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Summary & Keywords

Organic photovoltaics will be one of the corner stones in solving increasing world’s energy
demand issue. For this reason, a better understanding of the detailed mechanisms involved in
energy conversion in the employed nanostructured materials is still desirable. In this context,
one-dimensional and two-dimensional nanostructured organic semiconductors may reveal
intriguing opto-electronic properties due to their morphology and the nanoscopic confinement.
In this regard, supramolecular self-assembly has proven to be a powerful tool to control the
obtained nanostructures, by using secondary interactions such as hydrogen bonding or the
phase segregation between molecular segments of different nature, which requires

functionalization of the m-conjugated chromophore.

The present thesis starts with the preparation of functionalized oligothiophenes. The synthesis
of m-conjugated systems is rendered difficult by their inherently low solubility. In the first part
of the present thesis, we therefore developed a convenient synthetic pathway for chemically
functionalized oligothiophenes up to the octathiophenes, by employing chlorendylimidyl active
esters as both temporary protecting groups and solubilizing groups. From the obtained soluble
precursors, a large library of oligothiophene derivatives carrying polymer-oligopeptide
substituents was straightforwardly prepared in a divergent synthesis. This simple substitution
served to induce aggregation into one-dimensional nanowires that comprised a single stack of
oligothiophenes arranged in a helically twisted, parallel-displaced fashion. This molecular
arrangement was in turn found to result in the facile photo-induced formation of charge-carriers.
Thus, charge generation under illumination and decay in the dark were characterized for
oligothiophene nanowires with varying molecular parameters. Notably, derivatives with an even
number of thiophene units accumulated a higher concentration of charges, up to 4 mol%. Thus,
aggregation into one-dimensional nanostructures with supramolecular helicity can be regarded
as a useful tool to promote a cofacial stacking of chromophores and facilitate charge generation.
In parallel, we investigated two-dimensional nanostructures obtained from an acceptor-donor-
acceptor triad based on perylene-bisimide and quaterthiophene substituted with flexible
polymer chains. The latter served to reliably induce aggregation into smectic lamellar phases.
Within the lamellae, the triad segments were arranged with a tilt angle relative to the layer
normal in order to accommodate packing constraints. Light absorption was followed by
transient charge separation between the two types of chromophores. Charge recombination was
slower in thin films than in solution and even slower for a derivative with longer polymer chains
and higher degree of long-range order. These findings demonstrate that the phase segregation
observed in rod-coil systems can be used to improve the nanoscale order and could be beneficial

for applications in organic photovoltaics.
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Résumé & Mots-Clefs

Le photovoltaique organique promet un potentiel énorme quant aux besoins énergétiques
mondiaux. Mais cela nécessite une compréhension plus approfondie des mécanismes internes de
conversion d’énergie au sein des matériaux organiques nanostructurés employés. Dans ce
contexte, des semi-conducteurs organiques nanostructurés uni- ou bidimensionellement
pourraient exhiber des propriétés uniques, de part leur morphologie interne et un confinement
a I’échelle nanoscopique. De ce point de vue, 'auto-assemblage supramoléculaire s’est révélé
étre un outil puissant a fin d’organiser des nanostructures internes de matériaux organiques.
Pour cela, des interactions intermoléculaires secondaires sont employées, tel les liaisons

hydrogeénes ou la ségrégation de phase entre des segments moléculaires de natures différentes,

ce qui requiert la fonctionnalisation de systémes m-conjugués, aussi appelés chromophores.

Cette étude de these débute par la préparation d’oligothiophenes fonctionnalisés. La synthese de
systemes m-conjugués est typiquement rendue difficile de part leur solubilité tres limitée. Dans
la premiére partie de cette thése, nous développons donc un protocole simple et pratique pour
la synthése d’oligothiophenes jusqu’a I'octamer, comprenant des groupes fonctionnels aux deux
extrémités. Dans ce but, des groupements esters chlorendylimidiques activés sont utilisés
comme solubilisants temporaires. Ces intermédiaires solubles permettent la synthése
divergente d’une large série d’oligothiophénes fonctionnalisés par des groupements polymere-
oligopeptide. Grace a cette simple substitution, 'agrégation se fait selon une direction donnée, ce
qui résulte en des nanofilaments constitués d'un unique empilement hélicoidal
d’oligothiophénes agencés parallelement. Nous avons pu observer que cet arrangement
moléculaire particulier conduisait a une création de charges polaroniques grandement facilitée.
Ainsi, nous avons pu suivre spectroscopiquement la formation de ces charges pendant une
certaine période d’illumination, ainsi que leur résorption dans le noir. Les composés
comprenant un nombre pair de thiophene ont accumulé plus de charges, jusqu’a 4 mol%, que
pour un nombre impair. Cette agrégation en nanofilements hélicoidaux peut donc étre vue
comme un outil pour promouvoir la formation de charges polaroniques dans un matériau
organique. Nous avons également étudié un matériau formant des lamelles nanoscopiques, a
partir d'une triade accepteur-donneur-accepteur composée de groupements quaterthiophene et
perylene bisimide et sur laquelle nous avons rajouté des chaines polymériques flexibles servant
a renforcer l'organisation en lamelles. Au sein de ces lamelles, les différents segments
moléculaires sont tiltés afin d’obtenir un agencement plus dense. L’absorption lumineuse
s’ensuit d'une séparation de charge entre les deux types de chromophores. La recombinaison
des charges est ralentie dans les films solides, comparés a des solutions du méme matériau et ce,

d’autant plus que les chaines polymériques sont longues. Ainsi nos travaux démontrent que la
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ségrégation de phase entre des chromophores et des polymeres flexibles peut servir a améliorer

I'ordre interne et étre utile pour des applications photovoltaiques.

