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Abstract

Organic semiconductors are important components for applications in different fields of
technology, as their advantages include the possibility of low-temperature processing as
well as low-cost, large-area manufacturing based on solution-based processes, compared
with inorganic counterparts. These organic materials are based on n-conjugated molecules
whose arrangements across different length scales in bulk materials are an important factor
that determines their macroscopic optoelectronic properties. However, the control of their
complex microstructure and morphology at the nanoscale remains challenging.

In the present thesis, we investigated the use of amide hydrogen bonding as an additional
structural motif to control the arrangement of m-conjugated molecules in bulk across
different length scales. In the first part, we prepared a series of hydrogen-bonded, amide-
functionalized oligothiophenes together with their non-hydrogen-bonded ester analogues
and studied in detail the resulting structure-property relationships. Our results showed that
hydrogen-bonded bithiophenes and quaterthiophenes induced a tighter packing of the
molecules as compared to their non-hydrogen-bonded analogues, resulting in a larger -
overlap. Moreover, hydrogen bonding provided an additional driving force for a preferred
formation of layered structures resulting in crystalline thin films with large domain sizes.
Both of these factors resulted in an excellent performance of the thin films in field-effect
transistors that is on par with that of single-crystals of related quaterthiophene
derivatives.

In the second part, we extended the scope to polymer semiconductors. To this end, we
designed and synthesized a series of polyamides that make use of bithiophene and
perylene bisimide cores as model repeat units to provide optoelectronic functionality. We
have studied in detail the synergistic interplay of hydrogen bonding and 77 interactions
and their role for the resulting materials’ microstructure. As a result, we found that these
materials exhibited microscopic structures similar to those of industrial-grade polyamides,
providing comparable thermoplastic properties. In addition, these materials showed
significant charge carrier mobility. This study may, therefore, pave the way towards
polyamide-based semiconductors, with a synergistic interplay of interchain hydrogen
bonding and 7n-m stacking rendering them suitable for applications in which both
mechanical and optoelectronic properties play an important role.

Keywords

Semiaromatic polyamide e hydrogen bonding e organic semiconductors ¢ organic field-effect
transistors e oligothiophene ¢ perylene bisimide ¢ structure-property relationships
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Zusammenfassung

Organische Halbleitermaterialen sind wichtige Komponenten fiir Anwendungen in verschie-
denen Technologiefeldern, da sie sich im Vergleich zu anorganischen Materialien besser zur
Verarbeitung bei niedrigen Temperaturen sowie die fiir kostengiinstige grossfldchige Herstel-
lung auf der Basis losungsbasierter Prozesse eignen. Diese organischen Materialien basieren
auf m-konjugierten Molekiilen, deren Anordnung im Material auf verschiedenen Langens-
kalen ein wichtiger Faktor ist, der ihre makroskopischen optoelektronischen Eigenschaften
bestimmt. Die Kontrolle ihrer Mikrostruktur und nanoskopischen Morphologie bleibt je-
doch eine Herausforderung.

In der vorliegenden Arbeit untersuchten wir die Verwendung von Wasserstoffbriicken-
Bindungen zwischen Amid-Gruppen als zusétzliches Strukturmotiv zur Steuerung der
Anordnung von n-konjugierten Molekiilen im Festkorper iiber verschiedene Langenskalen
hinweg. Im ersten Teil haben wir eine Reihe von Wasserstoffbriicken-gebundenen, amid-
funktionalisierten Oligothiophenen hergestellt und die resultierenden Struktur-
Eigenschafts-Beziehungen im Detail untersucht. Unsere Ergebnisse zeigten, dass
Wasserstoffbriicken-gebundene Bithiophene und Quaterthiophene eine dichtere Packung der
Molekiile im Vergleich zu nicht Derivaten ohne Wasserstoffbriicken-Bindungen induzierten,
was zu stdrkeren m-Wechselwirkungen fiihrte. Dartiber hinaus bot die Wasserstoffbriicken-
Bindung eine zusétzliche Triebkraft fiir eine bevorzugte Bildung von Schichtstrukturen, was zu
Diinnschichten mit grossen kristallinen Doménen fiihrte. Beide Faktoren resultierten in einer
hervorragenden Leistung der Diinnfilme in Feldeffekttransistoren, die der von Einkristallen
verwandter Quaterthiophenderivate entspricht.

Im zweiten Teil haben wir unseren Anwendungsbereich auf Polymerhalbleiter erweitert.
Zu diesem Zweck haben wir eine Reihe von Polyamiden synthetisiert, die Bithiophene oder
Perylenbisimide als Wiederholungseinheiten verwenden, um so eine optoelektronische
Funktion bereitzustellen. Wir haben das synergistische Zusammenspiel von
Wasserstoffbriicken und n—-m Wechselwirkungen sowie ihre Rolle fiir die Mikrostruktur der
resultierenden Materialien im Detail untersucht. Wir stellten fest, dass diese Materialien
dhnliche mikroskopische Strukturen wie industriell verwendete Polyamide aufwiesen, und
auch vergleichbare thermoplastische Eigenschaften lieferten. Zusdtzlich zeigten diese
Materialien eine signifikante Ladungstragermobilitdt. Diese Studie zeigt daher einen Weg zu
Halbleitern basierend auf Polyamiden, die durch ein synergistisches Zusammenspiel von
Wasserstoffbriicken und n-n Wechselwirkungen fiir Anwendungen geeignet sind, bei
denen sowohl mechanische als auch optoelektronische Eigenschaften eine wichtige Rolle
spielen.

Stichworter

Semiaromatisches Polyamid e Wasserstoffbriickenbindung e Organische Halbleiter e
Organische Feldeffekttransistoren e Oligothiophene e Perylenbisimide e Struktur-
Eigenschafts-Beziehungen v






Résumé

Les semi-conducteurs organiques jouent un role important dans différents domaines tech-
nologiques puisqu’il est aisé de les fabriquer a grande échelle en utilisant des procédés en
solution a faible cofit et a basse température, ce qui n’est pas le cas de leurs homologues
inorganiques. Ces matériaux organiques sont basés sur des molécules m-conjuguées dont
I'arrangement a différentes échelles est un facteur important qui détermine leurs propriétés
optoélectroniques a I’échelle macroscopique. Néanmoins, le controle de leur microstructure
et de leur morphologie a I’échelle nanométrique reste un grand défi. Dans la présente these,
nous avons étudié 'utilisation des liaisons hydrogéne entre groupements amides comme
motif structurel additionnel permettant de contréler a différentes échelles 'arrangement des
molécules n-conjuguées.

Dans la premiére partie, nous avons donc synthétisé une série d’oligothiophénes modifiés
avec des groupements amides et les avons comparés a des analogues de type esters. En
étudiant les relations entre structure et propriétés, nous avons pu démontrer que les
bithiophenes et les quatertiophenes fonctionnalisés amide, et donc ayant la capacité de faire
des ponts hydrogene intermoléculaires, induisaient un arrangement plus compact des
molécules, entrainant par la méme occasion un plus grand chevauchement des orbitales .
Nous avons également réalisé que les liaisons hydrogene promouvaient la formation de
structures a couches résultant en des films minces possédant de grands domaines cristallins.
En combinant ces deux facteurs, d’excellentes performances ont été obtenues sur des films
minces de transistors a effet de champ, comparables a celles de monocristaux de certains déri-
vés de quaterthiophénes apparentés.

Dans la deuxieme partie, la portée de notre étude a été étendue aux polymeéres semi-
conducteurs. Nous avons ainsi concu et synthétisé une série de polyamides contenant des
noyaux aromatiques de bithiophéne ou de péryléne bisimide afin de leur fournir une
fonction optoélectronique. Le but ici était d’étudier la synergie entre liaisons hydrogene et
interactions n-7 ainsi que le rdle joué par ces interactions non-covalentes dans la
microstructure des matériaux fabriqués. Nous avons ainsi constaté, d’'une part, qu’ils
présentaient des structures microscopiques et des propriétés comparables a celles des poly-
amides thermoplastiques industriels et, d’autre part, qu’ils possédaient une bonne mobilité
des porteurs de charge. Cette étude pourrait donc ouvrir la voie a des semi-conducteurs a
base de polyamides qui pourraient étre utiles dans des applications olt propriétés mécaniques
et propriétés optoélectroniques jouent un roéle important.

Mots clés
Polyamide semi-aromatique e liaison hydrogene e semi-conducteurs organiques e transistors
a effet de champ organiques ¢ oligothiophénes ¢ pérylene bisimide e relations structure-
propriétés
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1§ General Introduction

1.1 Motivation

Over the last few decades, electronics and information technology have undergone very rapid
development. Up to now, the increase in complexity and downsizing of semiconductor devices
has followed Moore’s law (Figure 1.1)."? Almost all electronic devices are currently based on
inorganic materials such as silicon, the processing of which requires considerable amounts of
energy, and noble and rare-earth metals whose prices have shown dramatic increases during
the last decade.®* Furthermore, the technical feasibility of further miniaturization is expected
to reach a limit within the next twenty years. Alternative technologies must therefore be

developed.
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Figure 1.1. a) In the course of last five decades, the number of transistors per chip has doubled every
two years in line with Moore’s law, while the increase in clock speed (how fast a microprocessor executes
commands) slowed after 2004 because of the need to limit heat generation. b) Computers increase
their performance and become smaller in size. Consequently, a new class of instruments has emerged
about once every ten years. Figure adapted from ref. [5].



Chapter 1. General Introduction

In this context, organic and polymer semiconductors have emerged as a promising class of
materials in many fields of technology, including field-effect transistors (FETs).%” Compared
with conventional inorganic semiconductors, organic and polymer semiconductors have the
advantage of low density, ease of processing into thin films, and potential low-cost for large
area applications. Semiconducting polymers also show favorable thermomechanical proper-
ties owing to their ability to form continuous entangled network structures.2~1% Furthermore,
an effectively unlimited number of potentially active organic materials may be prepared and
their functionality tailored by proper molecular design.

Organic semiconductor materials generally consist of 7-conjugated molecules that assemble
through supramolecular interactions, including the m-interactions that are at the origin of
the optoelectronic properties of these materials. Consequently, the final characteristics of
such materials are dependent not only on the intrinsic features of their constituent building
blocks, but also on their arrangement at different length scales. However, control of their
complex morphology at the micro- and nanoscale remains challenging. In this regard, non-
covalent interactions have recently become of prime interest for obtaining novel z-conjugated
architectures, owing to their ability to tune the solid-state arrangement of the molecules.!!
In addition, it has recently been recognized that careful tailoring of disorder and defects
in otherwise partially ordered materials can play an important role in their macroscopic
properties.'?"1°> Therefore, new approaches to manipulating the intricate balance between
short-range order and overall disorder are now highly sought after for the development of
mechanically durable, novel high-performance materials for organic electronics.

Based on the above context, the aim of the current thesis project was to investigate the use of
amide hydrogen bonding as a non-covalent interaction and a structure-directing motif for
the control of structure formation at different length scales in organic and polymer semicon-
ductors. In the first part of the project, we studied the effect of the terminal amide hydrogen
bonding on the structural elements required for efficient 7-overlap. We then built on this expe-
rience in the second part of the project, where we focused mainly on polyamides comprising
m-conjugated segments, materials that are expected to combine the beneficial thermome-
chanical properties of a polyamide with the optoelectronic performance of a 7-conjugated
core.

In the following, a brief overview of charge transport at different length scales in organic
semiconductors will provide a general understanding of how their structure and properties
may correlate (Section 1.2). Then, further discussion is devoted to the nature of hydrogen
bonding and its applications in the organic electronics literature (Section 1.3). Finally, an
overview of the synthesis, structure and applications of the most important aliphatic and
semiaromatic polyamides (Section 1.4) will allow us to place the data obtained in the course
of the thesis within a broader perspective.



1.2. Structure-Property Relationships in Organic Semiconductors

1.2 Structure-Property Relationships in Organic Semiconductors

Over the last decades, organic semiconductors processed from solution at low temperatures
have received tremendous attention as promising candidates for future “plastic electronics”
applications such as flexible displays,'®!” radio-frequency identification tags (RFID),'® and
logic circuits.!%2! Due to this great commercial interest, significant progress has been made
in organic semiconductors, especially in FET devices, with field-effect mobilities, u, reach-
ing values of more than 1 cm? Vgl (Figure 1.2), which exceed the important benchmark
provided by the mobilities observed in amorphous silicon.?-?* Designing and developing
high-performance organic semiconductors is non-trivial, however, because the current un-
derstanding of their charge transport mechanisms is still not comprehensive. In view of
the importance of this technology, considerable recent effort has therefore been devoted to
correlating and explaining structure-property relationships in conjugated polymers.'>25-28
The aim of this section is to explore the current state-of-the-art with regard to charge transport
properties in organic semiconductors. Because of its particular relevance, special focus will be
placed on charge transport on different length scales, followed by a literature survey of the
current generation of high mobility polymers.
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Figure 1.2. Progress in organic semiconductor performance over a thirty-year period. Charge carrier
mobility has improved by more than six orders of magnitude, exceeding the performance of amorphous
silicon. The recent dramatic increase in the performance of donor-acceptor based systems is especially
promising for future applications (* A special technique was used to align the material). Figure adapted
from ref. [13].

1.2.1 Charge Transport on Different Length Scales

Organic semiconductors are a class of materials comprising 7-conjugated small molecules
or polymers with a backbone of sp?-hybridized carbon atoms. The in-plane overlap of the
two adjacent sp?-hybridized orbitals forms a stable interatomic o-bond, while the remaining
p. orbitals overlap laterally, leading to a 7-bond, and hence overall a double bond between
the adjacent atoms (Figure 1.3a). Systems with an alternating sequence of single and double
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bonds are called 7-conjugated systems. The electrons in such n-conjugated systems are to
some extent delocalized among the carbon atoms, which enables charge transport within
the molecule. Because of the large overlap between sp?-hybridized atoms, the absolute
energy of the electrons in o-bonds is lower than in z-bonds, which therefore become the
frontier orbitals of the molecule (Figure 1.3b). These frontier orbitals, that is, the highest
occupied (HOMO) and the lowest unoccupied molecular orbitals (LUMO), participate actively
in charge transfer, oxidation, reduction, and charge injection processes.?? Moreover, they are
of particular interest for charge transport, and their characteristics such as the band gap and
bandwidth play a fundamental role in the optical and electronic properties of a material. In an
organic crystal, intermolecular interactions induce additional energy splitting and generate
the corresponding HOMO and LUMO energy bands, which are sometimes also referred to
as the valence and conduction bands, respectively, by analogy to inorganic semiconductors
(Figure 1.3¢).
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Figure 1.3. Schematic representation of @) the bonds (o and 7) and orbitals (sp? and p, — coloured by
blue and red, respectively), and the chemical structure of a benzene molecule and its b) molecular
orbital diagram, illustrating the HOMO and LUMO energy levels along with the corresponding p, orbital
representation. ¢) Molecular orbital diagrams of benzene, anthracene, pentacene and pentacene crys-
tals. From benzene to pentacene, the HOMO-LUMO energy gap decreases with increasing extension of
the n-system. A band-like structure is generated in case of an organic crystal (e.g. pentacene) by further
splitting of initial energy levels due to intermolecular (quadrupolar and dispersive) interactions.
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Inorganic semiconductors are nevertheless different from organic semiconductors in many
respects, particularly with regard to charge transport. In an inorganic semiconductor crystal,
atoms are connected via covalent bonds. This allows strong electronic interactions between
atomic orbitals, resulting in the formation of well-defined energy bands with bandwidths of
the order of a few eV.3? By contrast, organic semiconductor crystals are held together by rather
weak intermolecular van der Waals and electrostatic interactions, resulting in weak electronic
interactions between the molecules, and the formation of narrow bands with bandwidths of
less than 500 meV.3!"*> When charges are injected into periodic inorganic semiconductors,
charge carriers are free to travel within well-defined energy bands. By contrast, charge injection
leads to the perturbation of the electronic structure in organic semiconductors, leading to a
bound state between the charge carrier and the molecule, called as polaron.?%3334 As a result,
charge carriers may be transported through delocalization in combination with hopping,
upon the presence of an electrical field.

The microstructure of the organic semiconductors features variations in structural order
that has an enormous impact on the charge transport properties.3® This is even more criti-
cal in the case of polymer semiconductors, as they have a complex multiscale morphology,
typically incorporating more or less ordered amorphous and crystalline regions. Therefore,
charge transport in such systems may be considered to be made up of three separate contri-
butions, namely intramolecular, intermolecular, and interdomain transport (Figure 1.4).26
In the following paragraphs, the parameters that may affect charge transport in a polymer
semiconductor at different length scales will be discussed in more detail.
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Figure 1.4. Schematic illustration of intra-, intermolecular, and interdomain transport across different
length scales.

Intramolecular transport in a polymer semiconductor takes place via extended states, which
mainly depend on the rigidity, planarity and degree of dynamic disorder on the molecular
level.?”33 For optimum charge carrier delocalization, orbital overlap should be optimized.
Therefore n-conjugated segments need to be as flat and rigid as possible, resulting in an
increase in the effective conjugation length. By contrast, a decrease in the effective conjugation
length due to kinks, chain twisting or an increase in dynamic disorder, leads to more localized
charge carriers, which significantly hampers intramolecular charge transport.36
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The importance of the molecular rigidity and degree of disorder along a polymer backbone for
the overall charge transport has been demonstrated in both computational and experimental
studies.’®%739 For instance, Venkateshvaran et al. reported the beneficial effect of backbone
rigidity for efficient charge transport in an indacenothiophene-benzothiadiazole (IDTBT)
copolymer (Figure 1.5).%° Interestingly, this copolymer shows excellent transport properties
but little long-range crystalline order*"*> compared with poly-3-hexylthiophene*® (P3HT)
and poly(2,5-bis(3-alkylthiophen-2-yl) thieno(3,2-b)thiophene12 (PBTTT). A combination of
quantum chemical and molecular dynamics (MD) calculations suggested that IDTBT has a
rigid torsion-free backbone (Figure 1.5b). This was further confirmed by pressure-dependent
Raman spectroscopy (Figure 1.5¢) of as-deposited IDTBT films, which indicate a planar
conformation that allows side chain disorder to be accommodated but at the same time
promoting efficient transport of charge carriers along the polymer backbone. On the basis
1.40 proposed various strategies for the design of high-
performance semiconductors able to retain similar backbone rigidity. They envisaged a

of their results, Venkateshvaran et a

reduced number of torsion-sensitive substituents, that is, extended n-conjugated segments
with long side chains on either side permit space filling without introducing backbone torsion
and disrupting close 7— contacts. Moreover, they proposed that the ideal material should
have deep gas-phase torsion potential minima ideally close to 0 °, 180 ° or both (Figure 1.54),
again favouring a planar conformation.
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Figure 1.5. Venkateshvaran et al. investigated the benefits of structural resilience for charge transport
properties. a) Chemical structure of the IDTBT copolymer that was the focus of the work and the
reference semicrystalline 7-conjugated polymer system PBTTT (R = C,,H,.). b) Molecular modeling
of the backbone conformation of IDTBT and PBTTT (side chains and hydrogens omitted for clarity).
¢) The polymer backbone may be planarized under pressure if it exhibits significant torsion in as-
deposited films. Thus, pressure-dependent Raman spectroscopy measurements were performed on
IDTBT films. It was found that Raman intensity ratio between 1542 cm™ (ring stretching mode for
BT) and 1613 cm™! (ring stretching mode for IDT) was independent of pressure, indicating a planar
backbone. d) Calculated gas-phase torsion energies for IDTBT and PBTTT. For planar structures the
potential minima are close to 0 °, 180 ° or both. Figure reproduced from ref. [40].
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Alternatively, various processing techniques can also enable an efficient intramolecular charge
transport in semiconducting polymers.** In this context, an interesting example is provided
by the work of Heeger et al., who investigated the effect of macroscopic alignment on charge
carrier mobility in the poly[4-(4,4- dihexadecyl-4H-cyclopentall,2-b:5,4-b’]dithiophen-2-yl)-
alt-[1,2,5]thiadiazolo|[3,4-c]pyridine] (PCDTPT) (Figure 1.6).*> The authors found that the
performance of these donor-acceptor-type regio-regular polymers PCDTPT was insensitive to
molecular weight when they were aligned using nano-grooved substrates. The aligned films
showed FET mobilities as high as 23.7 cm? V! s, which is almost one order of magnitude
higher than for devices without orientation (Figure 1.6b). Moreover, activation energies as low
as ~33 meV were obtained from temperature-dependent FET measurements (Figure 1.6¢),
which the authors attributed to a low density of deep trap states in the polymer. However,
the optical properties were anisotropic, and the obtained mobilities were higher along the
alignment direction.*® The authors concluded that the long-range alignment of the poly-
mer backbone obtained by proper processing resulted in enhanced intramolecular charge
transport, explaining the high charge carrier mobilities.
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Figure 1.6. Heeger et al. studied the field effect transistor performance of PCDTPT with different
molecular weights. a) Top: chemical structure of PCDTPT (R = C,3H;,); bottom left: scratching
machine for nano-grooved SiO,; bottom right: resulting SiO, after scratching. b) The mobility value
and the value in parentheses represent mean and maximum values obtained from devices fabricated
by slow drying. ¢) Temperature-dependent mobility values of 50, 160, 300 kDa materials. Figure
reproduced from ref. [45].

The examples presented so far underline the importance of the chain backbone for intramolec-
ular charge transport. However, optimization of the chain backbone may not be enough to
improve the overall charge transport if intermolecular charge transport is the rate-limiting pro-
cess. As illustrated previously (Figure 1.3), a periodic arrangement of 7-conjugated segments
may lead to significant overlap of m-orbitals between neigbouring molecules, generating a
band-like structure. The resulting electronic coupling allows for charge transport from one
molecule to another, mainly through hopping or tunneling mechanisms. The coupling con-
stant J, which is a measure of the intermolecular interaction between adjacent molecules,
depends strongly on overlap of n-segments and hence on the overall packing of polymer
chains.3%3147-50 Moreover, to optimize J and therefore promote intermolecular transport, the
static and dynamic disorder of the polymer chains should be kept to a minimum.
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Figure 1.7. Mei et al. introduced siloxane-terminated side chains into an isoindigo-based semicon-
ducting polymer and investigated the resulting structure-property relationships. a) Chemical structure

of the isoindigo based polymer, where R stands for siloxane terminated side chains (PII2T-Si) or for

a branched alkyl chain as a reference (PII2T-Ref). b) 2D grazing incidence X-ray scattering (GIXS)

patterns of annealed PII2T-Ref and annealed PII2T-Si. ¢) Representative transfer curves for PII2T-Ref
and PII2T-Si. Average hole mobilities up to 2.0 cm? V! s7! were found for PII2T-Si, which is six times
higher than PII2T-Ref. Figure adapted from ref. [22].

Side chain engineering is one of the most widely used techniques to facilitate enhanced
electronic coupling between neighboring chains.’'* For instance, Mei et al. demonstrated
the influence of branched versus linear siloxane-terminated side chains in an isoindigo-based
semiconducting polymer (Figure 1.7).2? The siloxane-terminated side chains decrease the
steric hinderance between adjacent polymer backbones leading to an almost 5% reduction
in the m-stacking distance to 3.58 A, as evidenced by GIXS (Figure 1.7b). This resulted in
enhanced electronic coupling, yielding average hole mobilities of up to 2.0 cm? V! s}, which
is six times higher than for the branched reference compound (Figure 1.7¢). The beneficial
effects of side chain engineering have also been observed in diketopyrrolopyrrole (DPP)-
based polymer systems (Figure 1.8). By systematically shifting the side chain branching
point away from the polymer backbone, close intermolecular 7—m contacts were increasingly
favored (Figure 1.8b).5? This was found to give hole mobilities of up to 12 cm? V! s7! after
an optimized thermal annealing procedure (Figure 1.8¢). The same idea of shifting the side
chain branching point away from the polymer backbone has recently been employed in
cyclopentadithiophene-benzothiadiazole copolymers.>® This led to a systematic decrease
of 7-stacking distance from 3.8 to 3.55 A, but substiantially increase in the resulting FET
mobilities from 0.0001 to 0.4 cm? V! 71,

Conjugated semicrystalline polymers are not well ordered in the solid-state, but neither are
they fully amorphous. In such systems, intramolecular and intermolecular charge transport
occurs within local crystalline regions, while on a macroscopic scale, charge carriers must
travel through a heterogenous morphology with ordered aggregates embedded in more dis-
ordered regions. Thus the interdomain transport plays a significant role in the macroscopic
electronic properties of polymer semiconductors. The chain disorder includes kinks and
folds, thus exhibits limited conjugation length, and a wider HOMO-LUMO gap than in the
ordered aggregates, which results in a predominant localization of the charge carriers within

8
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Figure 1.8. Kang et al. designed DPP-based polymers with a side chain branching point far from the
polymer backbone and reported their photophysical and structural features as well as their device
performance. a) Chemical structure of P-24-DPPDTSE (reference compound) and P-29-DPPDTS.
b) Out-of-plane diffration spectra of P-24-DPPDTSE and P-29-DPPDTS. Inset: the corresponding
in-plane diffration patterns. ¢) Representative transfer curve for P-29-DPPDTS. Figure adapted from
ref. [52].

the ordered aggregates. Consequently, interdomain transport occurs from ordered aggregates
to another via disordered polymer segments of the material. It was recently suggested by Salleo
et al., that short-range intermolecular aggregation should be beneficial for charge transport
in 7-conjugated polymers.'? This hypothesis was confirmed experimentally by measuring
the electroluminescence spectra of blends composed of controlled amounts of RR-P3HT
and RRa-P3HT (Figure 1.9).!2 The electroluminescence spectra of the blends at different
current densities were similar to those of pure regioregular P3HT, indicating that charges were
moving and recombining within the crystalline regions of the film (Figure 1.9b,¢). This finding
was in line with results for local mobility®® and conductive atomic force microscopy (AFM)
measurements,®® indicating that mobility is determined by the transport of charges from one
small ordered aggregate to another via bridging polymer chains. One of the key requirements
for designing high performance polymers is hence not to increase the degree of crystallinity
but rather to increase the fraction of interconnected short range ordered aggregates so as to
ensure sufficient intermolecular charge transfer.!2°7

To summarize, charge transport in polymer semiconductors is a complex phenomenon
that depends strongly on their organization at different length scales. Consequently, high-
performance semiconducting polymers require the presence of interconnected small aggre-
gates and sufficient interchain electronic coupling. At the same time, the structure of the
backbone needs to be highly tolerant of structural disorder. In the next section, selected
examples of state-of-the-art high mobility “semi-amorphous or near-amorphous” polymers
will be reviewed.
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Figure 1.9. Noriega et al. carried out a systematic study on the relationship between microstructure
and electrical properties in polymer semiconductors. @) Chemical structure of regioregular (RR) and
regiorandom (RRa) P3HT. b) Electroluminescence spectra of films made from pure RR- and pure RRa-
P3HT. ¢) Photoluminescence (dotted) and electroluminescence spectra of the blend films containing
90% RRa-P3HT and 10% RR-P3HT. Unlike the photoluminescence spectra, the electroluminesce
spectra only exhibited emissions from RR-P3HT on application of a certain current. This finding
showed that charges move and recombine in the more ordered regions of the blend. Figure reproduced
from ref. [12].

1.2.2 Disorder in Polymer Semiconductors

As described in the previous sections, typical polymer semiconductors are semicrystalline
and feature varying degrees of structural disorder that affect their electronic properties. The
correlation between molecular parameters such as chemical structure and molecular weight,
order at different length scales, and electronic properties such as charge carrier mobility is far
from trivial. In P3HT as a prototypical example, charge carrier mobilities have been found to
increase rapidly with increasing molecular weight, despite the simultaneous decrease in long-
range order.?>°® This has been attributed to an improved connection of crystalline domains
via amorphous polymer segments. Beyond the entanglement molecular weight of the polymer,
however, the crystallites are sufficiently connected, and the charge carrier mobility saturates or
even decreases, as further increases in molecular weight merely contribute to overall structural
disorder.'>%° Further investigations have revealed that the size of the individual crystallites in
polymer semiconductors is in fact not critical, because the free mean path of charge carriers
transverse to the polymer chains is typically of the order of few nanometers.'?%° Consequently,
large domain sizes are less relevant to efficient charge transport than short-range correlations
between the polymer chains.!? This is one of the reasons for the high charge carrier mobil-
ities observed in so-called semi-amorphous or near-amorphous polymer semiconductors
developed in recent years. Selected examples will be discussed in the following paragraphs.

One of the first instances of high-mobility donor-acceptor polymers is a copolymer of cy-

clopentadithiophene and benzodiathiazole (CDT-BTZ) described by Miillen and coworkers

(Figure 1.10).5! Charge carrier mobilities of up to 0.17 cm? V! s™! were observed in drop-cast
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thin films of this polymer on an hexamethyldisilazane (HMDS) treated SiO, substrate and
up to 1.4 cm? V! s7! in dip-coated thin films of higher molecular weight.®? The authors
improved the charge carrier mobility to 3.3 cm? V! s7! by further increasing the molecular
weight and optimizing the thin film morphology and crystallinity.®® Even though X-ray diffrac-
tion indicated more pronounced order than in lower molecular weight CDT-BTZ polymers
(Figure 1.10b), the disorder remained significantly higher than in semicrystalline polymers as
in the case of P3HT.®4-5¢ This indicates CDT-BTZ to be a high-mobility polymer with a lack of
long-range order.
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Figure 1.10. Miillen et al. described an alternating copolymer CDT-BTZ. a) Chemical structure of
CDT-BTZ (R = C,;H;,). b) X-ray diffraction patterns from CDT-BTZ with different molecular weight.
¢) Output and transfer characteristics for drop-cast annealed thin films CDT-BTZ with the highest
M= 35 kg/mol. Figure reproduced from ref. [63].

In another example, the donor-acceptor polymer naphthalenediimide-bithiophene (PNDI2OD-
T2) was found to show mobilities of up to 0.85 cm? V! s7! in spin-coated thin films with
top-gate bottom-contact (TGBC) architecture after optimizing the choice of the dielectric.?°
The lack of peaks in X-ray diffraction patterns indicated significant macroscopic disorder.'*
However a fiber-like film morphology and exothermic/endothermic phase transitions in dif-
ferential scanning calorimetry (DSC) scans revealed the presence of crystalline aggregates.?*67
The same behavior has also been observed in structurally analogous rylene-based copoly-
mers.%8

Similarly, Zhang et al. studied the molecular origin of the high field-effect mobility observed in
an indacenodithiophene-benzothiadiazole (C16IDT-BT) copolymer (Figure 1.11).*? Building
on previous work,*! they increased the FET mobility to 3.6 cm? V™! s7! by increasing the
molecular weight. In addition, temperature-dependent mobility measurements revealed a
small activation energy of 61 meV, indicating a low degree of energetic disorder in this polymer
(Figure 1.11b). However, a detailed study of the orientational order of the entire film revealed

significant local molecular order, as opposed to long-range crystalline order (Figure 1.11¢).

McCulloch and coworkers investigated structure-property relationships in copolymers con-
taining thieno[3,2-b]thiophene (TT) and DPP.%° These polymers exhibited hole mobilities of

upto2cm? Vs

in FET devices and power conversion efficiencies of up to 5.4% with PC7;BM
in organic photovoltaic devices. Surprisingly, X-ray diffraction and DSC provided no evidence
of crystallinity, but optical absorption spectra indicated aggregation in the solid-state. Chung

et al. observed similar behavior in a new alternating copolymer composed of dithieno[2,3-

11
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Figure 1.11. Zhang et al. studied the molecular origin of high field-effect mobility in a C;¢IDT-BT
copolymer. a) Chemical structure of C;6IDT-BT (R = C,;H,,). b) Top: the top-gate bottom-contact
device configuration (TGBC) with the channel length 50 pum and width 1 mm; bottom left: transfer
curves in the linear and saturation regimes; bottom right: transfer curves from temperature-dependent
transistor measurements. c¢) GIXS profile for C;6IDT-BT, where broad arc patterns indicate a lack of
longer-range crystalline order. Figure reproduced from ref. [42].

d;2’,3’-d’|benzo(1,2-b;4,5-b’]dithiophene (DTBDT) and DPP units (Figure 1.12).79 This poly-
mer showed hole mobilities of up to 2.7 cm? V! s7! in spin-coated thin films on SiO, substrates
and activation energies for charge transport as low as ~40 meV, which is similar to those ob-
tained from semicrystalline polymers (Figure 1.12b).!? However, GIXS and AFM studies
showed that PDPDBD consisted of disordered small polymer domains with ordered crystalline
aggregates (Figure 1.12¢).”% A recent comparative study on the correlation between com-
position and charge transport in DPP-based random copolymers also showed that charge
transport is influenced more by efficient intramolecular charge carrier delocalization than

high degrees of long-range crystalline order.”!
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Figure 1.12. Chung et al. prepared a new alternating copolymer, PDPDBD, and investigated its
electronic properties. @) Chemical structure of PDPDBD (R; = 2-ethylhexyl, R, = 2-decyltetradecyl). b)
Transfer curve of a FET from annealed PDPDBD (left). Temperature-dependent transfer characteristics,
where the mobility is plotted as a function of the inverse temperature (right). ¢) 2D GIXS profiles for
pristine (top left) and annealed PPDBD thin films (top right). Figure reproduced from ref. [70].
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Interestingly, although all of these examples are associated with a low degree of order, they
exhibit a strong ability to locally form highly ordered intermolecular aggregates, providing
efficient charge transfer between polymer chains, while intramolecular transport is enhanced
by their conformationally rigid polymer backbones. It is important to note that the order/dis-
order phenomena such as the ones described above are in fact not uniquely observed in
polymer semiconductors. Crystalline regions in many other polymer systems are known to be
highly disordered, to the extent that features commonly associated with three-dimensional
crystalline order become difficult to identify. The presence of such disorder in polyamides will
be discussed in more detail in Section 1.4.3.

1.3 Hydrogen Bonding: From Self-Assembly to Materials

A hydrogen bond, D-H---A, where D stands for the donor and A stands for the acceptor, is
a complex attractive interaction between a hydrogen atom H and an electron pair of an
electronegative atom A. The hydrogen bond nevertheless acts as a strong bridge between D
and A, and is of great importance for biochemical and physical processes and, in particular,
supramolecular chemistry, where it acts as a structure-defining motif that controls and tailors
the packing arrangements of molecules.”>~’® This section provides an overview of the char-
acteristics of hydrogen bonding, including directionality and spectroscopic properties, with
a particular focus on the applications of hydrogen-bonded molecules in the field of organic
electronics.

1.3.1 The Nature of Hydrogen Bonding

Although the hydrogen bond was first described over 100 years ago, its definition became
over time ambiguous due to the emergence of “weakly hydrogen-bonded” species with weak
to moderate electronegativity of D and A, such as C-H---O and C-H---N.”®"” Therefore, a
comprehensive report on the hydrogen bond was commissioned by the International Union of
Pure and Applied Chemistry (IUPAC) in 2011.7® This report starts with the following definition
of a hydrogen bond: “[The hydrogen bond] is an attractive interaction between a hydrogen
atom from a molecule or a molecular fragment X—H in which X is more electronegative than H,
and an atom or a group of atoms in the same or a different molecule, in which there is evidence
of bond formation”. It continues with a number of complementary criteria and comments
that will be discussed below, together with the techniques that may be used to demonstrate
hydrogen bond formation.

Hydrogen bonding is generally weaker than covalent bonding, but significantly stronger than
van der Waals interactions, with associated bond energies varying from 2 to 170 kJ/mol.”%79-81
Its interaction energy may be divided into different components, including the electrostatic
Egs, polarization Epy, charge transfer Ect, and van der Waals (exchange repulsion Egx, disper-
sion Epysp) interaction energies, each with a distinct dependence on distance, r, and angle.??
Umeyama and coworkers investigated the origin of hydrogen bonding via an energy decom-
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position study.®® They found that all the above interactions (Egs, Epr, Ect) are important
at relatively small distances, while at long distances, Ers dominates, because its strength
decreases with 73, that is, more slowly than the other energy terms. However, the contribution
of the different energy terms also depends on the chemical nature of the D and A. In addition,
strength (covalency), directionality, and cooperativity are key characteristics of hydrogen

bonding and distinguish the hydrogen bond from other types of non-covalent interactions.?*

The nature of hydrogen bonding has been described according to many different models.
Surprisingly, all the early models considered strong hydrogen bonds to be “exceptions” and
therefore neglected them in the theory. It was hence often thought that the simple electrostatic
model (SEM) might be sufficient to describe complex systems containing hydrogen bonding
interactions.?>” The observation of a large number of hydrogen-bonded complexes with
different properties to those predicted on the basis of electrostatic interactions (bond distances
and angles) has led to a new model that combines covalent interactions with electrostatic
forces, known as the electrostatic-covalent hydrogen bond model (ECHBM).88:89 According to
this model, weak hydrogen bonds are mainly electrostatic in nature, while stronger hydrogen
bonds result from a combination of electrostatic and covalent contributions, and become
dominated by the covalent term as their strength increases.?® The strength of a hydrogen
bond is not always easy to predict from the nature of D and A. For example, water molecules
in an acidic or basic medium have a hydrogen bond strength that is six times stronger than in
neutral water.%’ This problem provided the starting point for new predictions of hydrogen
bond strength from molecular characteristics.

It is known that a hydrogen bond can be formulated as an acid-base reaction where the hydro-
gen is transferred to and forms a covalent bond with the acceptor, as well as a hydrogen bond
with the donor. The acidic constant pKa and proton affinity of the donor and acceptor hence
play an important role in the strength of the hydrogen bond. According to Gilli and coworkers,
the strength of the hydrogen bond increases continuously with the differences in pKa values
or proton affinities of D and A as long as these are close to zero.”® In systems with strong hy-
drogen bonds, such as HE dicarboxylic acid dimers and 1,8-bis(dimethylamino)naphthalene,
the chemically equivalent structure occurs on hydrogen atom transfer to the acceptor, and the
resulting ApKa is equal to zero. For hydrogen bonding between amine and carboxylic acid
groups, on the other hand, the strong electrostatic interaction occurs between ammonium
cation and the carboxylate anion by weak hydrogen bond formation.

The directionality of the hydrogen bond is important in that it strongly affects the molecular
conformation of hydrogen-bonded systems. It may be explained in terms of a molecular orbital
description of a hydrogen bond. The molecular orbital energy diagram for D-H comprises
two energy levels corresponding to a o orbital filled with two electrons, and an empty o
antibonding orbital. As it approaches an acceptor, a lone electron pair from the acceptor
interacts with the empty D-H ¢~ antibonding orbital. The direction of the o-bonds and
the corresponding ¢~ orbital defines the position of the acceptor. Hence, hydrogen bond
formation is only strong if the angle D-H---A is close to 180 °. The more the bond deviates
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1.3. Hydrogen Bonding: From Self-Assembly to Materials

from linearity, the less covalent character it will show. This is also confirmed by distance and
D-H---A angle analysis of crystal structures taken from the CSD.?! For strong O-H---O contacts
with relatively short H---O distances, the angles are mostly between 170-180 ° (Figure 1.13a),
whereas in the case of weak C-H---O contacts, the H---O distances are large and there is a far

broader distribution in bond angles (Figure 1.13h).01
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Figure 1.13. Scatter plots of the angle versus distance for @) O-H:---O and b) C-H---O illustrating the
angular preference of strong hydrogen bonds above 160 °. Figure adapted from ref. [91].

