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Summary

Summary

Poly(3hexylthiophene) (P3HT) as highly used semiconducting polymer has been an integral
part in the field of organic electronics for decades and emerged as the reference material.
Despite the intensive research, however, not all existing issues have been clarified till date.
For example, controlling the solatate morphology and order of serarystdline films still
represents a challenge today. A promising and straightforward approach to control the
polymer solidstate morphology is nucleation. Therefore, this work is dedicated to the

nucleation of P3HT with supramolecular nucleating agents.

The fist chapter describes the design, synthesis and characterizatigyrafinecontaining
G-symmetric bisamideand G-symmetric trisamideswhich serveas nucleating agents for
P3HT These supramolecular building blocks were selected as theyréeatificent thermal
stability andhave a potential to seldssembly under certain conditions into supramolecular
nanostructures in a controlled manner. The structural variations of the investigated
compounds involve the central core, the orientation of the amidady and the pyridine
containing peripheral substituents. Analytical methods confirmed that all desired compounds
were successfully synthesized in high purity. Thermal characterizations showed that nine of
the twelve synthesized compounds have sufficidrgrmal stability to potentially be used as
nucleating agent for P3HT. Comprehensive-astfembly investigains in chlorobenzene and
ortho-dichlorobenzene resulted in fibrous supramolecular nanostructures of the trisamides

and fibrous as well as shek¥e supramolecular nanostructures of the bisamides.

The second chapter deals with tmeicleation of P3HWithout and with various additives.
Three different commercially available P3HT grades were selected, which vary with respect to
molecular weight, regioregularity and polydispersity. ®ei€leation tests in bulk were
performed to determine the maximum pgmer crystallization temperature of each P3HT
grade. The largest difference between the standard crystallization temperature and the
maximum crystallizationemperature of one grade was 9°C. This grade was selected to
investigate the nucleation behavi@and the nucleation efficiency of the different pyridine
containing additiveslt was fownd that the pyridinecontaining trisamides are not capable of
nucleating P3HT. In contrasgrfsome of the investigated 1-disamides it could be shown
that they arehighly efficient nucleating agents for P3HT already at additive concentrations as
low as0.025wt.-%. Notably, the highest nucleation efficiency wiin appealing value of

about 94% could be observed for the bisamide N(l4-phenylenejdiisonicotinamie at a
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concentrationof 0.25wt.-%. In conclusion, this thesis presents for the first time very efficient

nucleating agents for P3HT.

The third chapter deals withighly ordered shish kebab superstructubesed on rigidiber-

like selfassembled 1dbisamides acting as shish and sedsembled P3HT nanofibers acting

as kebabs. The preparation of these sHisthab superstructures was realized via a
dispersionbased nucleation process at room temperature. Hereby, the dissolved P3HT
crystallizes in a filous manner from the solid bisamide surface of a supramolecular
nanofiber. Several processing parameters, such as the molecular weight of P3HT, the
concentration of the P3HT in solution and aging time of the Pa#iltive dispersion were
systematically vaed to reveal their influences on the resulting P3HT nanofiber length. The
results showed that P3HT with a lower molecular weight and at higher solution
concentrations as well as extended aging times lead to significant longer kebab fibers and
higher kebaldensities. By systematically tuning these parameters, it was possible to prepare
highly orienied and aligned P3HT nanofibettsat were over five micrometer longrhese
unigue shish kebab superstructuresver realized before allowed digr the very firsttime, to
perform spatially resolved photophysical spectroscopic investigations along P3HT nanofibers.
Unexpectedly, these spectroscopic investigations revealed, that all emission spectra feature
variations of relative peak intensities as function of dis&rfirom the shish. These different
intensities are equivalent to variations of the structural and electronic order along P3HT
nanofibers and are also dependent on the preparation process of the samples. These findings
indicate that an energy gradient alotige P3HT nanofiber can be formed just using one single

species of conjugated polymers and by applying suitable processing conditions.

In summary, this work presents tailored supramolecular nucleating agents based on pyridine
containing bisamides which aheghly efficient for the nucleation of P3HT in melted state and
also in solution. Moreover, the formation of highly oriented P3HT nanofibers with a-shish
kebablike superstructure was demonstrated for the first time. Employing confocal imaging
and spectrgcopy, it could be found that the structural and electronic order along the P3HT
nanofibers varies in a directed manner. Moreover, it was shown that this order can be
controlled by applying proper processing protocols. Thasitrolling of the morphology ©

P3HT by means of nucleating agents paves the way to study and understand the charge and

energy transport processes of P3HT stkshab superstructures.
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Zusammenfassung

Poly3-hexylthiophen) (P3HT) alsielfach verwendetes halbleitendes Polymer ist seit
Jahrzehnten ein fester Bestandteil der organischen Elektronik batl sich hierbei als
Referenzmaterial etabliert. Trotz intensivéorschungsind jedochbis heute nicht alle
bestehenden Probleme geklart. Beispielsweise sti#itkontrolle der Festkérpernmphologie
und -ordnung von teilkristallinen Filmen auch heute noch eine Herausforderdag Ein
vielversprechender undirekter Ansatz zur Kontrolle der PolymEestkdrpermorphologie ist
die NukleierungAus diesem Grunbefasstsich diese Arbeimit der Nukleierungvon P3HT

mittels supramolekulareNukleierungsmitteln

Das erste Kapitel beschreibt das Design, die Synthesedie Charakterisierungyridin-
haltiger G-symmetrischer Bisamideund G-symmetrischer Trisamide welche als
Nukleierungsmittel fuP3HTdienen. Dise supramolekularen Bausteimeurden ausgewabhlt,

da sie eine ausreichende thermische Stabilitat aufweisen dasl Potential haberunter
bestinmten Bedingungen kontrolliertzu supramolekularen Nanostrukturen selbstzu
assemblieren Die Struktirvariationen der untersuchten Verbindungen betreffen den
zentralen Kern, die Orientierung der Amidbindung und die pyridinhaltigef®eren
Substituenten. Analytische Methoden bestétigten, dass alle gewlnschten Verbindungen
erfolgreich und in hoher Reinheitsynthetisiert wurden. Thermische Charakterisierungen
zeigten, dass neun der zwolf synthetisierten Verbindungen eine ausreichende thermische
Stabilitat aufweisen, unpotentiell als Nukleierungsmittelfir P3HT verwendet werdermu
konnen Umfangreiche Selbsssemblierungsuntersuchungen i€hlorbenzol und ortho
Dichlorbenzol zeigten faserige supramolekate Nanostrukturen fir dieTrisamide und

faserigeals auctschichtartigesupramolekulare Nanostrukturen fiir dRisamide.

Das zweite Kapitel Isehaftigt sich mt der Nukleierung von P3HT ohne undnit
verschiedenen Additiven. Hierbeurden dreiunterschiedliche kommerziell erhaltlici®8HT
Typen ausgewahltyelchein Bezug auihr Molekulargewichtjhrer Regioregularitat undhrer
Polydispersitatvariieren Zur Bestimmung demaximala Polymerkristallisationstemperatur
wurden mit jedem dieser P3HTTypen Selbstnukleierungsuntersuchungem Bulk
durchgefuhrt Der gréf3te Unterschied zwischen der Standardkristallisationstemperatur und
der maximalen HKstallisationstemperatur eines Typs betrug 9CL Dieser Typwurde
schlie3lichausgewdahlt, um dasNukleierungserhalten und dieNukleierungsffizienz der
verschiedenen pyridinhaltigen Additive zu untersuchererbeiwurde festgestellt, dass die

pyridinhaltigen Trisamide nicht in der Lage siféd3HT zunukleieren.Im Gegensatz dazu
3
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konnte fur einige der untersuchtepyridinhaltigen 1,4Bisamide gezeigt werden, dades
hocheffizienteNukleierungsmittel fur P3HT sind und diesreits beiAdditivkonzentraionen
von nur 0,0255ew:% Bemerkenswert ist die hochste Nukleierungseffizierzt einem
herrausragenden Wert von 9% welche fur das Bisamid N;(1,4-Pheny}-diisonicotinamid
bei einer Konzentration von 0,25ew:% beobachtet werdeikonnte. Schliel3liciprasentiert

diese Arbeit zum ersten Mabcheffiziente Nukleierungsmittefir P3HT.

Das dritte Kapitel befasst sich miitochgeordneten ShigkebabUberstrukturen die auf
starren, faserahnlichen selbsassemblierten 1,4-Bisamiden basieren, welchals Shsh
fungieren und selbsissemblierten P3HFNanofasern, die die Kebabs darstellenDie
Herstellung dieser ShidkebabSuperstrukturen erfolgte Gber esm zweistufigen
dispersionsbasiertenNukleierungsprozess bei Raumtemperatur. Berkristallisiert das
geloste P3HT faserartigon der im ersten Schritt hergestellten festeBisamishanofaser
oberflacheweg. VerschiedeneProzesparameter, wie dasMolekulargewichtvon P3HT, die
Konzentration des P3HI in Losung und die Alterungszeit der P3Atiditiv-Dispersion
wurden systematisch variiert, um deren Einfluss auf die LangereseitierendenP3HT
Nanofasern zu untersuchemie Ergebnisseeigten, dass ein niedrigeres Molekulargewicht
von P3HTsowie hohere Losursiionzentrationerund verlangerte Alterungszen zu deutlich
langeren Kebalrasern und hoéheren Kebddichten fihren. Durch systematische
Anpassungemieser Parameter konnten parallel ausgerichtete PBdbabs mit einet.édnge
von mehr als funf Mikrometern und einer enormen Wachstumsdichte hergestelttien.
Dieseeinzigartige SchiskKebabStrukturen, welche in dieser Fasson noch nie zuvor realisiert
werden konnten, ermdoglichten es unsrsémnals, ortsaufgeloste photophysikalische
Spektroskopiantersuchungen entlang voR3HTNanofaserndurchzufiihren Unerwarteter
weise zeigten diese psktroskopischen Untersuchungen, dass alle Emissionsspektren
Variationen der relativen Peakintensitaten als Funktion der Entferrworg Shishzeigen.
Diese unterschiedlichen Intensitatesind gleichzusetzen mit Variatien der strukturellen
und elektronischen Ordnung entlang der P3HT Nanofasern widiegen dem
Herstellungprozess der ProberDiese Ergebnisse zeigen, dass ein Energiegradient entlang
der P3HTNanofaserlediglich unter Verwendung einer konjugierten Polympezies und

durch Anwendung geeigneter Verarbeitungsbedingungen gebildet werden kann.

Zusammenfassend wurden in dieser Arbeit mal3geschneiderte supramolekulare Nukleierungs
mittel auf Basis von pyridinhaltigen Bisamidgefunden welche sowohl fur die Nukkiung
von P3HTaus der Schmelzals auch in Losung hocheffizient sind. Des Weiteren wurde

4
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erstmalig die Herstellung von hochorientierten P3iBnofasern mit einer shiskebab
artigen Uberstruktur gezeigt. Durch konfokalévikroskopie und Spektroskopie konat
ermittelt werden, dass die strukturelle und elektronische Ordnung entlang der P3HT
Nanofasern gezielt variiert. Darliber hinaus wurde gezeigt, dass diese Ordnung durch die
Verwendung geeigneter Prozessparameter gezielt gesteuert werden Kiese Kontrole

der Momphologie von P3HT mithilfe von Nukleierungsmittebnet den Weg, um die Ladungs

und Energietransportprozesse von P38HishKebabSuperstrukturen zu untersuchen und zu

verstehen.
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1 Introduction

In times of global warming and climate change, mankind is forced to rethink its energy
production. This means replacing the comtnal, finite fossil energy sourcewith
alternative clean sources of energyheoetically, the sun provides in oneour sufficient
energy to cover the annual energy consumptiafithe entire earth populatiot® That is why
solar energy nowadays is one of the most important renewable sources of energy apart from
on- and offshorewindpowerand hydropowell.z] With the help ofphotovoltaic cells, the solar
energy can be converted easily and efficiently into electricity. Nowadays, a large number of
commercially available photovoltaic cells are on the market. These mainly consist of mono
and multicrystalline silicarwhich canachieve efficiencies of up to approximatedp %% Just

a few years agdhe costs fomproduction and installationvith around 2 US$ per geerated

watt at maximum irradiancevere relatively high forthis kind of solar cell$! Meanwhilethe
increased production volumes and associated maturity of the technology have brought the
cost of ghotovoltaic modules down t@about 0.6US $ per generated wataverage price in
2015 according to the International Technology Roadmap for Photovolt&icEherefore, a

goal of current research is to minimize these cdstther to about 0.2US$ per watt!™

A promising approach to reducmanufacturing and maintenance costs is to use polymer
based organic solar cells. Advantages of this type offtlimdevicesare low production
costs, a low payback timeyery low weight and mechanicdlexibility. In addition, the
photoactive materials can be coated from solution so that the manufacturing process is very
short and relatively simple. Regarding the efficiency, &esv, polymersolar cells camot yet

match the silicon cells. The maximunfiééncy of a laboratory cell &bout 13%!®

An important subsebf organic solar cells are "bulk hetgunction” (BHJ) solar cells. In these
devicesdonor and acceptor materials are mixtempjetherin the actve layer and are arranged
on nanoscale tdorm ainterpenetratingnetwork. Optimum efficiency is obtained for sizes of
the individual phases in the range of the eanidiffusion wavelength (20 nm). This result
in an enormously enlarged interface betwetre donor and acceptophases, enablingore
efficient charge generation and improved charge transpolaracteristics If a perfect
nanomorphology is present quantum vyield of 10% istheoretically possible The active
layer of BHJ solar cells generally consists oftarpenetrating network of apolymeric
electron donorsuch as P3Hand usuallya fullerene-based electron acceptor. Thesulting

nanamorphology is crucial for the rasiting photovoltaic performanc&:? However a

7
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compromise between two critical aspects of the namrphologymust be achieved. On the
one hand, a large boundary surface is desired with regard to charge generation, on the other
hand, phaseyure donor and acceptor domas must be present in order to transpattie
generated chargeto the respective electroded However, the general problem of u@HJ
solar cells is that, fronthermodynamic point of view, the blenthorphology is metastable.
This means that the nameorphologyevolves and changes with time. Thiso has enormous
effects on the efficiency of such solar cellBlend systens consistig of poly(3
hexylthiopheng (P3HT)electron donator)and phenytGs;-butyric acid methyl este(PCBM)
(electron acceptor) which are until today the most frequently studiedblend systens for
organic solar cells, arethe best example to illustrate the metastability of the
nanamorphology The parameter, whichs very difficult to control in this system, is the
distribution of the fullerene derivative in the blend” At temperatures above theglass
transition temperatureof this system (about 4€C) the fullerene molecules begin to diffuse
through the amorphous phases of the polymer matrix, forming partial microrssd
agglomerates'” This dramatic change in the blem&nomorphologysignificantly reduces the
efficiency of the solar ceff! However, thee systens are typicallyexposedto higher
temperatures, both duringhe production (oll-to-roll process) and in the lateoutdoor

operation!*?

To addras this issugthere are a lot of pproaches to stabilize the blerstructures and thus
to increase the longerm stability of the organic solar cells. These include thegirking of
the polymer donot* or the fullerene aceptor?, the use of futrene containing
compatibilizer§®*?, the use of norcrystalline fullerene additivé®) and the use of materials
with very tigh glass temperaturdd®?? The nanomorphology and the efficiency of the solar
cells can also be improved by pgsbcessingmethods®?? All these approacheshowever,
involve chemical modifications, increa the complexity of the systemnd, consequently

increase cost¥?

A further promising approach to stabilize the blend morphology is the nucleation of the
individual components of the activeyler by means of nucleating agent$? In general,
nucleating agentencreasethe crystallization tenperatures ofsemicrystalline polymers and
thus, reduce the cycle times duringelt processing®* This can lead to considerable cost
savings. Furthermore, nucleating agents edsoimprove the physical and optical properties

of polymers'2%31
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1.1 Supramole cular chemistry

SQupramolecular chemistry ia lively and prominent research fieltt is based on one harwh

the development of the chemistrgf crown ethers and cryptands,nothe other hand, on

progress in studying the sedfganization of moleculeslean-Marie Lehn, a pioneer in this

research area,has defined supramolecular chemisttyd GG KS OKSYA&ailiNER 2
FaasSyofasa | yR A iveradolofuiallyddhis chid aB@bé Refeged to as

GGKS OKSYAZA ORI 2BYyilikKS82YyRYS GOKS OKSYAAGNEB o€
nonY 2 £ S Odzf I NIIArKc®ntrastitd M@lecudar chemistry, which is overwhelmingly

based upon covalent bonding of atoms, suprdecolar chemistry is based ap
intermolecular interaction$®? For their pioneering workJeanMarie Lehn, Donald J. Cram

and Charles J. Pederson has been honavigtl the Nobel Prize in 198%3%3%%# previous

work concerningsupramolecular chemistry dealt witbnly two components a host and a
3dzSaGd ¢ KA dand]2SeCl tM2SRStat@lOl RSTAY SRubstdte 9 YAT
interactions in 1894°% In this model the host and the guest interact noovalenty and build

a hostguest complex or a supermolecul€he host is usually a large cyclic ewile or an

aggregate possessingaacessiblecentralhole and so the convergent binding site. 1891

Villiers and Hebd discovered cyclodextrins, the fsgithetichost molecule$'® The guest, a

simple inorganic anion, a monoatomic cation, an ion pair or a more complex molecule such as

for examplea neurotransmitter,possesses the divergent binding site azah beintegrated

into the intrinsic molecular cavityf the host Interacion of two or more compounds via

various intermolecular interactions such as metal coordinatio #y R A-imeTactions

etc., result in large entity & | & dzLJS NIYRygbré&l Ostiriw$ soe of the first

supermolecule$™” Note the term supermolecules were introduced later on.

i AN

" Y
RO,C / " Ni%* " \ CO.R @io K+ O:@
—N N— o o
o O\, (o

Figurel: Some of the first supanoleculesbased on heterocyclic structures and intercalated ioriger 1964 (a),
Pedersen 1967 (4*"

Supramolecular hogguest compounds can be classifiinto two major groups according to
the type of the hostguest aggregatd€Figure?). If intramolecular cavities are present, the
hostguest aggregate is callezhvitae. Clathratesdenote a hosiguest aggregate which has

extramolecular cavitiesRecent esearch works dealing with hegtiest aggregates focus

9



1 Introduction

predominantly on mixed metadrganic frameworks, so called MOFs, and on inorghosts,

343541
a)_) ? Cavitate
T Sére
P

— . Clathrate
Guest b) .0
‘e

Figure2: Schematidllustration of cavitates and clathrates: a) conversion of a cavitand into a cavitate by inclusion of
the guest in the cavity of a host molecule; b) inclusion gliest molecules in cavits formed between the host
molecues in the lattice: conversion of elathrand into a clathrate*?

e.g. polyoxometallate

Host

Nowadayssupramolecular chemistry is not judimited to hostguest chemistry, but it
includes all aspects of selEsemblyprinciples That means single molecules or smaller units
selfassemble by the formation of necovalent bonds spontaneously and reversilhoi

nanoscale object$”

1.1.1 Supramolecular interactions

Since the beginning of scientifically based chemishg,chemical approach has increasingly
shifted from the macroscopic to the molecular level. The reason for this is the realization that
the chemical properties of the substances depend decisively on the existing binding
conditions and the structur€ In general, molecular forces can be divided into two classes:
shortrange forcesg these are primarily of the coulombic and exchastgee that include
covalent bonds and result from molecule orbitaleslap. They can be attractive or repulsive

in natureand in certain situations may represent the strongest forces present in a molecular
system. On the other handhére are the longange forces. fiese are those forces that can be
widely characterized aseing proportional to T' (where r is the intranuclear distances and

is a positive integer). These include electrostatic-danWaalss I ¥ RA Y ( SRKFOG A2y a @

Besides the covalent bondingmilar strong interactions are also observed in the ordered
lattice structures ofmetals and their salts. However, these are ionic interactions between two
differently chargedatoms or moleculesCommonly supramolecular chemistry refers to non
covalent bonding interactions. These weak ramvalent interactions include a huge range of
attractive and repulsive effects and are often dominated by hydrogen bonding and, if
FNRYFGAO O2YLRY Sy i-adoud indactiditN B artBemiofe othér dweak
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interactions (both attractive and/or repulsive) mgjay a role These includdor example
Coulomb interactiondetween ions and dipoles atipoles and dipolesAdditionally charge
transfer, dispersion and polarisation interactiobglong to this group Combined, these
describe the so called van der Waals fordé&? All these interactions can be directional,
slightly directional or nowirectional by constructing molecular assemblf&sFigure3 shows

an overview of som inter- and intramolecular forces and their corresponding energy values.