Mots-Clefs

Auto-assemblage supramoléculaire, oligothiophéne, perylene bisimide, oligopeptide,

nanofilaments organiques, génération de charge, absorption lumineuse.
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1 Introduction

1.1 Solving the Energy Issue

The growth of the human population and improvement of living standards have so far been tied
to a permanent rise in the world-wide energy demands. At the same time, fossil fuels are
becoming scarce and their utilization as energy source is becoming unacceptable because of the
accompanying environmental consequences. Nuclear energy based on fission, on the other hand,
presents high risks in terms of uncontrolled chain reactions and constitutes a major challenge in
terms of waste management.! [t is therefore highly desirable to find a sustainable energy source
that we can consider unlimited in supply. In this regard, the usable solar power on earth is
estimated to be 23 000 TW on average, which largely exceeds any other sustainable energy
source and, more importantly, surpasses the worldwide power consumption of about 17 TW in
2011 by more than three orders of magnitude.2 Photovoltaics offer the possibility to convert
solar energy into electricity that can be conveniently used in today’s technology. The
photovoltaic market is presently dominated by devices based on silicon or other inorganic
materials that have proven to be efficient and long-lasting. Yet, the fabrication of these devices
remains costly and the final panels are mechanically rigid and heavy. Despite their shorter
lifetime and lower charge mobilities, organic semiconductors are emerging as an important class
of materials in many fields of technology,3- including organic photovoltaics.10-14 Compared to
their inorganic counterparts, organic semiconductors typically feature higher extinction
coefficients and hold the promise for a cost-efficient and solution-based fabrication of flexible
and light-weight devices on large scales. Last but not least, organic synthesis provides almost
infinite possibilities for molecular design, which allows for a fine-tuning of the molecular

properties in order to achieve the optimal device characteristics.

Organic semiconductor materials generally consist of m-conjugated molecules or polymers
assembled by supramolecular interactions, including m-m interactions, from which the actual
opto-electronic properties originate. As a result, the final characteristics of a material depend
not only on the intrinsic features of the constituting molecules,!5-17 but also on their packing and
on the morphology of the active layer.18-21 Moreover, if the morphology of the material contains
features with sizes reduced to the nanometer scale, unexpected properties might appear due to
quantum effects arising from confined excited species or charge carriers. In this context,
supramolecular chemistry constitutes a powerful and, at the same time, indispensable tool when
preparing novel organic materials with advanced properties, as it provides the means to control

the self-assembly of the constituting molecules via an appropriate molecular design.22-25
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Excitation of organic materials with light typically promotes electrons to higher energy levels.
Delocalized excited species are formed and can, for example, split into separated charges.26
However, it remains challenging to understand the exact requirements for efficient charge
generation and collection with respect to molecular packing, phase morphology, and energy
levels. In this regard, the rational preparation of materials with well-defined molecular
arrangements and ordered morphologies at the nanometer scale may help relating specific

structural features to different aspects of the charge generation and transport mechanisms.

In this context, the present thesis will investigate the photogeneration of charges in two types of
nanostructured organic materials. In the first case, one-dimensional (1D) nanowires comprising
single stacks of oligothiophene chromophores at their core will provide a helical arrangement of
the m-m stacked chromophores that may be beneficial for charge generation. The second case
concerns a (perylene bisimide)-quaterthiophene-(perylene bisimide) triad designed to form
two-dimensional (2D) nanostructures in the form of lamellar phases, in which homeotropically
aligned alternating layers of donor (n-type) and acceptor (p-type) organic semiconductors are

expected to be an ideal morphology for charge generation and extraction.

Because of its relevance for the present thesis, the mechanisms for charge generation in organic
solar cells will first be discussed in this introduction, including the controversial role of hot
charge-transfer states and the loss mechanisms via recombination (Section 1.2). Thereafter, a
more detailed description of the successful polymer:fullerene bulk-heterojunction will provide a
good illustration of the intricate relation between molecular characteristics, active layer
morphology and materials’ properties (Section 1.3). Finally, an overview of pathways toward the
controlled formation of well-ordered heterojunctions (Section 1.4), as well as a discussion of the
potential use of nanowires for charge generation (Section 1.5) will allow us to put the results of

this thesis into perspective.

