for the
whole material to be referred to as a nanomateridepending on how many o2 } i &
dimensions are on the nanoscale, three morphologies are distinguished, as Fidlue 1 i
trates. If all three dimensions are on the nanoscale and feature comparabkndions, the
objects are called nanopatrticles. If two dimensions are on the nanoscalefilmensoresult.
They feature a third dimension significantly larger than the twwecs. If only one dimension
is on the nanoscale, nanoplatelets, which are also referred to as nano-platesosheets
result These feature two dimensions significantly larger than the other‘oimethis context,
nanofibers may also be called 1D-nanoobjects. In a similar manner, aéelepd may be

referred to a2D-nanoobjects. These terms are used synonymously in this thesis.
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Nanoparticle Nanofiber Nanoplatelet
0D-Nano-object 1D-Nano-object 2D-Nano-object
3 dimensions on the nanoscale 2 dimensions on the nanoscale 1 dimension on the nanoscale

Figure 1: Shapes and nomenclature of nanoobjects.

There is a plethora of nanoparticles known from different material classes. iReom
examples are nanoparticles of metals, e.g. gadd silvef, or nanoparticles of metalloid
oxides such as Ti© zZrQ® or Si@’. Asthis thesis focusesn 1D- and 2D-nanoobjects, these

two other classes will be discussed in the following.

Examples of 1D-nanoobjects made of different materials are metallic silver nanowires,
carbon nanotubes and polymeric poly(lactic acid) nanofibers, as shown in Figde 2.
achieve this kind of structures, top-down as well as bottom-up appraachre viable. A
common way, e.g. for metallic nanowiresaigemplate-directed growth, as shown for silver
nanowires in Figure 2A. In this bottom-up process, silver is released from agmesuch as
AgNQ in solution and due to its insolubility it starts growing into crystals.a¢bieve 1D-
structures, some crystal faces have to be selectively covered with the temptatiggjance
such as poly(vinyl pyrrolidone). This hinders further growth on same faces and resants
anisotropic growth into 1D-nanoobject8.Another example of a bottom-up preparation
technigue for 1D-nanomaterials are carbon nanotubes prepared via elestridischarge as
shown in Figure 2B. By the electric-arc discharge, carbon is evaporatedifeographite
anode and deposits as carbon nanotubes on the graphite cathbdetop-down method
frequently applied to polymers, although not limited to these, is electiusipg. Here, a
charged thread is pulled from a solution of a material by an appliedtredefield. After
evaporation of the solvent, the final fiber is obtained. Under appropriateddions, very
thin fibers can be produced this way, as shown for electrospun poly(lacid) nanofibers in

Figure £
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Figure 2 Examples of 1D-nanoobjects. A: Silver nanowires (Sun et al.‘2@®2)arbon nanotubes (Ajayan t
Ebbesen 1997) C: Poly(lactic acid) nanofibers (Hou et al. 250Rpprinted with permission from ref®.
(2002) American Chemical Society and (1997) IOP Publishing.

For 2D-materials, also a plethora of substances is known, of which the pyababt famous
one is graphene. Besides, several transition metal dichalcogenides such #3 did&ered
silicates such as sodium hectofiteare used to obtain nanosheets. Figure 3 shows three
examples of nanosheets representing theses & ] o[ alongside with their respective
top-down synthesis routes. Very typically, nanoplatelets are produced fiayered
materials, particularly inorganic ones, by liquid exfoliation, adopm process One way to
obtain nanoplatelets via liquid exfoliation is sonication in appiater media. Here,
surfactant solutions are applied, as in the case of the single layer graphiesenped in
Figure 2\° Alternatively, solvents with matched surface energy are used in a surfactant-
free process, as it was done to prepare the Mao@noplatelets shown in FigureB3® A
second way of liquid exfoliation is based on intercalated ions. The preséraggoropriate
ions, either introduced by intercalation or ion exchange or already presetiteirpristine
material, facilitates exfoliation to a great extent. This is due to the osmotgspre induced

by the charges, when the material is in contact with water. This presslows water to
move between the layers and, thus, swells the material, which increases tbsayer
distance. Upon that, spontaneous delamination is possible, as it was showimefeodium

hectorite nanoplatelets presented in Figur€3
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Figure 3. Examples of 2D-materials and schematic representatfotieio exfoliation routes. A: Single la
graphene (Lotya et al. 20d§,) B: MoS nanoplatelets (Coleman et al. Zoﬁ)and C: sodium hectori
nanoplatelets (Stéter et al. 201(%}. A and B were exfoliated by sonication (scheme (scheme D). Ta
agglomeration of nanosheets, for A a surfactant and for B a mediuim mvatched surface energy we
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easy separation of layers is possible as intercalation with prapes weakens the interaction between t
individual layers of the material. Intercalated materials can be generbiednhtercalation of ions (yello\
(scheme E) into suitable layered materials or direct synthesisnt@scalated material. Schematics w
adopted from Nicolosi et al. 2013 Reprinted with permission from refs. © (2009 and 2013) Ame
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1.2. Properties and applications of nanomaterials

Nanomaterials have properties different from those of the correspondinl materials. For
example, tin features a melting point of 232 °C in the bulk, whickdsedsed to 14 °C, when
the material is present as particles of a size of 6'Aranother prominent example for this
phenomenon is gold, which changes from a golden inert bulk materekéal material with
catalytic activity in the form of nanoparticlé§Obviously, the threshold of a possible change
of properties with decreasing dimensions depends on the material. Howévdoes not
necessarily correspond to the common definition of 100 nm for nanoobjects predent

abovel’

Due to their novel or uncommon properties, nanomaterials have foumrd tivay into many
applications: For example, they are used in industry as antimicrobial agents/ststah
(opto)electronics and in sensof$Nanomaterials are present in a broad variety of consumer
products, for example in personal care products, clothing, cosmetics, spogiods,
automotives and many mor¥. This plethora of current applications, alongside with other

applications expected in the future, makes nanomaterials an emerging reskacth

The shape of nanoobjects plays a significant role in many applicationex&ample, 1D-

objects have been shown to allow longer blood circulation times compardaeir spherical
analogues. This effect, which increases with object length, may be an impéettnre in

drug delivery application® Also for applications related with nanoe $@E}v] U §Z } i
shapes are relevantD-nanoobjects may be applied as nanowffesvhile 2D-nanoobjects

can serve as insulating layéfsFurthermore, in barrier applications, the 2D-morphology of
applied nano-materials is a profound advantage. In this context, also a high aspieds
required* These examples show that control of morphology and size of nanoobjects is of

paramount importance in many applications.

1.3. Supramolecular nanomaterials

According to J.-M. Lehmepu% E u}o pOo E Z u]*SEC ] §Z Z ul*sSEC
bond, covering the structures and functions of the entities fortmedssociation of two or
U}E Z u] o %This» Z u]*8EC C}v §7Z raligs onudifferent non-

covalent interaction ns to form larger structurdgpically via bottom-up approache¥hese
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non-covalent interactions can be divided into dipole-dipole, igmtl, ion-ion, ion< v -«

<« Jvd & 38]}ve v A v E* Hydregdr} @nding as a special case of dipole-
dipole interactions is the most frequently utilized interactionsupramolecular chemistry
Commonly, hydrogen bonds are formed between a donor group and an acceptor group.
Donor groups comprise an H-atom covalently bond to an electronegative atone.tike
oxygen in hydroxyl groups or nitrogen in the case of amide groups. The acceptor group i
subsequently an electronegative atom like e.g. oxygen in carbonyl groupsyamtio imine
groups or fluorine in fluorocarbons. H-bonds can achieve remarkable strevitithtypical
binding energies between 4 and 60 kJ/Moln supramolecular chemistry, building blocks
are very often designed in a way that hydrogen bonds facilitate directed interecto
build-up anisotropic structures. Supramolecular nanoobjects basednwall molecules and

held together by hydrogen bonds often feature a one- or two-dimendioraphology.

1.3.1. SupramoleculatD-nanoobjects

Supramolecular 1D-nanoobjects can also be found in nature. For exarhpleplhacco
mosaic virus consists of a strand of RNA and 2130 protein units. When manckst
physiological conditions, these components self-assemble into the pMrusZ . %his shape
of a 1D-nanoobject features a length of 300 nm and a diameter oii,&s shown in Figure
4A The strand of RNA acts as a template, directing the protein units to éowell-defined

helical assembly around?t.

An example of artificial supramoleculdD-nanoobjects are the nanowires reported by
Khalily et al. These electrically conductive nanowires are made up from p- and n-type
peptide-chromophore conjugates via alternating co-assembly. The formed objelish w
are shown in Figure 4B, feature diametes$ around 11 nm and lengths of several
micrometers. The self-assembly into nanowires in this case is mainly drivee byrtimation

of hydrogen bond$® Another example are nanofibers based on the sorbitol derivative
1,3:2,4-di(4-acylhydrazide)-benzylidene sorbitol. This compound ass#fimbles into
nanofibers via hydrogen bond formation upon cooling of a hot aqueoustiso)

subsequently yielding hydrogel, as depicted in Figure 4C.

12
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Figure 4 Examples of 1D-Nanomaterials. A: Tobacco mosaic virus (Adams2€tL@f>, B: self-assembl
nanowires consisting of peptide-chromophore conjugates (Khalily et al. 20aRH C: self-assembl
nanofibers consisting of a sorbitol derivative (Howe et al. Zﬁléﬁopted with permission from refs. © (20
Microbiology Society, (2017) American Chemical Society and (2015) Royal S&hetyistry

1.3.2. Materials class of 1,3,5-benzene- and 1,3,5-cyclohexanetrisamides

A prominent class of compounds with a well-known ability to form supraoubr1D-nano-
objects are 1,3,5-benzenetrisamides (BTAs) and 1,3,5-cyclohexanetrisamides 80o&s)
the first report of compounds with this structui#® BTAs and CTAs have been subject to
research by various research groups. Owing to the versatility of this supramoleculandpuild
block with three hydrogen bonding groups, many applications have been discovered.
Prominent examples are liquid crystals, gels, polymer additives and microcapsutesgor

delivery based on these building blocgs.

In particular, BTAs are also applied in two chapters of this thétsice, this most
interesting chemical class is briefly introduced providing (i) the gemeoétcular design of
these compounds and possible variations, (ii) the self-assembly behaviosarhides and
supramolecular structures generated therefrom and (iii) a short overview ofcteele

properties and applications of BTAs and CTAs.

A schematic representation of the general molecular structure of 1,3,5-trisamgles i
presented in Figure 5. These molecules feature (i)s@y@metrical central core, (ii)
hydrogen bond forming amide groups and (iii) a periphery. The central eoresither be
benzene or cyclohexane, resulting in 1,3,5-benzenetrisamides (BTAs) or 1,3,5-cy@ehexan
trisamides (CTASs)It is symmetrically substituted with three amide groups (1,3,5-

substitution). The amide groups can be linked to the core either by thetom or by their

13
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N-atom. Among other research groups, the influence of the linkage of the amidegtou
the core was studied by Albuquergee¢ al.. They found that the negative heat of formation
for stacks of BTAs increases with more amide groups being connected torthbyctheir N-
atoms>® Abrahamet al. found the solubility of compounds with one or two inverted amide
groups to exceed the one of their analogues featuring symmetrical amide suilostitd
Hence, the orientation of amide groups is a valuable tool to tune tiopgrties of BTAs and
CTAs. Finally, the peripheral substituent is also a decisive part of the ranldesign and
can be easily varied to a very large extent. By this substituent, solubilitytfardhal
properties of the molecules can be adjust&d® In particular, a great variety of hydrocarbon

substituents have been used in numerous investigatidng*>*®

peripheral substituents
¥ controls assembly and dissolution behavior
T allows introduction of functional groups

amide groups

¥ column formation by hydrogen bonds to adjacent molecules
¥ assembly of many columns by macrodipole moment

central core
+ 6-membered ring (typically benzene or cyclohexane)
¥ symmetrical 3-fold substitution

Figure 5: General molecular structure of BTAs and CTAs.

The driving force for the self-assembly of BTAs and CTAs is mainly theidorwiastrong
and directed intermolecular H-bonds. Typically, these molecules assembleranslpcular
columns with their cores being placed directly above each other. Astéepin Figure 6,
BTAs assemble with each molecule rotated about 60° relative to its neigimbibres column.
Each individual column in BTAs is held together by three helical cbiaidshonds’’ The
strength of the H-bonds is widely determined by the ability of degroups to rotate into
§Z }opuv[e o vihszZanAd seen when comparing BTAs and CTAs: In BTAs, amide
groups participate in the-conjugation of the aromatic core. Hence, their rotation out of the

}JE [¢ %0 v ] o]Jul]S -&hjugation] Byadntrast, in CTAs the core provides no
conjugated system and thus the amide groups are free to rotate. In this case, the amide
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groups are positioned almost perpendiculady} S Z }E [* % 0 v -bonds @ost ,
% E 00 o 8§} §Z thapisty hisoleads to several phenomena: H-bonds in CTAs
generally are shorter and stronger than those in comparable BTAsgenegdCTAs less
soluble than BTAs. In addition, the Hv ]& S]}v o}vP SZ }opuv|[e 0o VPSZ
the CTAs to assembly directly above each other. This parallel assembly evoKegmspu

SA v §Z YE [+ £]o Slue v JvE e 3Z GUSERAI> -5 v

Figure 6 Columnar stacking of BTAs at the example of a BTA bdaringutyl substituents. A: view from to
B: view from side. H-bonds are indicated by green dashed lines. Fealteeof clarity, H-atoms not involvec
H-bonds are omitted and carbon atoms of the second moleculecal@red blackThe figure is based on d:
from Schmidt et al. (Schmidt et al. 20%2)

The parallel and directed orientation of amide groups results ifpalel moment of a single
BTA molecule. Within a column these dipole moments sum up to a maotedipoment,
i.e. the column features a supramolecular macrodip8l&@o compensate this macrodipole
other columns align next to the first one in an antiparallel manasrit is depicted in Figure
7A% Depending on the peripheral substituents and the applied cionit BTAs and CTAs
typically assemble in more or less thick fibers or needles rather thangtesinlumns. From
a crystallographic point of view, a (pseudo)hexagonal stacking of columns is favdred.
However, the hexagonal arrangement does not allow all columns to align inattoeet
antiparallel orientation relative to all nearest neighbors, as shown in Figsirevidich result
in a so called geometric frustration. To compensate this geometric frustrdgomelectric

domains form in the mesoscopic assembly of BTAs, aseetigeported>®
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A Macrodipole B
interaction

Packing

® O

Figure 7: A: Antiparallel alignment of neighboring columns of a B$ilérview. This alignment compense

their macrodipole moments p. The direction (up or down) of eachraland subsequently of its macrodip
moment is symbolized with white or black hexagons. B: Top wiew@n assembly of seven columns. For
triangle of three columns, two can assume the favorable antiparallehtation (black and white hexagor
while the third one is geometrically frustrated (grey hexagdRgprinted with permission from ref (Zi
2017y © (2017) The authors.

Finally, the chemical nature of the substituents also plays an importdetin tuning self-
assembly. The size of the substituents determines the diameter of the cadunahnthus the
distance of columns to each othérhus, it determines the dipolar interactions and also the
size of ferroelectric domain$. When the substituents are bulky carbohydrates, solid
materials with high melting points are obtainé¥#'** BTAs with long alkyl chains show
thermotropic liquid crystalline behavidf. For a BTA featuring-octyl substituents als@

non-columnar, sheet-like modification has been report@d.

Typically, self-assembly upon cooling of hot solutions is the process nueyweported in
literature. In the first step of this process, the respective 1,3,5-tridanis mixed with the
solvent (which can be a polymer melt) and the mixture is heated. At eletataderatures,
depending on the molecular structure of the 1,3,5-trisamide used, the 1r&B&ntide
dissolves in the solvent or melt. In this step, diffusion of the dissoly@¢b-trisamide units
results in homogeneous dispersion of thoddpon cooling, self-assembly into primary

aggregates, i.e. columns, and, finally, into supramolecular nanofibers is inéftiéethis
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self-assembly process is reversible, i.e. dissolution and self-assembly can besdepgat
applying the heating and cooling cycle once again. Self-assembly upangcisotypically

affected by several parameters, which are given in Figure 8.

Molecular structure

Temperature range Supramolecular

. . Medium
and cooling rate nano-objects

Concentration
of building blocks

Figure 8: Parameters influencing the formation of supramolecular hanoobijectslfsessembly upon cooling

When these parameters are tuned well, supramolecular nanoobjects can kainett
reproducibly. Hence, BBAan self-assemble into nanofibers, as it is demonstrated by an

example from the group of E.W. Meijer in Figuré& 9.

A
Q
OH
OH o
o) J/ 0"
H 0 NH 0
b . '
HN o
o)
~ o
HO\/\O/\/))

Figure 9: Molecular structure of a BTA ((2S,4R)-4-((11-(3,5-Bis((1-hydroxy-2@@dRatetra-cosanyl
carbamoyl)benzamido)undecanoyl)oxy)pyrrolidine-2-carboxylic acid) and nanofifieits The fibers wer
prepared via self-assembly in water. Dark spots in the cryo-Tidge are non-vitrified water. The scale-
represents 100 nmReprinted with permission from ref (Neumann 201 © (2015) The Royal Society
Chemistry.
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The most important property of BTAs and CTAs is their robust columnar selfedgsemmich

results in supramolecular nanofibers. Such nanofibers assembled from susalvients

feature good mechanical stability, as Klugteal. demonstrated*®** This allows applications
requiring a mechanical stability of the fibers, e.g. in air filtratit> Moreover, 1,3,5-
trisamides featuring a wide range of substituents can be synthesikleid makes 1,3,5-
trisamides suitable for applications requiring adjustment of the substittand, hence, the

fiber surface, like gelation of organic metfiar watef"*®. The supramolecular 1D-packing
induced by the 1,3,5-trisamide motif also allows for advanced funatitynof nanofibers, if
appropriate substituents are introduced. This is the caseffexible single columns of BTAs
synthesized by the group of E.W. Meijer, which were also referred t6 eg% & u}o po &E
polymers_Mieijer et al have demonstrated that thes@eu % E u}o po EshBwpedCu E-*
catalytic activity, when functionalized with L-profihWith another system, consisting of

several differently substituted BTAs, L. Albertagrial. demonstrated assembly into

Nenu% (E ulo po E . BitHeorGoue,Ghey reported, that the monomer sequence of

these structures could be controlled by external stinftiliChis shows, that self-assembly of

1,3,5-trisamides is a versatile tool to tailor structures of high complexity.

Another outstanding property of BTAs and CTAs is the combinationreftvely simple
synthesis with good chemical and thermal stability. This provides accessdugtrial
applications, e.g. as polymer additives. BTAs have successfully been applieteadentine
crystallization of semi-crystalline polymers like poly(vinylidene fledridPVDFY,
poly(butylene terephthalate) (PBF)and isotactic poly(propylene)}PPj>*2% In the case of
i-PP, selected BTAs nucleate th@hase ofi-PP? which results in improved mechanical
properties due to toughening of the materi&>® Besides, selected BTAs improved the
optical properties of-PP by manipulation of the crystallization process, acting as claffiers.
Moreover, BTA nanoobjects present iFPP were demonstrated to enhance electret

properties of the material?

1.3.3. Supramolecula2D-nancobjects

From the plethora of systems forming supramolecular 2D-nanoobjects, thrde bwil
presented in the following exemplarily. The first example deals with sia@ets of peptoid
polymers reported by Naret al. Upon mixing of the peptoids depicted in Figur@A the

nanosheets shown in FigukOB spontaneously form as bilayers in aqueous solution. The
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driving force for bilayer formation is the poor interaction between the hydhabic parts of
the molecules and the polar medium. Ultimately, the hydrophobic pate feach other in
the center of the bilayer, as the model in Figdi@C illustrates. Each single layer consists of
alternating chains of positively charged and negatively charged peptoids.thbustructure
is stabilized by electrostatic interactions, while the hydrophobic psourive bilayer

formation >®

3} [l

COO

18

(Nae—Npe),g (Nce-Npe)s

Figurel0O: A: Molecular structures of peptoids (Nae-Ngednd (Nce-Npe). These peptoids form bilayers w
a thickness of approx. 3 nm, as the AFM image (C) and the molecular (Bydshow (Nam et al. 20163
Adapted with permission from re® (2010) Springer Nature.

A different system relying on sirail interactions to form 2D-nanoobjects was reported by
Wu et al. They investigated the self-assembly of positively charged polycyclic aromatic
hydrocarbon salts. FigurElA exemplarily shows the molecular structure of an anion-cation
combination applied. These compounds are able to form nanosheetgatar/methanol
solutions, as shown in FigutdB. These nanosheets feature a thickness of around 20 nm. A
schematic representation of the assembly pattern is given in Fig@€ As in the first
example, electrostatic interactions within the hydrophilic partsted molecules guarantee
stable layers. Here, particular stability is achieved by the bifunctidisallfate anions (DSA)
linking the polycyclic aromatic hydrocarbon cations (PQP cati®hg) hydrophobic parts of

the structure lead to the formation of bilayer§ An important difference between the two
systems presented is the stacking of bilayers to thicker nanoplateletsingdn the second

example.
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A B

L
038 4
Q 4 CiaHazg S XN/_\N self-assembly
p— _\—SOS' ﬁ

DSA

Q ' 4.20 nm
PaQpP Y\_}’V" Yore PQP-DSA I

Figurell: A: Polycyclic aromatic hydrocarbon cations (PQP) linked by disulfate d0i8rg also self-assem
into 2D-nanoobjects (C). B: Scheme of the self-assembled strudtieee, bilayers are formed by t
ZC E}%Z} 1 15C }( 82 WYW[e E lan@/waessolvéntlaysiem. ThisssHucture is stabil
by the bifunctional DSA.(Wu et al. 20F1Adopted with permission from re® (2011) John Wiley and Sons.

As a third example of supramolecular 2D-nanoobjects, a system featuringnolesular
hydrogen bonds is presented, namely bisacylurea derivatives investigated b¥ettel
group. These molecules comprise two bisacylurea groups connected by a fleyibote
carbon spacer. Both bisacylurea groups carry a peripheral spacer, as shown inlBfgyure
When self-assembled upon cooling of a hot solution, each bisacylurea fmoag hydrogen
bonds to two neighboring molecules. As both bisacylurea groups within one moletule ¢
twist due to the flexible spacer, they are part of hydrogen bond strands pgimimifferent
directions. Hence, a layer is formed, as schematically depicted in HigBr&everal of these

layers stack to form multilayered nanosheets, as shown in FIe@a"®

A T : B
RN \ YRS
c’?,N—H Q :rll—H 0?:!434 I . /
4=N, o H-NY o HN_o Hydrogen lcooling
F . Bonding 1
% X Self-Assembled
oA'\N H Ao 2D Nanosheet l
:l‘" O)\T‘H N :
i o i l\ll\llultllay:re?
! ] Bonding 2 anconas

Figure 12. A: Bis-acylurea derivatives form intermolecular hydrogen bondsvb different directions. t
Schematic representation of the resulting self-assembly into nanotsh{&em et al. 201157) C: SEM-image
the resulting multilayered nanosheets.(Davis et al. Zfi'fuz&printed with permission from refs. © (2010) R
Society of Chemistry and (2007) John Wiley and Sons
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1.3.4. Materials class of 1,4-benzene- and 1,4-cyclohexanebisamides

Another class of compounds capable of forming 2D-nanostructures via self-dgsaeii,4-
benzene- and 1,4-cyclohexanebisamides. In this work only bisamides with ab%tdesed
core are used, therefore they will be treated in the following. This secsigraititioned into
three parts: Firstly, the general molecular structure of these compounds is pgessamd
possible variations are discussed. The second part features a brief introuttd the self-
assembly of bisamides and supramolecular structures generated therefrom. Téedet
treated more in detail in the appropriate place in chapter 3. Findflg,third part gives an

overview of properties and applications of bisamides.

The molecular design of 1,4-bisamsdmmprising (i) a central core, (ii) two amide groups in
1,4-position and (iii) a periphery is shown in Figi8eln this class, the central core is either
based on a benzene or a cyclohexane unit. The core spatially separates the namghbo
amide groups and provides the molecule stiffness. In 1,4-position, the sdsgically &
symmetrically substituted with amide groups. The arrangement of amino groeapsbe
altered by using different cores based on e.g. terephthalic acid or amidobenzene. The
type of attachment to the core has significant impact on compound progersuch as
melting point and solubility, as Mohmeyet al. showed*® Each amide group is connected to
a peripheral substituent, which widely influences the solubdityhe respective compound.

In literature, hydrocarbons are mostly used as substitu@ht&+62

central core
1 rigid planar
T symmetrical 2-fold substitution

amide groups
¥ formation of hydrogen bonds to adjacent molecules
t layer formation

peripheral substituents
T determines dissolution behavior

Figurel3: General molecular structure of 1,4-bisamides with hexagonal core.
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Bisamides with a 1,4-substituted core are known to self-assemble into oljects hot
solutionsof organic solvents or from polymer méft®® In both cases, self-assembly typically
is induced upon cooling. The temperature at which self-assembly odeyends (besides
solvent and concentration) on the molecular structure of the respective bisantide.
example, Mohmeyeet al. found a 1,4-bisamide with asymmetrically attached amide groups,
i.e. one attached with the N-atom and one with the C-Atom, to be more #olaihd to self-
assemble at lower temperatures than its analogues with symmetric amide group
substitution The peripheral substituents also influence the self-assembly conditfeors
example, the longer the linear hydrocarbon chain of the substituent is, the lowesr sglf-

assembly temperaturé®®!

Regarding the morphology of the objects formed by self-assembly processes, sevdtal resu
are reported: For 1,4-benzene bisamides with cyclohexane substitueftassaimbled in-

PP, Mohmeyeet al. observed supramolecular objects regardless the orientation of amide
groups® For thetrans-1,4-cyclohexyl bisamide wittert-butyl substituents, Schmidt al.
reported large 2D-objectsThe crystal structure of this compound shows a layered
structure®® Furthermore, crystal structures of both symmetric 1,4-benzene bisamidés wi
tert-butyl substituents, which differ in the orientation of amide grouipaye been reported.
Both compounds show layered structures in the solid staf®.The assembly of the
molecules and the H-bond connectivity will be discussed more in detadhapter 3

alongside with the results of this work.

If hydrocarbons are used as peripheral substituents, 1,4-benzene- and/cdohexane-
bisamides feature good chemical and thermal stability. For example, Mohmstyet.
reported melting temperatures above 280 °C without degradatibfihis makes this class of
compounds interesting for the use as supramolecular polymer additives, wheyeniust
withstand temperatures around250°C during polymer processing. Cyclic 1,4-bisamides
were found to improve electret properti€sand to nucleate thet-phase ofi-PP>*®? When
cooled from solution, bisamides form very fine structure®®* Such microfibrils are a
prerequisite for gelators. Hence, such bisamides also were successfully appl@Egano-
gelators, e.g. fop-Xylene at concentrations down to 0.2 wt% of bisanfitfé. All these
applications are strongly related to the morphology of the structures forméet, there is

still a lack of a full understanding how to conttieé morphology of bisamide structures.
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2. Aim and motivation

The main focus of this thesis is the formation of supramolecular nanoobjects By sel
assembly of low-molecular weight building blocks, such as benzengrclmhexane-based
1,4-bis- or 1,3,5-trisamides. The self-assembly process is typically initiated yomaoia
parameters suchas temperature or concentration. Fora rational application of
supramolecular nanostructures formed via self-assembly processes, control eaf th
morphology and dimensions is crucial. Therefore, the first two chaptersisfvibrk deal
with the dimensional control of self-assembled 1D- or 2D-nanoobijects. Airek ¢hapter
deals with the formation of supramolecular nanoobjects iiRP and their use as cell

nucleating agents during foam extrusion.

2.1. Supramolecular 2D-nanoobjects via self-assembly

Whereas numerous investigations were performed with respect to the formatioth an
properties of supramolecular nanofibers (1D-nanoobjectsuch less is known about the
formation of supramolecular 2D-nanoobjects. 2D-nanoobjects, which are dsoea® to as
nano-platelets, feature a small thickness, typically in the range bel@nff) compared to
their lateral dimensions. In this context, self-assemidlyl,4-benzene or 1,4-cyclohexane
bisamides to supramolecular 2ianoobjects will be investigatedoreover, the peripheral
groups will be varied resulting in symmetric and asymmetric 1,4-bisamides with chgmicall
different groups such as hydrophobic and fluorophilic moieties. For piteparation of
supramolecular nanoobjects, self-assembly upon cooling is a common approach, because
this allows for a reasonable control of processing parameters. To gain a better
understanding of the self-assembly, the processing parameters are systenyataadid and

the resulting morphologies are investigated. This chapter is divided autogectiors. In the

first one, the molecular design, synthesis and properties of all symmetric and asyimmet
1,4-bisamides are discussed. In the second one, crystal structures of the camspats
revealed and correlated to the respective molecular structure. The resultsi®fsection
were obtained in cooperation with the department of Inorganic Chemistryatlithe
University of Bayreuth. In the third section, self-assembly upon cowingtimized. Finally,

in the fourth section, the molecular structure of the bisamides is optimizgh respect to

the thickness of formed self-assembled nanoobjects and their propertylgsof
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In this context, the following main scientific questions willdukelressed:
x How does the molecular structure of bisamide compounds affect their packingrpatt
in the solid state?
x How can the thickness of supramolecular bisamide-based 2D-nanoobjects lxzeded
by molecular design of symmetric or asymmetric bisamides?
x How must conditions for the self-assembly process be selected to optiree t

thickness of resulting 2D-nanoobjects?

2.2. Length control of supramolecular 1D-nanoobjects via ultrasound

Supramolecular nanofibers can typically be prepared by a bottom-ygoaph, i.e. self-
assembly upon cooling. However, to obtain fibers with a defined morphology dapitaly,

control of their dimensions, i.e. fiber diameter and fiber length ipafamount importance.

It has already been shown, that the diameters of trisamide fibers caadhested by tuning

the cooling process during self-assemBlBy contrast, control of fiber length during such a
process is hard to achieve, since the trisamide columns forming the nar®fie supposed

to grow faster with increasing column lengthThe aim of this work is to make useadtop-

down, post-treatment process such as ultrasound and to evaluate Bafv v v}(] E-[
dimensions, i.e. length and diameter can be contralled this context, the influence of
important process parameters like sonication time, ultrasonic power amplitudeium,
temperature and concentration of the BTAs in the dispersion on the fibeensions will be
systematically investigated. This chapter is divided into three sectlonthe first section,
supramolecular 1,3,5-trisamide fibers are prepared via self-assembly. In the second section,
different media are investigated to identify suitable systems for cation experiments.n

the third section, selected systems are treated with ultrasound and correlstietween

chosen process parameters and dimensions of resulting nanoobjects are established

In this context, the following main scientific questions willdukelressed:
x Does the application of ultrasound reproducibly result in supramoleadanobjects
with defined dimensions?
X Which parameters dominate the sonication process?
x Can the influence of the most relevant process parameters be correlatidkwown

underlying physical processes?
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2.3. Supramolecular cell nucleating agents for foam extrusion-&fP

Rigid polymer foams become increasingly important due to their lightweigd improved
insulation properties. In this context, isotactic polypropylene featuadseneficial property
profile in terms of mechanical and dimensional stability as well asghehiend use
temperature in contrast to PE and PS. Progress in this field can be achigvya@paring
foams with more homogeneous and finer cells. Most approaches to reduceethsize in
polymeric foams are based on the modification of the polymers used, dmizgattion of the
foam processing machinery or on the use of insoluble cell nucleatiegtsj To achieve

this goal a different approach is chosen in this thesis, based amammgbecular nanoobjects

as cell nucleating agents. As polymer grade a lindP is selected, since it is of great
practical importance. As supramolecular cell nucleating agents, distinct lkBzZebe
trisamides (BTASs) will be selected and applied. As processing technique foasiaextwith

CQ is selectedas it is a highly relevant method for foam processing. Accordingly, this
project was realized in cooperation with the department of Polymer Emging at the
University of Bayreuth. This chapter is divided into five sections: dnfitet section, the
applied i-PP is characterized. In the second section, compounds which are composed of
selected BTAs andPP are investigated with respect to the self-assembly behavior of the
BTAs. In the third section, promising compounds are processed by foam extrusion
Subsequently, in the fourth section, the morphology of the resulting fommsvestigated.

Finally, the fifth section is focused on the compression properties of these foams.

In this context, the following main scientific questions willdoelressed:
x To which extent can BTAs be used to contited morphology of polymer foams
produced via foam extrusion?
X How can the role of BTA nanoobjects be visualized and evaluated tocorashusions
on the resulting foam morphology?
x How are the mechanical properties of polymer foams affected by the use of

supramolecular cell nucleating agents?
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Supramolecular 2D-nanoobijects via self-assembly

3. Supramolecular 2D-nanoobjects via self-assembly

3.1. 2D-nanoobjects

2D-nanoobjects, also known as nanoplatelets or nanosheets, have attracted igtesdst

due to their versatile properties like high specific surface area, fleyibdind 2D-
anisotropy®®®%’® Nanosheets are defined as structures consisting of one or multiple layers
of a 2D-material, i.e. a material, which features covalent or supramoleculariropraf
similar strength along two directions and much weaker interactions alonghiheg one  If
these nanosheets become sufficiently thin, their properties may alterifgigntly. For
example, graphene exhibits an anomalous room-temperature quantum Hall effect
contrasting to the correspondin@D-material graphite®® Owing to these exceptional
properties, nanosheets are either already used or are supposed to find use, foplexam
gas barrier applicatiod§ to improve the flame retardancy of polyméfsfor catalysis, in
sensors and as biomateridf§Moreover, nanosheets providing electronic conductivity may

be employed in e.g. optoelectronics, batteries and supercapaditdrs.

In principle, there are two ways of preparing nanosheets: Firstly tap-aown approach, a
2D-material can be exfoliated to obtain nanosheets, which in the case of lebenp
exfoliation consist of single layers. Secondly, via the bottom-up approach, simaliding
blocks can be arranged in a way that they directly build up nanoshketee bottom-up
approach, surfaces can be used as templates for nanosheet gfdv@ince this templated
growth is limited in synthetic as well as in design flexiB#ityt is not discussed in the

following. The other approaches are presentaanore detail and examples are provided.