WEAK MODERATE STRONG VERY STRONG
0 2 5 10 20 100 400 1000~
A E— ]
dispersion H-bonding lon-ion
dipole-dipole covalent bonds
ion-dipole
ZERO attraction is only possible with IDEAL GASES. | * units are in kI/mol of interactions

Figure3: Inter- and intramolecular forces and their energy valu€¥.

lon-lon-interactions

Interactions of atoms or molecules which have permanent opposing charges are icalled
ion-interactions The cations and anions attract electrostatically, resulting in the formation of
a socalledion crystal The energy released during this processfisrred to aslattice energy
Thereby, he attraction of the opposing charges is so strong that the strength of ionic bonds is
comparableor beyond tocovalent bonds$*® A typical example of an ionic solid is Na@.
combiningthe ionsNaCl forms a cubic lattide whicheach Naion is surrounded b Cl ions

and vice vera (Figureda). Moreove, hostguestcomplexes can also be formed by means of
ionic bonds. A supramolecular example represents the complexisgfliazabicyclooctane)
(host) with [Fe(CNJ* anions (guest)Rigure4b).*** In general, the smaller the ionic radius
andthe larger the ionic charge, the higher is the binding energy. Accordingly, the distance of
the charges and the extent of delocalizatiover the whole molecule have a great influence

on the strength of the interactioné®

11
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Figure4: (a) NaCl ionic lattice (b) Supramolecular iofion-interactions exemplified by the interaction of [Fe(CIz,]f'
with the organic catdn tris(diazabycyclooctane[)ﬂ]

The interaction potential between ions is approximately proportional t& (for short
distances) For large distances, however, thmteraction potential is approximately
proportional to i°. Furthermore, the dielectric constant has a great influeran the bond
strength. Thus, the interactiomithe vacuum can be reduced by tweoders of magnitude by
the addition of @ueous or highly polar solventgonsequentlythe bond can easily be

broken*

lon-dipole -interactions

Interactions of an iorfe.g. N&) with the polar part of another uncharged polarolecule (e.g.
H,O) are regardedas iondipole-interactions. This type of binding can be present in solution
as well as in the solistate and has @inding strengthin the rangeof 50-200kJmol™. Typical
supramoleular examples are alkali metalown ether complexefigure5a). In ths case, the

lone electronpairs of the oxygeinteract withthe positive barge of the alkali metaf**3

Na?

Figure5: (a) Chemical structee of the N& crown ether complex(b)/ KSY A OF f & (i NudpiiridsyE 2 T owdzo HZ H Q

lon-dipole-interactions also involve coordinative bonds betwe@&on-polarizable metal
cations and hard basesThe number of bondsan vary between 2 and 8 bonds; and are
usually between 2 and.én this way, wetdefined structures can be realized. An example of
such a coordin@on complex with 6 bonds is [Ru(b@}ﬁ with ruthenium ad.ewis acidmetal

cation) and 2,2'bipyridyl as Lewis base (ligargigyre5b). The coordinative bonds are

12
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relatively strong,which results in stableomplexes However, they are kinetically labile,

whichmay give ris¢o reorganizatiorprocesses*!

Dipole-Dipole-interactions

Organic carbonyl compounds solid stateforms so-called dipoledipole-interactions,which

are also referred to as Keesdorces. Dipoledipole-interactionsare electrostaticforceswith
binding energies of about-50 kJmol™.***8 The relative orientation of the twdipoles plays

a dedsive role”*? In general, a distinction can be made between two attachment types: the
attachment of a dipole to an adjacedipole (type I) and the opposite attachment from one
dipole to another (type IIjFigure6).*” The magnitude of thé&Keesomforces varies with the
distance between the interacting moleles. Dipole interactions are often caused by strongly
electronegative atoms such as oxygen, nitrogen, sulfur or halogens. However, many
molecules bearing dipolar groups have no dipole moment. This is due to the fact that the
dipole momen is cancelledsynmetrically whithin the molecule e.g.in tetrachloromethane

In the liquid state, the dipole-dipole-interactions are very weak, which is why acetoras h

only a boiling point of 56C*+**

R \R' R'///,” 6+ 6_
R ‘ny,, O & \ S /C:Q
/C—O _______ C (‘)+ R :I I: ‘\\\\Rl
R | o O:C‘\
0o 5 & TR
type | type Il

Figure6: The two different types of dipoledipole interactions in carbonylé‘fl]

A-interactions

Further types of nostovalent interactions aré-interactions. These inatle cation™ -, anion

"~ ¥y R -interactions. Catiof -interactions occur between organic or metakiations and
aromatic or doubletriple bonds whichcan be very stron¢s-80 kimol™).[**4852 The resulting
bonding takes place via the partially occupiedrbitals of the metal and can therefore be
regarded as nowovalent®” Aromatics have a sealled quadrupolenoment, which isiue to

0 KS LI NI A I-$cafféld andztie Apdrtlaly Segatively chargedclouds above and
below the ring plane. As soon as alkali metal or other cations are delocalized above or below
the aromatic ring center, they can have attractive interactions with the aromaffds.
Examples of such catiencomplexes are ferrocenes and Zeise’s salts. Furthermore, €ation

interactions play an important role in biochemistry and for chemical sedt¥ors
13



1 Introduction

Anion -interactions are similar to those of the catidninteractions,just reversedRegarding
the cation -interactionsabove one can conclude that anions are repelled by the partial
negative chargef the ~-cloud and therefore, no attractive anior -interaction can occur.
However,due tothe charge carrier difference Ib&@een a neutral aromatic ring and an anion,
the possibility for electrostatic attraction is in principle giv&®? Work by Kochi et dt%
shows that anions can form stable charge carrier complexes with eled&btaent
compounds suclasl,2,4,5tetracyanobenzenegFurthermore,anion -interactions determine

self-assembly reactions of Agépmplexes with -acidicaromatic ringd>”

Interactions between aromatic rings are referred to as -interactions or~ -~ -stacking
interactions They are directional, electrostatic and attractive forcesstFattempts to
describe theoccurrenceof these interactionsbased on solvophobf, electron donor
acceptoP? as well as atomic modef¥ However, none of these models was satisfactory
enough to describe the structures of -complexesin 1990, Sanderand Hunter supplied a
model proposal that included both electrostatic avander-Waalsinteractions!®® Their
model proved successtyl that many observed geometries could lexplained The main
feature of this model is that it considers the-electrons separated from thé-network. It
concludes thatdt LILIF NBy (i f & vy $hteractidngZe2eNibt @lde Sin fact, to attractive
St SOGNRYAO AydSNI O8ystémsdbut dgafhér & & ywhel & attives 2 -
AYGSNI QUA2y S5t SOidE FE Nk 8 02 KB - -atifactiors)fodtviieigh

i KS dzy T I-@&epiidioast tiat afe present*? By means of their model, Hunter and

Sanders could establisiixsimple rules that apply to all-stacked aromatic&”

Figure7 shows the most common types of geometries, which can be observed by interactions
0S06SSy (KS -LdxEm dfia hazéne dim& C2 NJ & Kystdm three

favored structizNJ f | f Ay YSy (ia I NBto-LINBRS v d i -toKISBBDT NBS F
(Fa K+ LSO FyR W2 F T a Oiitie basislbf ik éxistfiadrBoblénalihdnt@nS R 0 @
benzene,T-shape andhe parallel displaced alignment are the preferred geomedria this

case a faceo-face parallel stacked alignmerg not possible due to repulsive interactions

caused of identicallpartialy negative charges above and below the ring pldtewever, the

quadrupole moment carbe reversed by polarization of oneng by means of strongly
electronwithdrawing substituentsHereby stablefaceto-face parallel stacked geometries

can be realizedApart from thesedescribed geometriesthere alsoexista number of other

intermediate alignments ~ -~ -interactions have been observeth crystal structures of

14
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aromatics for a long time.®>4496%%2 They are, for example, the reason why benzene
crystallizes in a herringbonmotif. FINII K S NJY 2 NJ sinterackiodsialSo enisure DNA

stabilization and are involved in the intercalation of drugs i grooves of theNAH*"*4

& < @

= & ' @ Y
- o—@ —
@—; * = () = @ @5@
N

00

stacked T-shape parallel reversed
displaced polarity

Figure 7: Geometries, quadrupole momentsnd electrostatic potentials (blue is positive and red is negative) of
{i @ LIA-Oardmaticinteractions®?

A further peculiarity which can be obseved when two aromaticénteract, one of which is
electronrich (e.g. hydroquinoneand the other electrorpoor (e.g. quinone)is the secalled
chargetransferinteraction. This kind of interaction can be qué&®ong andcan beidentified

by means UWisspectroscopy*®

Hydrogen bonding

In the 1920s, the term hydrogen bondingas used to explain the structure of watéf.

Finally, hydrogerondsare also responsible for the fact that water is present as a liquid at

room temperature and not as a g&8.Meanwhile, however, an exact definition igfitult. In

the classicabook of Amentel and McClellanhe concept of hydrogebonds is disgssed in

detail '*¥ Simply put,attractive interactiors between a proton donor and arpton acceptor

are present in hydrogebonds.Thus, a hydrogen atom is ligatéol a more eletronegative

atom (or more electronegative group) and is attracted by an adjacent dipole or functional

group. Both the donor and the acceptor (often with lone electron pair) have an

electronegative charcter and share the proton ligatad the middle.Hydrogenbondsexists

in a wide range ofengths, strengthsand geometriesModerate strength hydrogen bonds

with binding energies 0f5 ¢ 60kJmol™ are the most common specieShey have no linear
15
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geometry hut are slightly bent (130%- 179°). Weak hydrogen bonds mainly include
unconventional dona and acceptas, such as € 3 NP dztystem® dfJaromatics. Due to
their high bond angles, they have more geometric degrees of freedom andhemrefore,
flexible. The donoacceptor distances range up 4 A. Therefore, the weak hydrogen bonds
are more electrostatic in nature (<15kJmol®). In general, donor groups consist
predominantly of €4, N-H, OH, SH and halogesH bonds. Acceptor groups include ®, P, S,

KI f 23Sy a >-cloudsdhdtradsifo®metals. NH---H bonds are moteent than OH---H
bonds, since the oxygen is more electronegative than the nitrogen, and the binding

interactions are strongef 448 #

Figure 8 shows common arrangements of hydrogen bonding geometries. The may be
described adinear, bent, accepting bifurcatedbridging donating bifurcated cyclic dimer
trifurcated and three-centrebifurcated Since there is a direatteraction between donor and
acceptor, these geometries are also referred to gwimary hydrogen bonding

interactionst*!4463

a) b) c) d)

0o ® @0 0@ @

C f) 8) C h) C
o 2% o0 @'®
® ©@ ® o

Figure8: Common arrangements of hydrogen bonding geometries: a) linear (b) bent (c) accepting bifurcated (cyclic)
(d) bridging (e) donating bifurcated (f) cyclic dimer (g) trifurcated (h) three centre bifurcatdd.

e)

However, secondary interactions between adjacent donor and acceptor groups must also be
considered. Thesenteractions can have a positive or negative impact t¢ime binding
strength. Figure9 showsexamplaily this situation for three donor and acceptor groups. For

an arrangementin which three donors are present on one side and three acceptor®are

the oppositeside, only attractive interactions occuresulting in increased bonding stregths
(Figure9a). In the case of the mixed don@cceptor systems, there are, besides the

attractive interactions, alsaepulsiveinteractions (Figure9b). Such a system, for example,
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canbe found in the DNA. There are three primary interactions betwiberbase paicytosine

and guanine. In addition, there are both attractive and repulsive secondary interaétéis.

a) b)
D D D D As D
I | | I : [
H‘St . H5+ . He: He \ 5 / He D Donor
SR B NG : Hs* A Acceptor
HEC A S ", ° : [ T emeeeress primary attractive interaction
As As As  As ||) As secundary attractive interaction

| <€—> secundary repulsive interaction

Figure9: (a)Attractive secondary interactions for an DDD and AAA araxyd (b) attractive and repulsive interactions
for a mixed donor/acceptor system (DAD and ADAJ.

Van der Waals interactions
Van der Waals interactions, named after the Dutch physicist Johannes Diderik van der Waals,

are quite weak interactions(<5kJmol™) between atoms or molecules whose interaction
energy decreases for spherical particles with about the sixth power of thandes. The
interactionscan be attractive or repulsive anchn te divided into three components: The
force between permanenpermanent dipoles (Keesom interactiprnthe force between
permanentinduced dipols (Debye interaction and the force between indwed dipole
induced dipoles (London dispersion forc&he main contribution of thevan der Waals
interactions makehe Londondispersionforces, since it does not require a permanent dipole.
The London dispersion forces describeak attractive forces between nonrpolar molecules
and atoms These attradve forces result from the spdaneous polarization of a particle
whose polarization induces further dipolesneighboring particlesAccording to thatLondon
dispersioninteractions are caused by accidehfductuations in the electron density in an
electron cloud. As the number of electrons in an atom increases, the assodiatetbn

dispersionforce increasesoo.*+*8:6%67

1.1.2 The self-assembly process

A fundamental feature of supramolecular chemistryhs selfassemblyto objects whichis
basedon intermolecular on-covalent interactions™ In general, theseltassembly describes
a molecular alangement in which two or more mateles interact with each other via
different intermolecular interactionge.g. H6 2 Yy R Aigfédattions, metal coordination etg.)
resulting in a large entity® Simple building blocks with suitable binding sites are mixed
together, whichmayassemble spontaneously withoany further contributions?® However,

selfassemblyof supramolecular building blocks into supramolecular agges is a complex
17
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process in which several guirements must be fulfilled: Xithe building bbcks must be
mobile. On the basis of the Brownian motion of molecules in solution, however, this
requirement 8 almost always fulfilled; (igfter synthesis the individual components must
have the corresponding geometric and electronic information inrthgicture Slf-assembly

can only take place with suitable binding sites in the right places. According to this, self
assemblyis a matter of well-designed building blocks; (iilheé bonds formed between
different components must be reversiblegi they must be easily formed anbroken. It
means that a thermodynamic control is under equilibrium conditions and thus damaged or
poorly defined structures can beasilyrepaired. This possibility agelthealingis not present

in kinetically controlled process!*#%%"?

Interacting molecules magomplementeach otherin terms of their geometry and their
interaction sites in such a way that they form noovalentbindings wih one another but not
with themselved®® Thus, two different mutually complementary molecules can aggregate
(FigurelQa), or two complementary molecular moieties can be combined in one ouie
(FigurelOb). The latter are also referred to as sebimplementary molecules. These

molecules can then form long chains with themselves.

a)D+E—> A>B
DIS R TIIND YLD

Figure10: Schematic representation of the sedfssembly process of complementary nealular building blocks: (a)
aggregation of two differently complementary molecules; (b) aggregation of two identical -selinplementary
molecules.

In addition to the geometric structure of the building blocks, many other parameters have a
great influenceon the selfassemblyprocess (selissembly or dessembly) and cachannel

it in a certain direction. These include, inter alia, the present temperature or temperature
changesduring the processthe concentration of the components, the solvent, E{€" In
order to consciously control theelfassemblyresul, these triggers must benderstood and
carefully adaptedAccording to Maggini et al.hése parameters can be divided into three
main groups: (i)kinetic andthermodynamc considerabns; (i) internal factors such as
molecular structureand noncovalent interactions; d (iii) external factors, e.g.ddvent,
temperature and pHvalue!’® All three groups are not independent, but affect each other.
Accordingly, the resulting supramolecular structdoemed is based on a combination of all

these factors.
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Selfassemblyis very far from a uniquadiosyncrasy of supramolecular systergsit is
ubiquitous throughout in nature. It ifound inflora and faunain water and in viruse’$? For
instance, ollagen the major extracellular structural elemenivhich is responsible for the
mechanical stability and elasticity of all tissueggans and bones, is a classic example of a
hierarchicallyselfassembled structurgFigurell). The smallest subunits are amino acids,
which are covalently ked forming polypeptides. The next largdmierarchicalelement is
collagen, representing triple helix, which is foned from three seHassembled plypeptide
chains. The collagen formed, in turnselfassembled ito collagen nanofibrils, which

subsequently bundle togher into collagenmicrofibers!™

Tissues (tendon, bone)
dimension =cm

Collagen fiber
length = mm
diameter = 10 um

Collagen fibril
length = um
diameter = 100 nm

Collagen molecule
length = 300 nm
diameter = 1.6 nm

Amino acids
covalentbonc=1A

(78

Figurell: Hierarchical structure o€ollagen protin materials

Furtherexamples of supramolecular chemistry in nature are ribossff}, the key moiety of
everyliving cell, cellulodé?, the main component of all plant cell waltbe tobacco mosaic

virug®® or even snowflakesamong otherd’”#?

Biological systems aside, supramolecular systems are commonplace throughout chemistry.
Seltassenbly in chemical systems can WBeund, for example, in crystal growth, in the
formation of liquid crystals, in the synthesis of metal coordination complexes, in the
spontaneous formation of synthetic lipid bilayers, and in gdggnment of molecules on
surfaces, to name but a felf? Therefore, it is not surprising that the field of supramolecular
chemistry is an interdisciplinary field explored by chemists, biologists, physicists, materials

scientistsand theoreticiang®®
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1.2 Conjugated polymers

dncethe discovery of highly conductive polyacetyldme Shirakaw”, conjugated polymers
have become more and more important in research. Bdtieir good semiconducting
properties and potential processability from solution, which associatedwith low-cost
manufacturing methodsnourish te visionof inexpensive electronic components. Moreover,
compared to inorganic semiconductors, conjugated polymers have significant advantages in
terms of their light-weight and their corrosion resistané® Figurel2 shows the basic

chemical structurs of the most commonly used conjugated polymers.