1.2 Mechanism of Charge Generation in Organic Solar Cells

1.2.1 Parameters of a Solar Cell

Beyond the overall power conversion efficiency (PCE) given under standard white light
illumination, several additional parameters allow for portraying a solar cell in more detail. These
parameters will be used throughout this chapter to correlate the processes described at the
molecular level with cell performance and will therefore be introduced in this section. A solar
cell is characterized by measuring its J-V curve, with J being the current per unit area of the cell,
i.e., the current density (Figure 1). The short-circuit current density (Jsc), the open circuit voltage

(Voc), and the fill factor (FF) can then be extracted from such a J-V curve. The Jsc represents the
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amount of charges extracted from the cell at short-circuit, i.e. when both electrodes are put in
direct contact without any load resistance. It can be increased with an improved light absorption,
efficient charge separation and extraction, as well as low degree of recombination. The Voc
represents the energy of the charges at open-circuit, i.e. infinitely high load resistance. It was
found to be directly related to the energy difference between the lowest unoccupied molecular
orbital (LUMO) of the acceptor component and the highest occupied molecular orbital (HOMO)
of the donor, with a post facto correction of -0.3V (Figure 10b). The FF is the ratio of the
maximum power of the cell over the ‘ideal power’ that is the product Jsc - Voc. For an ideal cell
with FF =1, charge extraction is independent of the operating voltage, and the J-V curve is
rectilinear.2” Moreover, quantum yields are measured as function of the excitation wavelength.
Thus, the external quantum efficiency (EQE) is the incident photon to charge conversion
efficiency, while the internal quantum efficiency (IQE) is the absorbed photon to charge
conversion efficiency. Accordingly, the IQE is equal to the EQE divided by the absorption

coefficient of the active layer.

dark :
o light
&
Q
<
£ Voc
S viv
Viod
o HEE L Jmp
ocYsc
Jse (’mjuxmrt: vmmep)
PCE = ‘»?axom: vmmep = vchsr_.FF
’Jin ’Jin IJin

Figure 1. Typical J-V curves of a solar cell in the dark (blue) and under illumination (red). Beyond the overall power
conversion efficiency (PCE), the short-circuit current density (Jsc), the open-circuit voltage (Voc), and the fill factor (FF)
provide a detailed profile of a cell. Figure adapted from reference 28.

1.2.2 Mechanism for Energy Conversion

Organic and inorganic semiconducting materials are fundamentally different.2 While inorganic
semiconductors consist of a 3D array of atoms strongly linked by covalent bonds, organic
semiconductors typically consist of an assembly of m-conjugated molecules held together by
weak, secondary intermolecular interactions. Notably, there is a strong charge-vibrational
coupling in organic materials, which means that the generation of a charged species leads to a
large geometric relaxation associated with a rearrangement of levels or bands in the
corresponding energy diagram.3? These charged species that are associated to geometric and
energetic rearrangements in organic materials are called polarons.3132 Moreover, the dielectric

constants of organic materials (e-=3-4) are typically much lower than those of inorganic
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materials (€ = 11-12). Carbon, the main element of organic materials, is a second row element
in the periodic table, and its electrons interact more closely with the nucleus than the electrons
of silicon, the corresponding third row element. Although the crystalline carbon allotrope
diamond and crystalline silicon both share the same crystal structure, their dielectric constants
of about 5.3 and 11.7, respectively, are therefore very different. The lower dielectric constant
implies that Coulombic interactions between charged species will be less screened in organic

materials.

Both of the aforementioned features are the reasons why, upon the absorption of light, inorganic
materials directly form separated and delocalized charges, while organic materials give rise to
strongly bound and neutral electron-hole pairs called excitons.33 An exciton has a binding energy
of around 1 eV, which is far above the thermal energy at ambient temperature (= 25 meV). An
efficient way to nonetheless split the exciton into separate charges is to combine a donor with an
acceptor material. The offset of the energy levels between the two materials will promote a
charge transfer at the interface, so that charges can be subsequently collected at the respective
electrodes, provided that continuous charge percolation pathways are present within the two

phases.

In this context, it is interesting to take a look at the historical evolution of the morphology of the
active layer in organic solar cells.3* The first reported cells employing organic semiconductors
consisted of one single component sandwiched between two electrodes, which resulted in a
poor power conversion efficiency (PCE) of around 0.001-0.1% (Figure 2a). In 1986, Tang
discovered that depositing layers of p- and n-type organic semiconductors to make a planar
heterojunction improved the PCE to 1% (Figure 2b).35 This was due to an increased amount of
exciton splitting at the interface. However, excitons have a short lifetime on the order of
nanoseconds and need to reach the interface before relaxing radiatively (fluorescence) or
thermally. The typical distance over which excitons can diffuse before relaxation is about 10 nm.
By contrast, organic thin films usually absorb most of the incoming light when the film thickness
exceeds several hundreds of nanometers. This means that a flat heterojunction between the two
types of semiconductors will only split a small fraction of the formed excitons, substantially
limiting the PCE. To address this issue, Heeger et al. in 1995 mixed both components to form a
randomly interdigitated morphology within the active layer, termed bulk heterojunction (BH]J)
(Figure 2c).36 In this way, the active layer comprised an extensively increased interfacial area
and reduced domain sizes. Accordingly, the probability for an exciton to reach the interface
significantly increased and PCEs up to around 10% have been obtained until today.3” However,
pathways for the separated charges to the electrodes are not direct in such a disordered BH] and

some charges may be trapped in isolated domains. For this reason, an “ordered heterojunction”
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with a large interface but also straight charge percolation pathways to the electrodes is expected

to be advantageous for energy conversion (Figure 2d).38

a)- b)- ()- d)-
Single Layer Planar Heteronjunction Bulk Heteronjunction Ordered Heteronjunction
Firstin 1959 Firstin 1986 Firstin 1995