3.1.1. Top-down approaches to 2D nanoobjects

Many studies on exfoliation deal with graphene, which probably isniwst prominent
nanosheet material. Although there are many ways to produce graphene, exfoliation o
graphite dispersions is of special interest since it is cheap and ealipls¢* Lotyaet al.
managed to partly exfoliate graphene by simple sonication of graphite in aeoagu
solution of the surfactant sodium dodecylbenzene sulfonate. After atioic in a low power
ultrasonic bath for 30 min, the dispersion was centrifuged to removeeadoliated graphite
particles. Thus, they yielded flakes with diameters around 1 pum, of whictv&® mono-

layers and 40% featured less than 5 lay@rslowever, this method results in nanosheets
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covered with surfactant, which is disadvantageous for some applicatidance, exfoliation
must be realized in a surfactant-free proce3gpically, exfoliation is hindered by the
enthalpy for generating a new surface Hyix, which is described, e.g. for graphene by

equation 17

¢ ED
8

. t _ — 6
(N_O K¥'y F¥' 4004 1)

By this equation,Hyx is given for a dispersion of the volurivefeaturing a known volume
fraction of graphite Lc. N denotes the thickness of the exfoliated graphene sheets (number
of layers) andg and Es are the surface energies of solvent and graphene. For successful
exfoliation 4Hyix has to be minimized or, at best, eliminated. This is achieved if the surface
energies of solvent and graphefeand Es become equaf? In this context, Hernandeat al.
reported exfoliation of graphene to work best for solvents with surfacergies close to the

one of graphene, which is 47 mJ¥mas reported by Wangt al.”® For example N-
methylpyrrolidone (NMP) allowed the exfoliation of 1 wt% of the initial bregp into

monolayer graphene upon only 30 min of treatment in a low power ultrasbath’’

This liquid phase exfoliation was successfully transferred to layered medldogenides,
which are another intensely investigated class of inorganic 2D-naégeifhe most popular
material of this class is MgSfor which Colemaret al. obtained nanosheets with lateral
dimensions between 50 and 1000 nm and thicknesses between 3 and 12 nrh,eglials 3
to 12 layers, using NMP as solvéhtThough liquid phase exfoliation works well for a
plethora of material$®®’8, it can be further improved by prior intercalation of ionic species
SA v 8Z u 8 &] o[+ ]v ]Mierpalation iGcr@ases the layer spacing and
reduces the energy barrier for exfoliatidn.This phenomenon is commonly utilized for
layered silicates, where intercalated ions induce an osmotic pressuréingsin additional
intercalation of neutral solvent moleculé$®® Based on this, Stoteet al. reported the
production of sodium hectorite nanosheets featuring lateral dimensiais several
micrometers and a thickness around 1 nm. Hence, these single layer nanosheets reached

exceptional aspect ratios up to 20,080.
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3.1.2. Bottom-up approaches to 2D nanoobjects
Bottom-up approaches, which represent the second pathway to nanoshee¢spften

applied for organic compoundg.For example, Govindarajet al. used self-assembly of
cyclic dipeptides in a solvent mixture of chloroform and trifluordeEcecid to obtain
nanosheets with a thickness of only 86.%" Also for derivatives of naphthalenediimide, an
organic n-type semiconductor material, self-assembly 2B-structures with Ilateral
dimensions up to 100 um was reported, yet the thickness of these objects wlas no
determined®® For a similar material, 2-aminooctane-functionalized naphthalenedémid
Wang et al. showed self-assembly into platelets with lateral dimensions in the range
between 2 and 7 um. They induced the self-assembly process by injectrsalfition of

the naphthalenediimide in ethyl acetate into a mixture of the poowsnts methanol and
water. Apparently, the self-assembly process was highly dependent owater content in

the mixture of poor solvent&® They also applied this method to a solution of 9,10-
bis(phenylethynyl)-anthracene in dichloromethane as good and isobutyl allca$ poor
solvent. The 2D structures prepared this way featured lateral dimassb several hundred
micrometers and a thickness around 600.° In another study, Hoet al. obtained very
thin nanosheets of a 1,3,5-benzene trisamide featunragctyl substituents upon injection of
acetone solutions either into water or into heptane. They demonstrated that tharaaof

the non-solvent influenced the morphology of formed nanosheets, bdt bt alter the
crystal structure. They also showed that the injection approach is important f
nanostructure formationFor example the simply dried sample from acetone yielded thicker

and larger 2D structure®.

For complexes of positively charged polycyclic aromatic hydrocarbons and platingm ion
Yanget al. observed self-assembly into nanosheets via another process: Here, self-assembly
occurred directly after synthesis of the insoluble complexes in a mixtubvi¥ and MeOH.

The obtained nanosheets featured a thicknes2®hm, while lateral dimensions of several
hundreds of nanometers were reportéd.Laiet al. demonstrated direct assembly during
synthesis for perylene. Hei® they released perylene from perylene perchlorate in an
agueous hexadecyltrimethylammonium bromide (CTAB) solution. Since CTAB is surface
active in aqueous solutions, it adsorbed to the top and bottom planebeperylene nuclei

and thus blocked the thickness growth of the formed nanosheBig.this elaborated

approach, nanosheets featuring a thickness below 10 nm were produced sutige’ssf
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For the generation of 2D-structures from bis-acylureas the Zentel groupedmot approach
relying on self-assembly upon cooling: A hot solution of the respectivadyisirea was
allowed to cool to room temperature, which resulted in precipitation ahasheets. The bis-
acylureas feature two acylurea groups connected by a flexible pentyl spacerpwas gh
Figurel4. The flexible spacer allows torsion of the acylurea groups relative to each other
(Figurel4A). Hence, H-bonds in two different planes to four neighboring molecnléstal

can be formed, resulting in a nanosheet connected by H-bohdis.further studies, the
Zentel group functionalized bis-acylureas prior to self-assembly and fowndhdrphology
formed to be highly dependent on the functional substituenBlky or thiol substituents
hinder regular self-assembly, which results in morphologies other thaaetshNevertheless,

for a large variety of functional groups, nanosheets were obtat{&dFurthermore, they
reported successful assembly of a bis-acylurea asymmetrically substitutbdavpyridine

end group into nanosheets upon cooling of hot ethanol solutions. Thasesheets were
several hundred nanometers thick and featured lateral dimensions of sevecedmeters.

Due to the pyridine groups at the nanosheet surfaces, gold nanoparticles could be

immobilized on the nanosheets, demonstrating the versatility of this appr&ach.

A TS : B
BRI 1 O;i?a i &
i N = RN o H-N oi Hydrogen ] Cooling
I 7\‘ v F { Bonding 1 ’
' Y B e e e s ] (_ )
§ " X Self-Assembled
§ Ny | | 2D Nanosheet
i O"IN, P
[ P o v
I R L Multilayered
; ydrogen
: ~R Bonding 2 Nanosheet

Figure 14: A: Biaxial hydrogen bonding of bis-acylurea. B: Self-asseimbianosheets upon cooling a
stacking to multilayered nanosheetReprinted with permission from ref.(Kim et al. 20218 (2010) Roy:
Society of Chemistry

Ray et al. investigated 1,4-benzenebisamides with methyl esters of amino acids as

substituents. t]$Z §Z 3] (( viv <% @EU v} 38]o3 }( Z u}o HO [
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possible anymore. Hence, each molecule is involved in two antiparalledstrhydrogen
bonds. Molecules directly connected by a hydrogen bond are tilted hyT®88e structures
are stabilized by C-H |« JvS & &dgpictedl ineFigurd5. From this, corrugated layers of

connected molecules result. Rayal.denoted this structue ¢ Zv v}e$ J& « ¢[X

7.48 A

Figurel5: A: Nanostaircase assembly of a bisamide with amino acidyhegter substituents. Molecules
this structure are connected by hydrogen bonds. Molecules connectedvihysfeature a tilt of 90°, yieldit
the staircase structure. BCrystal packing with C{Hl| < Jv§ & st&hjilfaing the tiltReprinted with permissic
from ref.(Ray et al. 2008) © (2006) Elsevier

In a previous publication, we investigated similar compounds, which featuregid ri
cyclohexane core instead of the benzene core used byeRay.®® Again, this rigid core
hinders twisting of the two hydrogen bonding groups. The investigated congsou
comprised amide (Figurel6), urea or acylurea units as hydrogen bonding groups tartd
butyl substituents. The bisamide from this publication is usedststing point and

comparison in this work and hence denoted as bisamide 1.

Figurel6: Molecular structure of thérans-1,4-cyclohexane bisamide 1.

All three compounds also self-assembled into large and thick sheets upongadlihot
solutions. For the bisamide 1 and the bis-urea derivative a siroilgstal packing into
layered materials was determined by combination of powder X-ray diffraction NA&R
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crystallographic method® It is discussed more in detail at the example of the bisamide 1 in

the following.

Figurel7 shows the packing pattern of bisamide 1 from several perspectives, based on the

published dat&?® As it is visible from Figute’C, the crystal is made up of molecules, which

are tilted relatively to each other along the b-axis. Viewing along tagi® (Figurel7B),

chains of H-bonds along the c-axis become visible. By this H-bond paemmolecule is

connected to four others. Since these four are tilted in the other dioecthan the initial

one, the structure is simultaneously built up in two directionstly H-bonds. In the third

dimension, only Van der Waals interactions connect the formed layers. The mgsulti

structure is schematically depicted by a stack of thin layers (A), wheran@ (C) then

represent side views on the stacking from two directions. In thacegilling representation

(D) it becomes clear, that theert-butyl-substituents of adjacent layers are densely packed.
]85]}v ooCU 8Z]e E % E * vS S]}v Z 0% Sl |D]uPSF S uSZ3]uyo

above.

Guo et al. solved the crystal structure of a benzene-based bisamide, which also bears

peripheral tert-butyl substituents. Here, the same structure is observed, although th

authors proposed a different H-bond pattern, which implies eachecwde being connected

to only two neighboring molecules by two hydrogen bonds, respectfifefhe structure

described is based on the stiff molecules tilting relatively to ealhrdn both studie$>**

In this work, 1,4-bisamides with rigid core moiety were used to self-assemblesheets.
These experiments were performed without use of any surfactants to avoid coverage of
obtained nanosheets with these surfactants. As an alternative to self-adgertie
production of bisamide nanosheets via top-down approaches was also performgd an
evaluated. To learn about the influence of the molecular structuregh@morphology of
self-assembled structures, 1,4-bisamides with symmetric and asymmetric substitveien
synthesized. Here, substituents with big differences in their chemialre, i.e.
fluorocarbons and hydrocarbons, were applied. Crystal structures of aitzedtill,4-

bisamides allowed comparison of their packing patterns in the solié stat
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A B along c-axis

viewing
direction
LX along
c-axis

viewing direction
along b-axis

Figure17: Crystal packing of compound A: Model of a platelet made up from several layers.
arrows indicate viewing directions along b- and c-axis shovi) i@ and D. Corresponding side view
the crystal packing along the c-axis (B) and the b-axis (C, Dyavideu. In B and C, two layers
displayed as ball-and-stick models with H-atoms not involaeldydrogen bonds omitted for clarityp:
The space filling model along the b-axis shows the dersskipg of the layers and illustrates 1

05 Ev 3]vP §]o3]vP JE 3]}v }( 8Z u}o poO *UE]X5EX ]&Fo EuoA.
towards the viewerOwn representation based on published dégehmidt et al. 2013?.3
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3.2. Concept and selection of bisamides

One major aim of this chapter is thickness reduction of self-assembled j2btol{also
called platelets) by molecular design of the applied bisamitteshis context, two design
approaches were pursued. The intended mechanism for thickness reduction dsg th
modifications is strongly connected with the molecular packing engblid and therefore is
discussed alongside with it below. On the one hand, fluorindsgoimg groups were
introduced. These groups were chosen, because it is well-known, that fluorocafbature
weaker interactions and are more easily sheared compared to hydrocaB3h©n the
other hand, asymmetric substitution of bisamides was applied. Here, aitehifenzene-
based bisamide was made to grant easier access to asymmetrically substituted bisamides:
The latter can be obtained in a facile synthesis via three-steps. (I) Attpohim peripheral
substituent to 4-nitroaniline, (lIyubsequent reduction of the nitro-group and, finally, (III)
reaction with the second substituent in the form if an organic acid. As aetuence of
these deliberations, a set of seven benzene-based bisamageshown in Figurel8, was
used. The three compounds of series 3 are expected to yield thinnest péatale both
approaches to thinner platelets were applied to them, i.e. fluorocarbon gsoapd
asymmetric substitution. To distinct between the effects of fluorocarbons asymmetric
substitution, the molecules of series 4, which are symmetrically subdgfituig two
perfluoroalkyl chains each, were designed. In series 34arle length ofperfluorocarbon
chains was varied to be able to detect possible additional effects arising thereFimally,
reference compound 2, symmetrically substituted wignt-butyl groups, is intended to link
series 3 and 4 to compound 1, discussed above, and to shed light onflirenge of the

fluorocarbon chains.
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Symmetric bisamides Asymmetric bisamides with Symmetric bisamides
with hydrophobic hydrophobic and fluorophilic side with fluorophilic side groups
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Figure 18 Molecular structures of investigated symmetric and asymmetric 1,4-benzene bisanmiitt

different hydrophobic and fluorophilic side groups.

The factor mediating between molecular structure and platelet shapeyistat packing.
Hence, the correlation between molecular structure and crystal packinl,4-bisamides is
another major question addressed in this chapt€ompound 1 demonstrates a sheet-like
packing according to its crystal structure reported in literattit&rom its packing pattern,
four models, as shown in Figui®, can be derived. As bisamide 2 is only distinct from 1 by
its aromatic core, it is supposed to from platelets with a packing patemiar to that of 1
Here, thetert-butyl groups are expected to be exposed to the platelets top and bottom
surfaces (Figur&9A). Consequently, a comparable pattern is expected for series 4, resulting
in fluorocarbon surfaces (FigurE9D). For series3, two different packing patterns are
possible On the one hand, all molecules in a layer may assemble with their fluorocarbon
substituents pointing to one side of the layer, avoiding energetiaaiffavorable hydro-
carbon/fluorocarbon interfaces. This ultimately would result in every layere#&ture one
fluorocarbon and one hydrocarbon surface. The additional layers then wouldistaokh a
way, that only surfaces with the same surface chemistry are in contact (FigBje On the
other hand, substituents made up dért-butyl groups and those with linear fluorine-
containing groups may form alternating rows to counterbalance the higher spksinadnds

of the bulkytert-butyl groups. This then will lead to layers featuring surfaces with mixed
contributions of hydrocarbon and fluorocarbon rows (Figd&€) For these two possible
patterns, slowed thickness growth of the platelets is expected: If a new layer is formed

during self-assembly, this has to start with a nucleus on the surface of tsngxplatelet.
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Since the interaction of surfaces built of fluorinated substituerstswieak’, nuclei are
supposed to form slower, resulting in remarkably retarded thickness growth. eAsdéime
time, following the concept, growth of individual layers will not be slowed down
significantly. As a result, thinner platelets with higher aspect rate® expected to form by
self-assembly of molecules from series 3. To test this hypothesis, the symmetricnpefere

compounds are investigated parallel to the asymmetrically substituted ones.

To the best of my knowledge, all compounds of series 3 are new, i.e. nottedpor
literature yet, although a crystal structure solution has been repof@d* 4B is also new,
while 4A and 4C are known in literature, yet not in the context of agdembly or crystal

structure 92939495

4 N

(6 am
£y

C

D_////

o

Figurel9: Possible sheet structures of symmetric (A, D) and asymmetric (B, C) bisaRedieand green plar

and stripes represent areas made upt@ft-butyl-substituents or fluorocarbon substituents.

Besides molecular structure and crystal packing, self-assembly conditions areemlanot
Ju%e}ES vS ( S}E Pu] JvP SZ %0 S 0 Se[ ¢Z]%]|X IZusZ 945 § ||&
reducing the thickness of 1,4-bisamide based platelets by adjustifigssdmbly conditions

The main process selected for this purpose is self-assembly upon coolinghi&or
investigation, bisamide 1, which is shown in Figlewas applied. This is due to bisamide 1

a 1,4trans-cyclohexane bisamide wittert-butyl-substituents, being known to easily form

platelets via self-assembly. In addition, its crystal structure has already belerd®

Moreover, it can be synthesized in amounts sufficient for comprehentggéng and

evaluation of various self-assembly conditions.

36



Supramolecular 2D-nanoobijects via self-assembly

3.3. Synthesis and thermal properties of bisamides

The synthesis of all bisamides described here was dgrtbe technicians Jutta Failner and
Sandra Ganzleben under my supervisidrdetailed synthesis protocol for each compound is
provided in the experimental section. They also performed basic analyteguoes like'H-
NMR and TGA for each compound under my supervision. Analysis and inteqoretbthe

corresponding data was carried out by me.

For the symmetrically substituted benzene bisamides 2, 4A, 4B and 4C, aofasiitep
synthesis was selected, as it is shown schematically in R2§uie4phenylenediamine was
reacted with the respective acid chloride in THF as solvent. To remove HCI founiegl the
reaction, an acid scavenger like triethylamine or pyridine was added. This synshaisndar

to the one of the 1,4rans-cyclohexane bisamide 1, which has been reported in literattire.

H
NH, THF N R
, Ch_R LiCl Q hd
\ﬂ/ triethylamine )J\
HoN 0 or pyridine R N
2 R= 4A R = 4B R= 4C R=
FFFF FFFFFF

Figure20: Schematic synthesis of the symmetrically substituted benzene bisa®iaed 4A - C

To successfully synthesize the asymmetrically substituted bisamides 3A, 3B ahde8C,
steps were necessary, as shown in Figikeln the first step, theert-butyl-substituent was
attached to a 4-nitroaniline core. Next, the nitro-group was reducett Wtusing palladium
on activated charcoal as catalyst to obtain the corresponding amine groupe khitid step,
the respective fluorocarbon acid chloride was reacted with this amine grotipdty obtain

the asymmetric bisamides.
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Q NO,
+ __THF
Cl trlethylamme
HoN
THF, MeOH
N A
O . © __THF _
nNe — Licl
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triethylamine 3A n=2

3B n=4
3C n=6

Figure21: Schematic synthesis of asymmetrically substituted bisan8desC.

After synthesis, all bisamides were purified by crystallization from methatio}jacetate or
THF. All bisamides were obtained as crystalline white solids in good yields,asilisted in
Table 1.

Table 1: Yields of 1,4-benzene bisamides after crystallization. For asyimmssimides, the relative yield takes
only the last step of the synthesis into account.

compound 2 3A 3B 3C 4A 4B 4C
rel. yield [%] 77 64 20 84 94 43 81

Molecular characterization and purity of all synthesized bisamides wasrdieted by NMR
and mass spectroscopy. The respective data for each compound are givelme in t

experimental section.

The thermal behavior of the synthesized 1,4-benzene bisamides was evalyatedans of
TGA and DSC. This is important, as in this work self-assembly is mostiypgoncooling of
hot bisamide solutions in this thesis. The thermal characterization is necessamgtre the
stability of the bisamides under these conditions, e.g. at 120 °C whena8)&B as solvent
TGA curves of all applied bisamides are displayed in F@Rir&he TGA curve of the
reference bisamide 1 is given the experimental section. Apparently, all investigated

bisamides are thermally stable up to at least arol#kD °C. All of them show a one-step
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mass loss from 100% to 0%, which is indicative for an evaporation of the congmthdr

than a decomposition proces$he curves of 2 and 4A feature very little kinks around 90%
mass. Therefore, the temperature at 5% mass loss is applied as TGA temperature. These
temperatures are provided in Table 2. The TGA of bisamide 1 reveals a one-stejpssass
during heating with 10 K/min under;NA weight loss of 5% is reached at 267 °C. The
benzene bisamide 2, which comprises no fluorine, is the most stable matetiab% mass

loss at 295 °C. All three compounds of sef®eshow a mass loss of 5% at the same

temperature, namely a221°C.
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Figure22: TGA curves of all seven investigated 1,4-benzene bisamidessuvements were performed with
heating rate of 10 K/min under,N

For later self-assembly experiments it is also important to know about the dieasavior,

especially melting and crystallization temperatures, because melting duringsssfnbly
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experiments may result in a system with two liquid phases. In such systems, agseaybl
occur in a phase with larger bisamide content, which is detrimentalpimper self-assembly
investigation Thus, the thermal transitions of the compounds were measured via DSC. The

results are shown in Figu&8 alongside with those of the reference bisamide 1.

The fluorine-free bisamides 1 and 2 melt above 270 °C. By contrast, all sixefloantaining
bisamides melt between 200 and 250 °C. Upon cooling, 2 crystalizes at 2@%ciCisvata
much higher temperature than all other bisamides investigated. Notdidamide 1, which
features the same substituents, shows no sharp crystallization peak. Her&ll@gson
occurs in a broad range around 160 °C, which is scarcely visible in thegcoarve. All

bisamides of series 3 and 4 crystallize between 190 and 220 °C.

1
1 2
2 3A
S S
Py 3A o 3B
© ©
5| 38 5 | aC
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i) i)
= 3C = [L4A
g g
4B 4C \
4C ‘\(J
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Figure23: DSC second heating (left) and cooling (right) curves of all seven gatedtibenzene bisamide
Measurements were performed with a heating/cooling rate ofkifhin in a sealed high-pressure pan.

For comparison, Table 2 lists melting and crystallization temperatureseot@mpounds

The discrepancy between the decomposition temperatures of the TGA amdniting
temperatures of the DS, can be explained by the different procedures of the two
methods. In particular, the DSC measurements were performed in a high-pgepant
preventing the compounds from evaporation as it takes places in the TGA, where
additionally a significant nitrogen flow of 75 mL/min is applied. Indbaled pan applied in
DSC, the bisamides of series 3 also melt in a close temperature range from 224 1G.2

Nevertheless, their crystallization temperaturdg range from 194 to 213 °C with 3A
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crystallizing at the highest and 3B at the lowest temperature. So, in thessseo trend oflc
with increasing fluorocarbon chain length is apparent. In setigemperature at 5% mass
loss increases with the length of the substituent from 212 °C for 4R3%°C for 4C.
Contrary to this Ty, and Tc exhibit another pattern: 4B features lowe&t and & while 4A
and 4C melt and crystallize roughly at the same temperature. Most integhgtithis pattern
with the compound bearing a fluorinateds-Chain providing lowesTc of the series is the
same as in series 3. Yet, to prove this rule, investigation of more compounds Wweul

necessary, which is beyond the scope of this work.

Table 2: Thermal properties of all seven 1,4-benzene bisanidestigated. The 1,4-cyclohexane bisamide 1 is
listed for comparison. Temperatures at 5% mass loss were taken T@A measurements under,.NPeak
melting (T,) and crystallizationTf) temperatures and melting enthalpy4fl,,) were measured by DSC in a
sealed panT, and 4, were determined during second heating afmgdwas measured during first heating.
Heating and cooling rate was 10 K/min for all measurements.

Compounc M [g/mol]  Tse mass los§°C] Tm [°C] H;, [kI/mol] T [°C]

1 282 267 272 6.4 ~ 160
2 276 295 281 32.5 265
3A 388 221 226 3.8 213
3B 488 221 226 9.8 194
3C 588 221 221 11.0 203
4A 500 212 225 38.9 219
4B 700 216 215 58.7 206
4C 900 235 228 61.6 219

To sum up the results from thermal characterization, all eight investighisaimides are
thermally stable beyond 200 °C and do not melt upon heating in thigerahherefore, they
all appear suitable for self-assembly upon cooling from hot solsfiahleast, as long as the

temperature of the hot solution does not exceed 200 °C.

The thermal characterization of each individual compound is alsogedvin the compound

data sheets in the experimental part.
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3.4. Crystal structure elucidation of 1,4-bisaned

The knowledge of the arrangememf the bisamides are in the solid state is of vital
importance, as it may influence the morphology of nanoobjects on the stede formed by
self-assembly. All crystal structures discussed here are based on powder or gystié X-
ray diffraction experiments. The crystal structure solutions of 1,4-benzéssrides along
with the respective diffraction experiments were done by Kasper van der ZAtahe
department of Inorganic Chemistry Il of the University of Bayreuth. The imagpkylng

the crystal packing were made by me using the program Diamond 3.0 by Crysdat.Imp

To draw conclusions about bisamides watlstill unclear crystal structure, solid state NMR
experiments were also done by Kasper van der Zwan. The results are prowided i

experimental section.

Moreover, a summary of the investigated bisamifle®st important crystallographic data is

also given in Tabl&4 in the experimental section.

3.4.1. Symmetrically substituted 1,4-bisamides with tert-butyl-sulestiti

The crystal structure of bisamide 1 has already been determined by condrinaftpowder
X-ray diffraction and NMR crystallographic methoEgurel7 (see section 3.1) shows its
packing pattern from several perspectives, based on the published®data.

The crystal structure of compound 2 has already been reported in literdly Gucet al.®*

This crystal structure solution was reproduced using powder X-ray diéfrach monoclinic
crystal system with space group P21/c was found. The packing of 2 in tked ykustrated
in Figure24. This crystal packing of 2 is similar to the one of compound 1 presented above,

which may be attributed to the small difference between @tu}o po o[ «SEPN SPUE X

Figure 24B gives a schematic representation of the layered structure of 2. The platele
thickness D and layer thickness d, which will be important later mnappointed. As it is
visible from Figur@4C, the crystal is made up of molecules, which are tilted relative tb eac
other along the b-axis. Viewing along the b-axis (FigdRd, chains of H-bonds along the c-
axis become visible. By this H-bond pattern, each molecule is connected twtleus. Since
these four are tilted in the other direction than the initial one, therusture is

simultaneously built up in two directions by the H-bonds. In thedtliimension, only Van
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der Waals interactions connect the formed layers. The resulting structure &nstically

depicted by a stack of thin layers (B), where (C) and (D) then represent sideovietvs

stacking from two directions. The resulting platelet features two hgdrbon surfaces, as

proposed before. Following the top layer in Figare (E}u o (S S} E]JPZSU SZ (]E-S L
top end points away from the viewer, while the one of the second moleculetptiwvards

the viewer. The third one is parallel to the first one; the fourth one islelrto the second

one and so on. This packing pattern results in a solid consisting of laylera thitkness d of

12,25 A. In the space-filling representation (E) it becomes clear, thatténebutyl-

substituents of adjacent layers are densely packed. Additionally, this reypetsm

illustratesSZ u}o po [ oS Ev S]J]vP S]oS u vsS]}v JA X
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Figure24: Crystal packing of compound &: Model of a platelet made up from several layers. The ar
indicate viewing directions along b- and c-axis shown in C, D andI&station of one molecule with all fo
adjacent ones, to which it is connected by one hydrogen bond each. Carbos atdhe central molecule a
colored black for clarity. C-E: Side views on the crystal packing &le b-axis (D, E) and the c-axis (C).
and D, two layers are displayed as ball-and-stick models withoisainot involved in hydrogen bon
omitted for clarity. E: The space filling model along the b-akisws the dense packing of the layers
illustrates the alternating tilting direction of the molecules:}dd po ¢[ $}% e *0]PZS0C |CE
the viewer or towards the viewer.
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3.4.2. Asymmetrically substituted 1,4-bisamides

To solve the crystal structure of the asymmetric bisamides 3A and 3B singlescrystal
grown and analyzed via single crystal XRD. For the third asymmetric bisamraesBiZable
single crystals could be obtained to date. Hence, PXRD was measured andt@restruc
solution from the resulting powder data was performétr all three asymmetric bisamides,

a monoclinic crystal system with space gra&gilwas determined.

As a representative example for these asymmetric bisamides, the crystal structure ®f 3A i
presented in Figure5. Here, the arrangement of the molecules and the hydrogen bond
pattern are similar to the ones of 1 and 2 discussed above. Again, rows of parallel le®lecu

] P}v o 8§} §Z o CextEnsion ase &rmed, which stack to layers with parallel rows
via H-bonds. The striking difference to the aforementioned structuresuis @ the
asymmetric substitution of 3At]8Z]v }v. E}AU 00 8Z u}o po [ (op}E} E }v
into the same direction, i.e. up or down. In the two neighboring rows, theyoaentated in
the opposite way. If, for example, when viewing along the a-axis (FRRC® all fluoro-
carbon substituents in the first row point to the bottom right, thenlie second row, they
point to the top right. In row three, the structure of row one is repsdtand so on. As a

& .posSU Z o0 C E[e nE( ]* u H% (CE}uocadhdn®w S|]vP E}.
fluorocarbon character, as Figue®B schematically shows. Since the hydrocarbon rows are
formed by tert-butyl groups, which are shorter thamundecafluoropentyl groups, these
E}A[ 0 A 0 ] % E $Z v $Z o0 Ao }( 83Z (op}E} EE(v E}A-U
pattern of each layer. In the platelet, neighboring layers assemble in sudy atlnat each
fluorocarbon row of one layer is covered by a hydrocarbon row of the other layevae
versa. This ensures close packing in the solid state. Neverthelessjraecafluoropentyl
groups are sterically less demanding thart-butyl groups, still very small voids exist
between two layers, which can be seen from the space-filling representatiéiigure25E.
This ordering into alternating rows may be attributed to the differenatsgd demands of
both substituents: If the more bulkiert-butyl groups were on the same side of a platelet
and, at the same time, the distance between the cores was kept condtalkeep the
energetically favorable short H-bonds, a sphere would be the reguttiarphology, as it is
well-known in micelle formation of surfactant$.In such a situation, the molecule can be
imaginedasa2DA P X tZ v 00 A P <[ 3]%o «etidn, \chspwacking le®ilts

in a circle, whereas alternating tip orientation gives a straight lineexfges. So, 3A exhibits
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the packing pattern suggested in Figur@C, whereas the model with layers featuring pure
hydrocarbon and fluorocarbon surfaces (Figi@) has been refuted. From the packing
pattern of 3Athinner platelets should emerge upon self-assembly than from the straaifi
2. This expectation is based on the fact that in the structure foundhelllayerto-layer
contact planes are between hydro- and fluorocarbons, which show &dakeractions than

two hydrocarbons”

Structure solution of the remaining two asymmetric bisamides was possible fragte sin
crystal diffraction data (3B) or from powder diffraction data (3C). Both data show that
these two bisamides exhibit the same crystal packing pattern as 3A. Therfeteydrogen
bonding pattern and schematic representation presented in Fi@frare also valid for 3B
and 3C. The layer thickness d derived from the respective crystal structurlbwabto be
15.36 A for 3A, 18.56 A for 3B and 20.68 A for 3C.

To provide further evidence of the similarity of crystal packing pattémnseries 3, solid
state NMR spectroscopy was performed. The results, which are shown in thenegptai

section, also support results of XRD with respect to the crystal packihgs# compounds.
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Figure25: Crystal packing of compound 3A: Model of a platelet made up from several layers. The ar
indicate viewing directions along a- and b-axis shown in C, EaBd lllustration of one molecule with all f
adjacent ones, to which it is connected by one hydrogen bond e2atbon atoms in the central molecule
colored black for clarity. Side views on the crystal packing alondthes (C) and the a-axis (D and E
provided. In C and D, two layers are displayed as ball-and-sticklsneith H-atoms not involved in hydroc
bonds omitted for clarityE: The space filling model along the a-axis shows that sroals exist between tt
tert-butyl-groups of neighboring layers and illustrates the alternatittqhgi direction of the molecules, i.

ulo poO [ 3}% e c0]PZ30C ]E 3§ ]SZhamiewerC (E}u }E $}A E -
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3.4.3. Symmetrically substituted 1,4-bisamides with fluorocarbon substg

For the crystal structure solution of 4A, single crystals were grown angzathvia single
crystal XRD. However, no suitable single crystals could be obtained foothethbisamides
symmetrically substituted with fluorocarbon substituents. Hence, PXRD wasuneeland
evaluated. Fo#dB, the structure was successfully solved this way, whereas for 4C only cell

parameters could be determined via PXRD until now.

As an example for these symmetric bisamides with fluorocarbon substitudrgscrystal
structure of 3A is presented in Figu2é. This crystal packing of 4A significantly differs from
the other packing patterns: Viewing along the a-axis, i.e. along the hydrogedsp all
molecules in the crystal are oriented parallel to each other. Each row madiemmpthese
parallel molecules is connected by two antiparallel hydrogen bond stratus space-filling
model in Figure26E demonstrates that no voids of significant size exist between the
individual layers in this structure. All in all, the structure found forfdlfows the scheme
initially expected for this compound. Yet, in this structure, mdlesware only connected by
hydrogen bonds in one direction (along the a-axis) within each layepeRdicular to that
(along the b-axis), only van der Waals interactions are present. In consegubaclayers
are bound more stable in one direction than in the other. This findingiaipties different
growth rates along the lateral extensions of the platelets, with much faster growtigaloe
hydrogen bonds due to stronger binding in that direction, which sheelt in elongated

platelets.

Considering all crystal structures shown, it appears that the bigkybutyl group directs
assembly of bisamides into a structure with crossed molecules as found for 1, 2 and 3A
3C. If no bulky substituents are present, as for 4A, a parallel assembly of afiufesl

occurs, as seen in Figuzé.

The general packing pattern motif of 4A has also been found for 4B. whpounds
crystalize in a triclinic crystal system with space grodpT®e layer thickness d is 16.02 A for
4A and 21.10 A for 4B. A transfer of these results to the third bisamisteries 4, 4C, cannot
easily be made, because no full crystal structure solution was possibledobcaémpound
yet. Nevertheless, the indication of a unit cell was successful, indictmgnoclinic crystal

system with space group P2.
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Figure26: Crystal packing of compound 4A. A: Model of a platelet made up feweral layers. The arro
indicate viewing directions along a- and b-axis shown, i@ 8nd D. Side views on the crystal packing alon
a-axis (C, D) and the b-axis (B) are provided. In B and C, twodeyelisplayed as ball-and-stick models 1
H-atoms not involved in hydrogen bonds omitted for clarity.The space filling model along the a-axis st
the dense packing of the layers.

As described before, NMR crystallography was also apfigtle symmetric 1,4-benzene
bisamides 4At C supporting the results of the XRD evaluation (see experimental se&jon)
contrast, the crystal structure of 4C, which has not been solved yetaappe be distinctas

it features two different positions for the molecules in the solid-st&MR measurements.