VRS VY / N ’
\"\\_‘:”:’.-\\‘\ _\_{}’ \\'}_ H + {\:f’ ‘\" ) ll.,-"'r d{ \C) \\I
n —/ n \—/ |n / N/ \
trans-Poly Poly(aniline) Poly(p-phenylene) I.-'* // \x\ \.
(acetylene) (PAc) (PANI) (PPP) I." — "‘\S/ =
| |
g VR 7
LM O~ AN L
S n :’f A N n ||| [ n ||
n ! P |
Poly(thiophene) Poly(p-phenylene Poly(pyrol) "-\ i J /
(PT) vinylene) (PPV) (PPy) \ K /
N /:—_:;_____\III — S \"\\ g SOSH{/
N \ p o /
— J\\ “7 \\ P — "f\\ f ':"\ /> T
A 7 A Poly(3,4-ethylenedioxy-
N n ™ n thiophene)
Poly(carbazol) Poly(fluorene) poly(styrenesulfonate)
(PCz) (PF) (PEDOT-PSS)

Figurel2: Chemical structures of the nmgi commonly used conjugated polymers.

1.2.1 Poly(3 -alkylthiophene) (P3AT)

An important clas®f organic semiconductors agglythiophenes. In addition to their good
semiconducting properties, thesfeature a good resistancebehaviour®® As early as 1884,
the acidcatalyzed polymerization of thiophenes wasported. In the middle of the 20
century it was also shown that polythiophene oligomers can be synthesized by means of one
hundred percent orthephosphoric acid, Lewis acids, montmorillonite and aluminum silicate
catalysts. Moreover, the electrochemicaoxidation also represents a possibility for
synthesizingoolythiophenes. However, only soluble oligomers with three to fiveepeating
units could be prepared by the methods mentiod®¥ Yamamoto et al. ythesized
polythiophenes withseveral repeating units by initiallgroducing a monesrignard reagent
via the reaction of 2H&libromothiophene with metallic magnesium and subsequently
polymerizing the activated monomer with a transition metal catal§&4tThe polythiophene
obtained had a molecular weight of 13@mol™, but was predominantly insoluble. Further

optimization of the catlyst ligands, the variation of the metals for the Grignard production,
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the solvent and the reaction temperature, and the use of halogenated thiophenes led to
remarkable improvements in thesynthesis ofpolythiophenes® However, the soluble
fractions of the polymers producestill had only a very low molecular weigl@ne finding of

the previous syntheses was that the polymetstained from methytsubstituted monomers
were both higher in molecular weight and more soluble than the polymers prepared from
unsubstituted thiophenesThis led to the assumption that the methyl substituent at the beta

position of the thiophene ring increasesetisolubility of the polymef®

Yamamoto et al.aported first the presence of different regioisomers which arise during the
polymerization of the unsymmetrical 3nethylthiophene monomer specié€ These
regioisomers lead to polymeric strtures with different rgioregdarities and thus to
differences in their optoelectronic propertieshe typical chemical polymerization of 3
alkylthiophenes involves the Kumada crassipling reaction of 2M&libromo-3-
alkylthiophenes in the presence of nickel catalysts. Thedtegt of this reaction involves the
formation of a Grignard reagent from dibror®alkylthiophenes with one equivalent of
magnesium. During this formation, two different isomers are formedbrdno-5-
bromomagnesiunB-alkylthiophene and Hromo-2-bromomagnasium3-alkylthiophene In
unsymmetrical dalkylthiophenes, theé -carbon atom is generally referred to as position "2",
between the sulfur atom and the alkyl chain, as the "head" position (H)! #terbonatom at
position"5" as the "tail" position (T)During the first coupling reaction and the formation of
dimers, three different regioisomers are possible (HH, HT,Ii e further coupling of an
alkylthiophene monomer, 4 different regioisomers can be formed-fHHHHTT, TIHT, HT
HT) (see Figurel3). By means ofH-NMR spectroscopy, it is possible to determine the
individual regioisomeric triads based on the chemical shift of the aromatic proton at position
4 of the thiophene rin®® The HFHT isomer is the regioretar isomer, while the dter three
are the regioirregularsomers. In a completelegioreguar polymer chain, whit means that
only HT linkages are present, the side chainsmacee planar to the sp-hybridized carbon
atoms of the thiophene ringThis planarity allowefficient ™ -stacking interactions between
adjacent polymer chains. In contrast, the presence of HH @m linkages induces steric
hindrance between the alkyl chains gndonsequently increases a tilting between the

thiophene units®>#d
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Figurel3: Chemical structures of the four possible regioisomeric triadsaealkylthiophene.[ssl

McCullough and Riekpublished thefirst reports on thesynthesis of regioregiolar pdB
alkylthiophenes(P3ATsyvith mainly HT linkage®®*? These two reports are also considered
to be a significant breakthrough in the synthesis of regioregiBla3ATs. However, a large
scale productiorturns out to be difficult due to the necessacryogenic temperatures during
the synthesis. In 1999, McCullough developed a simpler and more convenient synthetic route
by usingthe so-called Grinard metathesi$GRIM), which could be performed at room
temperature® This method allows the synthesis of high molecular weight regioregiolar
P3ATs with very low PDI¥okozawatermed the polymerizationa catalyst transfer
polycondensation eaction, which was later named the Kumadaatalyst transfer
polycondensation (KCT®J. However, the reaction mechanism involves T& coupling
reaction, resulting in at least one regiodefect in thelymerchain® Neverthelessby using

an éexternal initiatog, thissingle regiodefectan also be eliminateld?

1.2.2 Poly(3 -hexylthiophene)(P3HT)

One of he most prominent semiconducting polymer is P3MVith the advancement of
syntheses of P3ATs, P3HT has becamkeader in the field of research of conjugated
polymers. This organic semiconductor is molays used in various optoelectronic
components, such saorganic solar cells, field effect transistors or light emitting diodes.
Furthermore P3HT is oftemlsoused as a comparative model polymer for novel conjugated
polymers One reason for that is theelative simple synthesi®y now!®***? The chenital
structure of P3HTs shown inFigurel4. The p, molecular orbitals projecting perpendicularly
from the thiophene plane overlajplong the thiophene ring backboneThey form the™ -
electron system along themain chain, which is characterized by delocalized electronic states

depending on the chain structuf&’
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Figurel4: Chemical structure of poly(Bexylthiophene) P3HT.
The hexyl side chain is located at position 3 of the thiophene ring. Sihegy&hiophene has

an unsymmetrical structure, ddrent regioisomers are formeduring synthesisThechemical
structures of these regioisomers are shown kigurel5. The regioregiolarity can be
controlled by the synthesis methd®f In generalwith decreasing regioregularithe melting
temperature andthe crystallinity decreasé® Typical melting temperatured;, of semi

crystallne P3HT are in the range 225¢ 235°C

Figurel5: Chemical structures of regioirregiolar (a) and regioregiolar (b) P3HT.

The semucrystalline structure of P3HT was determined by small and \&itgle scattering
(SAXS, WAXS), atomic forcenmscopy (AFM) antlansmission kctron microscopy (TEM). It
consists of the crystalline areas in the form of lamelladairpin crystals and th amorphous
intermediate aread!®**® |nitially, an orthorhombic unit cell was proposed for the crystal
structure, hut recent studiesndicate a monoclinic unit céfi®**® Frequently, P3HMas been
studied with paticularly short chain lengths, close to an oligomeric system where two crystal

modifications are presert®”

Crystal structures of P3HT

The rigid andather planarconformation of the conjugated backbormé P3HT allows efficient

packing and crystallization. However, since P3HT single crastalery difficult togenerate

there are very few publications on this subj&®:'%® The same applies fahe degee of
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crystallinity of P3HT. This is seldom discussed enlitarature, as it idifficult to determine
the reference melting enthalpy of an ide@BHTcrystal.A first value of 99¢* was given by
Malik and Nandi**? Recent research suggestalues béwveen 37 and 50¢*.1%*11 1 ¥ The
investigations of the crystal structuref P3HTwas mainly conductedvia electron and Xay
diffraction on thin semicrystallinefilms and accordingly not on single cryst[é1§.Figure16
shows the typical crystaitructure of regioregular P3HT, withe lattice parameters a, b and

c; theccurvy lines NI LIdEBndedtssfiamorphous domaia™™? From a crystallographic
point of view, the aaxis (100js pointing in tre direction of the alkyl chains artle b-axis
(010) corresponds to the ¢ -stacking directiorbetweenthe planar backborne The eaxis
(001) describes the layer periodicity of the larger lamellar structure and matches to the

direction along thepolymer chais.**%*4

Figure 16: Typical microstructure of regioregular P3HT, with curvy lines representing segments in the amorphous
domain. Cystal lattice ]farameters a, b, c; thickness of the lamellar crystalstdickness of the amorphous layers,d
long period ¢=d,+d. ™"

In general, the unitcell isdescribedas orthorhombic, although someeports showed a
monoclinic structuré’®® The dominant mechanismuring crystallizatioris (i K § -stacking

along the baxis. ¢ K S~ -sfacking between two molecules is caused by Van der Waals
interactions between the two electron systenBipole moments in one P3HT molecule are
formed by quantum mechanical fluctuations, which in turn induce a dipodenent in the
adjacent P3HT molecule. This mechanism leads to an electromagnetic attraction of the two
non-polar molecules (London dispersion forces). These forces also cause a parallel alignment
of the molecules, which maximizes the overlap of the inteéracelectron systemsThese
attractive forces are opposed by the electromagnetic repulsion of Hetectron systems of

the moleculed**® The balance between the two forces resuih a packing distance of 38

along theb-axis™*3*3
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Figurel6 shows thata lamellar structure is forntealong thec-axis in which crystalline and
amorphous areas alternate. The crystalline areas are represented as blue rectangles. The
amorphous regions, which describe P3HT chains in irregular anglaoar arrangement, are
shown aged lines. If a P3Hdhain is longer than the width of tharystal lamellae ({, it can

be incorporated incrystallamellaeseveral times. For this purpose, it can fold back itgo

own crystalor penetrate into another crystalline regidh™**? The width of acrystalline
lamella is in the rangef 10-15nm and depends on the molecular weigbt the P3HT
(Figurel?). Zhai and ceworkers slowed that the P3HT fibril width increases with molecular
weight, but saturates above a critical value of arourtkgmol™. Bdow the critical M, the
nanofibrils are assumed to be formed by extended chains span the width of the fibrils.

Above the critical Mchain folding takes place and leads to a saturation of fibril widtH?

Increasing M,

Figure 17: Schematic illustration of extended (left) and folded (right) P3HT backbone stacking in nanowhiskers
prepared by low M, (left) and high M, (right) P3HT, respectively. The-turn of the polymer includes &/
alkylthiophene rings®

For the model of the crystal structure of P3B§shown inFigurel6 it hasto be considered,
however, that certain simpliations have been madexgerimental results indicate that the
molecules in the crystalomainsare slightly tilted so that the blue rectanglesntinue to be
parallel to the eaxis, but @ longer perpendiclar to the baxis. Furthermore, the
crystallization of P3HT leads to a planarization of the backbone, but the side chains are

usually not in the same plart&?

For the arrangement of P3HT crystalli on a substrate, threarrangementsare discussed in
the literature. Cansidering the plane ganned from the b and caxis Figurel8a) as a
substrate plane, the™ -stacking takes place in the film plane and the side chains point
perperdicularly to the substrate. This arrangement is called eslg@rientation. Moreover,

the algnment of the crystals mthe substrate can alsoccur in a way in whicthe polymer
chains lie flat on the substraté&igurel8b). In this casé -staking takes plac@erpendicular

to the substrate This arrangement is called faoa orientation. In a thrd possible

25



1 Introduction

arrangement,the polymer backbone stands wially on the substrate(Figurel8c). This

arrangement is seldonmeportedin the literature[**4*3118

alkyl stacking
direction a, [100]

Figure 18: Mole[CLqular orientation of P3HT in thin layers: (@dgeon orientation, (b)face-on orientation and (c)
11.

standingchains:
Which of these arrangements ofP3HTIis presentdepends strongly on the preparation
conditions and the substrate surfacdhe edgeon aientation is the thermodynamically
favored one whereasthe faceon orientation can be regardeds a kinetically trapped
arrangemenf'¥ DeLongchamp et ateported that an edgeon texture develops for slow
spinning speedduring spincoatingof P3HT fronthlorobenzene. By increasing thatational
speed,faceon textures formed more often. With regard to theharge transport, it can be
assumed that this will be faster the ¢ (polymer chain axis) and b -stacking axisjlirection
than in the a-direction of the isolating side chainsTherefore, theedgeon orientation

representsfor OFETthe desirable morphology.

Crystal structure studies of Prosé al. revealed the presence of twpolymorphic formsof
P3HT(Figure19).'** Forml has a packig distance of 1.6m and is present,fithe P3HT
molecules lie on top of each other along thevas in such a way that the P3HT side chains do
not interdigitate.In general, the packing distance of the crystalline domafri83ATs depends
on the length of the side chains. Longer side chamtsease thedistancesbetween the
backbones An arrangement in which the P3HT side chamserdigitate, leads to smaller
packae distances and is called FolmThisform is thermodyrmmicallymore unstableand

canonly be observedfor P3HT with low molecular wgits*!8420121
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a) Form| b) Form I

/f/i
-
2 /‘a/"

Figurel19: Crystal structure of P3Hifh Forml (a)and Formll (b).**

Properties of P3HT

P3HTis a conjugated, semiconduction polym@&mly by chemical or electronic doping does it
become a radicabnic polaron species and thus conductit¥é. For the determination of its
energy levelsusuallycyclic voltammetry is used. Thereby, tbaset of the oxidation and
reduction potentialsare determined, which areclosely related to the highest occupied
molecular orbitaHOMQ and lowest unoccupied molecular orbital (LUMEnergies since
the oxidation is due to the removal of one electron from tHOMOand the reductions due

to the addition of one electron tolte LUMJ"?? Thedifference betweerthese enegy levels

is reffered aghe electrochemicaband gap, which is an importaparameterfor polymer
based organic photovoltai¢s: Detailed characterizationsegardingthe electrochemical

properties of PBIT have been reported by Trznadel et al. and Skompskd'&t*af.

Due to thegood semiconducting properties and tpeocessability from solution, P8 is used
today in various optelectronic applications, among others bulk-heterojunction solar
cellsl®® The active layeis very often a blend consisting of a polymeric electron donor
(hole-conductor)and a fullerenebased éectron acceptor(electronconductor) P3HT:PCBM
blends areto date, the moststudied activelayer material in BHJ solar cell¥arious powr-
conversion efficiencies areportedwhich can reach values ap to approximately 36*2¥ In

a BHXolar cell the active layer absorbs photons, which leads to the formatioexaftors.
Theseexcitonsmust then be splitat a donoracceptor heterojunction in ordeto generate
both types ofcharge carriers. Theharges are then transported througthe respective
component (holeconductor or electronconducto)) of the active layer to the electrodes,
whereby an electric current is generaté@*?® In terms of device performancehe BHJ
nanomorphology i.e., the distribution of donor and acceptor moleculdgs the most
significant impact*? Here, a compromise between two critical factors must be made. On

the one hand, the contact area between the donor and acceptor molecules must be very
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large in order to generatas many charges as possible. Therefore, a very inteimixed
blend structure is desirable. On the other hand, however, the generated chargeshmaust
transported tothe respective electrodes. This can be realized by the percolation of separated,
relatively phase pure donor and acceptor domains. Considering these two aspeciggetie
nanomorphologyexhibits an intermediate degree of phase separatiof? Meanwhile a
variety of processing techniques have been developed in order to control the blend
nanostructures and thus to increase the loteym stability of the organic solar celfé?? Al
these approaches, however, increase the complexity of the systdt®n involve chemical

modificationsand increaséhe overallcosts/??

Recent work suggests that nucleation of one of the active layer components can also stabilize
the BHJ morphology??? Lindquist et alshowed that the nucleation of PCBM allowed a
certain control of the blend morphologit was shown lhat by adding appropriate nucleating
agents, thePCBMcrystallite sizeat temperatures abovéhe glass transition temperature of

the blend, is significantly reduced and thember ofcrystallites is greatly increased without
affecting the electrical propties?? Chabinyeet al. have used commercial nucleating agents

to manipulate thesolidificationkinetics of various organgemiconductors withoutdversely

affecting the electroniproperties!?*+3%!32

These results show that it may lossible to positively influence thBHJmorphology by
means of nucleating agents. Therefore, in the following, details of nucleating agents and their

principle d operation will be discussed.

1.3 Nucleati on of semi-crystalline polymers

Polymers are nowadays ubiquitous and indispensable in aily tives. This is partly due to
their excellent mechanical, optical and electronic propertiedhich qualified them for a
variety of applications Moreover, the plethora of processing methods and their low
production costs render polymers to an intendiveised material classConsequently, in
order to remain competitive withirthis vast industrial sectorgpecific properties of the
polymers muststeadily be advancel. This is achieved, for example, by the addition of so
called polymer additives. These linde, among others processig aids, U\stabilizers,

colorants flame retardants, and nucleating ageft&!

In particular, nucleating agenfday a major roleor the processing and property profile of

semicrystalline polymers, since the properties are largely governed by their crystalline
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domains.In general, nucleating ageniacreasethe crystallization temperatures asemt
crystalline polymers and thus reduce the cycle times durimet processing?**? This can
lead to considerable cost savings. Furthermore, nucleating agents can improve the physical

and optical properties asemicrystallinepolymers!?%*!

1.3.1 Crystallization of semi -crystalline p olymers

As is is known for small molecule$iet crystallization ofpolymers is initiated with the
nucleation. hdividualsegments omacromoleculs deposit themselves parallel to eadther

in very small formations, thewclei These nuclei form the basis for the following crystal
growth. First, however, thentangledpolymer chains mustlisentanglebefore they can be
incorporated into the growing crystaBince disentanglement is typicalycomplete due to
the length of thepolymer chainanideal, fully crystaihe state is not achievable f@olymers

in the solidstate. The crystal growth in polymers thus proceeds as follows: the crystallizable
sequence of a chain is separated, stretchadd depending on the primary structure
incorporated in a helical or zigzag shapehe growingnuclei. Theremaining polyenechain
can (1) fold back into the same crystal instantl2) remain mostly in the amorphous phase,
and eventually return to the sae crystal(loop molecules)(3) remain completely in the
amorphousphase(cilia molecules)(4) can participate irthe formation ofanother crystaltie
molecules) The resulting crystalgsually congregate to larger spherical units wdihmeters

in the rangeof 10 to 10 micrometers Thesecrystalline structures are called spherulité¥s

38 |n Figure20the detailed morphology of spherulite is schematically present&d?

Il
6,./‘

Figure20Y WWadzZ G A & Ol t S-enBtallimeddolméls Gckofdlingtd Milae® CHafolded crystalline lamellae
(top left) lie adjacent to amorphous regions of comparable tkieess (bottom). The lamellae are organized radially
into micron-sized spherulites (top right}:*?
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In general, two types of nucleation, primary and secondary nucleation are distinguished. In
the primary nucleation, the chain moleculeombine to form acylindrical nucleusThe
cylinder axis points in the chain direction, atié heightis much smaller than the length of

the stretched molecule. This type of nucleation can be further divided into nucleation and
crystal growth. The basic principle of sedary nucleation is identical to that of primary
nucleation, exept that crystallite nuclei grow on the surfacealfeadyfull-grown crystallites.