Figure 2. Historical evolution of the active layer morphology in organic solar cells. a) Charge separation was difficult
within a single layer, and PCEs were typically below 0.1%.34 b) By combining donor and acceptor components, the
splitting of excitons in proximity of the interface was more efficient; the first planar heterojunction cell showed a PCE of
1%.35 ¢) Increasing the donor-acceptor interface allowed for splitting a larger fraction of excitons formed within the
active layer;3¢ PCEs up to around 10% have been obtained in this way.37 d) An ordered heterojunction with domain
widths of about 10 nm and a film thickness of several hundreds of nanometers is expected to be ideal for maximizing
charge generation and extraction.38

This paragraph is added in order to fill space and improve the thesis layout while limiting the
displacement of figures. Thus, before resuming the scientific discussion, I would like to thank
easyjet for the great service they are offering. The employed airfares and numerous destinations
available from Geneva airport allowed for my frequent travelling across Europe for weekends or
longer holidays over the past 5-6 years. It should be noted that easy]et’s flights have mostly no
or minor delays, with an on-time performance of more than 85% in 2014. Easy]Jet is Europe's
leading airline, operating on over 600 routes across more than 30 countries with a fleet of over
200 Airbus aircraft. In 2014, easy]Jet flew over 60 million passengers and was employing over
8,000 people including 2,000 pilots and 4,500 cabin crew. EasyJet's combination of convenient
airports and wide range of destinations imply a broad appeal across different geographies and

customer types. In fact, over half of easyJet’s sales currently originate from outside the UK.

The highest reported PCEs for organic solar cells of around 10% were obtained with bulk
heterojunctions.37.3940 However, these values remain inferior compared to the typical yields
obtained with inorganic solar cells#142 and the theoretical Shockley-Queisser limit of 33.7% for
single junctions.43 To improve the yields of organic solar cells, it is indispensable to understand
the exact charge generation mechanism in organic photovoltaics. Although tremendous research
efforts have been devoted to modeling or experimentally monitoring charge separation,
uncertainties and discrepancies remain regarding the mechanistic details. 334446 Nonetheless, it
is commonly accepted that the general mechanism for energy conversion in organic
photovoltaics can be divided into five steps (Figure 3): (1) light absorption in the donor and/or
acceptor phase leads to the formation of an exciton; (2) the neutral exciton diffuses through the

material; (3) if the exciton reaches the donor-acceptor interface, it can form a charge transfer
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(CT) state, i.e., an electron-hole pair spanned across the interface (electron in the acceptor phase,
hole in the donor phase); (4) the charge transfer state splits into free charge carriers; (5) finally,

the charges are transported and collected at the respective electrodes.
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Figure 3. Mechanism for charge generation in organic photovoltaics depicted in a) the active layer and b) the
corresponding energy diagram. Five steps can be distinguished: (1) light absorption, (2) exciton diffusion, (3) exciton
splitting to charge transfer (CT) state, (4) charge separation that can occur from (i) hot or (ii) thermalized CT states,
(5) as well as charge transport and collection. The broader energy levels in the energy diagram illustrate the larger
delocalization of vibrationally excited states.

The separation of the intermediate CT state spanning across the interface has a strong influence
on the device performance. Within this state, both charges are still strongly affected by the
Coulomb attraction between each other, with an estimated binding energy of several hundred
meV. The question of how the CT state can then separate into free charge carriers that

contribute to the photocurrent will be addressed in the following section.

1.2.3 The Role of the Charge Transfer State

In contrast to free charges, CT states are radiatively coupled to the ground state and their
existence can therefore be proven by several spectroscopy techniques.*s First, a transition from
the ground state directly to the CT state can occur at the heterojunction and gives rise to an
additional absorption band that is red-shifted compared to the main absorption of the blend.
Because this direct transition to a CT state occurs only at the interface and the wave function
overlap between the donor and acceptor constituents is generally small, the absorption
coefficient is small. However, techniques that offer a high sensitivity such as photothermal
deflection spectroscopy can reveal the absorption yielding a CT state (Figure 4a). Secondly,
when the CT state is emissive, an additional (red-shifted) band can be observed in the emission
spectra of a blend of donor and acceptor components (Figure 4b). This band is not present in the
photoluminescence spectra of either of the two pure components. Finally, the
electroluminescence of the pure donor or acceptor components is not observed in a blend.
Instead, a red-shifted band appears due to the formation of CT states that recombine radiatively

to the ground state (Figure 4c).
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Figure 4. The existence of the charge transfer state can be evidenced by a) its absorption revealed by photothermal
deflection spectroscopy, b) in photoluminescence spectra, and c¢) from the electroluminescence spectra. Figure
reproduced from reference 45.