The finding of the packing of 4C to be distinct also reflects in thepaedimeters presented

in Tablel4 in the experimental section (6.5for 4C, the length of the a-axis is approxi-

mately doubled, compared to 4A and 4B. This is attributed to two madeduing included
in one cell of 4C along this axis instead of one, as for 4A and 4B. Bgstotiite length of
the second short axis, which is the b-axis for 4A and 4B and the @a#1S,fis comparable.
The third axis performs a noteworthy length growth from around 16.1 nm foroddraund
21.2 nm for 4B and to around 27.0 nm for 4C. This correlates very well withdiease in

chain length between these molecules when assumingratis configurations for the stiff
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fluorocarbon chains. Thus, it points to a similar orientation of allehtempounds in their
unit cells. Based on these findings, it is concluded that alktimelecules pack in an overall
similar way, though 4C shows some differences compared to the others, as disabssed

As the precise orientation of the moleculesuirsknown, no value for d can be derived #C

Another method to gain insight into the solid-state structure of bisamidemfrared (IR)
spectroscopy, as it provides information about hydrogen bonds, which are the araefbr

the assembly of bisamides in the solid state. In this context, absorptionsbaintthe amide
groups are of interest, in particular the N-H stretching vibration atb8300cm™ and the
C=0 stretching vibration in the area between 1700 and 1666 (Amide 1)’ The strength

of the hydrogen bond can be deduced from the N-H stretching vdmdiand, as it has been
shown for 1,3,5-benzene trisamid&sStronger hydrogen bonds weaken the N-H bond. This
weaker covalent bond features lower activation energy and hence the associatedidan

shifted to lower wavenumber®

FTIR spectra of all seven 1,4-benzene bisamides were recorded and are presdsitpdan
27. Bisamide 2 exhibits a N-H stretching vibration band at 3295 which is the lowest
wavenumber of all seven compounds and, therefore, 2 is concluded to show thegesto
hydrogen bonds. All molecules of series 3 provide a vibration band atc3865This high
wavenumber indicates that hydrogen bonds are relatively weak in solidshe$et
compounds. Compounds of series 4 show bands at different wavenumbers, i.e. atr8305
for 4A, at 3313m* for 4B and at 331@m™* for 4C. Hence, it is concluded, that the hydrogen
bond is slightly weakened with increasing length of the fluorocartloain within this series
Nevertheless, the strength of hydrogen bonding of series 4 still is betviee ones of
compound 2 and series 3. The weaker hydrogen bonding observed in the IR spaetriaof

3 is in accordance with the behavior in solubility tests, where compswidseries 3 are
dissolved more easily than the other bisamides. A remarkable finding of thespd@dRa is,
that molecules of the asymmetric series 3 just seem to form only hydrogen bondsawith
similar energetic level in the solid state, as indicated by the singlestiekthing vibration.
This matches the solid state structure of series 3 (illustrated in FRfued the example of
3A) very well, where only H-bonds between substituents of different reatare formed. In
the hypothetic case of asymmetric bisamides forming layers with all fluorocarbon
substituents pointing to one side and &dirt-butyl-substituents pointing to the other side

(Figurel9B), two different N-H stretching vibrations would be expected: One ydrdgen
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bonds between fluorocarbon substituents and another one for those betweenbutyl-
substituents. Thus, the finding of just one kind of hydrogen boadagymmetric bisamides
in IR supports the crystal structures found and leads to the rejectiorhefsuggested

packing pattern with pure fluorocarbon and puest-butyl surfaces (Figur&dC)

The position of the C=0 stretching vibration bands reflects the chematake of the
respective substituent, which is in direct vicinity to the amidedQyroup. For bisamide 2,
this band is located at 165n™, which is the lowest value of all seven compounds. The
three compounds of series 4, which also are symmetrically substituted, providbamtkeat
1695cm™. As expected, all compounds of series 3, which bear two different subgstuen
accordingly feature two bands at 1700 and 188%". The one with lower wavenumber is
roughly at the position found for bisamide 2 and therefore is attributedthe tert-butyl
substituted C=0 groups. The C=0 stretching vibrations of series 3 at higher maesgu
are at the same position as the ones of series 4 and hence are attributbe =0 groups

with fluorocarbon substituents.
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Figure27: FTIR spectra of all seven investigated benzene bisamides solikdestate For orientation, guidin
lines mark N-H (blue) and C=0 (red; Amide I) stretching vibration bands of fluantaéowg bisamides.
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3.5. Self-assembly to 2D-nanoobjects

3.5.1. Procedures for self-assembly at the example of a cyclohexane bisamide.

The bisamide platelets known up to now, which were e.g. used for crystal wteughalysis,
feature thicknesses d in the range of hundreds of nhanometers.aitheof this section is to
demonstrate the ability of bisamide compounds to form supramolecular nanmisires
featuring thicknesses below 1@0n. Therefore, suitable preparation routes have to be
developed and evaluated. In preliminary experiments, grinding with mortar andepast
ultrasonic treatment were tested as top-down approaches. Both methods did nak wiell-
defined supramolecular nano-platelets. Hence, bottom-up approachbased on self-
assembly are exclusively applied here. In this context, the influenceooégsing conditions
was investigated to gain a deeper understanding of the nano-platelet formatiehto be
able to control the dimensions of the formed nanoobjects. Thans-1,4-cyclohexane
bisamide 1 was chosen as model compound for these experiments, since it wadyalre

known to form stable2D-objects®®

To initiate self-assembly of bisamide 1 from solution, there are differeggérs such as
increasing the concentration by evaporation of solvent, additioraafon-solvent to the
solution, and E <¢]J]vP SZ e<}louS]iv[e S u% E SUE -Assémblgds (}oo’
predominantly done by cooling hot bisamide solutions, since this methodhighly
reproducible As a second method, addition of non-solvent was used. By contrast, self-
assembly upon solvent evaporation requires precise control over several parameters
governing the evaporation rate during the whole experiment, which is hard to achieve. In
addition, *}0A v8 A % }E 3]}v } uEe+ /£ opc]A oC § 3Z o]<pu] [
surface phenomena to the self-assembly process. Consequently, this method owvas n
applied in this work to have self-assembly influenced by as few factorssasbfe and to

achieve the highest possible reproducibility.

The surface energy difference between material and medium is the mysirtant factor,
when trying to produce thin platelets. To find good solvents f& $elf-assembly into thin
platelets, surface energies of the bisamides must be known. The surface esfenggny
media is reported in literature, yet for most solids like e.g. bisamide fhas to be
determined. A common method to achieve tligscontact angle measurement with different
media on the surface of the solid samplessinge platelets of 1 are by far too small for this

method, tablets of 1 with a diameter of X8m were pressed. Due to the fact, that the top
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area of platelets is much bigger than the side ones, itispu U SZ § SZ S o0 S[* *uE(
dominated by such top areas. Therefore, surface energies determined oof tig tablets

are assumed comparable to the ones of the top surface of bisamide stacks.

Contact angle measurements using only one test liquid are often uncerténce, the
method following Owens, Wendt, Rabel und Kaelble (OWRK-method), whicltasest
angles of several liquids, is applied to calculate the surface energy here. The roaHoK-
uses the total surface tension of each test ladju alongside with its both components, i.e.

polar and disperse contribution{ and {’to calculate the polar and the disperse contribut-
]}v 8} §Z « u%o0 [* e[ Ggand -g frofk A€ deasured contact angl&for each

liquid. These variables are brought in the form of a linear equatisrequation 2 shows.

e(1+cos a) F(% ®_ és@
2§e@ ge&
2)
U =1 ®T + P

Surface energy contributions for each solvent can be found in lilezafsee Tablé1 in the

experimental section) and the determined contact angles are presented otethside of

Figure28. Plotting these data in the form indicated by equation 2, a straiglet dan be

fitted to the data, as shown on the right side of FiglBe Slopem and intercept of this line

(]Jv ooC C] o SZ %}o E Vv SZ ]J*% Ee+ % ®C &fjsEzddes u% 0 [¢ U
the polar contribution -2 is 0.5+ 0.7 mJ/mand the disperse one is 31.3 + 2.9 nfJ/m

resulting in a total surface energy of approximat8®mJ/nf. The small value of the polar
contribution supports the assumption, that the non-polar top and bottsorfaces of the
bisamide platelets dominate the surface of the tablet. If the side surfacadeoinano-
platelets were predominant, a bigger polar contribution would be expected ttuthe

amide groups on these surfaces.
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Figure28: Left: Contact angles™of bisamide 1 measured by the sessile drop method with i§igrent test
liquids. Averages and standard deviations for each test liquidbased on at least five measurements each.
Right: OWRK-plot for bisamide Uiterature values of the liquids are plotted on the x-axis,leviiie y-axis is
determined by liquid literature values as well as by the determined adratagles ™The solid line represents a
linear fit of all six data points.

Generally, he self-assembly process should be exothermic. Therefore, DSC-measurements in
solution were performed. Since the soluble amount of bisamide in theesbls typically low

(e.g. 500 ppm), a very small signal is expected, which makes the use of a very sensitive so-
called u-DSC necessary. As solverttichlorobenzened-DCB), which is the most frequently
applied solvent for self-assembly in this chapter, was used. For the measurethent
sample cell was filled with the dispersion at ambient temperaturé the reference cell was

filled with a comparable amount of pur@DCB. Both cells were heated to 110 °C, shortly
kept at this temperature to make sure that the bisamide is completedgaived and then
cooled with cooling rates of 0.1, 0.5 or Kf@min. The cooling curves recorded this way are
presented in Figur@9. In all heating curves no dissolution peaks were observed, hence
these curves are not shown here. All cooling curves with exception of the seomtitg

curve at 1 K/min show a weak exothermic peak, which is attributed toassémbly of the
bisamide. In the first cooling curves, the peak is shifted to lower temperatwith
increasing cooling temperature. Since supersaturation must occur at the sametatuge

for the same solution from a thermodynamic point of view, this shift musmsfrom a
kinetic hindrance. This means, that supercooling of the solution is dsetk at higher

cooling rates. So, the cooling rate will most likely influence self-assembigarhide 1. On

55



Supramolecular 2D-nanoobjects via self-assembly

the contrary, both second cooling curves featuring exothermic signals show their peaks

approximately at the same temperature.
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Figure29: Cooling curves of 500 ppm of compound 1o0HDCB measured via p-DSC. Measurements
conducted with cooling rates of 1 K/min, 0.5 K/min, 0.1 K/min. Black lines indleatérst cooling, red line
indicate the second cooling of the sample.

In a next step, the influence of various solvents as medithis process was tested. Several
solvents were pre-selected for this study with respect to the requirementetifassembly
experiments: The solvent should feature a melting point clearly below amtaergerature,
to allow cooling to low temperatures without freezing the solvent. Furthermtre,boiling
point must be high enough to allow dissolution of the bisamide gl hémperatures. More-
over, the liquid must feature a certain vapor pressure at ambient tempeeato enable
drying of samples under vacuum. Finally, at high temperatures (below the boiling, @in
sufficient amount of bisamide must be soluble. Here, a minimum solpfits0 ppm was
selected. Table 3 lists solvents meeting these requirements alongside seitcted
properties. Solubility tests were conducted in all of these solventsieSsolvents show a
very high solubility of bisamide 1 even at low temperature, which iserfahowing referred
to as residual solubility. This is undesirable, since substance remamisgjution after
cooling will self-assemble upon solvent evaporation during later SEM sangparption,
which is be a process different from the desired self-assembly upomgodlhus, solvents
featuring a high residual solubility like e.g. chloroform were discardedcé] six solvents,

namely toluene, anisoley-DCB, cyclohexanone, 1,4-dioxane and 1-heptanol, which exhibit
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surface energies in the same region as the bisamide (approu:3@'s A E + o § X
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Details on the preparation of bisamide solutions are given in the axjeatial section.” o (
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Table 3 Selected properties of solvents applied for self-assembly exeatsnwith compound 1Values are
sorted by increasing surface energy and are determined at 25 °C, if not stated &R
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*Jou ]Jo]3C Jv §Z E - Bisahipa 1 foymAplatekéts in all six solvents. For toluene

and anisole, the large platelets formed look quite similar: They measure thare20 pum

across and predominantly exhibit regular, straight edges. AlI€0CB yields single platelets,

althought with less regular edges. Upon self-assembly in cyclohexanone, lay#irrather

than distinct platelets is formed. This indicates that assembly may atourg drying of the

sample, which means that the residual solubility in this solvent istitbo high. In 1,4-

dioxane, platelets with wavy edges are formed, which also feature a rough, waageurf
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The platelets formed in 1-heptanol again feature straight edges, but sedme guite thick.
Besides the defined shape of the plateletd)CB was chosen for further experiments due to
its superior combination of properties, hamely low melting point, high bgifeint, high

bisamide solubility (more than 1000 ppm at 120 °C) and low residual slubil

toluene, 200 ppm : anisole, 200 ppm

1,4-dioxane, 500 ppm

Figure30: SEM images of structures formed by self-assembly of bisainidevarious solvents upon cooli
Concentrations were adapted to the solubility in each hot solvént200ppm in toluene, B: 200 ppm
anisole,C:1000 ppm ino-DCBD: 500 ppm in cyclohexanond=:1000ppm in 1,4-dioxane and BO0ppm in 1
heptanol.
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The second factor influencing self-assembly is the cooling rate. In gesenaller and
thinner platelets are expected at higher cooling rates. In u-DSC expdasymencooling rates
of more than 1 K/min are possible. Therefore, other setups were used, which lidger
cooling rates and at the same time allow processing of several milliliters uifosoin one
single experiment. The latter is important, since, due to the low bisamideerdrations
used, smaller samples increase the concentration error, when preparing thereaff
solutions. The use of #L-glass vials with screw cap turned out to meet these requirements
For each experiment, 2.5 mL of the respective bisamide dispersion were ptaaadal The
vial was screwed tightly and placed in a heated metal block, which ¢®mulshoved by a
shaker, and the bisamide was dissolved upon heating. Subsequently, difterelng rates
were achieved by applying six different metho@jsAllowing the hot solution in the vial to
}to Jv §Z <z | E[+ U-I¥) Shalang ltke vial in in three different cooling baths
which feature different temperatures, respectively) Dropping the hot solution into a
water/ice bath.VI) Droppingthe hot solution onto a nitrogen-cooled wafer. All six applied

methods are discussed in the following.

The first four methods of cooling the hot solutions, i.e. switching othkheating and the
shaker and leaving the vial to cool in the metal block or shaking théewilifferent cooling
baths are shown in Figuigl. For self-assembly by cooling in the shaker (method 1), heater
and shaker were simply turned off and the respective hot solution remainéteihot metal
shaker block until block and sample reached ambient temperature. For self-assbmbly
immersion of the hot sample vial in three different cooling baths (md#i6lV) the hot vial
containing the sample was vigorously shaken in the respective coolingipdtand for one
minute and subsequently stirred with a magnet stirrer for 5 min vigorousipli@y baths
were prepared by either mixing water and ice or letting enough dry ice subliome &n

ethanol bath to reach the bath temperature of 20, 0 60-C, respectively.
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Figure31: Schematic representation of the setup for the measurement of terapge profiles. After heatin
to 120 °C (in the case ofDCB) under shaking the vials are immersed in the cooling bla¢ghtemperature o
the sample liquid is determined by a thermocouple.

During these process, the temperature of the sample liquid can be monitored with a
thermocouple, which is introduced into the vial through a septum artle in the screw
cap. By use of ethanol or ethanol in combination with dry ice, differ@dling bath
temperatures were adjusted. Variation of cooling bath temperature (20, 0 @ddC) results
in different cooling rates, as shown in Fig@2 For comparison, also profiles for cooling in
§Z < Z 9dn@&dl block and in a water/ice bath are displayed. The temperature lpriut
the sample remaining in the shaker exhibits a very flat decline of temperatd.g., a
temperature of 40 °C is only reached after more than 50 min (3000 s). Thef es®lng
baths drastically accelerates the cooling process: All samples cooled in bath$ extiibig
rates in the range between 7 and 12 K/min above 80 °C. At lower temperaturesathe b
temperature becomes increasingly relevant. In contrast to the experiments inub&C
whereby self-assembly only took place between 30 and 40 °C at coolingumtesl K/min,

, self-assembly is assumed in this case to take place between 20 &ai@6 to the higher
cooling rates. Therefore, to estimate the cooling rate during self-assembly, the sibfies
cooling curves in the area around 25 °C are compared. Using a coolingatbath°C, a
relatively low cooling rate around 20 K/min is reached, which is neverthst#is200 times
higher than the highest one in the p-DSC. The use of a 20 °C coldepl&lnance bath
(T=0 °C) significantly raises the cooling rate to the region of 110 K/raimdfer/ice bath is
used instead, approximately 140 K/min are reached. Yet, the curves for botimngdalth
compositions at 0 °C feature a similar shape, which means that the lowerchpatity and
slightly higher viscosity of ethanol compared to watddoes not play a major role. Using an
ethanol/dry ice bath with a temperature of60 °C, a cooling rate around 330 K/min is

measured between 20 and 30 °C.
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Figure32: Temperature profiles of vials filled witt-DCB. Cooling was done by keeping the sample i
shaker (black) and by shaking in an ethanol bath at 20 °C (red), in an ice bath graeréthanol/dry ice bat
at 0 °C (blue) and in an ethanol/dry ice bath&® 2C (magenta). The left side shows all profiles during the
120s, while the right side shows the whole profile for the slow cooling irstteker.

With this setup comprising a 4 mL glass vial and a cooling bath,atdstd achieve higher
cooling rates. Thus, two other procedures for extreme cooling speeds were gedeldhis
was achieved by improving the heat transfer with setups featuring a highdace per
volume of the solution. In addition, the omission of a container wall betweeoling
medium and sample will further accelerate the heat transfer and thusease the cooling
rate.!°® These considerations led to simply dropping of the hot solution @t onto the
cooling medium. An ice bath or a wafer cooled by liquid nitrogemewchosen as cooling

media Both setups are schematically showrFigure33.

On the left side, dropping into a water/ice bath (method V) is illusttateor the handling of

the 120°C hot solution, a preheated glass pipette was used. Some drops of theorsoluti

were carefully dropped into an ice bath without any stirring.]vP *}U SZ %0]% S$S [* S
to be immersed into the bath to avoid swimming of the drops on the surfa@etduhe

A S E[s *pnE( So-DEP tedtures higher density than water, the released drops

sink to the bottom of the bath, where they form an organic phase s8gbently, this phase

containing the nanoobjects is collected for further investigation.

In the case of method VI, a wafer piece (approx. 1*1 cm) was placed on a solidlstde
which in turn was surrounded by liquid nitrogen in an insolatdish (Figure33). The

nitrogen is used to exclusively cool the steel block. In contrast to methaaiethod VI is
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preferable, since it avoids the so called Leidenfrost effect: If a mass is jacedtact with
o]J<u] Vv 3Z 3 u% E SPE }( S5Z u e ] ( EvSASEZokxkku]APoad]
boil and the formed vapor will thermally insulate mass and liquid. Bletie transport of
thermal energy into the liquid will decrease drasticaffyTo rule out issues related to the
Leidenfrost effect, the sample was dropped into the wafer, wafer dodkoremained in the
liquid nitrogen for at least 5 min to allow them cooling tould nitrogen temperature
despite the slower cooling. Subsequentlyt 3 drops of the hot solution were dropped onto
the wafer with a preheated glass pipetté/hen the sample was dropped on the wafer, the
drop froze almost immediately. Next, block and wafer were moved inttesaccator and

high vacuum was applied to remove the frozen solvent.

hot pipette hot pipette
\/ hot bisamide \/

solution steel / hot bisamide solution
block ¢

o e—Silicon wafer
_ liquid
ice bath nitrogen

method V: dropping into ice bath method VI: dropping onto cooled wafer

Figure33: Schematic representation of sample cooling by dropping into an ice bath (teft)to a silicon wafe
cooled by liquid nitrogen (right). The hot (120 °C in the case aZB}Bolution is carefully dropped into the
bath or onto the wafer, respectively, with a preheated pipette. Drapslispersion ino-DCB sink in wate
forming a liquid phase at the ground of the ice bath.

Freezing means, that the sample is at least cooled to the melting posrD&B, which iat
-17°C%. Taking a time of approximately 1 s for freezing of the forme2y °C hot solution,
acooling rate of at least 13K/s, which equals 8220 K/min, was achieved. This value is just a
rough estimateasthe time until freezing is not determined precisely. The main redson

this is that a testing probe in contact with the small drop weduwould most likely alter the
results significantlyMoreover, the cooling rate is likely to vary within the sample drop, since

the lower layers insulate the upper ones from the wafer and thus lower theiirgpoate.

The methods described cover a wide range of cooling rates from below one to several
thousands of K/min in the relevant temperature range for self-assembly of klisainino-

DCB. These methods were applied in the self-assembly process. The resultingatelets
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were investigated in the SEM and resulting micrographs are shown in Bguképon self-
assembly, bisamide 1 forms nano-platelets for all cooling rates applied. Whéingctize
solution slowly in the metal block of the shaker, large platelets witgrédtdimensions in the
range of tens of micrometers are formed. They feature smooth edges and regular sidhpe a
appear quite thick. When increasing the cooling rate by use of ametftay ice bath at

20 °C, significant smaller platelets with less regular shape, which appeér timoaer, form.
Further acceleration of cooling by a bath temperature of 068r°C enhances this effect, i.e.
platelet size decreases with increasing cooling rate. This is in agreement lasgical
nucleation theory, according to which nucleation of new objects compei#s tive growth

of existing ones. Stronger and faster supersaturation boosts nucleatidnthus results in
the formation of more and smaller object¥ Surprisingly, when the hot solution was
dropped into an ice bath, larger platelets formed, despite the higloatlicg rate expected
for this experiment, as discussed above. Self-assembly under extreme cooling ratee@chie
by dropping onto a wafer at liquid nitrogen temperature surprisingblds thick platelets
with lateral dimensions of tens of micrometers, which exhibit either smootjfagged edges.
As described above, for cooling rates as high as the ones achieved by this satpgegxt
small and thin platelets were expected. Yet, the precise processhwdads to such big
objects at this extreme cooling rate, remains unclear. Since the gainezlgitatire far from
the desired shape anyway, this cooling process is not relevant for thisamgrkurther and

therefore was not investigated more in detail.
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method |, < 0.5 K/min method Il (20 ), 20 K/min

method 11l (60 ), 330 K/min

Figure34: SEM images of structures formed by self-assembly of bisainiggn cooling with different coolil
rates. Vials containing the hot solutions were cooled at ambient camditin the shaker (A) or in ethanol/c
ice baths at 20 °C (B), 0 °C (C) &€ (D). Further, hot solutions were dropped into an ice/water batlon
onto a silicon wafer cooled with liquid nitrogen (F). Cooling rates for therlate methods can only
estimated and hence are not given here. Solutions consisted of 500 ppisavfide 1 ir-DCB.

Summarizing, the cooling rate was found to affect the dimensions of formegdlgis to a
great extent. For the experiments in which cooling was done in a visdaateénd towards
smaller objects with higher cooling rate was observed. When the coolingdemas by
dropping in a cold liquid or onto a cold solid, this trend was motioued, and again larger

objects were obtained despite further increase of cooling rate. Therefooe, thie
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investigation of platelet thickness, the most promising samples, i.e. the onesdooiing
baths at 0 and 60 °C were selected. For comparison, a sample prepared by dioppizg

ice bath, was also investigated.

Up to now, only the lateral dimensions of the platelets formed have beesstigated, since
they are easily accessible via SEM. With all platelets lying flat due tchigbkiaspect ratio,
their thickness cannot be measured looking from the top, as it is dois&EM. To investigate
platelet thickness despite that, AFM was applied. Fi@trexemplarily shows results from a

measurement done with the purpose of gaining information about thekihess of platelets.

On the left side, an AFM height image of a sample self-assembled by gcaolian
ethanol/dry ice bath at60°C is shown. Big agglomerates as well as single platelets are
visible in the image. For thickness measurements, only the isolated siatgdefs are used
to avoid accidental measurement of several platelets stacked together. Forpiaiehet, a
cross-section along the scanning direction of the AFM was measured. In the exampl
presented, three of these cross-sections are marked with colored lines. Origthte the
height profile along each of these lines is displayed. Platelet heights melasom the

profiles are illustrated with arrows.
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Figure 35: Measurement of platelet thickness at the example of bisamidén lo-DCB cooled with
ethanol/dry ice bath at60 °C. On the left an AFM image with three cross-sections markexblored lines
shown. Corresponding height profiles are displayed on the right. Arnoark measured platelet heights.

~

For each sample, severalSHM P « A E A op & 38} P 8 3 0 3 il %0 § ¢
sample. Table 4 lists average thicknesses for the samples cooled with a bath &0FGr

and for the one prepared by dropping into an ice bath.
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From both cooling bath experiments (methods Il and Ill), nano-platelets axerage
thicknesses below 50 nm are obtained. Using a bath at 0 °C, 48 nm are achievetheVit
layer thickness d of 1.4 nm, which has been determined via XRD, as described above, this
thickness equals a stack of 34 layers. Faster cooling with a batBO&C-results in a
thickness of 38 nm, which equald layers. Dropping into an ice bath (method 5) results in
significantly thicker platelets, as it has already been suggested b$Eiv pictures discussed
above. Here, the average platelet thickness is 119 nm (85 layers), which is morsviban

as thick as the platelets from cooling baths.

Table 4: Platelet thickness as determined via AFM for 500 ppm solatidrisamide 1 ir-DCB cooled with an
ice bath, an ethanol/dry ice batht -60 °C and after dropping the solution into an ice bath.
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In all subsequent experiments, method Il (water/ice bath) was usedit is easy to
reproduce and to handle. Moreover, it gives similar results as@bBéC bath, which is more

difficult in terms of handling and reproducibility.

The concentration of bisamide 1 in the hot solution is also knowninfluence the
dimensions of self-assembled nano-platelets from preliminary experiments. Hneravo
adversary effects expected to cause this influence: On the one hand, caease in
concentration shifts self-assembly to higher temperatures. There, thengpadite is higher
(see Figure32) and therefore smaller platelets are expected to be formed due to a resulting
increase of nucleation density, as discussed above. This effect has alreadyub&sheal for
another self-assembly syste?h.On the other hand, an increase in concentration means
more bisamide per volume, i.e. more material per nucleus, if the nucledeoisity remains
unchanged. This should result in larger platelets. To elucidaeeffect of concentration,
samples comprising 1000, 500 and 50 ppm of bisamideatD&B were prepared. Cooling
was done by shaking of the vial containing the 120 °C hot solution icedmath. Figur&6
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shows SEM micrographs of nano-platelets resulting from these experiments. Apparently
self-assembly from all three investigated solutions results in thin gegteFrom the 50 ppm
solution, regularly shaped rhombi are formed, whereas the 500 ppm solyiglds a less
defined platelet shape. At 1000 ppm, a mixture of small regular shalagdlgts and bigger

and less regular ones is found. The platelet size decreases with the concentratidhe yet
samples with 500 and 1000 ppm of bisamide 1 feature a broad platetdistribution. The
increase of platelet size with raised concentration indicates that as@d nucleation
density due to higher supersaturation caused by a shift of self-assersbiperature
towards higher temperatures, as discussed above, does not play a dominant roles in th
process. However, the presence of more bisamide per nucleus (assuming roughly constant
nucleation density) due to increased concentration, explains the rfqhdiery well: Every
nucleus or growing crystal will grow, until so much of the surrounding sdii&mide is
consumed, that the supersaturation is gone. The more solved bisamide is presetardgar

the object can grow until reaching that point. Since this deliberatiatiches the results, this

effect is concluded to be the dominant one.

In conclusion, lowering the bisamide concentration decreases object size, giththis
effect is much smaller than e.g. the influence of the previously discussekhg rate. As
higher concentration on the other hand means, that more material lmamprocessed in the
same volume, dimensional control via cooling rate appears to be the preferable g@am

for size adjustment in the production of bisamide nano-platelets.
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Figure 36: Structures formed by self-assembly of compound 1 upon coolingobfsblutions with differen
concentrations ir-DCB. Vials containing the hot solutions were cooled in an ice $athtion concentratior
were 1000 ppm (1), 500 ppm (2) and 50 ppm (3). SEM images at low (A) anddgjgifications (B) are giv
respectively.

The systematic study presented in the first part of this section solébsren self-assembly
upon cooling. Nevertheless, there are other methods like self-assembly uporvatwicthe
solventor addition of non-solvent to the solution. The latter can be realizethjgction of
the hot solution into a non-solvent at ambient temperature. By this procedwbject
morphologies different from the ones formed upon cooling can be gainedt &ms

successfully been demonstrated by Hetal.*°
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For such experiments, non-solvents for bisamide 1 had to be found. Hexeyucial that no
residual solubility exists at ambient temperature, because even a very low solulolitg w
result in dissolution of a great share of 1 in the big non-solvent velused. Solubility tests
revealed that water as a polar medium aneheptane as a non-polar mediumeet this
criterion. Subsequently, a solvent, which solves a sufficient amourisaifriide 1 at elevated
temperature and, at the same time, dissolves well in both non-solvents had to beteskle
In this case, ethanol was found well suited for that purpose. Forass#mbly, a saturated
solution of 1 in ethanol was prepared at 75 °C by removal of non-dissolveldfisoh the
liquid with a preheated syringe filter. 1QQ of this hot solution was injected into 10 mL of
the respective non-solvent (water orheptane) under vigorous stirring. Then, the liquid was
further stirred for 10 min, before a sample for SEM preparation was taken. FRjure

presents SEM micrographs synthesized by injection into watendreptane.

Injection of a hot saturated solution of bisamide 1 in ethanol inetexr yielded elongated
platelets featuring very smooth surfaces. Apparently, they possess high thicknesdamd a
aspect ratio. Platelets self-assembled by use-bEptane as non-solvent by contrast are less
elongated. Obviously, injection into non-solvents yields a differestiefdt shape, featuring

a much lower aspect ratio, compared to the one from the cooling experiments.

Figure37: SEM images of supramolecular structures formed by injection of a hot saturated solutigaaofid
1 in ethanol into A: water or Br-heptane.

The generation of platelets with high aspect ratio is one major aim of thapteh With
respect to this, self-assembly upon cooling clearly outperformed the tesgdpdoachof self-
assembly upon addition of non-solvent. Hence, self-assembly upon cool@glissively
applied in the following sections.
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3.5.2. Self-assembly of fluorine-containing benzene bisamides

To get a first impression of the object morphology, all six fluorine conripisamides were
recrystallized from suitable solvents after synthesis and the formed sddi@ structures
were investigatedoy SEM. Figur&8 shows SEM micrographs of these structures. All six
bisamides assemble into flat structures, as it had been predicted from ttrgstal
structures, as discussed above. 4A, 3B and 4B form particularly thin platétbts/ery

smooth and defined edges.

Figure38: SEM micrographs of structures formed by the fluorine containing ba=e8A (A), 4A (B), 3B (C)
(D), 3C (E), 4C (F) by recrystallization from meth@abl), ethyl acetate (E) or DMF (F) during synthesis.
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All in all, the objects formed by this poorly controlled process feanude large lateral

dimensions of 20 or more micrometers. Also, these objects appear to be quike thic

Therefore, a method with better parameter control is needed to reduleggtet dimensions
significantly.In chapter 3.5.1., such a method has been developed for a similar bisamide.
There, self-assembly upon cooling with the aid of an ice bath wasdféo be a suitable
method for the preparation of thin 2D-object€onsequently, each fluorinated bisamide
alongside with the non-fluorinated reference bisamide 2 was dissolveeD@B at 120 °C in
a glass vial with screw cap to obtain a clear solution with a bisamideentmation of
500 ppm. Subsequently, each filled vial was shaken in an ice bath for ongento cool the
solution and to induce self-assembly, which turned the liquidhévials turbid. After that,
the vials were allowed to rest in the ice bath for additional 15 omder stirring, before
samples were prepared by dropcasting onto silicon wafer pieces. Fgfushows SEM
micrographs of the objects obtained from the reference bisamide 2 and the asyncaletri
bisamides of series 3 by this procedure. The non-fluorinated refereiseenide 2 forms big
platelets with lateral dimensions up to several micrometers wide. 3A forms mucHesmal
objects, which measure around 1 pum across. Platelets of both compounds enetébively
smooth and regular edges. For some platelet8&fan underlying hexagonal shape can be
observed. Increasing the fluorocarbon chain length renders the obtained stascamaller,
as can be seen from Figu8® B to D. Moreover, both compounds with larger fluorinated
substituents, 3B and 3C, exhibit rough platelet edges with no noticeatterlying regular

shape.
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Figure 39: SEM micrographs of structures formed by self-assembly upon coolintpeolasymmetricall
substitutedbisamides 3A (B), 3B (C) and 3C (D). For comparison, the referenceuoon@is also shown (£
Samples were prepared by rapidly cooling a 120 °C hot solution of 500 ppmrektiective bisamide io-DCI
by means of an ice bath.

Figure40 compares SEM images of the three symmetric fluorinated bisamides of series 4
(prepared the same way as described above) to one intddbe reference bisamide 2. All
three bisamides of series 4 form elongated platelets upon self-assembly, comgrastthe
asymmetric bisamides. The platelets of bisamidest @4eature lengths up to more than ten
micrometers, while their diameters measure 2 um maximum. Formation of such el@hgate
structures already has been proposed based on their crystal structurisssupposed, that
the long lateral dimension is parallel to the strong hydrogen bond$enstructure, while

the shorter lateral dimension is cross to it. In the latter directionyamelatively weak van
der Waal forces are present. Thereby, the different growth speeds are attribiatdtie
higher amount of crystallization enthalpy released upon growth aldweghydrogen bonds.
The platelets formed by series 4 still appear to be thin, yet muclkehithan the ones

formed by the asymmetric bisamides.
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Figure 40. SEM micrographs of structures formed by self-assembly upon coolfinthe symmetricall
substitutedbisamides 2 (A), 4A (B), 4B (C) and&)C Samples were prepared by rapidly cooling a 120 °
solution of 500 ppm of the respective bisamideoHdCB by means of an ice bath.

To obtain precise information about the thickness of platelets formed limseé seven
bisamides, platelets self-assembled frarDCB solutions upon cooling in an ice bath were
measured via AFM. Figurél illustrates such a measurement at the example of the
asymmetric bisamide 3C. On the left side, a hight image of platelets of 3C is shown. Most
platelets are agglomerated to form one big structure. For thickness measuremernys, on
isolated single platelets around the agglomerates are used to avoid acaldeatsurement

of several stacked platelets together. All aggregated platelets are ignored, assumimng bot
isolated and aggregated platelets, to feature equal average thickness. For &deletp
taken into account, a cross-section along the scanning direction of thewsisMinalyzed. In
the example shown in Figure, three of these cross-sections are marked with colored lines.
On the right, the height profile along each of these three is displayeel.platelet heights

determined from the profiles are illustrated with arrows.
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Figure41: Measurement of platelet thickness at the example of compound édf2assembled ir-DCB upao
cooling with an ice bath. On the left an AFM image with three cross-seatiamked with colored lines
shown. The corresponding height profiles are displayed orrititet. Arrows illustrate the measured plate
heights.
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values per sample. Table 5 lists average thicknd3desthe respective samples of bisamide

2 and of all six fluorinated bisamides.

The average platelet thickness of all seven bisamides is in the nanometg. rah three
asymmetric bisamides 3A to 3C feature much thinner platelets than their symme#iogs.
Remarkably, the platelet thickness in series 3 decreases with the flrdr@e chain length
from around 50 nm for £& to around 30 nm for £&5. The symmetric fluorinated bisamides
4A t Cyield thick platelets, even when compared to the symmetric bisamide 2,rxganio
tert-butyl substituents. Nevertheless, the reduction of platelet thicknesth increased
chain length is also found here: WithhFZ substituents an average thickness of around
710nm is achieved, whilesg; reduces this value to around 250 nm andrh€finally yields
platelets as thin as 130 nm. This effect of the chain length may beaiezgl by the
increasing mobility of the fluorocarbon chain: The longer the chain becdmedsss defined

and softer will the platelet surface become. This lack of defined structarespposed to
hamper epitaxial growth of additional layers on this surface. A second possible exptanatio
for this phenomenon is based on energetic considerations: The motion of schain
associated with increased entropy and is therefore energetically favorableedétbhains

are covered by another layer, they will lose degrees of freedom, since some prgviousl
available space is now covered by the new chains (see Fxguiar the packing pattern),

which fix each chain in a certain position in the crystal. Disis in entropy reduces the total
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energy released by assembly of additional molecules on the top surface of an gexistin
platelet and hence slows down thickness growth of the platelets. From ttee afaseries 3
and 4, this effect of decreased platelet thickness with longer fluorocartdtains can be

expected to continue with further elongation of fluorocarbon chains.