These usually forrmnonomolecular layers of lengthwidth b and heighta (Figure21).**3

Figure 21: Schematically representation of a secondary nucleus grown on the surface of an alreadgréwiin
crystallite with the length, the width b andthe heighta.!**®

In the following, he physical principles dhe nucleation andthe crystal growth of semi

crystdline polymers are decribed in detall

For the formation ofa crystal nucleus out of a polymer melt, a driving force is required since
the final state must be energetically favorable thathe melt state (initial state).
Thermodynamically, the free enthalgyG of the system banges and ghase transition
occurs only ihGis therebyreduced.At the meting point T, the free enthalpies of mel(G.)

and crystal(&) are equivalent (G, = &). AboveT,, the melt state is in thermodynamic
equilibrium, since ihas a lower free enthlpy than the crystal state. Upon cooling beldi,

the free enthalpyof the melt stateincreases and the crystatate is in thermodynamic
equilibrium (Figure22). The fomation of a solid state belovii, isinitiated with the formation

of a nucleusbased ona crystalline arrangement due to thermal fluctuations caused by
thermal atomic motionsWith nucleation the systemgains volume energy due to the lower

free enthalpy of the volumef the nucleud™?
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AG

\ 4

Figure22: Schematic representation of the free enthalpies of the melt state,jJGind of the solid statgG,). At the
melting point T, the free enthalpies of meland crystalare equivalent(G, = G).

In contrast,the surface energy required to create amterface between the two different
phases has to be raise@onsequently, the overall change jo& is ®mposed of a volume
fraction nGoume Which releaseenergy, and a surface fractionGyace resultingin the

following equation?**%1

)

YO YO YO 1)

The required energy is proportional to the surface of the nuclei, whereas the released energy
is proportional to its volumeFor simplification, a nucleus cdre consideredas a spherical
entity with radiusr, resulting inEquation 2, with NG,oume as free volume enthalpy of the
nuclei izNA y 3 G KS LK I &asthesudce/tengion af thelucléil{PRe!

Yo -“iY0 ™ i, 2
nDY free enthalpy
N Rume free volume enthalpy of the nuclei
r: radius of the nuclei
Y surface tension of the nuclei

Figue 23 shows schematically the freeucleationenthalpy nG and its surface and volume
fraction as a function of thaucleusradiusr below T, of an ideal spherical nucleul is clear
from the figure thatfirst at a certain nucleusize, called the critical nucleation radigsthe
nucleihave a positive energy balamcompared to their environmenit the maximum ohG
(nG.), the deviation ofEquation 2 is zero. This means that the systamin steadystate
equilibrium Consequetty, belowr,, more nuclei dissolve rather than they grow and abave
more nuclei grow rather than they disappedhermodynamically stable nuclei are present at

nG= ([133.137
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Figure23: Shematicallyrepresentation ofthe free nucleation enthalpy nG and its surface and volume fraction as a
function of the nucleusradiusr below T, of an ideal spherical nucleud®”

The phenomenon described above is called primary nucleation followed by crystal growth.
Overall, three differennucleationmechanisms can be observedth respect to theprimary
nucleaton of semicrystalline polymers. These are theomogeneousnucleation the
orientatiorrinduced nucleation and the heterogeneous nucleatiol*® The homogeneous
nucleation proceeds in the supeooled melt without any further influences. Orientation
induced mcleation can often be observed in polymer processing techniques, such as
extrusion or ingction molding. The nucleation is caused by the orientation of polymer chains,
due to flow and shear forces during procesditig.In heterogeneous nucleation, part of the
nucleussurface is provided, for example, by a crucible wall, lspsnded particles, or by
intentionally added nucleating agentsTheseagents reduce the surface energy required for
nucleation Casequently, (referring td-igure23) the nGrequired to reacimG. is smaller for
heterogeneous nucleation. As a restite nucleation initiation shortens and thenuclei
growth occurs & higher temperatures.Therefore the crystallization temperature of the
polymer increases, which is of fundamental importance for industrial processing and
applications of semicrystalline polymers?®?"**¥ |n addition nucleating agets have
enormous influence on the macroscopic properties of the polymer in the solid state. By
adding theseadditivesinto the polymer meltthe amount of nucleias well asthe nuclei
densityis enhancedHowever, since the growth rate of the spherulitesnains constantthe

total size of all crystallites is reduced. This can have positive effects on the mechanical, such
as elongationat break and the impact resistancas well as the optical properties of the
polymer?®3*13  Figure24 shows the influence of the nucleating agertis(34-

dimethylbenzylidene)sorbitdDMDB$ on the nucleation and morphology of isotactic
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polypropyleng(iPP) The addition obnly 0.15wt.-% DMDB$Figure24b) significantly reduces
the spheulite size compared to the ne#@P(Figure24a).**?

|

Figure24: Polarized optical microscopy images of isotactic polypropyleméhout additive (a) and with 0.15vt.-% of
DMDBS (b) after cooling from the melt state to room teragture at a cooling rate of 16 min ™3

1.3.2 Supramolecular nucleating agents

The first nucleating agents faemicrystallinepolymers were inorganic salsuch as titan
dioxide, potassium and sodium phosphatessaraltparticle sizednineralssuch as clay, talc
and silicd*****>%*9 Also polymers and oligomers, as well as organic pigmerme examined
for their nucleationcapability.?******3 Nowadays about 20 chemicalgroups both organic
and inorganic, are involved in the production of nucleating agentdmong those
supramolecular polymer additivegain more and more interesfTwo importantgroups of
these agents arerganic acid derivative§’?*3915*%3nd sorbitolderivatives?®****! The
special feature of these addies is that they came completely dissolve in the polymer
melt. Upon cooling from the melt these additiveselfassembleprior to the polymer
crystallization and therefore providinguclei for heterogeneous nucleatio®ue to thér high
surface to volure ratio, they provide a high density of nucleatid® Yet the supramolecular
additives musticcomplishseveralrequirements.The additive shoulde completely dissolve

in the polymer melt at the given procesg conditions in order to ensure a homogeneous
distribution of the additivein the polymer. Thiglsorequires a high thermal stability of the
additives due to the high processing temperatuteBurthermore, it is imperative for the
principle of heterogeneous nucleation that the nucleating agent has a higher crystallization
temperaure than the polymer to be nucleatéd’ In addition, the additive should have
structural units that allow supramolecular selésembly byntermolecularforces.Moreover,
the resultingselfassembledstructure ofthe additive should feature an appropriatrface
to allow epitaxial crystallization othe particular polymeF*® Due to the presence of
heterogeneous nuclei, polymer crystallization growth is initiated at higher temperatunes. T

results in a shift of the peakrystallization temperature of the polymer towards higher
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temperatures. A commonly used method fatetermining temperature transitions of
polymers is nosisothermal differential scanning calorimetfDSG™ Figure25 shows the
effect of different concentrations cd nucleating agent on the crystallizan temperature of
polyamide6 (PA6) based on DSC thermogréfils Neat PA6 crystallizes at about 186
whereas withthe addition of the nucleating agent the crystallization temperaturePéi is
distinctly increased Furthermore, it can be observed that the shift of the crystallization
temperature towards higher temperatures is appatly concentratiordependent Typically,
there is an upper limit of nucleating agent addition, at which a tegh nucleating agent
concentrationcan cause phase separation between the additive and the polymer. This results

in undissolve additive, which in turn carot contributein the nucleation of the polyméf?)

1.0 wt% —_—

= =
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Figure 25: Differential scanningcalorimetry thermographs of neat PA6 ahPA6 comprising different amountsf a
bisurea compoundinserted stucture) at cooling rates of 1&min™ according to Richter et dt*®

Information about howefficient a nucleating agerfor the corresponding polymeis, gives

the nucleation efficiencyNE)**¥ This can be calculated according to the following

equation!*®?

0 Ob pTa 3)

where T° denotes the crystallization temperaturef the neat polymer, . being the
crystallizationtemperature of the polymer induced by aucleating agent and. T beingthe
maximum crystallization temperature. THatter can be determined by so called sedfeding
experiments, where the neat polymer is nucleated by its own crystal fragmbentgeneral,
this involves theoartial melting of the polymer. Theemainingunmolten crystal fragments
can act as perfect nilm for the crystallization of the polymer anthus increase the

crystallization temperature.
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2 Aim of the thesis

Poly(3hexylthiophene) (P3HT) as highly used semiconducting polymer has been an integral
part in the field of organic electronics for decadasd has in this contextarned itself a
reputation as a model polymef 2 Ncbnjugated systemsDespite the intensive research,
however, not all existing issuesd open questions havaeen clarified till date. For example,
controlling the soliestate morghology and order of semurystalline films still represents a
challenge todaySeveral approaches have been conceived to manipulate the morphology of
P3HT. For example, Smith et al. showed the formation oflgng BHT nanofibers from
solution™? P3HT nanofibers with a superstructure were obtained using 4,3,5
trichlorobenzene needles or carbon nanbes as epitaxial surfac€>*** However, itis still
unknown whether such P3HT nanostructures exhibit spatial variations of their structural and
electronic properties along the fiber axis, which is important to understand charge and
energy transport processé¥>%® A promising and straightforward approach to control the
polymer solidstate morphology is nucleationSupramolecular nucleating agents can
significantly alter the solid state morphology of segnystallire polymers and, thus, enhance
their properties. Nucleating agents amdso able to increase the polymer crystallization

temperature, to decrease the crystal size, and determine the crystal modificatidh.

Therefore he goal of thighesisis the investigation anaontrol of the solid-state morphology

of P3HT with the help déilored supramolecular polymer additives.

Design, synthesis and characterization of bied trisamides with pydine substituents

To achieve thegyoalof this thesis first, anovel class of supramoleculaucleating agerd for

P3HT must beesigned This nucleating agent must meet several requirements in order to be
used as such: The additive must be soluble inRBEIT melt to ensure optimum dispersion

the system.Moreover, it must recrystallize upon cooling from the polymer melt above the
crystallization temperature of neat P3HT. Finally, the additive should have a suitable
epitaxiallysurface capable of crystaing P3HTThe material class of biand trisamides can
meet all these requirements and have alreamen proven their function as heterogeneous
nucleating agents fosemicrystalline commodyolymersand engineering plasticsuch as

polypropylene or plyamide.

However, since there is plethora of bis and trisamides,n particularthose compounds

containing pyridine substituents the peripheryare considered in this work. These have
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shown in preliminary investigations that their high thermal stiadbiind surfacdunctionality
make them very promising candidates for nucleating P3HiE€refore a variety ofdifferent
pyridine-containingbis- and trisamidesare to be synthesized, characterized and investigated
regarding their ability to nucleate P3HAIl additives should have in common that the
pyridine substituents are arranged symmetricaliggarding the central core. Howevehd
additives should differ among themselves with regard to their central core, their orientation
of the amidegroupsand the type of pyridine substituent. In this way, chemically related but
structurally different compounds witkdistinct properties and surfaces are to be generated,

which allows one to establish structupgoperty relations.

The synthesis of the bisand trisamides isbased on anamidation reaction between
corresponding acicthlorides and amine derivativeend will be characterized by common
analytical methods, such as-NMR spectroscopy, mass spectrometry and Fodratsform
infrared spectroscopySubgquently, the additives are to be thermally investigate
thermogravimetric analyse@GA), simultaneau differential thermal analysg$SDTA) and
melting point measurementsBased on the results obtained, a preselection should be made
which of these adiives are thermally stable enough to nucleate P3rTelted state and
correlations between the chemical structure and the resulting thermal properties of the

additives should be detected.

Investigation of the selissembly behavior of the synthesizedsmolecular additives

A significant property of this class of additives is that their molecular building blocks are
capable of forming supramolecular structures, such as nanofibers, viaassainbly.
Therefore, selassembly experiments in different ongia solvents should be performed with

all synthesized amide compounds. The solvents used for these investigat®tisee same as

the most typically used solvents for dissolviR@HT. If supramolecular structures can be
generated in this way, their enormsusurface area can be used both for nucleating P3HT in

bulk and in solution.

Selection and investigation of crystallization behavior of different P3HT grades

The different commercially available P3HT grades investigated in this work are to be
subjected toa detailed thermal characterization before the nucleation tests with the various
additives are carried out. The aim of these investigations is to determine the standard

crystallization temperature Fand the maximum crystallization temperaturg™f*of the neat
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P3HT gradesn order to reveal structurg@roperty relationsi KS 3INJ} RS A K (GKS
to be used in the further course of the nucleation investigations. ThereB¥ & to be
determined by secalled homogeneous setiucleation. A furtherexamination of the neat

P3HT will be isothermal melt annealing. Using this method it is possible, as well as-via self

seeding in solution, to generate higkdydered P3HT spherulites.

Nucleation of P3HT with supramolecular nucleating agents

For the nucleabn investigations of P3HT, all thermally suitable additives khde
introduced into the P3H$ystem in the same concentration. The additives, which prove to be
nucleating agents for P3HT, will be used for concentratiependent investigations.
Furthermore, the nucleation efficiency must be determined for all successful additives. The
P3HT spherulite sizes with and without nucleating agent are to be determined by polarization
microscopic investigations on thin P3HT films. Furthermore, these investigatiernintended

to observe at which temperature the additives dissolve in the P3HT melt and at which
temperature and in which form the additives crystallize upon cooling the melt. In order to

confirm the nucleating effect of the additives, isothermal invgstions will be performed.

Higly ordered shiskebab superstructures

Finally fiborous P3HT nanostructures are to be generated from solution. Such nanostructures
have been known in literature for a long time; howemers still unknown whether such P3HT
nanostructures exhibit spatial variations of their structural and electronic properties along the
fiber axis, which is important to understand charge and energy transport processes. In order
to investigate the structtal and electronic properties, long and oriented fibers with a parallel
alignment are required. Therefore, the aim is to produce shish kebab like superstructures
with a nucleating agent as shish and P3HT fibers as kebabs. Spatially resolved spectroscopy
investigations along individual P3HT nanofibers will then be performed on these

superstructures in order to preserve the photophysical properties.
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3 Selfassembly of bisand trisamides with pyridine substituents

3 Self-assembly of bis- and trisamides with pyridine substituents
Wellknown classes of supramolecular building blocks &r8,5substituted trisamidesand
1,4-substitutedbisamidesIn particular, the former are weknown to selfassembldanto one-
dimensional aggregateandin the case of bisamides, also examples are known feajwne
preferred crystallization growth. hese building blocks are discussed in more detail in the

following chapters.

3.1 Versatile building blocks in supramolecular chemistry

Prominent representatives of supramolecular building blocks, which aretaldelfassemble
into onedimensional supramolecular struatres, are symmetrically sshtuted bis and
trisamides*®"“*" The general molecular structure of such compounds is schematitaityn

in Figure26. The difference between tree two supramolecular building blocks regarding
their moleallar structure is the number of theperipheralsubstituents. As can be deduced

from the notations trisamides are hreefold substtuted, while bisamides argwofold

substituted.

central core:
* benzene- or cyclohexane ring
+ symmetrically substituted

amide groups:
* formation of hydrogen bonds to adjacent
molecules
* one-dimensional self-assembly/ crystal
growth with preference in one direction

peripheral substituents:
* greatvariety of side groups: alkyl chains,
chiral, ionic, chromophoric etc.
* tailoring of solubility and aggregation
behavior

Figure26: General molecular structure of 1,3Bisamides and 1,sdbisamides. The amidjroups (blue) are connected
to the central core (grey) either by the carbestom of the C=Gbond or by the nitrogeratom of the NHbond. The
peripheral substituents,which tailoring the solubility and aggregation behavior of the molecule are displayed in
green.

The general structure of such compounds can be divided into three structural units: the
central core, the symmetrically arranged amide bsnednd the peripherasubstituents The

core ispredominantlybased ona benzene ring or a cyclohexane ring. At this core, the amide
groups are attached either over the carbon atofithe C© group or over the nitrogen atom.

In a trisamide molecule, the amide groupse locate at the positions 1,3 and 5of the
central core For a bisamide molecule, these are located at positions 1 aiggically, he

amide groups are capablef forming symmetrcal twofold or threefoldhydrogen bonds.
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3 Selfassembly of bisand trisamides with pyridine substituents

Accordingly, they are responsible forettstrongcomplementaryintermolecular interactions
between adjacent molecules. The peripheral substituents may be simple alkyl chains or may
also contain more sophisticated functional grolfd. Changes in the corstructure, the

amide bond orientation or the periphery can directly influertbe selfassembly behavior

and the resulting aggregate propertiedReplacinga cyclohexane ringvith a benzene ring as

core hasa distincteffect on the themal propertiesof the selfassembled structurevariances

in the periphery, on the other handhave a significant influence amystallographic order and

on the dissolutionbehaviorin polymer meltg?%168:169.172.178

Bis and trisamides are among the simplest and most versatile motifs of supramolecular
chemistry to produce nanobjects They arestraightforwardto synthesize and are well
suited to investigatethe selfassembly processs well as structur@roperty relation
ships(?®1691701% 1y harticular for trisamideg)arameters, such as temperature, concentration
or pHvalueg can lead to pronounced unidiraohal growthof the moleculegperpendicular to
plane of the central core and result into supramolecular columns either in the-stalid, in
the liquid crystalline state or in solutidt®*"17>17

The first crystallographic studies on 1;B&&nzenetrisamides were reported by hifpot et
al.™®¥ |n their work, they examined the moleculsN",N"‘tris(2-methoxyethyl)benzenel,3,5
tricarboxamide recrystallized from ethanollhis molecule selfassembles ito columnar
structures and crystallizein the monoclinic space grol®. In addition to the strong,
threefold hydrogen bonds betweemdjacent molecules, hiere are also™ - -interactions

between the phenylnits which stabilize théormed aggregategFigure27).

Figure 27: Schematic representation of €entered benzenel,3,5tricarboxamide selfassemble into helical one
dimensionalaggregates , which are stabilized by threefold intermoleculaoH? y R A y T -sthcing of the phenyl
. [17

rings

During the selassemblyprocess, the amide groups rotate about 2@com the central plane

of the benzene coreand form three hydrogenbonds with both the overlyingand the
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3 Selfassembly of bisand trisamides with pyridine substituents

underlying trisamide moleculelhe cores of theadjacent disks are rotatecelative to one
another by 6C°. On account of the resultingelical arrangement of the hydrogemonds,
these are strengthened and hold the aggregates togettfér.!

Benzenel,3,5tricarboxamias with tertbutyl substituentBTA) which are able to form
columnar structures crystallize the space grou6/m. Three helical bonding patterns can
be observed ang its columnar axidDepending on the arrangement of the oxygen atoms in
the column, two different configurations can be formede up- and the down configuration.

In order to decreas¢he total energywithin the supramolecular aggregate, adjacent cohsn

arrange antiparalleih an antiparallel fashiaH®®

3.1.2 Research fields and applications of bis - and trisamides
Due to the simple synthesisthe robustnessof the selfassembly process and tHarge
possibilities to ary the sulstituents in the periphery and thus to control the propertiéss-

and trisamides aran integral part of numerous research and application areas.