One of the most debated topics concerning charge generation in organic solar cells is whether
charges are separated directly from hot, i.e.,, vibrationally excited CT states or if the CT states
first relax to their lowest vibrational energy level and subsequently separate into free charges
(Figure 3b, step 4i or 4ii).#445 In the former case, charge separation competes with thermal
relaxation of the CT state, and the relaxed CT state cannot result in separated charges but
recombines to the ground state. Thus, the excess energy from above-bandgap excitation to
higher vibrational levels plays an important role for ultrafast and efficient charge generation. If
the second case is prevalent, this excess energy is simply lost thermally, and the quantum yield
of charge separation remains independent of the excitation energy, even for sub-bandgap

excitations that directly form CT states.

Transient absorption (TA) spectroscopy is a powerful technique to investigate such fast
processes. This time-resolved pump-probe technique measures the difference of absorption of a
sample before and after excitation with the pump pulse.*> Therefore, it allows for the time-
resolved observation of excited states such as excitons, CT states, or free charges. However, the
assignment of the spectral features to the different species remains challenging, in particular
when CT states across the interface and free charges in the respective pure phases have similar
absorption spectra. Assisted by computational work or global fitting analysis of the TA spectra,
these questions can be resolved.*s TA investigations demonstrated that charge generation
occurred on the subnanosecond time scale, with reports of ultrafast separation processes in BH]

cells within less than 100 fs.4547-51

A notable example is the work by Ohkita et al. who investigated a series of different
polythiophene derivatives in blends with 5 wt.% [6,6]-phenyl-Cs1-butyric acid methyl ester
(PCBM) by means of TA spectroscopy.52 The varying LUMO energy levels of the polythiophene
series (Figure 5a) resulted in different energy level offsets driving the exciton splitting. In each

case, the recorded TA intensity at a wavelength of 1000 nm and a timedelay of 1 ps, which is the
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typical charge collection time scale in a solar cell, gave an indication of the yield of free polaron
generation (Figure 5b). The authors found that, despite efficient photoluminescence quenching
of more than 70 % for all of the investigated blends, the yields of polaron formation varied by
two orders of magnitude. More importantly, they were able to correlate these yields to the free
energy of charge separation (Figure 5c), thus illustrating the role of the energy offset across the
interface as a driving force for charge separation. Based on this observation, they proposed that
for polymers with a higher LUMO energy level, the larger excess of energy after exciton splitting

favored the formation of hot CT states and consequently improved the charge separation.
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Figure 5. Ohkita et al. suggested that larger energy level offsets across the heterojunction favored charge separation
from hot CT states. a) Chemical structures of poly(thiophene)s with varying energy levels. b) TA curves at selected
timedelays show polaron absorption at around 1000 nm (top), with the corresponding time evolution at 1000 nm
(bottom). ¢) The yields of charge generation (= AOD at 1000 nm and 1ps) could be related to the estimated free energy of
exciton separation. Figure adapted from reference 52.

In the previous example, the energy level offset across the polythiophene/PCBM interface was
varied, which required tedious synthetic work. However, variation of the incident photon energy,
i.e., the excitation wavelength, is straightforwardly achieved and can be employed in order to
investigate the role of the excess energy in charge separation. In this context, determining the
IQE of a cell as function of the excitation wavelength is probably the simplest way to study the
role of hot CT states in charge photogeneration.45 If charge separation occurs from relaxed CT
states, the IQE is expected to remain constant over the whole absorption range, including sub-
bandgap absorption that directly forms relaxed CT states. On the contrary, if hot CT states are
required for efficient charge splitting, the IQE is expected to substantially increase for higher
excitation energies forming vibrationally excited and delocalized states, while it should drop for

sub-bandgap excitations.

Lanzani et al. recently investigated CT states in PCPDTBT:PCBM blends by means of TA
measurements (Figure 6).50 They concluded that excitons split within less than 50 fs into
separated charges or relaxed CT states, depending on the excitation energy. High energy

excitons had a strong coupling with hot and delocalized CT states and resulted a faster splitting
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and overall enhanced charge separation efficiencies. However, excitons of lower energy formed
more relaxed CT states that were lost by recombination to the ground state. Indeed, the IQE was
found to be dependent on the excitation wavelength (Figure 6c). Its increase for higher photon
energies and drop for energies below the bandgap confirmed the predominant role of hot CT
states in efficient charge splitting. Pivrikas et al53 and Sharber5* called these results into
question arguing that the IQE of an optimized cell is particularly tricky to evaluate,55 but
additional work on a simpler device architecture confirmed the observed wavelength

dependence of the IQE.56
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Figure 6. Lanzani et al. highlighted the role of hot states in facilitating charge separation. a) Chemical structure of
PCPDTBT that was investigated in blend with PCBM. b) Schematic diagram of the observed ultrafast photophysical
scenario (excitons in black, CT states in green, and free charges in red). ¢) The excitation energy dependence of the IQE
illustrated that excess energy facilitated charge generation. Figure adapted from reference 50.