Particular combinations of hydrogen bonds may be more stable overall than the sum of
the individual hydrogen bond energies. This phenomenon is known as cooperativity and is
another important characteristic of hydrogen bonds.?? Cooperativity may be grouped into
two categories proposed by Jeffrey,”> namely o-bond and 7-bond cooperativity. The former is
also known as polarization assisted (enhanced) hydrogen bonding; the polarization of A-H is
increased by additional hydrogen bonding, D-H---A-H---A, leading to enhancement of the H---A
interaction. Polarization-assisted hydrogen bonding is typical of moderately strong hydrogen
bonds that form chains or rings, such as the O-H---O-H bonds in alcohols, water and phenol
crystals.? By contrast, 7-bond cooperativity, also called as resonance-assisted hydrogen
bonding (RAHB), occurs when the donor and acceptor of the hydrogen bond are connected
to segments containing alternating single and double bonds and mainly dependent on the
synergistic effect between hydrogen bond strengthening and 7-delocalization through D and
A.%* Typical examples include the strong O-H.--O interactions between dimers of carboxylic
acid or B-diketone enols. RAHB is at the origin of the keto-enol tautomerism and is of vital
importance in biochemistry via its role in DNA and the secondary structure of proteins, for
example.”>% Hence, an excellent example of RAHB is an amide N-H group that becomes a
stronger donor by accepting the oxygen atom of another amide group, resulting a hydrogen
bond, N-H---O=C-N-H that has a zwitterionic resonance form. Beside of this resonance
enhancement, the amides are acidic enough and ApKa value between amide NH (15 < pKa <
17) and the hypothetical OH (-2 < pKa < 1), that is the result of the hydrogen bond formation,
is far from zero.®® Thus amide hydrogen bonding is only moderate in strength, with energies
of around 60 kJ/mol and strongly directional.”"%” The mixture of electrostatic and covalent
nature of amide hydrogen bonding is beneficial for its utilization as structure-directing motif.
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On this basis, a classification of the hydrogen bond strength was proposed by Jeffrey®® (Ta-
ble 1.1). However, there are no well-defined limits between the different categories.

Table 1.1: Hydrogen bond strength can be divided into three categories, namely strong, moderate and
weak based on their nature and geometrical parameters. Data adapted from ref. [98].

Strong Moderate Weak
interaction type strongly covalent mostly electrostatic electrostatic
bond energy [k]/mol] 60-170 20-60 2-20
H---A [A] 1.2-1.5 1.5-2.2 >2.2
X---A [A] 2.2-25 2.5-3.2 >3.2
directionality strong moderate weak
bond angles [°] 170-180 >130 >90

Evidence for hydrogen bonding and estimates of its strength may be obtained from both
experimental and computational techniques.”! Infrared (IR) spectroscopy is one of technique
that is uniquely sensitive towards the formation of hydrogen bonds, which leads to significant
changes in the vibrational energies of the associated groups. For example, upon formation
of an N-H---O=C bond, the C=0 and N-H bonds are weakened, resulting in a shift of the
corresponding stretching vibration towards lower frequencies. More detailed peak analysis of
the IR absorption peak shape and full width at half maximum (FWHM) shed light on the nature
of the cooperativity and, hence, the strength of the hydrogen bond. For example, Coleman and
coworkers used temperature-dependent IR spectroscopy to quantify the degree of hydrogen
bonding in semicrystalline and amorphous polyamides and polyurethanes.?®1%! They found
that the amide A mode was insensitive to conformational changes, and that its width reflected
the distribution of hydrogen bond strengths, a narrower distribution leading to a smaller
bandwidth. By contrast, the amide I band was sensitive to conformational changes mainly
due to dipole-dipole interactions, so that ordered and disordered hydrogen bonds could be
distinguished quantitatively.

'H NMR spectroscopy is another technique that may be useful for characterizing hydrogen
bonding. Increasing the strength of the hydrogen bond interaction increases deshielding
of the proton nuclei, leading to a downfield chemical shift.#291192 This chemical shift may
also be correlated with the length of the hydrogen bond. Gilli and coworkers investigated
the relationship between crystallographic data and the 'H NMR chemical shift of the -
diketone enol groups, which form intramolecular hydrogen bonds.!%3 They prepared five new
compounds containing -diketone enol fragments and determined their structure from X-ray
measurements (Figure 1.14a). Shortening of the intramolecular hydrogen bond length was
found to be correlated with the downfield shift of the enolic proton signal § (OH), consistent
with 42 other analog structures retrieved from the Cambridge Structural Database (CSD)
(Figure 1.14b). Moreover, direct evidence of hydrogen bond formation may be obtained from
correlation spectroscopy (COSY), as a result of scalar coupling between magnetically active
nuclei on both sides of hydrogen bond.'%#1% The size of the scalar coupling is affected by the
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geometrical arrangement of the magnetically active nuclei, and its detailed analysis therefore

provides significant structural insight into hydrogen bond formation.!0%108
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Figure 1.14. Gilli et al. examined the correlation between the intramolecular O-H---O hydrogen bond
distance and 'H NMR chemical shifts of the enolic proton 6 (OH) in B-diketone enols. a) Classification
of different molecules with O=C-C=C-OH f-diketone enol groups; I f-diketone enols, I S-ketoesters,
III 2-hydroxybenzoketones, IV §-diketone enols, V a-keto-oximes. b) Top: The range of 'H NMR
chemical shifts correspond to hydrogen bonds with different strengths. Bottom: A plot of § (OH) versus
distance d(O---O) shows that shortening of the bond distance is strongly correlated with the downfield
shift of the enolic proton. Figure reproduced from refs. [103,109].

In conclusion, it has become clear that hydrogen bonding does not correspond to one specific
type of interaction with a certain energy and geometry. It exists in many different forms,
depending on the chemical nature of the components. As a consequence, hydrogen bond
interactions cover a wide range of geometries and bond energies. Crystallographic data
combined with different characterization techniques, including vibrational spectroscopy
and NMR, and numerical modeling has provided considerable insight into hydrogen bond
formation in structurally complex molecules.

1.3.2 The Role of Hydrogen Bonding in Organic Electronics

Hydrogen bonding is ubiquitous in natural systems. For instance, hydrogen bonding connects
complementary base pairs in a DNA double helix and is responsible for structure formation
and functionality in proteins. Hydrogen-bonded templates are also well known to guide
self-assembly at the molecular level in many synthetic systems with important consequences
for crystal engineering and organic electronics, for example. The present section is aimed at
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elucidating the role of hydrogen bonding in 7-conjugated materials. Selected examples of the
use of hydrogen-bonded templates as a tool for designing new functional materials will be
presented in what follows.
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Figure 1.15. Tovar et al. prepared quaterthiophenes substituted with tripeptide segments and inves-
tigated their performance in OFET devices. a) Molecular structure of T4-R;R2Rz where Ry and Rp
are chosen from glutamic acid (Glu), aspartic acid (Asp) and glycine (G), alanine (A), valine (V), or
isoleucine (I). Solution-phase b) absorption, c) fluorescence and d) CD spectra of TAER2R, demonstrate
that AA and GG substituted molecules have the highest intermolecular electronic coupling, leading
to most blue-shifted absorption, quenched emission and strong bisignate CD signal with a negative
Cotton effect. e) Output characteristics of OFET devices with the T4-DGG as semiconducting layer
yielded mobilities as high as 0.02 cm? V! s71. Figure reproduced from ref. [110].

Hydrogen bonding has been widely used to promote solution-phase self-assembly of 7-
conjugated systems. Many well-defined one-dimensional nanostructures containing different
n-conjugated cores have been prepared and analyzed using spectroscopic techniques. 1113
However, these have rarely been implemented in electronic devices. Tovar and coworkers
investigated the incorporation of an electron-rich quaterthiophene substituted with differ-
ent oligopeptide segments as an active layer in the organic field-effect transistors (OFET).
(Figure 1.15).110 The different oligopeptide sequences were attached to the ends of quaterthio-
phenes using solid-state peptide synthesis and Pd-catalyzed cross-coupling reactions.!1*11°
Reversible self-assembly by intermolecular hydrogen bonding resulted in the formation of
one-dimensional nanostructures under acidic conditions, as evidenced by UV-vis, CD and
fluorescence spectroscopy (Figure 1.15b-d). Devices fabricated from drop-cast specimens of
T4-DGG exhibited mobilities as high as 0.02 cm? V! s, performing better than previously
reported peptide-oligothiophene nanostructures (Figure 1.15¢).!14116-118 However, with
other oligopeptide segments T4-EVV or T4-DVV, the obtained mobility decreased drastically
by about three orders of magnitude, and was even lower for T4-EII or T4-DII, for which no
measurable mobilities were observed. The authors attributed these decreases to the bulkier
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1.3. Hydrogen Bonding: From Self-Assembly to Materials

nature of isoleucine and valine residues, which may hinder the 7-conjugation to a greater
extent than glycine and alanine. Additionally, in a control experiment they demonstrated that
the oligopeptides without a semiconducting core showed no conductivity.

In another example, Stupp and coworkers examined the use of self-assembly of a hairpin-
shaped oligothiophene incorporated as a donor component in bulk heterojunction solar cell
devices (Figure 1.16).119 The self-assembly of the hairpin-shaped sexithiophene (T6-M1)
in toluene resulted in voids along the resulting nanofiber axes. The authors claimed that
this particular nanostructure could accommodate a molecule such as phenyl-C7; -butyric
acid methyl ester (PC7;BM), and prevent it from phase-segregating on thermal annealing.
This type of complex therefore facilitates efficient exciton splitting, while maintaining charge
percolation domains. In order to back up this hypothesis, the device performance of self-
assembled T6-M1 was compared with that obtained with linear dihexylsexithiophene, which is
not capable of forming hydrogen bonds. Devices prepared with T6-M1 performed significantly
better (u = 0.48%) than those fabricated with linear molecules (¢ = 0.09%).

Figure 1.16. Stupp et al. employed a self-assembling hairpin-shaped T6-M1 as a donor component in
organic solar cells. @) Molecular structure of T6-M1 (R = hexyl). b) Transmission electron microscopy
(TEM) images of T6-M1 showed bundles of nanofibers. ¢) lllustration of the nanostructural organization
of T6-M1 in the presence of PC;;BM upon therman annealing. Figure reproduced from refs. [116,119].

The main idea behind the incorporation of 1D nanostructures into devices is to gain insight
into the resulting structure-property relationships, rather than to obtain high-performance
semiconductors, because charge transport pathways are restricted to one dimension. During
the last decade, many different hydrogen-bonded 7-conjugated compounds have emerged
and have been studied as charge-transport materials in OFETs.

One of the earliest hydrogen-bonded organic semiconductors was investigated by Wiirthner
and coworkers.!?% They prepared octachloroperylene bisimide (Clg-PTCDI) and investigated
its performance in a field-effect transistor set-up (Figure 1.17). The crystal structure of this
material exhibited a highly twisted perylene backbone with close face-to-face stacking of
around 3.4 A, resulting in a dense “brickwork” arrangement (Figure 1.17b). OFETs fabricated
from this material exhibited electron transport mobilities of between 0.5 and 0.9 cm? V! 571,
along with excellent I, /I, ratios of up to 102 in both air and an inert atmosphere, as well
as a remarkable device stability (Figure 1.17¢). For comparison, OFETs prepared from the

related non-hydrogen-bonded octachloroperylene bisanhydride showed mobilities almost
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five orders of magnitude lower. The authors attributed the improved performance of the
hydrogen-bonded structure to enhanced charge percolation paths for electron transport.
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Figure 1.17. Wiirthner et al. demonstrated crystal engineering approach using hydrogen bonding,
resulting an enhanced device performance together with remarkable device stability. a) Molecular
structure of Clg-PTCDI b) Single crystal X-ray structure analysis revealed a twisted perylene backbone
with a “brickwork” arrangement. c) Transfer curve of an OFET from Clg-PTCDI showing mobilities as
high as 0.9 cm? V! s71 with excellent Ioy /I ratios up to 102 in air. Figure reproduced from ref. [120].

Further pioneering work was carried out by Gtowacki and coworkers, who investigated the
semiconductor behavior of commercially available low-cost hydrogen-bonded organic pig-
ments, by employing them as an active layer in OFETs and organic light emitting diodes
(OLED).'21-128 For example, they prepared OFETs from N-H..-O=C hydrogen-bonded epin-
dolidone and quinacridone, which can be regarded as heteroacene analogues of tetracene and
pentacene, respectively (Figure 1.184).!?? In a bottom-gate top-contact device configuration,
mobilities of up to 1.5 cm? V! s7! and 0.1 cm? V! 57! were observed for these two compounds,
respectively (Figure 1.18b,c). In addition, these heteroacene pigments showed enhanced
device stability compared with their well-known non-hydrogen-bonded acene analogues
(Figure 1.18b,c). The authors attributed this improved stability to the lowering of correspond-
ing HOMO energy levels by inclusion of electronegative nitrogen and oxygen atoms in the
m-conjugated system.
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Figure 1.18. Glowacki et al. investigated the thin film transistor performance of organic pigments that
had been widely used as toners for inkjet printing and were available at low-cost. a) Molecular structure
of epindolidione and quinacridone. OFET devices fabricated from b) epindolidione and ¢) quinacridone
resulted in mobilities of up to 1.5 and 0.1 cm 2ylgl along with Io, /Iy ratios around 107 and 104,
respectively. Both were stable in air more than 140 days, as compared to their non-hydrogen-bonded
acene analogues. Figure reproduced from ref. [122].

The previous examples involved the formation of hydrogen bond arrays within the plane
of a m-conjugated system, which has been demonstrated to be useful in enhancing the 7-
interactions between the neighboring molecules, resulting in promising OFET characteristics.
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1.3. Hydrogen Bonding: From Self-Assembly to Materials

In an alternative approach, organic molecules with hydrogen bonding donor and acceptor
functions may be used to guide hetero-association through complementary hydrogen bonding
perpendicular to the m-stacking axis. Perepichka and coworkers combined p-type and n-type
organic semiconductors in this way by complementary hydrogen bonding (Figure 1.19).!2°
They employed diphenyldipyrollopyridine (DP-P2P), which forms triple hydrogen bonds
with naphthalenetetracarboxydiimide (NDI). Single-crystal X-ray analysis revealed that DP-
P2P:NDI-8, self-organized into segregated stacks connected by the short hydrogen bonds
(Figure 1.19b). Changing the N-substituent on the NDI to cyclohexyl, however, resulted in
mixed stacks of the two components. OFET devices based on the co-crystals of DP-P2P:NDI-
8; and DP-P2P:NDI-CycHex showed ambipolar transport with hole and electron mobilities
0f 0.043 and 0.089 cm? V! s7! and 0.0004, 0.22 cm? V! 57!, respectively, while DP-P2P:NDI-
H, was found to show only unipolar behavior with electron mobilities of 0.0003 cm? V! s7!
(Figure 1.19¢).
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Figure 1.19. Perepicka et al. exploited co-assembly of hydrogen donor and acceptor molecules through
complementary hydrogen bonding and investigated the resulting electronic properties of the cocrys-
tals. a) Molecular structure of diphenyldipyrollopyridine (DP-P2P), which co-assembled with naph-
thalenetetracarboxydiimides (NDI) via triple hydrogen bonds. b) The single crystal X-ray structure
of DP-P2P:NDI-8, displayed an alternating arrangement of dimerized donor and acceptor columns,
marked with green and purple circles, respectively c) Transfer characteristics of single cocrystal OFET
devices demonstrated ambipolar transport for DP-P2P:NDI-8; and DP-P2P:NDI-CyHex, while only
unipolar n-type transport was observed for DP-P2P:NDI-H,. Figure reproduced from ref. [129].

Several groups have also investigated the effect of hydrogen-bonded end groups on charge
carrier mobility. For instance, Asha and coworkers studied structure-property relationships in
different naphthalene diimide amide derivatives.!3* Similarly, Dautel and coworkers exam-
ined the role of hydrogen bonding in a hydroxyl end group functionalized benzothieno(3,2-
bl[1]benzothiophene (BTBT).!3! In both cases, hydrogen bonding induced self-organization in
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the solid-state, but no significant improvements in hole and electron mobilities were observed.
By contrast, an a,w-hydroxypropyl-substituted sexithiophene was found to exhibit enhanced
layer-by-layer thin film growth via interlayer hydrogen bonding.'®? Thus, field-effect mo-
bilities of up to 0.07 cm? V! s7! were observed, which were close to the highest mobility
reported for a-sexithiophene,'33 but still more than one order of magnitude lower than that of
a,w-dihexylsexithiophene.!33 Interestingly, these hydrogen-bonded thin films also showed
improved stability towards atmospheric degradation.
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Figure 1.20. Zhang et al. investigated how urea-containing alkyl chains affect FET device performance.
a) Molecular structure of diketopyrrolopyrrole-quaterthiophene (DPP4T) semiconducting polymer
with urea-containing alkyl side chains in the molar ratios 1:30, 1:20, 1:10, 0:100. b) 2D GIXS profiles
for annealed pDPP4T-3 deposited on an OTS modified Si*/SiO, substrate exhibited a well-defined
lamellar arrangement. ¢) Transfer and output curves from OFET devices fabricated from the thin films
of pDPP4T-3 using a bottom gate top contact configuration, after annealing. Figure reproduced from
ref. [134].

Side chains in polymer semiconductors play a significant role in device performance.?*%?
However only a few examples of hydrogen-bonded side chains in polymer semiconductors
have been reported to date.!34135 For example, Zhang and coworkers prepared a series of
diketopyrrolopyrrole-quaterthiophene conjugated polymers comprising varying molar ratios
of urea-containing alkyl chains and branched alkyl chains in order to investigate the effect
on the charge carrier mobility (Figure 1.20).!3% According to GIXS data (Figure 1.20b), the
presence of the urea groups in the alkyl side chains was found to enhance the lamellar packing
order in thin films as compared with pDPP4T without the hydrogen-bonded side chains.
FET devices fabricated from pDPP4T-3 by spin coating revealed hole mobilities of up to
13.1 cm? V! s7! after thermal annealing, while pDPP4T showed hole mobilities of not more
than 3.4 cm? V' s7! (Figure 1.20¢). This mobility is among the best reported to date. In the
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same study, the urea containing alkyl side chain polymers were used as a donor component in
the bulk heterojunction solar cell devices with PC7;BM as an acceptor. These devices yielded
higher power conversion efficiencies than for polymers lacking the urea groups in the side
chains.

In conclusion, hydrogen bonding as an additional structure-directing element may be applied
successfully in both p-type and n-type small molecule and polymer semiconductors for
organic electronic applications. It may be used as a supramolecular motif either as part of
the n-system or attached to the n-system. In both cases, it is clear that hydrogen bonding
is a highly effective tool for molecular design, promoting self-assembly and guiding crystal
packing and film morphologies, rendering beneficial effects for resulting device performance.

1.4 The Amide Motif in Polymers: Polyamides

Since the invention of the world’s first synthetic fiber, Nylon-6,6 (or PA66) by W.H. Carothers
and its first commercialization by DuPont in 1939,'36
been developed with tailored properties for a wide range of applications, from clothes to auto-

motive industry.!3” Understanding the chemical structure of polyamides and the nanoscopic

many different types of polyamides have

arrangement of the chains is of great importance because they will greatly influence the aggre-
gation and structure of its crystalline phase and thus determine the physical and mechanical
properties. This section therefore gives a brief overview of the nomenclature of polyamides
and the synthetic procedures most relevant to laboratory scale synthesis, followed by a dis-
cussion of their microstructure, morphology, and properties and as well as a presentation of
selected applications.

1.4.1 General Features and Nomenclature of Polyamides

Polyamides, also known as Nylons, are engineered thermoplastic materials that contain multi-
ple amide groups along the polymer chain. They can be divided into two categories, namely
naturally occurring (silk, wool) and synthetically produced (Kevlar®, Nylon 6) polyamides. The
latter are produced either by ring opening polymerization of lactams (AB-type) or polyconden-
sation reaction of two complementary monomers (AABB-type) (Scheme 1.1).138 Ring opening
polymerization only gives aliphatic polyamides, whereas polycondensation accounts for con-
siderable more chemical diversity. The combination of an aliphatic or aromatic monomer with
an aromatic monomer, for example, results in semiaromatic and fully aromatic polyamides,
respectively. The nomenclature for aliphatic AB-type and AABB-type polyamides is as follows.
The letters “PA” are followed by the number of the carbon atoms present in the repeating unit
for AB-type polyamides, while for AABB-type polyamides, “PA” is followed first by the number
of the carbon atoms in the diamine unit and then that in the diacid unit.
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Scheme 1.1. Illustrative examples for the synthesis of AB- and AABB-type polyamides. a) Generally
aliphatic AB-type polyamides can be prepared by ring opening polymerization of lactams. For example,
PA6 can be synthesized starting from e-caprolactam with water as a nucleophile. b) Synthetic scheme
for the polycondensation of PA66 starting from adipic acid and hexamethylene diamine. This is a
general scheme for AABB-type polyamides that can be used for preparation of aliphatic, semiaromatic
or fully aromatic polyamides.

1.4.2 Synthesis Approaches

Because polycondensation is an example of a step-growth polymerization, the use of equimo-
lar amounts of the both monomers is crucial. Any deviation from equimolarity has a huge
impact on the degree of polymerization and thus on the molecular weight, as shown by
Carothers equation.'3® Therefore, industrial-grade AABB-type polyamides are often synthe-
sized starting with the formation of the diammonium dicarboxylate salt (“Nylon salt”), which
allows for better control of the stoichiometric ratio of the monomers (Scheme 1.2a).14% The
Nylon salt is polycondensed at high temperature and pressure (up to 50 bars) in a water-based
process using a high-pressure autoclave to create a supercritical water dispersion. Solid-sate
or melt post-polycondensation is then used to achieve the desired molecular weight.!38141
However this method is not suitable for the industrial preparation of fully aromatic and cer-
tain semiaromatic polyamides, which tend to decompose before they melt.!*> There has
therefore been an interest in developing alternative solution polycondensation techniques
(Scheme 1.2b-d). The most widely used laboratory-scale methods will be reviewed in the
following paragraphs.

The well-known ‘fully’ aromatic polyamides (or “aramids”), marketed under the tradenames

®

Kevlar® and Nomex®, were first synthesized by workers from DuPont using low-temperature

solution polycondensation of diacyl chlorides with diamines (Scheme 1.20).1%43 This pro-
cess is suitable for many polyamides!**-'48 and typically takes place in polar aprotic amide
solvents such as N-methyl-2-pyrrolidone (NMP), hexamethylphosphoramide (HMPA), N,N-
dimethylacetamide (DMAc), which scavenge the hydrogen chloride formed in the reaction.!4?
Other polar solvents such as N,N-dimethylformamide (DMF) and dimethylsulfoxide (DMSO)
cannot be used due to significant side reactions with acyl chloride monomers.'*? In some
cases, triethylamine was used effectively as the base to scavenge the hydrogen chloride, along
with an inorganic salt (LiCl, CaCl,) to facilitate solubility in the early stages of polycondensa-

tion, thus avoiding any premature precipitation.'4?
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Scheme 1.2. General synthetic scheme of melt and solution-phase polycondensations. a) Melt polycon-
densation between two bifunctional monomers at high temperatures through “Nylon salt” formation,
which enables control over the stoichiometry, is typically used for preparation of aliphatic polyamides.
Solution-phase polycondensation, which is preferred for synthesis of semiaromatic and aromatic
polyamides, can be divided into low-temperature or direct polycondensation carried out in either
the presence or absence of phosphites and inorganic salts. For instance, b) Kevlar® and Nomex®
were synthesized by low-temperature polycondensations starting from monomers p-phenylene di-
amine, terephthaloyl chloride and m-phenylene diamine isophthaloyl chloride, respectively. Reagents
and conditions: i) triethylamine, inorganic salts (LiCl, CaCl,), NMP, < 0 °C. ¢) The direct solution
polycondensation of diacid and diamine monomers is carried out at higher temperatures using triph-
enyl phosphite (TPP). This polycondensation is also known as Yamazaki-Higashi polycondensations.
Reagents and conditions: ii) TPP, inorganic salt (LiCl, CaCl,), NMP/pyridine, 120 °C. d) The active ester
polycondensation route has the advantage that additional additives (inorganic salts, catalysts) are not
required. Reagents and conditions: iii) HMPA or DMSO 30-120 °C.

Although diacyl chlorides are readily synthesized from dicarboxylic acids using, for instance,
thionyl chloride, the instability of diacyl chlorides towards hydrolysis makes them difficult to
purify and store for longer periods of time. Alternative solution polycondensation approaches
have therefore been sought. In 1974, Higashi and Yamazaki developed a novel method start-
ing from the dicarboxylic acid and diamine monomers (Scheme 1.2¢).150-152 The reaction
was carried out in NMP using triphenyl phosphite (TPP) with LiCl or CaCl, and pyridine as
activating agents at temperatures of 80-120 °C. The authors stated that the formation of
the polyamide proceeds via a pentacoordinated intermediate between TPP, pyridine and the
dicarboxylic acid monomer that eventually breaks down to phenol and diphenylphosphite,
under recycling of the pyridine.!®>1%* One of the advantages of this route is that it uses the
same starting monomers as the industrial process and can proceed at higher temperatures,
reducing the overall reaction time. Polyamides prepared by this method are typically obtained
in high yields and as high molecular weight polymers, but with the drawback of a by-product
that is difficult to remove, necessitating several consecutive washing steps with hot MeOH.
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Attempts to replace the TPP led to no significant improvement in the results.!>® This process
is therefore preferred in its originally published form.

Katsarava et al.!5¢157 used an alternative approach, active ester polycondensation, based
on the work of Sebenda et al.!®® and Ohira et al.!>® Instead of using the dicarboxylic acid
monomer, they prepared its active ester derivatives via esterification with pentachlorophe-
nol'®” or N-hydroxysuccinimide (Scheme 1.2d).!%® The resulting active esters were then
polycondensed with various diamines in HMPA medium at temperatures between 30 and
120 °C. Introduction of various additives (inorganic salts, catalysts) to the reaction mixture
resulted in no significant change in polycondensation rate.!®® This approach is especially
useful compared to other methods owing to its straightforward work-up by precipitation into
water, followed by several washing steps in water and acetone. However, its main drawback is
the use of the carcinogenic HMPA, which was later replaced with DMSO by Kricheldorf and

coworkers.160

In conclusion, solution-phase polycondensation is a suitable method for laboratory scale syn-
thesis without the need for high pressure and temperatures. However, the resulting molecular
weights are typically not as high as those obtained at the industrial scale, due to precipitation
from solution. Moreover, for solution phase polycondensation, the monomer concentration,
reaction temperature, solvent(s) and the speed of the stirring must be adjusted for different
monomers, which also influences the resulting molecular weight of the polyamide.

1.4.3 Crystallinity and Typical Crystal Morphology

Polymers are frequently classified according to whether they are fully amorphous or semicrys-
talline. Semicrystalline polyamides are generally composed of certain fraction of ordered,
chain-folded, typically lamellar crystallites dispersed in a matrix of non-crystalline, “amor-
phous” material. These crystallites typically form spherical aggegates known as spherulites
under quiescent crystallization conditions. The crystallization behavior of a polyamide has a
huge impact on its physical and mechanical properties. In this subsection, we shall therefore
review the typical crystal structure and morphology of commercially available polyamides.

The crystallization of polyamides is strongly influenced by hydrogen bonding between N-H
and C=0 groups in neighboring chains. Hence, many polyamides form two-dimensional
hydrogen-bonded sheets that stack via van der Waals interactions to form three-dimensional
crystals.'®! However, depending on the crystallization conditions and the stability and crys-
tallization kinetics associated with other types of crystalline arrangements, polyamides may
show a wide range of crystalline polymorphs.'®! Common commercial “even-even” AABB-
type and “even” AB-type aliphatic polyamides such as PA66 and PA610, and PAG, respectively
are found to crystallize predominantly in the so-called a form, which consists of stacks of
hydrogen-bonded sheets with the chains in an all-frans conformation. Fiber X-ray diffraction
patterns show similar crystallographic unit cell parameters in all cases, with the exception
of the c repeat distance;'%2163 for instance, a=4.9A, b=5.4A, c=17.2A, a =48.5°, f=77",
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¥y =63.5° for PA66,ora=4.95A, b=5.44, c=2244, a=49°, f=76.5° y=63.5° for PA610
(Figure 1.21a). The a structure in even-even aliphatic polyamides is associated with intense
X-ray Bragg peaks corresponding to d-spacings of 4.4 and 3.8 A, which correspond to the
spacings between the chains in the hydrogen bonding direction and the distance between the
hydrogen-bonded sheets, respectively (Figure 1.21h). 164,165 By contrast, even-odd, odd-even
and odd-odd polyamides crystallize in the so called y phase. The plane of the amide groups
tilts away from that of the methylene groups to allow formation of intersheet hydrogen bonds,
resulting in a reduction of the lattice parameter in chain length. Pleated sheet structures
of this type typically show a pseudo-hexagonal packing with a characteristic single, strong
hkO reflection. Pseudo-hexagonal packing is also seen in even AB-type polyamides such as
PA12, with comparatively long methylene chains, in which hence the optimization of the
interactions between the methylene groups becomes more important than hydrogen bonding
for the overall crystal stability (Figure 1.215).!%6 Changing the crystallization conditions or
varying external parameters such as the water content or applied strain may also result in
changes in the crystalline phase of a polyamide.

For instance, the monoclinic a structure of PA6, in which the all-trans hydrogen-bonded
chains are antiparallel, is obtained preferentially from solution, while rapid crystallization
from the melt may give rise to a pseudo-hexagonal phase that has been associated with
parallel hydrogen-bonded chains with a distorted conformation (Figure 1.21¢).!%! A re-
versible transformation between the a phase and a pseudo-hexagonal phase may also be
induced in many polyamides upon heating, known as the “Brill transition”. The temperature
at which the structural transition takes place is called the “Brill temperature” (7). This phe-
nomenon was first reported for PA66'7° (Figure 1.21d), but has since been observed in various

polyamides, 167,171-175

although it is still not fully understood, and neither its dependence on
the thermal history, heating rate, or initial crystallization conditions. Similar modifications in

structure may also be observed upon stretching.!6!

The supramolecular organization of the aliphatic polyamides has been widely studied using
electron microscopy. It was found that the polyamide crystals typically feature re-entrant
chain folding, so that the long polymer chains are accommodated in the crystal entity in a
similar way to semicrystalline polyethylene. In this context, Dreyfuss and Keller investigated
chain folding behavior of solution crystalized PA66 both wide-angle X-Ray diffraction and
small-angle X-Ray scattering (WAXD and SAXS).!7® They observed a lamellar thickness of
about 5.5 nm for PA66, corresponding to only 3.5 monomer repeat units, due to the more
favorable folding of the diamine segments (Figure 1.21e). Similar chain-folded crystalline
lamellae form spherulites by crystallization from melt, but chain folding has been argued to
be less regular than for solution-crystallized polymers, comprising loose amorphous chain

segments.!””

The morphology of aramids is somewhat different to that of aliphatic polyamides. Several
groups studied the structure and morphology of aramids, focusing on poly(p-phenylene

terephthalamide) (PPTA or “Kevlar®”) fibers, which have superior mechanical properties.!”®
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Figure 1.21. a) PA66 crystallizes in a@ phase with the chains in an all-trans conformation, forming
hydrogen-bonded sheets that are stacked along the b-axis. PA66 has a triclinic unit cell with lattice
parameters a=4.9 A, b=54A c=172A, a =485 °, =77 °, y=63.5 °. b) Wide-angle X-Ray
diffractograms of the “even-even” AABB-type polyamides PA66 and PA610, and the “even” AB-type
polyamide, PA12. The wide-angle X-Ray diffraction (WAXD) patterns shown for PA66 and PA610 are
characteristic of the @ phase, with two intense Bragg peaks at 20.2 ° and 24 ° associated with intrachain
distances within and between the hydrogen-bonded sheets, respectively. The WAXD pattern for PA12,
on the other hand, shows only a single strong reflection characteristic of the y phase. ¢) By altering
the crystallization conditions, PA6 may form the a or y phase, with the hydrogen-bonded chains
are antiparallel and parallel, respectively. d) WAXD patterns at different temperatures showing the
transition to pseudo-hexagonal packing on heating the @ phase of PA66. The transition temperature
is referred to as the Brill temperature. e) AFM amplitude image of semicrystalline PA66 showing
chain-folded crystalline lamellae, which in turn aggregate to form spherulites. Figure adapted from
refs. [162,166-169].

Northolt and Tadakoro and coworkers independently reported the crystal structure of PPTA
determined from X-ray diffraction.!”®-181 The diffraction pattern of fibers spun from an
anisotropic solution indicated a monoclinic (pseudo-orthorhombic) unit cell containing
two polymer chains (Figure 1.22a,b). Two years later, Takayanagi and coworkers found
two crystal structures in PPTA fibers coagulated with different solvents.'®? The structure
of Northolt and Tadakoro termed “modification I” was formed by coagulation of a PPTA
solution in sulphuric acid using organic solvents such as acetone, ethanol, or methanol,
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whereas a second polymorph, “modification II” (Figure 1.22¢), was obtained with water as the
coagulant, and also comprises two polymer chains per unit cell. Moreover, depending on the
polymer concentration in sulfuric acid solution, modification II may transform irreversibly to
modification I upon annealing.'®>183 WAXD of PPTA fibers suggested a very high degree of
order in PPTA fibers with only a small fraction of amorphous phase, which was detected from
the equatorial scans (Figure 1.224).178.184
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Figure 1.22. Crystal structure of poly(p-phenylene terephthalamide) (PPTA) based on X-ray diffraction
studies. a,b) Northolt and Tadokoro proposed a monoclinic (pseudo-orthorhombic) unit cell with
lattice parameters a=7.87 A, b="5.18 A, c=12.9 A and y = 90 ° containing two polymer chains. This
structure is also known as modification I. ¢) Representation of a second PPTA polymorph viewed along
the c-axis, known as modification II and may be obtained by using water as a coagulant. d) Equatorial
and meridional WAXD scans of PPTA fibers. The presence of sharp Bragg peaks and the absence of a
strong amorphous halo reflects the high crystallinity of the PPTA fibers. e) Schematic illustration of
microfibrils and skin-core structure of PPTA fibers. Figure reproduced from refs. [178,179,182].

The detailed morphology of PPTA fibers has been investigated using different techniques. It is
reported that a PPTA fiber consists of bundles of nanofibrils of about 600 nm in diameter, as
evidenced by optical microscopy.!® Using a combination of electron diffraction and electron
microscope dark-field image techniques, Dobb et al. proposed the radially organized “pleated”
sheet structure for PPTA fibers, which is superimposed onto the fibrillar structure along
the fiber axis.!® This periodic pleating has been confirmed to be a characteristic feature
of oriented liquid crystalline polymers.'® Furthermore, optical microscopy and scanning
electron microscopy of normal and etched PPTA fibers have shown a clear differentiation
of the skin and core parts of the PPTA fibers (Figure 1.22¢). Panar et al. have postulated a
structure in which fibrils located in the skin are axially oriented, whereas the fibrils in the core

are partly disordered.'8

Semiaromatic polyamides can be regarded as a compromise between aliphatic and aromatic
polyamides with regard to their physical properties, although they may also show unique
morphological properties. Considerable research has focused on semiaromatic polyamides
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containing terephthaloyl and aliphatic segments. For instance, Rastogi and coworkers made a
structural study of semiaromatic polyamides prepared by the solution-phase polycondensa-
tion of p-phenylene diamine with various aliphatic diacid chlorides containing 3, 4, 6 and 8
methylene units.'8” On the basis of quantitative WAXD analysis and molecular simulations,
they found the polymer chain conformation and chain packing to depend on the number of
methylene units in the polymer backbone. In spite of their semicrystalline nature, no melting
transitions were observed for polyamides with fewer than 8 methylene segments.'®” The
length of the aliphatic segment is, hence, a key design parameter for processable semiaro-
matic polyamides. An example of this is provided by the long aliphatic segments containing
semiaromatic polyamide, poly(nonamethylene terephthalamide) (PA9T), commercialized
as Genestar'™ 188,189 Recently, Tashiro et al. studied the thermally induced phase transition
behavior of PAIT and proposed a crystal structure for this polymer (Figure 1.23).1%
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Figure 1.23. Tashiro et al. studied the crystal structure and phase transition behavior of semiaromatic
PA9IT. a) IR spectra of amide A (top) and methylene regions (bottom) of PA9T recorded from 27 to 330 °C.
The sharp and strong N-H stretching mode became weaker and shifted towards higher wavenumbers
with increasing temperature, indicating a decrease in the concentration of hydrogen-bonded amide
groups and a weakening of the hydrogen bond strength with increasing temperature. In addition, IR
bands associated with the methylene units became weaker and broader with increasing temperature,
indicating increased conformational disorder. b,c) Suggested crystal structure of PA9T derived from
2D WAXD patterns and computer modeling. The diffraction patterns were indexed assuming a or-
thorhombic unit cell with lattice parameters a=4.95 A, b=8.39 A, c = 38.6 A. Figure reproduced from
ref. [190].

Combinations of temperature dependent WAXD, SAXS and IR techniques have shown two
phase transitions at temperatures of about 190 °C and 270 °C, respectively (Figure 1.23a). In
the first transition, the aliphatic segments became disordered and the strength of hydrogen
bonding diminished, while in the second transition, disorder became even more pronounced
and the hydrogen bonds fully broke. Tashiro et al. suggested the molecular chains to adopt
all-trans conformations in the low temperature phase and to be organized into hydrogen-
bonded sheets stacked along the b-axis, with the aromatic groups tilted out of plane resulting
in local herringbone structures (Figure 1.23b,c), which is a common feature of many benzene-

containing polyamides.'80:187,191-195

30



1.4. The Amide Motif in Polymers: Polyamides

By decreasing the length of the aliphatic segment in polyamides comprising terepthalolyl (T)
repeat units, the melting point increases into a non-processable range. PA6T has a higher melt-
ing point (370 °C) than its degradation temperature (350 °C) and is thus not suitable for melt
processing. One way to circumvent this problem is to introduce a kinked comonomer, such as
an isophthalic (I) unit, at random locations in the PA6T chain backbone. Reducing the regular-
ity of the polymer backbone results in melting points of around 315 °C for poly(hexamethylene
terephthalamide-co-isophthalamide) PAG6TI, containing 30 mol% I units.!% This polyamide
has exceptional mechanical properties, and is commercially available from EMS Grivory.'%
Recently, Frauenrath et al. reported the detailed structural characteristics of PA6TI (Fig-
ure 1.24).168198199 By combining selected area electron diffraction (SAED) with WAXD anal-
ysis, they identified the crystalline phase with a triclinic unit cell containing a single PA6T
chemical repeating unit (Figure 1.24b).

As in other even-even aliphatic polyamides, the crystal structure was composed of stacks
of hydrogen-bonded sheets with the methylene segments in an all- trans conformation and
in which the benzene rings are slightly tilted with respect to the amide groups, leading to
optimized hydrogen bond and n-r distances (Figure 1.24b). Moreover, SAXS analysis revealed
the thickness of the crystalline lamellae to be about 2 nm, corresponding to only 1.5 times the
crystallographic repeat distance along the chain axis (Figure 1.24¢). The authors therefore
suggested that the crystalline lamellae were composed of (T6T) sequences. AFM images
confirmed the lamellae to form spherulites with fibrillar morphologies similar to those seen in
aliphatic polyamides (Figure 1.24d).2%

Figure 1.24. a) Chemical structure of semiaromatic polyamide poly(hexamethylene terephthalamide-
co-isophthalamide) (PA6TI) prepared by the copolymerization of rigid terephthalic acid (T) and isoph-
thalic acid (I) monomers with hexamethylene diamine. b) Crystal structure of PA6T determined from
selected-area electron diffraction of an oriented PA6TI thin film. The observed reflections were indexed
using triclinic unit cell with lattice parameters a=5.02A, b=5.4A, c=16.4A,  =50.5 °, =79 °, y =94°.
¢) The 1D SAXS correlation function was used to estimate the lamellar thickness (/) and long period (L)
of the PA6TI, under the assumption of two-phase model (insert). d) AFM amplitude images of PA6TI
revealed well-defined spherulitic textures similar to those in aliphatic PA66. Figure reproduced from
refs. [168,198,199].
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Transamidation during high temperature processing is not only a powerful alternative method
for the preparation of novel polyamide-based materials but also compatible with materials
processing on the industrial scale.?1~203 Frauenrath et al. chose to combine the semiaromatic
polyamide PA6TI with selected aliphatic polyamides (PA66, PA610 and PA12) (Figure 1.25).168
Mass spectrometry, determination of the glass transition temperatures, melting temperatures
and enthalpies, as well as atomic force microscopy showed melt extrusion of the even-even
semiaromatic polyamide PA6TI with either of the even-even aliphatic polyamides PA66 or
PA610 to result in homogeneous random copolymers with a microstructure similar to neat
PAG6TI (Figure 1.25a,b). By contrast, transamidation was shown to be less efficient in the
case of PAGTI extruded with the aliphatic polyamide PA12 because of macroscopic phase
separation (Figure 1.25c¢). The authors argued that the different hydrogen bonding patterns
and the consequent low initial miscibility in this case severely limit the rate and extent of
transamidation during extrusion.
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Figure 1.25. Frauenrath et al. reported the efficient formation of random copolymers by transamidation
during melt compounding of semicrystalline semiaromatic polyamides and certain semicrystalline
aliphatic polyamides. @) MALDI-TOF mass spectra of the PA6TI blended with 50 wt% PA610 in melt
and in solution. The appearance of the new peaks (marked in red) in the melt-compounded spectra
indicated efficient transamidation resulting in random copolymers b) Correlation lengths deduced
from SAXS as a function of aliphatic polyamide reveal the lamellar thickness (J) to be similar for almost
all the materials, while the long period (L) varies somewhat. ¢) Nomarski differential interference
contrast images of the PA6TI-PA12 blends showed phase separated domains. Figure reproduced from
ref. [168].