It has thus been shown thdiis- and trisamides which bear substituents with appropriate
polarity, can act as orgaroor hydrogelatof*®"®8d presence ofbenzoic acid in the
periphery of BTAs, for examplgjelded in pHrespnsive hydrogelatorsafter the self
assembly processSelfassembled fibers with a very high aspect ratio exhibit bisamides with
aliphatic substituentst” Introduced in wide-meshed nonwovens, BT/Ase used in filter
technology, for example in fine dust filtratiéti**#¥ Mechanical investigations ViAFM
bending experiments on such fibers show the higibgity of these fibers (Young sauulus

3 GPa 5GPa)®*'® BTAs with azobenzene substituents exhibit phrgsponsive properties
and are therefore suitable for use in holographic data storage mé&8i&? Furthermore bis-

and trisamidesare frequently used as polymeadditives.Benzenel,3,5tricarboxylic acieN-
cyclohexyhtrisamide i. e.can improve the elecet properties of polypropylene by acting as
trap for electrical chargesTherefore,it has potential to serve as an effective additive in
electret materials’®*® |n addition additives based omis- and trisamides are excellent
nucleating agents and clarifief€:?>*? IrgaclearXT386 was the first commercially available
BTA. It reduces the haze and significantly increases the crystallization temperature of isotactic
polypropylene The reaon for this is the ideal surface structure of the sefembled
additive!*®® The additive dissolvespon heating in the polymer melt andecrystallizeipon
cooling before the polymerrecrystallizes As a result, epitaxial growth of the polymer is

possibleon the surface the supramolecular objeddmong i-PP, polyvinyl fluoridéPVF),
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3 Selfassembly of bisand trisamides with pyridine substituents

polybutylene terephthalat€PBT) polylactide(PLA) and polyamidegPA were successfully
nucleated using thesekinds or similar kindsof supramolecular additive$®**? These
supramolecularbuilding blocksare also used in the field of biomedicine and sen
technologyt****%4 They arealsoexcellently suited for the coordination of metal ions and thus
for catalytic purposes or for thdepositionof silveror gold nanoparticles*****¢ very often
functionalized bis and trisamides especially pyridineontaining moleculesire used for this

purpose, which are discussed in more detail below

3.1.3 Functional bis - and trisamides

As alreadydescribed, the periphery of bisamides (BAs) and trisamides [i[BAsYn enormous
influence on the resultingrystalstructure and properties of thesatructures. TAswith very
short aliphatic substituents forraheetlike aggregatesdowever, TAs with longer alkyl chains
tend to form columnar structures. The introductioof functional groups into the periphery

can lead to several different crystalliseuctures simultaneousl§®*1

In the following, theefore, further details orBAs and TAs with functional peripheml be
discussed. Very often BAnd TA are found with amino aciktbased substituents. Amino acids
are the building blocks of proteins in living organisms. In nature, over 500 different amino
acids can be found. However, a human's genetic cdidectly encodes only 2®f them.
Twelve of these 20 amino acids can be found in the literaasrsubstituents on BAs and TAs
¢ predominantly alanine, glycine and cysteine were thereby investigakext.example,
Maruyama et al. have extensively studied supramolecular gelators based on
benzendricarboxamideswith amino acid methyl ester substituents faonic liquids™® In
their work they deal with the amino acids glycineglanine, kvaline, Heucine, kmethionine
and Lpheylalanine.Gel preparations were performed lpreparing solutions consisting of a
TA and an ionic liqujdvhich they then heatedp to the temperature wherethe gelatorhas
completely dissolved in the iam liquid. Subsequently, the sample is cooled to room
temperature, which leaddo gel formation due to the fibrouseltasembly of the TA.
Figure28 shows FESEM images of ionogefsrmed in the ionic liquidsl-butyl-3-methy}
imidazolium bis(trifluorometiglsulfonyl) amide[BuMelm][TFSA] and-butyl-3-methylimid-
azolium trifluoromethanesulfonatgBuMelm][CESQ]. As gelator benzend,3,5tricarbox
amide with kvalinemethyl ester substitents was used in a concentration ofwit.-%.All the

ionogels studied by Maruyamaet al. have reversible thermal transition properties and
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3 Selfassembly of bisand trisamides with pyridine substituents

viscoelastic propertiesvhich are typical for gels. Furthermore, the ionogels retainedhilge

intrinsic conductivity of the ionikquids everat high gelator concentrations.

Figure 28 FESEM images of ionogels formedf benzenel,3,5tricarboxamide with Lvaline methyl ester
substituents in the ionic liquidga) 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl) amide [BuMelm][TFSA]
and (b) 1-butyl-3-methylimidazolium trifluoromethanesulfonate [BuMelm][CF3SO3Jheconcentration ofthe gelator

in the ionic liquid wasl wt.-%. For the FESEM analysis, the ionic liquid in the ionogel was first replaced with water
followed by freezedrying*"®

Haldaret al. studied BTAs withrhethionine and tyrosine substituents. Thegtected that
the methionine derivative sefissembles by means 6f -stacking andthreefold amide
amidehydrogen bondsnto one-dimensional nanorods. The tyrosine derivative,tba other
hand, develops a porous structure due to lack efsgnmetry and triple amideamide H
bonds. These structural differencestails thatthe N, sorption of the porous materiak ten

times highetthan that of the columnaone.**®

Karmakar et al. investigatefbur functional 1,4bisamides and one 1,3ffisamide, which
feature amino acid derivatives in the periphéf}? These compounds were prepatdy the
reaction of terephthaloyl dichlodie or benzenel,3,5tricarbonyltrichloride with the mehyl
ester protected amino acid#\lanine, isoleucine, leucine and valine were used as amino acids.
All compounds- 0 H -Btatephthaloytbis(azanediy)dipropanoic acid dihydrate(K1); H - H
(terephthaloylbis(azanediyl))bis@nethylpentanoic acid) monohydrat€dK2)T  Ht&reph
thaloylbis(azanedyl))bis(4methylpentanoic acid) dihydrate (K3)T Ht&rephthaloylbis
(azanediyl))bis@nethylbutanoic aciyl dihydrate (K4); H ~ H-((lkEnzenel,3,5tricarbonyl)
tris(azanediyl}jripropionic acid hemihydrate(K5) - were successfully synthesizeand
characterized and the respective single crystal structwese solved The @mpounds K1
and K2 form 3D hydrogerbonded nets, which, however, differ in their final structukl
forms chains via direct hydrogdsond of NcHE O between the terephthalamide derivatives.
In K2, the hydrogen bonds formedbetween thecarboxylicCOHgroup and the ketone GO
group and lattice wate links the chains togetherThe @mpoundsK3 (Figure29a) and K4
form 2D hydrogenbonded structures Here all the chain connections betweenthe
terephthalamide derivatives are water mediatelb forms hydrogen bonded dimenshich
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3 Selfassembly of bisand trisamides with pyridine substituents

are conrected to each other via hydrogdmonds and form a 3[primitive cubic latticg(pcu)-
net (Figure29b).**%

Figure29: (a) Packing diagm of compoundk3; note how the aliphatic groups assemble and are kept separate from
the hydrogen bonding parts(b) The hydrogen bondegcu-net formed by the dimeric units of compoun#5 with
disordered water molecules (blue spheresijthin the 3x3A wide channels!**?

Junget al.reported ona customizable schema& makinguse of modular hydrogel templates
for controlling the helicity and formation ofanofibers over longdistances®®® They
describedselfassembly of BTAs contaigi both amino acigontaining ligands anBTAs with
pyridine-containing substituentsFigure30a shows an werview ofthe hydrogel formation
resulting from controlled assembly of nanofibers with tunable helicity by additiortvas
different chiral components(trimesoyltri(D-alanine)Jung2a; trimesoyltri (L-alanine)Jung2b)

to a previous prepared gelator(benzenel,3,5tricarboxylic acid tris([® wH X H- Tc ZH
terpyridin-n -ylamino)}propyl}lamide Jungl). A subsequent addition of Au (1) followeg bV
exposuregenerates helically templated gold nanoparticle superstructu@sgure30b) which
are high quality, chiroptically active materials.Furthermore, the size of the gold
nanoparticles ranging from Zxm up to 200nm, could be easilycontrolled bythe UV

irradiation time?*®
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Figure30: (a) Hhydrogel formation resultindrom controlled assembly of nanofibers with tunable helicity by addition
of chiral Jung2a orJung2b componentsto gelator Jung 1. (b) Subsequent addition of Au(l) followed YV exposure
to generate helically templated gold nanoparticle superstructur@gq

In the following, onljthe TAs and BAsith pyridinecontainng substituents are considered,

which werealso investigated in this work.

The trisamideN',N*,N°-tris(pyridine4-yl)benzenel,3,5tricarboxamide(hereinafter TA1) was

first mentioned by Kumar et aih 2004 Their studies showed that the trisamide, which is
insoluble in water, is sohle in aqueous organic mixtures, such as DMSO, DMF, MeOH, EtOH,
at higher temperatures. Upon cooling, the trisamide self assembieBbrous structures
resulting inhydrogelators. The singlerystal structure elucidation demonstrated a porous
architecture with hydrophobic cavities, which is why this tmsde can alsde used as a
inclusion host*® Biradha et al. could funiermore show that the singterystal structureof

TA1 depends on the solvent in which the trisamide is recrystalliZ&dLuo et al. prepared

with TA1 by selfassembly processes @HGIMeOH hydrogerbonded organic frameworks
(HOF% The trisamideforms therebytwo-dimensional honeycomb statures by hydrogen

bonding between the amide groups and thepyridine rings. These honeycdnstructures
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hierarchicalstructure together. The resulting pores havesie of about Bx4.5A and
showed are very good G@dsoption.?*? This trisamide is also used for the formation of
porous metal organic franveorks (MOFs) The grop of Lah was able to show th@A1 forms

in combination with coppdil) ions, a unprecedented twofold interpenetrating (34)
connected 3D metal organic framework. Heigettrisamide serves as @igonal three
connection nodeand the copper ion as square planar fouconnection nodé?*® Tzeng et al.
also usd the G-symmetry of TA1 to coordinate Cd{), Zn(ll)and Cu(ll)ions. Thetripyridinyl
trisamide moietiesare located inside the opechannels. Thse channelfiave a diameter of
about 7.5A and are filled with chloridecounter anions of the salts?®>?** zZhao et al.
developed withTA1 positively chaged metal organic frameworks {®OFs) which are able
to selectivelytrap anionsandtherefore can be used in ion chromatograpbydrug delivery.
Besides, liese cationic networks showed a very high,@8d GH, uptake capacity?°”? The
work of Zlong et al. showed that not necessarily an organisalent is needed to dissolve
TAL1 in water, but that the addition of Fe(lll)/Fe(ihns atelevated temperaturas sufficient
However, the addition of other metal ions, such @, CS*, Nf*, K, N& and Md*, did not
alter the insolubility in water, even at alated temperature. Upon coolingTAl self
assembles and forms fibrous aggregates with Begons throughmetakligand interactions
and intermolecular hydrogebondng (Figure31). The resulting metallogepossessegood

mechanical properties anthermoreversibility!*®®

Figure31: Photographs of TA Wwith Fe(lll) ions inwater at elevated tempeature (a) and at room temperature (b).
SEM image ofhe xerogel fran Fe(IIFTA 1metallogel(c)*®

The trisamide NN?,N°-tri(pyridin-4-yl)cyclohexanel,3,5tricarboxamide (hereinafter TA3)
was investigatedby the Lee group for its ability to fornnetallogels!?®? In ther work they
were able to show that the cyclohexaiased ligand A3 formsin the presence of transition
metal ions particularly C# and ZA* supramoleculametallogels. The trisamide can also be
gelatedin the presence of cadmium countesns such as S CIQ and NQ@Q. Figure32a
showsphotographs of the gelation experimentdo gel formation occurred upon the addition

of CG*, Cd*, Nf* and Mrf* (Figure32a 3-6). In additionTA3 could also not gelate when the
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cadmium counter ion was CBr or . X-ray analysis revealed that the trisamide ligand forms
a coordination polymer structure based on the octahedraf ‘@énter. Figure32b shows a
TEMimage of such a Gd TA3 coordination polymergel The resulting fibrousstructures
have a diameter of20-50nm. Further investigations have shown that the rheological

properties of the gel depend strongly on the concentrationGaf* ions. Furthermore, the

xerogels can act as catalysts in the Knovenagel condensation re&¢fion.

-]

= &
»yte

Figure32: (a) Plotographs of the trisamide TA with (1) CdSQ (2) ZnSQ (3) CuSQ® (4 CoSQ (5) NiSQ and (6)
MnSQ in H,0. (b) TEM image of the coordination polymer gel GaA3.2%

In the work of Jung et al.he trisamideTA3 was used to demonstrate thatelical silica
nanotubes can be encapsulated with reddcgraphene oxide (rGO) to provide a hybrid

material capable of the chiral transcription of organic components onto its suffste.

Gong et al. use the trisamide N',N® N°-tri(pyridin-3-yl)cyclohexas-1,3,5tricarboxamice
(hereinafter TA6) as a building block for thelevelopment of a tripodal fluorescent
chemosensorThis chemosensor hasmidepyridinium maties as the key binding sitend
anthracene moietiess the sensing subunénd is thus able to bin&,PQ in polar organic
solvents The excellent bindingof H,PQ is due b the synergyof several different
interactions such as electrostatic interactions, hydrogen bonding, as aglthe dynamic

conformationalchange via formation of unique bindiigduced excimel**

The bisamideN*,N*-di(pyridin-4-yl)terephthalamide (hereinafteBA1) hasbeen reported by
Lin et al. concerning it€o-assembly behavior with chiral compoundgherefore they
selected phenylalaninbased enantiomers (rightandedDPFand lefthanded P as basic
units for constructing supramolecular chiral nanostructures and two achiral bis(pyridinyl)
derivatives to egulate the chirality of the nanostructures. The handedness of the
nanostructures could be inverted simply bxchanging the achiral molecul&igure33a
schematically shows the helical inversion of the nanostructure based on the structural
formulas of theenantiomeric gelatorsL(PF, DBFand the achiral bis(pyinyl) derivatives

BPyland BA1l. MandP denote left and righthanded twisted nanofibers, respectively. The
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measured SEM images of the xerogels of the #iginded (DPBPyJ) and lefthanded (DPF

BA ) helical fibers are shown Figure33b andc.*"®

§Q1
:
{—
b 00

BA1l

\ 4
BPy1

Figure33: Scheme of the helical inversion of the nanofibers (a). SEMges of the righthanded (DPBPy1)(b) and
the left-handed (DPFBA1) (c) helical nanofibers™®

Furthermore, a variety of current research reports on the useBé&fl in organometallic
coordination polymersThereby a lot of differet transition metal ions, such as ZnCé*, cd*
or CU", are used as the complex centand predominantly carboxylic acid derivatives as co
ligands. Depending on the metal ion andligands used, a wide variety of complex structures
can be observed. Bsestructures varnfrom linear chains to 3D porous networks. For most of
these compounds, high G@dsorption can be measured, making them suitable fop CO

capture and sepation applications %48

Biradhaet al.attemptedin their workto solve the crystal structure of botleat BA1 andthe
neat bisamideN,N-(1,4-phenylere)diisonicotinamie (hereinafterBA2). However, this was
unsuccessful for both bisamidge?#?? The group ofafaifard alsoinvestigated in their work
both bisamidesBA1 and BA2 but as component of arorganometallic frameworks. As
transition metal ions, the usedZrf* and 4,4oxibisbenzoic aci(pba)asco-ligand With these
building blocks they synthesized the compleXgs,(oba)(BA 43]-(DMF) (Biradhal) and
[Znp(oba)(BA 4B]-(DMF) (Biradha2). Xray crystallography revealed that the complex
Biradhal crystallizesn the monoclinicspace groug2,/n and Biradha2 in the space group

P2,/c. The neutral 3D MOFs areformed by threefold interpenetrated {Zn(oba)layers
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A ¥ 4 oA 9~

O2yy SOl SR { KpNa bizArKidelip&hds(FiguEeB4). Although both compoundare
threefold interpenetratedthey still possess apparent 1D pore channels, whicHibed with
disordered guest swént molecules. FurthermoreCQ adsorption studies revealed that

Biradhal has a significantly higher GGptake thanBiradha2./?!

[Zn,(oba),(BA 1)]-(DMF), [Zn,(oba),(BA 2)]-(DMF)<
(Biradha 1) (Biradha 2)

Figure 34: View of the pore channels of Zn(oba)(BA1)]-(DMF} (left) and [Zny(oba)(BA2)]-(DMF} (right)
highlighting the acylamide groups. Color code: N (green), O (purffe)

Overall, a very large nuper of transition metal ions have been investigated in recent years in
combination with the bisamide liganBA2 in organometallic coordination polymers. The
transition metal ions analyzed included, Co and Kf**4 Pd andpPt?®, cy?*®228229
Ad196,230,23]. Hdzsz] NO{233] and RH234,235

The only scientific report about the bisamid®&,N*-di(pyridin-4-yl)cyclohexag-1,4
dicarboxami@ (hereinafterBA3) was publishedy Wu et alln their work, they describe the
synthesis 0BAS3, as well as its crystal structure atite photoluminescence propertie8A3
crystallizes in the monoclinic space groefy/n and exhibitsa trans conformation in which
the pyridyl rings are parallel to each otheFEigure35 shows the threedimensional
supramolecular structureThe emission speaim of BA3, measured inthe solid stateat
room temperature, showsn emission peak at 46Im uponan excitation of 36@m. This

emissionpeakmay be attributedto the intra-ligand electrortransitions!>*®

Huang et al. report that the bisamidi®,N*-di(pyridin-3-yl)cyclohexanel,4-dicarboxamide
(hereinafterBA6) in combination with Cd ions andl,4-naphthalenediceboxylicacid forms
a 4-connected bimodal Moganiteet with threefold interpenetration. Each €Gion is five
coordinated in a pyramial geometry, three times with the oxygen atoms of twig4-
naphthalenedicarboxyliacid ligands, once with the nitrogen atoof the pyridine ring of the
BAG6 and once with an oxygen atom of the amide bond of anotBA®G. Accordingly,Cd2+

links with two bisamides and two tphthalenedicarboxyliacid molecwss.
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Figure 35: Crystal structure of BA. Strong intermolecular NH---N hydrogen bonds indicated by red lines in the
structure 29

Each bisamide ligand liskour Cd™ ions. The fact that onebisamidemolecule makes use of

the nitrogen atoms of the pyridine rings to link the cadmiusncommon inliterature.
However, the fact that the two oxygen atoms of the amide groups are also used for the
coordinaion has not been observed before The schematic representation of the

coordination modeof one, as well as between two bisamide ligaigishown irFigure36.%*’

a) M
/
Tl M
/
A
H

Figure36: Schematic description of the fourfold connection mode of one bisamide ligd&l 6(a) and between two
bisamide ligandBA 6and Cd*ions (b)?*"
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Wang et al. also investigated8lA6 regardingthe formation of coordination polymers with
transition metals. In their work, they varied both the transition metahd the celigands and
investigated the resulting structureS€bbalt and copper were usedsions, various aromatic
polycarboxylic acidasco-ligands. Thesemtrigid bispyridytbisamide ligandBA6 was always
the major ligand in all compounds teste@ihey were able to show that theoordination
polymers structure changesfrom 1Dchains to 3Eframeworksdepending on theinserted
carboxylic acidFurthermore, luorescencemeasurements and cyclic voltammetry studies
have shown that thee complexes are good candidate®r potential applications in
fluorescent and electrochemical fielf€? Further studies otransition metalcoordination
complexes with differentransition metal ions, such as cadmium or zinc, 8#®b as ligands

have beerreported by Lin et df*°2*

3.2 Sdection, synthesis and self -assembly of pyridine -containing
trisamides

In the following, thepyridine-containingtrisamides investigated in this work anmetroduced
characterized as well dke results regarding their seffssembly behavior inrganicsolvents

are described.