Table 5: Platelet thickned3 as determined via AFM for all seven benzene bisamides. Samgtespvepared
by self-assembly from 500 ppm solutionsofdCB upon cooling with an ice bath.

Compound D st.dev. Number of
[nm] [nm] measurements
2 142 52 21
3A 53 21 21
3B 36 15 18
3C 32 22 12
4A 713 339 15
4B 253 148 18
4C 130 95 17

3.5.3. Determination of the height of bisamide single layers

Up to now, only the total height of bisamide platelets has been investitgatet, the crystal
structures suggest, that the platelets consist of much thinner layers. Meamnts of these
layers help to connect crystal structure and platelet shameddtermine this layer thickness

d of 2D-nanoobjects, AFM can also be employed. This is necessary, as the vdl(¥&Dj
indicate that the orientation of the layers is along the planes predidtedh the crystal
structures, which has not been proven yet. In other words, the assumedvelatientation

of unit cells and platelets has not been confirmed yet. To obtaindthalues via AFM, the
surface of a platelet is scanned. In some regions of the 2D-nanoobjects terraces are
observed. They form, when layers do not cover the entire platelet surfacae {he schemes

in Figurel9). The height difference between two neighboring terraces eqddl&FM)

Figure42 shows the measurement of such terraces at the example of a platelet of idisam
3C. In the height image depicted on the right side, several terraces can be dstedurhe
terrace heights are in the range of one to two nanometers, a range in whichdise of

AFM measurements becomes relevant. To dighi the effect of this noise, many parallel
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horizontal lines are considered and for every point along these linesavkeage height is
calculated from all lines. In the example shown in Figi&all lines contained in the white
box on the right image are considered in this method. A disadvantage ah#tlsod is the
smoothing of steps. This happens, if the steps are not perpendiculdretdines, which is
observed in the average height profile on the left side of Figiieln this height profile,
three layers can be distinguished, although the level between the two lower |l&yeesy
short. In the example of the upper layer, which is very distinct, lines alomdetrels and

their distance, from which the layer thickness is read out, are marked
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Figure42: Determination of layer thickness via AFM at the example of comp&@é: AFM height image ¢
the surface of a platelet formed by cooling of a solutioiBCB with an ice bath. The white frame marks
measured area. B: Mean heights for each point along the frame (x). ifigeach shows four different leve
yet the third level (red arrow) is very short and undefined. Tfaee only the thickness of the top layel
provided.

The layer thicknesd (AFM)for each benzene bisamide was determined as shown at the
example of Figure42. The results are listed in Table 6. For some bisamides, exact
measurements were extremely difficult and ambiguous. Therefore, in thesescthe range

of measured values fal (AFM)is given in these cases. For both fluorine-free bisamides,
(AFM)andd (XRDare equal. With respect to the fluorine-containing bisamides from s&ries
and 4, values ofl (AFM)appear to be somewhat smaller than the onesdo{XRD) This
phenomenon, which is more pronounced when longer or more fluorocarbon claims

involved, is not fully understood to date.

Combining the platelet thickne€3 with the average layer thicknesisdetermined in section
3.4, the number of layers per platelet can be calculatedDéd. Thereto,d (XRD)s used
where availableasit is thought to be more precise and reliable thdAFM) Moreover, the
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platelets feature more internal layer surfaces than exposed ones, which are Ipetibed

by XRD as discussed above. The resulting numbers for all seven bisamides are also given i
Table 6 Ashere the effects of thicker layers and thinner platelets come ir&y pogether,
increasing fluorocarbon chain length exerts a strong effect on the nunobdayers per
platelet: For the asymmetric bisamides, a reduction from 34 layers wga tG only 15
layers with @Fs is found. For 3A, these 15 layers equal a reduction of layer number about
more than 85% compared to its analogue 2, which featurestaxobutyl substituents. For

the symmetric bisamides in series 4, even a reduction from 446 to 76 layers is exbserv
between the molecules with shortest and longest fluorocarbon chawnpared to their
asymmetric analogues of series 3, these bisamides feature an at least fivefoldsmadre
layer numbers. This is explained by the poor interaction of fluorocarbon €laaid the non-
fluorinated solvento-DCB used for self-assembdg this poor interaction yields an interface
with high energy, which fosters thickness growth of the platelets. Nbedrss, when
discussing the layer number of 4C, one should keep in mind, thatvdiue is based od
(AFM)due to the lack of a value far (XRD)This limits its comparability to layer number

values of other bisamides, which are all basedldXRD)

Summarizing, it was shown that the concept of asymmetrical substitution dduced
platelet thicknesD works well, although the assembly pattern was different from the one
initially expected. Moreover, an elongation of fluorocarbon chains further decre@ses

effectively.

Table 6: Comparison of averages of layer thickribss determined via AFM] values taken from crystal
structures with platelet thicknesB measured by AFM. In addition, average numbers of layers aea,githich
are calculated ab/d. For this calculatiord (XRDJ)s used, except fotC whered (XRD)s not available.

d (AFM) d (XRD) D number of
Compound

[nm] [nm] [nm] layers
2 1.2 1.23 142 115
3A 15-1.8 1.54 53 34
3B 1.6 1.86 36 19
3C 1.9 2.07 32 15
4A 1.3 1.60 713 446
4B 2.0 2.11 253 120
4C 1.7t21 130 61-77
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3.6. Wetting behavior of 2D-structures formed by benzene bisansdeith water

In the previous section, benzene bisamides featuring fluorocarbon substituesme
successfully been shown to assemble ifdfe0 § 0 S¢X dZ %0 S 0 S[* H%o% (E VvV 0]}
consist of fluorocarbon or mixtures of fluorocarbon and hydrocarborssuents, based on

the respective benzene bisamide applied. Consequently, the fluorophidiacter of the
surfaces can easily be tuned. Thus, a short section on surface propertiekigedhan the
following. As representative model compounds for this the bisamides 3AAndeaturing

one and two fluorocarbon substituents, were chosen and their wgttiehavior, by means

of contact angle measurements with water was investigated. A common methaasily
determine the contact angle is the sessile drop method using water asiqesd.| For the
sessile drop method, water drops are carefully cast onto the tested surfacrigh a
syringe. These drops are recorded via a camera system and contact angles ofogaahed
measured, as exemplarily depicted in FigdBe To get reliable results about a compoupd
surface, it is crucial to generate a layer with as less defects as possibledsurement.To
achieve this, a straightforward sample preparation was chosen: Both compounds were
found to be suitable for physical vapor deposition in high vacuuror Ryithe evaporation

step, glass platelets were silanized to offer a more hydrophobic substrdteh fits the
surface of the fluorophilic bisamides. The respective benzene bisamide was vaositdd

on the surface in high vacuum resulting in a thin homogeneous filth®mylass substrate

Via crazing incidence X-ray experiments it was proven by Kasper van der Zwan (Inorganic
Chemistry 1l of the University of Bayrepthat the crystal surface forming the top of the
bisamide film correlates with the crystal structure ofe u] s{ibstituents. This finding
demonstrates that the film was deposited on the substret@ manner comparable to a flat

platelet.

The measured contact angles are presented in Table 7. The asymmetrically substituted
bisamide 3A features a contact angle of approx. 105°, whereas the symmetricatijigad
bisamide 4A yields a contact angle of approx. 118° with water. This tendemqylasned by

the molecular design of 3A featuring a mixed fluorocarbon/hydrocarbon surfadgein
crystal, while the surface of layers of 4A consists only of fluorocarbons. Mwostrkably,

these values are in the range of the 112 to 114° reported for static contapésuof water

on smooth PTFE surfacls.Taking into account the high fluorocarbon character of PTFE,

the contact angles of both benzene bisamides appear quite high. Possibdéatipns for
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such high values are textured or rough surfaces, as they are well-knoder the term
"o}SU( Sn Kelcase of bisamides, this roughness can either origin in the texture of the
platelets surfaces on the nano-scale (see space-filling models in Rigarel Figure26) or,

in thickness variations within the bisamide film.

Figure43: Water drops on thin vapor deposited films of 3A (left) and 4A (righ®. TKEI } i § § Z

top is the tip of the syringe applied for casting each drop. Bluesllees were adjusted manually. T
measured contact angles are given in green.

Table 7: Contact angles with standard deviations for different susfaben-treated and silanized glass are
included as references.

"UCE ( }vs S vVvPo
i i[1d0X0 F iXdf
d ii6X1 F iX6£F
PO oo iOX6 F I1X#
]Jo v]l Po e 8iX6 F AXIE

Thus, the principal applicability of benzene bisamides substitutgtth fluorocarbon
substituents for a highly hydrophobic modification of surfaces was sucdlgssfu
demonstrated in this section. The comparison of compounds 3A and 4A showed tha
resulting contact angles can be tuned by molecular design of the bisamkebr possible
further applications, the supramolecular nature of the bisamide filiwf igarticular interest

This is due to the fact, that it in principle allows dissolutionl aecycling of the bisamides

applying suitable solvents.
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3.7. Conclusions

The major subject of this chapter deals with the self-assembly dbdn4ene- and 1,4-cyclo-
hexanebisamides into 2D-nanoobjects and the identification of a faoikke to produce

nano-platelets with low thickness.

The molecular design of the supramolecular building blocks comprises 1,4-bisamides wit
different fluorocarbon ortert-butyl substituents yielding compounds with a symmetrical or
asymmetrical substitution pattern. Within each substitution pattethe length of the
fluorocarbons was varied fromsE over GF; to GFys yielding six compounds in totah
symmetric 1,4-bisamide withtert-butyl groups was used as reference. Most of the
compounds were obtained in good yield and their molecular structure veaslglidentified

by common characterization methods. Thermal characterization proved the thetatzlity

of all compounds to be sufficient for all subsequent self-assesmtggriments.

An important aspect was the structural elucidation by single crystal or powdeay
diffraction, revealing the H bonding pattern, which may also reflect thapshof nano-
objects on the mesoscale. Crystal structures were solved as part of a cooperatect [ato

the department of Inorganic Chemistry Il for the compounds. Remarkably, itonad that

the presence ofert-butyl groups exerts decisive influence on the crystal packing pattern. All
bisamides featuringtert-butyl substituents form layers with rows consisting of tilted
molecules, whereby the tilt direction alternates between the rows. In thetegctures, each
molecule is connected to four neighboring ones via H-bonds. On the contrargcules
lacking tert-butyl groups assemble into layers with all molecules parallel. Here, each
molecule forms H-bonds to only two of its neighbors. For all crystal strustltgions, the

layer thicknesses extracted from them could successfully be proven by AFMreteasis.

Based on these findings, 1,4-cyclohexanebisamide teithbutyl substituentsl was used as
a model compound to evaluate different self-assembly processes and to turasselnbly
conditions to obtain thinner nano-platelets. 1 is known to featurerailar crystallographic
structure and to assemble into platelets with a layer thicknefsl.2nm. A bottom-up
approach based on the self-assembly from hot solutions was ultimately selectedcEs®
due to its good reproducibility of the formed platelets and the controlhaf parameters. A
parameter mapping for this process was conducted to gain deeper insightthet self-
assembly process and to prepare platelets as thin as possible. This inthedsdlvent,
cooling rate and concentration in the solution. It was found thatghhesidual solubility of
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the bisamide in the respective solvent at ambient temperature is unfavorasd, led to
unwanted self-assembly upon drying of the samples for further analysisisingly, the
self-assembly process witttDCB as solvent resulted in platelets with a very regular shape
and low thickness. Moreover, the cooling rate, which was tested between 20 an
8000K/min, also showed a huge impact on self-assembly. A moderate increase of cooling
rates up to 330 K/min yields smaller and thinner platelets, as expected. Surgrigrigeme
cooling cates of several thousands of K/min led to thick plateleth witpoorly defined
appearance. Under the selected conditions, cooling with an ice bath yieldsabling rate
around 140 K/min and supramolecular nano-platelets with an averhpkriess of 48 nm.
Thus, it was selected as a facile method for further experiments. The infuehc¢he
concentration was investigated in the range from 50 to 1000 ppm. It wasdf that lower
concentrations yield smaller platelets, which is attributed to ahbrgratio of nucleation

density during cooling and material available for object growth.

Using the identified straightforward method to nano-platelets, thelfings were transferred

to investigate the seven symmetric and asymmetric 1,4-benzene bisamides. All of them wer
successfully assembled into platelets upon cooling from hot solutioo<b@B. It was found

that the asymmetric bisamides yielded the thinnest platelets. This isated to weaker
interactions between their mixed fluorocarbon/hydrocarbon surfaces, whiehkisy point of

the initial concept for the design of the investigated bisamides. Algbirweach series,
fluorocarbon substituents with increasing length decrease the plateletktiess. For
example, 3C, featuring afs group and dert-butyl group, assembles into platelets with an
average thickness of 32 nm, which equals as few as 15 layers. Its symmetrical analogues
bearing two GFys or tert-butyl substituents form thicker platelets with 130 nm (around 62 t

77 layers) or 142 nm (115 layers) on the average. These results demonstrate the sliccessf
application of the concept of asymmetric substitution of bisamides faluced platelet

thickness.

In view of potential applications, contact angles of selected vapor deposifatmetrical
(4A) or asymmetrical (3A) bisamides withFCsubstituents were performed. Crazing
incidence X-ray experiments revealed that the fluorophilic side groups tteenrmterface to
air. Both compounds showed superhydrophobic behavior with contact an§l&856 for 3A
and 118° for4A which varied depending on the substitution pattern of the agublbis-

amide, rendering these compounds suitable as highly hydrophobic supgaaiat coatings.
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4. Length control of supramolecular 1D-objects via ultrasound

4.1. Dimensional control of submicron- and nano-sized objects

Benzene trisamide derivatives (BTAs) have attracted great research interest in yeaent
This is mainly due to their well-known capability to form supramoleculamzoar stacks,
which build up further submicron fibers and nanofib&t8"®®%® By controlling the
conditions for self-assembly, We# al. were able to influence the average diameter of such
supramolecular fibers, yet all formed fibers were extremely IGhdength control of

supramolecular BTA fibers has not been achieved yet.

In general, for self-assembled fibers, two general ways of controlling the lergtknown
1) The desired fiber length is already achieved within the self-assemblybgtearefully
selecting the conditions like e.g. cooling rate or concentration (bottqgmapproach). 2) Self-
assembled fibersnay cut to the desired length in a subsequent step (top-down apprpach
In literature, various bottomup methods for length control of supramolecular assemblies
are present®”, while top-down methods are rare: For example, the length of supramolecular
1D-assemblies can be varied to some extent by control of the buildogklzoncentration in
the solution. Alternatively, fiber length can be regulated by end-acagppie. the addition of
a second species of building blocks, which feature just one bindingrsitehus terminate
the assembled structure when joinitige assembly?*'%° Another way of length control are
vernier assemblies: Two molecules, featuring different numbmrar{dn) of complementary
supramolecular binding sites, are combined. In the examples published by Hamter
Tomas and Kellgt al, m andn were equal to 3 and 2. If two of these molecules combine,
one binding site remains unsaturated; this leads to addition ohtnrbuilding blocks. At an
assembly length ofm*n, the numbers of binding sites are counterbalanced and the
e U 0C[* P Efiimte*'"" This approach allows synthesis of monodisperse
assemblies, but suffers from low assembly stability, since the weakest supranaoléokll
determines the stability of the whole assemBf/.Another way towards monodisperse 1D-
assemblies was presented by Beillal: They assembled peptide amphiphile building blocks
around a dumbbell-shaped template made of oligo(phenylene ethynylene). The atmpl
((] 1] vSoC o]u]s S$Z e u 0C[* o vPWa@ks dtZhe tohaccA nPsaic
virus in nature, where coat proteins assemble around a single viral RNAl $tfaBeveral

groups have also presentedsaeded growthapproach for length control of 1D-nanoobjects
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at the example of block copolymer micelles. This approach is based on tloé wsey short
micelles, produced via a top-down approach by sonication of larger ones, as seeds. When
these seeds are added to an oversaturated building block solution, the niatlcdissolved
building blocks crystallize onto the seeds in a bottom-up ste@ Boim monodisperse
objects. Furthermore, thiso-called living supramolecular polymerization can form block co-

assemblies, when different materials are used for seeds and dissolvechguildicks™> '

With respect to top-down approaches, ultrasound is a tool frequently uselroad variety
of 1D-structures featuring diameters in the range of nano- or micrometeas been

ggd118117 gjlver

shortened by ultrasound, such as e-spun polymer fiJ&rsarbon nanotub
nanowires***®  SiG-nanowires'®, molecular bottlebrushé® protein fibrils'’, block

copolymer micelle®**? and cellulose nanofibrit§.

Cutting by ultrasound is due to mechanical drag forces caused by implodintges, as
Roozeet al. showed at the example of a coordination polym&.To elucidate the
fragmentation mechanism, Zeiger and Suslick investigated the sonofragmentatametyi-
salicylic acid crystals. By variation of the sonication setup, they excludeadkibg of the
crystals by collisions with the setup. They also tested different crystss loadings and
found no correlation between sonofragmentation and mass loading. Thisatedidhat
particle-particle collisions play no major role in sonofragmentationgcesithen a linear
dependency of mass loading and fragmentation speed would have been observed. Having
excluded all these factors, they consequently concluded, that direetdation of crystals
with imploding cavities is the dominant mechanism behind sonofragmentafion.
Investigating the ultrasonic cutting of carbon nanotubes, Luetsl. found a linear
correlation between average fiber fragment length and delivered ultrasosmergy,
regardless the power amplitude, at which sonication was done. This meanghthabtal
energy determines the cutting process. This finding further supportshteery of cutting by
collapsing cavities, since ultrasonic energy correlates with the numbsawvities, at least, if
the acoustic pressure exceeds the cavitation threstdiddennrichet al. established a
model for the cavitation-induced scission of 1D-nanoobjects atetk@mple of carbon nano-
tubes (CNTs): Assuming a radial orientation of the 1D-nanoobjects towardsolia@sing
bubble, they found the strain field caused by the solvent displacement iyuile collapse

to exert a force-on the object. F can be expressed as a functioB@df } i S[e o théSZ

«}oA v&[+ A]anpeths 6train rate Xdt, as expressed in equation's.
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This dependency on the object lengthalso explains the decrease of cutting speed with
shorter objects and the existence of a terminal object length, whichpsogghed after long
sonication times, both observed by different researchéf$>11812% The shorter the objects
become, the lower is the drag fordeé If F becomes smaller than the force needed for
rupture, the object cannot be shortened any further, which meanst tha terminal object

length is reached®®

This in turn means that from a given terminal length the minimum foeeded for rupture

v o po 8 X /(8Z (] E&[* ] u 8 & ]vH ke WDHAnodbject] o
can be derived from this force. Following this approach, Hweral. were able to measur
values for tensile strengths of carbon nanotubes, silver nanowires and prdbeils, fwhich
were in agreement with literature valuéd’ Later, Saitcet al. successfully adopted this
method for tensile strength measurements of cellulose nanofibfilsBy simulation of
nanofibers in proximity to collapsing cavities, Pagsral. found the theory described above
to hold only for short fibers. For longer fibers, a tangential orientatemards the collapsing
cavity is more likely than the radial one, on which the model discuabede is based. This
tangential fiber orientation results in cutting via bucklirichis makes the cutting speed scale
with the fourth power of the lengthl?, as Figuret4 schematically shows at the example of
carbon nanotubes (CNTSs). For shorter fibers, the cutting speed scalels véththese orient

radially and are ruptured®
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Short CNTSs rotate Long CNTs remair
CNTs radially and stretch \1 tangential and buckl
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Figured4: Schematic representationf the orientation of carbon nanotubes (CNTSs) relative to a growing
collapsing cavity (light blue) and the influence on their failurecinamism. CNTs (black) are oriented by
incompressible liquid layer (dark blue) surrounding the caldfyon bubble collapse, short fibers are stretct
resulting in the scission rate to scale with Longer fibers remain tangential and buckle, resulting ir
scission rate to scale with'. Adapted with permission from ref.(Pagani et al. 2632)© (2012) Natione
Academy of Sciences of the United States of America

Sawawiet al. investigated the behavior of electro spun polymer fibers made of poly(styrene)
(PS), poly(methyl methacrylate) (PMMA), poly(acryl nitrile) (PAN) and poly (L-lactide acid)
(PLLA) when treated with ultrasound. They found that the fibers madéhefbrittle
polymers PS and PMMA were easily cut, while the ones made of the moré& chaliimers

PAN and PLLA remained intact. Only after rendering the latter oneke tmjtan U\-ozone
treatment, they were cut by ultrasound. This shows that ultrasonic filbéing is sensitive

to $Z (] nm@&eiial properties. Moreover, in the investigated temperature range from 30

to 90 °C, the temperature did not have any impact on the sonication of &S.fibespite the

high local temperatures generated in sonicated liquids, no melting of any polylnees ivas

observed in this study**

So far, most of the worksn ultrasonic comminution of dispersed solids used water as
dispersion medium, and typically surfactants had to be added to gain stakgersiisns
Despite that, in principle, variation of sonication media is an intergsfield of research,
since solvent parameters like viscosity, surface tension and vapor pressure awe ko
affect sonication result¥ For example, Chergg al. investigated the dispersion of CNTs in
twelve different organic solvents. They found a strong correlation betwesgor pressure
and viscosity of the media and the dispersing efficiency of ultrasoaonthese media:
Dispersion of CNTs was worsened by higher vapor pressures, which was attributed
cushioning effect®y solvent vapor filling cavities prior to their collapse. Contrary, increasing

viscosity enhanced dispersion of CNTs. This was explained by the highemtahenergy
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being released by cavity collapse in more viscous media. This also matchesdiets
described above, where the drag force F is proportional to the solvent vigcosit ~ ¢

equation 3)'?°

The aim of this work was to systematically and comprehensively investigigtasonic
cutting of supramolecular fibers, which has to the best of my knowledgebeen done
hitherto. As a material forming supramolecular fibers via self-assembly, benzene tesamid
(BTAs) were used. Fibers of these compoumndy feature the abilityto splice into thinner
nanofibers, because they are composed of smaller columnar stacks, as discugked in
introduction (chapter 1.3)The possibility of ultrasound induced splicing, which has not been
reported yet, is to be investigated in this chapter, alongside with rgtinto shorter fibers.

As mentioned above, in most reports of ultrasonic comminution of submiciod- nano-
sized objects water was used as dispersion medium, while knowledge oniorgadia is
rare. Therefore,this study focuses on organic dispersion media and their applicalmlity

ultrasonic treatment of BTAs is tested

The results in this chapter are divided into three sections: The firstosedeals with the
production of defined supramolecular fibers madé BTA 5 as raw material for later
sonication experiments. Thereby, upscaling of the self-assembly process apjtigzbrtant
to obtain sufficient amounts of fibers for several series of ultrasonicatioerxgnts. In the
second section, the produced supramolecular BTA fibers are dispersederemtifmedia
and treated with ultrasound. Based on the results obtained, BTA&nibined with several
suitable media to obtain model systems for more detailed sonication studieaddition,
sonication parameters suited for subsequent experiments are identifi@dhlly, in the third
section, the sonication of the selected BTA is investigated more in .deteihis purpose,
sonication conditions, i.e. sonication time, dispersion medium, codigify temperature
and concentration of supramolecular fibers in the slurry, are varied systematiddey effect
of these variations on the dimensions of the particles obtained aftarcstion is evaluated
to establish correlations between sonication conditions and dismams of resulting
nanofibers. Understanding these correlations is crucial to enflilee production of BTA
nanofibers with controlled dimensions. Parts of the results irs tbhapter have been

published inviacromolecular Materials and Engineeritfg
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4.2. Materials and preparation of supramolecular fibers

4.2.1. Materials

Preliminary experiments showed that BTA 5 is well-suited for sonicatioariexgnts, as
distinct supramolecular fibers can be easily obtained as starting matenasonication
Moreover, being a commercially available material, which was received from BASFeSg, acc
to amounts sufficient for all experiments is granted. The molecularcgire of BTA 5 is

shown in Figurd5.

Figure45: Molecular structure of BTA 5.

4.2.2. Preparation of supramolecular fibers
Preparation of dispersions

Prior to sonication experiments, supramolecular fibers with defined dimensiverse

prepared. These fibers were processed via self-assembly of BTA 5 upon 0b@kig°C hot
solutions in the high-boiling hydrocarbons Marlotherm and paraffin. T the respective
amount of BTA was dispersed in Marlotherm or paraffin. Amounts of BTAdS5then
respective medium were chosen in a manner, so that a dispersion mass of Ib@tegase
of Marlotherm and 1300 g in the case of paraffin was reached. For examplg,dd.BTA 5

wasadded to 1499.7 g of Marlotherm to yield a dispersion comprising 260qfBTA 5

Dissolution- and self-assembly behavior

Each of the dispersions was heated to 250 °C under stirring witlechamical stirrer at
300rpm. To determine the self-assembly temperature of the BTA, the ligaglallowed to
cool under continued stirring. The temperature, when the solution didtintcirned turbid,
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was denoted as self-assembly temperature. Subsequently, the dispersion was once again
heated to 250 °C and the temperature, when the liquid turned clearexidbited no more
optically visible laser scattering, was denoted as dissolution temperateee Kgyure47A).
Concentration dependent solubility curves, as they are shown in F#fyrevere recorded

for different BTA contents. Using Marlotherm as medium, dissolution andasséfmbly
temperatures were obtained over a wide range of concentrations from 40 to 500 ppm.

40 ppm the BTA was dissolved upon heating around 120 °C, while self-asseotbpldce
slightly below 60 °C upon cooling. At 500 ppm, which is the higlkesicentration
investigated, the dissolution temperature was around 180 °C and the self-assembly
temperature was around 155 °C. By contrast, the solubility in paraffin i$ doweer, with

50 ppm of 5 dissolving only at 180 °C and self-assembly occurring already araonps
around 150 °C. Due to the low solubility in paraffin, 200 ppm was tjigebt concentration

of 5 investigated in paraffin. At this concentration, dissolution tptdce above 200 °C and
self-assembly was observed at 170 °C. Since this temperature is already close to 175 °C,
which in the following preparation step is the temperature floe application of the cooling

bath, no higher concentrations were applied. Higher concentrationeapected to feature
self-assembly temperatures above 175 °C, where a cooling bath was plamibedatpplied

during the preparation of supramolecular fibers (see below). As a start ohssdinbly
during application of the cooling bath would probably make tlhecess more complicated

and less reproducible, no higher concentrations were tested.

Due to the ice bath, cooling rates in the fiber preparation process expldiakxv are much
higher than the ones applied here. Hence, self-assembly is likely to occugtdtyslower

temperatures than the ones reported here during fiber preparation.
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Figure46: Concentration dependent dissolution and self-assembly tempeeatof BTA 5 in Marlotherm (le
and paraffin (right). The temperature, at which the respective disparsirned optically clear upon heatir
was denoted as dissolution temperature (black), while the temperature, &hwisible turbidity was observ
upon cooling, was denoted as self-assembly temperature (red).

Self-assemblinto supramolecular fibers

Finally, to prepare supramolecular fibers, each dispersion was heated toC5@yure4 7A).
Then, the heating mantle was removeddathe solution was allowed to cool to 175 °C at
ambient temperature (Figurd7B). Above 178C no cooling bath was applied in order not
to risk rupture of the flask by temperature-induced stress withia gtass wall. Then, an ice
bath was applied to cool the solution more rapidly from 175 to 20 °C (Hgi@e During the

whole procedure, the liquid was continuously stirr&300 rpm.

Figure47: Preparation of supramolecular nanofibers from marlotherm: A: Heatimder stirring, until a cle
solution is reached. B: Subsequent cooling to 175 °C at ambient worsdiC: Further cooling with an ice b
from 175 to 20°C All three steps are done under continued stirring.
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Using a thermocouple, temperature profiles of the cooling process were meuitdfigure

48 exemplarily shows such temperature profiles for Marlotherm and paraffin. From 250 °C
to 175 °C, the solution was allowed to cool at ambient conditions, whidflected by the
relatively low cooling rate. At 175 °C, an ice bath was added to raiseagoates. As Figure

48 shows, high cooling rates were achieved in doing so. The average cooling raeeet
170 and 140 °C is 32 K/min for Marlotherm and 34 K/min for paraffin. Woatimef cooling,

the temperature difference to the ice bath is decreased, which lowerdirmpaates to

22 K/min and 21 K/min between 125 and 120 °C. Between 105 and 100 °Csdjotions
feature a cooling rate of only 17 K/min. This cooling process is highlydwpbbe and
therefore well suited for homogeneous self-assembly of supramolecular Bai&, fés it has

already been showf’

Regionof
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self-assembly
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..................
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50
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Figure 48 Cooling curves o250°C hot solutions of BTA 5 in Marlotherm and paraffin during fibel
production process. Cooling from 250 to 175 °C is at ambient conditidrig from 175 to 20 °C an ice bat
applied for cooling. Both liquids are stirred during the whole coolinggss. The self-assembly regimes for
selected BTA concentrations of 40 to 500 ppm (Marlotherm) and 50 to 200 ppm (paraffin) aetdmark

At the end of the self-assembly process, when the ligad feached room temperature, the

fibers were filtered off using a filter paper, washed with hexaneéndnd dried.
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Morphology of supramolecular fibers

To prepare SEM samples of the fibers, SEM stubs were equipped witltactva tab and
carefully put onto the fiber mat, so that some of the supramolecular fibenewlued to the

§ [+ 8] IC Yoty these samples, the morphology of fibers formed by self-assembly
at different concentrations in both media was investigated. Correspmn&EM micrographs
are shown in Figurd9. To cover a broad concentration range, SEM images of one low and
one high concentration per medium are presented. Supramolecular fitvera all four
compositions show similar morphology. Supramolecular fibers from small concensaif

BTA in the solvent, i.e. 50 ppm in Marlotherm or paraffin, appear thinner and inene

than the ones from 400 ppm of BTA in Marlotherm or 150 ppm in paraffin.

Figure49: SEM images of nanofibers of BTA 5 self-assembled from olanimedia. Concentrations of BT/
paraffin shown are 50 ppm (A) and 150 ppm (B). Concentrations in Mamoteeown are 50 ppm (C) &
400 ppm (D).

To quantitatively evaluate these concentration dependent fiber diametersytiwere
measured for all prepared samples. Figls@ shows the mean fiber diameters with

corresponding standard deviations. All average fiber diameters are between 047 an
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0.60 um. Fibers assembled from solutions comprising less than 200 ppm of BTA tend
towards smaller diameters with decreasing BTA concentration. For fibers prepared in
Marlotherm, the lowest average diameter of 0.17 pum is reached at 50 ppm. Using pasffin
medium, only BTA concentrations up to 200 ppm were investigated, sin2@0gppm the
self-assembly temperature already raised to around 170 °C, which is too hititefapplied
self-assembly process, as discussed above. Significantly lower diameters thare for th
corresponding samples assembled in Marlotherm are reached at 100 and 200 p{dmA of B
paraffin. For example, at 200 ppm average diameters are 0.30 um in paraffin and 0.49 um in
Marlotherm. All compositions feature broad fiber diameter distributionkjch is attributed

to temperature inhomogeneities. They may be present due to the huge solwiduime
during the self-assembly process of the supramolecular fibers despite stirriitghassbeen
shown above, assembly of fibers occurs at lower temperatures, when the fiber
concentration is decreased. At the same time, the cooling rate is decreaseowat |
temperatures (see Figuré8), which means, that fibers are assembled with lower cooling
rates, when the BTA concentration is decreased. It has been shown in litethatréower
cooling rates result in thicker fibef8.It is a most interesting finding, that this effect here is

overbalanced by the influence of lower concentration, which causesdn fibers.

0.8

o
[e)]
1

diameter [um]
o
N

o] |

0.0

0 160 ' 260 ' 360 ' 4(|)0 ' 5c|)o

BTA concentration [ppm]
Figure 50: Concentration dependent diameters of fibers of BTA 5 assembtad Marlotherm (black) ¢
paraffin (red). Averages and standard deviations (error bars) are based least 150 measured fibers ez
Symbols at 100 ppm and red symbols are slightly shifted for the sake of clarity.
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Summarizing, it was found, that self-assembly of BTA 5 from the non-po&tia
Marlotherm and paraffin is possible. The developed procedure allows primtuot large

guantities of fibers (up to 0.75 g) in one batch. Depending @BRA concentration used,

average fiber diameters between 0.17 und 0.6 um were realized.