From the examples above, it is evident that the morphology of polyamides is quite com-
plex, and governed mainly by intermolecular hydrogen bonding, that is transverse to the
polymer chain axis. Varying the crystallization and processing conditions may enormously
influence the morphology, including the crystalline form, crystallinity, and lamellar thick-
ness. While fully aromatic aramids typically show a stiff rod-like polymer chain conformation
and extended chain crystallites, aliphatic and semiaromatic polyamides form chain-folded
crystalline lamellae composed of stacked hydrogen-bonded sheets that aggregate to form
spherical entities called spherulites. In contrast to other flexible and semi-flexible polymers
these crystalline lamellae may show thicknesses of as little as about 2 nm, corresponding
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to only 1-1.5 crystallographic repeat units along the chain axis.!9%199.204205 Consequently,
the degree of order may vary substantially at a given nominal lamellar thickness, resulting in
absence of a sharp transition between crystalline and the amorphous phase.

1.4.4 Properties and Applications of Polyamides

Polyamides are one of the most versatile classes of “engineering polymers”, as they show
excellent thermomechanical properties and have a correspondingly wide range of applications
in almost every industrial sector, ranging from textiles and clothing to food packaging.'3’
For example, the most common aliphatic polyamides, PA6 and PA66, which combine high
strength, stiffness and ductility, are widely used in commercial fibers for carpets, clothing and
seatbelts, as well as in high performance injection moldings for use in the automotive industry.
Changing the chemical composition of the monomers (aliphatic or aromatic) is a common
way to tune the thermomechanical properties of polyamides. In this regard, combinations
of aliphatic monomers with suitable functionalities for polycondensation, lead to aliphatic
polyamides with different amide densities, which has a paramount importance for moisture
absorption and chemical resistance as well as thermomechanical properties.

Table 1.2: Thermomechanical properties of aliphatic, semiaromatic polyamides (poly(m-xylene adi-
pamide) (MXD6), PA6TI) and aramids (Nomex®, Kevlar®) with steel as a reference. The values for the
tensile strength (o max ), stiffness (E), and elongation at break (e},) may vary depending on processing
conditions. Data from refs. [198,199,206-209]

Material plg/ cm?] Tm [°C] Omax [(MPa] E [GPa] €p [%]
Aliphatic PA 1.13-1.35 166-315 50-100 1-5 30-200
MXD6 1.22 237 99 4.7 2.3
PAGTI 1.44 325 120-125 3.7-4.0 10
Nomex 1.38 >3502 500-1400 11-22 10-30
Kevlar 1.4-1.5 >5002 2800-3500 70-180 2-4
Steel 7.8-8.0 1400 1500 200 1

4 Decomposition temperatures for Kevlar® and Nomex®

Aromatic repeating units, on the other hand, increase the chain rigidity, which results in better
thermomechanical properties at higher temperatures. In case of the aramid, Kevlar®, the
rigidity of the fully aromatic backbone, hydrogen bonding, tight packing between the polymer
chains, and extensive -7 stacking gives rise to specific tensile strengths greater than steel.2’
By using the corresponding meta-subtituted diamine and diacyl chloride, a “kinked” aramid
known as Nomex® can be obtained. The introduction of the kinked substituent reduces the
overall crystallinity, leading to a decrease in strength and stiffness but increased ductility and
flexibility compared to Kevlar®, but comparable chemical and heat resistance (Table 1.2)

owing to the high dissociation energies of their C-C and C-N bonds (about 20% higher than in
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aliphatic polyamides).?!? At the same time, strong hydrogen bonding and high chain rigidity
211

translate into higher glass transition temperatures compared with aliphatic polyamides.
The outstanding mechanical properties of Kevlar® make it in principle attractive for replacing
metals. However, processability, efficiency, low-cost, and high throughput are crucial for
industrial processes. High throughput typically requires melt processing, which rules out
aramids for many applications.!3” Semiaromatic polyamides may be melt-processed and
hence provide a viable alternative, and are considered to be promising candidates for the
replacement of metals in advanced engineering applications, such as lightweight structural
parts in the automotive and aerospace industries. However, a good balance between the
proportions of aromatic and aliphatic segments is necessary in order to achieve tailorable
mechanical properties, while keeping the processing window within a reasonable temperature
range (200-300 °C) so as to avoid excessive degradation.

1.5 Scope and Outline of this Thesis

From the examples presented in the previous sections, it becomes evident that the balance of
order and disorder across different length scales has a significant importance in the resulting
macroscopic properties of a material. Therefore, the control of the disorder and defects
in partially ordered polymer semiconductors has recently become of interest for obtaining
novel, mechanically durable polymer semiconductors. In this regard, a promising approach
is the use of hydrogen bonding motifs that promote specific non-covalent intermolecular
interactions, due to their combination of moderate strength and directionality. Hydrogen
bonding was successfully applied in many different examples in both small molecule organic
and polymer semiconductors. However, there is still a lack of clear guidelines on how to design
hydrogen-bonded organic semiconductors.

In the present thesis, we therefore aim to explore the use of amide hydrogen bonding sites
incorporated in the substituents attached to n-conjugated chromophores as a means to guide
the supramolecular arrangement of the chromophores in the solid-state, their crystallization,
and the morphology of thin films from these materials, and their optoelectronic properties. To
this end, two different classes of materials based on either small molecule organic or polymer
semiconductors will be investigated in two complementary approaches: (i) incorporating ter-
minal hydrogen bonding sites into terminal substituents of 7-conjugated organic molecules,
such as oligothiophenes (Chapters 2 and 3); (ii) incorporating p-type or n-type semiconduct-
ing cores, such as bithiophene (Chapter 4) and dicyanoperylene bisimide (Chapter 5), into a
polyamide. We intend to address the following research questions:

¢ Which effect do the amide hydrogen bonding sites incorporated in the terminal sub-
stituents of calamitic 7-conjugated molecules have on the solid-state organization and
the optical properties of the molecules? Does a spacer, that separates the chromophore
and the hydrogen bonding sites play a critical role? To address these questions, we
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intend to develop detailed structure-property relationships by preparing two series of
bithiophene derivatives with amide and ester functions in the terminal substituents,
separated from the core with differently long alkyl spacers (Chapter 2).

* What is the influence of the amide hydrogen bonding incorporated in the terminal
substituents of calamitic 7-conjugated molecules on the thin film growth and morphol-
ogy as well as the macroscopic charge transport? To be able to address this question,
we will focus on a quaterthiophene derivative, a core that has been well investigated
in the literature, has an extended n-system for macroscopic charge transport, and is
synthetically easily accessible. We will prepare derivatives with amide or ester functions
in the terminal substituents and compare the solid-state organization and macroscopic
charge transport behavior of the thin films (Chapter 3).

* Can we add optoelectronic functionality to polyamides by incorporating p-type or n-
type m-conjugated segment repeat units into the polyamide, while maintaining the
thermomechanical characteristics of typical engineering polyamides? To this end,
we will synthesize semiaromatic polyamides containing bithiophene (Chapter 4) or
dicyanoperylene bisimide (Chapter 5) repeat units and investigate their microstructure,
thermomechanical characteristics, and optoelectronic properties in detail.

The results achieved during the present thesis will be presented in the style of a cumulative
dissertation, including all supplementary information. Chapter 3 is a part of an article, that
is published in Chemistry — A European Journal, while Chapter 4 corresponds to an article
published in Journal of Materials Chemistry C. Furthermore Chapters 2 and 5 are drafts of
two manuscripts that will be submitted to peer-reviewed journal in due course.
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The results presented in this chapter are part of a manuscript in preparation. Ozen, B.; Tirani, E E; Schenk
K.; Scopelliti, R.; Frauenrath, H. "Structure-Property Relationships in Bithiophenes with Hydrogen-Bonded Sub-
stituents".
B.O. performed the chemical synthesis, thermal, spectroscopic characterization and prepared the crystals
suitable for single-crystal X-ray measurements, which were solved and refined by EET. and R.S. The calculation of
pitch and roll angles was performed by K.S. together with EET. and B.O.



y4 Bithiophenes with Hydrogen-Bonded
Substituents

The use of crystal engineering to control the supramolecular arrangement of 7-conjugated
molecules in the solid-state is of considerable interest for the development of novel organic
electronic materials. In the present study, we investigated the effect of combining of two
types of supramolecular interactions with different geometric requirements, amide hydro-
gen bonding and m-interactions, on the m-overlap between calamitic 7-conjugated cores.
To this end, we prepared two series of bithiophene diesters and diamides with methylene,
ethylene, or propylene spacers between the bithiophene core and the functional groups in
their terminal substituents. The hydrogen-bonded bithiophene diamides showed significantly
denser packing of the bithiophene cores than the diesters and other known a, w-disubstituted
bithiophenes. The bithiophene packing density reach a maximum in the bithiophene diamide
with an ethylene spacer, which featured the smallest longitudinal bithiophene displacement
and infinite 1D arrays of electronically conjugated, parallel, and almost linear N-H---O=C
hydrogen bonds. The synergistic hydrogen bonding and 7-interactions were attributed to the
favorable conformational mechanics of the ethylene spacer and resulted in H-type spectro-
scopic aggregates in solid-state absorption spectroscopy. These results demonstrate that the
optoelectronic properties of 7-conjugated materials in the solid-state may be tailored system-
atically via side chain engineering, and hence that this approach has significant potential for
the design of organic and polymer semiconductors.
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2.1 Introduction

Functional 7-conjugated compounds, including both small molecules and polymers, have
been widelyused as organic semiconductor materials in organic field-effect transistors,® pho-
tovoltaics,?!? light-emitting diodes,?'® and other functional devices.?!# Molecular orientation
and efficient intermolecular n-overlap at the supramolecular level are known to be highly
important for the optoelectronic properties of such materials.?1>2!” Molecular design strate-
gies leading to improved control over their supramolecular arrangement in the solid-state
should therefore be of considerable interest for the development of novel organic electronic
materials.

Most investigations to date have focused on the use of non-functional substituents, such
as alkyl residues. These serve both as solubilizing agents and to direct structure formation,
guiding crystallization and molecular orientation in the solid-state.?'®?2* When terminal
a, w-dialkyl substituents are introduced into calamitic (rod-like) 7-conjugated compounds,
the molecules typically organize into layered-herringbone (LHB) structures, which are known
to result in favorable two-dimensional charge transport pathways.??® This particular packing
motif is observed in many prototypical high-performance organic semiconductor materi-
als based, for example, on pentacene 226 o1 benzothieno(3,2- D] [1]benzothiophene (BTBT)

224,227 228-230

cores, among others.

Another strategy has been to explore the use of functional groups that provide additional

232 or other

non-covalent interactions, such as hydrogen bonding,?3! halogen interactions,
specific short contacts, as “conformational locks”.?3® Hydrogen bonding has proven to be
particularly useful as a structure-directing interaction because of its directionality and short-
range character.® Hydrogen bonding sites may be introduced into organic electronic materials
in geometrically different ways. For instance, hydrogen bond donors and acceptors may be
part of the m-conjugated cores themselves, resulting in hydrogen bonding within the planes

120 28

defined by these cores. Examples include certain perylene bisimide,'?° epindolidone,!

quinacridone,'?! azaphenacene,?3* ellipticine,?3® diketopyrrolopyrole, or indigo?3® derivatives.
Some of these small hydrogen-bonded molecules exhibit promising optoelectronic properties

as compared with the corresponding non-hydrogen bonded analogues.

There has likewise been interest in the effect of end groups that give rise to terminal hy-
drogen bonding interactions aligned along the long axis of the n-conjugated cores, as in
a, w-dihydroxyl-substituted BTBT !3! and sexithiophene '3 derivatives, or @, w-dicarboxylic
acid-substituted quaterthiophenes .37 In all of these cases, the molecules remain organized
into lamellar structures, but with additional interlamellar hydrogen bonding. This may lead to
improved performance in field-effect transistors or photovoltaic devices, as well as greater
longevity under ambient conditions.

Hydrogen-bonding interactions aligned with the n—7 stacking direction have also frequently

been used to promote supramolecular self-assembly in solutions of, for instance, oligothio-

110,113,118,119,238-243

phene or perylene bisimide?38244-250 derivatives, for example. The result-
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ing one-dimensional nanostructures have been investigated as model systems for understand-
ing charge transport mechanisms and, in some cases, have been employed as active materials
in organic devices.!'®!!9 Hydrogen-bonded side chains have also proven to be of interest for

polymer semiconductors, 134135

whose the solid-state morphology may be modified by incor-
porating amide functions, resulting in improved performance in both field-effect transistors
and photovoltaic devices compared with their non-hydrogen bonded counterparts. Similarly,
introduction of 7-conjugated segments into polyamides has recently been reported to pro-
vide materials that combine promising optoelectronic properties with mechanical properties
comparable to those of structural polyamides.?®! Moreover, the use of hydrogen-bonded
acetamide end groups was reported to induce tighter packing of quaterthiophene derivatives
than in related quaterthiophene acetates, resulting in more efficient m-overlap and a stronger
tendency to form well-ordered lamellar structures, and excellent performance in organic
field-effect transistors.?>> However, systematic investigations of this type of hydrogen-bonded
organic semiconductors have rarely been reported for crystalline materials of low molecular

weight -conjugated compounds.

Here, we investigated the influence of hydrogen-bonded substituents on the packing in
two series of the bithiophene derivatives 1a—c and 2a—c with, respectively, ester and amide
functions in the terminal substituents, separated from the core with alkyl spacers of different
lengths (Figure 2.1). We thus introduced hydrogen-bonding interactions parallel to the
crystalline layers of the calamitic 7-conjugated molecules. From a detailed comparison of the
single-crystal X-ray structures of these compounds and their optical properties, we conclude
that hydrogen-bonded amide end groups result in an overall denser packing of the bithiophene
cores than for the corresponding ester end groups, which is accompanied by smaller pitch
angles, increased n-overlap, and stronger H-type coupling in their absorption spectra.

Esters Amides
o] H o]
o) s AU N N s\
P » S O/ N < ~ N/\/
0 o) H
1a 2a
2 i 1 i M
N, S. 0. N S, N
O \ S I ~ H S s ) ~N
1b 2b
o) H o]
o) s U\ N A
g L s o~ e L) s N
o) o) H
1c 2

Figure 2.1. Structures of the bithiophene derivatives functionalized with ester or amide groups investi-
gated in this work.
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2.2 Results and Discussion

2.2.1 Synthesis of the Bithiophene Diesters and Bithiophene Diamides

The synthesis of the bithiophene diesters 1a—c and the corresponding diamides 2a-c with
methylene, ethylene, propylene spacers between the bithiophene core and the amide or
ester functionalities started from the thiophene-2-acetic 3a, thiophene-2-propionic 3b, and
thiophene-2-butyric acids 3c, respectively (Scheme 2.1). The bithiophene diesters 1a-c
were synthesized starting from the thiophene carboxylic acids 3a—c, which were subjected to
an acid-catalyzed esterification in refluxing MeOH to give the corresponding methyl esters
4a-c in almost quantitative yields. A subsequent Pd-catalyzed oxidative homocoupling using
AgF did not yield the desired product 1a. We instead performed a Pd-catalyzed oxidative
homocoupling using oxygen as the oxidant in DMSO/TFA at 60 °C following Wang et al.?>3
Both reaction conditions gave the desired bithiophene diesters 1a—c on multigram scales in
yields of 26%, 59%, and 60%, respectively.

S. OH S, Cl
\_/ "O n=1, 3a @/\for

n=2,3b
‘a) n=3, 3c ‘f)

N "L p=1, 42, 95% b) @/\rrN\/\
n=2, 4b, 9% c) o 6a, 91%

n=3, 4¢, 97% )
b0 9)
0 d) o} ) H 0
b e Houbh A on — L A~ A
S O S H — S N
S n\\_J A S n\\_J A S n\_J [
n=1, 1a, 26% n=1, 5a, 9%6% n=1, 2a, 34%
n=2, 1b, 59% n=2, 5b, 91% n=2,2b,79%
n=3, 1¢, 60 % n=3, 5¢, 95% n=3, 2¢, 87%

Scheme 2.1. Synthesis of bithiophene diesters 1a-c and bithiophene diamides 2a-c. Reagents and
conditions. a) H,S0, (96%, cat.), MeOH, reflux, 8 h, 97% yield; b) Pd(OAc),, TFA, DMSO, 60 °C, 48 h,
26% yield; ¢) AgE (C;H;CN),PdCl,, DMSO, 85 °C, 14 h, 60% yield; d) LiOH, THF/H, 0, reflux, 8 h, 95%
yield; e) EDCI, HOBt, DIPEA, propylamine, room temperature, 12 h, 87% yield; f) propylamine, 1 h,
91% yield; g) Pd(OAc),, TFA, DMSO, 60 °C, 48 h, 34% yield.

The amide-functional bithiophenes 2b-c were then prepared by saponification and subse-
quent amide coupling. The bithiophene diesters 1b—c were saponified using LiOH by refluxing
in a THF/water (1:1) mixture, which furnished the diacids 5b—c in almost quantitative yields
after acidification with 1 M HCI. Subsequent amide coupling reactions with propylamine using
EDCI/HOBt as coupling promoters resulted in the corresponding bithiophene diamides in
yields of 79% (2b) and 87% (2c). In the case of 2a, however, even though it was confirmed
by mass spectrometry, the product could not be isolated by either crystallization or column
chromatography. As an alternative route, the reaction of 2-thiopheneacetyl chloride with
propylamine furnished 6a in 90% yield (Figure 2.2). This intermediate was then subjected
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to Pd-catalyzed oxidative homocoupling oxygen as the oxidant in DMSO/TFA at 60 °C. The
crude product was purified by Soxhlet extraction with dioxane for 12 h, and the bithiophene
diamide 2a was isolated as a yellow solid in a yield of 34%.

Figure 2.2. Ball-and-stick representations of the single-crystal X-ray structure of 6a (CCDC 1951223).
The crystal contained eight molecules of 6a per orthorhombic unit cell Pca2;, with the lattice pa-
rameters a = 9.48958(16) A, b= 5.37710(10) A, ¢ =38.1047(6) A, and @ = f = y = 90 °. a,b) Unit cell
representation of 6a along crystallographic b-axis and a-axis, respectively. Along the crystallographic
a-axis, the adjacent thienyl cores arranged in edge-to-face arrangement, exhibiting intermolecular
C---S and C---C close contacts of 3.460 and 3.923 A within the close pairs, respectively. The amide groups
in side chains organized almost orthogonal by an angle of 86.9 ° to the thienyl plane, with two different
hydrogen bonding distances of 2.867 and 2.906 A (all hydrogen atoms except those that participate in
hydrogen bonding have been omitted for clarity).

2.2.2 Single-Crystal X-Ray Structures

Recrystallization of the bithiophene derivatives either by slow evaporation of a solution in
dichloromethane (1a and 1c) or ethyl acetate (1b), or by vapor diffusion of n-heptane into a
dimethyl sulfoxide solution (2a) or a dioxane solution (2b and 2c) gave single-crystals with
sufficient quality for single-crystal X-ray structure analysis (Figure 2.3). A common feature
of all six crystal structures was that the bithiophene cores were planar with the thiophene
rings arranged in an anti-conformation, similar to other examples of oligothiophenes.?!®
Moreover, the bithiophene cores were tightly arranged layers in parallel-displaced stacks or
2D herringbone layers, that is, packing patterns typical of extended n-conjugated systems

(Table 2.1).
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a) b)

200 pm

Figure 2.3. Representative polarized optical microscopy images of a—c) bithiophene diesters 1a-c, and
d—f) bithiophene diamides 2a—c using polarized optical under cross polarizers.

The bithiophene diester 1a crystallized with the space group P1 and one molecule in the unit
cell.The lattice parameters were a = 5.6993(3) A, b=8.0985 (4),, c=8.1101(4) A, @ =92.722 (5) °,
B =108.178(5) °, and y = 92.269(4) ° (Figure 2.4a,b). The bithiophenes were arranged in parallel-
displaced n—m stacks along the crystallographic a-axis with a tilt angle of the bithiophene long
axis relative to the aclayer normal of 58.5 ° and an interlayer distance of 3.644 A, resulting in
intermolecular C---C, C---S, and S---S close contacts of 3.777, 3.682, and 4.161 A, respectively
(Figure 2.4b). The functional ester groups were tilted away from the plane of the planar
bithiophene core at an angle of 47.6 ° and arranged in opposite directions in neighboring
layers, with C-CH,~C(=0)-0 and CH,-C(=0)-O-CHj, dihedral angles of 163.7 ° and 176.7 °,
respectively.

A change in spacer length from 7n =1 to 2 or 3 methylene groups resulted in a change in the
packing motif of the bithiophene diesters. The bithiophene diesters 1b and 1c both crystallized
with the space group P2;/c and two molecules per unit cell. The respective lattice parameters
were a=14.0916(5) A, b=7.5029(2) A, c=8.6268(3) A, « =90°, § =104.543(4) °, and y = 90 °
(Figure 2.4¢,d) and a=15.4717(4) A, b=6.05317(14) A, c=8.6742(2) A, « =90°, f=102.078(3) °,
andy =90° (Figure 2.4¢,f), respectively, comprising two molecules in the unit cell in both cases.
In marked difference to 1a, the bithiophene cores of 1b and 1c were organized into a typical
lamellar 2D herringbone arrangement parallel to the crystallographic ac and bc planes with
similar herringbone angles of 73.0 ° and 71.6 ° between adjacent edge-to-face bithiophenes
but very different respective tilt angles of 33.1 ° and 55.3 ° of their bithiophene long axes with
respect to the layer normals. This arrangement resulted in intermolecular C---C, C---S, and
S---S close contact distances between the edge-to-face and parallel-displaced bithiophene
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cores of 3.947, 3.621, and 4.003 A in 1b, and 3.985, 3.516, and 3.809 A in 1¢ (Figure 2.44,/).
The ester substituents in 1b were closer to trans-conformation with CH,~CH,-C(=0)-O and
CH,-C(=0)-0O-CH, dihedral angles of 170.05 ° and 179.7 °, than in 1¢ with dihedral angles of
167.0 ° and 176.4 °. Moreover, the terminal ester segments in 1b were tilted away from the
plane of the planar bithiophene core by an angle of 52.0 °, almost twice as large as observed in
1c (24.8°).

Figure 2.4. Ball-and-stick representations of the single-crystal X-ray structures of the bithiophene
diesters 1a—c. Unit cells and short contacts of a,b) 1a (CCDC 1951216), ¢,d) 1b (CCDC 1951217), and
e,f) 1c (CCDC 1951218).

The bithiophene diamides 2a, with methylene spacers and 2b, with ethylene spacers, crys-
tallized with the space group P2;/c and two molecules per unit cell. The respective lattice
parameters were a=17.114(3) A, b=5.7214(7) A, ¢=9.5335(14) A, a =90 °°, f = 101.820(8) °,
andy =90° (Figure 2.5a,b), and a=21.8811(10) A, b=4.88737(14) A, c=9.4412(4) A, a =90°,
B =98.204(4) °, and y =90 ° (Figure 2.5¢,d). In each case, the bithiophene cores were ar-
ranged in 2D herringbone structures layered parallel to the bc plane. However, whereas the
herringbone angle of 84.5 ° and the tilt angle of the bithiophene long axis relative to the
layer normal of 30.7 ° in 2b were comparable to values typically observed in 2D herringbone
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2

Figure 2.5. Ball-and-stick representations of the single-crystal X-ray structures of the bithiophene
diamides 2a-c. Unit cells, and short contacts of a,b) 2a (CCDC 1951219), ¢,d) 2b (CCDC 1951220), and
e,f) 2c (CCDC 1951221). Hydrogen bonds observed in the bithiophene diamides 2a—c are marked with
blue dashed lines.

arrangements of other oligothiophenes,?5%254255

an unusually small herringbone angle of
52.7 ° and a somewhat larger tilt angle of 41.3 ° were observed in 2a. The intermolecular C---C,
C---§, and S---S close contact distances between the edge-to-face dimers were 3.720, 3.619, and
3.887 A in 2a, and 3.765, 3.556, and 3.563 A in 2b (Figure 2.5b,d). Moreover, both compounds
exhibited N-H---O=C hydrogen bonds parallel to the crystallographic bc plane between the
amide groups of neighboring molecules. The amide units exhibited H,C-HN-C(=0)-CH,, and
NH-C(=0)-CH,~C dihedral angles of 175.3 © and 162.0 ° in the case of 2a as well as 174.6 ° and
132.5 ° in the case of 2b. It is worth noting that, in the case of 2a, the plane that contained the
amide group was almost orthogonal with the plane of the planar bithiophene core, with an

angle of 85.9 °, whereas a much smaller angle of 57.0 ° was observed for 2b.
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Finally, the bithiophene diamide 2c showed a very large unit cell at 100 K that contained 30
independent molecules, for which refinement was difficult (Figure 2.6). On increasing the tem-
perature to 200 K, the unit cell decreased drastically in size, facilitating refinement, although
the propyl chains remained highly disordered. Unlike 2a and 2b, 2c¢ crystallized with a tri-
clinic unit cell P1 and one molecule per unit cell. The lattice parameters were a = 4.9848(4) A,
b =5.6250(5) A, ¢ =21.347(3) A, a = 90.584(9) °, f = 90.140(8) °, and y = 107.702(8) ° (Fig-
ure 2.5¢,f). The bithiophene cores were arranged in parallel-displaced n—n stacks along the
crystallographic a-axis, with a tilt angle of 40.5 ° of the bithiophene long axis with respect to
the layer normal, an interlayer distance of 3.641 A, and intermolecular C---C, C---S, and S-S
close contact distances of 3.827, 3.671, and 3.857 A, respectively (Figure 2.5f). Moreover, the
amide functions participated in intermolecular N-H---O=C hydrogen bonds between parallel-
displaced bithiophenes along the same direction (Table 2.2). The amide functions exhibited
H,C-HN-C(=0)-CH, and HN-C(=0)-CH,-CH, dihedral angles of 178.15 ° and 143.87 °, re-
spectively, while the plane of the amide units was tilted by 71.69 ° with respect to the plane of
the planar bithiophene core.

a)

Figure 2.6. Ball-and-stick representation of the ill-defined single-crystal X-ray structure of 2¢ a) viewed
along the crystallographic c-axis and b) the a-axis, at 100 K with lattice parameters a = 22.3869(15) A,
b=25.7597(16) A, ¢=30.9609(16) A, @ =96.751(5) °, = 95.932(5) °, and y = 108.448(6) ° (all hydrogen
atoms have been omitted for clarity).
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2.2. Results and Discussion

2.2.3 Compatibility of 7-Interactions and Amide Hydrogen Bonding

In summary, all six crystal structures showed the typical packing motifs of the bithiophene
cores, and the three bithiophene amides 2a—c also showed the expected amide hydrogen
bonding. Nevertheless, there were significant differences in the molecular packing, both
between the two series and between molecules with different spacer lengths within each
series.

> D"

b) e

1c 2

Figure 2.7. Bithiophene packing of a—c) diesters 1la—c and d—f) diamides 2a—c. Hydrogen bonding
patterns observed in bithiophene diamides 2a—c are marked with dashed lines. Hydrogen bonding
(D-H---A) and herringbone angles are marked in blue and red colors, respectively.

Based on the known crystal structures of bithiophenes and higher oligothiophenes, a layered
2D herringbone packing of calamitic 7-conjugated molecules with typical herringbone angles
of 65-85 ° and tilt angles (between their long axis and the layer normal) on the order of 3045 °
may be argued to be optimum in view of their dispersive and quadrupolar interactions..?56:257
The bithiophene diester 1a may therefore be regarded as an outlier, presumably owing to the
insufficient conformational freedom of the methylene spacer between its bithiophene core
and the bulky and dipolar ester functions, which renders a parallel-displaced 7—mr stacked
arrangement preferable (Figure 2.7a). Although this constraint is apparently relaxed for the
ethylene and propylene spacers in the bithiophene diesters 1b and 1c¢, which both show

layered 2D herringbone packing, the tilt angle of 55.3 ° observed in 1c is unusually large
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(Figure 2.7b,c). Hence, it was only in the case of bithiophene diester 1b with the ethylene
spacer that the geometrical parameters of the 2D herringbone packing were consistent with
efficient 2D m-overlap between adjacent molecules.

Table 2.2: Hydrogen bonds observed in single-crystals of the bithiophene diamides 2a-c. Symmetry
transformations used to generate equivalent atoms: Lix1/ 2-y,-1/2+z; 2 X,-1+y,+z; 8 -14+x,-1+y,2

D-H---A d(D-H) [A] d(D-H) [A] d(D--A) [A] <(DHA) [°]
2a N(1)-H(1)--0(1)! 0.86 2.03 2.830(10) 153.9
2b N(1)-H(1)--0(1)? 0.86(3) 2.01(3) 2.877(2) 178.3
2c N(1A)-H(1A)--0(1)3 0.88 2.02 2.873(8) 162.0

Because of the partially covalent, short-range, and directional nature of the N-H:---O=C amide
hydrogen bonds,?* the constraints imposed by the coupling of the respective supramolecular
interactions between the bithiophene cores and the functional groups via the conformational
mechanics of the alkyl spacer were found to be even stronger in the case of the bithiophene di-
amides 2a—c (Figure 2.7d-f). Thus, the bithiophene diamide 2c exhibited a parallel-displaced
n—n stacked arrangement, in spite of the supposed conformational flexibility of its propylene
spacer (Figure 2.7f). Moreover, the diamide 2a showed a layered 2D herringbone arrange-
ment, but with an untypically small herringbone angle of 52.7 °, resulting in pseudo-parallel-
displaced columnar n—7 stacking (Figure 2.7d). Only the bithiophene diamide 2b with an
ethylene spacer showed a 2D herringbone packing with typical herringbone and tilt angles
(Figure 2.7e).

Amide A Amidel/1l
’\/\/_—_/
S !
= 1644 1554
s Y
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|
303 (omdio 2950 2™ v
(H, (asym.) 1638 1541
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3500 3300 3100 2900 2700 1600 1400
wavenumber / cm™

Figure 2.8. Solid-state IR spectra of the amide A and the amide I and II regions of bithiophene diamides
2a-c.
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The arrangement of the bithiophene cores also imposed constraints on the hydrogen bonding
interactions between the amide functions of 2a-c (Table 2.2). Thus, the comparatively small
N-H---O hydrogen bond angles of 153.9 ° in 2a and 162.0 ° in 2¢ indicated a more electrostatic
and less covalent hydrogen bond character than in 2b, with a hydrogen bond angle of 178.3 °.
Moreover, adjacent hydrogen bonds in which a single amide group participated as an N-H
donor and a C=0 acceptor were not parallel in the bithiophene diamide 2a but inclined by 59 °
and were therefore not electronically conjugated (Figure 2.7d). It was only in the bithiophene
diamide 2b, that we observed both 2D herringbone packing with typical geometric param-
eters and infinite 1D arrays of parallel and almost linear N-H---O=C hydrogen bonds. The
electronically conjugated nature of these hydrogen bonding arrays was also apparent from the
solid-state IR spectra where the N-H stretching (amide A) and C=0 stretching (amide I) vibra-
tions were both red-shifted compared with the other two bithiophene diamides (Figure 2.8).
That the conformational mechanics of the ethylene spacer in 2b apparently allowed for a
synergistic interplay of optimal 2D n-overlap and efficient amide hydrogen bonding, may be
regarded as a manifestation of an “odd-even” effect, which has been variously observed in the

packing of 7-conjugated molecules with strongly interacting side groups,?4%2°58-261

262-265

notably in
the topochemical polymerization of diacetylenes.

The result is nevertheless significantly denser packing of the bithiophenes. In each series, the
volume occupied by one bithiophene core within its sublayer (Table 2.1, Figure 7.2, Table 7.1,
Table 2.3) was the smallest for the derivatives 1b and 2b with ethylene spacers. More remark-
ably, all the bithiophene diamides 2a—c (214-221 A3) showed denser bithiophene packing than
the corresponding diesters 1a—c (236-298 A3), with a reduction of 25% for 2a versus 1a, 20% for
2cversus 1¢, and 10% for 2b versus 1b. These are densest bithiophene packings so far reported
among disubstituted bithiophenes, including the «a, w-dihexylbithiophene DHT2 (Figure 2.9),
@, w-dimethylbithiophene DMT2,25¢ and even the parent unsubstituted bithiophene 267268

(Table 7.1, Table 2.3).

This finding is also supported by an analysis of the pitch and roll angles as defined by Curtis
and coworkers,?% which describe the displacement of adjacent calamitic molecules along
their long and short axes, respectively (Table 2.1, Table 2.3). Only the bithiophene diamide
2b showed sufficiently small pitch and roll angles that imply an efficient 7-overlap between
neighboring molecules (Figure 2.10, Figure 2.11).
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2.2. Results and Discussion

Figure 2.9. Ball-and-stick representations of the single-crystal X-ray structure of DHT2 (CCDC 1951222).
Single-crystals of DHT2 were grown from a solution in ethanol at -5 °C by slow evaporation. DHT2
crystallized in the triclinic space group P1, with the lattice parameters a=5.7717(6) A, b=7.7801(9) A,
c=22.363(2) A, & = 99.154(9) °, f = 91.780(9) °, and y = 105.885(10) °. @) The unit cell of DHT2
viewed along the crystallographic a-axis, contained two independent molecules of DHT2. b) The
interlayer distance was 3.547 A, between parallel-displaced neighboring molecules. c) Illustration of
C---C, C---S, and S-S close contacts of 3.431, 3.849, and 3.697 A, respectively, between parallel-displaced
neighboring molecules. The molecular axis of the bithiophene was tilted by 66.17 ° with respect to the
layer normal. Furthermore, each hexyl substituent was almost in an all- trans conformation and tilted
differently with respect to the bithiophene core (5.23 ° or 67.83 °). d) Illustration of the pitch angle and
e) the roll angle of DHT2 (all hydrogen atoms have been omitted for clarity).

Table 2.4: Decomposition temperatures T, (from TGA, at 5 wt% mass loss), melting temperatures T,
and the absorption and emission maxima, 1,™* and 1,™, respectively, from UV-vis and fluorescence
spectroscopy.

T, T Aamax /lamax Aemax
[°C] [°C] (solution) [nm] (thin film) [nm] (solution) [nm]

la 253 76 317 319 380

1b 260 125 320 308 380

1c 271 61 323 326 382

2a 343 237 320 298 384

2b 324 211 320 291 383

2c 333 160 322 321 382

DHT2 257 30 321 326 382
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Figure 2.11. Nllustration of a—c) pitch angles, and d—f) roll angles of bithiophene diamides 2a-c.
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2.2.4 Thermal and Spectroscopic Properties
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Figure 2.12. Thermogravimetric analysis (TGA) scans of bithiophene a) diesters 1a—c, diacids 5a—c, and
b) diamides 2a—c, as well as alkyl substituted DHT2. c,d) Decomposition, T4, and melting temperatures,
T, of the bithiophene diesters 1a—c, dicarboxylic acids 5a-c, and diamides 2a—c as a function of the
spacer length. e) Normalized solution-phase UV-vis and fluorescence spectra (excitation at 325 nm) of
the different bithiophene derivatives in DMSO (c=0.01 mmol/L). f) Normalized UV-vis spectra of solid
thin films of the different bithiophene derivatives, prepared by spin-coating onto quartz substrates. g)
Plot of maximum absorption wavelengths in the solid-state absorption spectra as a function of volume
per bithiophene, h) pitch, and i) roll angles. Full symbols denote a herringbone packing, while empty
symbols indicate a parallel-displaced n—m stacked arrangement of the bithiophene cores.
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According to thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)
measurements, the bithiophene diesters 1a—c were stable up to at least 253 °C, and the bithio-
phene diamides 2a-c were stable up as much as 324-343 °C (Table 2.4, Figure 2.12a-d). The
melting points of 1a—c were significantly lower than those of the diamides 2a—c, decreased
with increasing spacer length n within both series (Figure 2.12¢), and showed a weak odd-even
effect, similar to that observed in aliphatic and semiaromatic polyamides when the length of
the aliphatic repeat units is varied.?’

As expected, all bithiophene derivatives showed almost identical solution-phase absorption
and emission spectra, with a single absorption band at around 320 nm and an emission at
383 nm, that is, a Stokes shift of 63 nm (Table 2.4, Figure 2.12¢). By contrast, the UV-vis
absorption spectra of solid samples, prepared by spin-coating on quartz substrates, became
broadened and there were clear differences between the different derivatives (Table 2.4,
Figure 2.12f). With the exception of 1¢ (and the dihexylbithiophene DHT2), which showed a
small solid-state red shift compared with the solution-phase spectra, the solid-state UV-vis
absorption maxima of all the bithiophene derivatives were blue shifted to 291-319 nm. This
hypsochromic shift may be attributed to the formation of spectroscopic H-aggregates in the
solid-state.

The observed H-type coupling was the strongest for the two bithiophene diamides 2a (298 nm)
and 2b (291 nm), which showed layered 2D herringbone structures, the densest packing
of the bithiophenes and the smallest pitch angles (Figure 2.12g,h). This implies the more
efficient m-overlap in these two bithiophene diamides, and particularly in 2b which showed
an even smaller roll angle than 2a (Figure 2.127), to have a significant impact on the electronic
interactions of the bithiophene cores.

2.3 Conclusions

In summary, we have synthesized two series of a, w-bithiophene diesters 1a-c and diamides
2a-c, in which the ester or amide functions are tethered to bithiophene core via short flexible
spacers with different lengths. In the crystalline state, the different compounds showed sub-
tle, yet important differences in their supramolecular arrangements. The hydrogen-bonded
bithiophene diamides 2a—c showed 10-25% denser packing of the bithiophene cores than the
corresponding diesters 1a-c. In particular, the bithiophene diamide 2b showed the densest
bithiophene core packing, the smallest pitch angle and a sufficiently small roll angle. It was
also the only derivative that featured infinite 1D arrays of electronically conjugated, parallel,
and almost linear N-H---O=C hydrogen bonds. This may be attributed to the favorable confor-
mational mechanics of the ethylene spacer, which enabled synergistic hydrogen bonding and
m-interactions. The resulting strong H-type coupling between the bithiophene cores in the
solid-state has considerable potential for the design of organic and polymer semiconductors

and photovoltaic materials with improved (photo)charge generation.?”%271
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The results presented in this chapter are part of the paper, which has been accepted for publication in
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testing (1 and 2). R.S. did the X-ray structure analysis. P. S. and C. C. performed DFT computations.



8] OFET Performance of a Hydrogen-
Bonded Quaterthiophene

The crystalline textures of thin films of 7-conjugated molecules play an important role in
the active layers of organic electronic devices. Improved control over their supramolecular
arrangement, crystallinity, and thin film morphology is therefore desirable. Here, we show
that hydrogen-bonded substituents may be highly effective in this respect, with direct benefits
for the device performance of p-type organic semiconductors. Thus, a quaterthiophene
diacetamide is found to show improved crystal packing efficiency than other quaterthiophenes
and hence enhanced intermolecular electronic interactions. These trends are maintained in
polycrystalline thin films, which showed a layer-by-layer morphology with large domain sizes
and high degrees of internal order. Organic field-effect transistors prepared from these thin
films consequently show charge carrier mobilities comparable with the highest mobilities
so far reported for single-crystalline quaterthiophenes. The use of amide hydrogen-bonded
substituents may therefore provide a general means of optimizing the performance of organic
semiconductor thin films and the performance of devices based on such materials.
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Chapter 3. OFET Performance of a Hydrogen-Bonded Quaterthiophene

3.1 Introduction

Crystalline thin films of 7-conjugated molecules have emerged as efficient semiconductors in
electronic devices such as organic field-effect transistors (OFETs),”?17272273 photovoltaics,?’*
light-emitting diodes,?' 2
large intermolecular m-overlap and macroscopically continuous charge percolation paths are

chemical sensors,>”® and other electronic devices.?’%2”7 Both a
required for good semiconducting properties. Therefore, materials with enhanced control over
the supramolecular arrangement of the 7—conjugated segments within the crystal structure,
the size of the crystalline domains, and the thin film morphology are desirable. To this end,
the modification of the 7-conjugated cores themselves, variation of molecular architectures
(for instance, linear, cyclic, or branched cores), decoration with non-functional solubilizing
groups (mostly linear or branched alkyl substituents), or the application of different processing
techniques (such as sublimation, spin- or dip-coating, or guided crystallization) have been
explored.?72273:278,219 Moreover, it has recently been demonstrated that a high degree of short-
range intermolecular order is an important performance parameter in the case of polymer

semiconductors.?