3.2.1 Trisamide selection and their structural variation

Figure37 shows the sixdifferent pyridine-containing trisamidegTA)studied in thisthesis
The TAcan be divided into three grogp The first group includes benzene trisdes (B As)
with 4-pyridine moieties. These includ@Al and TA2. Both have a benzene core and differ
only in the linkageof their amide bondsThus, thecentral core ofTAl is based orbenzene

1,3,5tricarbonylacid, wherea§ A2 is based ori,3,5triamino-benzene

The second group includes cyclohexane trisamides (CTAsypihidine moieties. These
include TA3 and TA4. Both have a cyclohexane core and differ oimythe linkageof their
amide bonds The basic building block$or these two trisamidesare cyclohexand,3,5

tricarbonylacid TA3) and cis, cisyclohexanel,3,5triamine (TA4).

The third group includes cyclohexane trisamides (CTAs) witln@ 3pyridine moieties.
These includd A5 and TAG6. Both trisamides are based ondlsame basicore, cyclohexane
1,3,5tricarbonyl acid as used forTA3. Therefore the difference is inthe peripheral
substituents. These are three symmetrlgadrranged 2oyridine groups folf A5, andthree 3

pyridine groups aT A6, respectively.
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Figure 37: Chemical structures of the six investigated pyridigentaining trisamides in this workThe first groy
includes benzene trisamidewith 4-pyridine moieties (left box), he second group include cyclohexane trisamides
with 4-pyridine moieties (central box) andhe third group inclues cyclohexane trisamidewith 2- and 3pyridine
moieties (right box)

Solely threeof these sixpyridine-containing trisamides are already known literature. These

areTA1, TA3andTAG6 (seeChapter 3.1.3).

3.2.2 Trisamide synthesis
The syntheses of the individual supramolecular molecules were carried out by the technicians
J Failner, SGanzleben, DHanft and RSchneider under my guidance. The following thermal

and analytical characteations wereaccomplishedy myself.

In general, the trisamides were obtained by an amidation readbetween an acid chloride
and the respectiveamine derivative. For all syntheses, the component, which is to be
attached to the central corewaspresent in slighexcess during the reaction. This enabées
completethreefold substitution athe core. Since both the ¢e and the substituents vary, a
generally validclearreaction schemes hardly possible. Therefore, exemplarihe treaction
schemefor the synthesis offAl is describedbelow. All further syntheses of the selected

trisamides are described in detail in tE®perimental 7.2.

Figure 38 shows the reaction scheme of benzenel,3,5tricarbonyl trichloride with 4

aminopyridineyieldingN!,N? N>-tri(pyridin-4-yl)benzenel, 3, 5tricarboxamide(TA1). Initially,

4-aminopyridine and TEA emixed together with 8nL of dried THF in a Schlenk flaskhe

acid chloride is then added under inert gag)(&hd ice cooling. The reaction time amounts to
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120hours atreflux. After cooling the suspension to room temperatuigetwhite precipitate
obtained is filtered off, washed in a mixture of THEMAcetone and dried under high
vacuum. The crude product wésen recrystallized in DMF/Acetone; filtered off and dried

yield white crystals.

N
/' \
(0] HN
Cl (0]
cl VAR TEA, THF Q
+ HoN N —_— / \
0 — N, 120h, 90 °C NC>7NH
o) — NH
Cl 0 /i \\/
—N
benzene-1,3,5-tri- 4-aminopyridine N, N3 N°-tri(pyridin-4-yl)benzene-1,3,5-
carbonyl trichloride tricarboxamide

Figure38: Synthesis of TA via the reaction of benzend.,3,5tricarbonyl trichloride with 4aminopyridine.

Tablel lists the individual components for the respectitasamide syntheses of the

trisamides, the solvent system for recrystallization as well as the yadfelscrystallaziation

Table 1: Individual building blocksfor the respective syntheses of theix different trisamides(TA 16), the solvent
systens in which recrystallization occurs arttle yields obtainedafter synthesis.

TA Core Substituent Recrystallized from| Yield [%)]
1 benzene_l ,3,5Fr|carbonyl 4-aminopyridine DMF/acetone 29
trichloride
2 benzenel,3,5triamine |son|cot|noylchlor|de DMF/HO 46
hydrochloride

cyclohexanel,3,5tri- . -

3 carbonyl trichloride 4-aminopyridine DMF 24
cyclohexanel,3,5tri- isonicotinoyl chloride

4 amine hydrobromide hydrochloride MeOH 3
cyclohexanel,3,5tri- . -

5 carbony! trichloride 2-aminopyridine MeOH 10
cyclohexanél,3,5tri- . -

6 carbonyl trichloride 3-aminopyridin O o1

The variation of the core and substituent building blocks can be seen ficablel. Merely
the trisamidesTA1, TA5 and TA6 have the samecore, with different substituents. The
solvens used for the recrystallization of the trisamidesere predominantly DMF and
methanolcontainng systemsOnly forTA6, pure H,O was used for the recrystallizatioof
the trisamde after reaction. Solelwith the trisamidesTA2, TA4 and TAG relatively high

yieldscouldbe achieved.
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3.2.3 Analytical characterization
After synthesis, the individual comapnds were analyzedby common methods such as
'HNMR spectroscopy,mass spectrometryand infrared spectroscopyto prove product

formation and product purity.

Figure39 showsexemplarilythe 'H-NMR spectrunof TA1. All signals can be cleadgsigned

to the corresponding hydrogen atoms. The chemical shifts are considaredore detail
below. The singlet at a shift of 8.4fpm corregponds to the aromatic protons d@he core ().
Thelocationof the chemical shifias well as the formation of a singlet is common to this type

of aromatic proton in a trisamide.
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Figure39: "HNMR spectrumof TA1 in DMSO ecorded with a 300MHz NMR spectrometer (Bruker)lhe chemical
structure of the expected trisamideis insertedinto the spectrum and the signals obtained were assigned to the
corresponding hydrgen atoms

The fouraromatic protons of thesubstituent show a doublet at 7.88pm (3) and a multiplet

at a chemical shifof 8.53ppm (2). The two protons in the immediatadjacencyof the
nitrogen atom of thesubstituent show a highesthemicalshift thanthe two protons which are
adjacent to the amide bondl'he singlet at @hemicalshift of 10.950pm can be attributed to

the amide protons(4). The remaining two signalm the 'H-NMR spectrum(2.50ppm,
3.33ppm) belong to the deuterated DMS@, which servedas solventand water If one
considers the integrals of the individual signals, their ratio agrees well with the respective

number of protonsBy means of this analysis methd@ could be confirmed that this and all
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3 Selfassembly of bisand trisamides with pyridine substituents

the other desired trisamides wersuccessfly synthesized.The 'H-NMR spectra of the
remaining trisamide are shown irAppendix 8.1 along with the detailed assignment of the

individual protonsNo significant signals that indicate impurities were observed.

In addition, mass spectra were recordeth a FINNIGANIAT8500 spectrometer from
Thermo Fisher Scientifigsing electron spray ionizatiqil)to characterize the trisamides
Figure40 showsexemplarilythe mass spectrum ofAL. Rrst, the mass of the argie has to

be determined. Normally this is the mass of compourndAl. In the case of electron
ionization, a large fraction abns are often cleaved. Therefore, the chemical structures of the
fragments occurring during the measurement amdaionally induded in Figure40. In the
case offAl, a mass of 43§ mol™* was detected, whiclktonformsto the theoreticalmass The
other sigrals represent fragments of thEA1. In addition to &are core, oneand two-armed
molecules can also be observed which have bees@ady the high electron energy used for

the electronsprayionization.
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Figure40: Determined mass spectrurof TA1. Thechemical structuresof TA1 and the fragments occurring during
the measurement are insertedto explain all main peaks.

Themass spectraf the remaining trisenides are shown idppendix8.2. For all compounds

the theoretical masses could be confirmed by this method.

Fouriertransform infrared spectroscopy (FR) was used as a third and last analytical method
to characterize the trisamided.he IRspectra were recorded with a PerkiElmer Spectrum

100 FTIR spectrometer in a rangsf 4000cmi* to 650cm™.

Figure4l shows the recorded spectrum OFA1 and highlightsthe strongest vibrational

signals. Of great impaahce are, in particular, the Nstretching vibration(Amid A) the CO
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stretching vibration(Amid I)and the NHoending orCN stretching vibratiosi(Amid . TheCO
stretching vibration at 1688m™ suggests that the amidation reaction was successfhk
Amide I vbration can be detected at 1589n™". AnNH stretching vibration, whichsuallycan
be found at avave number of abat 3240 cm™, is not presenfor TA1. Accordingly, it can be
assumed that a structural supposition by -IRT spectroscopy about pyridireontaining
trisamides is not sufficient with regard to their saksembly behavioiThe FIIR spectra of
the remaning trisamides are shown #ppendix 8.3.
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Figure41: FFIR spectrumof TA lrecorded with a PerkinElmer Specum 100 FHIR spectrometer in the ange of
3500cm’* to 1400 cm™,

3.2.4 Thermal characterization

The knowelege of the thermal properties ohaterials is always decisive, because it
determines their use as additives at high temperatures, where solid nanostructures are
required. Therfore e following section deals with the thermal characterization of the
pyridine-containing trisamides. The insggations includeghermogravimetric analyse(TGA)

simultaneous differential thermal analys€ SDTA) anthelting point measurements

The TGA/SDTA measurements were performed on a Mettler Toledo TGA/SDTA 851e. Data
were reorded with a heating rate of 1Rmin'in a temperature range from 30C to 700°C

under nitrogen atmosphereOn the basis of theTGA measurements it is possible to
determine up towhich temperaturethe trisamides arghermally stable In addition to the

mass losas a function of theemperature the heat flowwas also recorded by meamns a
simultaneous differential thermal analygiSDTA Figure42 shows exemplarily the recorded

thermogram ofTAl. The remaining GA/SDTA thermogranase shown in theAppendix8.4.
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TheFigure4?2 reveals thatTA1l is thermally stable up to almost 85°C. A fivepercent mass
lossoccurs at a temperature of 37€. SubsequentlyTA1l decomposes quicklyA residue
content of 30% at 700°C indicates no or less pronounced sublimatidhe smultaneously
recorded heat flowshows a broad melting raegwith a local maximum at 37Z. his

indicates thafTA1 decompogs directly during itsnelting.
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Figure 42: Thermograms of the thermogravimetric analysis (black linehd the SDTA (blue line) o' N° N°

tri(pyridin-4-yl)benzenel,3,5tricarboxamide (TA1). Data were reorded with a heating rate of 1&Kmin™ in a
temperature range fom 30°C to 700°C under nitrogen atmosphere.

In Table2 the results of the TGA/SDTeasurementsare summarizedThe two additives
TA2 and TA4, which both have an amindased core, are thermally most stable in
comparison to the remaining trisamides witlased on a carboxylic acid cofeA2 and TA4
show a five percent mass loasa temperature of about 430C Howeverthe mass loss of
TA4 is almost 1006 at 700°C,while TA2 still has a residuatesidue content of 40% at
700°C Accordingly, the benzeneore is significantly more temperaturstable than the

cyclohexaneore. This asumption is confirmedybthe results of the remainingisamides.

Table2: Siammarized results of the TGA/SDTA measuremeatsl the melting point determinations (MP9®f all six
different trisamides.

TA Tsos mass losk°C] | residueat 700 °C [%] | T (spral°C] Tm vpoo)[°Cl]
TA1 379 76 379 381.2
TA 2 432 62 448 > 400
TA 3 329 91 345 335.4
TA 4 426 99 421 >400
TAS 287 95 284 280.1
TAG6 377 92 393 380.2
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ComparingTA1 and TA2 with each other it can be seerthat, as already mentioned, the
trisamide based on 1,3;Biamino benzeneshows a higher melting temperatur&his is also
the case for the cyclohexard®msed trisamideSA3 and TA4. The lowest themal stability
showsTAS5, which already has a% massdss at 287C. The reason for thimuch lower
thermal stability is most likely becausiee hydrogen atom®f the amide groupgan interact
with the lone pairs of the adjacent nitrogen atono$ the pyridine substituents, which
significantly decrasesthe amde bond strengh Such intramolecular interactions are

structurallynot possiblefor the remaining trisamides.

The melting point measurementsere performed on a melting point systeMP 90 from
Mettler Toleda Thissystem measures thiurbidity of the mateial in the measuring tubef
haze is no longguresent, this is an indication af present isotropienelt of the material Data
were reorded with a heating rate of 1@min™in a temperature range from 3@ to 400C

The resultsare given as amveragevalue of three measurements and are summarized in
Table2. It can be seemhat the two trisamidesTA 2 and TA4, which arethe only oneshased

on an amine core have the highest melting temperatures. Since the temperature limit of the
measuring deice amounts to 400G however, the values carot exactlybe determined and
the two trisamides are therefore not comparablgith one anotherComparing the trisamides
TA1 and TA3, which both have an acidased nucleus and apyridine substituent with oe
another, it can be seen thaTA1l (benzenecore) has a melting poinb0 °C higher tharTA3
(cyclohexanecore). Furthermore, the trisamide3A3, TAS and TA6 can also be compared
with one another in terms of their mettg temperatures. All of thes&A shave aciebased
cyclohexam cores and differ only inegard totheir substituents.TA6, with the 3pyridine
substituens, has the highest melting temperatu 380°C The lowest melting points
measured forTAS5 (2-pyridin substituent) This has rarely a value of 280C.Accordingly, a
small difference in the structure of the substituent has a large effect on the thermal
properties of these trisamidesThe observed melting poistdetermined with the MP90

system matctwell with the data from the preéilousSDTAneasurements.

On the basis of the thermal resultd the pyridinecontaining trisamides, itan be seen that
five of the sixcompounds are suitable for the subsequd?BHT nucleation studiga bulk

Only TA5 camot be used for these investigatns since for these tests temperatures of
300°C will be required The TA5, however, begins to decomposauring melting at a

temperature of 2@ °C
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Before the P3HT nucleation experiments are detailed, a comprehensive chaatter with

regard to the selassembly behavior of all six trisamide®nganicsolvents is described.

3.2.5 Self-assembly investigations of trisamides in organic solvents

A majorgoal of this work ighe formation of supramolecular nanoobjectga selfassembly.
As already mentionednh Chapter1.1.2, both internal and external factors can initiate and
control the selassembly process. These include, for exampleanges in molecular
structure, temperature, concentration and pkalue. In additon, the used mediumis also
crucial Owingto the importance of a highmobility of the building blocks selfassembly
processes oftemproceedconvenientlyin liquid media. Thenolecular structure, in particular
of the periphery, carthereby have a signifignt influence on the solubility of thérisamide

and therefore on the selissembled structur&<™®

In the following, the selassemblyinvestigationsof the pyidine-containing trisamides
(TA1-6) in organicsolvents, more precisely thlorobenzengCB)and orthodichlorobenzene
(o-DCB) are described in detailfThese halogenated aromatics were selected because they

were also used to process P3HT from solution.

Selfassembly from solution was chosen to finally get angimsof the resulting nanoobject
morphologyvia SEMThe underlying steps of treelfassembly processpon coolingcan be
schematically represented in a phase diagram of the additive concemtratersus the
temperature as shown inFigue43. In such a phase diagram three regimes can be
distinguished. At low to moderate concentrations the building blocks can be molecular
dissolved at moderate to high temperatur€éd. Upon cooling the seldisembly regime is
entered (I). Forhigh concentrations the building blocks cannot be completely dissolved till
the boiling point of the solven(lll), however, upon @oling partial sekassembly mayake
placewhen entering regimdl. The blue dotdn Figure43 represent the solvenmolecules;

the red fibers as well abe reddots describe the trisamide in crystallizadd dissolvedstate.

In stepA, the trisamide molecules are completely dissolved in the soha¢ran elevated
temperature. Here, a chked system is present so that avaporation of tle solvent is
prevented. Thushe concentration of the system remains constant bothridg heating and
cooling. Uponcooling of the sample (steB), the temperature changeleads to a
supersaturation of the gstem. As a result, theormation of supramolecular fibers or other
supramolecularstructures (e.g.sheet9 occurs After the cooling process completed the

solvent is allowed to evaporate under ambient conditigsep ). In this way it is possibl@t
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separate the generatedtrisamide structures from the solvent and to analyze the
morphologies by means of microscopic investigations.

Self-assembly process

A
A Jr A
TA- o A .: not completely
QTN | s 2l et soluble

(l) il 0'-'—.. . * il ("I)
= . ... S—
st 1 B | - | [m—
1 & ‘'’ Qe
G cooling || _—T1~
g TA
g self-assembly
=

(n c N
553
evaporation %@

O wt.-% TA concentration 100 wt.-%

Figure43: Schematic repesentation of the self-assemblyprocess upon coolindo form supramolecular structures
upon cooling (solvent: blue dots; dissolved benzefe,5tricarboxamide (BTA): red dots; supramolecular structures:
red lines). At elevated temperature, a solution of entire dissolved BTA (A) is cooled to inducesslinbly, resulting

in a suspension of supramolecular structures in the solvent (B). Complete solvent evaporation yields the
supramolecular structures (C).

The experimental setup to perform the sel$sembly tests can be compared to a simple
batch cooling orstallizer. The seHassembly investigations this workwere performed in

4 mL glassvials. Initially, the respective trisamide is weighed in and then the appropriate
amount of solvent is added to get trisamide concentration of 0.0% by weight in soltion.

The mixture is then placed in an ultrasonic bath fiwe minutes in order to obtain a
homogeneousdispersion. In order to obtain lower concentrations,his stock solution
(0.03wt.-%) was diluted in each case with the appropriagénount of solvent after the
ultrasonic treatment Afterwards e vial isheatedup to the boiling point of the respective
solvent,under shaking. Thigorrespondsto 131°C for chlorobenzene and 17€ for orthe
dichlorobenzeneDuring the heating procesghe vialis clogd. Therefore,no solvent can
evaporateand, consequently, the concentration of trisamide in solution remains constant.

After heating, theglassvial is coolediownto room temperature without active cooling.

In this way, thesolubility behavior of the dlierent trisamides in the various solventgas
determinedin a concentation range from 0.03 to 001wt.-%. The results areummarized in
Table3. The abbreviabns are defined as follows:(insoluble),P (partially soluble), andS

(soluble, at thecorresponding temperature
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Table2 shows that the trisamides with-gyridine substituents(TA1 - TA4), are almost
completely insoluble in chlorobenzenéhe two trisamidesTA3, TA4, which are based on a
cyclohexanecore, show low solubility at lowoncentrationssuch as 0.00#vt.-% TAS, which
carries 2pyridine substituentsin the periphery and is basedn a cyclohexane core, is
completely soluble in CBr all concentrations studiedT A6 (3-pyridine substituents) shows a
partial solubility ata corcentration of 0.0lwt.-% For lower concentrations, it is finally

completely soluble

Table3: Solubility behavior of the pyridinecontaining trisamides in chlorobenzene (CB) andlichlorobenzene (e
DCB).For these investigations the solvents were heated to their boiling temperatures and different trisamide
concentrations were tested.The abbreviatbns are defined as follows: | (soluble), P partially soluble), and S
(soluble), at the corresponding tempeatures.