Toalso determine the fiber length for BTA 5, the dried supramolecular fibers dispersed

in anisole and a drop of the dispersion was dried on a Si-wafer pieteing some spatially
separated fibers, whose length could be measured via SEM. This procedure wasagekemp
conducted for supramolecular fibers self-assembled from a 400 ppm solution inthtarh.
Corresponding SEM images are shown in Figlrealongside with length and diameter
histograms. The average fiber length was found to be around 150 um, whilavérage

fiber diameter is 0.6 um, as discussed above. Hence, an aspect ratio around 25@lis fou
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Figure51: Supramolecular fibers of BTA 5, assembled upon cooling of a 40Cspfution in Marlothernr

Histograms are based on at least 150 measured fibers gsdbpted with permission from ref. (Steinlein e
2019)%". © (2019) John Wiley and Sons
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4.3. Setup for ultrasonic treatment and selection of media

4.3.1. Setup for ultrasonic treatment

Ultrasonication was done using a Branson 450 sonifier with a tappedhstep (101-147-

037; Branson) at 20 kHz. The ultrasonic horn (tip diameter: 12.7 mm) was immersed to
depth of 2.4 cm in 25 mL of the respective supramolecular fiber dispecsiotained in a

40 mL welded glass. To make sure that the rate, at which ultrasonic ersedgyivered into

the dispersion, is the same for all experiments, this immersion depth wasaised in all

*}v] S]}v A% E]Ju vSeX d} }vSE}o SZ ¢ Su%[* S U% E SuE
dispersion was cooled by a surrounding ethanol/dry ice bath. Cooling batperature and
dispersion temperature were monitored by thermocouples (type K). To adjestdoling

bath temperature, dry ice ws added until the desired temperature was reach@l The

described setup is schematically displayed in Fi§@re

To estimate the ultrasonic power absorbed by the liquid in the apmdietdip, calorimetric
experiments using 25 mL of water as model substance were conducted, similar to
procedures described in literaturé® Here, the water was exposed to continuous sonication
with defined power amplitudes (30, 50 or 70%) in the setup described albaweyithout

any cooling bath. The temperature increase of the water upon ultrastseatment was
monitored. Using the specific heat capacity of water and considering the wgrofi the
glass vial as well, the energy absorbed by the liquid was calculated. Hera, dower

amplitude of 30% a power df3 W, at 50% o023 W and at 70% d2 W wasobtained
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Thermocouples
Tapped ultrasonic step horn
1=1.27cm

Laboratory glass vial
...... |_— (with 25mLof dispersion)

/ Cooling agent

lcycle =1 m|nute of ultrasound
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Figure52: Ultrasonication setup. A: The ultrasonic horn is immersed endghmple dispersion contained il
glass vial. The vial is cooled by a surrounding/EZOH bath. Using thermocouples, the temperature:
dispersion and cooling bath are monitordgl. Schematic representation of one sonication cycle, which e
one minute of sonication. One cycle las805 in total and includes 30 segments of sonication taking 2 s
Adopted with permission from ref. (Steinlein et al. 26?9@ (2019) John Wiley and Sons

4.3.2. Investigation of BTA fiber/dispersion media systems for ultrasonianes#t

Before starting investigations concerning dimensional control of supramoletugamide
fibers via ultrasound, suitable dispersion media for supramolecularsibf BTA 5 had to be
identified. These media have to meet several selection criteria: 1) Preparation of
homogeneous dispersions must be achieved. This is crasdljg agglomerates of BTA
might influence sonication results. In addition, non-disper&T0A fibers floating at the
o]J<u] [+ < punEcése of poor dispersion are expected not to be exposed to ultrasonic
energy the same way as within the medium. 2) The respective mefdiomalting point
should be low, at best belowi5 °C to allow sonication at low dispersion temperatures. 3)

The medium in questiormay not solve significant amounts of BTA (at least at low
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temperatures), to avoid effects associated with partial dissolutions such as Osipahihg
of formed objects, i.e. growth of larger objects at the expense of smaller onesniiaaty
experiments with isopropanol/water mixtures as media, in which BTA 5 ixfilzertain
solubility, emphasize the importance of this requirement: Mixtures contairerger
amounts of isopropanol, which solve larger amounts of BTA 5 resulted in fdrges anda
poor reproducibility of sonication experiments. To avoid this probleradia, which feature
a lower solubility of BTA 5, had to be found to investigate the behavior ief BAA in
ultrasound experiments. Hence, the solubility and dispersibility of BT#as tested in
several solvents and their respective melting points were considered. Fratpnthexane,

toluene, methyl cyclohexane (MCH) and anisole were selected.

Ultrasonic experiments were conducted at a cooling bath temperaturd ®fC, dispersion
concentration of 1000 ppm and an ultrasonic power amplitude of 5G#guthe pulse
program shown in Figur2 to avoid excessive heating of the samples. To prepare samples
for SEM characterization, one drop of each sonicated supramolechtar dispersion was
drop-cast on a clean silicon wafer piece of approgmi Supernatant liquid was removed
from the wafer using a piece of filter paper. Subsequently, the sample Waseal to dry,
before it was glued onto a SEM stub with a conductive tab. All sam@es evated with

2.0 nm of platinum prior to SEM investigation.

Figure53 shows nanofibers formed by ultrasonic treatment of supramolecularsilof BTA

5 for 15 min in the four media-hexane, toluene, methyl cyclohexane and anistieall four
media, nanofibers of BTA 5 were formed successfully by ultrasonic treatiNanbfibers
obtained fromn-hexane seem thinner and longer than those from the other media used.
Nanofibers from toluene and anisole give a quite similar impression. ttewvorthy, that
fibersfrom both of these media show rough surfaces where the initial fiber was ruptured
This is an indication that no significant dissolution occurs duringatioin of these systems,
as otherwise the fractured surfaces would be smoother due to surface mininmzatjo
Ostwald ripening. As results in toluene and anisole are comparable, toluas@ot used as
medium for further experiments any more to reduce the number of experisien
Consequently, to elucidate effects of the used medium, three different ejedhexane,

MCH and anisole, were selected for further use.
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Figure53: SEM images of nanofibers of BTA 5 afemin of sonication in An-hexane, B: tolueneC: methy
cyclohexane and D: anisole.

4.3.3. Ultrasonic power amplitude

In the applied sonication setup, the ultrasonic power amplitude, i.e. rdte, at which
ultrasonic energy is delivered into the dispersion, can be adjusted. noijple, the cutting
speed could either just depend on the total absorbed sonication energyt @mould
(additionally) depend on the applied power amplitude. To find pragiarting conditions for
the correlation of selected process parameters with resulting nanofibdrs, possible
dependency on power amplitude was investigated. Hence, three differemtvep
amplitudes, namely 30, 50 and 70%, which equal absorbed powers of 13 W, 23 32\Ahd
were applied with the pulse program shown in Fig2 SEM samples from the treated
dispersions were prepared as described above. Fiber dimensions after treatméanhese
different power amplitudes for different sonication times were measured aiotted as a

function of ultrasonic power absorbed by the corresponding samples in Fagure

It is clearly visible, that all results form a single curve quite well, itiefipey origin from

experiments with different power amplitudes. Yet, average fiber lengths skome
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deviations at short sonication times, which is attributed to fluctoas in the measure-
ments, as it is also implied by the huge standard deviations observed in this.radie
existence of the single curve found indicates that the total absorbedsdnic energy is the
factor governing the cutting of the supramolecular fibers, while the power énud plays

no significant role, at least for the power amplitudes tested. This fgdinn agreement with
reports by Lucast al, where the supplied ultrasonic energy, but not the power amplitude,
determines the scission of carbon nanotsdé® Also the phenomenon of the fiber
dimensions approaching a terminal value when treated with sufficietrtagdnic energy
agrees with results reported for other systems, e.g. carbon nanofibe8 or electrospun

polymer fibers.
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Figure54: Evolution of length (left) and diameter (right) of nanofibers witttreasing absorbed sonicati
energy. Sonication energig supplied with ultrasonic power amplitudes of @0(y), 50% () or 70% §.
Sonication mediunis anisole, BTA concentratios 1000 ppm and cooling bath temperatuie-15 °C. Averags
and standard deviations (error bars) are based on at least 150 measured fibers each.

As it has been shown, the power amplitude, adversely to the total applteasanic energy,

} e vis8 (( 8 §Z @& epuo3]vP (] Ee<[ Ju vel}veU }Uunipas %o }A (
chosen and maintained for all further sonication experiments. Thention for this choice
was to avoid the rapid heating of the samples caused by high power amplitudie #dame

time, a sufficiently high power amplitude was chosen to shorten the exyarts[duration.
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4.4. Influence of sonication process parameters on the dimensions afiafibers

}vEE}o }( SZ & epoS]vP (] & -p sdacessflify utilize ulieagolind far the
production of nanofibers. This control can only be achieved, whenntipadt of all relevant
process conditions is known. Therefore, those parameters, i.e. sonication time, samicat
medium, BTA concentration in the dispersion and temperature are systeatigtvaried in
this chapter. The dimensions of resulting submicron fibers are determine®kM and
correlated with sonication conditions. The initial set of parametees \adopted from the
previous section: Ultrasonic power amplitude is 50%, BTA concentratiorO&ppon and
cooling bath temperature isl5 °C. The BTA used is BTA 5 and anisalsed as medim,

where not stated otherwise.

To prepare dispersions for later ultrasonic treatment, 1000 (50, 2000) pprsupra-
molecular fibers of BTBwere dispersed in 25 mL of 4 °C coldexane, MCHbr anisole by
mixing with a vortex shaker (Merck Eurolab). Next, the vial containing the qoid kvas
attached to the ultrasonic horn as described above (section 4.3.1.). Sonicatiodonas
using the pulse program shown in Figufs2 B (section 4.3.1.): 2 s of sonication were
followed by 2 s without sonication. This sequence was repeated 30 tspethat the total
sonication time within the 2-minute-program was 1 min. This pulse progvas followed by

1 min resting time without any sonication, before the next pulse programapaded, until
the total sonication time for the sample was reached. To monitor the temparalution of
fiber dimensions, the resting time was used to draw samples of about 0.1 mLwasis
typically done after 1, 3, 6, 9, 12, 15 and 20 min of sonication. All bretdgrated in the
described sonication procedure are meant to give the sonicated dispetime to thermally
equilibrate with the cooling bath. After sonication, all samples were stated °C prior SEM
samples preparationTo measure the dimensions of resulting fibers, SEM images from at
least three different areas of each sample were taken into account. Using Imag&.000l
(The University of Texas Health Science Center in San Antonio) at least 15p€itsasple
were analyzed. All dimensions presented in the following were meastwsdMay to obtain

comparable results.
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4.4.1. Sonication time

In order to study the influence of sonication time, a dispersion ofauplecular fibers in
anisole was treated with the pulse sonication program described in tBeiqus section for
90 min. Samples were taken from this dispersion after different sonicdiioas to monitor
the temporal evolution of fiber dimensions. Figu shows SEM micrographs and
corresponding fiber length and diameter histograms for samples up tmi80of sonication
taken in the same single experiment

Within only 1 min of sonication, the initial fibers featuringndg¢hs of around 150 um have
been cut into shorter supramolecular fibers with an average lengtt2.@6 um and an
average diameter of 0.24 um (Figusb A). After 6 min of sonication, supramolecular
nanofibers with an average length of 0.92 um are found. Among them arevenyyfew
ones with lengths between 2 and 4 um and none vétlength above 4 um (Figureb C). As
shown in the image, long fibers exist besides very small ones, which also areasitipific
thinner. After 30 min of sonication, the longest fibers have beemminuted to the benefit
of small fibers featuring lengths below 0.5 um (Figi® H). Finally, after 90 min of
sonication, the fiber length distribution is further narrowed: Afterstisonication time, very
few fibers longer than 1.0 um are left. At this stage, fibers feature an avahagjaess of

0.14 pm and no fibers thicker than 0.6 um are present anymore (Fifukg.
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Figure55: SEM images of nanofibers of BTA 5 after sonication in anigpl& rin (A) to 90 min (L). B
concentration was 1000 ppm and cooling bath temperature wi&s’€. Histograms are based on at least
measured fibers eacldopted with pem. from ref. (Steinlein et al. 201@5. © (2019) John Wiley and Sons

To quantitatively analyze temporal evolution of the lengths and dianseof the nanofibers
after sonication, averages and standard deviatiohall samples are displayed in Figb&
Even after only one minute of sonication, the average fiber length has altesstyreduced
from an initial value of 148.93 um to 2.76 um by a factor of 54. Upon ccedirsonication,

this value is further reduced. For example, after 20 min the average fibehlén@ 63 um,
after 60 min it is 0.44 and after 90 min it is as low as 0.33 um. The latteg egjuals a
length reduction by a factor of 455 compared to the non-sonicatedpte. The shorter the
nanofibers become, the slower is the cutting speed, which leads to the dstimpurve
shape visible in Figur&6. This curve shape also implies a terminal value, after which no
significant further cutting occurs any more. Yet, this terminal value ajgpaat to have fully
been achieved after 90 min. This means that fiber dimensions may be furtheceédo
some extent by increasing the sonication time}JlpvP & (] E<[ A E P ] us E&-U
pronounced reduction is observed: Within the first minute of sonicatibwe, diameter is
more than halved from 0.59 um to 0.24 um. By continued sonication, this vatadused to
0.16 pm after 20 min and to 0.15 um after 60 min. After 90 min, an averagediameter

of 0.14 pm is reached, which represents a 4.3 times lower diameter than thiieahitial
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cause the size differences of nanofibers upon ultrasonic treatmBn8urface energyf the
medium. The surface energy difference between BTA and medium governs the &g/ en
at this surface, which in turn influences the ultrasound-indut®unation of cavities at this
surface. 2) Vapor pressure of the medium. When a cavity is formed, the vapor r@resgsu
the medium governs its filling with solvent vapor due to medium evapagadinthe surface
of the cavity. The higher the vapor pressure, the more gaseous medium veil ket cavity,
building up an internal pressure. When the cavity finally collapsésgher internal pressure
will decrease the energy released by that collap$e3) Viscosity of the mediunEnergy
from the collapse of a cavity is transported to the dispersed solid fimgthe flow induced
by solvent filling the imploding cavity. This flow is governed by viscdSity.To identify the
dominant factor behind supramolecular fiber cutting, possible correlatafrell three para-
meters with the average fiber length were investigated. The applied averbge léngths
were taken after sonication of a dispersion of 1000 ppm of supramoledblarsfof BTA 5
with an ultrasonic power amplitude of 50% for 20 min. To achieve a \@riati solvent
parameters, data from medium and temperature variation experiments described above
were applied together and the respective solvent properties were determifren
literature data. For the viscosity, a very strong correlation was found;hwisi displayed by
the plot in Figures1. The graph shows a plot of fiber length versus viscosity of the medium.
Viscosities for anisole were extrapolated using various literature 'ddt4**? while for n-
hexane and MCH they were calculated using an equation from liter&tufeor the viscosity
of the medium, a very strong linear correlation, at least in the viscoaitge displayed, is

observed.
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Figure61: Plots of average fiber lengths after 20 minutes of sonication wewsscosity of dispersion mec
Media are anisole, MCH anmdHexane. Besides the standard cooling bath temperaturel6f€, for aniso
also data with cooling bath temperatures of 20 °C aB@d°C are presentedispersion concentration w
1000ppm and the ultrasonic power amplitude was set50% Averages and standard deviations shown
based on three independent experiments eadldapted with permission from ref. (Steinlein et al. 2(’.‘)?19(‘9
(2019) John Wiley and SoAs

Secondly, possible correlations with the medignsurface energy were examined. Surface
energies used in this were calculated using data provided by ¥YaWke plot of fiber length
after 20 min of sonication versus surface energy shw certain correlation of both
parameters, with a higher surface energy yielding shorter nanofiddevertheless, this

correlation was much weaker than the one found between viscosity ied fength.

Thirdly, vapor pressures of media and average fiber length were correlated, &eositive
correlation of u ] pu[vapor pressure and average fiber length after sonication was
observed. This correlation is stronger than the one for the surfaeegsn as it was expected
concluding from considerations described in literatdte'®® Nevertheless, it is still
significantly weaker than the correlation with viscosity. All valieessapor pressures were

calculated using literature datg>133!34

Based on the comparison of these three solvent properties, the viscosity ofd¢desm was
identified as the factor having the strongest impact on the lengthnahofibers after
sonication. Hence, it is exclusively plotted in this thesis. Neverthddesis other parameters

also show relatively good correlation strengths and therefore are supposed to axedst
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some influence on the fiber length. A clearer analysis of these tlaet®rk is hindered by
the difficulty of varying single factors independently: Media witiygh surface energy
typically feature lower vapor pressure and higher viscosity and vice versa. Haadgrd to

clearly discriminate the individual contributions of these threevent properties to fiber

length after sonication.

The massive influence 8Z <}v] $S]}v u vidgosify on the cutting of fibers has also
been described in literature by Huargf al: They used a formula indicating a negative
correlation of viscosity with the square of the terminal length m@ched by fibers upon
extensive sonication’ By contrast, the correlation found in this work appears linear, at
least in the investigated viscosity rangepossible explanation for these divergent results is
that, the fiber lengths applied here are taken after only 20 ofisonication. Hence, theyo

not represent final lengths approached after long sonication, as can befsmarFigures6,
where even after 90 min of sonication further fiber length decrease iblgisThis means
that in this worka length slightly different from the terminal fiber length useg Huanget
a.]e }JEE 08 8} 8Z u Juule Als }e]3C
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4.5. Conclusions

The major subject of this chapter deals with the dimensional control pfasuolecular
submicron fibers of 1,3,5-benzene-trisamides via a top-down approach. Irciartithe
length control as well as the aspect ratio of such fibers was addressatraisound.

In a first step, the preparation of supramolecular fibers based on a BTAtevitiutyl
substituents (BTA 5) in large amounts by self-assembly upon coolingsweagssfully
conducted. Self-assembly was performed using hydrocarbons as media in a batelsspro
with a solution mass of up to 1.5 kg, yielding up to 0.75 g of supramolectiafiBers per
batch. The obtained supramolecular fibers feature average diameters in the odregéew
hundred nanometers and an average length around 150 pm.

In a second step, suitable conditions for sonication experiments were ifdehtThus, a
setup for reproducible sonication experiments was established. It consisia ultrasonic
horn immersed into the sample dispersion. A sonication program includifigisaf breaks
and a cooling bath were applied to avoid excessive heating of the sampteydonication.
With a water bath, the ultrasonic power exerted by this setup was determiodoke 13, 23
and 32 W when setting the amplitude of the sonication device to 30y 50%, respectively.
Anisole, n-hexane, toluene and methyl cyclohexane were identified as media suited for
dispersion of BTA 5 and subsequent sonication, as they yielded &fgled nanofibers upon
sonication. In addition, the dependency of the fiber cutting speadhe ultrasonic power
amplitude was tested. It was found, that the overall applied ultrasaemergy, i.e. the
product of applied ultrasonic power amplitude and sonication timeygla major role. By
contrast, the ultrasonic power amplitude itself had no major impact. Hefareall further
experiments, the power amplitude was fixed and the sonication time, correglatiith the
ultrasonic energy, was altered. As a result of these experiments, a standarafset
parameters, i.e. anisole as medium, a dispersion concentration of 1000 ppra aadling
bath temperature of 15 °C was established.

In the third section, BTA 5 was used as a model BTA for a detailed study iofigact of
sonication process parameters on the dimensions of the obtained fibers. Basedeon th
results from the second section, the parameters sonication time, sonication medaoting
bath temperature during sonication and supramolecular BTA fiber concentraticthe
sonicated dispersion were tested. It was found that the fiber lengts weduced from

148.93 um to 2.76 um, i.e. by a factor of 54, within only one minute of soarcat
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Furthermore, with decreasing fiber length the cutting speed decreasedtatidg, that it will
approach zero after sufficient sonication time. Hence, terminal nanofilimensions which
than cannot be reduced any more, should be reached then. Yet,sthte has not been
reached even after 90 min of sonication for the applied system. After 90which was the
longest sonication time applied in this work, averages for nanofiber teagd diameter
were 0.33 um and 0.14 pm. Variation of the concentration of BTtAdrsonicated dispersion
(50, 1000 and 2000 ppm) and of the cooling bath temperature (-30, -15 af@)20nly
shows minor impact on the fiber dimensions after sonication. Therehgreased
concentration and decreased temperature yield smaller fibers after sonicatspectively.
By contrast, the dispersion medium reproducibly exhibited signifidampact on the
v v}(] &E-<[ and Bidrdeter. For example, sonication for 20 minnthexane yielded
nanofibers with an average length of 0.98 um and an aspect ratio of 6.8, whilgason in
anisole under the same conditions yielded an average fiber length of@6& um and a
much lower aspect ratio of 3.7. This finding allows control of length and asgtgztof BTA
nanofibers in the future by choosing appropriate sonication medid #otal sonication
energies. Finally, the viscosity of the sonication medium was found to exa¢aivell the
influence of temperature as the one of sonication medium on fiber lengthr anication.
Therefore, it is thought to be the other decisive parameter for the cgttapeed of BTA
supramolecular fibers by ultrasound, besides the ultrasonic energy applied.

To conclude, it was shown that ultrasonication is a straightforward top-dowthod to
produce supramolecular submicron short fibers with controlled fimsrgths and aspect
ratios. These findings may pave the way to use the submicron short fibers as seeds for th
production of long BTA nanofibers with small size dispersity via @dedegrowth process.
Moreover, these submicron short fibers may be suitable to be homogenedaisbhersed
into polymer matrix materials feasibly, where these objects can act as nucleatasyfor

the foam cell nucleation or the crystal nucleation.
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5. Supramolecular cell nucleating agents for foam extrusion-&fP

5.1. Polymer foams

5.1.1. Polymer foam fundamentals

Generally, foams are referred to as a discontinuous gaseous phase dispersed imaocmnt
liquid or solid phasé® For polymer foams, the continuous phase consists of a polymer. Due
to this morphology, polymer foams provide several outstanding properties, whiaf their

wide use in different applications. Perhaps the most prominent priypef polymer foams is
their low thermal conductivity, which renders them interesting for timeal insulation
applications™® Good energy absorption, i.e. shock absorption, is another property of
polymer foams: Energy is absorbe@ p lo]JvP }( 8Z (} u[* o00 A oo0+X t]3Z
polymer phase, this buckling is mostly elastic. After deformation, the energygain
released**® This is used in applications like e.g. sports shoes. If a rigid polyrase [
applied, cells are irreversible deformed due to brittle failure of callsyas it is the case e.g.
for PS foams. Nevertheless, these materials are good in absorbing the first impads as
important in packaging applications, for instari¢In this context, it is also of importance,
that polymer foams generally feature low densities compared to compact sdidseover,
depending on the cell sizes, polymer foams can feature much betterfigpewchanical
properties, i.e. a much better property per weight ratio. This makes them important fo

lightweight construction applications, particularly in the transpddatsector->

Polymer foams are typically classified along their structural propertiesdigsity, cell size,
cell density and open cell contefit® The foam density is an intuitive parameter widely used
for the description of polymer foams. Usually, it is determined by the bugyanethod
(Archimedes method). There are several numbers associated with the foam dégsiiye
expansion ratio L equals Edivided by the density of the compact polymefE L is

connected to relative densityg and void fractionss via equation 42’

é s S
OL—=L—1L -
= €gr S F L

(4)

Using the expansion ratio, foams are classified into high-densitgz(), medium-density
(4 < L < 10) and low-densityl( HL0) foams=® Another important property of foams is the
cell size. Typically, it is measured by means of SEM at cut or cryo-frastufades of foam
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samples. Apparent cell areas are taken from SEM micrographs. For each appareetgcall ar
]E o ( SUE]JVP SZ =« u E ]e O MO S erigtaked asjodl o [« ] u
diameter, as it is depicted in Figuse.

Figure62: Procedure for the determination of cell diameters. Left: The areatheofell is determined. Righ#
circle of area A equivalent to the one of the cell sectiomadkulated and its diameter d is taken as
diameter.

Yet it is commonly applied, results generated via this procedure shmutdken with care:
When a foam with randomly placed cells is cut by a plane, the cells @stdymmot cut at the
plane showing their average (or largest) intersectional area. This causes a broad distributi
of cell diameters measured, even if the foam solely contained monodispersgicahcells,

as showrin Figure63.1*

—_—

cutting plane

Figure63: Left: Two-dimensional representation of a section (red) througbamn comprising ideal mon

disperse spherical cells. Here, the cutting plane is seen fhensitle. Right: View onto the cutting plane. N
cell diameters appear smaller here, as they originate from cellguiain the middle. The left side of this fig
is adapted from Park (Park 2013?)

Despite these limitations, the cell size is very popular in describing foams. Bagéds on
number, a classification into conventional, fine-celled, microcellular andcellular foams
is made®’ As the cell size does not allow conclusions on the number of callddam, a

third common number for foam characterization, the cell density, he. number of cells
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within a certain foam volume, typically within one cubic centimeter, is necesBkarycell
density determination, similar SEM micrographs as for the cell diameter are used. Th
number of cells n on each micrograph is counted (also considering cellpamly on the
image) and the area of the samplg depicted on the image is calculated. Using equation 5

this 2D-information is expanded into the final cell density in 3Beep
J .
?2AHH @AJ—QEE?’UL: (5)

The respective cell size and cell density limits for the classificationconventional, fine-

celled, micro-cellular and nanocellular foams are listed in Table 9.

Table 9: Classification of foams based on cell size and cell d‘gnsity.

Foam type Cell size [um] Cell density [1&m’]
Conventional > 300 <10
Finecelled 10 t 300 10° t10°
Microcellular 0.1t10 10° t10°
Nanocellular <0.1 >10°

Small cell diameters and high cell densities are typically beneficidbdon properties like
thermal insulation and impact strength. The next section provides a closerabake

foaming process with a focus on the improvement of these two properties.

5.1.2. Foaming process

The foaming process can be divided into polymer/gas homogenization, felumucleation,
foam expansion and foam stabilization, as they are schematically depicteigure
64.1391401%1 These four steps are used as a guideline in this chapter to leadgihrthe
process of polymer foam generation from thermoplastic polymers. In addition, a short

discussion of means to reduce cell size and enhance cell density intepas given.
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L L

Figure64: Schematic representation of the single stépshe foaming process: I) Homogenization. 1) Foan
nucleation. lll) Foam expansion. IV) Foam stabilization.

Ce
—

polymer

The first step for the preparation of polymer foams is the homogenizatibrgas and
polymer melt Gas used in this process may either stem from a physical blowing agent (e.g.
CQ or N) or be formed during the homogenization step by release from a chemical lgowin
agent. In this step, the gas is dissolved in the liquid polymer and theogagrdration is
equilibrated in the whole material by diffusion. To obtain homogeneousnfaa the end,

complete dissolution of the gas in this first step is of particular impaean

The second step is the nucleation of the foam cells. To inducesatigrt, normally the
pressure is released, so that the polymer/gas phase becomes supersaturated. For
homogeneous small cells, a nucleation density & high as possible is needed. The
nucleation density N here is understood as the number of supercritical nuclei fornmed i
given volume of polymer/gas phase. Assuming that all nuclei have grown into foesmitcel
can be estimated from cell density and expansion ratimf the final foam according to

equation 642143

OcL ?AHH @AJOEPUHO (6)

In practice, the actual nucleation density will most likely be highanttihe one calculated
using equation 6, as not every nucleus grows into a cell and several cells tatouiorm
one larger one. There are several methods to enhance nucleation density: A conmagas w
intentional heterogeneous nucleation at the surface of added nugigaagents. Offering
sufficient nucleation sites this way, more cells are nucledfé®esides, nucleation can be
facilitated by increasing the supersaturation of the melt, i.e. dissolving mase which may
require higher pressur&*® Finally, the pressure drop rate plays a key rélgthe third step,
cell growth, and nucleation in practice occur parallel to each other, theypetenfor

dissolved gas. Hence, the pressure should drop as quickly as possible ¢te @idbest
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instantaneous nucleation in the entire polymer m&f!** Furthermore, simultaneous
nucleation reduces Ostwald ripening, i.e. further growth of larger cells enettpense of

smaller nuclei.

The third step is foam expansion due to growth of foam cells. Here, gitaicnuclei start

to grow into foam cells. This process is driven by gas diffusion from the supersaltunatt

into the foam cellsAs a result, the melt is depleted of gas around each growing foam cell,
which hinders further nucleation in direct vicinity of the ¢é&f.When a cell expands, the
polymer layer at its surface is prone to biaxial stretching. If the melt strengtiteopolymer

is insufficient, this layer forming the cell wall between two celésy rupture, which results in
cell coalescence, i.e. both cells unite into a larger one. To suppress this precesasthg

cell density, the melt strength of the polymer must be enhanced. Thisbeaachieved by
reducing the melt temperature. Unfortunately, the melt viscosity also raises wpofing,
rendering the melt too viscous for foam processing at a certain temperaftferom these
two limitations, i.e. too low melt strength at high temperatures and too higleasity at low
temperatures, the so-called foaming window arises. It describes the temperature window,
where the material can be foaméd® Amorphous polymers generally feature a slow
decrease of viscosity in the foaming temperature region and hence prowddeafoaming
window, which allows easy processing. By contrast, the beginning crygtafiof semi-
crystalline polymers causes a rapid increase of viscosity in the critical tetugeragion,
rendering the foaming window much narrow&f. For example, lineai-PP exhibits a
foaming window of only up to 2C*°, which is hard to realize in an industry-scale process. To
overcome this problem, long-chain branched polymers are frequently applesduse they
provide increased melt strength at elevated temperature, thus widening the fagmin
window 2”107 Generally, determination of the melt strength under realistic condis
hard, as this includes biaxial stretching under high pressure to alle@stigation of gas-
loaded polymer melts. Commonly, at least relative values can be obtaipezktensional
rheology (Rheotens experimert). In this experiment, the polymer melt without any
blowing agent is extruded through a die and the strand is hauléd During the
measurement, the haul-off speed is increased to enhance the extenstmaat exerted on

the melt strand. Hereby, the melt strength is understood as the maximum sinesstrand

is able to bear prior to rupture.
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The fourth and final step of the foaming process is foam stabilizatiabil@ation is caused
by decreasing foam temperature, which enhances the viscosity of the palyiitas
increased viscosity raises the force necessary for further cell expansion arsgqoently
stops foam expansions. This is supported by the melt being depletgdspfwhich ceases
the plasticizing effect of the gas. During the foam stabilizati@p,sexpansion ratio and
shape of the final foam can be adjusted to some extent: Fast freezigedbam prevents
excessive loss of gas to the surrounding air by diffusion through the outer foarorsé&ail
wall rupture. Hence, it increases the expansion ratio of the foam, wisiobf iparticular
importance for small foamed parts with a high surface to volume r4ficlo accelerate
freezing of the foam, e.g. a water bath or a cooled mold, dependinghenptocessing
method chosen, can be applied. Besides that, the foam can also be shaped, eg. by
thickness calibration unit in the case of foam extrusiGhAt the end of this step, solid

polymeric foam is obtained.

5.1.3. Thermoplastic foam processing

The foaming process described in the previous section can be realigétenent ways. For
thermoplastic polymers, which are exclusively treated here, foam extrusioohldaaming,
foam injection molding and particle foam processes are widely used. All teebaitjues
are shortly introduced here, whereby the main focus is on foam extrusietii, is the foam
processing technique applied in this work. Moreover, a short introdacto chemical and
physical blowing agents (CBAs and PBAs), which can be used in these proeelssigges,

is given.

Foam extrusion is perhaps the most straightforward processing technique preisbete.
During foam extrusion, only the first step described above, homogenizatgestplace in

the extruder, while all subsequent steps are located outside of it. In the @strdirst the

raw polymer is plasticized. Next, the blowing agent is injected (PBASs) os geledased by

the elevated temperature (CBAS). This gas subsequently has to be dispethedpmlymer

to accelerate dissolution. As the gas typically acts as a plasticizing agent, the mel
temperature must normally be lowered towards the extrusion die to approach the foaming
window, while the pressure simultaneously is increased. Finally, the diedshause a high

pressure drop rate to reduce cell siZ&.Extrusion into a water bath or calibration allows
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control of the cooling profile and the shape of the final foam to sexient. In principle, the
whole extrusion process can be realized using a simple single-screw exttndease
additives must be dispersed, a twin-screw extruder typically yields bettertsdstlTo
facilitate control of the temperature profile within the process, a tandenr@sion line is
applied frequently**” Here, the gas is injected (or released) at the end of the first extruder,
where the highest melt temperature of the process is found. The seeatrdder is applied
to solve the gas and to cool the gas-loaded melt. Therefore, it has td bpipressure
towards the foaming die. This particular setup including a tandem extrdsiens applied in

this work and hence is described more in detail at the practical examgleapter 4.

Foam injection molding is another industrial relevant foam processing tesfyolt is very

similar to foam extrusion with respect to the first foam processing step: Honinggon of

polymer and gas takes place in the barrel of the injection unit. The @iféer here is that the
gas-loaded melt is not extruded continuously, but is held bacla lvalve in the nozzle to

form a cushion between nozzle and screw. All other foaming steps edoen the gas-

loaded melt is injected into the mold. In the simplest case of a standaldl, nucleation

and foam expansion immediately start upon injecting, due to the ambient pressuitee

mold. The stabilization of the foam is induced by tu}o [« }o A o0o0+*X dC%] o00C
Alopu Jvi & ]J* ol}A & 8z v 8Z Alopu }( §Z JA]5C<E}ESo0}.
©Z}3 X % E} o u e} 18 A]S8Z 3Z]e *Ju%o0 u SZPX]e | BE]VF}A
expansion, the foam fills the mold beginning at the end adjacent to t®le. This leads to

cells being elongated along the direction of expansion, which causestrapisofoam
properties. In addition, the foam density within the molded part usu#dl lowered with
increasing distance from the nozzle. To suppress this effect, a ceprassure can be

applied to the cavity*®**° Another option for better control of the foaming is the so-called
breathing mold technology: Here the cavity is completely filled with meltichviat first

% @E A vie (} ulJvPX dZ vU §Z AlSC[* Alopu Vvl=s vEQu% 0 Q v
foaming™° In injection molding, foams typically feature a comparably thick foamed skin

layer, which is caused by the cold mold surface freezing the outer meltbhayere foaming

of this region can occur. This layer formation can be governed by temperengaoid prior

to injection. Over all, foam injection molding offers good control of moldsahT parts in

terms of shape and foam density, the latter being precisely adjustedhéyilting grade of

the cavity. A major drawback is the formation of foams being inhomogeneaoukeir
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properties, which can only be reduced by elaborated machinery andegs conditions, as

described above.

In research, where mostly small material amounts are required, batch foaofieg is the
processing technique of choice. Two methods of thermoplastic batch fmaman be
distinguished based on whether foaming is induced by a pressure dropaising
temperature. Pressure-induced batch foaming is somewhat similar to the previpusty
sented industrial techniques: A compact polymer sample, which is typicattystaped, is
heated to foaming temperature in an autoclave and saturated with gasgit pressure.
Since there is no mechanical mixing associated with this process, saturatioa wfolken
polymer sample may take up severalhqu@& U % Vv JVP }v §Z ¢ u% 0 [* Ju ve]}ve
saturation is reached, the pressure is rapidly released to induce foaBngontrast, in
temperature-induced batch foaming the sample is saturated with gas bétewfoaming
temperature. Thus, no foaming is induced by the subsequent pressure release. Foalying on
starts when the sample is subsequently immersed in a liquid bathfoaiming
temperature,’®’*% Temperature-induced batch foaming does not work well with semi-
EC*3 00]V %}oCu EeU ¢ P o ¢« SUE 5]}V Z %o % vperatwrd¢A SZ %o}0
Hence, crystalline regions are presentoiwhich no or almost no gas diffuses, resulting in
inhomogeneous foams. In addition, crystalline regions act as a barrier for the gheacel
E *3] 00C *0}A 3Z « SuE 3]}v }( $Zegiths.oXQvantEdes ofi &b Z } 1o
foaming are low equipment costs and small sample size. Furthermore, processingoosndi
can easily be varied and adjusted. Its major drawback is the discontinuoasss and the
limited sample thickness due to saturation occurring only by diffusiorh Begult in a very
limited throughput, rendering this process interesting rather for researblant for

production.