Hydrogen-bonded templates and substituents have proven to be useful structure-directing
groups to establish strong and specific intermolecular interactions that guide crystallization or
supramolecular self-organization.’®76:82280.281 Nevertheless, the effect of hydrogen-bonded
functional groups on the structure and properties of organic semiconductors in the solid-state
has not been extensively investigated until recently, supposedly because they were suspected
to serve as trap states.?®? The effect of hydrogen-bonded end groups on the charge carrier mo-
bility of certain sexithiophenes?®® and naphthalene diimides!3°
no improvement in device performance was observed. An @, w-hydroxypropyl-substituted sex-
ithiophene was found to exhibit enhanced layer-by-layer thin film growth and was successfully
used in thin film devices.!3? Hydrogen bonding has been employed in the solution-phase self-

assembly of oligothiophene derivatives into one-dimensional nanostructures;! 18:241,245.284-287

in OFETs was investigated but

but while field-effect devices have been used in some cases to determine the properties of
the resulting aggregates, the specific role of hydrogen-bonding for macroscopic device perfor-
mance was not systematically investigated in these studies. Only recently, it was shown that
hydrogen bonding positively affected the thin film packing of naphthalene diimide and dike-
topyrrolopyrrole (DPP) derivatives.?88289 According to computations on perylene bisimides,
hydrogen bonding interactions should have a beneficial effect on device performance.?%°
Consistent with these reports, experimental results for n-type semiconductors have indicated
no adverse effect of hydrogen bonding on transport properties.'?® Wiirthner and coworkers
even found that the N-unsubstituted octachloroperylene bisimide was an efficient n-type
organic semiconductor as a consequence of the dense “brickwork” crystal structure induced
by the hydrogen-bonded imides.'?° A similar beneficial effect of hydrogen bonding has also
been observed for low band gap polymers with hydrogen-bonded side chains.!3* Notably,
Glowacki et al. systematically studied hydrogen-bonded 7-conjugated compounds as charge-
transport materials in organic field-effect transistors.'?1124 For example, that OFETs printed
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from intermolecularly N-H---O=C hydrogen-bonded heteroacene pigments showed field-
effect mobilities as high as 1.5 cm? V! s7! and good device lifetimes even under ambient
conditions.'?? In all of these experimental examples, the hydrogen bonding sites were part
of and in plane with the respective n-conjugated systems. Here, we demonstrate that ter-
minal hydrogen-bonded substituents may be used to guide and improve crystallization of
calamitic -conjugated molecules, tailor their thin film morphology and improve the device
performance of the resulting p-type organic semiconductors. We observed that the crystalline
quaterthiophene diacetamide 1 exhibited significantly denser packing of the molecules in the
unit cell and improved n—interactions as compared with other quaterthiophenes,?%>291,292
including the closely related quaterthiophene diacetate 2 (Figure 3.1). We found this trend to
be maintained in the structure of crystalline thin films, whose morphology and domain sizes
may be tuned depending on the deposition conditions and dielectric surface pre-treatment.
As a result, field-effect transistors fabricated from these polycrystalline thin films revealed
11

average mobilities of up to 0.18 cm? V- , which is almost one to two orders of magnitude

higher than the reference non-hydrogen-bonded diacetate 2 and in the same range as the
best mobilities reported for single-crystalline quaterthiophene specimens to date.?%3-2% The
use of hydrogen-bonded substituents as an additional structure-directing motif may thus
provide a general pathway towards novel organic and polymer semiconducting materials with

optimized morphology for better performing device performance.
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Figure 3.1. Molecular structures of the quaterthiophene bisacetamide 1 and the corresponding diac-
etate 2 investigated in this work.

3.2 Results and Discussion

3.2.1 Synthesis of Non-Hydrogen-Bonded Quaterthiophene

The synthesis of hydrogen-bonded quaterthiophene bisacetamide 1 and all the related inter-

mediates were described in detail elsewhere.296:297

The quaterthiophene bisacetate 2 is as close in molecular structure as possible to 1 and hence
serves as a non-hydrogen-bonded reference compound for the present study. The compound
2 was prepared in two-steps starting from commercially available 2-(2-thienyl)ethanol 3
(Scheme 3.1). The acetylation of 3 was performed using acetic anhydride and a catalytic
amount of 4-(N,N’-dimetylamino) pyridine (DMAP) under the basic conditions, followed by
regio-selective bromination with N-bromosuccinimide (NBS) in acetic acid/DCM (1:1). This
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reaction furnished the corresponding 2-(5-bromo-2-thienyl)ethyl acetate 4 as a colorless oil in
almost quantitative yield. A subsequent Stille cross-coupling of 4 with 5,5-bis(tributylstannyl)-
2,2-bithiophene gave the desired non-hydrogen-bonded quaterthiophene bisacetate 2 as a
yellow solid in 55% yield after aqueous work up and column chromatography.

HO. S ab) 0 S _Br ¢ AN A
MY, \g/ U — S e © shen B s o’
3 4 2

Scheme 3.1. Two-step synthesis of quaterthiophene bisacetate 2. Reagents and conditions: a) acetic
anhydride, triethylamine, cat. amount of 4-(N,N’-dimetylamino)pyridine (DMAP), DCM, room temper-
ature, 30 min, quantitative yield; b) N-bromosuccinimide, acetic acid, DCM, room temperature, 3 h,
97% yield; ¢) 5,5-Bis(tributylstannyl)-2,2-bithiophene, Pd(PPhs) 4» dry DME 80 °C, 12 h, 55% yield.

To better understand the influence of the lateral amide hydrogen bonding substituents
on solid-state organization, single-crystals of hydrogen-bonded 1 and its structural non-
hydrogen-bonded analogue 2 suitable for X-ray crystal structure analysis were obtained from
sublimation?%® at 240-265 °C under high vacuum (10 mbar) and grown from a toluene
solution by slow evaporation at room temperature over 3—-4 weeks, respectively.

3.2.2 Single-Crystal X-Ray Structure

In the quaterthiophene diacetamide 1,2% the terminal acetamide functions offer the possibil-
ity of intermolecular N-H---O=C hydrogen bonding. Solid-state infrared (IR) spectroscopy of 1
revealed strongly, resonance-enhanced amide hydrogen bonding at room temperature with
characteristic amide A, amide I and II absorption bands at around 3280, 1636, and 1550 cm!,
respectively, similar to the those observed in crystalline domains of polyamides (Figure 3.2).1%

The amide groups are linked to the 7-conjugated core via a short flexible spacer to decouple
the respective packing requirements.
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Figure 3.2. a) The amide A, and b) amide I and II regions of the solid-state infrared (IR) spectra of 1
revealed strongly, resonance-enhanced amide hydrogen bonding at room temperature with absorption
bands at around 3280, 1636, and 1550 cm™?, respectively. ¢) By increasing the temperature, these bands
were shifted to higher (for amide A and I) and lower (for amide II) wavenumbers.
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Hydrogen bonding is indeed observed in the single-crystal structure of 1 and appears to
induce overall tighter packing of the quaterthiophene cores. This results in a noticeably
smaller unit cell and increased 7-interactions of neighboring molecules compared with the
non-hydrogen-bonded quaterthiophene diacetate 2 and other quaterthiophene derivatives
without hydrogen-bonded lateral substituents. 1 crystallized as flat needles or elongated
platelets?% in the triclinic P1 space group (a=5.89A, b=7.65A, c=25.78 A, a =97.4°, $=93.8°,
and y =91.1 °), while monoclinic or orthorhombic unit cells were typically observed for other
representative examples of quaterthiophenes such as the quaterthiophene diacetate 2, the
low-temperature polymorph of a-quaterthiophene (a-4T),?%°

(DMA4T),?%! or «a, w-dihexylquaterthiophene (DH4T) 292

a,w-dimethylquaterthiophene

a) b)

Figure 3.3. Ball-and-stick representations of the single-crystal X-ray structure of a) quaterthiophene
diacetamide 1(CCDC 976399) viewed along the crystallographic [110] axis, and b) quaterthiophene
diacetate 2 (CCDC 1043812) viewed along the c-axis, with ¢,d) an illustration of the C---C, C---S, and S---S
short contacts between edge-to-face and parallel-displaced neighboring pairs of 1 and 2 (all hydrogen
atoms except the amide hydrogens omitted for clarity).
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3.2. Results and Discussion

The packing of 1 (Figure 3.3a), 2 (Figure 3.3b), and the other quaterthiophenes shared several
common features (Table 3.1). In all cases, the quaterthiophene cores were arranged in layers
along the ab plane with their long axes oriented along the c-axis, and they exhibited a herring-
bone arrangement with very similar herringbone and tilt angles. In the case of 1, however,
the packing symmetry in the ab plane was broken because the molecules formed N-H---O=C
hydrogen-bonded chains along the crystallographic [110] direction. Each amide function
was thus involved in two slightly different hydrogen bonds (Table 3.2). Most importantly,
however, the volume per quaterthiophene unit in the quaterthiophene diacetamide 1 was
calculated to be 291 A3 and was hence significantly smaller than for 2 (308 A3), as well as a-4T
(307 A3) or DHAT (306 A3), that is, derivatives typically used in organic electronic devices (only
DMAT with its entirely different intermolecular arrangement exhibited a comparable, albeit
still somewhat larger volume of 297 A per quaterthiophene).

Table 3.2: Hydrogen bonds observed in single crystals of 1. Symmetry transformations used to generate
equivalent atoms: ! —x+1,-y,-z; 2 —x+2,~y+1,-z 3 x-1,)-1,z

D-H--A d(D-H) [A] d(D-H) [A] d(D--A) [A] <(DHA) [°]
N(1A)-H(1A)--0(2A)! 0.88 1.94 2.820(11) 178.5
N(1B)-H(1B)---O(2B)! 0.88 2.03 2.90(3) 172.8
N(2A)-H(2A)--0(1A)? 0.88 1.93 2.808(11) 172.1
N(2B)-H(2B)--0(1B)3 0.88 1.94 2.81(3) 168.9

Considering how remarkably similar the volume per quaterthiophene is for 2, a-4T, and
DHAT, despite the very different steric demand of their respective terminal substituents,
it is tempting to assume that its value represents the “inherent” spatial requirements for
a n—n stacked quaterthiophene as a result of van der Waals and quadrupolar interactions.
From direct comparison with the diacetate 2, the higher packing density in the case of 1
would hence appear to result from the additional hydrogen bonding interactions between
the terminal acetamide substituents of 1. Consistent with this noticeably denser packing in
the unit cell, the distances between both the parallel-displaced n-n stacked neighbors and
edge-to-face pairs were significantly reduced, as reflected by the C---C short contacts of 3.208 A
and 3.415 A, respectively (versus 4.081 and 3.469 A for 2, versus 3.442 and 3.540 A for a-4T,
versus 3.450 and 3.558 A for DH4T, and 3.287 and 3.502 A for DM4T) (Figure 3.3¢,d). Likewise,
the intermolecular C---S and S---S short contacts of 3.597 A and 3.871 A, respectively, were
smaller than most of the corresponding distances observed in the reference materials (versus
3.450 and 3.904 for 2, versus 3.712 and 4.111 A for a-4T, versus 3.787 and 4.075 A for DHA4T,
and 3.659 and 3.899 A for DM4T), with the exception of the C---S short contacts (3.450 A for 2)
(Figure 3.3¢,d).
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3.2.3 DFT Computations of Electron Overlap Effects

We regard the higher packing density of the 7-conjugated cores and the smaller short contacts
in 1 to result from the hydrogen-bonded substituents, which could potentially result in an
improved n—overlap and, consequently, better transport properties. In order to quantify the
effect of packing density on the electronic structure of the investigated crystals, we developed
an electronic compactness index based on the density overlap regions indicator (DORI).2%8 As
DORI is a density-based scalar field revealing regions of high-density overlap between atoms
and molecules, the number of electrons encapsulated within an intermolecular DORI domain
may be used to compare electronic overlap effects between corresponding sites in crystal
lattices (Figure 3.4).

Figure 3.4. Representative examples for DORI = 0.5 isovalues for two pairs of molecules in the crystal
structure of 1. The surfaces are color-coded according to the values of the function sgn(A1,)p in the
-0.01 to 0.01 a.u. range, where A, is the second isovalue of the electron density Hessian and p is the
electron density. The compactness index was computed as integral of the electron density over the
intermolecular regions.

This new method has recently shown good correlation with experimental results and has
the advantage of being less sensitive to small changes in the molecular geometry (e.g. DFT
optimization level vs. experimental X-Ray structures) than the computation of charge transfer
integrals. The compactness index was computed for different pairs of neighboring quaterthio-
phene cores within the ab plane, using the atom positions as determined for the crystal
structures of 1, 2, @-4T, DMAT and DHAT (Figure 3.5). The DORI values for 1 were the highest
of all the quaterthiophenes for all pairs of nearest neighbors, with maximum values between
edge-to-face pairs being more than 18% higher than for any of the reference compounds. In
marked contrast, the values for the non-hydrogen-bonded quaterthiophene diacetate 2 were
comparatively low, which confirms that the formation of hydrogen bonds and the resulting
denser packing of the quaterthiophene cores plays a decisive role in electronic overlap.

Interestingly, the symmetry breaking of the two-dimensional herringbone packing within a
quaterthiophene layer in 1, caused by the intermolecular N-H---O=C hydrogen bonding, does
not seem to be reflected in the compactness index, because the DORI values were identical for
all edge-to-face dimers. Closer inspection revealed that this was in fact a coincidence, because
the integration domains differed in volume for hydrogen-bonded (52.8 A3) and non-bonded
(54.5 A3) dimers, resulting in the expected higher average electron density for the former.
Overall, the DORI results confirmed that hydrogen bonding in 1 induced a denser packing
with improved z-interactions, as required for improved charge transport.
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. . -
DH4T DM4T

Figure 3.5. Top views onto the herringbone packing of the quaterthiophene cores in @) 1, in comparison
to b) 2, ¢) LT ,?°° a—4T, d) DMA4T,?! and e) DHAT 2% (all hydrogen atoms and side chains omitted for
clarity). The numbers and line widths represent the computed density overlap regions indicator (DORI)
values of quaterthiophene pairs.

3.2.4 Thin Film Morphology

Crystalline thin films of 1 suitable for the fabrication of organic field-effect transistors (OFETs)
were prepared by physical vapor deposition at T's = 120 °C onto two different types of substrates,
that is, (i) bare p-doped silicon with a 200 nm thermal oxide layer (SiO,), and (ii) the same
substrate covered with a self-assembled monolayer of octadecyltrichlorosilane (OTS). The
influence of the substrate temperature on the thin film morphology and growth as well as

resulting device performance of 1 is reported elsewhere.?%

Atomic force microscopy (AFM) imaging on thin films deposited on SiO, showed several
micrometer-sized grains, following Stranski-Krastanov growth mechanism (Figure 3.6a-c).?%
The first layers showed two-dimensional growth of continuous layers up to a certain threshold
thickness, followed by three-dimensional growth of needle-like features with an average height
of 20 nm protruding from the SiO, surface. The crystalline islands and terraces in thin films
of 1 exhibited a uniform height of 2.7 nm, matching the interplanar distance between the
ab layers observed in the single-crystal structure of 1. Accordingly, these flat-on crystals
were inferred to comprise monolayers of 1 with the molecular long axis “standing up” on
the substrate. Moreover, the second and subsequent layers appeared only to form once the
surface coverage by the previous layer was almost complete, suggesting that the layer edges
may be preferential sites for the adsorption of new molecules. Furthermore, layer-by-layer
two-dimensional (Frank-van der Merwe type) versus needle-like growth was strongly favored
on OTS-treated SiO,, as demonstrated by AFM (Figure 3.6d-f). In this way, micrometer-
sized crystalline two-dimensional layers of 1 with a limited number of grain boundaries were
obtained, originating either from a low nucleation density or coalescence of adjacent domains
with the same orientation on the substrate.
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Figure 3.6. Atomic force microscopy (AFM) height images of thin films of 1 vapor-deposited onto
a,b) Si*/Si0, or d,e) OTS-treated Si*/SiO, substrates, as well as ¢,f) height profiles obtained from b,e).
Figure adapted from ref. [296].

In marked contrast to 1, AFM imaging of vapor-deposited thin films of 2, prepared at T's = 120 °C
on OTS-treated substrates, revealed separated islands, leading to a discontinuous thin film
morphology (Figure 3.7a). This may however be explained by the choice of the substrate
temperature (T's = 120 °C), which may be unsuitable for obtaining continuous thin films of 2
owing to its markedly different thermal properties to 1, as evidenced by thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC) (Figure 3.7b,c). By reducing the
substrate temperature to Ts = 40 °C, however, almost complete coverage of the substrate
was observed by AFM imaging (Figure 3.7d-f). The resulting thin film texture, prepared at
Ts = 40 °C was more promising than that obtained at the higher substrate temperature, and
was therefore used later for the fabrication of bottom-gate top-contact organic field-effect
transistors.

3.2.5 Organic Field-Effect Transistors

Thin films of 1 vapor-deposited at T's = 120 °C on OTS-treated substrates exhibited a par-
ticularly promising morphology and internal crystal structure for two-dimensional charge
transport. Therefore, we fabricated bottom-gate top-contact organic field-effect transistors
(OFETs) with channel lengths L = 5-20 pm from thin films of 1 by thermal deposition of Au
source and drain electrodes. The output curves as well as the transfer curves in the saturation
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Figure 3.7. a) Atomic force microscopy (AFM) height images of films of 2 vapor-deposited onto
OTS-treated substrates at T's = 120 °C. Thermal properties of 1 and 2 were characterized by b) thermo-
gravimetric analysis (TGA) and c) differential scanning calorimetry (DSC). TGA scans indicated the
main decomposition temperatures of both compounds to be above 300 °C. DSC heating and cooling
scans of 2 showed multiple thermal transitions, suggesting the presence of different phases on heating,
while 1 showed only single melting and cooling transitions. d—f) Atomic force microscopy (AFM) height
images of films of 2 vapor-deposited onto OTS-treated substrates at temperatures of 40 °C.

regime (Vp =-60 V or Vp = -40 V) were measured independently in an inert atmosphere,
in order to obtain the field-effect mobilities y, current on/off ratios I,/ If, and threshold
voltages V1 (Table 3.3). All devices showed typical OFET characteristics for organic p-type
semiconducting materials (Figure 3.8).

Devices prepared on OTS-treated substrates showed significantly better performance accord-
ing to all the measures than those on bare SiO, substrates. Thin films deposited at 120 °C on
OTS-treated substrates showed average mobilities of up to 0.18 cm? V! s7!, which is almost
one to two orders of magnitude higher than for the reference non-hydrogen-bonded diacetate
2 (Table 3.3 and Figure 3.8) and in the same range as the highest mobilities previously re-
ported for single-crystalline specimens.?93-2953%0 Moreover, the devices exhibited good on-off
ratios of Ion/Iyg = 10° as well as improved threshold voltages compared with the device on
bare SiO, substrates. The threshold voltages nevertheless remained large, so that there is room
for device optimization, even in the case of the OTS-treated substrates. However, only limited
hysteresis was observed when measuring the transfer characteristics in the forward and re-
verse directions (Figure 3.84d,e,g h,j,k). This implies that the hydrogen-bonded substituents in
quaterthiophene 1 are not a major source of trap states.
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Table 3.3: Average and maximum mobilities g, Ion/ Iofr, and threshold voltages V1 of bottom-gate (Si*)
top-contact (Au) OFETs with W/L = 10; entries 1-3: variation of channel length for devices of 1 on
bare and; entries 4-6: OTS-treated SiO, substrates at T's = 120 °C; entries 7-9: variation of channel
length for devices of 2 on OTS-treated SiO, substrates at T's = 40 °C. All devices were measured in inert
atmosphere. The reported device characteristics were averaged out over three to five devices from two

different batches.

Entry L [um] Haverage (Kmax) [sz v 5_1] Ion/Iogt Vr [V]
1 20 7.4+0.62 (8.5)-1073 103-10* -(36+2)
2 10 4.7+1.04(6.1)-1073 103-10* —(37 £8)
3 5 8.9+1.59 (11.4)-1073 103-10% -(30+6)
4 20 1.4+0.14 (1.5) - 107! 10° —(24 + 6)
5 10 1.8+0.23(2.1)- 107! 10° —(21+3)
6 5 0.6 £ 0.06 (0.8) - 107! >10° -(18 £ 12)
7 20 1.7+0.24 (1.9) - 1073 103-10* -(26+11)
8 10 6.6 +2.89 (8.7) - 1073 10* —(21+4)
9 5 2.4+1.46(2.1)-1073 10* -(28+7)

3.3 Conclusions

In conclusion, we found that the performance of OFET devices fabricated from polycrystalline
thin films of the quaterthiophene acetamide 1 was comparable with devices from quaterthio-
phene single crystals. We infer from this that the hydrogen-bonded terminal substituents act
as an additional structure-directing element. In order for hydrogen bonding to benefit OFET
performance, it should not disrupt but rather promote the formation of extended layered struc-
tures parallel to the plane of the substrate with the preferred herringbone arrangement of the
calamitic m-conjugated cores, which is favorable for two-dimensional charge transport. A sim-
ple but crucial factor in this regard is the short flexible spacer between the hydrogen-bonded
substituents and the core, which decouples the conflicting geometric requirements of the
herringbone arrangement and hydrogen bonding. In this way, the dispersive and quadrupolar
contributions to the z-interactions may be optimized, while hydrogen bonding of the amide
groups in the lattice direction parallel to the substrate promotes rapid in-plane crystal growth.
This is reminiscent of the role of synergistic lateral hydrogen bonding in the formation of well-
defined nanowires comprising tightly 7—7 stacked chromophores.?38 It is possible because
the ab lattice parameters in a typical herringbone arrangement (about 10 A) are similar to the
intermolecular distance required by N-H---O=C hydrogen bonding (typically 9.2-9.8 A over
two molecules). Moreover, because this latter is somewhat smaller, the hydrogen-bonded side
groups induce tighter packing of the molecules in the crystal structure. On an appropriate
substrate surface, the overall result is the formation of two-dimensional layers with large do-
main sizes, high internal crystalline order, and tighter packing of the calamitic 7z-conjugated
pores in both dimensions, which results in a larger m-overlap. Consistent with these structural
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Figure 3.8. a) Optical micrograph of a bottom-gate top-contact OFET device with a channel length
L=5pm and width W =50 pm fabricated from a thin film of 1 on SiO,, at T's = 120 °C. The bright yellow
areas are the Au source and drain electrodes. Representative examples of b,c) a directly measured
output and transfer curves (measured in the forward and reverse directions) for the bottom-gate top-
contact transistors fabricated from films of 1 and 2 on a bare or an OTS-treated SiO, substrate; devices

with a channel length d—f) L=5 pm, g-i) 10 um, and j-1) 20 um.

changes, we observed average field-effect mobilities that are almost one to two orders of
magnitude higher than the reference non-hydrogen-bonded diacetate 2 and in the range of
the best values previously reported for single-crystalline quaterthiophene specimens.?93-29
The moderate absolute mobility values reflect the fact that quaterthiophenes are comparably
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poor organic semiconductors, and other factors such as surface treatment and processing are
also very important for device performance.3’! Nevertheless, our results demonstrate that
hydrogen bonding is not only compatible with charge transport in p-type organic semicon-
ductors but reinforces the structural elements required for good n-overlap. Hence, the use of
amide hydrogen-bonded substituents may therefore provide a general means of optimizing
the performance of organic semiconductor thin films and the performance of devices based
on such materials.
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Engineering Polymers from
Bithiophene-Containing Polyamides

Polymer semiconductors show unique combinations of mechanical and optoelectronic prop-
erties that strongly depend on their microstructure and morphology. Here, we have used
a model r-conjugated bithiophene repeat unit to incorporate optoelectronic functionality
into an aliphatic polyamide backbone by solution-phase polycondensation. Intermolecu-
lar hydrogen bonding between the amide groups ensured stable short-range order in the
form of lamellar crystalline domains in the resulting semiaromatic polyamides, which could
be processed from the melt and exhibited structural and thermomechanical characteristics
comparable with those of existing engineering polyamides. At the same time, however, pulse-
radiolysis time-resolved microwave conductivity (PR-TRMC) measurements indicated charge
carrier mobilities that were an order of magnitude greater than previously observed in bithio-
phene based materials. Our results hence provide a convincing demonstration of the potential
of amide hydrogen bonding interactions for obtaining unique combinations of mechanical
and optoelectronic properties in thermoplastic polymers.
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4.1 Introduction

Polymer semiconductors are an important class of materials with charge transport behavior
similar to conventional semiconductors, but which are inherently viscoelastic owing to their
ability to form continuous elastic networks with a locally dissipative response, depending
on the time scale of the measurement.® They may therefore show greatly enhanced strength
and toughness compared with low molecular weight organic semiconductors.3? However,
they also show varying degrees of structural order, with important consequences for their
macroscopic behavior. It is hence possible to tune the mechanical and optoelectronic prop-
erties of polymer semiconductors by controlling their structural order at different length
scales.!?25303 This has led to a considerable effort over the last two decades to better un-
derstand the corresponding structure-property relationships, with the aim of designing and
developing materials with increased charge carrier mobilities.®3%* However, systematic inves-
tigations of the mechanical properties of polymer semiconductors are scarce and have largely
focused on stretchable materials for wearable electronic devices, with little emphasis to date

on high performance engineering materials with useful electronic properties.3%

Polymer semiconductors are typically semicrystalline, comprising amorphous regions and
well-ordered crystalline domains characterized by two-dimensional lamellar stacks with a
m-conjugated backbone, separated by layers of aliphatic side chains, as in the case of the pro-
totypical regioregular poly(3-hexylthiophene-2,5-diyl) (P3HT).5+3% The resulting morphology
is complex, and understanding charge transport in such systems has consequently remained
a challenge. However, recent studies have shown that efficient intermolecular charge trans-
port may be achieved in polymers with high degrees of short-range order but no significant
long range order, provided that aligned conjugated chain backbones form continuous paths
between the locally ordered domains.'>14

Well-defined short-range order but limited long-range order are also characteristic features
of many polyamides, which may exhibit lamellar crystalline domains with thicknesses of as
little as 2 nm in the chain direction, corresponding to fewer than two repeat units, depending
on their chemical structure.'%?* These materials are highly sought after for engineering
applications owing to their excellent specific mechanical strength, stiffness, and heat resis-
tance, particularly when hydrogen bonding between the amide groups is combined with a
partly or fully aromatic chain backbone.??3%7 We have recently used transamidation dur-
ing high-temperature melt compounding to introduce aliphatic substitutional defects into a
high-performance semiaromatic copolyamide, with the aim of generating disorder in the crys-
talline lamellae while maintaining the degree of crystallinity and promoting strain-induced
ordering in the amorphous regions, providing materials with improved toughness without
compromising strength and stiffness.!68199 By contrast, the use of amide chemistry to control
order and disorder at the nanoscale has seldom been investigated from the standpoint of
organic electronics. Muguruma and coworkers prepared thin films from polyamides and
polyurethanes containing quaterthiophene segments by co-deposition of appropriate di-
functional monomers, but they did not provide details of the resulting structures nor the
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mechanical or electronic properties.3?®3% To the best of our knowledge, no other stud-
ies of the properties of polyamides containing organic semiconducting segments have so
far been published. The effects of hydrogen bonding on the electronic properties of small
molecules and polymers have nevertheless been extensively investigated both experimentally
and through numerical modeling. It was originally supposed that hydrogen bonding might
be detrimental to charge transport in organic semiconductors.?32 However, the subsequent
emergence of small molecule and polymer semiconductors containing hydrogen bonds has
shown this not to be the case. For instance, Glowacki et al. reported field-effect mobilities of
uptol.5cm?V1ig!
and enhanced device lifetimes compared with those of their non-hydrogen bonded acene
analogues.'?? Similarly, Wiirthner et al. found hydrogen-bonded octachloroperylene bisimide
to be an efficient n-type semiconductor with field-effect mobilities of up to 0.9 cm? V! s71,
and to show useful device lifetimes even under ambient conditions.!?® Moreover, recent

in certain hydrogen-bonded heteroanalogues of pentacene and tetracene,

computational studies of hydrogen-bonded n-type or p-type organic semiconductors have
provided corroborating evidence of a beneficial effect of hydrogen bonding for electronic
properties.?99310 It follows that polyamide-based semiconductors may provide a means of
combining outstanding mechanical performance with improved charge transport in a compo-
sitionally heterogeneous material, particularly if their local order can be tailored through a
suitable choice of the molecular architecture and disposition of the functional groups.

Here, we demonstrate that hydrogen bonding associated with amide groups is indeed effective
as a means of stabilizing the local packing of 7-conjugated segments in a polymer. To this
end, we have focused on the use of a bithiophene core as a model repeat unit to provide
optoelectronic functionality. Different polyamides were obtained by solution-phase poly-
condensation of a bithiophene dicarboxylic acid monomer with a range of aliphatic diamine
monomers under Yamazaki-Higashi conditions. These materials were shown from extensive
structural and thermomechanical analyses to reproduce many of the characteristics of typical
engineering materials obtained from semiaromatic polyamides. At the same time, certain
formulations showed significant charge carrier mobility, suggesting this to be a promising first
step towards a functioning semiconducting engineering thermoplastic.

4.2 Results and Discussion

4.2.1 Synthesis of Bithiophene-Containing Semiaromatic Polyamides

We prepared a series of polyamides PAnT2 by solution-phase polycondensation of bithiophene
dibutyric acid T2 with different aliphatic diamines (with n carbon atoms) under standard
Yamazaki-Higashi conditions, %152 that is, using triphenylphosphite (TPP) and LiCl in a
mixture of anhydrous NMP and pyridine (Scheme 4.1, Table 4.1). Successful conversion
was proven by 1D and 2D NMR as well as solid-state infrared (IR) spectroscopy (Figure 4.1,
Figure 4.3a,b). Gel permeation chromatography (GPC) in 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP) indicated number average molar masses (M) on the order of 8'600-13’000 g/mol and

77



Chapter 4. Engineering Polymers from Bithiophene-Containing Polyamides

dispersities (P) of 1.5-2.0 (Table 4.1). The polymers were soluble in HFIP at room temperature
and in polar solvents such as hexamethylphosphoramide (HMPA), m-cresol, dimethylac-
etamide upon heating, but insoluble in dimethyl sulfoxide (DMSO), dimethylformamide
(DMF), N-methyl-2-pyrrolidone (NMP), 1,2-dichlorobenzene, glacial acetic acid, xylenes,
cyclohexanone, or chlorobenzene even at elevated temperatures.

o] a)
I \__s OH
HO 1 HNfCHNH,

X

T2 PANT2 n=6-12

Scheme 4.1. Synthesis of semiaromatic polyamides PA#T2 by solution-phase polycondensation using
Yamazaki-Higashi conditions. Reagents and conditions: a) triphenylphosphite (TPP), LiCl, NMP/pyri-
dine (4:1), 120 °C, 4 h, 86-91%.

Table 4.1: Yields, molecular weights (M}, My,), and dispersities of (P) obtained from gel permeation
chromatography of the bithiophene-containing polyamides PAnT2.

PAnT2 Amount [g] Yield [%] M, [g/mol] M,y [g/mol] D
PAGT2 1.04 90 13’500 20’100 1.5
PA7T2 0.27 88 12’500 20’100 1.6
PA8T2 0.81 90 12’700 19’400 1.5
PA9T2 0.39 88 10’600 20’800 2.0
PA10T2 0.38 91 10’300 20’300 2.0
PA11T2 0.30 86 8’600 16’100 1.9
PA12T2 0.33 89 10’700 20’600 1.9

Thermogravimetric analysis (TGA) measurements on PAnT2 indicated a mass loss of 1-2%
at about 250 °C, marking the onset of decomposition, and more substantial mass loss above
300 °C (Figure 4.2a). Differential scanning calorimetry (DSC) scans were hence performed in
the temperature range below 250 °C to minimize thermal degradation effects. All polymers
PAnT2 were semicrystalline according to DSC heating scans at 10 °C/min but showed distinct
melting and crystallization behavior depending on n (Figure 4.2b,c). The highest melting
(Tm) and crystallization temperatures (T) of 210 and 171 °C, respectively, were observed for
PA6T2. However, although the main Ty, and T showed a global decrease with increasing n,
there was also a clear odd-even effect, with odd n resulting in significantly lower transition
temperatures than adjacent even n (Figure 4.2¢), as reported previously for other polyamides,
such as the series PAn10 (n = 6-12).3!! By contrast, the PAnT2 glass transition temperature
(Tg) measured from the heating scans showed only a weak global decrease with increasing n
with a correspondingly slight odd-even effect (Figure 4.2¢).
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Figure 4.1. a) Representative 'H NMR spectra for PA6T2 in non-deuterated HFIP with acetone-dg
as the internal standard showed the expected proton signals, including those of the amide protons.
The 'H NMR chemical shifts in the range of 5.8-6.1 ppm originated from the two chemically different
thiophene protons, whereas the aliphatic protons of the diamine and the spacer gave rise to six distinct
peaks below 2.5 ppm. b) From the cross-peaks observed in 'H-'H COSY experiments, the peaks at
2.33, 0.65, 0.45 ppm were attributed to the aliphatic protons of the diamine, while the peaks at 1.94,
1.39, 1.09 ppm corresponded to the protons of the propylene spacer. Distinct amide protons were also
observed at around 5.2 ppm. ¢) Expanded view of the dashed area of the full spectrum in b).

The crystalline structures of polyamides PAnT2 are expected to follow the trends typical of
other dyadic aliphatic polyamides. Optimum hydrogen bonding between parallel chains in
the all- frans conformation is only possible in even-even polyamides that are therefore able to
adopt the triclinic a-type crystalline form, consisting of stacks of planar hydrogen-bonded
sheets of fully extended chains.206:311,312 By contrast, even-odd, odd-even and odd-odd
polyamides typically form pseudo-hexagonal pleated sheet structures, collectively referred to
as the y phase, in which the plane of the amide groups tilts away from that of the methylene
groups to allow formation of intersheet hydrogen bonds.'®! Because the T2 repeat units are
effectively “even” repeat units, the stability of crystalline PAnT2 as reflected by the melting
point should be significantly higher for even n than for odd n, as observed here. PAnT2 with
odd n also showed a single melting endotherm in DSC heating scans at 10 °C/min, whereas at
least two endotherms were observed for PAnT2 with even n (Figure 4.2b). The separation of
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Figure 4.2. a) Results from thermogravimetric analysis (TGA) scans of PArT2 indicated a main decom-
position temperature above 300 °C. b) Successive dynamic scanning calorimetry (DSC) cooling and
heating scans from PAnT2 (n = 6-12) at 10 °C/min. Melting of PAnT2 with even n was characterized
by multiple melting endotherms, whereas only a single endotherm was observed for odd n. ¢) The
corresponding melting (Tr,) and crystallization temperatures (7.) showed a global decrease with
increasing n but were reduced for odd n with respect to the values obtained for adjacent even n. d)
DSC heating scans at 10 °C/min from PAnT2 with even r after isothermal crystallization from the melt

at the specified temperatures.

these endotherms was most marked after isothermal crystallization at comparatively low tem-
peratures, suggesting the odd-even effect to influence the recrystallization or reorganization
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behavior of the crystalline phase (Figure 4.24d).3!3
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Chapter 4. Engineering Polymers from Bithiophene-Containing Polyamides

4.2.2 Structural Characterization
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Figure 4.3. a,b) Solid-state IR spectra of the bithiophene dibutyric acid T2, model compound T2a
and the resulting polyamides PAnT2. After polycondensation, the C=0 stretching vibration of the free
carboxylic acid was replaced by the amide A, 1, and I bands of the amide functions. ¢) Wide-angle X-Ray
diffraction (WAXD) patterns from the as-synthesized (powder) and d) isothermally crystallized (bulk)
specimens recorded at room temperature in reflection and transmission, respectively. e) Deconvoluted
WAXD pattern of PArT2 allowed roughly to estimate degree of crystallinity by distinguishing the Bragg
peaks from the amorphous halo. The inset showed the 2D WAXD pattern of the polyamides, suggesting
absence of the preferential orientation of the crystallites. f) Degree of crystallinity for PAnT2 estimated
from deconvolution of the WAXD profiles. Spacings corresponding to the lowest angle Bragg reflections
from the WAXD patterns of the melt-crystallized polyamides shown as a function of n.

Solid-state IR spectra of the polyamides PAnT2 (Figure 4.3a,b) with n = 6-10 showed that the
broad absorption at 2700-3300 cm™ and the band at 1688 cm™ associated with the O-H and
C=0 stretching vibrations of the free carboxylic acid group of the T2 monomer to be replaced
by the characteristic amide A (3304 cm~!, FWHM 82 cm™, N-H stretching), amide I (1634 cm™!,
FWHM 32 cm™!, C=0 stretching), and amide II (1534 cm’!, C=0 bending), consistent with
typical IR spectral features in semicrystalline polyamides (Table 4.2).!%° Because the same N-H
and C=0 stretching vibrations were observed in specimens of the bithiophene dipropylamide
model compound T2a, whose of which the crystal structure was known (Figure 4.4), one
may infer from the IR spectra that the polymers PArnT2 comprised polymer chains organized
into hydrogen-bonded sheets. The same principal absorptions were also observed for the
polyamides PAnT2 (Figure 4.3a,b) with n=11-12, but their amide A and amide II absorptions
were significantly broadened, indicating a lower degree of order.
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4.2. Results and Discussion

WAXD patterns confirmed the presence of an ordered phase in the as-synthesized PArT2
(Figure 4.3¢), and sharp well-defined Bragg peaks were visible after isothermal crystallization
at a temperature 10 °C higher than the temperature of the crystallization peak in the cooling
scans (Figure 4.3d). Consistent with the DSC results and IR spectra, the degree of crystallinity
estimated from the WAXD patterns (Figure 4.3¢,f) showed a global decrease with n, and again
some suggestion of an odd-even effect at low n, although it fell off sharply for n = 12.

For n< 12, strong, well-separated reflections were observed at 20 = 22.4-23.3 ° and 26 = 20.4-21 °,
corresponding to d-spacings in the range 3.80-3.97 and 4.23-4.35 A, respectively, while for
n =12, the main peaks overlapped. Prominent low-angle peaks corresponding to d-spacings
in the range of 19-26 A were also present (Figure 4.3¢,f). The d-spacings corresponding to the
low angle WAXD peaks for PAnT2 with odd n were greater than expected from interpolation
of the data for even n (Figure 4.3f), suggesting the c-axis of the unit cell to lie closer to the
basal plane normal for odd n. As discussed above, if n is odd, optimum hydrogen bonding
is no longer possible with the aliphatic sub-chains in the all-trans conformation. Hence, by
analogy with aliphatic polyamides with odd 7, such as PA56, consecutive amide groups along
the chain may tilt in opposite directions away from the plane of the methyl groups to form

hydrogen bonds, leading to more compact conformations and a reduction in the c-repeat
distance. The required tilt of the amide groups is nevertheless small, resulting in monoclinic

packing and a centered unit cell in which the overall chain conformations remain close to the
4

all-trans conformations characteristic of the a phase.'®

a»—[»h X

<

Figure 4.4. a) Molecular structure of the bithiophene diamide model compound T2a. b) Ball-and-
stick representations of the single-crystal X-ray structure of T2a viewed along the ab-plane, showing
the presence of both N-H---O=C hydrogen bonds and the parallel-displaced =-stacked arrangement
of the bithiophene units with ¢) a hydrogen bonding distance (H.--O) of 2.0 A and a bithiophene
interlayer distance of 3.6 A. d) C---S and C---C and S---S close contacts between parallel-displaced pairs
of bithiophenes (all hydrogen atoms except those that participate in hydrogen bonding have been
omitted for clarity).
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Chapter 4. Engineering Polymers from Bithiophene-Containing Polyamides

To model the molecular arrangement of the polyamides PAnT2, and specifically the packing
behavior of the bithiophene unit, we used the single-crystal X-ray structure of model com-
pound T2a as a starting point (Chapter 2), because its solid-state IR spectra showed very
similar features (Figure 4.3a,b). T2a crystallized in the triclinic space group PI with the lattice
parameters a = 4.9848(4) A, b=5.6250(5) A, ¢ =21.347(3) A, @ =90.584(9) °, § = 90.140(8) °,
and y = 107.702(8) ° and a single molecule in the unit cell (Figure 4.4). The amide func-
tions formed two infinite arrays of almost linear intermolecular N-H---O=C hydrogen bonds
(N-H---0 < 162 °, H---O d = 2.02 A) with opposite orientation along the crystallographic a-axis.
Simultaneously, the bithiophenes adopted a parallel-displaced n-stacked arrangement with
an interlayer spacing of 3.6 A, a tilt angle of 40.5 ° relative to the crystallographic c-direction,
and various intermolecular C---C, C---S, and S-S close contacts (Figure 4.4¢,d).

a) 0 %M&W%m
A LMW%JM

a 4
v Computed WAXD

PABT2

(010)/(100)

PAST2

intensity / a.u.