TA1 TA 2 TA 3 TA4 TAS TA 6

wt.-% chlorobenzene (131 °C)

0.03 I I I I P I
0.01 I I I I S P
0.005 I I I P S S
0.001 I I P S S S
wt.-% ortho-dichlorobenzene (179 °C)

0.03 ) U P P S S
0.01 ) ) P S S S
0.005 U U S S S S
0.001 P P S S S S

Considering the solubilities of the trisamides HDEB, similar results are observed as in CB.
The benzendased trisamides(TA1, TA2) are almost completely insoluble. The two
trisamides, which are based am cyclohexane corand 4-pyridine substituents(TA3, TA4)

are solubleat low concentrationssuch as 0.00&t.-% and lower The remaining two

trisamides(TAS5, TAG6) are completely soluble within the investigated concentration range.

The solubility studies show th&bur out of sixinvedigated trisamidesan bedissolvel in CB
and oDCBwithin the concentration rangstudied. Furthermore, it could be observed that all
samples which were dissolved or partially dissolatthe boiling point of thesolventbecome
turbid during the subsequat cooling Thisis attributed to aselfassemblyprocessupon

cooling.
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To determinewhich kind of morphology evolves after sasembly,scanning electron
micrographs of the samplewere takenbefore and after theseltassemblyexperiment
Figure44 shows the SEM images of all gbatin sputteredtrisamide powders directhas
obtained after crystallization afteitheir synthesis. It can be seen from threages thatlarge
crystals with undefined structure are present Only TA6 still exhibits short nedles in

addition to these crystaldout with a very low aspect ratio.

Figure44: SEM images of theix trisamide powdersafter their synthesis The samples were platinum sputtered
before SEM investigations.

For the preparationof the SEM samplesf the selfassembled trisamides30>l of the
respectve sample were placed on a D&&Wer. The solvent was then evaporated at room
temperature for several hours. The dried sample was then sputtered with platinum and

examinedvia SEM.

For the morphological comparison by means of SEM images, only the samples whickt were
least partial soluble in theused solventsare studied since these samples lead to self
assembled structuresThe trisamideTA3 showed partial solubilityat higher cocentrations
(300-100 ppm) within the solubility studies in orthadichlorobenzeneBelowa concentration

of 100 ppm, the trisamide was completely solublieelevated temperatureBefore the SEM
images were taken the solvent was remové&ayures45a-d show SEM images GiA3 after

the selfassembly process inDOCB as a function of the trisamide concentration in solution.
For all concentrationsupramolecular fibers can be observed. In addition to the fibers, larger
structures arevisiblewhich are verysimilar to the TA3 after its synthesis. Therefore, it can be

concluded that the trisamide hascompletely dissolved in-BDCB in any concentration.
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Figure45: (a-d) SEM micrographs of gswamolecular nanofibers of TA prepared byself-assemblyupon coolingin o-
DCB at varios trisamide concentrations:&) 300ppm, (b) 100ppm, (c) 50ppm, (d) 10ppm. (e-h) Correspondingiber
witdhs histograms based on at least 200 sized fibers.

Furthermore fiber width determinations were performed for all different concentrations. For
this purpose, images of each sample were made at different positions with always the same

magnification. Typically, a magnification factor of 5000 were selected. The obtained images
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were then evaluated with the software "ImageJ". After the pit@length raio was set, at
least 200 fiber widthswvere measured from each sample and corresponding fivelth
histograms were madeF{gures45e-h). The histograms show that the distribution widdf
the fiber widths reduces slightly with decreasing concentration. For théiighest
concentration the determinedmeanfiber width is 190nm (seeFigure45e). However, a very
large number of fibers are also observedhich aremore than twatimes as largeas the
mean fiber width. For aconcentration of 10@pm, the meanfiber width is reduced to
125nm, which remains virtuallyomstant by further decreasinthe concentration. Only the
distribution width becomes narrower, so that at the lowesoncentration (10 ppm

Figure45h), almost all the meased fibers are smaller than 3G0n.

In conclusionsupramolecular selissemblyof TA3 was successfully observed irFD&B, even

if the trisamide could nobe completely dissolvel in this solvent.

Another trisamide which showed complete or partiaolubility only in eDCB isTA4. The
cyclohexanebased trisamide which cardrpyridine substituents differs from the previously
discussed’ A3 only with regard to the orientation of the amidmkage, sinceTA4 is based on

cis, ciscyclohexanel,3,5triamine. TheFigures 46a-d showthe SEM images dfA4 after the
selfassembly process in-DCB.It can be observed, that for atoncentrations studied
supramolecular fibers arpresent Considering the sample withe highest concentratiomf
trisamide in solution 300ppm; Figure46a), supramolecular bantike structures can be
observed in addition to the fibers. It can be assumed that thiinitialTA4 since a complete
dissolution of the trisamide was natbsened at this concentrationFor the samples with
lower concentrations, such barnlike structures at least to this large extent, are not
observed.Comparison of the SEM images shows that the supramolecular fibers become
narrower depending on the concentrationin solution Furthermore, a very high aspect ratio

of the fibers is present for all samples since the fibers are only a few hundred nanometers

thick but at least 1000 times as long.

64



3 Selfassembly of bisand trisamides with pyridine substituents

a)TA 4.(300 ppm) e ; 1 e)30- I TA 4 (300 ppm)
s N 25
20
15
] @:304 nm £ 238 nm
10
5]
04
0 100 200 300 400 500 600 700
fiber width [nm]
f) 304 I TA 4 (100 ppm)
T 251
g 20-
L
3 15
o @:113 nm £ 45 nm
"; 10
2
& 91
I
= 0— ol o | — T T
0 100 200 300 400 500 600 700
fiber width [nm]
8)3%1 I TA 4 (50 ppm)
T 25
T 20+
<
i & 1
3 15
[T @:72 nm+ 23 nm
' "; 104
2 1
& 9
E
0_ T T T T T
100 200 300 400 500 600 700
fiber width [nm]
h)30+ I TA 4 (10 ppm)
T 25
T 20+
<
s |
I 2 15-
{ o | @:76 nmz 18 nm
= 10-
2
T 9]
E
0_ T T T T T
0 100 200 300 400 500 600 700

fiber width [nm]

Figure46: (a-d) SEM micrograph of supramolecular nanofibers of TA grepared by seHassemblyupon coolingin o-
DCB at various trisamide concentrations: (a) 300 ppm, (b) 100 ppm, (c) 50 ppm, (d) 10 ppnCearesponding fiber
widths histograms, based on at least 200 sized fibers.

The resulting fibewidths histograms are shown iRigures 46e-h next to the corresponding
SEM imagedlith the exepton of thesampleat 300ppm all fiber widths were below 500hm.

In case of the 30ppm sample95 % of the fibewidths were within 700nm (Figure46e). The
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3 Selfassembly of bisand trisamides with pyridine substituents

remaining five percent of the fibers hawvedths between 700 and 1508m (not shown).f

the concentration of the trisamide in solutiatecreasesthe fiberwidth distribution becomes
narrower. From a concentration of 1@pm, only a fewfibers are wide than 200nm. For
smaller concentrations, the histogram shifts to even smaller values. Considering the
determined meanfiber width (Figure47), it can be seen that these decrease with reducing
concentration. For a trisamide concentratiom $olution of about300ppm, the mean fibe
width is approximately 30@m. For a concentration of 1Q§pm, this is reduced to 118m

and fom a concentration of 5@pm, a minimum fiberwidth of approximately70nm is
established.
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Figure47: Influence of the trisamide concentration in-®CB on tk resulting mean fiber widthof the supramolecular
fibers of TA4. Each mean fibewidth takes into account at least 200 sized fibers.

In the following the selfassembly gperimentsof the two cyclohexandased trisamide3AS5
andTAG are describedn detail The two trisamides, whickither wasvery soluble in both CB

and oDCB, differ only by their substituen{SA5: 2-pyridine; TA6: 3-pyridine). Figure48
shows theSEM images of A5 taken after the selassembly process as a function of the
concentration in solution both for the investigations in ERyures 48-d) as well as in ©CB
(Figures 48-h). Comparing the SEM imagafer the selfassemblyexperimentwith the neat

TA5 powder, one can see that the s@fsemblyprocess was successful. THAS5 shows
supramolecular structures in both investigated solvents. In this case, the nanofibers are

mainly composed dbfroadbundles.
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3 Selfassembly of bisand trisamides with pyridine substitants

~ e)'T\AE (300 ppm, 16‘-Dc/B)// 7

Figure48: SEM micrographs ofupramolecular nanofibers of TA prepared by seHassemblyupon coolingin CB (ad)
and in aDCB (eh) at vaious trisamide concentrations: (a)e300ppm, (b, 100ppm, (c,9 50ppm, (d,H 10ppm.

Figure49 shows such @revious mentionedundle in an enlarge@EMimage. On the basis
of this fiber bundle formation, the measurement of the individual fibers is relatively difficult

since the fibers cannot always be clearly separated feaich other
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3 Selfassembly of bisand trisamides with pyridine substituents

Figure49: SEMimage of a nanofiber bundleof TAS5 self-assembled in eDCB at a trisaide concentration of about
100ppm. The indivdual nanofibers have awidth of approximately 100nm, the formed bundle of approximately
800nm.

For the determinatin of the mean fibewidth, 200 fibers per concentration and solvent were
measured. The resulting fibaridth histograms are summarized igure50. The distribution
width of the measured fibewidths remains virtually constant for almost all samples.\yChe
300ppm sample in CB has a higher distribution width, whiclprsbably due to the
incomplete solubility in this case. Furthermore, the maximum distribution shifts to smaller

fiber widths values with decreasing concentration of trisamide.
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Figure50: Fber width histograms of TA Self-assembled in CB {d) and cDCB(e-h) at various concentrations: (a,e)
300 ppm, (b,f) 100 ppm, (c,g) 50 ppm, (d,h) 10 parhe histograms are based on at least 200 sized fibers.

The mean fibe widths determined are plotted inFigure51 as a function of the trisamide
concentration. With the exception of the 3@pm sample, almeanfiber widths are in the

range of 150m. Accordingly, a significant reduction in the fibsrdth relative to the
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3 Selfassembly of bisand trisamides with pyridine substituents

concentration is not observed. A further reduction in the concentration could possibly result

in such a fibewidth reduction
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Figure51: Influence of thetrisamide concentration on the resulting mean fibevidth of supramolecular fibers oTA5
in CB (a) and-®CB (b). Each mean fibe#idth takes into account at least 200 sized fibers.

Ultimately, thetrisamideTA6 exhibitsgood solubility in CB and@CB. The SEM images after
the SA experiment are shown kKgue 52. Nandibers are observed in both solvents for all
concentrations studied. However, fathe highest concentration (308pm) in CB, the
presence ofinitial morphology of thetrisamide predominates. Therefore, this sample is not
used for fibemwidth determination. It can be clearly seen from the SEM images that the fibers
become narrower and longer as the concentration reduces. Furthermore, the quantity of
fibers for studies in @CB extremely increases with lower concentrations. This is also a clear

indication that the overalfiber width has decreased.
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Figure52: SEM micrographs ofugpramolecular nanofibers of TA prepared byself-assemblyupon coolingin CB (ad)
and in oDCB (eh) at various trisamide concentrations: (a,e&00 ppm, (b,f) 100ppm, (c,9 50ppm, (d,H 10ppm.

Figure53 shows the histograms that have resulted from the measurement of more than 200
fibers per sample in dependency of concentration and solvent. It can be seen that the fiber

width distribution becones narrower withdecreasing concentration ofA6 and shifts to
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3 Selfassembly of bisand trisamides with pyridine substituents

smaller values. Particularly for the samples with the lowest concentration of additive, very

narrow distributions can be observed.
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Figure53: Fber width histograms of TA &elf-assembled in CB {d) and cDCB (¢éh) at various concentrations(a,e
300ppm, (b, 100ppm, (c,9 50ppm, (d,h) 10ppm. The histograms are based on at least 200 sized fibers.

The significant dependence of the mean fiberdth on the concentration is shown in
Figure54. At a oncentration of 10(pm, this amounts taapproximately 100hm for both
samples. For one tenth of the concentration, this is dradficedduced and is only about
20nm for the sample from CB and 85 for the sample from eDCB.On the basis of these
very smallfiber width values, it can be assumed that no fiber bundles have formed, but

instead only individual fibers are present.
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Figure54: Influence of the trisami& concentration on the resulting mean fibevidth of supramolecular fibers of TA 6
in CB (a) and-®CB (b). Each mean fibefidth takes into account at least 200 sized fibers.

In Table4 the mean fiberwidths of all trisamides, which were at least part&dluble in e
DCB, are recorded as a function of the trisamide concentration in solution. There, t
influence of the modification of only one structural parameter in the trisamide molecule on
the fiber formation and the resulting fibevidth can beseen The starmarked data indicate a
partial solubility of the corresponding trisamide at the respective concentration in solution.
Camparing the two trisamide§ A3 and TA4, which differ only in the orientation of their
amide linkage, one can see that botrsttinides shovselfassembly in @CB. Considering the
mean fiberwidths at small concentrations, it is observed that they &oe TA4 (based on
cyclohexanel,3,5triamine) only half as wide as foTA3 (based on cyclhexanel,3,5
tricarbonyl acid) A further comparison can be ade between the trisamideSA3 (4-
pyridine), TAS (2-pyridine) and TA6 (3-pyridine), since these differ only in terms of their
substituents. For the 10@ppm samples the determined fibevidth of all threeTAsare in the
same oder of magnitude. The reduction of the sample concentration results in a significant
reduction in the mean fibewidth of TA6, whereas the mean fibewidth of the other two
trisamides remains unchanged. For a concentratiobGfpm, the resulting fiberef TA6 are

onlya quarteras thick as fofT A3 and TA5 at the same concentration.

Table4: Summarized results of the calculated mean fiberdths of the pyridin-containing trisamides in dependency
of the trisamide concentrationin 0-DCB The starmarked data indicate a partial solubility of the corresponding
trisamide at the respective concentration in solution.

TA 3 TA4 TAS5 TAG6
concentration mean fiber mean fiber mean fiber mean fiber
[ppm] width [nm] width [nm] width [nm] width [nm]
300 190* 304* 162 289*
100 125* 113 170 117
50 130* 72 133 49
10 125* 76 130 36
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3 Selfassembly of bisand trisamides with pyridine substituents

In summary, the sefissemblyto nanofibersin CB were successfpérformedfor two of the

six trisamides. In eDCB, fibetike structures could be realized for four trisamides. The
thinnest fibers, both in CB and@, could beobserved forTAB, the thickest fiberdor TA3
and TA5. Accordingly, there is a significant influence of the substituen the resulting
supramolecular fibers. Furthermore, a dependence of tiberfwidth on the linkageof the
amide bond could be detectedlhe trisamide based on the triamine co(@A4) shows
significant thinnerfibers thanthe respective trisamide basedn the tricarbonyl acid core
(TA3).

3.2.6 Self-assembly investigations of trisamides in agueous solutions

The trisamidesTA1 and TA2 are the two fyridine-containing trisamides ithis work, which
showed no selassemblybehaviorin the organicsolvents due to lack of solubilitidowever,it
is known fromliterature that TA1 forms hydrogels via hydrophobictéractions in water with
the addition of small amountsf organic solvents such as DMSO, EtOH, MeOH and’BMF.
Hydrogelsillustrate an interesting research field and céound in various applideons, for
examplein the production of filter medi&®*#? Accordingly, selaissembly experimestwere
performedin agueoussolutionswith the two trisamidesTA1 and TA2. In addition to water,
the organic solventsthanol EtOH, isopropyl alcohollPA, acetone A¢ andtetrahydrofuran
(THH were used for these investigation&lthough both trisamidesre insduble in water, in
the presence of the used polar solvenkmth the trisamides are soluble iselectedsolvent
mixtures The roke of the organic solvents seems to be helping the trisamiddse soluble in
the aqueoussolventmixture since boththe trisamidesare unable to form gelsvith these
organic solvents alone. It may be noted hénat often hydrogelators are watensoluble and
a suitable cesolvent is required to solubilize the gelatonolecules in the aqueous

medium %Y

The seHassembly gperimentsin the aqueous solutions wengerformedsimilar as described
for the investigations in the chlorinated solvents.the following he results for theTA1l are
described in more detaiFigure55shows an overview of the investigated systemssalivent
mixturesfeature a ratio oforganic solvento water of four to one Thefigure alsoshows the
temperatures which were necessary to completely dissolverdspective concentration of
trisamide. The maximum concentration of trisamide which could be solubilized istadsm

in the figure Theinsertedfigures show the samples at their maximum temperature (left) and

after coolng to room temperature (right).
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EtOH[HzQ IPA/H,0:

solvent ratio: 4:1 solvent ratio: 4:1

solvent temp.: 70°C solvent temp.: 75°C
TA-concentration: 5000 ppm TA-concentration: 2500 ppm
Ac/H,0: THF/H,0:

solvent ratio: 4:1 Sh solvent ratio: 4:1

solvent temp.: 60°C - solventtemp.: 60°C &8
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Figure 55: Overview of the aqueous solvent systems used for selfsembly studies of TA. Indicated are the
individual solvent ratios, thesolvent temperature at which the trisamide completely dissolved and the maximum
trisamide concentration which could be dissolvedEthanol (EtOH), isopropyl alcohol (IPA), acetone (Ac) and
tetrahydrofuran (THF).

It can be seen that gel formation has taken gldor all systems after cooling dowthe
samplesto room temperature To analyze the hydrogel formation and to analyze the
supramolecular structures, SEMvestigationswere conducted Figure56 shows the SEM
images of thexerogels ofTAl prepared in variousiqueous solvent systems. Very dense fiber
networks can be observed for dle systems. The thickest fibers as well as the widest
network meshes can be found for the system EtE4@. The two systems IPAR)O and

THFH,O visually show the thinnest fibers agll as thehighly densdiber networks

B X { |
“a) I i EOH

/.,Hzid/'(séao\jpm)ﬂ’

4

Figure56: SEM micrographs of swamolecular nanofibers ofTA 1prepared by selassemblyupon coolingin (a)
EtOH/HO (4:1), (b) IPA/LD (4:1), (c) Ac/kD (4:1) and (d) THFA® @:1). The concentration of TA in the respective
solvent systems varied and is displayed the SHivages.
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3 Selfassembly of bisand trisamides with pyridine substituents

The results othe fiber width studies are shown in the histogramskigure57. The average
fiber width of TA1 in EtOH/HO is about 200im and istherefore twice as large as the fibers
resulted for the system AcA®. The smallest fibewidths are found for the systems IPAJ/E
and THF/KD. Here, thenandibers have on avewge only awidth of about 60nm.

Furthermore, the fibewidth distributions arethe closest for these two systems.
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Figure57: Fiber widthshistograms and mean ffier widths of TA1 selfassembled in (a) EtOHA® (4:1), (b) IPA/LD
(4:1), (c) Ac/HO (4:1) and (d) THFA® (4:1). The concentration of TAin the respective solvent systems varied and is
displayed the histogram legends. For the calculation of the mean fibdths at least 200 fibers were sized for each
system.