Particle foaming is the last foam processing technology presented hdygidally inclues
three independent steps: At first, the polymer particles (normally beads) are fhrme
Secondly, the patrticles are loaded with a physical blowing agenpamtbamed. Finally, the
pre-foamed patrticles are filled into the mold and further foamaad fused together at
elevated temperature using steam, obtaining the final foamed part® Advantages of this
procedure are the access to various shapes of the foamed parts and good coritairohg

conditions due to the separation of the process into independent steps.
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Foaming or blowing agents for foam processing of thermoplastic polymers arévisigod

into physical (PBAs) and chemical blowing agents (CBAs) by the way thele phevigas
needed for foaming. PBAs are inert (supercritical) liquids or gases, wifiickedinto the
sample or are injected into the polymer melt during foam processing. They disadlke i
polymer without any chemical reactions. PBAs must meet various requireme&ate.g.
inertness, safety, sufficient solubility in the polymer melt under pressure,dolubility in

the polymer at ambient pressure, a boiling point adequate to the processerthand low
price*®> Examples of typical PBAs are hydrocarbons, rementane, supercritical carbon
dioxide and nitrogert®” In contrast, CBAs are solid or liquid substances which decompose
under foam processing conditions releasing the gas needed for foaming h@lieyto meet
requirements such as sufficient and controllable gas liberatiohiwid narrow temperature
window, formation of inert decomposition products, a decomposition tempemt
matching the respective foaming process and good dispersibility in thangol prior to
decomposition*” Common CBAs are azo compounds like azodicarbonamide, hydrazine
derivatives likep-toluene sulfonyl hydrazide or bicarbonate/acid combinations like sodiu
bicarbonate/citric acid®***’ CBAs are mainly used for the production of high- or medium-
density foams due to their high price compared to PBA©ver time, PBAs or the gases
released by CBAs normally diffuse out of the foamed parts and are repbgcee ambient

gas, typically ait*®

5.1.4. Cell nucleating agents

Within the last two decades, there was an increase in world energy cqgotsumabout
approx. 50% from 2000 to 2016, with a further increase about more than 30862040
being forecast® Since this growing demand cannot be met with renewable energies alone,
an increase about 34% in energy-related emissions of the greenhouse gad®@Q012 to
2040 is expected®? To limit these emissions, energy saving by improving energy efficiency is
of paramount importance. Rigid thermoplastic foams can support this mamlyhe
important fields of thermal insulation and of lightweight constioat the latter particularly

in the transportation sector. Rigid thermoplastic polymer foams are mandge of PE, PS

and PP. YePEand PS suffer from low service temperatures, being not applicable beyond
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100°C®" Moreover, PP offers, among other advantageous properties, low materials cost,

chemical resistance and, compared to PS, better impact propétties.

To enhance thermal insulation properties and to improve mechanical propertiesized| of
foams have to be decreased towards microcellular (cell st@® pum) or, at best,
nanocellular (cell siz&sl pm) foams=® As the cell diameter reaches the region of the mean
free path length of cell gas molecules, the so-called Knutsen effect coneeplay, which
drastically lowers thermal conduction through the cell §&$>% However, also foams not
reaching cell sizes prerequisite for the Knutsen effect benefit from sma#éls via a
reduction of the thermal conductivity of the solid phase. This iskatted to increasing solid
phase tortuosity with decreasing cell siZé$At the same time, foam density plays a major
role, with low density foamskP0% void) featuring best insulation properties, while medium
density foams 50 - 90% void) offer a higher specific strength, defined as the ratiensile
strength over density, which is highly advantageous in construction packaging

applications:>*

To achieve foams with small cells and low foam density, two steps are cruciald&risg
foam cell nucleationthe largest number of cell nuclei possible has to be forféd.
Secondly, as many of tee nuclei as possible must grow into foam cells during the

subsequent growth of the foam ceft&**°

The latter is achieved by suppressing cell coalescence via increasing théremgjthsof the

polymer. This is of paramount importance in the case of PP, since noneat PP suffers
from low melt strengttP’ 138157158159 Thare are several ways tddress this problem by
modification of the polymerl) Use of long chain branched P@91°860161 2y crosslinking
of the PP and 3) blending with a polymer featuring higher melt strengttthsias

PE®31%4 pd% pPTFE® or an ethylene-octene copolyméf.

To address the other leverage point, i.e. the foam cell nucleation step, heterogeneo
nucleation is utilized. Heterogeneous nucleation happens at interfacesg;ontrast to
homogeneous nucleation, which spontaneously occurs in the supersaturated.
Heterogeneous nucleation is advantageows the number of formed nuclei can be
increased by the surface present, which depends on the amount of nuclesgerg applied.
According to McClurgt al, ideal nucleating agents must feature nucleation sites, at which
nucleation is energetically favored compared to homogeneous nucleationhdfomore,
size, shape and surface properties of the nucleating agent should ilmmanto guarantee
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simultaneous nucleation at all nucleation sites or at least to prepeemature nucleation at
few sites. Also, an ideal nucleating agent should be present in excdks jpolymer, to
nucleate as many foam cells as possible, iamdust be easily dispersed homogeneously, to
achieve constant foam morphologies in the whole matefiaiConcerning the nucleating

P vSe[ suCE( P }u st@ICihoweduth® a surface comprising many crevices
featuring small opening angles as nucleation sites is highly benéffciiere are different
approaches to generate such nucleating surfaces: Firstly, a second polyeergikPS can
be used In this case, cells are nucleated at the interface between PP and the second
polymer2®® Secondly, nanostructures, typically nanoparticles, can be applied.
Egl7017l17217%

Most frequently, insoluble inorganic nanoparticles made of &

59174175176 f5115&177

montmorillonite* . cloisi , nanosilicd®*"®, titanium dioxidé™, graphité”

or carbon nanotube$? are applied as nucleating agent¥he use of organic insoluble
cellulose nanofibers has also been reportéd.All of these nanoobjects work as cell
nucleation agents, yet they tend to agglomerate during processing. Since this would
deteriorate foam morphology, agglomeration has to be suppressed by use of corpaitti

as dispersig agents'’® Moreover, Leeet al. showed at the example of nanosilica that the
nanoparticle dispersion quality is also highly sensitive to extrusion consfti® Yet, Zhaet

al. were able to achieve cell densities up to’ tellstm® by extrusion of linear PP using up

to 1% of nanosilica’”®

To overcome aggregation problems associated with insoluble nucleating agents, soluble
ones can be used. For the crystal nucleation-BP, soluble additives based on sorbitol
derivatives or 1,3,5-benzene trisamides are well establisfedn general, such soluble
additives are solved in the polymer melt in a first step at high tempeeatyielding a
homogeneous solution. In a second step, when the melt is cooled to foaming teraperat
these additives form nanoobjects. The objects formed this way are well dispersi:
entire melt volume and later nucleate foam cells in the foaming step. €Tlage some
reports on the use of soluble nucleating agents for foaming of RiRerature: Wanget al.
used the sorbitol derivative 1,3:2,4-kpsthethylbenzylidene) sorbitol (S20) for pressure
induced batch foaming experiments with lingaPP. Applying only 0.7% of S20-PP, they
achieved a cell density of 5.5*10/cm®. This is a more than 3-fold improvement relative to
neat i-PP, which yielded a cell density of 1.5%10cm®, when processed under the same

conditions*®? Sanieiet al. also used pressure induced batch foaming to proé¢e28 com-
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prising 1,2,3-tridesoxy-4,6:5,7-bis{4-propylphenyl)methylene]nonitol sorbitol (NX8000).
Applying 0.5% of NX8000 they obtained a nanoporous medium featuring agsnwith an
average cell size of around 70 nm amdell density in the order of0* 1/cm®. The thermal
conductivity of this foamed material was found to be almost eight times lowan the one

of the compact materiat®® Another sorbitol derivative, 1,3:2,4-bis{@methylbenzylidene)-
D-sorbitol (Gel-all MD) was applied in a foam injection molding procedsiymamotoet al.
They also reported high open cell contents (> 9%) using 0.5 or 1.0% of [@&l-allhey
achieved cell diameters below 5 pm and cell densities higher #88d/cm®. However, the
expansion ratio of the foams obtained was limited to a maximum of only fitedgpplied
injection molding proces®* 1,3,5-trisamide derivatives have also been used as cell
nucleating agents: Stumpt al. used 1,3,8fis(2,2-dimethylpropionylamino)-benzene (BTA
5) and E U E Fd€3{methylbutyl)-1,3,5-benzenetricarboxamide (BTAt® improve the
foaming behavior of-PP in a foam injection molding process employing a breathing mold.
They found the cell size to be reduced from 120 um for the r€dtto 20 um by addition of
only 0.02% of BTAs, while reaching cell densities higher thaih/a®®. However, the foam
expansion ratio in this study was only two, which means, that very dense foavesheen

produced™®

Apart from this morphological foam characterization, mechanical foam charactenzeti
Ep]lo (JE EIP] $Z Eu}%o *5] (} ueU <]lv 3SZ &(hinglktsu Z v]

applicability e.g. for lightweight construction applications. There emasty test methods for

this purpose, e.g. compression testing (yields compressive modulus and compressive

strength)®’, tensile testing (yields, among others, tensile strenffthflexural testing (yields

flexural strength)®"**°, impact testing (yields impact toughne¥s)and dynamic shock

cushioning®’. Nevertheless, compression is the most popular testing mode for polymer

foams®’ Bureauet al. showed at the example of PS that compression properties like

modulus and compression strength depend on the foam morphology: They fouatdydth,

modulus and strength, drastically increased with foam density. Ntady defined a

Zu] E}*SEU SUE 0 % E u 38 E[ * (} u ve]3C JAofortgat A E P

parameter, they found a positive correlation with mechanical propertiess irhplies, that

foam mechanics can be maintained while reducing foam density byctiesh of the cell

size'® For PE containing PTFE fibrils, Zaaal reported an improvement of compressive

strength with increased foam density and reduced cell diamef&rghs improvement
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associated with smaller cells was confirmed by Gengl., who also founda narrower cell
diameter distribution to be beneficial for mechanical properties BffBams:®®> Concerning

the improvement of foam mechanics, particularly compressive properties, by using
additives, Cheret al. were able to improve modulus and collapse strength of PMMA foams
by addition of carbon nanotubes to a great extent. Furthermore, an increas@notube
length further enhanced this phenomenon, which indicates a oceaifg effect of the
nanotubes'®® For PS, Ogunsore al. achieved a more than doubled compression modulus
by reinforcement with montmorillonite. This tremendous increase cawtl be related to

cell size or foam density and was attributed to a reinforcing effectthe additive
montmorillonite *® Sheret al. reported an increase of specific compression moduli about up
to around 45% by addition of up to 5% of carbon nanofibers to PS, wieghalso attributed

to reinforcing effects of the nanofibers. Furthermore, they showed the extenthe

reinforcement to be highly dependent on the foaming process aggfie

In this thesis, the effect of the use of 1,3,5-benzenetrisamides (BTAS) akesadiditives on
morphology and mechanical properties of extrudeP foams is investigated. The aim was
to use low-cost, linear-PP as polymer to meet industry demands. Avoiding the much more
expensive long chain branche®P, which provides higher melt strength and is by far easier

to foam 46

, special care had to be taken when selecting a propBP grade. The
characterization of the seleet i-PPgrade later used for foaming is presented in the first
part of this chapter. Next, suitable BTAs for the foaming experiments had thbsen.
Therefore, based on data already pres&ntBTAs were pre-selected and thoroughly
characterized. This is presented in the second section of this chapter. As processing
technique, foam extrusion was chosen. This is due to itsehighdustrial relevance
compared to batch foamingA mainfocus of this work was to test a novel concept for using
BTAs as foam cell nucleating agents in foam extrusion. This concept,vatbnghachine

configurations resulting from it, is presented in Figate
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Figure65: Concept of foam cell nucleation with the aid of supramoleculartagdi. From left to right, th
*CeS u[*s S U% E SPE E + X ~ie § (JE-3W %oaddities are dijolved in E
polymer melt under pressure. (2) Upon cooling, the additive ssdBmbles into supramolecu
nanostructures, while the PBA remains dissolved. (3) When the peessbeginning to be released, foam c¢
are nucleated at the interfaces between supramolecular nanostructamed polymer melt. (4) While tt
pressure further decreases, the cell nuclei simultaneously gntavfoam cells. (5) When the polymer
becomes sufficiently viscous due to further cooling, stable potyfo@m with fine cells is obtained\daptec
with permission from ref. (Mérl et al. 201%) © (20179 The authors.

To characterize the resulting foams, their foam morphology, i.e. foam densityiaeiketer
distribution and cell density, was investigated. Finally, foam mechanics waraatérized at
the example of the compressive modulus, which is a method to show possibferoang
effects of additives on foams well-established in literature, as discussed abbeeBTAsS
were pre-selected in such a way that a wide range of BTA contentbecadjusted. The
study of the impact of both parameters, nature and content of BTA, on timepecessive

properties of the foams is a main goal of this chapter.

The project presented in this chapter was done in cooperation witiMinhaela Morl from
the departmentof Polymer Engineering at the University of Bayreuth. Most of the results

presented here have also been published in doernal of Cellular Plastit¥

The following results in this chapter are structured into four sectidi® first section shows

the characterization of the appliedPRgrade with respect to its usability in later foaming
experiments. The second section also includes compact, i.e. non-foamed materials. It
presents properties of different compounds of four BTAs with the seteePRgrade. The

third section focusses on the foaming process and the morphology of resdtiargs.
Finally, the fourth section demonstrates a drastic improvement of the compressiaoiulom

of foams by application of BTAs and aims to shed light on the mechanisthisof

improvement.
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5.2. Characterization of-PPfor foaming experiments

Foaming of linearPPis typically difficult due to its low melt strength and the small foagnin
window resulting from this. Nevertheless, a line&P grade is applied in this work, as linear
I-PP is significantly less expensive than long-chain braneRBdailored for foaming. Firstly,

an i-PP grade supposed suitable for foaming was preselected. This luRFar(Moplen
HF400G) was kindly supplied by LyondellBasell. The material was a reactor grade without
any further additives. In the following, its properties are characterize¢h wespect to its
foaming behavior. In addition, first foam extrusion experiments are presktd prove the

formation of appropriate foams.

At first, thei-PPwas characterized with regard to its thermal behavior, i.e. phase transjtion
which were detected by means of DSC. For these measurementsPfevas compounded
with stabilizers. Figuré6 depicts DSC resultgpon heating, the material shows a distinct

melting peak at 161 °C. Upon cooling, a crystallization peak maximum at kl&b%@rved.

I U

heat flow endo up

T T T T
50 100 150 200 250
temperature [C°]

Figure 66: DSC second heating (top) and cooling (bottom) scans of stabit2@d Curves were measu
between 30 and 280 °C with a heating/cooling rate of 10 K/min ungdéioi.

To determine the molecular weight distribution of thePR SEZ was kindly measured with
hot 1,3,5-trichlorobenzene as eluent by Dr. W. Kretschmer at the departmeimooganic
Chemistry Il at the University of Bayreuth. Results are shown in Fegurgs the SEC has

been calibrated with a PS standard, the absolute molecular weight valueP@rhas to be
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taken with care and might be shifted. The curve maximum is at 157 kgintbthe weight

average molecular weight (Mis 218 kg/mol. The polydispersity (PD) is 2.9.

1.0
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10 100 1000
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Figure 67: Molecular weight distribution of the appliedPR Curves were measured by SEC in I
trichlorobenzene at 160 °C using a polystyrene calibration.

For foam extrusion, the temperatures of die and melt can only be varied in a aemywn
range. Too low temperatures make the polymer freeze in the extruder, whereakigbo
temperatures cause too low melt strength, resulting in collapse of thenfddence, the melt
viscosity can only be adjusted in a narrow rarnmyetemperature variation. Therefore, a
material with a suitable viscosity has to be selected for foam extrusidaréeand. The
behavior of the polymer upon pressing through a die is well simulatetié¥aicile standard
characterization method of melt flow index (MFI) determination, where polymer melt is
pressed through a die with defined pressure and temperature and the magslwgier
pressed out in a given time is measured. The ME rgat and a stabilized sample of the
PPwas measured to learn about the influence of stabilization. Stabilizat@s done by
compoundingi-PPwith 0.05 wt% of Irganox 1010 and 0.1 wt% of Irgafos. M#8l values
were determined at 235°C with a weight of 2.15 kg following ISO 1133, Neanon-
stabilized,i-PP features an MFI GfoX P liiu]vU AZ] Z e spu% %}e up Z 8}} Z]PZ (
/E S (E pWith stabilizers, the MFI is reduced about more than 93% ¥R ii u]vXis
tremendous difference indicates a significant degradation of naiized material under

test conditions (235 °C in air). Hence, the use of stabilizers for the fdarmsion is
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obligatory in order to avoid degradation 6PP, which could not only worsen the foaming

performance, but also make the experiments less reproducible.

For the foaming ofi-PP, the melt strength of the material is of vital importance. Melt
strength describes the resistance of the melt against rupture. Hencegharhelt strength
during foaming prevents the cell walls from tearing apart, which @atherwise cause
collapse of the foam. Melt strength measurements of the stabilizéeP and, for
comparison, of neat-PPare presented irFigure 68. They were done by means of Rheotens
at the departmentof Polymer Engineering at the University of Bayreuth. Both curves do not
reach a flat plateau of drawing force F with sufficient drawing speatisbow a wave-like
pattern. This is attributed to the high molecular weight of the inigsged materials.As
Rheotens measurements depend on various factors, it is hard to reprodliableeabsolute
values. Nevertheless, if measurements are done in a row by the same operators #seit
case here, they allow good conclusions about the relative melt strengtheoinvestigated
materials. Here, the non-stabilizaePR which was measured for comparison, featues
lower slope in the beginning and finally reaches drawing forces much Idvaer the one
reached for the stabilized material. This is in good accordance wéhfitldings of MFI
measurements, where the non-stabilizedPP featured much lower viscosity, which
correlates to a lower melt strength compared to the stabilized materiahcltiding, also
from the point of melt strength, stabilization ofPP for foam extrusion is crucial for later

foam extrusion.
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Figure 68: Melt strength of stabilized (black) and non-stabilized JreBP. Shown curves are averages ¢

least five measurements each.
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To finally prove the foaming performance tie stabilized material, preliminary foam
extrusion tests were performedhe applied foam extrusion process is discussed in detail in
chapter 5.4 All relevant foam extrusion parameters applied are given in the experimental
section (6.4.)Figure69 exemplarily shows an obtained foam straithe shown foam strand
clearly features a high expansion ratio and a relatively homogeneous shapee,Hbe
applied stabilized-PP is well-suited for foam extrusion and consequently is used for all
further experiments in this chapter, i.e. additive characterization, fogmand foam

investigation.

Figure 69: Extruded foam strand of stabilizeéePP.The «SE v [¢ ] u § & ]- $A v Foan
extrusion was done with 6 wt% &fQ.
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5.3. Selection of additives for cell nucleation in compadPR

In this chapter, the next step towards foam extrusion, i.e. the selection of pnognBT Ai-

PP systems, is taken. Therefore, four different BTAs were compounded itPEhén various
concentrations and the resulting compounds were characterized thorgudline analysis of
solubilities of BTAs in the polymer meltPP crystallization temperatures, sharg ot
modification ofi-PR haze and clarity and melt strength of the compounds, is presented in

the following chapter.

At first, different BTAs for the characterizationiHRPhad to be preselected o this purpose,
BTAs already studied in othé&PP grades were employedA key criterion for the BTA
selection was the possibility of a scale-up to amounts exceeding 100 gramsneans, that

the educts had to be relatively inexpensive and available in sufficieuats, and, that
synthesis and purification protocols, which tolerate large amountsaterial, are available.

The secondary selection criterion applied was the solubility in-fPB melt. Based on their
known solubility in othei-PPgrades as a guideline, BTAs covering a broad solubility range,
were to be selected in order to discover possible correlations between BTAilgplgand
therefore applicable BTA concentration) and cell nucleation performante four BTAs
selected according to these criteria are shown in Figi@gesorted from left to right by

increasing solubility in thePP melt as reported by Blomenhofetral *.

X s ja

o
H o HN * HN
*(N NH )\/\N 5 MH o
5 H
HN.__O
/Ti 07 NH o #NE‘\
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Figure70: Molecular structures of BTAs investigated as cell nucleating agent®FRar

BTA 5, commercially available as Irgaclear XT 386, isnanleating agent which features
very low solubility of less thaB00ppm at 240 °C imPRP BTA 6 is another-nucleating
agent. It features a much higher solubility of more than 3000 ppmiat°Z in the-PP melt.
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BTA 7 is reported to both nucleate v 4modification (k-value: 0.40). For this BTA no

solubility data iri-PP were available in literaturé.

BTAs seléssemble into supramolecular nanofibers in the polymer melt upon cgodind
these nanofibers are supposed to nucleate foam cells. Therefore, the moghof formed
nanofibers is of vital importance for the foaming performance. SisRR is chemically much
more stable than BTAthe i-WW u SE] A V[S Sdifectly geeCthes hano-
structures formed by the BTAs in ti®P compounds. At best, marks, which are left by the
BTA structures etched away, remain and allow indirect conclusions aliwutB{TA

structures®

Hence, 2,2,4,4,6,8,8-heptamethylnonane (HMN), a solvent featuring a moleculatustruc
related to the one of-PP, was applied as a model systemi4#8P BTA and HMN were mixed

in the desired relation and the dispersion was boiled undeuxetit 240 °C for one hour.
After cooling at ambient conditions, the homogeneous dispersion was filteda dropping
point cell. There, after anew heating to 240 °C, the cooling could be cadlwgth very
controlled speed (e.g. 20 K/min) to yield self-assembled nanofibers. SubrggquHMN was
removed by means of high vacuum, leaving the self-assembled BTA structures for SEM
investigations. Figur&l shows SEM micrographs of self-assembled structures of the three
BTAs prepared that way. All three BTAs form fibers with diameters far belqun, whid
therefore are denoted as nanofibers in the following. BTAs 5 and 7 fornpa@ily thick
nanofibers with diameters partly thicker than 100 nm. These fibepeapstiff (BTA 5) and
brittle (note breaking points in fibers of BTA 7). On the contraapofibers of BTAs 6 exhibit
significantly smaller diameters and appear softer. Concluding, ak tBiéAs can be used for
further experiments, since they self-assemble into the desired nanofibe#d4N, which is a

model system for-PP.
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Figure71: SEM micrographs of fibers of BTAs 5 (A), 6 (B) and 7 (C). Fibers were di@pareoling hc
solutions of 200 ppm of BTA in HMN at a rate@K/min.

To produce samples with a defined BTA content-RP for the following characterization
experiments, stabilized-PP powder and BTA powder were mixed in a tumble mixer,
compounded in a twin-screw mini compounder under nitrogen and subsegueéréction
molded into disc-shaped specimens with a diameter of 25 mm andchkniss of 1.1 mm.
Since the effect of BTA additives is highly concentration dependantples with different
BTA contents were investigated. Therefore, a concentration series for eachd&Tdome by
diluting the aforementioned powder-powder mixture with additional stedeidi-PP powder

prior to compounding.

137



Supramolecular cell nucleating agents for foam extrusion &fR-

As the next step, dissolution and self-assembly temperatures for each BTAnt@ation
were measured by means of polarized light microscopy (PolMic). Samples foc Radhdi
prepared by melting a grain of the respective BT compound between two glass slides,
obtaining a thin film after cooling to ambient temperature. Film ayalss slides were placed
in a hot-stage to precisely control the temperature. Each sample was heated frono 150
260°C or, where necessary, to 27Q@ The temperature, where the last visible birefringence
caused by BTA objects disappeared, was denoted as dissolution temperatuee BT £ Of
course, one should keep in mind that even above this temperature BTA object®oyet
small to be detected by PolMic, may exist. So, in this context, dissolutios doe
necessarily mean the formation of a molecular solution of BTAPR. After heating, the
samples were again cooled to 100 The temperature where the first birefringence caused
by BTA objects appeared was denoted as self-assembly temperature. In FRjutles
dissolution/self-assembly process is displayed at the example of 800@pBENA 6 in-PP.
Figure72 A shows BTA objects present in iHeP melt during the heating step. In Figd&

B, the dissolution temperature is reached and an optically isotropic sé&rmed. In Figure
72 C, which is taken during the subsequent cooling process, few BTA olgeetddnmed,
causing visible birefringence. This picture is taken little below thd-aseembly
temperature. Upon further cooling, more BTA self-assembles, forming additional oajetts
growing the existing ones (Figur@ D). The BTA structures formed during this process are
much larger than the ones formed beforehand in the injection moldingilor pressing
process (Figur@2 A). This size difference is attributed to the much slower coolinpen
PolMic (10 K/min) compared to the other processes, where the hot material lsccby a

metal surface at ambient temperature.
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Figure72: Dissolution and self-assembly of a BTA in moleR BTA objects (blue and yellow) (A) are dissc
upon heating with 10 K/min (B). Subsequent cooling with 10 K/min resulielf-assembly into fibers (C ¢
D). Images show 8000 ppm BTA 6 in-PPobserved through an optical microscope equipped with cro
%}o E]I E+ v , %0 3 0 §X

Dissolution and self-assembly temperatures of different concentrationsBXAin-PP melt
determined this wayare then plotted versus BTA concentration. This is exemplarily shown
for BTA 6 in Figuré3. The presented data originate from two heating/cooling cycles applied
directly after each other. All curves show a steep slope at low concentrationisigher
concentrations the slope flattens with exception of the first diggoh curve, which shows a
steeper slope above 6000 ppnmn the second cycle, dissolution temperatures could be
measured down to lower concentrations tham the first cycle. This is due to the fact that
BTA objects are larger after the first cycle than before: The bigger aggregatesecan b
detected even at lower concentrations, which is necessary for dissolution temperature
determination, while the smaller ones are invisible at low concentratibmgrinciple, at

high concentrations, some very big BTA objects are not totally dissolved dhengoi-
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pounding step and remain in the compound, being the third species ofdBjekts which
can be detected from Figuré3. Upon heating with a constant heating rate, objects with
more volume are generally dissolved slower than those with less volume. This phenomenon
can be used to distinguish the three described species of nanofiberstfrerdissolution
temperature data: Medium sized fibers are only present in the second heating. In the
first heating curve, either smaller fibers (in the case of complete dissolutiomgluri
compounding) or bigger fiber fragments (from incomplete dissolution during compoghdi
occur. Smaller objects dissolve faster, which means that the dissolution teropeffat the
small species is below the one of medium sized objects from second heatinge¥4aeit is
above for the big undissolved species. In FigiBethe transition from small to big fibers is
in the area around 6000 ppm of BTA, which means that BTA concentahmove this level
have not been completely dissolved during compounding. At 6000 ppm, theliBI@lves at
around 245 °C during second heating in the PolMic. Since 240 °C was thempadrature
during compounding, this indicates that dissolution temperatures during camg@ing and

in the PolMic match to some extent.
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Figure 73: Concentration dependent dissolution and self-assembly biehasf a BTA in molteiPP at the
example ofBTA 6. Datdrom first (black) and second (red) heating/cooling cycles are shownoltiss
temperatures ( and “) indicate the disappearance of birefringence caused by BTA objebile the sell
assembly temperatures and V) mark the reappearance of the birefringence. Heating and cooling rat
10 K/min. The blue line marks the melt temperature during the presioompounding of the sampleBarts o
the data presented here have already been published (Morl et al. 241850 see Figure 74.
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Data from the second heating/cooling cycle are less sensitive to camgiooy parameters
and can easily be reproduced in additional heating/cooling cydlesrefore, they were
exclusively used and are displayed in the following. Figdmgives concentration dependent
dissolution and self-assembly temperatureghe i-PP melt for all three BTAs. BTA 5 exhibits
low solubility: 300 ppm are soluble at 240 °C, while 400 ppm are alreaduhbiesoFor BTA

6, up to 4000 ppm are soluble at this temperature. This more théfold increased
solubility compared to BTA 5 is attributed to the switching of amideigscand the longer
and more flexible substituents. BTA 7 shows an even higher solubi88006fppm at 240°C

All results presented here are in good accordance with literatureegalmeasured using

differenti-PP grades, as far as those are avail&ble.
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Figure74: Concentration dependent dissolution and self-assembly behafi&TAs 5 (A), 6 (B) and 7 (C) a
molteni-PPX Jee}ousS]}v S u% E S @&e disappedrante &f bigefringence caused by BTA ok
while the self-assembly temperaturesUj mark the reappearance of birefringence. Data from se
heating/cooling cycles are shown. Heating and cooling rate Md§/min. Adapted with permission from r
(Morl et al. 20195, © (2017 The authors.

Next, crystallization temperatures 6PP in all compounds were determined as a measure of
the nucleating efficiency of the three BTAs. These data are necessary to idergsiplp
correlations of foam properties with the nucleation ofPP by BTAs lateAll i-PP

crystallization temperatures presented in Figute were determined by DSC with a cooling
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rate of 10 K/min. Shown data are averages of crystallization temperatures nfiaacd

exothermic peaks) from first and second cooling cycles.

Under these conditions, the neat stabilize®P crystallizes at 114 °C. Already at a concen-
tration of only 100 ppm, BTA 6 raises this temperature to 121 °C, regpehmaximum of
122°C at 500 ppm. BTA 7 is an even more efficient nucleating agdtihgsthe i-PP crystal-
lization temperature up to 126 °C at a BTA concentration of 1000 pmch is 12 °C above
the value of neati-PP. BTA 5 shows a more complex behavior: It promotes a local
crystallization temperature maximum of 125 °C at only 100 ppm of BTAealking the
concentration, the value fluctuates around a lower level, until a new mami of 127 °C is
reached around 1000 ppm. This behavior is attributed to the poor solulofiBTA 5: After
the first maximum, partly non-dissolved BTA acts as a nudteuhe self-assembly of the
BTA, removing the BTA from the surrounding area. Thus, in this area no fuitAestiects

are formed, which in consequence reduces the BTA object concentratehrve that, the-
PPcrystallization temperature. By addition of more BTA, the concéntraof non-dissolved
BTA aggregates finally reaches a level which again provides sufficient BT Asoligest for
efficient nucleation ofi-PP, causing the the secondPP crystallization temperature

maximum.

To sum it up, all three BTAs nucleafeP. BTA 6 is the worst nucleating agent reaching an
PP crystallization temperature of only 122 °C and therefore. BTA 7lessatin the soluble

range, the best nucleating agent, reachingi-&P crystallization temperature of 126 °C.
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Figure75: Crystallization temperatures éfPPcontaining various concentrations of BTAsLH,(6 (Y and 7 ().
Data represent peaks of crystallization enthalpies measured by DSC. Heating andratelvegs 10 K/min.

As a final characterization for compad®?P/BTA compounds, melt strength was measuled.
describes the resistance of the melt against rupture. Hence, a high meitgstreduring
foaming prevents the cell walls from tearing apart, which otherwise weoaldse collapse of
the foam. Therefore, to achieve foams with fine cells, a melt strength asasigiossible is
desirable. To detect possible effects of the BTAs on melt strength, the highestntration
of each of the three BTAs, which was still in the soluble regime, wadtegl As a stateq-
the-art reference material, talc with a median size of 0.7 um was applied.iFal hydrated
magnesium silicate of the formuldg;SiOi10(OH), which is insoluble in polymer melts. It is

often used as a cell nucleating agent for foaming of polymers.

The selected compounds alongside with neat stabilizB&were expressed through a die
and the resulting strand was abstracted with a Rheotens machine. The forcedéed
abstraction was measured while increasing the abstraction speed, which is pom@brto

the shear rate applied. Resulting plots of force vs. speed are shown in F&yure

As it was the case for neafPPsamples, the curves show strong oscillation in the plateau
area. All curves show similar slopes at low drawing speeds. NeBt and all samples

containing BTAs reach the same plateau level, while valuasFBrcontaining 5000 ppm of
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talc are slightly higher. These findings indicate that the investigat@dsBlo not significantly

influence melt strength within the investigated concentration range.
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Figure76: Melt strength of stabilized-PP (black), stabilizeePP comprisings000ppm of talc (red) and BT/
The maximum concentration of each BTA for later foaming is dighlaye 300 ppm of BTA 5 (gree
5000ppm of BTA 6 (bk) and 4000ppm of BTA Amagenta). Shown curves are averages of at leas
measurements each.
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5.4. Foam extrusion of i-PP with additives for cell nucleation

For foam extrusion, thirteen selected materials were compounded in amouri8 kg each
neat stabilized-PR stabilizedi-PPwith 200 or 300 ppm of BTA 5, 500, 1000, 2000, 3000 or
5000ppm of BTA 6, 2000, 3000 or 4000 ppm of BTA 7 and 1000 or 5000 ppm dhtalc.
compound comprising 5000 ppm of BTA 6 is included as a reference matewial,tisis
concentration of this BTA does not dissolve in the foam extrusion pragg#swas shown in
the previous section. This reference is meant to prove that BTA dissoldtiong foam
extrusion is necessary to obtain good foams.

The setup for foam extrusion of these materials followed our concept for featrusion
with supramolecular additives. Setup and concept are schematically shodmexplained in

Figure77.

Following this concept, it is of particular importance that thsen BTA in the respectiv
concentration is completely dissolved at 240 °C at the end of the firstideat (A-extruder),
to avoid big undissolved BTA objects, which otherwise would worsen foaperies. In the
second extruder (B-extruder), the BTA must self-assemble into supramoleculaohpaots
before reaching the die to ensure the presence of sufficient ratitlg sites in the sub-
sequent foaming step. When the pressure is released; ¥2omes insoluble and the

foaming starts, yielding a thin foam strand.
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Figure 77: Schematic representation of the foam extrusion process (top) dnthe concept of foam ce
nucleation with supramolecular additives (bottom). In the first exguthe polymer-additive mixture is heat
to 240°C and the physical blowing agent @added. At the end of the first extruder additive and, @@ bott
dissolved in the polymer melt (1). In the second extruder thét msecooled to the foaming temperature, whi
is around 160 °C. Here, the additives self-assemble into sugeaiar nano-objects (2). At the same time,
melt is compressed to the foaming pressure towards the die. At tedh pressure is abruptly released ¢
foam cells are nucleated at the nano-objefdarfaces (3). Subsequently, the nuclei grow into larger foarr
(4) to yield the final foam after cooling to room temperature @&japted with permission from ref. (Morl et
2019)"". © (2017 The authors.

To produce larger samples, which are suitable for mechanical investigasioredijbration
unit can optionally be added to the setup. This unit features tamfel water-cooled plates
at a distance of 1&m. They retard the movement of the hot foam and thus accumulate it

into a thicker, oval shape, as it is exemplarily shown in Figgire
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Figure78: Extruded strand (top) and calibrated sample (bottomi-BPwith 200 ppm of BTA 5.

To achieve a foam extrusion according to the concept explained above, processefssam
have to be slightly adjusted for each material processed. In THhle set of the most
important parameters is given at the example of stabiliz&dP containin@00 ppm of BTA 5.

The shown parameters are optimized for the material with respect to foamphadogy.