Experimental WAXD
d=425h  _g=3s5h

10 15 20 25 30
20/ degrees

Figure 4.5. a) Model structure for PAnT2 with even n, shown here for n = 8, assuming a triclinic P1
space group with the c-axis parallel to the axes of the main methyl sub-chain. b) Selected area electron
diffraction (SAED) pattern from an oriented film of PA8T2. ¢) Comparison of the experimental WAXD
data for a melt crystallized film of PA8T2 with a simulated WAXD powder pattern from the structure in
a) with lattice parameters a=5.10A, b=5.68 A, c=30.61 A, @ =60.40°, f="71.24°, y = 109.68 ° derived
from the SAED pattern.

Trial crystal structures for PAnT2 with even n (Figure 4.5a) were hence generated assuming a
triclinic unit cell, packing and conformations analogous to those observed for T2a, and an
all-trans conformation for the aliphatic segments, consistent with the solid-state IR spectra.
For convenience, the c-axis of the unit cell was chosen to be parallel to the axis of the aliphatic
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4.2. Results and Discussion

sub-chains, so that changes in n could be accommodated by adjusting c. In the case of n =8,
the unit cell parameters were adjusted to fit the peak positions from selected-area electron
diffraction (SAED) patterns from oriented friction deposited films (Figure 4.5b), in which the
higher order peaks were well resolved and the layer line spacing provided an estimate of the
c-repeat distance along the orientation axis. The energy was then minimized, resulting in a
hydrogen bond distance (H---O) of 2.0 A, as observed for the model compound T2a. Simulated
WAXD powder patterns based on this structure, with crystal dimensions of 150 A in the a- and
b-directions and 50 A in the c-direction, were in satisfactory agreement with the experimental
WAXD data from PA8T2 isothermally crystallized from the melt at 175 °C (Figure 4.5¢). The
peak at 20 of around 23 ° in PA6T2, PA8T2, and PA10T2 was hence identified with scattering
from the (100) and (010) planes, whereas the peak at 268 of 20.5 to 20.9 ° was dominated
by contributions from the (101) planes. Hence, in contrast to the @ phase of PA66'6? and
its homologues, there was little scattering from the planes perpendicular to the hydrogen
bond direction, because the alignment of the sheets formed locally by the hydrogen-bonded
aliphatic chains was interrupted by the bithiophene units.
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Figure 4.6. a) Estimation of the lamellar thickness (L.) and lamellar long period (L) from the small-
angle X-Ray scattering (SAXS) correlation function for even n, assuming a two-phase model. b) Esti-
mated L; and L, for the even polyamides along with L,, the thickness of the corresponding amorphous
layer, taken to be equal to L, — L¢. ¢) Degree of crystallinity for PA#T2 estimated from the SAXS mea-
surements (even n only). d) Atomic force microscopy (AFM) intermittent contact mode height image
the local lamellar structure in a film of PA8T2 isothermally crystallized from the melt at 176 °C. The

white markers are separated by 10 nm. e) Schematic representation of the lamellar morphology of
PAST2.
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Chapter 4. Engineering Polymers from Bithiophene-Containing Polyamides

SAXS data for PAnT2 with even 7 crystallized under the same conditions as for the WAXD
measurements suggested lamellar thicknesses, L., that decreased from about 40 A in PA6T2
and PA8T2 to 22 A in PA10T2 and PA12T2, assuming a two-phase lamellar structure (Fig-
ure 4.6a,b). Hence, the L. for PA6T2 and PA8T2 were about 2.0 dyp; and 1.9 dyo1, respectively,
while for PA10T2 and PA12T2, L. and dyg; were roughly equal. For comparison, lamellar thick-
nesses of as little as 20 A have been reported for rapidly cooled aliphatic and semiaromatic

polyamides.?** The lamellar spacing, Ly, determined by SAXS remained close to 110 A for all
polyamides PAnT2. The corresponding SAXS degree of crystallinity was therefore about 35
vol% for n =6 and 8 but decreased to about 20 vol% at higher n (Figure 4.6¢), consistent with

the values obtained from WAXD (Figure 4.3f). This compares with typical values of 30 vol%
314,315

for semiaromatic polyamides with comparable aliphatic sequence lengths.

a) PA7T2 D)

Figure 4.7. Selected area electron diffraction (SAED) from an oriented film of PA7T2 prepared at
about 140 °C. Approximate d-spacings corresponding to the visible reflections are also indicated.
The layer lines corresponded to the axial spacing of the methyl groups, and hence did not provide a
direct indication of the unit cell dimensions. However, b) oriented films of PA7T2 prepared at about
130 °C and in which the equatorial reflections were less well-resolved, showed additional meridional
reflections. The spacings of these reflections suggested a repeat distance in the orientation direction
of approximately 55 A, implying the spacing given in Figure 4.3f for n=7 to correspond to the (002)
planes in the oriented films, and a putative (100) spacing of about 43 A, which was significantly greater
than the lamellar thicknesses observed for even n. It was hence tentatively concluded based on these
results that specimens of PArT2 melt-crystallized under quiescent conditions showed more limited
three-dimensional order when n was odd.

Images obtained by AFM of films of PA8T2 on glass substrates melt-crystallized at 176 °C in
air indicated a two-dimensional banded spherulitic texture and a minimum lamellar spacing,
corresponding to edge-on lamellae, of 100-140 A in thickness (Figure 4.6d), in good agreement
with the SAXS data for L. As the rigid bithiophene unit cannot easily accommodate chain
folding, we conclude that the crystalline lamellar structure in melt-crystallized PAnT2 (with
even n from 6 to 10) consisted of two layers of parallel-displaced, n-stacked bithiophenes
separated by a layer of inclined hydrogen-bonded aliphatic chains in the all-trans conforma-
tion (Figure 4.6¢). In the case of PAnT2 with odd n, when melt-crystallized under quiescent
conditions, the corresponding SAED results indicated more limited three-dimensional order
(Figure 4.7), in agreement with the observations from DSC and WAXD.
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Figure 4.8. Typical load-displacement curves with the residual imprint (inset) from nanoindentation
measurements on the PAnT2, industrial-grade PA610, and PA6TI specimens.

4.2.3 Mechanical Characterization

Nanoindentation and dynamic mechanical analysis (DMA) measurements were used to evalu-
ate the mechanical properties of polyamide PAnT2 films compression molded at their nominal
melting temperature and subsequently cooled at 10 °C/min (Figure 4.8). A peak at about
210 MPa was observed in the mean instrumented hardness from the nanoindentation mea-
surements, Hyr, for n=7, and then a gradual decrease with increasing n (Figure 4.9a), consis-
tent with the evolution of the melting enthalpy of the films measured by DSC (Figure 4.9b).
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Chapter 4. Engineering Polymers from Bithiophene-Containing Polyamides

The absolute values of Hit were hence similar to the value of 176 MPa obtained from the
aliphatic polyamide PA610 ( Hyir = 176 MPa), but lower than the value of 404 MPa obtained
from the industrial-grade semiaromatic polyamide poly(hexamethylene terephthalamide-co-
isophthalamide) (PA6TI). Elastic moduli, Ejr, close to 2.9 GPa were obtained for n = 6 and
7 from the unloading curves (Figure 4.8) according to the method of Oliver and Pharr, as
compared to 3.8 MPa for PA6TI. Ejr then decreased gradually from 2.5 to 1.5 GPa for n between
8 and 9, that is, to below the value of around 1.8 GPa observed for PA610 (Figure 4.9c¢).
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Figure 4.9. a) Instrumented hardness (H;t) and b) Melting enthalpy of the specimens hot-pressed at
their melting maxima. ¢) elastic modulus from the indentation measurements, Ejt, and from dynamic
mechanical analysis, E’, of PAnT2 as a function of 7. For comparison, the moduli of industrial-grade
PA610 and PA6TI were shown as a broad range, representing the results obtained from nanoindentation
and DMA.

The average tensile storage moduli, E’, determined for comparison by DMA measurements on
the same PA#T2 films showed a similar trend, decreasing gradually from 3.4 to 1.5 GPa for n
between 6 and 12 (Figure 4.9¢), consistent with a reported decrease in the tensile modulus
from 2.1 GPa to 1.7 GPa as nis increased from 6 to 10 in PAn10.3!6 The bithiophene-containing
polyamides were hence confirmed to show similar effective strengths and stiffnesses to repre-
sentative industrial-grade engineering polymers such as PA610 and PA6TI.!3"

4.2.4 Optoelectronic Properties

UV-vis absorption spectroscopy of PA6T2 and the model compound T2a in HFIP showed an
absorption band with a maximum at 317 nm and a shoulder at around 340 nm (Figure 4.104,
solid lines). Thin films of PA6T2 and the model compound T2a spin-coated onto quartz
substrates exhibited similar absorptions with slightly red-shifted absorption maxima at 323
and 321 nm, respectively, and shoulders at around 360 nm (Figure 4.10a, dashed lines). PA6T2
also underwent photo-bleaching in HFIP when irradiated at 317 nm (Figure 4.10b), indicating
that the photo-excited state is prone irreversible electron transfer and oxidation reactions.
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Figure 4.10. a) Normalized UV-vis absorption spectra of PA6T2 compared with those of the model
compound T2a from solutions (solid lines) and spin-coated thin films on a quartz substrate (dashed
lines). b) Absorption spectra of the PA6T2 before and after irradiation for several minutes at 317 nm,
showing the photo-bleaching effect. ¢) Transient change in conductivity of T2a, PA6T2 and PA12T2 on
irradiation with a 10 ns electron pulse normalized by the irradiation dose, D.

Pulse-radiolysis time-resolved microwave conductivity (PR-TRMC) was used as an initial
probe of the charge transport properties. PR-TRMC measurements on specimens of the
polyamides PAnT2 for n = 6 and 12, as well as the model compound T2a at room temper-
ature in the range of 28 to 38 GHz with pulse widths of 2-20 ns (Figure 4.10¢) resulted in
mobilities, p, of 0.044 cm? V! s71 (T2a), 0.017 cm? V™! s7! (PA6T2) and 0.018 cm? V! 7!
(PA12T2). These mobilities are around one order of magnitude higher than the highest values
of 0.005 cm? V! s7! reported for other bithiophene-based systems,?8” and close to those in
crystalline quaterthiophene and sexithiophene-based systems.?44317-319 This is considered to
reflect the beneficial effect of hydrogen bonded substituents on the packing of z-conjugated
systems and hence the charge transport properties of the materials (Chapter 3).

LUMO
-1.0eV

orbital energy / eV

HOMO
-5.6eV

Figure 4.11. Orbital energy levels of 4,4’-(2,2’-bithiophene-5,5’-diyl)bis (N-methylbutanamide) were
obtained by density functional theory (DFT) (B97-3/def2-SV(P)) calculations. The methyl diamide
bithiophene was used as proxy for PAnT2 instead of model compound T2a to reduce the calculation
time.
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Despite the promising charge carrier mobilities, field-effect transistors in either top-contact or
bottom-contact configuration showed no detectable currents. We attribute this observation
to the large HOMO-LUMO gap (4.6 eV) and the irreversible electron transfer reactions of
bithiophene systems owing to the high-lying LUMO level (-1 eV) (Figure 4.11). The energetic
mismatch of the HOMO and LUMO levels with the gold source/drain electrodes may also
render the charge carrier injection energetically unfavorable.

4.3 Conclusions

We prepared a series of melt-processable semicrystalline bithiophene-containing polyamides
by solution-phase polycondensation under Yamazaki-Higashi conditions. The crystal struc-
ture of these polyamides was characterized by a close, parallel-displaced 7-arrangement
unlike many existing oligothiophenes but similar to that observed in the model compound
bithiophene butanamide T2a. As a result, PR-TRMC measurements demonstrated charge
carrier mobilities that were an order of magnitude greater than in their low molar mass
analogues. The morphologies obtained on solidification from melt were similar to those of
typical engineering semicrystalline polyamides, consisting of spherulitic agglomerates of
interconnected stacked crystalline lamellae. It follows that the resulting hardnesses and elastic
moduli were also similar to those of engineering semicrystalline polyamides. Bithiophene-
containing polyamides may therefore represent an important step towards polyamide-based
semiconductors suitable for application in which mechanical properties play an important
role.
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Semiaromatic Polyamides Containing
Perylene Bisimide Repeat Units

The control of local order in polymer semiconductors using non-covalent interactions may
be used to engineer materials with interesting combinations of mechanical and optoelec-
tronic properties. To investigate the possibility of preparing n-type polymer semiconductors
in which hydrogen bonding plays an important role in structural order and stability, we
have used solution-phase polycondensation to incorporate dicyanoperylene bisimide repeat
units into an aliphatic polyamide chain backbone. The morphology and thermomechanical
characteristics of the resulting polyamides, in which the aliphatic spacer length was varied
systematically, were comparable with those of existing semiaromatic engineering polyamides.
At the same time, the charge carrier mobility as determined by pulse-radiolysis time-resolved
microwave conductivity (PR-TRMC) measurements was found to be about 0.01 cm? V! 57!,
which is similar to that reported for low molecular weight perylene bisimides. Our results
hence demonstrate that it is possible to use hydrogen bonding interactions as a means to
introduce promising optoelectronic properties into high-performance engineering polymers.
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Chapter 5. Semiaromatic Polyamides Containing Perylene Bisimide Repeat Units

5.1 Introduction

Semiaromatic polyamides, particularly the polyphthalamides, are high-performance engi-
neering thermoplastics because they exhibit outstanding thermomechanical property pro-
files,206-320.321 byt remain compatible with conventional industrial melt processing routes
such as extrusion and injection moulding, in contrast to fully aromatic polyamides (pol-
yaramids).!7®322323 Although the development of semiaromatic polyamides and copolyamides

has strongly focused on structural applications,320:322:324

they also often show similar morpho-
logical features to recent high-performance polymer semiconductors, namely thin lamellar
crystals and significant residual local order in the amorphous regions.!>14199204 Semjaro-
matic polyamides whose repeat units contain z-conjugated segments may hence provide
a promising route to engineering materials with novel combinations of optoelectronic and

thermomechanical properties.

The widespread recognition of the importance of the morphology of semiconducting polymers
at different length scales for their optoelectronic and thermomechanical properties®3°? has
led to a concerted effort to better understand their structure and property relationships, with
emphasis on controlling the balance between short-range order and overall disorder.325-327
Modification of the chain backbone with non-7-conjugated segments and side chain en-
gineering, in particular, have played a significant role in improving both the mechanical
properties of n-conjugated polymers and device performance, through their influence on
local order and hence the electronic coupling between neighboring chains.?$328 A promis-
ing approach in this respect is the use of hydrogen bonding motifs that promote specific
non-covalent intermolecular interactions.’’ Hydrogen bonding has been widely used to
promote self-assembly of 7-conjugated compounds into one-dimensional nanostructures

in solution, 110,113,118,119,238-250

and to tailor the packing of 7-conjugated compounds in the
solid-state.?®2 At the same time, it is well known to be key to the unique thermomechan-
ical properties of engineering polyamides.'®! The introduction of hydrogen-bonded side
chains into semiconducting polymers has consequently gained considerable recent atten-
tion. For instance, the presence of amide groups in the side chains of 7#-conjugated polymers

based on diketopyrrolopyrrole!34135 329,330

or isoindigo repeat units has been found both to
increase the strength of aggregation and crystallinity, resulting in enhanced charge carrier
mobility and photovoltaic performance compared with the corresponding polymers with
non-hydrogen-bonded side chains, and to enhance energy dissipation during mechanical

deformation.330331

By contrast, incorporation of hydrogen-bonded segments as non-conjugated spacers into
semiconducting polymers has so far received limited attention. Bao et al. introduced a non-
conjugated unit containing an amide group into the backbone of a 7-conjugated polymer.33?
They found that 10 mol% of this comonomer sufficed to alter the thin film morphology of
the polymer network, leading to a reduction in elastic modulus and a moderate increase in
the crack onset strain, but no significant changes in charge carrier properties. In another

approach, the possibility of incorporating 7-conjugated segments into a polyamide repeat
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unit was investigated by Mugurama et al.,, who prepared semiaromatic polyamides with
oligothiophene units but provided no details of either their morphology, or their mechanical
and optoelectronic properties.3%83% We recently reported semicrystalline semiaromatic
polyamides with bithiophene units and demonstrated that such materials indeed combined
the thermomechanical characteristics of typical semiaromatic engineering polyamides with

significant charge carrier mobility.?>!

Here, we report the first example of polyamides containing electron deficient, n-type semicon-
ducting dicyanoperylene bisimide repeat units. Four such polyamides with different aliphatic
spacer lengths were found to show not only good thermal stability and shear moduli in the
range 0.75-0.93 GPa, but also H-type coupling of the dicyanoperylene bisimide chromophores
in the solid-state, and charge carrier mobilities of about 0.01 cm? V-! s7'. The dicyanopery-
lene bisimide-containing polyamides thus combined the thermomechanical properties of
typical engineering polyamides with optoelectronic properties typical of organic and polymer

semiconductors.

5.2 Results and Discussion

5.2.1 Synthesis of Perylene Bisimide-Containing Semiaromatic Polyamides

The synthesis of dicyanoperylene bisimide dibutyric acid 5 was performed in four steps start-
ing from commercially available perylene bisanhydride (Scheme 5.1). Following a published
procedure,®3 the bromination of perylene bisanhydride was carried out by electrophilic
substitution with bromine, using iodine as a Lewis catalyst.
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Scheme 5.1. Synthesis of the dicyanoperylene bisimide N,N’-dibutanoic acid 5 and the corresponding
diamide model compound 6. Reagents and conditions: a) Br,, cat. amount of I, conc. H,S0, (96%),
85 °C, 3d, 97% yield; b) 4-aminobutyric acid fert-butyl ester hydrochloride, Zn(OAc),, quinoline, 100 °C,
16 h, 79% yield; ¢) Zn(CN),, Pd, (dba),, dppf, dioxane, 95 °C, 48 h, 40% yield; d) CHCl,, TFA, reflux, 15 h,
96% yield; e) chlorendic hydroxylimide, DIC, propylamine, DMF/THE 50 °C, 28 h, 84% yield.
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Chapter 5. Semiaromatic Polyamides Containing Perylene Bisimide Repeat Units

The insolubility of the crude product prohibited further purification, resulting in a mixture of
non-separable 1,7-dibromo, 1,6-dibromo, and 1,7,6-tribromoperylene bisimides 2 in a ratio of
75:17:8 in a yield of 97% (26 g) (Figure 5.1). The butyl spacer between the chromophore and
ester functionality was introduced by subsequent imidization of the regioisomeric mixture
with 4-aminobutyric acid terz-butyl ester hydrochloride to give di(tert-butyl ester) 3 after
purification with column chromatography in a yield of 79% (15.5 g), as a mixture of the
desired 1,7-dibromo and the 1,6-dibromo regioisomers in a ratio of 75:25, which also remained
inseparable in the subsequent synthetic steps. The corresponding dicyanoperylene bisimide
dibutanoate 4 was prepared by a Pd-catalyzed cyanation of compound 3 with Zn(OAc),,
1,1’-bis(diphenylphosphino)-ferrocene (dppf) and tris(dibenzylideneacetone)-dipalladium(0)
(Pd, (dba),) in dry dioxane at 95 °C for 2 d. After suspension in EtOAc and filtration, purification
by column chromatography gave compound 4 as a red solid powder in a yield of 40% (4.6 g).
Subsequent deprotection of the fert-butyl esters with TFA gave dicyanoperylene bisimide
dibutanoic acid 5 in almost quantitative yield (1.3 g).
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Figure 5.1. 1H NMR spectrum (600 MHz, calibrated with 4,4-dimethyl-4-silapentane-1-sulfonic acid)
of 2 in conc. D,SO, indicating the presence of the 1,7-dibromo, 1,6-dibromo, and 1,7,6-tribromo
perylene bisimide regioisomers.

Because of solubility issues encountered with 5, the Yamazaki-Higashi solution-phase poly-

150 was not an option and an alternative procedure was therefore used.

condensation route
The carbodiimide-promoted reaction of compound 5 with chlorendic hydroxylimide resulted
in the corresponding active ester monomer, which was used in situ for the synthesis of the
dicyanoperylene bisimide-containing polyamides PArPBICN2 (n = 6, 8, 10, 12) by solution-
phase polycondensation with 1,6-hexanediamine, 1,8-octanediamine, 1,10-decanediamine,
and 1,12-dodecanediamine, respectively, in yields of 85-92% (240-280 mg) after precipitation
(Scheme 5.2, Table 5.1). Likewise, the in situ activation of dibutanoic acid 5 with chlorendic
hydroxylimide followed by coupling to propylamine gave the diamide model compound 6 in a

yield of 84% (95 mg). The continued presence of the 1,6-dicyano regioisomer was shown by
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5.2. Results and Discussion

2D NMR spectroscopy (Appendix 9.2.4). All polyamides were soluble in trifluoroacetic acid
(TFA) and m-cresol at room temperature, but remained insoluble in most common polar
aprotic solvents, including dimethyl sulfoxide (DMSO), dimethylformamide (DMF), N-metyl-
2-pyrrolidone (NMP), hexamethylphosphoramide (HMPA), o-dichlorobenzene, cyclohex-
anone, or dimethylacetamide, as well as quinoline, glacial acetic acid, 1,1,1,3,3,3-hexafluoro-
2-propanol (HFIP), o-/ m-xylene or chlorobenzene, even at elevated temperatures.

CN CN
PR OS IS I P e S VSO
A O e O ey

NC

5 PAnPBICN2 n=6,8,10,12

Scheme 5.2. Synthesis of dicyanoperylene bisimide-containing polyamides PAnPBICN2. Reagents and
conditions: a) Chlorendic hydroxylimide, DIC, DME 50 °C, 14 h, b) DMSO, 120 °C, 2 d, 85-92%.

A combination of 'H NMR spectroscopy, solid-state IR spectroscopy, and gel permeation chro-
matography (GPC), confirmed the chemical structures of the resulting polyamides (Figure 5.2,
Table 5.1). However, their insolubility in common organic solvents required derivatization with
trifluoroacetic anhydride (TFAA) to give the corresponding poly(trifluoroacetylimide)s. GPC
could then be performed with HFIP as the eluent. The number average molecular weights
(M},) of 9°400 to 15’500 g/mol and the dispersities (D) of around 2.0 implied a degree of
polymerization of between 13 and 20, indicative of a robust polycondensation procedure
(Table 5.1).

Table 5.1: Yields, number and molecular weights (M,, My, and dispersities (D) obtained from gel
permeation chromatography of the dicyanoperylene bisimide-containing polyamides PAnPBICNZ2.

PAnPBICN2 Amount [mg] Yield [%] M, [g/mol] M, [g/mol] D
PAGPBICN2 240 85 9’700 19’700 2.0
PASPBICN2 272 92 11’100 22’500 1.9
PA10PBICN2 280 92 9’400 19’000 2.0
PA12PBICN2 270 85 15’500 32’000 2.0

The broad absorption at 2800-3300 cm™! in the solid-state infrared (IR) spectra of compound
5 can be assigned to the O-H stretching vibration, while the band at 1712 cm™! corresponds to
the C=0 stretching vibration of a free carboxylic acid group (Figure 5.2a). After polyconden-
sation, these bands were replaced by a characteristic amide A (N-H stretching) absorption
at 3302-3307 cm™! with a shoulder at around 3390 cm™ (Figure 5.2b), the amide I (C=0
stretching) peak at 1631-1642 cm™, and the amide II band at 1537-1545 cm™!, along with
with C=0 stretching bands and benzene C=C vibrations from the perylene bisimide core at
1703-1706, 1657-1664, and 1597-1600 cm™' (Figure 5.2¢).3%* In each case, the maximum
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and the shoulder of the amide A peak were associated with hydrogen-bonded and free (non-
hydrogen-bonded) amide groups, respectively. The peak position and its full width at half
maximum (FWHM < 100 cm™) were similar to those observed in typical semicrystalline
polyamides.!%
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Figure 5.2. Solid-state IR spectra of the of the dicyanoperylene bisimide-containing polyamides
PAnPBICN2. a) The formation of amide bonds was confirmed from comparison of the solid-state IR
spectra of the polyamides PAnPBICN2 with that of compounds 5 and 6. b) The characteristic amide A
¢) and amide I and II bands (blue) appeared after polycondensation, along with the C=0 stretching
vibrations of the perylene bisimide core (red).

5.2.2 Crystalline Morphology of the Polyamides

Wide-angle X-ray diffraction (WAXD) patterns of the as-synthesized polyamides PAnPBICN2
(n=86, 8, 10, 12) powders showed clear Bragg peaks superimposed on an amorphous back-
ground, indicating the presence of an ordered phase in the solid-state, consistent with
the IR spectroscopic data. Peaks were observed for all the materials at 20 ranging from
42.0-43.1 ° (broad), 23.8-29.5 °(strong), 18.2-19.9 °(strong), 12.1-12.9 °, 10.3-10.5 °, and
3.7-4.5°(strong), corresponding to spacings of 2.1-2.2 A, 3.0-3.7 A, 4.5-4.94,6.9-7.3A,8.4-8.6 A
and 19.5-23.5 A (Figure 5.3a). This suggested the increase in the length of the aliphatic segment
(n) not to have a major qualitative influence on the crystalline morphology of the polyamides.
However, the spacings associated with the lowest angle peak visible in the WAXD patterns
increased from 19.5 to 23.5 A with increasing n (Figure 5.3b), suggesting a systematic increase
in the long period of the unit-cell. Peak deconvolution followed by subtraction of the amor-
phous background suggested a crystallinity index, y, of 43-53%, which is similar to the degrees
of crystallinity observed in other semiaromatic polyamides obtained with the same method
(Figure 5.3¢). 335336

The lamellar long period (L) arising from the periodic stacking of alternating crystalline and
amorphous lamellae was estimated from small-angle X-ray scattering (SAXS) measurements
to be in the range of 19-22.5 nm (Figure 5.3¢). Combining WAXD crystallinity indexes and
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SAXS long period, it therefore implied lamellar thicknesses of roughly 9.1 nm for n =6, 8.5 nm
for n=28,10.2 nm for n=10 and 11.9 nm for n = 12, assuming a simple two phase model, which
was between 4 and 5 times the spacings corresponding to the lowest angle WAXD peaks in
each case.
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Figure 5.3. a) Wide angle X-Ray diffraction (WAXD) patterns of the as-synthesized PARPBICN2 (1 = 6,
8, 10, 12) powders were recorded at room temperature in transmission mode, along with the corre-
sponding 2D patterns (insets). Deconvolution of these patterns was used to separate the amorphous
background from the Bragg peaks. b) Systematic increase in the d-spacings corresponding to the lowest
angle peaks in the WAXD patterns with increasing 7 from 19.5 to 23.5 A (inset: corresponding Bragg
peaks). ¢) Estimated crystallity index as a function of n based on the deconvolution of the WAXD
patterns, together with the corresponding long period (L,) estimated from small-angle X-ray scattering
(SAXS) measurements.

Attemps to obtain a suitable single-crystal for WAXD analysis from model compound 6 from
solution or by vacuum sublimation were unsuccessful. However, crystalline structures ob-
tained for similar centrosymmetric PBICN2 derivatives without amide groups, as well as our
own UV-vis spectroscopic investigations (see below) suggest that the roughly planar perylene
bisimide moieties should show parallel-displaced n—m stacking with an interplanar distance
of approximately 3.4 A, consistent with the strong Bragg reflection at 20 = 25.4-25.5 ° ob-
served in the present case, and the aliphatic groups in an extended conformation.337-339
Moreover, in common with other polyamides derived from centrosymmetric aromatic diacids
and linear aliphatic diamines with even n, PAnPBICN2 (n = 6, 8, 10, 12) is expected to show a
stable a-type crystalline phase in which fully extended aliphatic linkages form stacked planar
hydrogen-bonded sheets.!9%2%! At the same time, in order to maintain a reasonable packing
density, the chain direction of the aliphatic linkages must be strongly tilted away from the
planes of the more bulky perylene moieties.

A model triclinic unit cell for PA6PBICN2 containing a single repeat unit was constructed on
this basis and energy-minimized using the Dreiding II force-field and charge equilibration,
resulting in unit cell parameters, a=8.37 A, b=5.24 A, c=23.08 A, a =102.55°, f =96.4 °,
and y = 112.65 °, and a relative density of 1.295 (Figure 5.4a). The planes of the perylene
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Figure 5.4. a) Model structure for PA6PBICN2 assuming a triclinic unit cell with the c-axis parallel to
the polymer backbone. b) Simulated WAXD powder pattern from the structure in @) in comparison
with a fitting of the experimental WAXD peaks in Figure 5.3a.

bisimide cores were twisted by about 15.6 ° in the relaxed structure, consistent with previously

340 and their interplanar spacing was 3.4 A.

reported values for similar model compounds,
The intermolecular hydrogen bond angles and distances associated with the amide groups
were N-H---O < 169 ° and H---O d = 2.2 A, respectively. Simulated WAXD powder patterns
from this structure confirmed strong scattering at 20 of around 25 ° from the perylene stacks,
whose planes were approximately parallel to (112) in this representation, a strong (010) peak at
260 = 19.2 ° and significant additional scattering at lower angles from the (10/) planes, in reason-
able qualitative agreement with the corresponding experimental WAXD patterns (Figure 5.4b),
bearing in mind the significant 1,6-regioisomer content of the specimens. Indeed, while the
experimental WAXD patterns did not permit unambiguous independent determination of the
unit cell parameters, the diffraction peaks for PA6PBICN2 could be indexed by analogy with
the model structure, implying a=9.22 A, b=5.00 A, c=20.45 A, @ =100.50 °, = 93.50 °, and
Y =112.85°, and a relative density of 1.37, suggesting stronger tilting of the chain direction
of the aliphatic linkages away from the planes of the perylene moieties than in the model
structure, and hence a reduced long period.

5.2.3 Thermomechanical Properties of the Polyamides

The thermal stability of the polyamides was investigated by thermogravimetric analysis (TGA)
at a heating rate of 10 °C/min under a nitrogen atmosphere. All the polyamides PAnPBICN2
(n=6, 8, 10, 12) as well as the monomer 5 and the model compound 6 exhibited a mass loss of
1-2 wt% at about 300 °C, defined as the onset of decomposition, followed by a strong increase
in the rate of mass loss above 350 °C (Figure 5.5a).
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Differential scanning calorimetry (DSC) indicated there to be no significant melting transition
prior to the onset of degradation (Figure 5.5b). Dynamic mechanical analysis (DMA) per-
formed on powder specimens of PAnPBICN2 (1 =6, 8, 10, 12) at room temperature revealed
a shear modulus in the range 0.75-0.93 GPa in each case, which is significantly higher than
that of the fully aliphatic PA610 but lower than that of the commercially available engineering
semiaromatic polyamide PA6TI (Figure 5.5¢). Increasing the length of the aliphatic segment, n,
is not expected to have a major effect on the resulting modulus, as the apparent crystallinities
of the different polyamides PAnPBICN2 (n = 6, 8, 10, 12) as obtained by WAXD were similar
(Figure 5.3¢).
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Figure 5.5. a) Thermogravimetric analysis (TGA) scans of PArPBICN2 (n = 6, 8, 10, 12) as well as 5
and 6 performed at heating rate of 10 °C/min under nitrogen atmosphere. b) Differential scanning
calorimetry (DSC) heating and cooling runs of PAnPBICN2 (n = 6, 8, 10, 12) confirmed the absence
of any significant thermal transistions before the degradation onset temperature of 300 °C. ¢) The
shear modulus, G, of PAnPBICN2 as a function of 7 calculated from dynamic mechanical analysis
measurements (shear mode, 1 Hz at room temperature). Representative values from the commercially
available polyamides PA610 and PA6TI are shown for comparison.

5.2.4 Optoelectronic Properties of the Polyamides

UV-vis absorption and fluorescence spectroscopy used to investigate the packing and the
photophysical properties of the polyamide PA6PBICN2 as a representative example and model
compound 6 in solution and in the solid-state. Both PA6PBICN2 and 6 showed a strong Sp—S;
absorption in TFA (¢ = 10~* mol/L) at 527 nm (0-0) with higher energy vibronic bands at
492 (0-1) and 462 nm (0-2) (Figure 5.6a,b, solid black lines).3*! The ratio of the 0-0 and the
0-1 (Ap—o/Ap—1) absorption intensities was around 1.48, which is similar to typical values for
perylene bisimide derivatives in solution and indicated spectroscopic aggregates to be absent
in TFA at this concentration.3*>-34* The weak absorption band at 391 nm was attributed to the
So-S; transition of the perylene bisimide.3*! Emission spectra from dilute solutions of both
PA6PBICN2 and 6 in TFA (c = 10® mol/L) revealed a Stokes shift of 15 nm and well-resolved
vibronic fine structure patterns with fluorescence maxima at 542 nm and shoulders at 574 nm
(Figure 5.64a,b, solid red lines) mirroring the corresponding absorption spectra.
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Figure 5.6. Normalized UV-vis (solution-phase and thin film) absorption and solution-phase fluores-
cence spectra of @) model compound 6 and b) PA6PBICN2. The solution-phase spectra were obtained
from TFA solutions (black: absorption spectra, c= 10~* mol/L; red: fluorescence spectra (c= 10 mol/L),
while thin film spectra were obtained from spin-coated thin films on quartz substrates (blue). The
inset shows the corresponding specimens under UV light (254 nm). ¢) The change in conductivity
on irradiation with a 10 ns electron pulse for PARPBICN2 (n = 6, 8, 10, 12) and model compound 6,
measured by time-resolved microwave conductivity.

Thin films prepared by spin coating of PA6PBICN2 and 6 from TFA (c = 10~ mol/L) onto
quartz substrates exhibited spectral signatures that were markedly different from the solution-
phase spectra. The two main absorptions at 551 and 506 nm for 6, and 542 and 522 nm for
PAG6PBICNZ2, as well as the shoulders at 472-475 nm could be assigned to the 0-0, 0-1, and 0-2
bands of the Syp-S; transitions, and a weak Sy—S, absorption was observed at 391 nm in both
cases (Figure 5.6a,b, blue lines). The weak red-shift (15-20 nm) of the highest wavelength
absorptions, the strong decrease in the respective Ag—/Ag—; ratios to 0.98 for 6 and 1.0 for
PA6PBICN2, and the almost complete quenching of fluorescence suggested pronounced
H-type coupling of the dicyanoperylene bisimide chromophores, typical of an almost cofacial,
parallel-displaced arrangement of these chromophores in the solid-state 345348

Finally, in order to gain insight in the conductive properties of these materials, we performed
pulse-radiolysis time-resolved microwave conductivity (PR-TRMC) experiments on bulk speci-
mens of PAnPBICN2 (n =6, 8, 10, 12) and the model compound 6 at 31 GHz with pulse widths
of 10 ns at room temperature. The PR-TRMC measurements resulted in clear conductivity
transients, yielding one-dimensional charge carrier mobilities, p1p = 1.4 x 102 cm? V1 57! (6),
1.1 x 102 cm? V! s7! (PA6PBCIN2), 1.2 x 1072 cm? V! s7! (PASPBCIN2), 1.0 x 102 cm? V! 57!
(PA10OPBCIN2), and 1.0 x 102 cm? V! s7! (PA12PBCIN2) (Figure 5.6¢). These values were
comparable with those reported for other bisubstituted perylene bisimides, including liquid-

crystalline materials 349350 and hydrogen-bonded perylene bisimide organogelators,2>! and
about one order of magnitude higher than those of hole-conducting, hydrogen-bonded olig-

othiophene derivatives,244287
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5.3 Conclusions

We used solution-phase polycondensation to prepare a series of novel polyamides containing
dicyanoperylene bisimide repeat units, which showed morphologies and thermomechanical
characteristics similar to existing semiaromatic polyamides. Based on IR and optical spec-
troscopy as well as molecular modelling and WAXD, we suggest the perylene bisimide units in
the polyamides to form stacks with a parallel-displaced n—n arrangement. This arrangement
gives rise to strong H-type coupling in the solid-state UV-vis spectra and is expected to provide
percolation pathways for charge transport, as reflected by charge carrier mobilities of about
0.01 cm? V! 571, which is in the same range as for crystalline materials based on perylene
bisimide derivatives. Our results hence demonstrate that the incorporation of cyanoperylene
bisimide repeat units into a polyamide backbone may be used to prepare polymers that com-
bine the charge transport properties of typical electron-deficient 7-conjugated segments with
thermomechanical properties characteristic of high-performance engineering polyamides.
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Conclusions and Outlook

The present thesis aimed at exploring the use of hydrogen bonding sites incorporated in the
substituents attached to m-conjugated chromophores as a means to guide the supramolecular
arrangement of the chromophores in the solid-state across different length scales. This was
achieved by following two complementary approaches in two different classes of materials.
In the first part, we successfully prepared hydrogen-bonded bithiophenes and quaterthio-
phenes together with their non-hydrogen-bonded analogues, in which amide and ester groups,
respectively, were connected to the m-conjugated core via flexible spacers of different lengths.

* We derived a comprehensive structure-property relationship in bithiophenes with
hydrogen-bonded substituents and found that the packing of the bithiophene cores
within its sublayer was about 10-25% denser for bithiophene diamides than the respec-
tive diesters. Notably, the bithiophene diamide with an ethylene spacer showed the
smallest pitch angle combined with a sufficiently small roll angle, resulting in strong
H-type coupling in optical spectroscopy the solid-state. The coexistence of the n-
interactions with N-H---O=C hydrogen bonding was observed in all cases, but only
synergistic in the case of the ethylene spacer, leading to optimized hydrogen bonding
and m-interactions.

* Consistent with the previous observations in bithiophene diamides, a quaterthiophene
bisacetamide also revealed the smallest volume occupied by its quaterthiophene core,
resulting in a more efficient 7-overlap and a stronger preference for layer-by-layer
thin film growth, resulting in micrometer-sized crystalline domains, as compared with
other quaterthiophenes including a structurally related quaterthiophene diacetate.
These factors resulted in average field-effect mobilities of up to 0.18 cm? V1§71 which
is almost two orders of magnitude higher than the reference non-hydrogen-bonded
diacetate and in the same range as the best mobilities reported for single-crystalline
quaterthiophenes to date.
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From the investigations above, it follows that the use of terminal amide hydrogen bonding
sites is not detrimental for macroscopic charge transport. We thus extended our investigations
to polymer semiconductors in the second part. To this end, we designed and synthesized
novel semiaromatic polyamides containing either bithiophene (p-type) or dicyanoperylene
bisimide (n-type) repeat units to add optoelectronic function to these materials. In both cases,
we used solution phase polycondensation and obtained a series of semiaromatic polyamides
with different aliphatic spacer lengths.

¢ We demonstrated that the polyamides containing bithiophene or dicyanoperylene
bisimide repeat units were semicrystalline and exhibited a microscopic structure similar
to other semicrystalline, semiaromatic polyamides, featuring nanometer thick, intercon-
nected lamellar crystalline domains, providing thermoplastic properties with an elastic
modulus and a shear modulus comparable to those of industrial-grade semiaromatic
polyamides.