The last remaining trisamide with which no saéisembly in fibrous structures wabseved

in the previousnon-polar solventsis trisamideTA2. This trisamide has also not been noted in
the literature. Due to thestructural similarities toTAl, selfassembly studies were also
performedwith TA2 in the various aqueous solvent systeasdescribed above. However, it
was notrudimentarily possiblé¢o solubilize theTA2 at these high concentrations. A drastic
reduction of the concentration by a factor of about 100 finallydgbt success for the system
THFH;O. Figure58a shows the SEM imagof TA2 after the selfassembly experiment in
THFH,O. The ratio of THF td,0was three to one. The concentration of trisamidesotution
was only 55%pm. The Fgure shows that fibrous sefssemblyoccurred However, the fibers

predominantly exist in twisted fiber bundles. This makes the determination of the average
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3 Selfassembly of bisand trisamides with pyridine substituents

fiber width difficult. The result of this determination is shownkigure 5& in the fom of a

histogram. It results im mean fibewidth of 114 nm with a relatively broad distribution.
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Figure 58: (a) SEM micrograph of pwamoleailar nanofibers of TA prepared by seHassemblyupon coolingin
THF/HO @:1). The concentration of TA in the solvent systems was 53pm. (b) Fiberwidth histogram and mean
fiber width of TA2 self-assembled in THF/D (3:1). For the calculation of the mean fibridth at least 200 fibers
were sized.

In summary, for the setissembly studies of the pyridirmntaining trisamides in thearious
organicsolvents and in the ageous solvent mixtureseltassemblyto fibrous nanostructures
could be successfully observed for all six trisamides. The resulting Viilikhs were
dependenton both the molecularstructure of the trisamide andhe concentration ofthe

trisamide in solution anthe selectedsolvent.

3.3 Selection, synthesis and self -assembly of pyridine -containing
bisamides
In the following the pyridinecontaining bisamidefvestigated in this worlare introduced,

characterized and the results regarding their sed6embly behavior inrganicsolvents are

described.

3.3.1 Bisamide selection and their structural variation

Figure59 shows thedifferent pyridinecontaining bisandes (BA) studied in thigwork. The

here investigatedBAs can be divided into three group3he first group includeBAsbased on
a symmetrical benzene core withpridine moeties. BA1 and BA2 both featurea benzene
core and differ only in the attachment of their amide bond%us they are based on
terephtalic acid BA1) and1,4-phenylenediamingBA2) as core The second group inaes

cyclohexaneBAswith 4-pyridine moeties. These includBA3 and BA4. Both have a cyclo
hexane core and differ only in thenkage of theiramide bonds. Herethe basic building

blocks are cyclohexark4-dicarboxylic acidBA3) and cyclohexané,4-diamine BA 4.
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3 Selfassembly of bisand trisamides with pyridine substituents

The third group incldes cyclohexane bisamidesith 2- and 3pyridine moieties. These
includeBA 5 and BAG6. Both bisamides are based on the same basie, transcyclohexane
1,4-dicarbonyl dichlorideTherefore, they differ in the peripheral substituents, such as two

symmetricaly arranged Zoyridine groups(BA 5) and two symmetrically arranged-Byridine
groups BA 6).

BA1 7z rl\l BA 3 Z ll\l BAS N~ |
HNT S HNT S HNT S
o) o) 0
o) o) o)
N NH N NH | ~NH
N.__# / ~N
BA 2 /p BA4 /p BA6 /N‘
@) N O e
HNT S
NH NH
oy Oy 0
HN HN 0
"o N o - NH
N.__~ N.__~ | =
N

Figure 59: Chemical structures of the sinvestigated pyridinecontaining bisamides in this workThe first group

includes benzene isamides with 4pyridine moieties (left box), the seawd group includes cyclohexaneidamides

with 4-pyridine moieties (central box) and the thil group includes cyclohexaneidgamides with 2 and 3pyridine

moieties (right box).

Four of these six pyridine-containing lisamides are already known in literagu These are

BA1-3andBAG6 (seeChapter 3.1.3.

3.3.2 Bisamide synthesis
The syntheses of the individuaholecules were carried out by the techniciand=dilner, S
Ganzleben, DHanft and R Schneider under my guidance. The following thermal and

analytical characterizations wesecomplishedy my self

In general, the isamides were obtained by an amidation reaction between an acid chloride
and an amine derivative. For all syntheses, the component, which is aithehed to the
central core was present inthe excess during theeaction, to guarantee a complete
substitution of the core. Since both the core and thebstituents vary, no generafalid
reaction scheme can be shownhherefore, he reaction scheme for the synthesisBALl is
exemplarilyshown below. All furher syntreses of the lsamidesstudied in this thesisre

shown indetail in theExperimental 7.3.
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Figure60 shows thereaction schemeof terephthaloyl dichloridewith 4-aminopyridineto
obtain N*,N*-di(pyridin4-yl)terephthalamie (BA1). Initially, 4-aminopyridine,triethylamine
(TEA)and LICl are mixetibgether with 50ml of NMP in a Schlenk flasKerephthaloyl
dichlorideis then added undemert gas (M) and ice ooling. The reaction time amounts to
48 hoursat a temperature of 80C. The resulhg reaction mixture is precipitated in ice water;
the solid is filtered off and dried. Therude productobtained is subsequentlydissdved in
DMSQand precipitated again in 5081 of water. The final poduct isdried at 60°Cunder high

vacuum to get greyishpowderin a yield of 54%.
Q O TEA, NMP, L|CI @
>—< >—4 + H2N—©N >—< H
cl o] — N2 80°C, 48h Q
terephthaloyl dichloride 4-aminopyridine N N*-di(pyridin-4-yl)terephthalamide
Figure60: Synthesis of BA tia the reaction ofterephthaloyl dichloridewith 4-aminopyridine.

Table5 lists thereactantsfor the respectivebisamidesynthesesf the isamides, the solvent

or solvent mixturefor recrystallization as well as the yields obtained.

Table5: List of the hdividual reactantsfor the respective syntheses of theeven different isamides, the solvent
systens inwhich recrystallization occurs anthe yields obtainedafter synthesis.

BA Core Substituent Recrystallization| Yield [%]
1 terephthaloyl dichloride 4-aminopyridine DMSO/HO 54
_— isonicotinoylchloride

2 1,4-phenylenediamine hydrochloride DMF/HO 33
trans-cyclohexanel,4- , -

3 dicarbonyl dichloride 4-aminopyridine DMSO 64

4 transcy(_:loh_exanel,4r isonicotinoyl c_hlorlde DMSO 27

diamine hydrochloride

trans-cyclohexanel,4- . .

S dicarbonyl dichloride 2-aminopyridine MeOH 20
trans-cyclohexanel,4- . -

6 dicarbonyldichloride 3-aminopyridin MeOH 64

The solversg used forthe recrystallization of the ibamideswere predominantly DMSO and
MeOH Only forBA 2, a mixture of DMRAA,O was used for therecrystallization after the
extractionof the bsamidein MeOH With the bisamidesBA1, BA3 and BA6 yieldsover 50%

couldbe achieved.
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3.3.3 Analytical characterization
Allindividual compunds were analyzetly common methods such ds-NMRspectroscopy,

mass spectrometrandinfrared spectroscopto prove product formation and product purity.

Figure61 shows exemplarilythe 'H-NMR spectrumof BA1. All signals could be clearly
assigned to the corresponding hydrogen atoms. The singletciteanical shift of 8.19pm
correponds to the aromatic protonef the core (). Thelocationof the chemical shifias well

as the formation of a singlet expected forthis type ofaromatic protons in a bisamide.
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Figure6l: "HNMR spectrumof BA1 in DMSO ecorded with a 300MHz NMR specbmeter (Bruker) The chentgal
structure of the expected bisamide is inserteiito the spectrum and the signals obtained were assigned to the
corresponding hydrogen atoms

Thearomatic protons of thesubstituent show multigts at a chemical shift of 7.§fpm @3)
and 8.51ppm (2). Thus the two protonsattached to the electrorpoorer carbon atomsn the
immediateadjacency of the nitrogen atom of theyridine substituent show a higheshemical
shift than thetwo protons which are adjacent to the amide borithe singlet at @hemical
shift of 10.77ppm can be attributed to the amide protor(g¢). The remaining two signais
the 'H-NMR spectrum(2.50ppm, 3.33ppm) belong to the deuterated DMSDy, which
servedas solventand water If one considers the integlsof the individual signals, their ratio
agrees well with the respective number of protorius the formation of BA1 could be
clearly confirmed The H-NMR spectra of the remaining bisamideare shown in
Appendix8.1. alongwith the detailed assignment of the individual protori$o significant

signals that indicate impurities were observed.
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In addition, mass spectra were recordesh a FINNIGAN MAT 8500 spectrometer from
Thermo Fisher Scientific using electron spray ioremaf{El)to characterize the isamides
Figure62 showsexemplarilythe mass spectrum d8A1l. Frst, the mass of the analyte has to
be determined. The molecular ion pak belongs to the heasst ion and can be found at
318m/z. This is the mass of compouBA1l. However, in the case of electron iaation, a
large fraction ofions are often cleaved. Therefore, the chemical structures of the fragments
occurring during the measurement arealditionally included inFigure62. Therefore, the

other sigrals can bassigned to fragments &A 1.
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Figure62: Determined mass spectrurof BA 1 Thechemical structuresof BA 1and the fragments occurring during
the measurement are insertedto completeall main peaks.

Themass spectra of theemaining lisamides are shown ilppendix8.2. For all compounds

the expected molamasses could be confirmed by this method.

Fouriertransform infrared spectroscopy (FR) was used as a third analyticaethod to
characterize the Biamides.The IRspectia were recorded with a PerkinElmer Spectrum 100

FFIR spectrometer in a rangeom 4000cm™” to 650cm™.

Figure63 shows the recorded spectrum 8A1 and highlightgshe most importantvibrational
signals. Of great impaahce are, in particulathe COstretching vibration (Amid Bnd the NH
bending orCN stretching vibratia® (Amid Il) The CO stretching vibration at 1689n™
suggests that the amidation reaction was succes3faé Anide Il \ibration can be detected
at 1593cm™. The FFIR spectraof the remaining bisamideare shown together with thie

most important vibration numbersn Appendix8.3.
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Figure 63: FFIR spectrumof BAL1 recorded with a PerkinElmer Spectrum 100 HR spectrometer in a rangef
3500cm’™ to 1400 cmi™.

3.3.4 Thermal characterization
The following section deals with the thermal characterization of the mjine-containing
bisamides. The investigations includbermogravimetric analyse (TGA), simultaneous

differential thermal analys&(SDTA) anchelting point measurements

The TGA/SDTA measurements were performed on a Mettler Toledo TGA/SDTA 851e. Data
were reorded with a heating rate of 18min*in a temperature range from 30 to 700°C

under nitrogen atmosphereOn the basis of e TGA measurements it is possible to
determine up towhich temperature the lsamides areghermally stable In addition to the

mass losss a function of the temperaturghe heat flowwas also recorded by meaiws a
simultaneous differential thermal analis (SDTA Figure 64shows exemplarily the recorded

thermogram ofBA1. All otherTGA/SDTA thermogranase shown irAppendix8.4.

TheFigure64 reveals thatBA1 is thermally stableat least up t0330°C. A fivepercent mass
loss can badetermined at atemperature of 384 C. Subsequently, thBA1 mass loss occurs
very quickly A residuecontent of 13% at 700°C indicateshat BA1 decomposes ando or
less pronounced sublimatiois takingplace The $multaneously recorded heat floshows a
broad melting rang with a loal maximum at 378C. This indicates thaBA 1 decompogs

directlyuponmelting.
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Figure 64: Thermograms of the thermogravimetric analysis (black) and the SDTA (queNldﬂ4-di(pyridin-4-
yl)terephthalamide (BA ). Data were recoded with a heating rate of 10 Knin™in a temperature range from 30 °C to
700 °C under nitrogen atmosphere.

In Table6 the results of the TGA/SDTA measuremeate summarizedlt shows that all
bisamides with 4y ridine substituentyBA1 ¢ BA4), whetherbenzene or cyclohexarssed
core, are thermally very stable andecomposition take placavell above 330C. The
bisamides with the 2(BA5) and 3pyridine substituentgBA6) are thermally much more
susceptibleand begin to decompose at 24Q. Furthemore, it is observed that theesidue
content at Teng (700°C) of the benzenebased bisamides is higher than that dfe

cyclohexanébased compounds

Table6: Summarized results of the TGA/SIA measurements&nd the melting point determinations (MP90) of all six
different bisamides.

BA Ts0% mass los§”C] residueat 700 °C [%] T (sotal°Cl T (mPo0)[°C]
BA1 384 89 378 378
BA 2 372 87 331 330
BA 3 386 99 406 >400
BA 4 350 99 364 361
BA5 307 99 318 315
BA 6 307 97 324 293

The melting point determinations were performed on a melting pa@nalyzerMP 90 from
Mettler Toledo. Data were recded with a heating rate of 1Rmin™in a temperature range
from 30°C to 400C.The results are given as an average value of three measurements and

are alsosummarized imable6.

The observed melting points determined with the MP90 system match very well with the

data obtained from the previous SDTA measuremenits.a similar manner,hie bisamides
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BA1 andBA3 show the highest melting temperatures. Botlsémides feature the carboxylic
acid grous at the corand have 4oyridine substituentsComparingBA1l and BA2 with one
another, it can be seen that, as alrgathentioned, thebisamide based oterephtalic acid
(BA1) shows a higher melting temperature than that basedlg#phenylenediamingBA?2).
This is also thease for the cyclohexankased lisamidesBA3 and BA4. Furthermore, the
bisamidesBA3, BA5 and BA6 can also be compared with one another in terms of their
melting temperatures. All of these bisamidémve carboxylicacidbased cyclohexane cores
and differ only in regard to their substituentBA3, with the 4pyridine substituents, shows
the highest melting temperaturdeyond400°C. The lowest melting temperatuvédth a value

of 293°Cis measured foBAG6 (3-pyridin substituent). Accordingly, a small difference in the

structure of the substituent has a large effect on the thermal propertieghese bisamides.

On the basis of these thermedsultsof the pyridinecontaining isamides, itan be seen that
four out of the sixcompounds are suitable for the subsequent P3HT nucleation statlies a
themal stability as well as a melting pointmbre than 300 °C is required for these studies
OnlyBA5 and BA6 cannot be used for these investigatiossice these compoundsegin to

decompose at a temperature of 24C.

3.3.5 Self-assembly investigations of bisamides in organic solvents

In the following, the selassemblyinvestigationsof the pyridinecontaining lisamides in
chlorinated solvents, more precisely in chlorobenzene and oedicblordbenzene, are
described Thesehalogenated aromatics were selected because they were also tsed
process P3HT from solution. Similary describedabove, selfassembly upon cooling was
investigated. Thus the experimental setup corresponds to the setup of the -asBembly
studies of the pyridineontaining trisamides in chlorinated solvent§he lf-assembly
investigationsvere performedin 4 mLglassvials. Initially, the respectiveifamide is weighed
in and then therespectiveamount of solvent is added to obtaia isamide concentration of
0.03wt.-% in solution. The mixture is then placed am ultrasonic bath fofive minutes in
order to obtain a homogeneouslispersion. To achive lower concentrations, his stock
solution (0.03wt.-%) was diluted with a respective amount othe samesolvent after the
ultrasonic treatment Afterwards he val is heated up to the boiling point of thesolvent,
under shaking. This amounts to 13C for chlorobenzene and 17€@ for orthe
dichlorobenzeneDuring the heating procesthe glass is closetb keep the concentration

constant
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The observations on the solility behavior of the different isamides in the various solvents
at different concentrationsare summarized iriTfable7. The abbreviabns are defined as
follows: | (insoluble),P (partially soluble), andS (soluble, at the boiling temperatures of the

selected solvent

The table show that all investigated bisamides are soluble in both CB ab&€B, aalmost
all investigatecconcentrationsat the respective boiling points of the solvenBA3, which is
based on a cyclohexaremre and two 4-pyridine substituents, shows the lowest solubility in
CB. In this solventt is completely soluble only at a maximwuancentration of 1(opm. The
bisamidesBAS5 and BA6, which have the same core atide sameamide centering asBA3
and differ only in heir substituents, show the best solubility over the entirencentration
range investigatedor both CB ad o-DCB The table further shows that in general the

solubility of the bisamides in-DCB is higher than in CB.

Table 7: Solbility behavior of the pyridinecontaining bisamides in chlorobenzene (CB) andlichlorobenzene (e
DCB). For these investigations the solvents were heated to their boiling temperatures and different bisamide
concentrations were tested.The abbreviatbns are defined as follows: | (isoluble), P jgartially soluble), and S
(soluble), at the corresponding temperature

BA1l BA 2 BA3 BA 4 BAS BA 6

wt.-% chlorobenzene (132C)

0.03 I P I P S S
0.01 P S I S S S
0.005 S S P S S S
0.001 S S S S S S
wt.-% ortho-dichlorobenzene (179 °C)

0.03 P P P S S
0.01 S S S S S S
0.005 S S S S S S
0.001 S S S S S S

The solubility studies show thaelfassemblyupon coolingis in principlefor all bisamides
possiblein the investigated concentration rangwith the exception oBA3 in CB which is

only completely soluble at very low concentrations

After heating process, the glass vials were cooled down to room temperature without active

cooling. Therebyit could be observed that all samples which were digsd or partially
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dissolvedat the boiling point of theused solvents showed a precipitatio of the bsamide

duringthe subsequent coolingndicatingseltfassembly uporooling.

Prior to the SEM investigations of the morphology of the sel$embled structures the
powders directly after the synthesis was investigated fiFsgure65 shows the SEM images
of all sixbisamide powders directly after their synthessd purification via grstallization
from polar solvents It can be seen from thémages that no bsamide features fibrous
structures. Instead, largerystalsor undefined structures are observedfor most of them
Furthermore, sheetike structures can be observeds for examplefor BAS. It should be

noted that sheetlike structures arenot uncommon for bisamides and bisureas.

Figure65: SEM images of thbisamides BAL-6 after their synthesisand recrystallization. The samples were platinum
sputtered before SEM investigations.

To determinethe morphology of selassembled structurescanning electno micrographs of

the samples werenade after theselfassemblyexperimens and compared with th products

after synthesisas described beforeFor the preparation of the SEM samples,>3®f the
respectve sample were placed on a Di&Cafter the end of the selissembly process. The
solvent was then evaporated at room temperature for several hours. The dried sample was

then sputtered with platinum and examineda SEM.

The bsamideBA 1, whichcomprises a therephtalic acid core atwb 4-pyridine substituents
showed partial solubilityt a concentratiorof 100ppm in CB Belowthis concentration, the
bisamide was completely solubl€his is reflected in SEMigure66 showsthe SEM images of
BAL1 after the seltassembly process inBCas a function of the samide concentration in
solution. Supramolecular fibers can not be observed for any of the samples, but pealid

defined thin platelike structures are observed. For the sample with the highest bisamide
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3 Selfassembly of bisand trisamides with pyridine substituents

concentration in CBjo selfassembled structures are obsedjeonly the initialBA1 powder
(Figure66a). As the bisamide concentration decreases, ihiéal bisamide powder content
decreases and thproportion of seHassembledlate-like structuresncreasesFor the lowes

concentration investigatedonlyselfassembled sheets &A1 can be observed=igure66d).

Figure 66: SEEM images ofinitial BA1 and self-assemlted sheetlike structures of BA1 subject to the bisamides
concentration inCB:a) 300ppm, b) 100ppm, ¢) 50ppm, d) 10ppm.

A similar morphology can be observafter the selfassembly processf BA1 in o-DCB(see
Figures 67a-d). Due to the higher solubijitof BA1 in 0-DCB, these structures catso be
found for the highest conentration of this bisamide in solutionFurthermore, InitialBA1
powder camot be observed after the seffssembly process in 6DCB dr the concentration

ranges studied
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