Tablel0: Selected processing parameters for the foam extrusion of stabili2&avith 200 ppm of BTA 5.

through- Tmelt Tset Tmelt p
material @ end of A- @ end of B- @ end of B- Taie melt
put @ die
extruder extruder extruder
i-PP +
4.3 kg/h 240°C 155°C 161°C 150°C 100 ba
200 ppm 5 g '

The foam extrusion parameters found for this compound were slightly adapted for
subsequent foam extrusion of all thirteen compounded materials, inctydieati-PR, i-PP
with talc andi-PPwith BTAs, as described above. The different materials to some extent
varied actual throughput and pressure before the die. Yet, these diffaas were not
significant. Process data from foam extrusion experiments, which were done at the
Department of Polymer Engineering at the University of Bayreuth, are listed in in the

experimental section (see4 for each individual material.
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5.5. Morphology of extruded i-PP foam strands

In this section, the morphology of the foams, which were produced as desciibdue
previous chapter, is presented. Here, extruded foam strands are chamadesiith regard to
foam density, cell diameter, foam appearance and cell density. The nextrs€6t6), covers
calibrated foams:There, foam density and cell diameter will give an overview of
morphological differences introduced by calibration. A further focus is setToh dbjects

and crystal modification atPP in the foams.

Average densities of foam strands the extruded compounds are shown in Figut@
alongside with standard deviations based on at least three samples each. \Deesisure-
ments were conducted at thelepartment of Polymer Engineering at the University of

Bayreuth using the buoyancy method.

The neat stabilize#PPfeatures a density of 0.15 g/¢rBoth compounds comprising BTA 5
show significantly reduced densities below 0.12 gicivith increasing amounts of BTA 6
foam density raises to a maximum of 0.18 gfcat 3000 ppm of BTA 6. The reference
materiali-PP with 5000 ppm of BTA 6 does not fit into that trend, wischttributed to the

fact that BTA 6 does not completely dissolve during foam extrusion atdhisentration. For
BTA 7, no trend is observed, as all three compositions yielding densities lme@yHe and
0.16 g/cm. Foam densities for compounds with talc are among the lowest measuredawith
minimum of 0.08/cm® at 5000 ppm of talc. Summarizing, all compounds show good foam
densities in the range from 0.08 to 0.f&m>. Compounds comprising talc yielded slightly

lower densities than the other compounds.
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Figure79: Foam densities of extruded foam strands of ne&P (black),i-PP containing talc (red) an@PF
containingBTAs 5 (green), 6 (blue) and 7 (magen®&)mbols represent averages and error bars repre
standard deviations of three measurements each.

Next, cell diameters of all foam strands were determined using SEM images. ééhefdhe
cross section of at least 100 cells per material was measured. The diameteraé atthe
same area was calculated and is taken as the cell diameter. This SEM based matsdd ten
underestimate the cell diameters since not all cells are cut in hdliclwresults in smaller
cross-sections and thus too small determined cell radii, as already disandSeire63. Cell
diameters determinedby this method are presented in FiguB®. The neat stabilizedPP
features an average cell size of 52 um. Addition of BTA 5 results in muclediteewith a
minimum diameter of 29 um at 300 ppm, which equals a cell size reducifod4%
compared to the neat sample. Cell diameters of samples comprising BTA 6 shag stro
fluctuation, but a weak tendency towards smaller cells with increaBif@ content can be
deduced. At a concentration of 5000 ppm, where the BTA is insoludsé résults with a cell
diameter of 27um were found. Yet, considering the large standard deviations, this is
comparable to the best result in the soluble region, which is 30 um at 1060 mcreasing

the content of BTA 7, also a slight tendency towards smaller cells can be obsaraéy, f
reaching an average cell diameter of 27 um at 4000 ppm of BTA 7. This equals an
improvement about 49% compared to nealPP. Using talc, the addition of 1000 ppm even
deteriorates the cell size to 61 um. This is attributed to a too lowieation density due to
the insufficient concentration of dispersed talc objects in thetmghis is in accordance with

the finding that a good value of 30 um is reached with 5000 pptalaf

150



Supramolecular cell nucleating agents for foam extrusion &fR-

Concluding, it has been shown that the concept of foam celleation with BTAs works in
foam extrusion, halving cell diameters at best. BTAs perform as well as tddigsed cell

nucleating agent talc while requiring much lower additive concentration
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Figure80: Average foam cell diameters of extruded foam strands of &R (black),i-PPcontaining talc (rec
andi-PPcontaining BTAs 5 (green), 6 (blue) and 7 (mageAt&rages and standard deviations (error bars
based on at least 100 measured foam cells each. Overlapping symbols ate stidted for the sake of clarity

To further investigate these results, SEM images and cell diameter histogrartiee of
respective concentration of each additive, which ye&ldinest cells, are compared to the
neat stabilized-PP in Figur81. Neat stabilized-PP exhibits many small cells along with few
huge ones in the SEM image, which is also distinct in the diameter histogreough most

of the cells feature diameters below 50 um, many cells with diameters up to 10érg@ualso
found. Addition of 5000 ppm of talc causes a pronounced shift towards smedlier
diameters. However, some cells larger than 50 um are still found. Applic&ti®@®0agppm of

BTA 5 results in an even higher content of very small cells, but paralleh @sadncrease of

the amount of cells larger than 50 um. This might indicate insufficiecleation density in

that compound,as big cells are supposed to grow in areas where no nucleating BTA objects
are available. The compound comprising 3000 ppm of BTA 6 shows a very homogeneous cell
size distribution with all cells being smaller than approx. @20 Use of 4000 ppm of BTA 7
yields the highest amount of very small cells, but also some large cells. Sumgnaalkin
shown samples comprising cell nucleating agents feature a unimodal cell tdrame
distribution with a maximum at low values below 25 um and a tail towards higheesal
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Figure81: SEM micrographs of extruded foam strands and corresponding cell diaimstegrams. Materia
are neati-PP (A) andi-PP with 5000 ppm of talc (B), 300 ppm of BTA 5 (C), 3000 ppm of BTA 6 |
4000ppm of BTA 7 (E). Histograms are based on at least 100 measured cells each.
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The second property critical for macroscopic foam properties like thermalumivgy found
on a microscopic scale is the cell density. It is determined by countingutneer of cells on
an SEM image of known area and potentiating it by 1.5 to obtain the esdiity in 3D-space.
Figure82 presents cell densities of extruded foam strands determined this way kb

on a logarithmic scale.

Strands of neat stabilizedPP exhibit a cell density of 1.1¥1€m°. Addition of 1000 ppm
talc improves this value almost 4-fold to 4.0%kn>, while a concentration of 5000 ppm
does not alter the neat value. By the use of BTA 5 cell density is \slightkased to
1.2*10" cm® at 200 ppm and more than halved to 4.3®@n> at 300 ppm. For all
concentrations of BTA 6 soluble in the extruder, no big change®am fdensity are
observed, whereas the not completely soluble concentration of 5000 ppauces cell
density to 6.4*16cm™. With BTA 7 cell density is not altered significantly at aliletes

concentrations compared to the neat stabilizeBP reference material.

1E+08

1E+07

cell density [cm™]

1E+06
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Figure82: Cell densities of extruded foam strands of ne&P (black)i-PP containing talc (red) anePF
containing BTAs 5 (green), 6 (blue) and 7 (magenta).

All in all,the cell density values determined are in the same order of magnitude, with
1000ppm of talc giving a slight improvement, while all samples comprising BTAsnshow
significantly enhanced cell densities. The well-established methodfodensity determina-

tion used is likely to cause a certain scattering of values since all foaestigated are
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inhomogeneous to some extent (see FigaB. Hence, small changes in cell density are not

considered relevant.

However, following the concept of foam cell nucleation by supramoleculaitiages] one
would expect drastically increased foam cell densities by the use of B Aseason for the
low cell densities found, insufficient nucleation density can bduebet, since the applied
BTAs form a dense network of fine fibers (see Figilje In addition, BTAs are known to
feature high nucleation densities froifPP crystal nucleation studies in literatdfeSo, if a
great number of cells is nucleated during foaming, the problem must be assdavith the
growth of nucleated cells into their final shape. In this step, a losgltsf typically occurs by
cell coagulation, which is the fusion of cells upon rupturehef ¢ell wall separating them.
This indicates a lack of melt strength, which otherwise would preventvedilirupture. Low
melt strength and cell coagulation resulting from this is a well-kn@sne with linear-PP.
Thus, the low cell densities found are attributed to cell coagulation, lwprevents reliable

conclusions about nucleation densities during foaming.
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5.6. Morphology of calibrated foams

The thin foam strands treated above are too small for mechanical measursmsdance, a
calibration unit was applied to obtain calibrated foams, which emaiseparation of larger
test specimens. In this section the morphology of these calibrated foam samplesussed

and compared to the morphology of the foam strands.

Figure83 depicts densities of all calibrated foams investigated, which wezasured at the
department of Polymer Engineering at the University of Bayreuth using the buoyancy
method. Densities of all calibrated foams are in the range between 0.29.88dg/cni. This
means a drastic density enhancement caused by the compression of thidrot during
calibration compared to densities of foam strands without calibratiwhich are between
0.08 and 0.18 g/cth Neat stabilized-PP without any cell nucleating agents features a
density of 0.33 g/crhafter foam calibration, which is the highest of all calibrated foams. All
samples comprising cell nucleating agents feature lower densities. For these samples,
correlations with foam density after calibration are observed neither fordhemical struc-

ture nor the concentration of additive. Concluding, by calibratiofoams, large samples for
mechanical testing were successfully produced, which feature densitiasharrow range.

The comparability of foam densities after calibration is highly benefmidhter mechanical

testing, as it prevents variation of mechanical properties due to densigrdifces.
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Figure83: Foam densities of calibrated foams of ne&P (black),-PPcontaining talc (red) andPPcontaining
BTAs 5 (green), 6 (blue) and 7 (magenta). Symbols represent averages anbaesroepresent standa
deviations of three measurements eachdapted with permission from ref. (Mérl et al. 20P8)© (2017) The

authors.
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Next, the microscopic morphology in the bulk of calibrated samples was investjdpeid)
another property which could alter mechanical properties. Figgdeshows SEM images of
selected examples of calibrated foams. The images show that the cellular stristsiié
intact after calibration. In contrast to the foam strands discussed abovks, aktalibrated

foams feature clear shape anisotropy, i.e. they have been deformed during calibration

text

Figure84: SEM micrographs of calibrated foams. Materials are €& (A) and-PPwith 5000 ppm of talc (E
300 ppm of BTA 5 (C), 3000 ppm of BTA 6 (D) and 4000 ppm of BTA 7 (E).

Foam cell size was taken as a quantitative measure for the bulk morphdfogyre85
shows average cell diameters of calibrated foams measured from SEM images at the
department of Polymer Engineering at the University of Bayreuth. After calibrdgam cell

diameters are in the range between 27 and 68 um. This is quite the ssEm®r non-

156



Supramolecular cell nucleating agents for foam extrusion &fR-

calibrated foams, which featured diameters in the range of 27 to 73 um. Mereafter
calibration no correlation between cell diameter and cell nucdtegatagent is observed
anymore. By contrast, a tendency towards smaller cells with increasing additive toraen
visible for foam strands (see FiguB®). Besides, standard deviations have increased,
meaning that foam cell sizes are less homogeneous after calibration. Hitishated to the
mechanical deformation of the foam during the calibration process. Summarizing, average
cell sizes after calibration are comparable to the ones prior to calibratitwch indicates

that the calibration process does not alter the inner foam structora great extent.
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Figure85: Average foam cell diameters of calibrated foams of rida® (black),i-PPcontaining talc (red) and
PPcontaining BTAs 5 (green), 6 (blue) and 7 (mageBtanbols represent averages and error bars repre
standard deviations of at least 100 measured foam cells each. Ogartapymbols are slightly shifted for 1
sake of clarityData have already been published in ref. (Morl et al. 2@1@ (2017 The authors.

Up to now, all compounds of stabilize?P and cell nucleating agents have been treated as
macroscopically homogeneous materials. To obtain information about the single- nan
objects present in the materials, calibrated foam samples were searchedifbtive objects

at the SEM. In doing so, foams without further treatment as well as etched fozns
investigated For the latter, etching was done in an aqueous solution of KMrESQ and
HsPQ for 1 h. SEM images of etched and non-etched foams after sputterithgRtiare
shown in Figure86. To increase the chance of finding objects, only foams comprising the

maximum concentration applied in foaming of each additive were inyat&d this way.
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Neat stabilized-PP (1A) exhibits a rough surface texture with spikes prior to etching. Th
surface texture is removed by etching (1B), resulting in a smoother surface.oligh r
surface may stem from polymer crystallization processes at the gas/polymer interface. At
the sample comprising 5000 ppm of talc, nano-platelets covered by a-®khlayer were
observed without etching (2A). After etching, similar platelets lyinchatdurface without

any cover layer were apparent (2B). These structures are identified as talephatetets.

For all three samples comprising BTAs, nanofibers were present in the nordetahwles
(3A-5A). These fibers all seem to be partly covered byi-#88 matrix, while other parts
pierce closer to the surface and can therefore be observed. In most cases it camnot b
decided from SEM images whether visible fiber segments are still coveredaiitin i-PP

film or are in direct contact with cell gas. Nevertheless, at least forititg fiber in image

A U JE § }vs & A18Z JE ]+ Al*] o (}E 328 (p @E[u]EX (ZE-
the applied cell nucleatin concept: It is based on cell nucleation at the interface between

PP and the nano-object. When a cell nucleated this way grows, tloteation site is
supposed to stay uncovered at the foam cell surface. Yet, reliable conclusiorise

occurrence of the proposed cell nucleation mechanism from these picturesca@ossible.

After etching, all samples comprising BTAs show structures which are undkra®o
impressions from the above mentioned nanofibers (FiggBe3B-5B). Since BTA fibers are
completely removed from the surface in the etching process, these impressions are
supposed to be relicts of these fibers. The impressions only feature &lsemgth reflecting

the formerly uncovered area of the former fibers, which could exclusiveheimoved by the
etching solution. In image 3B at the top end of the impression, a brighteriatkcates that

the fiber was longer than the imprint. Of course, fibers which are totaltyedwleep in tha-

PP matrix cannot be displayed by this method. Also, due to the curved mogphof the

foam surface, only a very small area of each cell could be investigated wi8EM, which is

nevertheless assumed representative for the whole cell.

Concluding, it is possible to detect BTA fibers at the surface of foasn €ak use of non-
etched samples is preferable to etched onas,those allow direct observation of fibers,
whereas after etching only a negative impression remains. Moreover, gtcaimoves some
i-PP from the cell surface ars prevents observation of fiber structures at the cell surface,

which are the most interesting ones for drawing conclusions omtleteation process.
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Figure86: SEM micrographs of calibrated foams prior to (A) and after (B) etching. Mategaieati-PP (1,
and i-PPwith 5000 ppm of talc (2), 3q@pm of BTA 5 (3), 3000 ppm of BTA 6 (4) and 4000 ppm of BA 7 (
Poorly visible nanostructures are marked with arrows.
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5.7. Compression modulus of calibrated i-PP foams

In this section, mechanical properties of the calibrated foams and pessdrtelations of
these properties with foam morphology are investigatedom all modes of load possible for
solid matter, compression was selected, as it is the most used one for foamscasseid in
chapter 5.1.4To exclude the effect of the more compact skin layer on foam mechanics, it
was cut off the cylinders punched out of the calibrated foams. Thusdcyal specimens
with a height and a diameter of 8 mm were obtained. All specimens weredest
compression using a universal testing machine at the departrokpblymer engineering at

the University of Bayreuth.

Figure 87 exemplarily shows stress-strain-curves of ne&PR i-PP containing talc as
reference andi-PP containing BTA:PP andi-PP with 5000 ppm talc exhibit a similar
behavior up to a compression of around 7%. By contrast the sample comprising Bdis exhi
higher stress values than both others up to around 8% of compression. Hova¢\egher
compressions, the sample comprising 4000 ppm of BT8hows a much smaller slope,
reaching a maximum compressive stress of almost 5 MPa at 50% strain. Its slope at high
compressions is even flatter than that of the sample with talc, whéaches between 5 and

6 MPa at 50% compression. Ned&P reaches more than 8 MPa at 50% compression.

compressive stress [MPa]

0 T T T T T T T T T T
0 10 20 30 40 50

strain [%0]

Figure87: Stress-strain curves of foamed samples of ne@P (black) i-PP containing 5000 ppm of talc (r
and i-PP containing 4000 ppm of BTA 7 (maggnBata have already been published in ref. (Mérl e
2019)°". © (2017 The authors.
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The specific compressive modulus is a property well-suited to compareaciin@ression
behavior of different foams. It is derived from the slope of the curve @nlithear region, i.e.
at low compressions. Thus, the compression modulus describes reversible small

deformations, as they are supposed to be predominant for construction nadser

Specific compression moduli of all calibrated foams are given in FRfiréfhe neat
stabilizedi-PP features a specific compression modulus of around 100 MBagcAddition

of only 200 ppm of BTA 5 more than doubles this value to 210 MP&jcihis is the
highest value measured. Compounds comprising BTA 6 show a slow increase of compression
modulus with increasing additive content in the concentration megji where the BTA is
soluble under compounding conditions. Finally, a maximum modulus of 185 M&g*ts
reached at 3000 ppm. By contrast, the sample comprising 5000 ppm of BTAu6es$eat
lower modulus. This is attributed to big BTA objects, which remainedssolgded during
compounding. Also for BTA 7, improved moduli are observed with increaseddateit,
reaching a maximum of 194 MPa at 4000 ppm of BTA 7. Similarly, talc improves the
compression modulus at both concentrations. Yet, with talc only lwel of the worst
performing compound comprising BTA in a soluble concentration is e€achhus, BTA
additives must feature an additional effect, which enables such drastmdulus
improvements. As shown above, the densities of all calibrated foams are in the sam regi

and thus cannot be the reason for the superior performance of then®aontaining BTASs.
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Figure88: Specific compression moduli of calibrated foams of nd@® (black)i;PP containing talc (red) ar
PPcontaining BTAs 5 (green), 6 (blue) and 7 (mageite@rages and standard deviations (error bars)
based on at least eight measured samples each. Overlapping symbsligatly shifted for the sake of clari
Data have already been published in ref. (Morl et al. 2619 (20179 The authors.

To shed light on the cause of this partly tremendous modulus improvenfaetors which
could influence mechanical properties of foams are excluded systematidalbrefore,
compression moduli were plotted versus degree of crystallinity i¢?P, polymer

crystallization temperature and foam cell size.

The degree of crystallinity ofPPwas taken into account as it is well-known that a higher
degree of crystallinity renders polymers more britfe The degree of crystallinity was
calculated from melting enthalpies as measured by means of DSC at the deptadmen
Polymer Engineering at the University of Bayreuio correlation between degree of
crystallinity of i-PP and compression modulus of the foam was found. Moreover, the
compound comprising 5000 ppm of talc, which does not perform betten thny BTA, even

yielded the highest degree of crystallinity.

Even if the overall degree of crystallinity of a sample is not changedhstiize and size of
crystals might be. It is known that crystal nucleating BTAs reduce thtalsize of-PP while
enhancing the number of crystdfs In addition, heterogeneous crystal nucleation will take
place on the surface of the nanofibers, while homogeneous nucleatonre in the bulk-
PP material. In the first case, rod-like crystals are formed, while the secondyicdds

spherulites. This crystal shape is also likely to have an impact on foam nesctsince the
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applied BTAs feature dissimilar efficiencies in crystal nucleationhwhsuilts in different-

PP crystallization temperatures, these temperatures are used to track pmssithanics
improvements by crystal shape: It is assumed that the worst nucleatiegts yield a higher
content of homogeneously nucleatedPP. Hence, these samples should perform differently
from the ones comprising better nucleating agents in terms of compressiorulmdif
there was a correlation between crystal shape and compression modulus. Heor t
investigated samples, no clear correlation was observed. For the well nagdsfAs 5 and

6, high compression moduli are found, which could indicate a wesglelation.

The cellular morphology is a third possible reason for drastically enhancedressign
moduli using BTAs. Therefore, the already discussed cell sizes of edlihoains were
plotted versus compression moduli. No apparent correlation between Ipotiperties was
observed. Thus, the compression modulus variations also cannot be attributeddedides

in the foam morphology.

Having excluded all these possible reasons for enhancement of compression rabduli
foams containing BTAs, another hypothesis remains: The BTA nanofibers pregbat in
foams could reinforce thei-PP matrix, thus prevent bending of the cell walls and
consequently raise the moduldd® Unfortunately, this hypothesis is hard to test,
particularly, since the 3D-structure of BTA fibers in the cell waltha be accessed by

etching due to the high chemical stabilityie?P.

For further investigation of the increase of compression modulus wsenof BTAs, which is
beyond the scope of this thesis, it should be tested, whether this phenomescalso
present under other load types like shear or tensile stress. In additramster of the
concept to different polymers, which can be hydrolyzed, should allavdystg the 3D-
structure of the BTA formed. This will answer the question, whether istlaingle fibers or

a fiber network, which could bear load more easily, are present. Finatlgmdination of

two or more BTAs, which have to assemble independently, could be applies. Thi
combination should not alter the single BFAolubility, so that a much greater amount of
BTAs can be solved overdlhis is expected to yield more nanofibers and a further increased
compression modulus, if the enhancement of the compression modulasfast due to the

nanofibers,.
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5.8. Conclusions

A major topic of this chapter was the improvement of extruded therraspit foams by
supramolecular cell nucleating agents at the examplei-BP and BTAs. To overcome
inhomogeneous dispersion, which is a possible negative feature of establsiresoluble
nucleating agents, a concept for foam extrusion including a step at wiiehBITA is
dissolved, was applied. Following this concept, BTA and physical lagemt are solved at
high temperature and pressure in the first stage, providing good digtobwof the BTA due
to diffusion. Secondly, the temperature is lowered towards the foaming tempesatar
have the BTA self-assemble. In the third stage, the pressure is releaseg tapiehder the
blowing agent insoluble. Here, the self-assembled structures from the second atage
intended to act as nucleation sites, reducing the foam cell diameterhmmite improving

final foam properties.

In the first part of this chapter, the applied lineePP was characterized thoroughly. The
appliedi-PP grade was investigated with and without stabilizers. The stabihagerial was
found to be well-suited for foam extrusion, while the non-stabilizdeP suffered from

degradation.

In the second section, three different preselected BTAs, which cover a broad raieym

of concentration, were self-assembled from 2,2,4,4,6,8,8-heptamethylnonane (H®N)
simulate later self-assembly RPP. All three BTAs yielded well-defined nanofibers. Next,
different concentrations of each BTA were compounded into stakiliZ?P. The obtained
compounds were characterized with respect to their dissolution and self-adgemb
temperatures to be able to select concentrations with a behavior matchingrttemded
concept for the foaming process. In addition, the melt strength e dompounds was

proven not to be significantly altered by the presence of theBTA

In the third section, ten compounds were produced in amountd@kg each, comprising
amounts from 200 to 4000 ppm of the three BTAs, selected on basi® afiskolution and
self-assembly temperatures determined in the second section of this chapter. For
comparison, also one compound without any cell nucleating esgeme BTA concentration
being not entirely soluble in the foaming process and two compsuandntaining the
insoluble reference material talc were produced. Using supercriticala8@hysical blowing
agent, all materials were successfully processed with a tandem foam extrlisen
obtaining foams with densities in the range from 0.08 to 0.18 d/choam morphology
164



Supramolecular cell nucleating agents for foam extrusion &fR-

studies revealed that all additives reduced cell diameters, when appheduitable
concentrations. Average cell diameters down to around 27 um were realizédtalt as
well as with a BTA bearingprt-octyl substituents This shows that the initial concept,
comprising dissolution and self-assembly of BTAs, followed by cédlation at the self-
assembled structures, works at least as walltlae application of non-soluble standard
nucleating agents such as talc, while making dispersing easier due to theltissetep In
anticipation of the sample treatment for mechanical testing, the morphologgatibrated
foams was compared to the one of foam strands discussed above. As expected, the foam
density was drastically enhanced to the range from 0.24 to 0.33Yhymcalibration. By
contrast, cell diameters still were in the same range as in the foam strandsh&gshowed
broader distributions after calibration, which is taken as a sign ofrsimelmaced deformation
and, to some degree, coagulation of cells. In addition, BTA fibers wesdizéxl in foams, to
the best of my knowledge for the first time. As well, talc plateleere found in the
respective compounds. This was performed by SEM without any etchingeofoams.
Samples, which had been etched for comparison, just showed impressioresiiRPEhmatrix.
These were caused by BTA fibers, which had been removed by the mreatithing. The
detected structures prove that the self-assembly prerequisite for thesented cell

nucleation concept yields nanoobjects even under real foam processing cosditi

The fourth section reports results of compression modulus measurements ofatatib
samples of the foams, which were conducted at the department of Polymer Engigeerin
Addition of up to 5000 ppm of talc improves the specific compressmaulus just to

140 MPa*cni/g from 104 MPa*crig for neati-PP. By contrast, only 200 ppm of the best
performing BTA raise the neat value by more than 100% to 211 MPaycHaving excluded

several possible other factors, a reinforcing effect of BTA nanofibersoigghih to be
responsible for this drastic improvement. Furthermore, foam mechanics were showa to
ZIPZoC % v Vv3 }v 8Z € *% S3]A d [+ Z u] o v EUGBIYUAZ] :
possibilities by investigation of other BTAs. The results presentedhalg® partly been
published in thelournal of Cellular Plastit¥

165



Supramolecular cell nucleating agents for foam extrusion &fR-

166



Experimental Section

6. Experimental Section

6.1. Materials

Solvents and isotactic polypropylene
Marlotherm (Marlotherm SHJulabo Labortechnik GmbH) and paraffin (Grissing GmbH)

were destilled prior to use. Anisole (Sigma Aldrich; 99%), methyl cyclohé¥ittd; Sigma
Aldrich; 99%), 1-Heptanol (ABCR; 99%)rahdxane (Acros; 96%) were used as received. All
other solvents were destilled prior to use.

The investigated linear-PP (Moplen HF400G)aw kindly supplied by LyondellBasell. The

material was a reactor grade without any further additives.

Chemicals
BTA5 (trade name XT386) was kindly provided by Ciba Specialty Chemicals 8id\S

where synthesized as described in literattifé®*'%° Detailed synthetical procedures and

product characterizations are given in the respective compound sheets.

Talc for cell nucleation (Jetfine 3 C A) with a median particle si@e7 pfim was retrieved
from Imerys Talc. The stabilizers Irganox 1010 and Irgafos 168 were supplied ByEBAHF
i-PP samples were stabilized with 0.05 wt% of Irganox 1010 and 0.1 wt% o$ [t§&f if not

stated otherwise.
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6.2. Analytical methods

Nuclear magnetic resonance (NMR)

'H-NMR experiments were performed using a ruUltrashield 300 NMR spectrometer.
The corresponding resonance frequency \888 MHz. Data evaluation was performed with
SpinWorks 4 (University of Manitoba). As internal reference, peaks of theatap solvent

were utilized.

Mass spectroscopy (MS)

Mass spectroscopy was performed on a Finnigan MAT 8500 mass spectrometer using

electron ionization.

Thermogravimetric analysis (TGA)
TGA measurements were done using a Mettler Toledo TGA/DTA-system (TGA/SDTA851e).

Typically, for analysis 8 to 12 mg of the substance were heated from antbreperature to

700 °C with a rate of 10 K/min under a nitrogen flow of 50 mL/min.

Differential scanning calorimetry (DSC)

DSC measurements were done using a Mettler Toledo DSC 2 with a nitrogen flow of

50 mL/min.

For the investigation of pure bis- and trisamides, a high pressure sé@elps completely
filled with sample material and closed. Next, the pan containing the samgeeneated from
50 °C to the respective maximum temperature with a heating rate of 10 K/nohhathd at
this temperature for five minutes. Subsequently, it was cooled to 50 °C agtura cooling
rate of 10 K/min. This heating/cooling cycle was repeated once. Typisaltond heating
and cooling scans are given. For compounds prone to decomposition, firshdeand

cooling scans are given instead.

Compounded-PP samples were molten into the aluminium DSC pans prior to the measure-
ments to improve the heat transfer between samples and pans. For the BTA sgeeni
compounded samples of BTAsitfPP were heated from 50 to 240 °C, kept at 240 °C for
5 min and subsequently cooled to 50 °C again. Heating and coolmgveat 10 K/min. This

thermal profile was repeated at least once and the polymer crystallizagorperature of
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each composition was determined as the average of the crystallization peakstoarfd
second heating/cooling cycle. For the determination of HRP crystallization temperatures
of the compounds for foam extrusion a higher top temperature was necessaeyatse
orientation effects originating in the harsher compounding conditionsliadp Here, DSC
samples were heated to 280 °C instead of 2@0Besides that, the rest of the temperature

program was unchanged and corresponds the BTA screening measurements degimte.

Crystal structure determination
Powder XXE C ]J((E 3&]}v A « }v A]3z ANdK NS TW - Tédi@onStu § @

~= 1.5418 A). The ground powder was filled into capillary tubes with a thami0.5 mm.
Measurements were done in Debyscherrer geometry with a step size of 0.015° in an
angular range (8 from 3 to 50°. For the bisamides 1 and 2, a DFT optimization was
conducted using Accelrys MS Modeling. For the other bisamides, the program Casisp 6
utilized in this step. The geometry was optimized by means of the Tkatoh®cikeffler

method. For Rietveld refinement, the program Topas 5 was applied.

Single crystal diffraction was done using a STOE IPD Il diffractometer equyiped
Ge(111) monochromator at 178 A]3Z D} <r & =]0.810%3 A), The software STOE
X-Area was applied for data acquisition, space group determination anstraotion of
reciprocal space planes. Structure solution and refinement was doneg uSimellX.
Refinement was done with isotropic displacement parameters for H-atoms atid w
anisotropic displacement parameters for non-H-atoms. All protons were added
geometrically. These crystal structure determinations were conducted atié&partment of

Inorganic Chemistry Il at the University of Bayreuth.

To visualize the structures, the resulting files (*.cif) were used tolaisthe molecular
structures with viewing directions along the crystallographic axes wi#mbnd (version
3.0). For the sake of clarity, H-Atoms not involved in any hydrogen beeds omitted for

the ball-and-stick-models.

Solid-state NMR spectroscopy

Solid-state  NMR experiments were performed using a Bruker Avance IlI HD 600
spectrometer. The frequency for magic angle spinning (MAS) was 10 kHz, if rext stat

otherwise, and the magnetic field strengthy Bvas 14.10 T. At this field strength the
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resonance frequencies were 600.15 MHzfdr 150.92 MHz f0o"*C and 564.65 MHz fdtF.,
'H13C cross polarization was done f3€ spectra. ThereforéH was excited with a 90°-pulse
for 2.7 us, before a contact time of 3 ms was allowed. During this time, a linear framp
50 to 100% intensity was applied. During data acquisition, protons were decbwpth the

spinal 64 sequence.

Fourier-transform infrared spectroscopy (FTIR)

FTIR was done by means of a Spectrum 100 FTIR spectrometer (Perkin Elmer) ateattenu
total reflection (ATR) mode. The respective sample powder was placed on the AT wind
and fixed with a stamp. Four scans from 650 to 4000" evith a step size of dm* were

performed for each sample.

Surface energy measurement

The test substance was pressed into flat circular specimens with a diameter ofri..2
Therefore, 80 to 140 mg of the substance was placed between two circulamchpls and
compacted with a pressure of 10 bars for 5 rhina manually operated pump. For six test
liquids (water, formamide, glycerol, ethylene glycol, daemethane and aniline), contact
angles on the the specimeffiat surfaces were determinelly the sessile drop method

using a Kriss DSA25S drop shape analyzer. The average contact angle of ateleast fi
measurements was determined for each liquid. Using the polar and dismentribution to

the surface energy of each liquid, as they are listed in Tabléhe surface energy of the
sample was calculated with a analysis software (DSA4; Kriss GmbH, 2004) using khe OWR
method™.

Tablell: Disperse and polar contributions and the total surface tension for alestdiquids according to the
analysis software (DSA4; Kriiss GmbH) used for surface energy determination.

Liquid disperse polar total
Water 26.4 46.4 72.8
Formamide 39.5 18.7 57.0
Glycerol 37.0 26.4 63.4
Ethylene glycol 26.4 21.3 47.7
Diiodo-methane 0.8 0.0 50.8
Aniline 33.1 10.3 43.4
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Micro differential scanning calorimetry (u-DSC)

p-DSC measurements were done using a Setaram Micro DSC lll. A dispersiopprh 590
bisamide 1 im-DCB was heated to 120 °C and a homogeneous dispersion of nano-platelets
was formed by shaking the hot vial in an ice bath. This is descinbeetailed at the self-
assembly methods. 909 mg of the dispersion were filled into the sample c#ieqi-DSC.

The reference cell was filled with 911 mg of por®CB. The sample was heated from 20 to
115°C and subsequently cooled to 20 °C. After an isothermal step lastingtiis
heating/cooling cycle was repeated once. This experiment was conducted thrige

different heating/cooling rates (1, 0.5 and 0.1 K/min) using the same sampl

Atomic force microscopy (AEM)

AFM measurements were done using a Veeco dimension 3100 atomic force microscope
equipped with a NanoScope IV controller. Bruker OTESPA-R3 silicon cantikreeused in
tapping mode. Squared AFM height images were recorded with 512 lineslangbints per

line. Images were evaluated using Bruker NanoScope Analysis software (version bbd0). Pr

to further analysis, the images were flattened'@rder).

d} v oCl o0 C E 3Z] Iv ee sU su 00 ¢ 3]}ve (E}u EC+3 o[ &}
analysis, which considers many parallel lines to reduce noise in z diregtive a profile of
the steps along the x axis. From this profile, tilts were removedgusine evaluation

software. Next, parallel lines were fitted to the different step levels tr@l o]v [ ]S v

was measured to obtain the step heights.

Total heights of platelets were determined fom cross sections. The z didtehween wafer
level and top of the individual platelet was measured from each croggoee@verage and
standard deviation of the height were calculated from a minimum of 12efdtd from at
least three areas of each sample. Agglomerated platelets were excludedsirarhlysis,

since these at least partly overlapping specimens did not give reliable data

Scanning electron microscopy (SEM)

For the preparation of SEM samples from dispersions, one drop of the respectieestsp
was cast on a clean silicon wafer. The supernatant solvent was removea \ifter paper
from the rim of the wafer piece. Then, the sample was dried at ambientitond or in high

vacuum and fixed on a SEM stub using a conductive tab. Subsequentlyartipde was
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sputtered with a typically 1.3 nm thick platinum layer using a Cressing@@HR sputter

coater.

Foam samples were prepared by cutting up to 2 mm thick slices outeofodams with a
scalpel and gluing them onto a SEM stub using a conductive tab. Foam samm@etaehed
in a freshly prepared solution consisting of 3 wt% of Kyréa.7 wt% of k5Q (95%) and
32.3 wt% of BPQ (85%). Etching took 1 h in the stirred solution. Afterwards, the samples
were rinsed with KHO,, water and acetone. Foam samples were sputtered with a 1.3 nm

thick platinum layer or with gold.

SEM was done with a field emission scanning electron microscope (Zeiss LEO 1520) using

accelerating voltage of 3 kV.