* Moreover, these polyamides containing bithiophene or dicyanoperylene bisimide re-
peat units exhibited charge carrier mobilities on the order of 10”2 cm? V! s7! that are
either in the same range as their low molecular weight counterparts, or even one order
of magnitude higher, as demonstrated by pulse-radiolysis time-resolved microwave
conductivity measurements.

Our study may, therefore, pave the step towards polyamide-based semiconductors, in which
the synergistic interplay of interchain hydrogen bonding and n—r stacking renders them suit-
able for applications in which both mechanical and optoelectronic properties are important.
However, several interesting aspects still need to be addressed in future work:

¢ It would be important to complement the microwave conductivity experiments with
macroscopic charge transport measurements using, for instance, a field-effect transistor
set-up.

¢ In this context, the preparation of polymers with significantly improved processability
from solution or from the melt will be relevant. We envisage this to be possible by
copolymerization, so that the disorder introduced in the molecular structure of the
resulting polyamides will decrease the crystallinity, lower the melting points, and/or
increase solubility in organic solvents.

¢ The resulting materials can then be processed into oriented thin films via friction trans-
fer or fibers via electrospinning directly onto a substrate of choice. In both cases, the
structure formation of the materials is expected to remain dominated by the segregation
of the chromophores, as demonstrated in this thesis. The potential of this approach
has already been confirmed by preliminary investigations on the electrospinning of
bithiophene-containing polyamides from solution, resulting in continuous, long mi-
crofibers.
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 After addressing the macroscopic device performance, this concept may subsequently
be applied to the inherently better 7-conjugated cores, such as benzothienobenzothio-
phene (BTBT) or diketopyrrolopyrrole (DPP).
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7.1 Instrumentation and Methods

1D Wide-Angle X-ray Diffraction (WAXD). 1D powder WAXD patterns for the as-synthesized
polyamides were obtained in reflection mode using a PANalytical X’'Pert Pro MPD diffrac-
tometer (CuKa radiation, A = 1.54 A) in the Bragg-Brentano geometry. The X-ray tube was
operated at 45 kV and 40 mA and scanning was carried out from 26 = 15-30 ° angles using a
fixed divergence slit of 0.25 °, a step size of 0.0167 ° and a time per step of 120.015s.

2D Small-Angle X-Ray Scattering & Wide-Angle X-ray Diffraction (SAXS & WAXD). 2D
SAXS and WAXD patterns for the polyamides PArT2 were obtained using a rotating anode
X-Ray tube (CuKe radiation, A =1.54 A) at the MATEIS laboratory of the Institut National des
Sciences Appliquées de Lyon, France. The data were recorded in transmission with a beam size
of 500 pm x 500 um and a 2D CCD detector (Princeton Instruments) with specimen-detector
distances of 343 mm and 42.1 mm and exposure times of 180 and 1200 s for SAXS and WAXD
respectively, corrected for the thickness and the absorption of the specimens, and integrated
azimuthally. A broad low-angle peak observed in the SAXS patterns was assumed to arise
from approximately periodic stacking of high aspect ratio crystalline lamellae, giving direct
access to the lamellar long period, L,. The lamellar thickness, L., was estimated from the
corresponding correlation function following Strobl and Schneider.3®? The volume fraction of
the crystalline phase was then estimated from the ratio L. / Lp.

2D SAXS and WAXD measurements on polyamides PArPBICN2 were performed at the Unité
Matériaux et Transformations (UMET) laboratory in University of Lille, France using a Xeuss
2.0 apparatus (Xenocs) equipped with a micro source (CuKea radiation, A = 1.54 A) and point
collimation. The sample-to-detector distance, which was around 18 cm for WAXD and 150 cm
for SAXS, was calibrated using silver behenate as a standard. The data were recorded in
transmission mode with a beam size of 500 x 500 umz2 and a 2D Pilatus 200K detector. Standard
corrections were applied to the WAXD and SAXS patterns before their analysis. The intensity
profiles were obtained by azimuthal integration of the 2D patterns using the fit2D software.
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Atomic Force Microscopy (AFM). Pressed films of PA8T2 with thicknesses of the order of
100 um were deposited on a flat glass substrate, heated to as temperature about 30 °C above
their melting point as determined by DSC, and crystallized isothermally in air at the required
temperature. The resulting surface textures were observed by intermittent-contact-mode
AFM (Bruker Nanoscope I1Ia) with a MikroMasch NSC14 silicon probe (root-mean-square free
amplitude = 2V, set-point amplitude = 0.6-1.2 V).

AFM images of Chapter 3 were obtained in tapping mode using a Nanoscope Illa (Veeco
Instruments Inc., Santa Barbara, USA) instrument or a NT-MDT Solver Pro with a SMENA
scanner at room temperature in air. Cantilevers with an average resonance frequency of
fo=750r150kHz and k= 3.5 or 5 N/m were used, respectively. Scan rates of 0.1-2.0 Hz were
applied, and the image resolution was 512 x 512 pixels. The images were processed using the
Gwyddion software package.

Computational Details. Pairs of molecules were extracted from the five crystal structures of
1, 2, a-4T, DMA4T, and DHAT. The lateral chains were removed, and hydrogen atoms positions
were optimized at the B3LYP/6-31G(d) level in Gaussian 09.3%3 The electron density was
calculated at B3LYP/TZP level in ADF2013.354-356 The DORI-based electronic compactness
index was computed in locally modified version of DGrid.>>” The compactness index was
computed as integral of the electron density over the intermolecular regions as reported

previously.?%

Differential scanning calorimetry (DSC). DSC was carried out with either a TA Instruments
Q100 calorimeter or a Mettler Toledo, DSC 3" STAR® System calorimeter at a scanning rate
of 10°C/min under nitrogen flow (50 mL/min). Specimens of about 3-5 mg were first heated
to a temperature 30 °C above their melting point and then cooled to 0 °C at a cooling rate
of —10 °C/min in order to erase the effects of their thermal history. The data given for the
thermal transitions were obtained from the second heating and first cooling scans. Melting
(T;,) and crystallization (T,) temperatures were defined as the temperatures corresponding
to the maxima of the respective enthalpy peaks, while T was defined as the half-height of
the heat capacity step associated with the glass transition. The melting enthalpies AH,,, were
estimated by integrating the area under the melting peaks. The corresponding experimental
errors are essentially due to the sensitivity of these measurements to the choice of baseline.

Dynamic Mechanical Analysis (DMA). Dynamic mechanical testing (861°, Mettler Toledo)
was performed in shear mode at room temperature with a strain amplitude of 0.1%. Each
specimen was tested at successive frequencies of 10, 1 and 0.1 Hz). The test specimens were
either hot-pressed or compressed into a cylindrical pellet with dimension ranging between
0.30-0.60 mm in thickness and 5 mm in diameter, with a geometric factor between 20-50 m™_.
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Electron Microscopy. Thin films of the polyamides PAnT2 for selected area electron diffrac-
tion (SAED) were obtained by friction deposition from a small block of the solid polyamide
onto a freshly cleaved crystal of KBr held at 20-30 °C below the melting point of the polyamide,
followed by dissolution of the KBr and deposition of the remaining oriented film onto a carbon
covered 400 mesh grid. Electron fiber diffraction patterns were recorded using a Thermo
Scientific Talos transmission electron microscope (TEM) operated at 200 kV.

Fluorescence Spectroscopy. Solution-phase fluorescence spectra were obtained with a
Jasco FP-6500 spectrofluorometer from TFA solutions (0.1 mg/mL) using Hellma quartz cu-
vettes (1 x 1 cm?) with an excitation wavelength of 527 nm. Solid-state fluorescence spec-
troscopy made use of films prepared from disperions of 5 mg of the compounds in 5.2 g of
a 17% w/v solution of PMMA in toluene under strong magnetic stirring. These dispersions
were spin-coated (4000 rpm, 1 min) onto transparent polyester substrates (Byko-Charts, BYK
Gardner, USA) and the resulting films were first dried in air for 2 h and then under high vacuum
for a week after removal of the substrate. The fluorescence spectra of these films were recorded
with a Horiba Jobin FluoroMax-3.

Gel Permeation Chromatography (GPC). The number and weight average molecular weights,
M,, and M, and the dispersity, D, of the polyamides were determined using an Agilent 1260
Infinity GPC/SEC system with a refractive index detector and a total column length of 650 mm
(PSS PFG, 100 A). 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) was used as the eluent at a flow
rate of 1 mL/min and temperature of 25 °C. Six poly(methyl methacrylate) (PMMA) standards
with molar masses of between 2’000 and 44’000 g/mol and P 1.1 were used for calibration.
The polyamides and the PMMA standards were all dissolved in neat HFIP (¢ = 2-3 mg/mL).

Infrared (IR) Spectroscopy. IR spectra were measured on a JASCO FT/IR 6300 spectrometer
using the Miracle attenuated total reflection (ATR) accessory from PIKE.

Mass Spectrometry. High-resolution mass spectrometry was carried out with either a Waters
Q-ToF Ultima for ESI, or on a Bruker AutoFlex Speed for MALDI-ToF, or on a Waters QTOF
Xevo G2-S for APPI/APCI.

Nanoindentation Measurements. Nanoindentation experiments were performed on 300 pm
thick pressed films of the polyamides PAnT2, cooled at 10 °C/min from the melt, using an
NHT? Nanoindentation Tester from Anton Paar equipped with a Berkovich diamond indenter
(@ = 65.3 £ 0.3). Loading and unloading rates were set to 100 mN/min with a pause of 30 s,
and the maximum load was 10 mN. Two to three films were made from each material and a
minimum of 25 indents were performed on two different areas of each. Hardness (Hyr) and
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elastic modulus (Ert) were determined from the unloading part of the measurement using the
method of Oliver and Pharr3®® and assuming a Poisson’s ratio of 0.4 throughout.

Nuclear Magnetic Resonance (NMR) Spectroscopy. 1D and 2D NMR spectra were recorded
at 298 K on Bruker Avance III 400, 600 or 800 spectrometers at frequencies of 400 MHz,
600 MHz, 800 MHz for 'H nuclei, and 101 MHz, 150 MHz, 200 MHz for 3C nuclei at 298 K,
respectively. Deuterated solvents were purchased from Cambridge Isotope Laboratories, Inc.
The spectra were calibrated to the respective residual solvent peaks of DMSO-dg (2.50 ppm
'H NMR; 39.52 ppm *C NMR), CDCl, (7.26 ppm 'H NMR; 77.16 ppm *C NMR) or CD»Cl,
(5.32 ppm 'H NMR; 53.84 ppm '3C NMR). The 'H NMR spectra of the PAnT2 and PAnPBICN2
polyamides were recorded in non-deuterated HFIP with acetone-dg as the internal standard
(2.05 ppm in 'H NMR) and in TFA-d and CDCIl; mixtures in 1:3 ratio, respectively. The 'H
NMR of 1,7-dibromoperylene-3,4:9,10-tetracarboxylic dianhydride was recorded in conc.
D,S0O, (96-98% in D, 0) with 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) as an internal
reference material. Chemical shifts are expressed in parts per million (ppm) and coupling
constants are given in Hz) (s = singlet, d = doublet, t = triplet, q = quadruplet, p = quintet,
m = multiplet, br = broad signal).

Numerical Simulations. Trial crystal structures for the polyamides were generated using
the BIOVIA Materials Studio graphics user interface. Their geometry was then optimized with
respect to all structural degrees of freedom subject to periodic boundary conditions, using
classical force field-based energy minimization with the generic Dreiding force field**® and
the method of steepest descents with charge equilibration. WAXD patterns were simulated
using the BIOVIA Reflex software package.

OFET Device Fabrication. Bottom-gate top-contact transistors were fabricated from thin
films of 1 and 2 via thermal deposition of Au source and drain electrodes (80 nm) in high
vacuum (10~ mbar) and at a substrate temperature of -185°C through different shadow masks.
Transistors with channel lengths L = 5, 10, or 20 um and an aspect ratio W/L = 10 were
patterned by stencil masks made of low-stress Si;N, membranes supported by bulk Si. These
stencils were fabricated in the Microsystems Laboratory 1 of Prof. J. Brugger at EPFL,360:361

OFET Characterization. The transfer characteristics of all transistor devices were recorded
directly by measuring the channel current /ps in dependence of the gate voltage V¢ in the
saturation regime of the transistor (Vp =-60V or Vp =—-40V) in an inert atmosphere and
at ambient temperature using a Keithley 4200 semiconductor characterization system. All
measurements were performed at scan rates of 0.25-0.5 Vs™!.
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The field effect mobility, y, in the saturation regime was extracted from the slope and the
threshold voltage V1 from the V-axis interception of a linear fit of the square root of the
absolute saturation drain current Ing as a function of the gate voltage Vg, according to

w
Ips=—-Ci-p- (Vg-Vr)? 7.1
DS oL i ( G T) ( )

Pulse-Radiolysis Time-Resolved Microwave Conductivity. Charges were generated in pow-
der samples (20-50 mg) by irradiation with short pulses (2-20 ns) of high-energy electrons
(3 MeV) from a Van de Graaff accelerator. The penetration depth of these high-energy elec-
trons in the materials is several millimeters, resulting in close to homogenous ionization and
hence a uniform concentration of charges. The change in conductivity of the material due
to charges generated by the irradiation was probed using high frequency microwaves (28 to
38 GHz). The fractional change in the microwave power (AP/P) absorbed on irradiation is
directly proportional to the change in the conductivity (Ao) according to

—=-A-Ao (7.2)
P

where the sensitivity factor, 4, is a sensitivity factor that depends on the geometric and di-
electric properties of the material.362 The conductivity (Ao) is related to the mobility of all
charged species, and their concentration, Np, through

Ao=e-Np) u (7.3)

where e is the elementary charge (1.6 - 107'° C). This this is equation allows the mobility of
the charge carriers to be calculated given a reasonable estimate of their concentration. Such
an estimate may be obtained from dosimetry measurements, which provides the amount of

energy deposited by the electron pulse, as described in detail previously.363

Polarized Optical Microscopy. Polarized optical microscopy was carried out either on an
Olympus BH2 microscope or Olympus BX-60 equipped with Colorview I and Olympus XC50
digital cameras, respectively.
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Thermogravimetric analysis. Thermogravimetric analysis (TGA) scans were recorded using
a Perkin Elmer TGA 4000. The specimens (5-10 mg) were dried in high vacuum at 80 °C for
24 h and then heated from 30 °C to 950 °C at a scanning rate of 10 °C/min in a flow of nitrogen
(20 mL/min).

Thin Film Deposition. The SiO, and SiO, /OTS substrates were heated to the desired sub-
strate temperatures Ts = 24-140 °C in high vacuum (10~ mbar) overnight prior to quaterthio-
phene deposition. Deposition of compounds 1 and 2 was monitored using a quartz crystal
microbalance, and the deposition rate was maintained constant at around 3 A/min. The
distance between the alumina crucible and the sample holder was around 40 cm.

UV-vis Spectroscopy. UV-vis spectra were measured on a Jasco V-670 spectrometer, solution
phase spectra (5 mg/mL in HFIP, TFA or DMSO) were obtained using Hellma quartz cuvettes
(1 mm path length), and spectra of thin films were measured on samples prepared onto a
quartz substrate by spin-coating (4000 rpm, 1 min) using 100 pL of a stock solution (2 mg/mL).

X-ray Crystallography. Bragg-intensities of 1a—c, 2a—c, DHT2 and 6a were collected at low
temperature using CuKa radiation (A = 1.54184 A). A Rigaku SuperNova dual-system diffrac-
tometer with an Atlas CCD detector was used for compounds 1a—c, 2b and DHT2, while an
Atlas S2 CCD detector was used for compounds 2a, 2c and 6a. The datasets were reduced
and corrected for absorption, with the help of a set of faces enclosing the crystals as tightly as

possible, with CrysAlisPro.364

The solutions and refinements of the structures were performed by the latest available version
of ShelXT3% and ShelXL.3%¢ All non-hydrogen atoms were refined anisotropically using full-
matrix least-squares based on |F|*. The hydrogen atoms were placed at calculated positions by
means of the “riding” model where each H-atom was assigned a fixed isotropic displacement
parameter with a value equal to 1.2 Ugq of its parent C-atom (1.5 Ueq for the methyl groups).
However, in structures 1a and 1b, hydrogen atom positions were found in a difference map
and refined freely. Crystallographic and refinement data are summarized in Section 9.1. The
crystal structures of the compounds 1a-c, 2a—c, DHT2 and 6a have been assigned the CCDC
numbers 1951216-1951223.

Structure 2a, was refined as a two-component twin, yielding a batch scale factor (BASF) pa-
rameter of 0.40(7). In the structure 2b, the 2-methylthiophene moiety was disordered over
two positions found in a difference map, and which were refined anisotropically imposing
distance and ADP restraints (SADI and SIMU) for the least-squares refinement, yielding site
occupancies of 0.58(2)/0.42(2). In the structure 2c, the propyl substituents were found to be
disordered over two orientations found in a difference map and which were refined anisotropi-
cally using SADI and SIMU cards for the least-squares refinement, yielding site occupancies of
0.544(8)/0.456(8). The asymmetric unit of 6a contained two crystallographically independent
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molecules in which one of the thiophene rings was disordered over two positions. Atoms of
both orientations were located in a difference Fourier map. The major and minor parts were
refined anisotropically, but SADI restraints were used to optimize the bond lengths and SIMU
restraints were applied to refine the displacement-ellipsoids of the atoms. The site occupancy
factors were refined to 0.856(6) and 0.144(6).

The data collection of compound 2 (CCDC 1043812) was performed at low temperatures
[100(2) K] using Mo Ka radiation on an Agilent Technologies SuperNova dual system in
combination with an Atlas CCD detector (Section 9.1).

Calculation of Pitch and Roll Angles. The distances between successive planes within a
n-stack is denoted by d, while the distances between equivalent atoms of the molecules in the
stack is marked by z (Figure 7.1). According to the definition by Curtis et al.,?®” the pitch and
roll-angles were computed with the help of the CrystalMaker and IgorPro programs. First, the
stack was identified, the molecular plane and original values of d and z, d,, and z,, computed.
Then, the origin of the crystallographic unit cell was moved to one of the sulfur atoms of the
bithiophene moiety. A local, orthogonal base was defined as follows:

LS

C

S1 .
long axis A

X1 ab 9
short axis B

Figure 7.1. Representative illustration for determination of pitch and roll angles showing the definition
of the bithiophene short and long axis.

* base vector C: the normal of the molecular plane as contravariant coordinates;

* base vector B: the short axis is the vector from the sulfur atom S1 through the dummy
atom X1, which is lying in the molecular plane and is necessarily perpendicular to the
vector C;

* base vector A: the “long axis” is the orthogonal complement to the base vectors B and C
accordingto A=B x C.

A transformation matrix, M, was defined such that A = a - M, where a is a 1 x 3 row-matrix
containing the crystallographic base vectors, Ais a 1 x 3 row-matrix containing the orthogonal
local base vectors, and M is the 3 x 3 transformation matrix. Then, the atomic coordinates
were transformed according to R=M - r, where r is a 3 x 1 column-matrix containing the
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coordinates of an atom j with respect to the crystallographic basis and Ris a 3 x 1 column-
matrix containing the coordinates of the same atom j in the local coordinate system. The
determinant of M was confirmed to be positive and the d and z values of the transformed
atoms were compared with d,, and z, and judged to be close enough. Finally, the resulting
atoms were written into a CIF file which was finally examined in CrystalMaker to compute
pitch and roll angles.

Calculation of Volume per Bithiophenes. The volume per bithiophene core calculated us-
ing the crystallographic plane in which the bithiophenes were organized, and the distance,
d, between the planes touching the Van der Waals surface of the bithiophene’s outermost
carbons within a layer (Figure 7.2, Table 7.1).

1

a

T b

Figure 7.2. Tllustration of packing arrangement of bithiophenes within a layer. The yellow cloud
illustrates the van der Waals surface of the corresponding bithiophenes.

Table 7.1: Values that were used for calculation of volume per bithiophenes, where a,b represented
the both crystallographic planes in which the bithiophenes were arranged in a layer; «a is the angle
between those crystallographic axes, d is the distance between planes of the bithiophene’s outermost
carbons within a layer.

alA] b[A] a [°] d[A] #T2 V [A3]

la 5.70 8.11 108.2 6.78 1 297.7
1b 6.05 8.67 90.0 9.00 2 236.2
1c 7.50 8.63 90.0 8.34 2 269.9
2a 5.72 9.53 90.0 8.29 2 226.2
2b 4.89 9.44 90.0 9.29 2 214.3
2c 4.98 5.62 107.7 8.30 1 221.2
T2-133K 5.73 8.93 90.0 8.68 2 222.2
T2-173K 5.77 8.81 90.0 8.78 2 223.4
DMT2 5.24 5.68 90.0 8.59 1 255.4
DHT2 5.91 4.99 105.9 9.26 1 262.4
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7.2 Synthesis Procedures and Analytical Data for Compounds

Materials. Unless otherwise stated, all materials and solvents were purchased from com-
mercial suppliers and used without further purification. Chromatography solvents were
purchased as reagent grades and distilled once prior to use. The progress of the reactions was
monitored by thin-layer chromatography (TLC) on Merck TLC plates (Silica gel 60 F254). UV
light (254 or 366 nm) was used for detection of compounds on the TLC plates. Purification by
column chromatography was performed with Geduran@ silica gel (Si 60, 40-60) from Merck.
Spectroscopy grade solvents were used for all spectroscopic investigations.

Heavily boron-doped silicon wafers (Si*) with a thermal oxide layer of 200 nm, 525 um thick
and with a capacitance C; of 19.5 nF/cm? were purchased from the Center of Micronan-
otechnology at EPFL. These wafers were used without further treatment as substrates for the
fabrication of thin films of 1 and 2. Treatment of the SiO, substrates with octadecyltrichlorosi-
lane (OTS) was performed in a glovebox by immersing the silicon wafers into a solution of
15 mg OTS in 5 mL of toluene at 65-70 °C for 10 min followed by rinsing with isopropanol.
Contact angles of approximately 110° were obtained after the treatment.

7.2.1 Bithiophenes with Hydrogen-Bonded Substituents

Methyl 2-(thiophen-2-yl)acetate (2a), dimethyl 2,2’-(2,2’-bithiophene-5,5’-diyl)diacetate (1a),
dimethyl 3,3’-(2,2’-bithiophene-5,5’-diyl)dipropionate (1b), and methyl 4-(thiophen-2-yl)buta-
noate (2c) were prepared following literature procedures.?>3:297:367

(DHT2) was purchased from Sigma-Aldrich.

a,w-Dihexylbithiophene

Dimethyl 2,2’-(2,2’-bithiophene-5,5’-diyl)diacetate (1a). Pd(OAc), (10 mol %) was dissol-
ved in DMSO (350 mL) in an oxygen atmosphere. Trifluoracetic acid (TFA, 13.3 mL, 173.5 mmaol,
1 equiv.) was added dropwise, and compound 4a (27.1 g, 173.5 mmol, 1 equiv.) was added.
The reaction mixture was heated to 60 °C for 48 h. After completion of the reaction, all volatiles
were removed in vacuo. The resulting residue was diluted with DCM and washed three times
with water and once with a saturated aqueous NaCl solution. The organic phase was dried
over MgSO, and concentrated in vacuo. Purification by column chromatography (silica gel,
DCM) yielded the pure diester 1a as a yellow crystalline powder (7.1 g, 26% yield).

"H NMR (400 MHz, CDCL,): 6 = 6.97 (d, J = 3.6 Hz), 2H), 6.82 (d, J = 3.6 Hz), 2H), 3.81 (s, 4H),
3.74 (s, 4H) ppm. '*C NMR (101 MHz, CDCL,): § = 170.69, 137.07, 134.02, 127.57, 127.56, 123.23,
52.37, 35.45 ppm. HRMS (ESD: calcd for C;,H,,0,S,: 311.0411 ([M+H]*); found: 311.0412.
Ry:0.62 (DCM). M.p. (DSC in N,)): 76 °C.

Dimethyl 3,3’-(2,2’-bithiophene-5,5’-diyl)dipropionate (1b). Compound 4b (27.33 g,
160.55 mmol) and AgF (40.7 g, 321.1 mmol) were dissolved in dry DMSO (400 mL) in a flow of
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argon. Bis(benzonitrile)palladium(II) dichloride (2.45 g, 6.8 mmol) was added, and the flask
was shielded from light with aluminum foil. The reaction mixture was heated to 85 °C for 14
h. The same amounts of AgF and bis(benzonitrile)palladium(II) dichloride were added once
more, and the reaction was continued under stirring at 85 °C for 5 h. The reaction mixture was
cooled to room temperature and the solvent was removed in vacuo. The resulting residue was
loaded onto celite (500 mL) from a DCM suspension (2 L), and the filtrate was concentrated
in vacuo. Purification by column chromatography (silica gel, DCM) yield compound 1b as a
yellow crystalline powder (16 g, 59% yield). Crystals suitable for single crystal X-ray analysis
were obtained by recrystallization from a hot ethyl acetate solution.

"H NMR (400 MHz, CDCL,): 6 = 6.89 (d, J = 3.6 Hz), 2H), 6.70 (dd, J = 2.9, 1.8 Hz), 2H), 3.70
(s, 6H), 3.12 (t, J = 7.4 Hz), 4H), 2.69 (t, ] = 7.5 Hz), 4H) ppm. '3C NMR (101 MHz, CDCL,):
5 =172.73, 142.00, 135.78, 125.38, 123.02, 51.78, 35.73, 25.36 ppm. HRMS (ESI): calcd for
Cy6H,50,S,: 339.0725 ([M+H]*); found: 339.0717. Ry : 0.53 (DCM). M.p. (DSCin N,): 125 °C.

Dimethyl 4,4’-(2,2’-bithiophene-5,5’-diyl)dibutanoate (1c). Compound 4c (21 g, 114 mmol)
and AgF (29 g, 228.5 mmol) were dissolved in dry DMSO (400 mL) in a flow of argon. Bis(benzo-
nitrile)palladium(II) dichloride (2.17 g, 5.17 mmol) was added, and the reaction mixture was
shielded from light by wrapping the flask with aluminum foil. The reaction mixture was heated
to 85 °C for 14 h. The same amounts of AgF and bis(benzonitrile)palladium(II) dichloride
were added once more, and the reaction was continued under stirring at 85 °C for 5 h. The
reaction mixture was cooled to room temperature, and the solvent was removed in vacuo.
The resulting residue was loaded onto celite (500 mL) from a DCM suspension (2 L), and the
filtrate was concentrated in vacuo. Purification by column chromatography (silica gel, DCM)
yielded compound 1c as a yellow crystalline powder (12.5 g, 60% yield). Crystals suitable
for single-crystal X-ray analysis were obtained by recrystallization from a hot ethyl acetate
solution.

"H NMR (400 MHz, CDCL,): & = 6.89 (s, 2H), 6.67 (s, 2H), 3.68 (s, 6H), 2.84 (t, ] = 7.4 Hz),
4H), 2.39 (t, J = 7.4 Hz), 4H), 2.00 (p, J = 7.4 Hz), 4H) ppm. *C NMR (101 MHz, CDC,):
& =173.65, 142.97, 135.63, 125.27, 122.86, 51.59, 33.07, 29.33, 26.61 ppm. HRMS (ESD): calcd for
C,gH,,0,S,: 367.1035 ((M+H]*); found: 367.1038. Ry : 0.36 (DCM). M.p. (DSC in N,): 61 °C.

2,2’-(2,2’-Bithiophene-5,5’-diyl)bis (N-propylacetamide) (2a). Pd(OAc), (10 mol %) was
dissolved in DMSO (125 mL) in an oxygen atmosphere. Then, TFA (5.6 mL, 73.6 mmol,
1 equiv.) and compound 6a (13.5 g, 73.6 mmol, 1 equiv.) were added to the reaction mixture.
The reaction mixture was heated to 60 °C for 48 h. After completion of the reaction, all volatiles
were removed in vacuo. The crude product was then suspended in EtOH (300 mL) and filtered
off. Subsequent extraction of the solid residue with dioxane using a Soxhlet apparatus for 24 h
furnished the desired compound 2a as a white powder (4.6 g, 34% yield).
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I'HNMR (400 MHz, CD,Cl,): 6 =7.02 (d, /] =3.7 Hz), 2H), 6.83 (dd, J = 3.6, 0.9 Hz), 2H), 5.66 (s,
2H), 3.68 (s, 4H), 3.22-3.07 (m, 4H), 1.47 (h, J = 14.6, 7.3 Hz), 4H), 0.88 (t, ] = 7.4 Hz), 6H) ppm.
13C NMR (101 MHz, CD,Cl,): 6 =169.49, 137.64, 136.55, 128.38, 124.02, 41.94, 38.34, 23.32,
11.62 ppm. HRMS (ESI): calcd for C,4H,,N,NaO,S,: 387.1171 (IM+Na]*); found: 387.1161.
M.p. (DSCin N,): 237 °C.

3,3’-(2,2’-Bithiophene-5,5’-diyl)bis(N-propylpropanamide) (2b). The dipropionic acid 5b
(0.5 g, 1.6 mmol) was suspended in DMF (10 mL). 1-Ethyl-3-(3-dimethylaminopropyl)carbodi-
imide (EDCI) (0.68 g, 3.54 mmol, 2.2 equiv.) and 1-hydroxybenzotriazole monohydrate (HOBt)
(0.54 g, 3.54 mmol, 2.2 equiv.) were then added. The mixture was stirred at room temperature
for 30 min, propylamine (0.29 mL, 3.54 mmol, 2.2 equiv.) and N,N-diisopropylethylamine (DI-
PEA) (1.2 mL, 6.7 mmol, 4.2 equiv.) were added, and the resulting solution was stirred at room
temperature for 12 h. The solvent was removed in vacuo, 150 mL of water was added, and the
precipitate was filtered off, washed with water, and dried in vacuo. Yellow, needle-like single
crystals of 2b (0.5 g, 79% yield) suitable for X-ray analysis were obtained by vapor diffusion
recrystallization from dioxane and n-heptane.

'H NMR (400 MHz, DMSO-de): 6 = 7.85 (t, J = 5.7 Hz), 2H), 6.97 (d, J = 3.6 Hz), 2H), 6.76
(d, J = 3.6 Hz), 2H), 3.16-2.80 (m, 8H), 2.41 (t, J = 7.4 Hz), 4H), 1.38 (h, J = 7.3 Hz), 4H),
0.81 (t, J = 7.2 Hz), 6H) ppm. *C NMR (101 MHz, DMSO-dp): § = 170.46, 142.95, 134.59,
125.53, 122.82, 40.30, 36.79, 25.43, 22.35, 11.38 ppm. HRMS (ESD): calcd for C,,H,4N,Na0,S,
([M+Na]*): 415.1484; found: 415.1490. M.p. (DSCin N,): 211 °C.

4,4’-(2,2’-Bithiophene-5,5’-diyl)bis (N-propylbutanamide) (2c). The dibutyric acid 5¢
(0.51 g, 1.51 mmol) was suspended in DMF (10 mL). 1-Ethyl-3-(3-dimethylaminopropyl)carbo-
diimide (EDCI) (0.63 g, 3.32 mmol, 2.2 equiv.) and 1-hydroxybenzotriazole monohydrate
(HOBUY) (0.51 g, 3.32 mmol, 2.2 equiv.) were then added. The mixture was stirred at room tem-
perature for 30 min, propylamine (0.27 mL, 3.32 mmol, 2.2 equiv.) and N,N-diisopropylethylami-
ne (DIPEA) (1.1 mL, 6.34 mmol, 4.2 equiv.) were added, and the resulting solution was stirred
at room temperature for 12 h. The solvent was removed in vacuo, and the crude product was
suspended in water (150 mL). The resulting precipitate was filtered off, washed with water,
and dried in vacuo. Yellow, needle-like single-crystals of 2¢ (0.55 g, 87% yield) suitable for
X-ray analysis were obtained by vapor diffusion recrystallization from dioxane and n-heptane.

"H NMR (400 MHz, DMSO-dg): & = 7.78 (s, 2H), 7.00 (s, 2H), 6.76 (s, 2H), 2.9 (q, J = 6.3 Hz), 4H),
2.74 (t, J=7.3 Hz), 4H), 2.12 (t, ] = 7.2 Hz), 4H), 1.82 (p, ] = 7.1 Hz), 4H), 1.39 (h, J = 6.9 Hz), 4H),
0.83 (t, J= 7.3 Hz), 6H) ppm. '3C NMR (101 MHz, DMSO-dg): & = 171.79, 143.96, 134.94, 126.02,
123.47, 40.70, 34.94, 29.33, 27.67, 22.89, 11.90 ppm. HRMS (ESD): calcd for C,,H,,N,0,S,
(IM+H]*): 421.1979; found: 421.1983. Ry: 0.63 (DCM/MeOH 39:1); M.p. (DSC in N,): 160°C.
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Methyl 2-(thiophen-2-yl)acetate (4a). A solution of 2-thiopheneacetic acid 3a (26 g,189 mmol)
in methanol (500 mL) and concentrated H,SO, (0.25 mL) were refluxed for 8 h. The mixture
was cooled to room temperature, diluted with diisopropylether, washed three times with 10%
NaHCO, and dried over MgSO,. Evaporation of the solvent yielded methyl 2-(thiophen-2-
yl)acetate 4a as a clear brown liquid, which was used without further purification (27.1 g, 95%
yield).

'H NMR (400 MHz, CDCL,): 6 = 7.22 (dd, J = 4.9, 1.5 Hz), 1H), 7.00-6.90 (m, 1H), 3.85 (s, 2H),
3.73 (s, 3H) ppm. *C NMR (101 MHz, CDCL,): 6§ = 171.05, 135.12, 126.98, 126.96, 125.18,
52.39, 35.34 ppm. HRMS (APCI): calcd for C;H,0,S: 156.0240 [M]*; found: 156.0240. Rf: 0.72
(DCM).

Methyl 3-(thiophen-2-yl)propanoate (4b). A solution of 2-thiophenepropionic acid 3b
(26 g, 166.45 mmol) in methanol (500 mL) and concentrated H,SO, were refluxed for 8 h.
The mixture was cooled to room temperature, diluted with diisopropylether, washed three
times with 10% NaHCO, and dried over MgSO,. Evaporation of the solvent yielded methyl
3-(thiophen-2-yl)propanoate 4b as a clear brown liquid, which was used without further
purification (27.33 g, 96% yield).

'H NMR (400 MHz, CDCly): 6 =7.13 (dd, J = 5.2, 1.2 Hz), 1H), 6.92 (dd, J = 5.2, 3.5 Hz), 1H),
6.84-6.78 (m, 1H), 3.69 (s, 3H), 3.17 (t, J = 7.6 Hz), 2H), 2.69 (t, J = 7.6 Hz), 2H) ppm. '3C NMR
(101 MHz, CDCl,): 6 = 172.82, 143.05, 126.85, 124.66, 123.54, 51.73, 35.98, 25.16 ppm. HRMS
(APPI): calcd for CgH,,0,S: 170.0396 [M]7; found: 170.0396. R¢:0.73 (DCM).

Methyl 4-(thiophen-2-yl)butanoate (4c). A solution of 4-(thiophen-2-yl)butyric acid 3¢
(24 g, 141 mmol) in methanol (500 mL) and concentrated H,SO, (0.25 mL) were refluxed for
8 h. The mixture was cooled to room temperature, diluted with diisopropylether, washed
three times with 10% NaHCO,, and dried over MgSO,. Evaporation of the solvent yielded
methyl 4-(thiophen-2-yl)butanoate 4c as a clear brown liquid, which was used without further
purification (25.1 g, 97% yield).

'H NMR (400 MHz, CDCly): 6 =7.12 (d, J = 5.0 Hz), 1H), 6.92 (dd, J = 5.1, 3.6 Hz), 1H), 6.80 (d,
J=2.9Hz), 1H), 3.67 (s, 3H), 2.88 (t, ] = 7.4 Hz), 2H), 2.38 (t, ] = 7.4 Hz), 2H), 2.01 (p, ] = 7.5 Hz),
2H) ppm. 13C NMR (101 MHz, CDCl,): 6 =173.82, 144.18, 126.90, 124.66, 123.36, 51.69, 33.27,
29.25, 26.93 ppm. HRMS (APCI): calcd for CoH,,0,S: 184.0553 [M]; found: 184.0551. Ry: 0.7
(DCM).

2,2’-(2,2’-Bithiophene-5,5’-diyl)diacetic acid (5a). The bithiophene diester 1a (2 g, 6.4 mmol)
and LiOH (0.96 g, 40 mmol) were dissolved in a mixture of THF/H,O (50 mL, 1:1). The mixture
was refluxed for 8 h. The THF was removed in vacuo, after cooling the solution to room
temperature. The aqueous residue was diluted with more water (50 mL) and acidified to pH 1
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with HCI (6 m). The resulting precipitate was filtered off and washed several times with water.
After drying in vacuo, compound 5a was obtained as a yellow powder and used without further
purification (1.75 g, 96% yield).

'H NMR (400 MHz, DMSO-ds): § = 12.61 (s, 2H), 7.06 (d, J = 3.6 Hz), 2H), 6.88 (d, J = 3.6 Hz),
2H), 3.81 (s, 4H) ppm. 3C NMR (101 MHz, DMSO-ds): § = 172.00, 136.32, 135.89, 128.23,
123.37, 35.49 ppm. HRMS (APPI): calcd for C,H,,0,S, [M]™": 282.0015; found: 282.0008. M.p.
(DSCin N,): 229 °C.

3,3’-(2,2’-Bithiophene-5,5’-diyl)dipropionic acid (5b). The bithiophene diester 1b (14.6 g,
43.1 mmol) and LiOH (6.2 g, 258.8 mmol) were dissolved in a mixture of THF/H,O (400 mL,
1:1). The mixture was then refluxed for 8 h. The THF was removed in vacuo, after cooling the
solution to room temperature. The aqueous residue was diluted with more water (150 mL)
and acidified to pH 1 with an aqueous HCl solution (6 M). The resulting precipitate was filtered
off and washed several times with water. After drying in vacuo, compound 5b was obtained as
a yellow powder and used without further purification (12.2 g, 91% yield).

"H NMR (400 MHz, DMSO-dp): & = 12.27 (s, 2H), 7.00 (d, J = 3.6 Hz), 2H), 6.80 (d, J = 3.6 H2),
2H), 2.99 (t, ] = 7.3 Hz), 4H), 2.58 (t, ] = 7.3 Hz), 4H) ppm. '*C NMR (101 MHz, DMSO-dj):
& =173.77, 142.97, 135.09, 126.23, 123.50, 35.71, 25.28 ppm. HRMS (ESD: calcd for C ,H,,0,S,
([M-H]™): 309.0251; found: 309.0255. M.p. (DSC in N,): 243 °C.

4,4’-(2,2’-Bithiophene-5,5’-diyl)dibutyric acid (5¢). The diester 1c¢ (10 g, 27.29 mmol) and
LiOH (3.92 g, 163.2 mmol) were dissolved in a mixture of THF/ H,O (400 mL, 1:1). The reaction
mixture was then refluxed for 8 h. The THF was removed in vacuo, after cooling the solution to
room temperature. The aqueous residue was diluted with more water (200 mL) and acidified
to pH 1 with an aqueous HCI solution (6 M). The resulting precipitate was filtered off and
washed several times with water. After drying in vacuo, compound 5c¢ was obtained as a white
powder and used without further purification (8.8 g, 95% yield).

'H NMR (400 MHz, DMSO-dg): § = 12.09 (s, 2H), 7.01 (s, 2H), 6.78 (s, 2H), 2.78 (t, ] = 7.5 Hz),
4H), 2.28 (t, ] = 7.3 Hz), 4H), 1.83 (p, / = 7.4 Hz), 4H) ppm. 3C NMR (101 MHz, DMSO-dj):
8 =174.52, 143.72, 134.98, 126.12, 123.54, 33.23, 29.08, 26.88 ppm. HRMS (ESI): calcd for
Cy6H,50,S, ([M-H]"): 337.0569; found: 337.0568. ; M.p. (DSC in N,): 165 °C.

N-propyl-2-(thiophen-2-yl)acetamide (6a). 2-Thiopheneacetyl chloride (10 mL, 80.9 mmol,
1 equiv.) was added slowly to propylamine (35.2 mL, 428.9 mmol, 5.3 equiv.) at 0 °C over 30
min. During this addition, HCI gas was formed, which was scavenged by a gentle stream of
argon that was bubbled through a 2 M NaOH solution. After completion of the addition, the
reaction mixture was allowed to warm up to room temperature and stirred for another 30 min.
All volatiles were removed in vacuo. The resulting crude product was dissolved in DCM. The
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organic phase was washed three times with 1 M HCI and once with a saturated aqueous NaCl
solution, and finally dried over MgSO,. Evaporation of solvent furnished compound 6a as
light-brown crystalline powder, which was used without further purification in the next step
(13.5 g, 91% yield).