Vandewal et al also evaluated the IQE spectra of a broad range of polymer:polymer,
polymer:fullerene, as well as small-molecule:fullerene blends for a wavelength range that
included sub-bandgap excitation (Figure 7).5758 They used the timedelay collection-field
technique, which is a pump-probe experiment with an optical pump and an electrical probe. The
samples were kept at a constant pre-bias representative of the bias of a working cell, i.e., <1V,
while excited by a laser pulse. After a delay, the pre-bias was switched to a collection voltage
large enough to extract any free charges but small enough to avoid leakage current. Evaluation
of the IQEs of the sample cells required their absorption spectra. In order to circumvent the
difficult absorption measurement in the wavelength range where CT states are formed directly
from the ground state, the absorption spectra at low energy wavelengths (red full squares in
Figure 7) were reconstructed from the electroluminescence spectra (green curves). Contrary to
Lanzani’s results, these measurements indicated that the IQE was wavelength-independent,
even for excitations directly leading to the formation of CT states. This was valid for the whole
range of investigated samples including the inefficient and field-dependent MEH-PPV:PC¢1BM
blend (Figure 7a), as well as the efficient and field-independent PBDTTPD:PCs:BM blend

(Figure 7b). However, the possibility that the collection voltages from the measurement setup
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might support relaxed CT state splitting and disturb the results was not discussed. Moreover, the

used sub-bandgap energy might still form CT states with enough excess energy for separation.
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Figure 7. Wavelength-independent IQE indicated a separation via relaxed CT states, as shown in selected examples of an
a) inefficient and b) efficient polymer:PCBM BH]J cell. The polymer structure is depicted on the left. The absorption
spectra (full squares) were obtained at high energy (in blue) by photothermal deflection spectroscopy (PDS) and
recalculated at low energy (in red) from electroluminescence spectra (green curves). The IQE (empty squares)
corresponds to the ratio of the external quantum efficiency (EQE, in black) over the absorption. Figure adapted from
reference 57.

Several factors could drive the charge dissociation from a relaxed CT state, including the local
mobility of the charge carriers,4559 the disorder at the interface,60.61 the entropy gain,*462 and the
built-in electrical field.#¢63 Moreover, the delocalization of the charge carriers most likely
reduces the Coulomb attraction by increasing the distance between both charges of the CT
state.6468 This would result in lower binding energies compared to the values estimated by
considering point charges. Similarly, Friend et al. suggested in two recent studies that, more
than the excess energy itself, the increased delocalization of hot states facilitates charge
separation.t?70 Finally, it was also suggested that the initial delocalization of the just formed
exciton could extend over more than 10 nm and, in this way, lead to ultrafast charge

separation.2671

In conclusion, the precise role of the excess energy of the CT state remains unclear. Probing the
exact charge splitting mechanism on ultrafast time scales is difficult, and the reported
contradictory results could originate from differences in the employed materials, the batch-to-
batch syntheses, and the cell fabrications. In any case, the donor-acceptor interface is
indispensable for an efficient exciton splitting, and an energy loss is inevitable to drive this
separation. As a consequence, the collected charges have less energy than the absorbed photons,

which intrinsically limits the overall PCE.

1.2.4 Charge Recombination

Besides the energy lost in the course of charge separation, recombination processes can lower
the number of collected charges and further reduce the PCE.7273 Geminate and non-geminate

recombination pathways can be distinguished. Geminate recombination corresponds to the



1 Introduction 11

recombination of species that originated from the same photon, which encompasses the
relaxation of excitons to the ground state before they reach an interface (Figure 8a) and the
recombination of CT states that were not sufficiently separated (Figure 8b). Non-geminate
recombination concerns already separated charges, i.e., species that originate from different
photons. The latter is typically a second-order process since two charges of opposite sign are
involved (Figure 8c). However, it can also be a first-order process if one of the charges was first

trapped (trap-assisted recombination; Figure 8d).
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Figure 8. Schematic illustration of the different recombination mechanisms: a) exciton relaxation, b) CT state
recombination, ¢) recombination of free charges, and d) trap-assisted charge recombination. Figure reproduced from
reference 72.

Geminate recombination can be almost completely suppressed with an appropriate morphology
of the blend and suitable energy levels of the donor and acceptor components.’> For example,
the competition between CT state splitting and geminate recombination depends on the detailed
molecular arrangement at the interface. Thus, Wiirthner et al investigated the effect of
molecular orientation at the heterojunction on charge separation/recombination (Figure 9).74
To this end, they prepared merocyanine ID583:Csp planar heterojunction solar cells by
evaporation at different substrate temperatures. Evaporation on a substrate at 25°C resulted in
cells with J-V curves showing two kinks and low fill factors. Cells that were post-annealed at
80°C or prepared on substrates heated to 60°C, on the other hand, featured improved J-V curves
and increased FFs. Further investigation by X-ray powder diffraction and ellipsometry revealed
that the average molecular orientation switched from normal to the substrate to a 45° tilt upon
annealing at 80°C. The authors calculated the energy levels of the CT state at the interface with
Ceo on the basis of both observed orientations and for two possible sides of the unsymmetrical
merocyanine pointing towards the fullerene (labeled A or D in Figure 9c, d). The CT state was
determined to be more stable when the electron-deficient indane side pointed toward the
fullerene (1A and 2A). However, the electron transfer rate from the CT state to the bulk fullerene