Size exclusion chromatograp8C)
SEC was done at 160 °C using 1,3,5-trichlorobenzene as solvent. Sample® af 1,3,5-

trichlorobenzene with a concentration of 2.30 mg/mL were prepared by gjiran 160°C
overnight. 200 pL of each sample were injected on 8 column. Signal detection was
done with a refractive index detector. For the data evaluation a calibratiovecbased on a
polystyrene standard was used. Therefore, measured vabfiesPP allow a good relative

comparison, but should not be taken as absolute values.

Melt flow index (MFI)
MFI measurements were done using a Meltflixer MT (SWO Polymertechnik GmbH) at 235 °C

with a weight of 2.16 kg following ISO 1133.

Melt strength determination

Melt strength determination was done using a Rheograph 6000 capillary rheometer
(Gottfert) with a Rheotens 71.97 (Gottfert). Measurement temperature was “Z1L0Piston
speed was 0.208 mm/s and a die with a length of 30 mm and a diametemof &as used.
The strand length was 95 mm and the shear speed was'3Bise measurements were

conducted for each material and average curves were plotted.
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Additive solubility determination

Concentration dependent dissolution and self-assembly temperatures of theiaeklivere
recorded using a Diaphot 300 light microscope (Nikon) equipped with crgssedzers,
while the samples were heated with a FP82TM hot-stage (Mettler). Filmsoot 40 mg of
the injection molded materials were heated from 100 to 260 °C at a hpatate of

10 K/min. The temperature at which the last visible birefringent addistructures vanished
was denoted as dissolution temperature. Then, the film was cooled to 100 °C vaigiain
10 K/min. When the first birefringent additive structures were observed, theesponding
temperature was denoted as self-assembly temperature. This heating/cooling precedu

was repeated once.

Wide angle X-ray scattering (WAXS)
WAXS of the injection molded samples was done using a D8 advance X-rayodifétact

(Bruker). Measurements were done using Cu KE ] 81 fransmission geometry in an
angular range (8 from 8 to 30° with a step size of 0.05° and an acquisition time of 20 s p
stepX W | Z ]PZ&« A E A op 8§ A]3HighBcoré (us (BANahft\sal)XE 3

Optical properties of injection molded samples

Haze and clarity of the injection molded samples were measured with a hagefdarze
Gard plus (BYK Gardener). Three samples of each composition were measured to determine

average values and standard deviations.

Foam density measurements

Foam densities were determined according to ISO 1183 using the buoyancy method in
water bath. At least three samples per material were investigated to deterraireage
values and standard deviations. Pieces of the foam strand or cylinders (8 mm eliaandt
height) drilled out of the calibrated foams were used as samples. From theledithe skin

layer was cut from bottom and top prior to measurements.

Characterization of foam morphology

To characterize foam morphologies, cell densities and diameters were investigsitegl

SEM images of the foams (see above). To enhance the image contrast for automate

173



Experimental Section

evaluation, the cell walls were manually traced onto a transparent foil, cowerth a white
paper and scanned. The resulting black and white image was evaluated with Jimage
(National Institute of Mental Health). Cell radii were calculatesnf circles featuring the
same area as the cell sections on the SEM images. Cell densities were detemomed f
representative rectangular sections of the SEM images. The cell densityplakaied from

§Z + S§)}v[e & v 8Z vpu E }( oosedjaidiv:3Z - 3]}v v A]

?AHH @AJ%)#E%UL: 7)

For all cell density determinations, n was calculated taking all cells, these only partly

within the section, into account.

Determination of the compression modulus

Compression moduli were measured in compression mode following DIN 53424 &iP,5
universal testing machine (Zwick). Cylinders (8 mm diameter and heiglh} cout of the
calibrated foam were measured. Prior to the measurement, the samples preréoaded

with 2 N. For modulus determination, the test speed was 1.0 mm/min. igldn com-
pressions, the test speed was reduced to 0.8 mm/min. Measurements were stoppeéoat 50
compression strain. Each compression modulus was calculated from the linear oégen
stress-strain curve. At least eight samples per material were measured to determine

averages and standard deviations.
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6.3. Synthesis and properties of compounds

6.3.1. Symmetrically substituted 1,4-bisamides with tert-butyl-substituents

Bisamide based amans-1,4-diaminocyclohexane witlert-butyl-substituents

Identifier: 1 (in this thesis)
E U-EE¥clohexangrans-1,4-diyl)bis(2,2-dimethylpropanamide)

Synthesis:
H
NH, N
O’ N CI7H< 80°C, 12 h Q O’%
. pyridine - o]
HN® o LiCl %H
NMP

7.3 g of pivalic acid chloride (61 mmol) were slowly added to a mixtuBafof trans-1,4-
diaminocyclo-hexane (26 mmol), 10 mL of pyridine, @05LiCl and 18L of N-methyl-2-
pyrrolidone (NMP) at O °C under nitrogen atmosphere. The reaction mixtaseheated to
80 °C and stirred overnight. The mixture was precipitated in cold watdrtla@ white solid
was filtered off, dried under vacuum for 2 h (70 °C, 100 mbar) and crystalfrom

methanol. Yield: 4.5 (62%) of 1 were obtained as white crystals.

Characterization
IH-NMR (300 MHz, CRCIKCOOD):w  ~ %e%389 (2 H,m), 2.00 (4 H, m), 1.44 (4 H, m),
1.27 (18 H, s)

MS (m/z, %): 282 (M3.3), 197 (10.4), 181 (74.5), 127 (5.7), 102 (100), 85 (9.4), 80 (6.6), 57
(3.8)
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Thermogravimetric analysis (TGA)

X mass loss of 5% at 267 °C.
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Figure89: TGA curve of compourid The Measurement was done with a heating rate of 10 K/min under I

Differential scanning calorimetry (DSC)

x 2" heating curve: Phase transition at 272 °C (6.4 kJ/mol)

x 2" cooling curve: Phase transition between 130 °C and 190 °C (9.2 kJ/mol)

—— 2" heating
—— 2" cooling

heat flow endo up

T T T T T T T T
50 100 150 200 250
temperature [°C]

Figure90: DSC second heating and cooling scans of compdurideasurements were performed with
heating/cooling rate of 10 K/min in a sealed high-pressure steel pan.
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Bisamide based on 1,4- phenylendiamine visthi-butyl-substituents

Identifier: 2 (in this thesis)
E U-pBEenyl-1,4-diyl)bis(2,2-dimethylpropanamide)

Synthesis:

NH,
+ Cl 66°C.48h
trlethylamm
HoN o

THF

8.6 g of pivalic acid chloride (71 mmol) were slowly added to a mixture of 3l%g
phenylenediamine (32 mmol), 40 mL of triethylamine @&wdmL of tetrahydrofuran (THF
at 0 °C under argon atmosphere. The reaction mixture was refluxed aretidior two days.
After evaporation of solvents, the solid residue was dispersed in water iiaced off.

Recrystallization from methanol yielded &877% of the product as white crystals.

Characterization

'H-NMR (300 MHz, DMSQ). ~ %4942 (2 H, s), 7.52 (4 H, s), 1.21 (18 H, S)

MS (m/z, %): 276 (M81.0), 233 (4.7), 192 (48.3), 108 (17.4), 85 (7.2), 58 (100), 42 (15.9)
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Thermogravimetric analysis (TGA)

X mass loss of 5% at 295 °C.
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Figure91: TGA curve of compouriThe measurement was done with a heating rate of 10 K/min under N

Differential scanning calorimetry (DSC)

x 2" heating curve: Phase transitions at 263 °C (0.6 kJ/mol) and 281 °C (36.0 kJ/mol)
x 2" cooling curve: Phase transitions at 237 °C (0.7 kJ/mol) an8c288.1 kJ/mol).
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Figure92: DSC second heating and cooling scans of comp@urideasurements were performed with
heating/cooling rate of 10 K/min in a sealed high-pressure steel pan.
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6.3.2. Asymmetrically substituted 1,4-bisamides

Svynthesis of thenono-substituted intermediate
O NO,
66°C,12h
c trlethylamme
HoN THF
o NO2 n 3bar
66°C, 12h _
N ~ pdc
H

THF, MeOH

299 of pivaloyl chloride 24 mmol) was dropped to a mixture of.(Bg 4-nitroaniline

(22 mmol), 20 mL of trimethylamine and 150 mL of anhydrous tetrahydrofuran (THELat O
under argon atmosphere. The reaction mixture was refluxed and stirred overmidter
removal of solvents, the solid residue was washed with water and recrysthlfiom
hexane, yielding 4.3 g (89%)N{4-nitrophenyl)-2,2-dimethylpropionamide.
Subsequently250mL of THF and 50 mL of MeOH were added to the product together with
palladium on activated charcoal (10% Pd, 0.4 g). Hydrogenation wiil4r) at 35 °C was
performed overnight. The catalyst was removed by filtration over Alox Ntl@dolvents
were evaporated. The produdt-(4-aminophenyl) -2,2-dimethylpropanamide was obtained

as white powder in a quantitative yield (3.7 g).
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Bisamide based on 1,4-phenylenediamine withrt-butyl- and n-perfluoropropane
substituents

Identifier: 3A (in this thesis)
2,2,3,3,4,4,4-Heptafluoro-J{pivaloylaminophenylamino)-1-butanone

Synthesis:
F
66°C,12h _ F
F trlethylamlne
LiCl
THF

3.1 g of n-perfluorobutanoyl chloride 4 mmol) were slowly added to a mixture of 2.0 g of
N-(4-aminophenyl)-2,2-dimethylpropanamide (11 mmol), 10 mL of triethylamine afdil0

of anhydrous THF at 0 °C under argon atmosphere. The reaction mixture was kefff at O
and stirred for one hour. Subsequently, it was refluxed and stirred overnigfier
evaporation of solvents, the solid residue was dispersed in water and efilteff.

Crystallization from methanol yielded 23§64%) of the product as white crystals.

Characterization

'H-NMR (300 MHz, DMSQY. ~ %% 1123 (1 H, s), 9.30 (1 H, s), 7.62 (4 H, m){(212X)

MS (miz, %): 388 (M72.1), 369 (6.7), 354 (4.5), 304 (29.3), 133 (2.1), 107 (17.1), 85 (14.8),
69 (4.2), 57 (100), 41 (12.0)
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Thermogravimetric analysis (TGA)

X mass loss of 5% at 22C
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Figure93: TGA curve of compour8A The measurement was done with a heating rate of 10 K/min under

Differential scanning calorimetry (DSC)

x 2" heating curve: Phase transition at 226 °C (3.7 kJ/mol)

x 2" cooling curve: Phase transition at 213 °C (3.6 kJ/mol)

—— 2" heating
—— 2" cooling

heat flow endo up

T T T T T T T T
50 100 150 200 250
temperature [°C]

Figure94: DSC second heating and cooling scans of comp8é4ndveasurements were performed witt
heating/cooling rate of 10 K/min in a sealed high-pressure steel pan.
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Bisamide based on 1.,4-phenylenediamine withrt-butyl- and n-perfluoropentane
substituents

Identifier: 3B (in this thesis)
2,2,3,3,4,4,5,5,6,6,6ndecafluoro-1-f-pivaloylaminophenylamino)-1-hexanone

Synthesis:
R FR F
R FR F
66°C, 12h W
F trlethylamlne o F FF F
O F FFF Licl
THF

Perfluorohexanoyl chloride (4.5 4 mmol) was slowly added to a mixture of 2@of N-(4-

aminophenyl)-2,2-dimethylpropanamide (10 mmol), 10 mL of triethylamine and 100 mL of

anhydrous THF at 0 °C under argon atmosphere. The reaction mixture was refluxed and

stirred overnight. After evaporation of solvents, the solid residue was dsspen water ad
filtered off. Crystallization from methanol yielded 1.020%9 of the product as white

crystals.

Characterization

'H-NMR (300 MHz, DMSQ). ~ %c2 1123 (1 H, s), 9.30 (1 H, S), 7.62 (4 H, m)(Q12%)

MS (m/z, %): 488 (M77.0), 469 (13.9), 445 (4.77), 404 (30.9), 107 (13.9), 85 (15.4), 57 (100),

41 (10.8)
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Thermogravimetric analysis (TGA)

X mass loss of 5% at 22C

100 +

80

mass [%]
D
o
1

40

20

0+ T T T T T T T T T T T T T
50 100 150 200 250 300 350
T [°C]

Figure95: TGA curve of compour@B. The measurement was done with a heating rate of 10 K/min unger

Differential scanning calorimetry (DSC)

x 2" heating curve: Phase transition at 226 °C (9.8 kJ/mol)

x 2" cooling curve: Phase transition at 195 °C (10.5 kJ/mol)
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Figure96: DSC second heating and cooling scans of comp8&nd/easurements were performed with
heating/cooling rate of 10 K/min in a sealed high-pressure steel pan.
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Bisamide based on 1.,4-phenylenediamine witkrt-butyl- and n-perfluoroheptane

substituents

Identifier:  3C(in this thesis)
2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-Pentadecafluorg-pigaloylaminophenylamino)-

1-octanone

Synthesis:

R FR FR F

NH; RFR FR F W
i 66°C.12h
*J\ /©/ W tnethylamlne Yj\ /©/ o F FF FF F
N O FFF FFF LiCl

THF

4.4 g of perfluorooctanoyl chloride (10 mmol) were slowly added to a mixatide5 g ofN-
(4-aminophenyl)-2,2-dimethylpropanamide (7.8 mmol), 10 mL of triethylamine &@dniL
of anhydrous THF at 0 °C under argon atmosphere. The reaction mixture was refhcked
stirred overnight. After evaporation of solvents, the solid residue was dispensedter and
filtered off. Crystallization from ethyl acetate yielded 3.85 g (84%) efptloduct as white

crystals.

Characterization

'H-NMR (300 MHz, DMSQY. ~ %% 1121 (1 H, s), 9.30 (1 H, s), 7.61 (4 H, m){(212X)

MS (m/z, %): 588 (1126.9), 569 (7.5), 504 (14.0), 107 (10.7), 85 (15.1), 57 (100)
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Thermogravimetric analysis (TGA)

X mass loss of 5% at 22C
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Figure97: TGA curve of compourRC The measurement was done with a heating rate of 10 K/min unger

Differential scanning calorimetry (DSC)

x 2M heating curve: Phase transition at 221 °C (11.0 kJ/mol)

x 2" cooling curve: Phase transition at 203 °C (11.7 kJ/mol)

—— 2" heating
—— 2" cooling

heat flow endo up
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Figure98: DSC second heating and cooling scans of comp8@hd/easurements were performed with
heating/cooling rate of 10 K/min in a sealed high-pressure steel pan.
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6.3.3. Symmetrically substituted 1,4-bisamides with fluorocarbon substituents

Bisamide based on 1,4-phenylendiamine witherfluoropropane substituents

Identifier:  4A (in this thesis)
N,N-1,4-phenylenebis(2,2,3,3,4,4,4-heptafluorobutanamide)

Synthesis:
NH2 F2 CF3
/©/ Cl_}CT-CF; 40°C, 12h _ /©/
+ 2 —_—
pyridine
HoN o] LiCl FsC‘l'F‘le
THF

4.73g of perfluorobutanoyl chloride (20.3 mmol) were dropped to a mixture of H001,4-
phenylene diamine (9.2 mmol), 3 mL of pyridine, LICI and 100 mL of anhydrous
tetrahydrofuran (THF) at O °C under argon atmosphere. The reaction mixture wasl heate

40 °C and stirred overnight. After evaporation of solvents, the solid resicisedmgpersed in
water and filtered off. Crystallization from methanol yielded 4g3®4%) of the product as

white crystals.

Characterization

'H-NMR (300 MHz, DMSQY¥. ~ %0%4 1140 (2 H, s), 7.71 (4 H, s)

MS (m/z, %): 500 (i1100), 481 (31.3), 331 (15.1), 303 (98.3), 169 (11.5), 133 (10.9), 108
(65.2), 81 (14.8), 69 (22.9)
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Thermogravimetric analysis (TGA

X mass loss of 5% at 212
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Figure99: TGA curve of compountA The measurement asdone with a heating rate of 10 K/min undes.N

Differential scanning calorimetry (DSC)

x 2" heating curve: Phase transition at 225 °C (38.9 kJ/mol)

x 2" cooling curve: Phase transition at 219 °C (57.4 kJ/mol)
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Figure100: DSC second heating and cooling scans of compdéndleasurements were performed witt
heating/cooling rate of 10 K/min in a sealed high-pressure steel pan.
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Bisamide based on 1,4-phenylenediamine witherfluoropentane substituents

Identifier: 4B (in this thesis)
N,N-1,4-phenylenebis(2,2,3,3,4,4,5,5,6,@6decafluorohexanamide)

Synthesis:

LiCl
THF

NH2 F2 CF3
/©/ Cl_LC+CF; 66 °C, 12 h O
+ g7 —=—=—
pyrldlne
H2N 0] F3C
F2 4

5.28¢ of perfluorohexanoyl chloride (15.9 mmol) were slowly added to a mixture of .66

of 1,4-phenylene diamine (6.10 mmol), 3 mL of pyridine, LiCl and 100 mL of anhydrous
tetrahydrofuran (THF) at O °C under argon atmosphere. The reaction mixtureefiased

and stirred overnight. After evaporation of solvents, the solid residas dispersed in water

and filtered off. Crystallization from methanol yielded 1.8318% of the product as white

solid.

Characterization
H-NMR (300 MHz, DMSQ). ~ %9&1u39 (2 H, s), 7.69 (4 H, s)

MS (m/z, %): 700 (100), 681 (9.9), 431 (13.0), 303 (95.2), 133 (11.5), 119 (5.1), 108 (37.6),
81 (7.7), 69 (10.8)
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Thermogravimetric analysis (TGA)

X mass loss of 5% at 216
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Figure 101: TGA curve of compoutBl The measurement was done with a heating rate of 10 K/min unde

Differential scanning calorimetry (DSC)

x 2" heating curve: Phase transition at 215 °C (58.7 kJ/mol)

x 2" cooling curve: Phase transition at 206 °C (65.0 kJ/mol)
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Figure 102: DSC second heating and cooling scans of comg&uideasurements were performed witt

heating/cooling rate of 10 K/min in a sealed high-pressure steel pan.
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Bisamide based on 1,4-phenylenediamine witherfluoroheptane substituents

Identifier:  4C(in this thesis)
N,N-1,4-phenylenebis(2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-pentadecafluorooctan-

amide)
Synthesis:
NH, F2 CF3
CI _}JCTCF; 66°C, 12h _
+ 6
tnethylamlne
HN O THF FsC‘l'F

6.629 of perfluorooctanoyl chloride (15.3 mmol) were slowly added to a mixture d&f Qof
1,4-phenylene diamine (6.96 mmol), 5 mL of triethylamine and 200 mL of anhydrous
tetrahydrofuran (THF) at O °C under argon atmosphere. The reaction mixture wasedefl
and stirred overnight. After evaporation of solvents, the solid residas dispersed in water

and filtered off. Crystallization fronN,N-dimethylformamide yielded 5.0F (81% of the

product as white solid.

Characterization
H-NMR (300 MHOMB: w ~ %%41.68 (2 H, s), 8.20 (4 H, s)

MS (m/z, %): 900 (1100), 881 (46.9), 531 (6.2), 503 (54.6), 169 (4.9), 133 (6.3), 119 (5.7),
108 (28.2), 81 (5.1), 69 (10.7)
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Thermogravimetric analysis (TGA)

X mass loss of 5% at 236
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Figure 103: TGA curve of compoutd The measurement was done with a heating rate of 10 K/min unde

Differential scanning calorimetry (DSC)

x 2" heating curve: Phase transitions at 213 °C (5.7 kJ/mol) and 228 °C (61.6 kJ/mol)

x 2" cooling curve: Phase transition at 21%75.6 kJ/mol)

—— 2" heating
—— 2" cooling
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Figure 104: DSC second heating and cooling scans of comg@uideasurements were performed witt
heating/cooling rate of 10 K/min in a sealed high-pressure steel pan.
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6.3.4. 1,3,5-cyclohexane- and 1,3,5-benzene-based trisamides

Trisamide based on 1,3,5-cyclohexanetricarboxylic acid with isopenty! s@ngsitu

Identifier: 6 (in this thesis)

N,N',N'tris-isopentyl-1,3,5-cyclohexane-tricarboxamide

Synthesis:

AN o
L 66 Q, 12h H
Cl @] pyridine N 0
LiCl \r\/
o} Cl NMP o) HN

5.1 g of isopentylamine (58 mmol) was slowly added to a mixture of 4d dL,3,5-
cyclohexanetricarbonyl chloride (18 mmol), 30 mL of pyridine, 2 spatula tigghofm
chloride and 150 mL af-methyl-2-pyrrolidone (NMP) at 0 °C under argon atmosphere. The
reaction mixture was stirred at 60 °C overnight. Afterwards, it was quenchedicgittvater
and the resulting white solid was filtered off. Crystallization from methayielded 5.5y

(679 of the product as white solid.

Characterization
IH-NMR (300 MHz, CR@RCOOD):w ~ %%3rd (6 H, m), 3.05 (3 H, m), 2.48 (3 H, m),
2.20 (3H, m), 1.94 (3H, m), 1.81 (6 H, m), 1.27 (18 H, d)

MS (m/z, %): 423 (163.8), 408 (9.5), 380 (19.2), 367 (17.4), 337 (78.3), 321 (12.8), 309
(100), 282 (14.4), 267 (20.8), 253 (26.9), 222 (5.4), 195 (25.2), 169 (25.8), 142 (16.0), 109
(29.8), 88 (51.4), 81 (54.8), 71 (38.4), 55 (10.5), 43 (61.6)
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Thermogravimetric analysis (TGA)

X mass loss of 5% at 356
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Figure 105: TGA curve of compouhidrhe measurement asdone with a heating rate of 10 K/min undes.N

Differential scanning calorimetry (DSC)

x 1% heating curve: Phase transitions around 172 °C (broad), 216 °C (7.2 kJ/mol) and
358°C (50.8 kJ/mol)

x 1% cooling curve: Phase transition at 258 °C (6.1 kJ/mol)

—— 1™ heating
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heat flow endo up
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Figure 106 DSC heating and cooling scans of compo@dMeasurements were performed with

heating/cooling rate of 10 K/min in a sealed high-pressure steel pan.
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Trisamide based on trimesic acid witdtt-octyl substituents

Identifier: 7 (in this thesis)

1,3,5-Benzenetricarboxylic acid ttest-octylamide)

Synthesis:

T

L N RT,12h
cl 0 >‘/><N 0
o} cl o} HN

To 1000 g (7.73 mol) of degasst=tt-octylamine 100 g (0.376 mol) of 1,3,5-benzenetri-
carbonyl trichloride were slowly added at 0 °C under inert gasséirthg. Subsequently, the
mixture was allowed to warm to ambient temperature and it was stirred overnighe solid
product was precipitated by addition of 0.5 L of water and some wasatof potassium
carbonate and filtered off. Crystallization from 4 L NfN-dimethylformamide yielded
180.9 g (88%) of the product as white solid.

Characterization
'H-NMR (300 MHz, CRIKRCOOD)wW ~ %2862 (3 H, s), 1.96 (6 H, s), 1.60 (18 H, s), 1.04
(27 H, s)

MS (m/z, %): 543 (M4.3), 528 (17.1), 486 (16.9), 472 (100), 433 (48.4), 415 (93.1), 360
(22.8), 320 (15.1), 303 (19.2), 259 (4.6), 248 (13.8), 231 (4.7), 208 (18.0), 191 (118.8), 163
(7.2), 146 (4.1), 97 (8.4), 57 (15.8)
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Thermogravimetric analysis (TGA)

X mass loss of 5% at 32€
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Figure 107: TGA curve of compouhdhe measurem@t was done with a heating rate of 10 K/min under N

Differential scanning calorimetry (DSC)

x 1% heating curve: Phase transitions around 280 °C, 291 °C and 308 °C (67.6 kJ/mol)

x 1% cooling curve: Phase transition at 306 °C (43.5 kJ/mol)

—— 1% heating
—— 1% cooling
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temperature [°C]

Figure 108 DSC heating and cooling scans of compouhdMeasurements were performed with
heating/cooling rate of 10 K/min in an argon-flushed sealed high-presgeel pan.
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6.4. Sample preparation procedures

Preparation of bisamides solutions for self-assembly experiments

The respective bisamide was placed in a 4 mL glass vial. The amount of bisamidesgas ch

in a manner that subsequent filling with a solvent resulted inrapp2.5mL of dispersion of

the desired concentration (e.g. 1.65 mg of bisamidendl 3.298 g 06-DCB gave 2.5 mL of a

500 ppm dispersion). Next, the vial was sealed using a PTFE septum and a scréWwecap

sample was placed in a custom-made laboratory shaker. The metal block obtrattay

shaker carrying the vial with the sample was heated under shaking. The target temperature

(JE 3Z <}oA v3e AE Z}e v Al3Z E *% § &} Z *JGA Yy&8[€C}]o]v
of the screw caps, which allow gas proof tightening up to 120/f&imum temperatures

used for the applied solvents are listed in Taldl2 The samples were kept at this

temperature at least for 2 h to dissolve the solid and gain optickdhr solutions.

Table12: Temperatures, at which disassembly in the respective solveassdene, for all solvents applied in
bisamide self-assembly studies.

Selected maximum

Solvent temperature for bisamide
dissolution [°C]

Toluene 110
Anisole 110
Acetonitrile 80
Butanone 75
Cyclohexanone 120
1,4-Dioxane 95

THF 60
Benzyl alcohol 120
Ethanol 75
1-Heptanol 120
1-Pentanol 120
Chloroform 55
Chlorobenzene 120
o-Dichlorbenzene 120
1,2,4-Trichlorobenzene 120
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Self-assembly in 2,2,4,4,6,8,8-heptamethylnonane (HMN)

A solution of 200 ppm (BTAs 5 and 6) or 500 ppm (BBABTA in 10 g HMN was prepared
by boiling under reflux while stirring for 1 h in a round bottomsH. Subsequently, each
solution was cooled to room temperature and some drops of the homogeneous dmpersi
were filled into the sample chamber of a FP83HT dropping point cell (M&wlexdo). After
closing the sample chamber, it was inserted into the dropping point leedlted to 240 °C
and held at 240 °C for 5 min. Next, the sample was cooled down to 30 “€dalireg rate of
20 K/min. Afterwards, one drop of the resulting dispersion was dropped ontlicarsiwafer

piece and dried at high vacuum overnight.

Compounding of RP

To prepare compounds for additive screening stabilizer powder (0.05ng&#0ox 1010 and
0.1 wt% Irgafos 168) was placed in a laboratory glass bottle togethei-Rihpowder. Sub-
sequently, the powders were mixed in a tumble mixer overnight at 45 rpext, Nwdditive
powder was added to thePP/stabilizer mixture the same way. In the following step, the
powder mixture was compounded at a melt temperature of 240 °C

in a Xplore co-rotating twin-screw extruder (DSM) at 50 rpm under

nitrogen atmosphere for 5 min. The temperature at all three heating

zones of the compounder was set to 28Dduring that. Then, the

melt was collected in a heated transfer barrel and injection molded

using an Xplore 12 mL (DSM) micro injection molding machine. For
Figure  109: Injectic

molded sample platelet
of 5 s and a back pressure time of 15 s was applied. The mold was

injection molding, an injection pressure of 6 bars, an injection ti

kept at ambient temperature. Three circular sample platelets of eachposition with a
thickness of 1.1 mm were injection-molded (see Figu@9). To vary the additive
concentration, the highest concentration was processed first anel tbmaining dead

volume in the compounder was diluted with neat stabilizétP

Compounding of selected compositions for foam extrusion in amounts &fMas done by
Lifocolor Farben GmbH & Co. KG using a twin-screw extruder at a temperatu@ 4. 2

Subsequently, the compounds were granulated.
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Foam extrusion

Foam extrusion was performed at the department of Polymer Engineering at tiversity

of Bayreuth. It was done using a tandem extrusion line (Dr. Collin), combinmg-adrew
extruder A (25 mm screws, L/D 42) and a single screw extruder B (45 mm scré@).LTbe
second extruder was equipped with a 3 mm round die. The throughput was arbaridy/h.

At the end of extruder A 6 wt% of g@ere injected as physical blowing agent. The melt
temperature was around 240 °C at the end of extruder A and around 160 °€ fdaming

die. An optional additional calibration unit with a gap distaieé 18 mm between the water-
cooled plates was used directly after the die to produce calibrated foanes.pfdressing
scheme is displayed in Figuré. Alli-PP samples were stabilized with 0.05 wt% of Irganox
1010 and 0.1 wt% of Irgafos 168. The materials were kindly compounded by DusMark
Blomenhofer (Lifocolor Farben GmbH & Co. KG). Process parameters used for foam

extrusion of the compounds are given in Tab8

Tablel3: Selected processing parameters from the foam extrusiarR®f. Each compound contained the same
basic stabilization package.

material throughput T p
[ka/h] °Cl [bar]
melt as set melt
@ end of @ end of @ end of , melt
@ die )
A- B- B- @ die
extruder extruder extruder
Neati-PP 4.5 240 151 157 150 79
i-PP + 1000 ppm talc 4.3 239 155 162 150 94
i-PP + 5000 ppm talc 4.0 239 155 161 150 97
i-PP + 200 ppm 5 4.3 240 155 161 150 100
i-PP + 300 ppm 5 4.3 240 155 159 150 99
i-PP + 2000 ppm 7 4.2 241 155 160 150 100
i-PP + 3000 ppm 7 4.3 239 155 160 150 116
i-PP + 4000 ppm 7 4.3 241 155 160 150 99
i-PP + 500 ppm 6 3.8 240 155 160 150 88
i-PP + 1000 ppm 6 3.9 239 155 160 150 99
i-PP + 2000 ppm 6 3.9 240 155 160 150 95
i-PP + 3000 ppm 6 4.3 240 155 161 150 95
i-PP + 5000 ppm 6 4.2 240 155 160 150 106
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6.5 Supplementary information to crystal structure solutions

NMR-Crystallography

NMR crystallography is - besides XRD - a second way to obtain informationnadlectilar
crystals. Here, it is mainly applied to check the similarity of crystal pap&itgrns in series

3 suggested by XRD. In case the packing pattern varies between several compounds, the
distance of carbon atoms in each molecule to other atoms and thus thleictronic
structure is altered. This consequently would reflect@ NMR spectra of the solids, as they
are presented in Figurgl0. The signals of bisamide 3A are assigned to the carbon atoms in
the molecular structure representatively for the whole series. In ggectrum, the signals

for both CE groups overlap. It is clearly visible, that all signals except for the ones @ffih
groups, which are altered by the variation of fluorocarbon chain leragth exactly the same

for all three asymmetric bisamides. This is a further indication for the arystcking of
these compounds to be the same. Consequently, all conclusions fremattking pattern of

3A are valid for all three bisamides of series 3.

JLJ\U___NLJM%O_‘J

L
-

T T T T T T T T T T
175 150 125 100 75 50 25
Gppm]

Figure110Q: Solid state’*C NMR spectra of asymmetric bisamides 3A (black), 3B (red) and 3C (green).
were recorded usingH **C CP under MAS conditiofi,{ =16 kHz). Signals of 3A are assigned exemplarily.
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A similar investigation is done here for the compounds of series 4. NMR specttdhoéal
bisamides of series 4 in solid state, which are displayed in Figureare furthermore used
to gain information about the crystal packing 4C. All signals are assigribd C-atoms in
the molecular structure at the example of compound 4A. For 4A and 4B, cheshiitadnd
shape of most signals are similar. Yet, signals of theg@kps are slightly shifted at 4B,
which is attributed to its increased fluorocarbon chain length. Moreo#Brand 4C lack any
signal of the GFgroups. This is attributed to the fact that these groups do not featume a
protons in their vicinity, which could transfer polarization t@@ms. Hence, these C-atoms
lack sufficient polarization for visible signals in the spectra. Integdyg, for 4C signals 13,
which belong to the aromatic core and the carbonyl group, are splitdofaets (1 and 2) or
into a duplet and a singlet (3). This finding indicates at leastdistinct positions for these
atoms in the crystal, i.e. the crystal structure of this compound is expectdxt tdifferent

from the ones of 4A and 4B.

FFO?/,©/ 4A
o FF
s

I T T T T T T T T T T T 1
160 150 140 130 120 110 100
Gppm]
Figure 111 Solid state’*C NMR spectra of symmetric bisamides 4A (black), 4B (red) and 4C (green).

were recorded usindH ¢ CP under MAS conditiort,{ =16 kHz). Signals of 4A are assigned exemp
Please note the splitting of signals 1 to 3 for 4C.
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Crystallographic data of bisamides

Table 14 gives an overview of selected crystallographic data from structure solutbns
bisamides. Literature data of bisamide 1 are included for compaffStmaddition, Tabld 4
provides values for the layer thicknes®all seven compounds with their crystal structure
solved. These values were calculated from cell parameters using trigonometcitong
Since all bisamides investigated assemble with their molecules almost upityim their
respective layers, d is highly dependent on the length of the molecler example, 2,
featuring two relatively shortert-butyl groups, gives a crystallographic monolayer thickness
of only 1.2 nm, whereas 4, bearing twgHg-chains, yields 2.1 nm for d, which is the highest
value determined. For 4C, no layer thickness can be derived, as no strgoluten for

crystals of this compound has been performed successfully yet.

Table14: Selected crystallographic data of the six crystal structures of 1,4-berzeamides yet solved. In
addition, available information for 4C, where data allow ixidg of space groups, yet no structure solution, is
given. For comparison, data fiirare taken from the published crystal structure solutiBnvalues for the layer
thickness d calculated from the crystallographic data are also provided.

1 2 3A 3B 3C 4A 4B 4C
crystal mono- mono- mono- mMoOno-  mono- I N mono-
. . . . . triclinic  triclinic .
system clinic clinic clinic clinic clinic clinic
space
PACE ppie Paic P2 P P2 P$ P$ R
group

d[A] 14.18 1225 1536 1856 20.68 16.02 21.10  --

a[A]14.183(3 12.166(49.2124(2 9.2340 21.2891 5.1278 5.1161 10.4482
b[A] 6.159(1) 7.677(3) 5.8994(1 5.8718 6.0489 52125 5.2824 27.0334
c [A] 9.889(2) 9.243(3) 30.732(618.787(4 8.9188 16.090(3 21.1B3 5.4466

r°] 90 90 91.57(3) 90 90  95.27(3) 93.97 90
t[°] 98.383(1 96.61(1) 90.573) 98.87(3) 103.78 90.74(3) 88.83  85.66
v[] 90 90 90 90 90  91.74(3) 89.26 90

V [A] 854.6(8) 857.54 1669.58 1006.45 1115.48 428.00 570.25 1533.99
z 2 2 4 2 2 1 1 2

Gg/cm®] 1.097(1) 1.070 1545 1.611 1.751 1.941 2.153 1.949
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