'H NMR (400 MHz, CDCl,): 6 =7.24 (dd, J =5.2, 1.2 Hz), 1H), 6.99 (dd, / = 5.2, 3.4 Hz), 1H),
6.95-6.89 (m, 1H), 5.69 (s, 1H), 3.76 (s, 2H), 3.23-3.12 (m, 2H), 1.46 (h, J = 7.3 Hz), 2H), 0.85 (t,
J=7.4Hz), 3H) ppm. '3C NMR (101 MHz, CDCl,): 6 =169.96, 136.46, 127.51, 127.49, 125.70,
41.50, 37.69, 22.77, 11.33 ppm. HRMS (ESD): calcd for C4H;,NOS: 184.0791 (IM+H]™); found:
184.0794.

7.2.2 OFET Performance of a Hydrogen-Bonded Quaterthiophene

The synthetic precursors 2-(5-bromo-2-thienyl)ethyl acetate and 5,5’-bis(tributylstannyl)-2,2’-

bithiophene were prepared as reported in the literature.?9”-368

(5,5-Bis(2-acetyloxyethyl)-2,2:5,2:5,2-quaterthiophene). 2-(5-bromo-2-thienyl)ethyl aceta-
te (3.43 g, 13.77 mmol) and 5,5’-bis(tributylstannyl)-2,2’-bithiophene (5.00 g, 6.72 mmol)
were dissolved in 50 mL DMF in an inert atmosphere in a well-dried 100 mL Schlenk flask.
Tetrakis(triphenylphosphine)palladium (Pd(PPhs) 4) (35 mg, 0.03 mmol) was added, and the
reaction mixture was stirred overnight at 80 °C. After allowing the mixture to cool to room
temperature, an orange precipitate formed that was filtered off and washed with diisopropy-
lether (150 mL) as well as diethylether (50 mL). The residue was dried in vacuum and purified
by column chromatography (silica gel, DCM/ n-heptane 4:1). The product was isolated as a
yellow powder in 55% yield (1.87 g). Single crystals of 2 suitable for X-ray crystal structure
analysis were grown from a toluene solution by slow evaporation at room temperature over
3-4 weeks.

"H NMR (400 MHz, CD,CL,): § =7.08 (d, J = 3.8 Hz), 2H, Ar-H), 7.02-7.06 (m, 4H, Ar-H), 6.80
(d, ] =3.8 Hz), 2H, Ar-H), 4.28 (t, ] = 6.6 Hz), 4H, CH,), 3.13 (t, J = 6.6 Hz), 4H, CH,), 2.06 (s,
6H, CH,) ppm. '*C NMR (101 MHz, CD,Cl,): § = 20.63, 29.43, 64.16, 123.47, 123.88, 124.14,
126.40, 135.39, 135.41, 136.31, 139.99, 170.55, 139.99, 136.31, 135.41, 135.39, 126.40, 124.14,
123.88, 123.47, 64.16, 29.43, 20.63 ppm. HRMS (APCD): caled C,,H,,0,S, (IM]*) 503.0479;
found: 503.0477. Ry (DCM/ n-heptane 4:1): 0.25.

7.2.3 Engineering Polymers from Bithiophene-Containing Polyamides

General Procedure for the Synthesis of Semiaromatic Polyamides (PAnT2). A flame-dried
50 mL Schlenk tube equipped with a stirring bar was charged with the aliphatic diamine
(0.50-3.00 mmol), bithiophene dibutyric acid T2 (1.00 eq.), a mixture of anhydrous N-Methyl-2-
pyrrolidone (NMP) and anhydrous pyridine (4:1, 3-11 mL), triphenylphosphite (TPP) (2.01 equiv.),
as well as anhydrous LiCl (4 wt%) in a flow of argon. The suspension was heated to 120 °C
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under vigorous stirring. After 4 h, the solution was poured into MeOH (250 mL). The resulting
precipitate was filtered off, washed several times with hot MeOH, and dried in vacuum to yield
the desired polyamide PAnT2 as a yellow powder.

Poly(hexamethylene bithiophenedibutanamide) (PA6T2). The general procedure for the
synthesis of semiaromatic polyamides was followed, starting from 1,6-hexanediamine (316 mg,
2.72 mmol) and bithiophene dibutyric acid T2 (2.72 mmol), to give the desired polyamide
PAG6T2 in a yield of 1.04 g (90%) after precipitation.

I'H NMR (400 MHz, acetone-dg): 6 = 6.10 (s, 2H), 5.83 (s, 2H), 5.26 (br, 2H), 2.33 (q, /=6.1,
5.6 Hz), 4H), 1.93 (t, J = 6.0 Hz), 4H), 1.43-1.33 (mm, 4H), 1.16-0.98 (m, 4H), 0.63 (br, 4H), 0.45
(br, 4H) ppm. GPC (HFIP): M,, = 13’500 (D = 1.5).

Poly(heptamethylene bithiophenedibutanamide) (PA7T2). The general procedure for the
synthesis of semiaromatic polyamides was followed, starting from 1,7-heptanediamine (100 mg,
0.77 mmol) and bithiophene dibutyric acid T2 (0.77 mmol), to give the desired polyamide
PA7T2 in ayield of 270 mg (88%) after precipitation.

'H NMR (400 MHz, acetone-dg): § = 6.10 (s, 2H), 5.84 (s, 2H), 5.22 (br, 2H), 2.34 (dd, J = 12.1,
6.2 Hz), 3H), 1.94 (t, /] = 7.3 Hz), 3H), 1.39 (t, ] = 7.3 Hz), 2H), 1.14-1.03 (m, 2H), 0.63 (br, 2H),
0.45 (br, 4H) ppm. GPC (HFIP): M,, = 12’500 (D = 1.6).

Poly(octamethylene bithiophenedibutanamide) (PA8T2). The general procedure was fol-
lowed for the synthesis of semiaromatic polyamides, starting from 1,8-octanediamine (282 mg,
1.96 mmol) and bithiophene dibutyric acid T2 (1.96 mmol), to give the desired polyamide
PA8T2 in a yield of 810 mg (90%) after precipitation.

'H NMR (400 MHz, acetone-dg): & = 6.10 (d, J = 1.9 Hz), 2H), 5.84 (s, 2H), 2.33 (dd, J = 12.7,
7.3 Hz), 4H), 1.94 (t, J = 7.0 Hz), 4H), 1.39 (t, ] = 7.5 Hz), 4H), 1.14-1.03 (m, 4H), 0.63 (br, 2H),
0.44 (br, 8H) ppm. GPC (HFIP): M,, = 12’700 (P = 1.5).

Poly(nonamethylene bithiophenedibutanamide) (PA9T2). The general procedure for the
synthesis of semiaromatic polyamides was followed, starting from 1,9-nonanediamine (146 mg,
0.92 mmol) and bithiophene dibutyric acid T2 (0.92 mmol), to give the desired polyamide
PA9T2 in ayield of 390 mg (88%) after precipitation.

'H NMR (400 MHz, acetone-dg): § = 6.10 (d, J = 2.7 Hz), 2H), 5.84 (s, 2H), 5.20 (br, 2H), 2.33
(dd, J=11.5,5.4 Hz), 4H), 1.95 (t, J = 5.4 Hz), 4H), 1.39 (t, ] = 7.7 Hz), 4H), 1.14-1.03 (m, 4H),
0.62 (br, 4H), 0.43 (br, 10H) ppm. GPC (HFIP): M,, = 10’600 (D = 2).
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Poly(decamethylene bithiophenedibutanamide) (PA10T2). The general procedure for the
synthesis of semiaromatic polyamides was followed, starting from 1,10-decanediamine (146 mg,
0.85 mmol) and bithiophene dibutyric acid T2 (0.85 mmol), to give the desired polyamide
PA10T2 in a yield of 380 mg (91%) after precipitation.

'H NMR (400 MHz, acetone-ds): 6 = 6.08 (d, J = 2.3 Hz), 2H), 5.81 (d, J = 2.1 Hz), 2H), 5.17 (br,
2H), 2.30 (d, /] = 6.0 Hz), 4H), 1.92 (t, ] = 6.6 Hz), 4H), 1.36 (t, ] = 7.2 Hz), 4H), 1.15-0.97 (m, 4H),
0.59 (br, 4H), 0.40 (br, 12H) ppm. GPC (HFIP): M,, = 10’300 (D = 2).

Poly(undecamethylene bithiophenedibutanamide) (PA11T2). The general procedure was
followed for the synthesis of semiaromatic polyamides, starting from 1,11-undecanediamine
(120 mg, 0.64 mmol) and bithiophene dibutyric acid T2 (0.64 mmol), to give the desired
polyamide PA11T2 in a yield of 300 mg (86%) after precipitation.

'H NMR (400 MHz, acetone-dg): & = 6.14-6.06 (m, 2H), 5.84 (s, 2H), 5.20 (br, 2H), 2.32 (dd,
J=11.4,5.2 Hz), 4H), 2.02-1.88 (m, 4H), 1.48-1.30 (m, 4H), 1.15-1.02 (m, 4H), 0.61 (br, 4H),
0.42 (br, 14H) ppm. GPC (HFIP): M, = 8’600 (D= 1.9).

Poly(dodecamethylene bithiophenedibutanamide) (PA12T2). The general procedure for
the synthesis of semiaromatic polyamides was followed, starting from 1,12-dodecanediamine
(142 mg, 0.71 mmol) and bithiophene dibutyric acid T2 (0.71 mmol), to give the desired
polyamide PA12T2 in a yield of 330 mg (89%) after precipitation.

I'H NMR (400 MHz, acetone-dg): 6 = 6.07 (d, J = 2.2 Hz), 2H), 5.81 (s, 2H), 5.16 (s, 2H), 2.30 (d,
J=5.9Hz), 4H), 1.92 (s, 4H), 1.36 (t, J = 7.0 Hz), 4H), 1.14-0.95 (m, 4H), 0.59 (br, 4H), 0.39 (br,
16H) ppm. GPC (HFIP): M,, = 10’700 (P = 1.9).

7.2.4 Semiaromatic Polyamides Containing Perylene Bisimide Repeat Units

297

Chlorendic hydroxylimide-”* and 1,7-dibromoperylene-3,4:9,10-tetracarboxylic dianhydride

2 were prepared as published previously.333

1,7-Dibromoperylene-3,4:9,10-tetracarboxylic dianhydride (2). Perylene-3,4:9,10-tetracar-
boxylic acid bisanhydride (20 g, 51 mmol) was suspended in concentrated H,SO, (300 mL).
This mixture was stirred for 16 h at room temperature before powdered iodine (0.52 g, 2.05 mmol)
was added. It was then heated to 85 °C, and bromine (5.8 mL, 112 mmol, 2.2 equiv.) added
dropwise over 6 h. On completion of the addition, the reaction mixture was heated for a further
48 h and then allowed to cool to room temperature. The excess bromine was removed with
a gentle stream of argon and reduced by bubbling the stream through a saturated Na,S, 0O,
solution. After cooling to 0 °C, 100 mL of deionized water was carefully added. Filtration
of the resulting precipitate and washing with concentrated H,SO, (50 mL) and deionized
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water (2 L) yielded a red solid powder, comprising a mixture of 1,7-dibromo, 1,6-dibromo and
1,7,6-tribromoperylene bisimide in a ratio of 75:17:8, as revealed by 'H NMR in conc. D,SO,
(96-98% in D, 0) . This mixture was used without further purification in the next step (26.4 g,
97%). HRMS (APPI): calcd for C,,HBr,O: 547.8537 [M]~; found: 547.8519.

1,7-Dibromoperylene-3,4:9,10-tetracarboximide- N,N’-di(butanoic acid) di(tert-butyl ester)
(3). Compound 2 (13 g, 23.6 mmol), 4-aminobutyric acid fert-butyl ester hydrochloride (19 g,
97.1 mmol) and Zn(OAc), (4.3 g, 23.6 mmol) were suspended in freshly distilled quinoline
(350 mL) in an argon flow. The reaction mixture was heated to 100 °C for 16 h and then cooled
to room temperature prior to solvent removal in vacuum. The resulting residue was redissolved
in DCM (2 L), washed twice with 1 M HCI twice and once with brine, and finally dried over
MgSO,. After solvent removal, the crude product was purified by column chromatography
(silica gel, 5% EtOAc in DCM) to give 3 as a mixture of the 1,7-dibromo and the 1,6-dibromo
regioisomers (75:25) as a dark red powder (15.5 g, 79% yield).

I'H NMR (400 MHz, CDCly): 6 =9.50 (d, J = 8.2 Hz), 2H), 8.94 (s, 2H), 8.72 (d, J = 8.1 Hz),
2H), 4.28 (t, ] = 7.2 Hz), 4H), 2.39 (t, ] = 7.4 Hz), 4H), 2.19-1.90 (m, 4H), 1.44 (s, 18H) ppm.
I3C NMR (101 MHz, CDCl,, [m,n] stands for the corresponding isomer): 0=172.19, 163.21
[1,6], 162.83 [1,7], 162.33 [1,7], 161.97 [1,6], 138.13 [1,6], 138.04 [1,7], 133.09 [1,6], 132.84
[1,7], 132.71 [1,7], 132.29 [1,6], 130.02 [1,7], 129.90 [1,6], 129.10 [1,7], 128.46 [1,7], 128.10
[1,6],127.87 [1,6], 127.70 [1,6], 126.89 [1,7], 126.06 [1,6], 123.28 [1,6], 123.09 [1,7], 122.65 [1,7],
122.35 [1,6], 121.70 [1,6], 120.90 [1,7], 80.53, 40.13, 33.27, 28.21, 23.59 ppm. HRMS (APPI):
calcd for C,H,,Br,N,O,: 830.0833 [M]*; found: 830.0819. R¢: 0.34 (5% EtOAc in DCM).

1,7-Dicyanoperylene-3,4:9,10-tetracarboximide- N,N’-di(butanoic acid) di(fert-butyl ester)
(4). Compound 3 (13.5g, 15.95 mmol), Zn(OAc), (15.9 g, 135.55 mmol), tris(dibenzylideneace-
tone)-dipalladium(0) (Pd, (dba),) (3.65 g, 4 mmol) and 1,1’-bis(diphenylphosphino)-ferrocene
(dppf) (2.21 g, 4 mmol), were suspended in dry dioxane (1 L) in an argon atmosphere. The
dark-orange suspension was heated to 95 °C for 48 h and then cooled to room temperature.
The amount of solvent was reduced to about one third in vacuum, before diluting the solution
with DCM (600 mL) and filtering over celite. After solvent removal, the crude product was
suspended in EtOAc, filtered, and purified by column chromatography (silica gel, 7% EtOAc in
DCM) to give 4 as a mixture of the 1,7-dibromo and the 1,6-dibromo regioisomers (75:25) as a
red solid powder (4.6 g, 40%).

'H NMR (400 MHz, TFA-d.CD,Cl,= 1:3, [m,n] stands for the corresponding isomer): § =9.79-
9.68 (m, [1,6] and [1,7], 2H), 9.18 (s, [1,6], 2H), 9.13 (s, [1,7], 2H), 9.04 (d, [1,7], /] = 8.2 Hz), 2H),
8.98 (d, [1,6], / = 8.2 Hz), 2H), 4.41 (t, ] = 7.1 Hz), 4H), 2.69 (t, ] = 7.3 Hz), 4H), 2.22 (m, 4H),
1.59 (s, 18H) ppm. 13C NMR (101 MHz, TFA-d:CD,Cl,= 1:3): 6 = 181.30, 165.13 [1,6], 164.60
[1,7], 163.92 [1,7], 163.40 [1,6], 140.07 [1,6], 139.75 [1,6], 138.17 [1,7], 137.84, [1,7], 135.45
(1,71, 133.66 [1,7], 133.26 [1,6], 132.00 [1,6], 130.54 [1,7], 130.34 [1,7], 129.06 [1,6], 128.29
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[1,6], 127.71 [1,7], 127.09 [1,6], 125.87 [1,6], 124.96 [1,7], 123.99 [1,7], 123.19 [1,6], 118.99
[1,7], 109.46 [1,6], 109.10 [1,7], 89.72, 41.32, 31.94, 27.84, 23.33 ppm. HRMS (APPI): calcd for
C,oHyN,Og: 724.2528 [M]*; found: 724.2528. Ry: 0.38 (7% EtOAc in DCM).

1,7-Dicyanoperylene-3,4:9,10-tetracarboximide- N,N’-di(butanoic acid) (5). Compound
4 (1.6 g, 2.2 mmol) was suspended in 180 mL CHCI, before addition of TFA (96 mL, 1.2 mol).
The mixture was heated to reflux and stirred for 15 h. It was then cooled to room temperature,
and the volatiles removed under vacuum. The crude product was suspended in 1 M HCI
(300 mL) and ultrasonicated for 20 min. Filtration and subsequent drying of the resulting
precipitate yielded 5 as a mixture of the 1,7-dibromo and the 1,6-dibromo regioisomers (75:25)
as a red solid powder (1.3 g, 96%), which was used without further purification in the next step.

'H NMR (400 MHz, TFA-d:CD,Cl,= 1:3, [m,n] stands for the corresponding isomer): § = 9.78-
9.74 (m, [1,6] and [1,7], 2H), 9.22 (s, [1,6], 2H), 9.17 (s, [1,7], 2H), 9.08 (d, [1,7], J = 8.2 Hz),
2H), 9.01 (d, [1,6], / =8.2 Hz), 2H), 4.44 (t, ] = 7.0 Hz), 4H), 2.71 (t, ] = 7.1 Hz), 4H), 2.30-2.20
(m, 4H) ppm. 13C NMR (101 MHz, TFA-d:.CD,Cl,= 1:3): 6 = 180.54, 165.54 [1,6], 165.00
1,71, 164.32 [1,7], 163.79 [1,6], 140.48 [1,6], 140.08 [1,6], 138.54 [1,7], 138.14, [1,7], 135.81
1,71, 133.92 [1,7], 133.58 [1,6], 132.24 [1,6], 130.80 [1,7], 130.62 [1,7], 129.28 [1,6], 128.51
[1,6], 127.92 [1,7], 127.28 [1,6], 126.07 [1,6], 125.15 [1,7], 124.17 [1,7], 123.37 [1,6], 118.98
[1,7], 109.57 [1,6], 109.20 [1,7], 40.53, 31.02, 22.42 ppm. HRMS (APPI): calcd for C;,H,,N,Oq:
612.1287 ([M]7); found: 612.1271.

1,7-Dicyanoperylene-3,4:9,10-tetracarboximide- N, N’- bis (N-propylbutanamide) (6). Com-
pound 5 (100 mg, 0.16 mmol) was suspended in dry DMF (10 mL) in a flame-dried 50 mL
Schlenk tube prior to the addition of chlorendic hydroxylimide (132 mg, 0.34 mmol) and
N,N’-diisopropylcarbodiimide (DIC) (0.17 mL, 1.1 mmol, 6.5 equiv.) in an argon atmosphere.
The reaction mixture was heated to 50 °C for 14 h. The volatiles were then removed in vacuum,
and the residue was dissolved in dry THF (20 mL). Propylamine (0.27 mL, 3.3 mmol, 20 equiv.)
was then added, and the reaction mixture was heated to 50 °C for 14 h. After removal of the
volatiles, the crude product was suspended in MeOH. Filtration and subsequent washing with
MeOH yielded 6 as a mixture of the 1,7-dibromo and the 1,6-dibromo regioisomers (75:25) as

a dark red solid powder (95 mg, 84%).

I'H NMR (800 MHz, TFA-d, [m,n] stands for corresponding isomer): § =9.94 (d, [1,6], J =8.6 Hz),
2H),9.93 (d, [1,7], =8.2 Hz), 2H), 9.37 (s, [1,6], 2H), 9.32 (s, [1,7], 2H), 9.24 (d, [1,7], = 8.1 Hz),
2H),9.17 (d, [1,6], = 8.1 Hz), 2H), 4.60 (h, = 7.6, 7.1 Hz), 4H), 3.74 (q, = 8.0, 7.5 Hz), 4H), 3.06
(t, =7.3 Hz), 4H), 2.52 (p, = 6.6 Hz), 4H), 1.93 (h, = 7.2 Hz), 4H), 1.19 (t, = 7.5 Hz), 6H) ppm.
13C NMR (201 MHz, TFA-d): 6 = 178.55, 165.73 [1,6], 165.18 [1,7], 164.47 [1,7], 163.94 [1,6],
140.35[1,6], 139.61 [1,6], 138.44 [1,7], 137.65 [1,7], 135.47 [1,7], 133.62 [1,7], 133.19 [1,6], 132.00
[1,6],131.92 [1,6], 130.35 [1,7],130.13 [1,7], 128.75 [1,6], 127.95 [1,6], 127.33 [1,7], 126.66 [1,6],
125.12 [1,6], 124.30 [1,7], 123.32 [1,7], 122.63 [1,6], 117.68 [1,6], 117.12 [1,7], 108.86 [1,6],
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108.45 [1,7], 45.13, 40.17, 30.96, 24.29, 21.18, 9.68 ppm. HRMS (APPD): calcd for C, H N, Oy
695.2613 ([M+H]*); found: 695.2603.

General Procedure for the Synthesis of Dicyanoperylene Bisimide-Containing Polyamides
(PAnPBICN2). Compound 5 (250 mg, 0.41 mmol) was suspended in dry DMF (25 mL) in a
flame-dried 50 mL Schlenk tube before the addition of chlorendic hydroxylimide (331 mg,
0.86 mmol) and N,N'-diisopropylcarbodiimide (DIC) (0.38 mL, 2.5 mmol, 6 equiv.) in an argon
atmosphere. The reaction mixture was heated to 50 °C for 14 h. The volatiles were removed in
vacuum, and the residue was dissolved in dry DMSO (10 mL). The aliphatic diamine (1 equiv.)
was then added, and the reaction mixture was heated to 120 °C under vigorous stirring. After
48 h, the solution was poured into MeOH (250 mL), and the resulting slurry was stirred for
15 min. The precipitate was filtered off, washed several times with hot MeOH and dried in
vacuum to yield the desired polyamide as dark red powder.

General Procedure for the Derivatization of Dicyanoperylene Bisimide-Containing Poly-
amides (PArPBICN2). For molecular weight determination by GPC, the polyamides were
derivatized as follows. The polyamide PAnPBICN2 (20 mg) was suspended in dry DCM (3 mL)
in a flame-dried 10 mL Schlenk tube before the addition of trifluoroacetic anhydride (TFAA)
(0.8 mL, 5.75 mmol) in an argon atmosphere. The reaction mixture was stirred at room temper-
ature for 48 h and the derivatized polyamides, i.e., the corresponding poly(trifluoroacetylimide)s,
were obtained by gently evaporating the volatiles at 40 °C. The polymers were soluble in HFIP
(c =3 mg/mL).

Poly(hexamethylene dicyanoperylene bisimide N,N’-dibutanamide) (PA6PBICN2). The
general procedure for the synthesis of dicyanoperylene bisimide-containing polyamides was
followed, starting from 5 (250 mg, 0.41 mmol), chlorendic hydroxylimide (331 mg, 0.86 mmol),
N,N’-diisopropylcarbodiimide (DIC) (0.38 mL, 2.5 mmol, 6 equiv.), and 1,6-hexanediamine
(47 mg, 0.41 mmol), to give the desired polyamide PA6PBICN2 in a yield of 240 mg (85%) after
precipitation.

'H NMR (400 MHz, TFA-d:CDCl,= 1:3): 6 = 9.88-9.77 (m, 2H), 9.30-9.20 (m, 2H), 9.20-9.01 (m,
2H), 4.51 (br, 4H), 3.70 (br, 4H), 2.96 (br, 4H), 2.43 (br, 4H), 1.87 (br, 4H), 1.59 (br, 4H) ppm.
GPC (HFIP): M, =9°'700 (D = 2.0).

Poly(octamethylene dicyanoperylene bisimide N,N’-dibutanamide) (PASPBICN2). The
general procedure for the synthesis of dicyanoperylene bisimide-containing polyamides was
followed, starting from 5 (250 mg, 0.41 mmol), chlorendic hydroxylimide (331 mg, 0.86 mmol),
N,N’-diisopropylcarbodiimide (DIC) (0.38 mL, 2.5 mmol, 6 equiv.), and 1,8-octanediamine
(58.85 mg, 0.41 mmol), to give the desired polyamide PASPBICN2 in a yield of 272 mg (92%)
after precipitation.
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'H NMR (400 MHz, TFA-d:CDCl;= 1:3): 6 =9.92-9.72 (m, 2H), 9.30-9.20 (m, 2H), 9.20-9.05 (m,
2H), 4.51 (br, 4H), 3.69 (br, 4H), 2.96 (br, 4H), 2.43 (br, 4H), 1.85 (br, 2H), 1.51 (br, 8H) ppm.
GPC (HFIP): M, =11'100 (D =1.9).

Poly(decamethylene dicyanoperylene bisimide N,N’-dibutanamide) (PA10PBICN2). The
general procedure for the synthesis of dicyanoperylene bisimide-containing polyamides was
followed, starting from 5 (250 mg, 0.41 mmol), chlorendic hydroxylimide (331 mg, 0.86 mmol),
N,N’-diisopropylcarbodiimide (DIC) (0.38 mL, 2.5 mmol, 6 equiv.), and 1,10-decanediamine
(70.3 mg, 0.41 mmol), to give the desired polyamide PA10PBICNZ2 in a yield of 280 mg (92%)
after precipitation.

'H NMR (400 MHz, TFA-d:CDCl,;=1:3): § =9.88-9.82 (m, 2H), 9.30-9.20 (m, 2H), 9.20-9.06
(m, 2H), 4.52 (br, 4H), 3.70 (br, 4H), 2.98 (br, 4H), 2.44 (br, 4H), 1.94-1.78 (m, 4H), 1.47 (m,
12H) ppm. GPC (HFIP): M, = 9’400 (D = 2).

Poly(dodecamethylene dicyanoperylene bisimide N,N’-dibutanamide) (PA12PBICN2). The
general procedure for the synthesis of dicyanoperylene bisimide-containing polyamides, was
followed starting from 5 (250 mg, 0.41 mmol), chlorendic hydroxylimide (331 mg, 0.86 mmol),
N,N’-diisopropylcarbodiimide (DIC) (0.38 mL, 2.5 mmol, 6 equiv.), and 1,12-dodecanediamine
(81.7 mg, 0.41 mmol), to give the desired polyamide PA12PBICN2 in a yield of 270 mg (85%)
after precipitation.

'H NMR (400 MHz, TFA-d:CDCl, = 1:3): § =9.92-9.82 (m, 2H), 9.30-9.20 (m, 2H), 9.20-9.05 (m,
2H), 4.51 (br, 4H), 3.69 (t, J = 7.2 Hz), 4H), 2.97 (br, 4H), 2.43 (m, 4H), 1.83 (br, 4H), 1.44 (m,
4H) ppm. GPC (HFIP): M,, = 15’500 (P = 2.0).
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Appendix

9.1 Crystallographic and Refinement Data

The supplementary crystallographic data can be obtained free of charge from the Cambridge
Crystallographic Data Center (CCDC) via www.ccdc.cam.ac.uk/datarequest/cif using the

corresponding CCDC deposition numbers:

Chapter single-crystal

CCDC Deposition Number

2 la

2 1b

2 1c

2 2a

2 2b

2and 4 2¢?

2 DHT2
2 6a

3 2

CCDC 1951216
CCDC 1951217
CCDC 1951218
CCDC 1951219
CCDC 1951220
CCDC 1951221
CCDC 1951222
CCDC 1951223
CCDC 1043812

4 denoted as T2a in Chapter 4.
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Table 9.1: Crystallographic and refinement data of compound 1a.

Identification code
Empirical formula
Formula weight [g/mol]
Temperature [K]
Wavelength [A]

Crystal system

Space group

Unit cell dimensions

Volume [A3]

Z

Density (calculated) [Mg/ m?]
Absorption coefficient [mm™}]
F(000)

Crystal size [mm
Theta range for data collection [°]
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.684°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final Rindices [I> 20 ()]
Rindices (all data)

Largest diff. peak and hole [e-A~3]

3

CCDC 1951216
C,H,,0,8,
310.37
100.01(10)
1.54184
Triclinic

P1
a=5.6993(3)A;
b =8.0985(4);
c=28.1101(4);
354.66(3)

1

1.453

3.503

162

0.467 x 0.308 x 0.248

5.478 to 75.008
—4<h<4,-10=k=<10,-10<1<10
2164

1396 [R(int) = 0.0133]

99.1%

Gaussian

0.586 and 0.359

Full-matrix least-squares on F?

1396 /0/119

1.087

R, =0.0307, wR, =0.0829

R, =0.0312, wR, = 0.0833

0.311 and -0.265

a=92.722(5)°
B =108.178(5)°
y =92.269(4)°
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9.1. Crystallographic and Refinement Data

Table 9.2: Atomic coordinates ( x10%) and equivalent isotropic displacement parameters (A% x 103) for
1a. Ueq is defined as one third of the trace of the orthogonalized U" tensor.

X y z Ueq
S(1) 2335(1) 540(1) 2705(1) 18(1)
om 5724(2) 3248(1) 5431(1) 23(1)
0(2) 4683(2) 3980(1) 7802(1) 22(1)
Cc) -96(3) 450(2) 773(2) 17(1)
C2) —-2007(3) 1329(2) 971(2) 20(1)
C@3) -1511(3) 2073(2) 2673(2) 20(1)
C4) 757(3) 1757(2) 3767(2) 18(1)
C(5) 1779(3) 2274(2) 5668(2) 21(1)
C(6) 4264(3) 3215(2) 6224(2) 17(1)
C@) 7077(3) 4855(2) 8526(2) 26(1)
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Table 9.3: Crystallographic and refinement data of compound 1b.

Identification code
Empirical formula
Formula weight [g/mol]
Temperature [K]
Wavelength [A]

Crystal system

Space group

Unit cell dimensions

Volume [A3]

Z

Density (calculated) [Mg/ m?]
Absorption coefficient [mm™}]
F(100)

Crystal size [mm
Theta range for data collection [°]
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.679°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final Rindices [I> 20 (])]
Rindices (all data)

Largest diff. peak and hole [e-A~3]

3

CCDC 1951217
Ci6H150,8,
338.42
140.00(10)
1.54184
Monoclinic

P2, /c
a=15.4717(4)A;
b=6.05317(14);
c=8.6742(2);
794.39(4)

2

1.415

3.174

356

0.893 x 0.168 x 0.096

5.849 to 75.599
-19=h=<18,-4<k<7,-10<1<10
4995

1599 [R(int) = 0.0196]

99.6%

Gaussian

0.795 and 0.322

Full-matrix least-squares on F?

1599 /0/ 136

1.051

R, =0.0273, wR, = 0.0755

R, =0.0282, wR, = 0.0762

0.319 and -0.238

a =90°
B =102.078(3)°
Y =90°
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9.1. Crystallographic and Refinement Data

Table 9.4: Atomic coordinates ( x10%) and equivalent isotropic displacement parameters (A% x 103) for
1b. U,q is defined as one third of the trace of the orthogonalized U" tensor.

X y z Ueq
S(1) 4246(1) 8206(1) 2960(1) 25(1)
o 1107(1) 6782(2) -1181(1) 30(1)
0(2) 1296(1) 3481(1) 1(1) 26(1)
cm 4567(1) 10075(2) 4488(1) 19(1)
C2) 3912(1) 11583(2) 4502(2) 24(1)
C@3) 3151(1) 11222(2) 3291(1) 24(1)
C4) 3227(1) 9465(2) 2356(1) 23(1)
C(5) 2567(1) 8629(2) 957(2) 28(1)
C(6) 2218(1) 6346(2) 1204(1) 21(1)
C(™ 1489(1) 5619(2) -133(1) 20(1)
C(8) 595(1) 2616(2) -1231(2) 31(1)
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Table 9.5: Crystallographic and refinement data of compound 1c.

Identification code
Empirical formula
Formula weight [g/mol]
Temperature [K]
Wavelength [A]

Crystal system

Space group

Unit cell dimensions

Volume [A3]

Z

Density (calculated) [Mg/ m?]
Absorption coefficient [mm™}]
F(000)

Crystal size [mm
Theta range for data collection [°]
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.684°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final Rindices [I> 20 (])]
Rindices (all data)

Largest diff. peak and hole [e-A~3]

3

CCDC 1951218
CigHp,0,8,
366.47
100.00(10)
1.54184
Monoclinic
P2, /c
a=14.0916(5)A;
b =7.5029(2);
¢ =8.6268(3);
882.87(5)

2

1.379

2.897

388

0.741 x 0.565 x 0.279

6.490 to 75.268
-17=h=<17,-9<k<9,-5<1<10
5561

1798 [R(int) = 0.0274]

99.4%

Gaussian

0.572 and 0.304

Full-matrix least-squares on F?
1798 /0/ 110

1.069

R, =0.0345, wR, = 0.0957

R, =0.0356, wR, =0.0967

0.325 and -0.430

a =90°
B =104.543(4)°
Y =90°
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9.1. Crystallographic and Refinement Data

Table 9.6: Atomic coordinates ( x10%) and equivalent isotropic displacement parameters (A% x 103) for
1c. Ueq is defined as one third of the trace of the orthogonalized UY tensor.

b ¥y z Ueq
S(1) 5217(1) 6074(1) 7760(1) 18(1)
o(1) 8969(1) 3562(2) 4244(1) 32(1)
0(2) 8837(1) 5895(1) 2580(1) 26(1)
C) 5377(1) 4959(2) 9561(2) 18(1)
C2) 6259(1) 4090(2) 9939(2) 20(1)
C@3) 6806(1) 4308(2) 8766(2) 19(1)
C4) 6336(1) 5345(2) 7509(2) 18(1)
C(5) 6633(1) 5920(2) 6032(2) 21(1)
C(6) 7610(1) 5196(2) 5860(2) 20(1)
C() 7794(1) 5883(2) 4299(2) 25(1)
C(8) 8600(1) 4960(2) 3754(2) 21(1)
C(9) 9566(1) 5096(2) 1875(2) 30(1)
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Table 9.7: Crystallographic and refinement data of compound 2a.

Identification code
Empirical formula
Formula weight [g/mol]
Temperature [K]
Wavelength [A]

Crystal system

Space group

Unit cell dimensions

Volume [A3]

Z

Density (calculated) [Mg/ m?]
Absorption coefficient [mm™}]
F(000)

Crystal size [mm
Theta range for data collection [°]
Reflections collected
Independent reflections
Completeness to theta = 66.595°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final Rindices [I> 20 (])]
Rindices (all data)

Largest diff. peak and hole [e-A~3]

3

CCDC 1951219
C18H24N, 0,8,
364.51
100.01(10)
1.54184
Monoclinic

P2, /c
a=17.11433)4;
b =5.7214(7);

¢ =9.5335(14);
913.7(3)

2

1.325

2.742

388

0.59 x 0.1 x 0.06
5.281 to 66.595
1842

1842 [R(int) = n/a]
97.8%
Analytical
0.925 and 0.392
Full-matrix least-squares on F?
1842 /0/111

1.394

R, =0.1178, wR, = 0.3277

R, =0.1382, wR, = 0.3448
0.964 and -0.624

a =90°
B =101.820(18)°
Y =90°
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9.1. Crystallographic and Refinement Data

Table 9.8: Atomic coordinates ( x10%) and equivalent isotropic displacement parameters (A% x 103) for
2a. Ueq is defined as one third of the trace of the orthogonalized UY tensor.

X y z Ueq
S(1) 4368.3(14) 1843(3) 8088(3) 36.3(7)
om 2239(4) 3136(10) 7317(7) 37.0(14)
N(1) 2055(5) 3865(13) 4946(9) 38.5(18)
C1) 4647(5) -166(14) 9413(9) 29.7(17)
C) 4142(6) —-2050(15) 9218(12) 43(2)
C@3) 3534(6) -1880(15) 7963(12) 43(2)
C4) 3569(6) 195(15) 7271(10) 38(2)
C(5) 3015(6) 937(17) 5944(10) 40(2)
C(6) 2393(5) 2744(15) 6135(11) 38(2)
C™ 1400(6) 5531(16) 4948(10) 42(2)
C(8) 1255(6) 6985(16) 3587(11) 42(2)
Cc) 619(6) 8846(18) 3646(14) 52(3)
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Table 9.9: Crystallographic and refinement data of compound 2b.

Identification code
Empirical formula
Formula weight [g/mol]
Temperature [K]
Wavelength [A]

Crystal system

Space group

Unit cell dimensions

Volume [A3]

Z

Density (calculated) [Mg/ m?]
Absorption coefficient [mm™}]
Crystal size [mm?3]

Theta range for data collection [°]
Reflections collected
Independent reflections
Completeness to theta = 76.530°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final Rindices [I[> 20 (])]
Rindices (all data)

Largest diff. peak and hole [e-A~3]

CCDC 1951220

CyoHyN, 0,5,

392.56

140.01(10)

1.54184

Monoclinic

P2, /c

a=21.8811(10)4; a=90°
b =4.88737(14); B =98.204(4)°
c=9.4412(4); Y =90°
999.32(7)

2

1.305

2.544

0.62 x 0.08 x 0.05

4.083 to 76.530

6986

2023 [R(int) = 0.0650]
97.6%

Gaussian

1.0 and 0.321

Full-matrix least-squares on F?
2023 /195/178

1.030

R, =0.0527, wR, =0.1419
R, =0.0642, wR, =0.1499
0.385 and -0.226
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9.1. Crystallographic and Refinement Data

Table 9.10: Atomic coordinates ( x10%) and equivalent isotropic displacement parameters (A% x 10%)
for 2b. Ueq is defined as one third of the trace of the orthogonalized U" tensor.

X y z Ueq
S(1A) 4482.3(15) 6860(10) 8018(6) 43.7(6)
S(1B) 4399(3) 7157(8) 8422(12) 48.1(12)
o) 2089.6(7) 8842(3) 5241.7(18) 47.3(4)
N(1) 1849.5(8) 4521(3) 4578.4(18) 38.0(4)
C(1A) 4683(6) 5100(40) 9595(18) 40(2)
C(1B) 4681(9) 4760(50) 9700(30) 39(3)
C(2A) 4190(4) 3760(20) 9990(9) 44.2(16)
C(2B) 4229(5) 2890(30) 9848(13) 43(2)
C(3A) 3646(5) 4180(20) 8987(11) 42.6(18)
C(3B) 3655(6) 3380(30) 8950(16) 39(2)
C(4A) 3727(4) 5810(30) 7867(13) 38.0(18)
C(4B) 3684(5) 5600(40) 8094(19) 36(3)
C(5A) 3259(4) 6690(20) 6631(11) 37.4(16)
C(5B) 3219(6) 6890(30) 6970(20) 50(3)
C(6) 2640.1(9) 5231(4) 6611(2) 39.3(4)
C®) 2174.4(9) 6367(4) 5413(2) 35.5(4)
C(8) 1347.8(10) 5347(4) 3463(2) 43.8(5)
C(9) 1065.8(10) 2945(4) 2630(2) 44.8(5)
C(10) 546.1(11) 3819(6) 1468(3) 52.4(5)
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Table 9.11: Crystallographic and refinement data of compound 2c.

Identification code
Empirical formula
Formula weight [g/mol]
Temperature [K]
Wavelength [A]

Crystal system

Space group

Unit cell dimensions

Volume [A3]

Z

Density (calculated) [Mg/ m?]
Absorption coefficient [mm™}]
F(000)

Crystal size [mm
Theta range for data collection [°]
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.684°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final Rindices [I> 20 ()]
Rindices (all data)

Largest diff. peak and hole [e-A~3]

3

CCDC 1951221
CypH3pN, 0,8,
420.61
199.99(10)
1.54184
Triclinic

P1
a=4.9848(4)A;
b =5.6250(5);
c=21.347(3);
570.18(10)

1

1.225

2.261

226

0.742 x 0.271 x 0.034

4.142 to 75.947
—-6<h<3,-6<k<7,-26<1<26
3263

2231 [R(int) = 0.0356]

99.1%

Analytical

0.925 and 0.392

Full-matrix least-squares on F?
2231/100/ 166

1.063

R, =0.0585, wR, =0.1532

R, =0.0675, wR, =0.1617

0.519 and -0.418

a =90.584(9)°
B =90.140(8)°
y =107.702(8)°
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9.1. Crystallographic and Refinement Data

Table 9.12: Atomic coordinates ( x 10*) and equivalent isotropic displacement parameters (A2 x 10%)
for 2¢c. Ueq is defined as one third of the trace of the orthogonalized U" tensor.