(i.e. charge separation) was 400 times higher for the tilted state 2A than for the normal state 1A
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according to Marcus theory. Thus, when the molecules were oriented normal to the interface,
the state 1A acted as a trap from which recombination was favored. By contrast, the tilted

arrangement resulted in an energy profile favorable for separation, explaining the improved

device characteristics.
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Figure 9. The molecular orientation at the heterojunction influences the competition between separation and
recombination. a) Measured and calculated J-V curves of devices of varying thicknesses prepared at 25°C. b) J-V curves of
devices prepared at 60°C substrate temperature showed higher fill factors. ¢) The merocyanine ID583 comprises an
electron-rich (D) and an electron-poor moiety (A); ID583 was oriented normal to the substrate at 25°C and tilted to 45°
at high temperatures. d) Calculations of the CT state energy levels in the four different situations indicated a trap state
that favored recombination for orientations normal to the substrate (1A) and a state favorable for separation when
tilted to 45° (2A). Figure adapted from reference 74.

Regarding non-geminate recombination, several reports suggested that this process accounts for
the majority of recombination processes in a device.”273 Despite the common presence of defect
sites that may act as traps in organic materials, most of the efficient solar cells do not seem to be
limited by trap-assisted recombination, and second-order processes are observed instead.”3 In
this context, the Langevin model that is usually used to describe bimolecular recombination in a
low-mobility semiconductor had to be adapted in the case of organic solar cells due to their
specific configuration.’2 Indeed, the phase separation in blends of acceptor and donor reduces
the probability for two charges of opposite sign to meet. Moreover, non-geminate recombination
most likely proceeds via CT states, and the probability for charge separation from the latter
should not be neglected. Furthermore, in contradiction to the Langevin equation, charge
recombination has been observed to decrease with increasing carrier mobilities in solar cells.

Higher mobilities help to sweep-out the charges and lower their density in the active layer and
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at the heterojunction. In particular, modeling and experimental observations showed that device
performance deteriorates significantly for mobilities below 10-6 cm?2/Vs.76-79 Similarly, thicker
devices typically display a lower performance since the charges need more time to reach the

electrodes and have a higher probability to recombine.

To conclude, charge separation and extraction compete with recombination processes. Which of
these processes dominate in a device depends on the detailed structure of the active layer, the
resulting energy landscape, as well as on the delocalization and mobility of the charge carriers.
An optimal balance between the various parameters needs to be found to favor charge
separation without facilitating recombination. In this regard, the success of polymer:fullerene
BHJs is most likely due to their unique phase morphology and energy profile that promotes an
effective separation and extraction of charges before recombination could occur. In the following
section, a detailed discussion of the polymer:fullerene BH] will provide a better understanding of

the reasons for its superior performance.

1.3 Polymer:Fullerene Bulk Heterojunctions

Blending a donor and an acceptor component so that they form a randomly interdigitated
network called bulk heterojunction has been the most successful strategy to increase the
photocurrent to date.37.39 The first BH] solar cell, reported by Heeger et al.3¢ consisted of a
polymer:fullerene blend. Since then, there have been tremendous efforts to design and
synthesize novel p- and n-type organic semiconductors suitable for photovoltaics.81018:2880-85
Indeed, organic synthesis holds nearly infinite means for the design of new molecules, oligomers,
or polymers. Tuning the energy levels, influencing the molecular packing, or altering the
interaction between different components can be achieved by introducing appropriate
substituents or modifying the m-conjugated system itself. However, polymer:fullerene derivative
blends remain the best performing BH] cells to date.l28687 The supremacy of fullerene
derivatives and, in particular, PCBM as the acceptor component in BH]Js results from a set of
unique properties, including the facile and reversible reduction, excellent electron transport
properties, as well as isotropic charge carrier mobility.88 Fullerene derivatives can be qualified
as true three-dimensional organic semiconductors.6? The [6,6]-phenyl-C71-butyric acid methyl
ester PC71BM variation has recently gained interest thanks to a much stronger optical absorption
in the visible range that is caused by its lower symmetry (its ovoidal instead of spherical shape).
Fullerene derivatives are typically blended with polymer donor components that benefit from a
particular mixing behavior with fullerenes, as will be discussed in detail in the following sections.
The early reports on BH] usually employed poly(phenylene vinylene) derivatives, but this

polymer was later typically replaced by regioregular poly(3-hexylthiophene) (P3HT) that has a
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smaller bandgap and higher mobilities thanks to its high degree of crystallinity. P3HT was found
to be an excellent partner for PCBM in solar cell applications, and P3HT:PCBM blends are by far
the most intensively studied BH]Js.8990 More recent strategies that aimed at improving donor
polymer properties for combination with fullerene derivatives will be discussed in the following

section.