X y z Ueq
S(1) 6366(1) 7959(1) 4429(1) 43(1)
om 3725(5) 3493(7) 1975(2) 83(1)
N(1A) -981(14) 2484(14) 1862(4) 57(2)
N(1B) -720(18) 3180(20) 1672(4) 59(2)
cm 9224(5) 10259(5) 4736(1) 38(1)
C(2) 9661 (6) 12408(5) 4406(2) 46(1)
C@3) 7709(6) 12183(5) 3911(2) 48(1)
C4) 5775(6) 9898(5) 3858(2) 42(1)
C(5) 3426(6) 9000(6) 3387(2) 47(1)
C(6) 3652(6) 6828(6) 2985(2) 46(1)
C@) 1408(6) 6156(7) 2476(2) 51(1)
C(8) 1536(7) 4034(8) 2057(2) 58(1)
C(9A) -1414(16) 247(15) 1467(3) 63(2)
C(9B) -728(18) 1452(18) 1152(5) 68(2)
C(104) -2920(20) 301(19) 872(4) 81(2)
C(10B) -3180(20) -811(18) 1200(5) 80(2)

C(11A) -3100(50) -2020(30) 473(7) 105(4)
C(11B) -3630(60) -2650(30) 650(8) 96(5)
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Table 9.13: Crystallographic and refinement data of compound DHT2.

Identification code
Empirical formula
Formula weight [g/mol]
Temperature [K]
Wavelength [A]

Crystal system

Space group

Unit cell dimensions

Volume [A3]

Z

Density (calculated) [Mg/ m?]
Absorption coefficient [mm™}]
F(000)

Crystal size [mm
Theta range for data collection [°]
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.684°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final Rindices [I> 20 (])]
Rindices (all data)

Largest diff. peak and hole [e-A~3]

3

CCDC 1951222
CyoHs0S,
334.56
140.01(10)
1.54184
Triclinic

Pl
a=>5.7717(6)A;
b=7.7801(9);
c=22.363(2);
950.60(18)

2

1.169

2.474

364

0.841 x 0.687 x0.114

4.017 to 73.184
-4<h<6,-9<k<9, -27=<1<27
5840

3641 [R(int) = 0.0718]

99.5%

Gaussian

1.000 and 0.152

Full-matrix least-squares on F?
3641/0/201

1.094

R, =0.1137, wR, = 0.3190

R, =0.1212, wR, = 0.3237

1.099 and -0.945

a =99.154(9)°
B=91.780(9)°
y =105.885(10)°
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9.1. Crystallographic and Refinement Data

Table 9.14: Atomic coordinates ( x10*) and equivalent isotropic displacement parameters (A2 x 10%)

for DHT2. Ueq is defined as one third of the trace of the orthogonalized U tensor.

X y z Ueq
S(1) 7014(3) 6300(2) 2393(1) 41(1)
S(2) 8301(2) 8243(2) 4364(1) 36(1)
C) 5327(16) 8308(13) -1057(3) 70(2)
C(2) 6872(13) 7445(11) -706(3) 56(2)
C@3) 6836(12) 7934(9) -24(3) 50(2)
C4) 8372(12) 7097(9) 339(3) 50(2)
C(5) 8280(11) 7567(8) 1025(3) 45(1)
C(6) 9772(13) 6697(10) 1384(3) 52(2)
C®) 9678(11) 7123(8) 2062(3) 43(1)
C(8) 11442(11) 8129(8) 2498(3) 44(1)
C(9) 10690(10) 8237(8) 3097(3) 40(1)
c(0) 8323(10) 7314(7) 3117(3) 36(1)
c(11) 6950(9) 7136(7) 3648(3) 34(1)
C(12) 4608(10) 6229(7) 3698(3) 37(1)
C(13) 3872(9) 6424(7) 4300(3) 34(1)
Cc(14) 5676(10) 7487(7) 4718(3) 34(1)
C(15) 5673(10) 8068(7) 5386(3) 36(1)
Cc(16) 3328(9) 7315(7) 5663(3) 35(1)
ca7 3546(10) 8062(7) 6344(3) 36(1)
C(18) 1306(9) 7360(7) 6671(3) 35(1)
c(19) 1628(10) 8120(8) 7346(3) 39(1)
C(20) -570(12) 7387(9) 7690(3) 49(2)
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Table 9.15: Crystallographic and refinement data of compound 6a.

Identification code
Empirical formula
Formula weight [g/mol]
Temperature [K]
Wavelength [A]

Crystal system

Space group

Unit cell dimensions

Volume [A3]

Z

Density (calculated) [Mg/ m?]
Absorption coefficient [mm™}]
Crystal size [mm?3]

Theta range for data collection [°]
Reflections collected
Independent reflections
Completeness to theta = 76.071°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final Rindices [I[> 20 (])]
Rindices (all data)

Largest diff. peak and hole [e-A~3]

CCDC 1951223

CoH,;NOS

183.26

140.00(10)

1.54184

Orthorhombuc

Pca2,

a=9.48958(16)A; a=90°
b=5.37710(10); B=90°
¢ =38.1047(6); ¥ =90°
1944.34(6)

8

1.252

2.578

0.51 x0.12 x 0.05

4.642 to 76.071

16567

3641 [R(int) = 0.0405]
99.90%

Analytical

0.886 and 0.506

Full-matrix least-squares on F?

3980 / 159 / 265

1.071

R, =0.0487, wR, = 0.1308
R, =0.0492, wR, = 0.1314
0.369 and —0.252
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9.1. Crystallographic and Refinement Data

Table 9.16: Atomic coordinates ( x10%) and equivalent isotropic displacement parameters (A% x 10°)

for 6a. Ueq is defined as one third of the trace of the orthogonalized U’ tensor.

X y z Ueq
S(1) 1222.8(10) 4707.7(16) 4552.6(3) 26.8(2)
om 1438(3) 3545(6) 3633.4(8) 32.6(6)
N(1) 3751(4) 3995(8) 3517.8(10) 34.8(8)
C() —223(4) 6334(8) 4691.4(11) 30.9(8)
C(2) —-448(4) 8377(8) 4493.1(12) 31.9(8)
C(@3) 573(4) 8686(7) 4219.8(11) 28.6(8)
C4) 1560(4) 6812(7) 4221.3(10) 22.8(7)
C(5) 2779(4) 6534(7) 3974.2(10) 25.3(7)
C(6) 2582(4) 4533(7) 3695.2(10) 24.6(7)
C(7) 3749(6) 2182(13) 3233.1(15) 53.3(15)
C(8) 5146(7) 1800(14) 3080.2(19) 64.6(17)
C) 5120(8) -92(15) 2781.5(18) 64.5(19)
S(2A) 4213(3) 9898(4) 5428.0(5) 31.7(4)
S(2B) 3410(20) 5820(40) 5843(5) 31(3)
0(2) 4214(3) 11219(7) 6374.0(9) 35.0(7)
N(2) 6524(4) 11068(9) 6488.9(11) 38.9(9)
C(10A) 2754(6) 8233(12) 5293.2(19) 27.8(13)
C(10B) 2470(50) 6680(90) 5473(9) 30(4)
C(11A) 2500(9) 6279(13) 5509(2) 31.7(12)
C(11B) 3030(50) 8700(80) 5313(13) 28(4)
C(12A) 3523(16) 6180(30) 5785(4) 34(2)
C(12B) 4260(60) 9650(100) 5487(12) 29(4)
C(13A) 4475(7) 7956(13) 5784.0(19) 24.9(10)
C(13B) 4530(40) 8280(80) 5763(11) 28(4)
C(14) 5673(4) 8408(8) 6032.1(11) 31.8(9)
C(15) 5387(4) 10377(8) 6311.1(10) 25.3(8)
C(16) 6442(6) 12801(13) 6783.3(15) 51.7(13)
ca7) 7826(8) 13442(16) 6922(2) 73(2)
C(18) 7722(9) 15264(16) 7228.5(19) 74(2)

169



Chapter 9. Appendix

Table 9.17: Crystallographic and refinement data of compound 2.

Identification code
Empirical formula
Formula weight [g/mol]
Temperature [K]
Wavelength [A]

Crystal system

Space group

Unit cell dimensions

Volume [A3]

Z

Density (calculated) [Mg/ m?]
Absorption coefficient [mm™}]
F(000)

Crystal size [mm
Theta range for data collection [°]
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 30.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final Rindices [I> 20 (])]
Rindices (all data)

Largest diff. peak and hole [e-A~3]

3

CCDC 1043812
Cy,Hy,0,8,
502.66

100(2)

0.70073
Monoclinic
P2, /c
a=22.091(9)4;
b =5.8824(19);
¢=9.0102(11);
1170.3(6)

2

1.426

0.435

524

0.49 x0.40 x0.16
1.84 t0 30.00

a =90°
B =91.81(2)°
Y =90°

-31<h=<31,-8<k<8,-12<[<12

15612

3379 [R(int) = 0.0992]

98.9%

Semi-emprical from equivalents
0.6089 and 0.2957

Full-matrix least-squares on F?
3379/0/ 146

1.163

R, =0.0962, wR, = 0.2322

R, =0.1251, wR, = 0.2517
1.995 and -0.606
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9.1. Crystallographic and Refinement Data

Table 9.18: Atomic coordinates ( x10%) and equivalent isotropic displacement parameters (A2 x 10°)
for 2. Ueq is defined as one third of the trace of the orthogonalized UY tensor.

X ¥y z Ueq
S(1) 1974(1) 3165(2) 4439(1) 29(1)
S(2) 856(1) 6378(2) 923(1) 22(1)
o) 4158(3) -1548(10) 5994(6) 71(2)
0(2) 3848(2) 1727(7) 6941(4) 31(2)
C) 4631(3) -177(12) 8274(7) 44(1)
C(2) 4203(2) -90(10) 6941(6) 35(1)
C@3) 3409(2) 1918(9) 5723(5) 29(1)
C4) 3076(2) 4140(10) 5961(5) 34(1)
C(5) 2632(2) 4720(8) 4721(5) 26(1)
C(6) 2666(2) 6439(9) 3715(6) 31(1)
C() 2155(2) 6537(9) 2712(6) 30(1)
C(8) 1739(2) 4863(8) 2959(5) 23(1)
o)) 1163(2) 4413(8) 2184(5) 23(1)
C(0) 799(2) 2531(8) 2273(5) 22(1)
can 271(2) 2643(8) 1329(5) 22(1)
C(12) 234(2) 4637(6) 531(4) 20(1)
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9.2 NMR Spectra

9.2.1 Bithiophenes with Hydrogen-Bonded Substituents
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'HNMR (400 MHz, (DCl,)
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9.2.2 OFET Performance of a Hydrogen-Bonded Quaterthiophene
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9.2.3 Engineering Polymers from Bithiophene-Containing Polyamides
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9.2.4 Semiaromatic Polyamides Containing Perylene Bisimide Repeat Units
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a) In the course of last five decades, the number of transistors per chip has dou-
bled every two years in line with Moore’s law, while the increase in clock speed
(how fast a microprocessor executes commands) slowed after 2004 because of
the need to limit heat generation. b) Computers increase their performance and
become smaller in size. Consequently, a new class of instruments has emerged
about once every ten years. Figure adapted fromref. [5]. . . . . . ... ... ...

Progress in organic semiconductor performance over a thirty-year period. Charge
carrier mobility has improved by more than six orders of magnitude, exceeding
the performance of amorphous silicon. The recent dramatic increase in the
performance of donor-acceptor based systems is especially promising for fu-
ture applications (* A special technique was used to align the material). Figure
adapted fromref. [13]. . . . . . . . .. . e

Schematic representation of @) the bonds (o and ) and orbitals (sp® and p, —
coloured by blue and red, respectively), and the chemical structure of a ben-
zene molecule and its b) molecular orbital diagram, illustrating the HOMO and
LUMO energy levels along with the corresponding p, orbital representation. c)
Molecular orbital diagrams of benzene, anthracene, pentacene and pentacene
crystals. From benzene to pentacene, the HOMO-LUMO energy gap decreases
with increasing extension of the n-system. A band-like structure is generated in
case of an organic crystal (e.g. pentacene) by further splitting of initial energy
levels due to intermolecular (quadrupolar and dispersive) interactions. . . . . .

Schematic illustration of intra-, intermolecular, and interdomain transport
across differentlengthscales. . . . .. ... .. ... ... . .. . L L.
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Venkateshvaran et al. investigated the benefits of structural resilience for charge
transport properties. @) Chemical structure of the IDTBT copolymer that was
the focus of the work and the reference semicrystalline 7-conjugated polymer
system PBTTT (R = C,,H,;). b) Molecular modeling of the backbone conforma-
tion of IDTBT and PBTTT (side chains and hydrogens omitted for clarity). ¢) The
polymer backbone may be planarized under pressure if it exhibits significant
torsion in as-deposited films. Thus, pressure-dependent Raman spectroscopy
measurements were performed on IDTBT films. It was found that Raman in-
tensity ratio between 1542 cm™ (ring stretching mode for BT) and 1613 cm™
(ring stretching mode for IDT) was independent of pressure, indicating a planar
backbone. d) Calculated gas-phase torsion energies for IDTBT and PBTTT. For
planar structures the potential minima are close to 0 °, 180 ° or both. Figure
reproduced fromref. [40]. . . . . . . ... ...

Heeger et al. studied the field effect transistor performance of PCDTPT with
different molecular weights. a) Top: chemical structure of PCDTPT (R = C,;H,,);
bottom left: scratching machine for nano-grooved SiO,; bottom right: result-
ing SiO,, after scratching. b) The mobility value and the value in parentheses
represent mean and maximum values obtained from devices fabricated by slow
drying. ¢) Temperature-dependent mobility values of 50, 160, 300 kDa materials.
Figure reproduced fromref. [45]. . . . . . .. ... ... ...

Mei et al. introduced siloxane-terminated side chains into an isoindigo-based
semiconducting polymer and investigated the resulting structure-property rela-
tionships. a) Chemical structure of the isoindigo based polymer, where R stands
for siloxane terminated side chains (PII2T-Si) or for a branched alkyl chain as a
reference (PII2T-Ref). b) 2D grazing incidence X-ray scattering (GIXS) patterns
of annealed PII2T-Ref and annealed PII2T-Si. c¢) Representative transfer curves
for PII2T-Ref and PII2T-Si. Average hole mobilities up to 2.0 cm? V! s were
found for PII2T-Si, which is six times higher than PII2T-Ref. Figure adapted
fromref. [22]. . . . . e e e e

Kang et al. designed DPP-based polymers with a side chain branching point far
from the polymer backbone and reported their photophysical and structural
features as well as their device performance. a) Chemical structure of P-24-
DPPDTSE (reference compound) and P-29-DPPDTS. b) Out-of-plane diffration
spectra of P-24-DPPDTSE and P-29-DPPDTS. Inset: the corresponding in-plane
diffration patterns. c¢) Representative transfer curve for P-29-DPPDTS. Figure
adapted fromref. [52]. . . . . . .. .
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1.9 Noriega et al. carried out a systematic study on the relationship between mi-
crostructure and electrical properties in polymer semiconductors. a) Chemical
structure of regioregular (RR) and regiorandom (RRa) P3HT. b) Electrolumi-
nescence spectra of films made from pure RR- and pure RRa-P3HT. c¢) Pho-
toluminescence (dotted) and electroluminescence spectra of the blend films
containing 90% RRa-P3HT and 10% RR-P3HT. Unlike the photoluminescence
spectra, the electroluminesce spectra only exhibited emissions from RR-P3HT
on application of a certain current. This finding showed that charges move and
recombine in the more ordered regions of the blend. Figure reproduced from
ref. [12]. . . o e 10

1.10 Miillen et al. described an alternating copolymer CDT-BTZ. @) Chemical struc-
ture of CDT-BTZ (R = CigHag)- b) X-ray diffraction patterns from CDT-BTZ with
different molecular weight. ¢) Output and transfer characteristics for drop-cast
annealed thin films CDT-BTZ with the highest M= 35 kg/mol. Figure repro-
duced fromref. [63]. . . .. .. .. ... 11

1.11 Zhang et al. studied the molecular origin of high field-effect mobility in a C;6IDT-
BT copolymer. a) Chemical structure of C;6IDT-BT (R = CygHss)- b) Top: the
top-gate bottom-contact device configuration (TGBC) with the channel length
50 um and width 1 mm; bottom left: transfer curves in the linear and saturation
regimes; bottom right: transfer curves from temperature-dependent transistor
measurements. ¢) GIXS profile for C;6IDT-BT, where broad arc patterns indicate
a lack of longer-range crystalline order. Figure reproduced from ref. [42]. . . . . 12

1.12 Chung et al. prepared a new alternating copolymer, PDPDBD, and investigated
its electronic properties. @) Chemical structure of PDPDBD (R; = 2-ethylhexyl,
R, = 2-decyltetradecyl). b) Transfer curve of a FET from annealed PDPDBD (left).
Temperature-dependent transfer characteristics, where the mobility is plotted
as a function of the inverse temperature (right). ¢) 2D GIXS profiles for pristine
(top left) and annealed PPDBD thin films (top right). Figure reproduced from
ref. [70]. . . . . e e e e 12

1.13 Scatter plots of the angle versus distance for @) O-H---O and b) C-H---O illustrat-
ing the angular preference of strong hydrogen bonds above 160 °. Figure adapted
fromref. [91]. . . . . L 15
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1.14 Gilli et al. examined the correlation between the intramolecular O-H---O hydro-

gen bond distance and 'H NMR chemical shifts of the enolic proton §(OH) in
B-diketone enols. a) Classification of different molecules with O=C-C=C-OH g-

diketone enol groups; I B-diketone enols, II S-ketoesters, III 2-hydroxybenzoketones,

IV §-diketone enols, V a-keto-oximes. b) Top: The range of 'H NMR chemical
shifts correspond to hydrogen bonds with different strengths. Bottom: A plot
of 6 (OH) versus distance d(O---O) shows that shortening of the bond distance is
strongly correlated with the downfield shift of the enolic proton. Figure repro-
duced fromrefs. [103,109].. . . . . . . . . . . e

1.15 Tovar et al. prepared quaterthiophenes substituted with tripeptide segments

and investigated their performance in OFET devices. a) Molecular structure of
T4-R; R2R, where R; and R, are chosen from glutamic acid (Glu), aspartic acid
(Asp) and glycine (G), alanine (A), valine (V), or isoleucine (I). Solution-phase
b) absorption, c) fluorescence and d) CD spectra of TAER2R, demonstrate that
AA and GG substituted molecules have the highest intermolecular electronic
coupling, leading to most blue-shifted absorption, quenched emission and
strong bisignate CD signal with a negative Cotton effect. e) Output characteristics
of OFET devices with the T4-DGG as semiconducting layer yielded mobilities as
high as 0.02 cm? V! s71. Figure reproduced from ref. [110]. . . ... .......

1.16 Stupp et al. employed a self-assembling hairpin-shaped T6-M1 as a donor

component in organic solar cells. @) Molecular structure of T6-M1 (R = hexyl).
b) Transmission electron microscopy (TEM) images of T6-M1 showed bundles
of nanofibers. c¢) Illustration of the nanostructural organization of T6-M1 in
the presence of PC7;BM upon therman annealing. Figure reproduced from
refs. [116,119]. . . . . . . o e

1.17 Wiirthner et al. demonstrated crystal engineering approach using hydrogen

bonding, resulting an enhanced device performance together with remarkable
device stability. a) Molecular structure of Clg-PTCDI b) Single crystal X-ray
structure analysis revealed a twisted perylene backbone with a “brickwork”
arrangement. ¢) Transfer curve of an OFET from Clg-PTCDI showing mobilities
as high as 0.9 cm? V! s7! with excellent I/ I ratios up to 108 in air. Figure
reproduced fromref. [120]. . . ... ... ... .

1.18 Glowacki et al. investigated the thin film transistor performance of organic pig-

202

ments that had been widely used as toners for inkjet printing and were available
at low-cost. @) Molecular structure of epindolidione and quinacridone. OFET
devices fabricated from b) epindolidione and ¢) quinacridone resulted in mobili-
ties of up to 1.5 and 0.1 cm? V! s7! along with Iy, /Iy ratios around 107 and 10%,
respectively. Both were stable in air more than 140 days, as compared to their

non-hydrogen-bonded acene analogues. Figure reproduced from ref. [122]. . .
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1.19

1.20

1.21

Perepicka et al. exploited co-assembly of hydrogen donor and acceptor molecules
through complementary hydrogen bonding and investigated the resulting elec-
tronic properties of the cocrystals. a) Molecular structure of diphenyldipyrollopy-
ridine (DP-P2P), which co-assembled with naphthalenetetracarboxydiimides
(NDI) via triple hydrogen bonds. b) The single crystal X-ray structure of DP-
P2P:NDI-8, displayed an alternating arrangement of dimerized donor and ac-
ceptor columns, marked with green and purple circles, respectively c) Transfer
characteristics of single cocrystal OFET devices demonstrated ambipolar trans-
port for DP-P2P:NDI-8, and DP-P2P:NDI-CyHex, while only unipolar n-type
transport was observed for DP-P2P:NDI-H,. Figure reproduced from ref. [129].

Zhang et al. investigated how urea-containing alkyl chains affect FET device
performance. @) Molecular structure of diketopyrrolopyrrole-quaterthiophene
(DPP4T) semiconducting polymer with urea-containing alkyl side chains in the
molar ratios 1:30, 1:20, 1:10, 0:100. b) 2D GIXS profiles for annealed pDPP4T-3
deposited on an OTS modified Si*/SiO, substrate exhibited a well-defined lamel-
lar arrangement. ¢) Transfer and output curves from OFET devices fabricated
from the thin films of pDPP4T-3 using a bottom gate top contact configuration,
after annealing. Figure reproduced fromref. [134]. . . ... ... ... ... ...

a) PA66 crystallizes in a¢ phase with the chains in an all-frans conformation,
forming hydrogen-bonded sheets that are stacked along the b-axis. PA66 has a
triclinic unit cell with lattice parameters a=4.9 A, b=5.44, c=17.2A, a =485 °,
B=77 °,y=63.5 °. b) Wide-angle X-Ray diffractograms of the “even-even” AABB-
type polyamides PA66 and PA610, and the “even” AB-type polyamide, PA12. The
wide-angle X-Ray diffraction (WAXD) patterns shown for PA66 and PA610 are
characteristic of the a phase, with two intense Bragg peaks at 20.2 ° and 24 °
associated with intrachain distances within and between the hydrogen-bonded
sheets, respectively. The WAXD pattern for PA12, on the other hand, shows
only a single strong reflection characteristic of the y phase. c) By altering the
crystallization conditions, PA6 may form the a or y phase, with the hydrogen-
bonded chains are antiparallel and parallel, respectively. d) WAXD patterns at
different temperatures showing the transition to pseudo-hexagonal packing on
heating the a phase of PA66. The transition temperature is referred to as the
Brill temperature. e¢) AFM amplitude image of semicrystalline PA66 showing
chain-folded crystalline lamellae, which in turn aggregate to form spherulites.
Figure adapted from refs. [162,166-169]. . . . .. ... .. ... ... .......
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1.22 Crystal structure of poly(p-phenylene terephthalamide) (PPTA) based on X-ray
diffraction studies. a,b) Northolt and Tadokoro proposed a monoclinic (pseudo-
orthorhombic) unit cell with lattice parameters a=7.87 A, b=5.18 A, c=12.9A
and y = 90 ° containing two polymer chains. This structure is also known as
modification I. ¢) Representation of a second PPTA polymorph viewed along
the c-axis, known as modification II and may be obtained by using water as
a coagulant. d) Equatorial and meridional WAXD scans of PPTA fibers. The
presence of sharp Bragg peaks and the absence of a strong amorphous halo
reflects the high crystallinity of the PPTA fibers. e) Schematic illustration of
microfibrils and skin-core structure of PPTA fibers. Figure reproduced from
refs. [178,179,182]. . . . . . . o e 29

1.23 Tashiro et al. studied the crystal structure and phase transition behavior of
semiaromatic PA9T. a) IR spectra of amide A (top) and methylene regions (bot-
tom) of PA9T recorded from 27 to 330 °C. The sharp and strong N-H stretching
mode became weaker and shifted towards higher wavenumbers with increasing
temperature, indicating a decrease in the concentration of hydrogen-bonded
amide groups and a weakening of the hydrogen bond strength with increasing
temperature. In addition, IR bands associated with the methylene units became
weaker and broader with increasing temperature, indicating increased confor-
mational disorder. b,c) Suggested crystal structure of PA9T derived from 2D
WAXD patterns and computer modeling. The diffraction patterns were indexed
assuming a orthorhombic unit cell with lattice parameters a=4.95 A, b=8.39 A,
c=38.6 A. Figure reproduced fromref. [190]. . . . . ... .............. 30

1.24 a) Chemical structure of semiaromatic polyamide poly(hexamethylene terephthalamide-
co-isophthalamide) (PA6TI) prepared by the copolymerization of rigid tereph-
thalic acid (T) and isophthalic acid (I) monomers with hexamethylene diamine.

b) Crystal structure of PA6T determined from selected-area electron diffraction
of an oriented PA6TI thin film. The observed reflections were indexed using
triclinic unit cell with lattice parameters a=5.02A, b=5.4A, c=16.4 A, @ =50.5
°, =79 °, y=94°. c) The 1D SAXS correlation function was used to estimate the
lamellar thickness (/) and long period (L) of the PA6TI, under the assumption
of two-phase model (insert). d) AFM amplitude images of PA6TI revealed well-
defined spherulitic textures similar to those in aliphatic PA66. Figure reproduced
fromrefs. [168,198,199]. . . . . . . . . . 31
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1.25 Frauenrath et al. reported the efficient formation of random copolymers by

2.1

2.2

2.3

2.4

2.5

transamidation during melt compounding of semicrystalline semiaromatic
polyamides and certain semicrystalline aliphatic polyamides. @) MALDI-TOF
mass spectra of the PA6TI blended with 50 wt% PA610 in melt and in solution.
The appearance of the new peaks (marked in red) in the melt-compounded
spectra indicated efficient transamidation resulting in random copolymers b)
Correlation lengths deduced from SAXS as a function of aliphatic polyamide
reveal the lamellar thickness (/) to be similar for almost all the materials, while
the long period (L) varies somewhat. ¢) Nomarski differential interference con-
trast images of the PA6TI-PA12 blends showed phase separated domains. Figure
reproduced fromref. [168]. . . . .. ... ... ... .. ..

Structures of the bithiophene derivatives functionalized with ester or amide
groups investigatedinthiswork. . . . . ... ... ... o Lo o L L

Ball-and-stick representations of the single-crystal X-ray structure of 6a (CCDC
1951223). The crystal contained eight molecules of 6a per orthorhombic unit
cell Pca2;, with the lattice parameters a = 9.48958(16) A, b = 5.37710(10) A,
c=38.1047(6) A, and a = =y = 90 °. a,b) Unit cell representation of 6a along
crystallographic b-axis and a-axis, respectively. Along the crystallographic a-axis,
the adjacent thienyl cores arranged in edge-to-face arrangement, exhibiting
intermolecular C---S and C---C close contacts of 3.460 and 3.923 A within the
close pairs, respectively. The amide groups in side chains organized almost
orthogonal by an angle of 86.9 ° to the thienyl plane, with two different hydrogen
bonding distances of 2.867 and 2.906 A (all hydrogen atoms except those that
participate in hydrogen bonding have been omitted for clarity). . ... ... ..

Representative polarized optical microscopy images of a—c) bithiophene diesters
la—c, and d—f) bithiophene diamides 2a—c using polarized optical under cross
polarizers. . . . . . .. e

Ball-and-stick representations of the single-crystal X-ray structures of the bithio-
phene diesters 1a-c. Unit cells and short contacts of a,b) 1a (CCDC 1951216),
¢,d) 1b (CCDC 1951217), and ¢,f) 1¢ (CCDC 1951218). . . ... ... .. ... ..

Ball-and-stick representations of the single-crystal X-ray structures of the bithio-
phene diamides 2a—c. Unit cells, and short contacts of a,b) 2a (CCDC 1951219),
¢,d) 2b (CCDC 1951220), and e,f) 2c (CCDC 1951221). Hydrogen bonds observed
in the bithiophene diamides 2a—c are marked with blue dashed lines. . . . . . .
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2.6

2.7

2.8

2.9

Ball-and-stick representation of the ill-defined single-crystal X-ray structure
of 2¢ a) viewed along the crystallographic c-axis and b) the a-axis, at 100 K
with lattice parameters a = 22.3869(15) A, b=25.7597(16) A, ¢ =30.9609(16) A,
a =96.751(5) °, f =95.932(5) °, and y = 108.448(6) ° (all hydrogen atoms have
been omitted for clarity). . .. ... ... ... ...

Bithiophene packing of a—c) diesters la—c and d—f) diamides 2a-c. Hydro-
gen bonding patterns observed in bithiophene diamides 2a—c are marked with
dashed lines. Hydrogen bonding (D-H---A) and herringbone angles are marked
in blue and red colors, respectively. . . .. ... ... ... ... ... . ...

Solid-state IR spectra of the amide A and the amide I and II regions of bithio-
phenediamides2a-c. . .. ... ... ... ... .. ... e

Ball-and-stick representations of the single-crystal X-ray structure of DHT2
(CCDC 1951222). Single-crystals of DHT2 were grown from a solution in ethanol
at -5 °C by slow evaporation. DHT2 crystallized in the triclinic space group
P1, with the lattice parameters a=5.7717(6) A, b=7.7801(9) A, c=22.363(2) A,
a =99.154(9) °, =91.780(9) °, and y = 105.885(10) °. a) The unit cell of DHT2
viewed along the crystallographic a-axis, contained two independent molecules
of DHT2. b) The interlayer distance was 3.547 A, between parallel-displaced
neighboring molecules. ¢) Illustration of C---C, C---S, and S---S close contacts of
3.431, 3.849, and 3.697 A, respectively, between parallel-displaced neighboring
molecules. The molecular axis of the bithiophene was tilted by 66.17 ° with
respect to the layer normal. Furthermore, each hexyl substituent was almost in
an all- trans conformation and tilted differently with respect to the bithiophene
core (5.23 ° or 67.83 °). d) Illustration of the pitch angle and e) the roll angle of
DHT?2 (all hydrogen atoms have been omitted for clarity). . . . ... .. ... ..

47
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2.10 Tlustration of a—c) pitch angles, and d—f) roll angles of bithiophene diesters 1a—c. 54

2.11 Mlustration of a—c) pitch angles, and d—f) roll angles of bithiophene diamides 2a-c. 54
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2.12 Thermogravimetric analysis (TGA) scans of bithiophene a) diesters 1a—c, diacids

3.1

3.2

3.3

3.4

3.5

5a—c, and b) diamides 2a—c, as well as alkyl substituted DHT2. c,d) Decom-
position, T4, and melting temperatures, T, of the bithiophene diesters 1a—c,
dicarboxylic acids 5a-c, and diamides 2a—c as a function of the spacer length.
e) Normalized solution-phase UV-vis and fluorescence spectra (excitation at
325 nm) of the different bithiophene derivatives in DMSO (¢ =0.01 mmol/L).
f) Normalized UV-vis spectra of solid thin films of the different bithiophene
derivatives, prepared by spin-coating onto quartz substrates. g) Plot of maxi-
mum absorption wavelengths in the solid-state absorption spectra as a function
of volume per bithiophene, /) pitch, and i) roll angles. Full symbols denote a
herringbone packing, while empty symbols indicate a parallel-displaced 7—nx
stacked arrangement of the bithiophenecores. . .. ... ... ... ....... 55

Molecular structures of the quaterthiophene bisacetamide 1 and the correspond-
ing diacetate 2 investigated in thiswork. . . .. ... ... ... ... .. .... 61

a) The amide A, and b) amide I and II regions of the solid-state infrared (IR)
spectra of 1 revealed strongly, resonance-enhanced amide hydrogen bonding at
room temperature with absorption bands at around 3280, 1636, and 1550 cm™,
respectively. ¢) By increasing the temperature, these bands were shifted to higher
(for amide A and I) and lower (for amide II) wavenumbers. . ... ... ... .. 62

Ball-and-stick representations of the single-crystal X-ray structure of a) quaterthio-
phene diacetamide 1(CCDC 976399) viewed along the crystallographic [110]

axis, and b) quaterthiophene diacetate 2 (CCDC 1043812) viewed along the c-

axis, with ¢,d) an illustration of the C---C, C---S, and S---S short contacts between
edge-to-face and parallel-displaced neighboring pairs of 1 and 2 (all hydrogen
atoms except the amide hydrogens omitted for clarity). . ............. 63

Representative examples for DORI = 0.5 isovalues for two pairs of molecules
in the crystal structure of 1. The surfaces are color-coded according to the
values of the function sgn(A,)p in the —0.01 to 0.01 a.u. range, where A, is the
second isovalue of the electron density Hessian and p is the electron density.
The compactness index was computed as integral of the electron density over
theintermolecularregions. . . . .. .. ... ... ... ... . 66

Top views onto the herringbone packing of the quaterthiophene cores in a) 1,
in comparison to b) 2, ¢) LT 1255 q—4T, d) DMAT,?®! and e) DHAT 22 (all hydro-
gen atoms and side chains omitted for clarity). The numbers and line widths
represent the computed density overlap regions indicator (DORI) values of
quaterthiophene pairs. . . . . . . . ... ... . e 67
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3.6

3.7

3.8

4.1

4.2

208

Atomic force microscopy (AFM) height images of thin films of 1 vapor-deposited
onto a,b) Si*/Si0, or d,e) OTS-treated Si*/SiO, substrates, as well as c,f) height
profiles obtained from b,e). Figure adapted fromref. [296]. . ... ... ... ..

a) Atomic force microscopy (AFM) height images of films of 2 vapor-deposited
onto OTS-treated substrates at T's = 120 °C. Thermal properties of 1 and 2
were characterized by b) thermogravimetric analysis (TGA) and c) differential
scanning calorimetry (DSC). TGA scans indicated the main decomposition tem-
peratures of both compounds to be above 300 °C. DSC heating and cooling scans
of 2 showed multiple thermal transitions, suggesting the presence of different
phases on heating, while 1 showed only single melting and cooling transitions.
d—f) Atomic force microscopy (AFM) height images of films of 2 vapor-deposited
onto OTS-treated substrates at temperatures of40°C. . . ... ..........

a) Optical micrograph of a bottom-gate top-contact OFET device with a channel
length L =5 um and width W = 50 um fabricated from a thin film of 1 on SiO,,
at Ts = 120 °C. The bright yellow areas are the Au source and drain electrodes.
Representative examples of b,c) a directly measured output and transfer curves
(measured in the forward and reverse directions) for the bottom-gate top-contact
transistors fabricated from films of 1 and 2 on a bare or an OTS-treated SiO,

68

69

substrate; devices with a channel length d—f) L=5 pm, g—i) 10 um, and j-/) 20 um. 71

a) Representative 'H NMR spectra for PA6T2 in non-deuterated HFIP with
acetone-dg as the internal standard showed the expected proton signals, in-
cluding those of the amide protons. The 'H NMR chemical shifts in the range
of 5.8-6.1 ppm originated from the two chemically different thiophene protons,
whereas the aliphatic protons of the diamine and the spacer gave rise to six
distinct peaks below 2.5 ppm. b) From the cross-peaks observed in 'H-'H COSY
experiments, the peaks at 2.33, 0.65, 0.45 ppm were attributed to the aliphatic
protons of the diamine, while the peaks at 1.94, 1.39, 1.09 ppm corresponded to
the protons of the propylene spacer. Distinct amide protons were also observed

at around 5.2 ppm. ¢) Expanded view of the dashed area of the full spectrum in b). 79

a) Results from thermogravimetric analysis (TGA) scans of PArT2 indicated a
main decomposition temperature above 300 °C. b) Successive dynamic scanning
calorimetry (DSC) cooling and heating scans from PAnT2 (n=6-12) at 10 °C/min.
Melting of PArT2 with even nwas characterized by multiple melting endothermes,
whereas only a single endotherm was observed for odd 7. ¢) The corresponding
melting (T1,) and crystallization temperatures (7;) showed a global decrease
with increasing n but were reduced for odd » with respect to the values obtained
for adjacent even n. d) DSC heating scans at 10 °C/min from PAnT2 with even n
after isothermal crystallization from the melt at the specified temperatures. . .
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4.3

4.4

4.5

4.6

a,b) Solid-state IR spectra of the bithiophene dibutyric acid T2, model com-
pound T2a and the resulting polyamides PAnT2. After polycondensation, the
C=0 stretching vibration of the free carboxylic acid was replaced by the amide A,
I, and II bands of the amide functions. ¢) Wide-angle X-Ray diffraction (WAXD)
patterns from the as-synthesized (powder) and d) isothermally crystallized (bulk)
specimens recorded at room temperature in reflection and transmission, respec-
tively. e) Deconvoluted WAXD pattern of PAnT2 allowed roughly to estimate
degree of crystallinity by distinguishing the Bragg peaks from the amorphous
halo. The inset showed the 2D WAXD pattern of the polyamides, suggesting ab-
sence of the preferential orientation of the crystallites. f) Degree of crystallinity
for PAnT2 estimated from deconvolution of the WAXD profiles. Spacings corre-
sponding to the lowest angle Bragg reflections from the WAXD patterns of the
melt-crystallized polyamides shown as a functionofn.. . . . .. ... ... ...

a) Molecular structure of the bithiophene diamide model compound T2a. b)
Ball-and-stick representations of the single-crystal X-ray structure of T2a viewed
along the ab-plane, showing the presence of both N-H---O=C hydrogen bonds
and the parallel-displaced n-stacked arrangement of the bithiophene units with
¢) a hydrogen bonding distance (H---O) of 2.0 A and a bithiophene interlayer
distance of 3.6 A. d) C---S and C---C and S---S close contacts between parallel-
displaced pairs of bithiophenes (all hydrogen atoms except those that participate
in hydrogen bonding have been omitted for clarity). .. ........... ...

a) Model structure for PAnT2 with even n, shown here for n = 8, assuming a
triclinic P1 space group with the c-axis parallel to the axes of the main methyl sub-
chain. b) Selected area electron diffraction (SAED) pattern from an oriented film
of PA8T2. ¢) Comparison of the experimental WAXD data for a melt crystallized
film of PA8T2 with a simulated WAXD powder pattern from the structure in a)
with lattice parameters a=5.10 A, b=5.68 A, c=30.61 A,  =60.40°, f=71.24°,
Y =109.68 ° derived from the SAED pattern. . . . ... ...............

a) Estimation of the lamellar thickness (L) and lamellar long period (L) from
the small-angle X-Ray scattering (SAXS) correlation function for even n, assum-
ing a two-phase model. b) Estimated L. and Ly, for the even polyamides along
with Ly, the thickness of the corresponding amorphous layer, taken to be equal
to Ly — Lc. ¢) Degree of crystallinity for PAnT2 estimated from the SAXS measure-
ments (even n only). d) Atomic force microscopy (AFM) intermittent contact
mode height image the local lamellar structure in a film of PA8T2 isothermally
crystallized from the melt at 176 °C. The white markers are separated by 10 nm.
e) Schematic representation of the lamellar morphology of PA8T2. . . . . . . ..
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210

Selected area electron diffraction (SAED) from an oriented film of PA7T2 pre-
pared at about 140 °C. Approximate d-spacings corresponding to the visible
reflections are also indicated. The layer lines corresponded to the axial spac-
ing of the methyl groups, and hence did not provide a direct indication of the
unit cell dimensions. However, b) oriented films of PA7T2 prepared at about
130 °C and in which the equatorial reflections were less well-resolved, showed
additional meridional reflections. The spacings of these reflections suggested
a repeat distance in the orientation direction of approximately 55 A, implying
the spacing given in Figure 4.3f for n =7 to correspond to the (002) planes in
the oriented films, and a putative (100) spacing of about 43 A, which was signifi-
cantly greater than the lamellar thicknesses observed for even n. It was hence
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