1.3.1 Low Bandgap Polymers

Owing to its success, the P3HT:PCBM blend has often been used as a benchmark BH] to evaluate
and optimize novel strategies for the preparation of active layers and the fabrication of
devices.% This blend has consequently been subject to extensive work aimed at achieving higher
performance. However, the improvements to the PCE have been limited, and the best achieved
values have remained at about 5-6%.8° This was mostly attributed to inherent energy losses
that intrinsically limit the efficiencies, even for an optimal device that converts all absorbed
photons to free charge carriers collected at the electrodes (IQE = 100%). First, the large LUMO
energy offset between P3HT and PCBM results in energy losses higher than necessary for
driving the exciton splitting. Secondly, the small LUMOpcem-HOMOp3ur energy difference results
in a low Voc (i.e., less energy per extracted charge; Figure 10b). Finally, the relatively large
bandgap of P3HT (1.9 eV) allows for harvesting a maximum of 22.4% of the incoming solar
photons, resulting in low Jsc values.37.91 For these reasons, an improvement of the PCE of
polymer:PCBM blends has required an optimization of the donor polymer energy levels to those

of PCBM.
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Figure 10. Tuning the energy levels of the donor polymer to those of the PCBM acceptor could theoretically increase
PCEs up to 16%. a) The acceptor LUMO is at -4.3 eV for PCBM and ALUMO should be >0.3 eV for efficient exciton
splitting. b) The open-circuit voltage is directly linked to the donor HOMO and acceptor LUMO energy difference, with an
empirical correction of -0.3 V. ¢) Expected PCE of a polymer:PCBM cell as function of the polymer HOMO/LUMO levels;
device characteristics used: fill factor of FF = 0.75, incident photon to charge conversion efficiency of 80%, and Voc
according to the equation in b). Figure adapted from reference 37.
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From a theoretical standpoint, the optimal energy levels could be deduced by first setting the
LUMO of the polymer 0.3 eV higher than the LUMO of PCBM, which is generally accepted as the
optimal energy offset for exciton splitting. Then, the ideal HOMO energy level emanates from the
best balance between a small bandgap that harvests more photons and increase Jsc and a low
lying HOMO that increases Voc.123792 These energetic considerations suggested that a donor
polymer with a HOMO at -3.9 eV and a bandgap of 1.5 eV would be best suited for PCBM, and
PCEs of around 16% could theoretically be reached (Figure 10). Polymers with a lower bandgap
as well as lower energy levels than P3HT are referred to as low-bandgap polymers. Their
preparation is typically achieved by combining electron-rich and electron-deficient moieties on
the same polymer backbone. The use of low-bandgap polymers in BH] solar cells indeed resulted

in PCEs increased to around 10%.12,93,94
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Figure 11. You et al. suggested alternating weak donor and strong acceptor moieties in a polymer in order to reach ideal
energy levels. a) The HOMO of the weak donor unit and the LUMO of the strong acceptor unit were expected to induce
ideal energy levels. b) Chemical structure of the investigated polymers. ¢) Photovoltaic performances for optimized
devices showed low PCEs owing to low Jsc values. Figure adapted from reference 95.

One efficient strategy to prepare a m-conjugated polymer with a low bandgap is to alternate
donor and acceptor moieties along the polymer backbone. In order to additionally reach overall
lower energy levels, You et al. proposed to combine a weak donor with a strong acceptor in such
an alternating arrangement.®> Thus, they prepared polymers with alternating
naphtodithiophene and benzothiadiazole units (Figure 11). As expected, the corresponding solar
cells showed a high Voc=0.83 V. Moreover, the low bandgap of 1.59 eV implied that more
photons could be absorbed compared to P3HT. However, the measured Jsc was much smaller
than anticipated, and the final PCE only reached 1.27%. The authors explained the low current
by the combined detrimental effects of the low absorption of the only 70 nm thick film, the low
fraction of the donor polymer in the active layer, as well as the low molecular weight of the

prepared polymer. This example nicely illustrates that the position of the energy levels and the
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absorption spectrum are not the only features to consider for high performance donor polymers.

Crystallinity, phase morphology, and charge carrier mobility are also important factors.

In this regard, Beaujuge et al. studied the low bandgap polymer PBDTTPD, which showed high
Voc (0.9 V) and FF (70%) values in combination with PC7:BM (Figure 12).96 They examined the
effect of the solubilizing side chains on the polymer self-assembly and the resulting device
performance. Cells prepared with a PBDTTPD derivative bearing branched alkyl chains showed
the best results with a PCE of 8.3%. In this case, the polymer backbone adopted a preferential
face-on orientation on the substrate as determined by grazing incidence X-ray scattering (GIXS).
As charge transport occurs normal to the substrate, this orientation was beneficial and resulted
in high Jsc values. By contrast, PBDTTPD derivatives bearing only linear alkyl chains revealed a
less defined and misaligned orientation of the backbone relative to the substrate. Accordingly,
the Jsc and FF values were significantly lower, which was reflected in the final PCE of the

corresponding device of only 3.8%.
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Figure 12. Branched side chains on the low-bandgap polymer PBDTTPD induced face-on orientation favorable for high
Jsc values. a) Polymerization step and chemical structure of the series of PBDTTPD derivatives. b) J-V (left) and external
quantum efficiency (right) curves of selected devices; the derivative with branched alkyl chains (red curves) showed
higher Jsc and quantum efficiency values. ¢) GIXS measurements revealed a face-on orientation for the polymer with
branched chains (left) but no preferential orientation for polymers with linear chains (right). Figure adapted from
reference 96.

In the same context, McGehee et al. noticed in the literature concerning low-bandgap polymers
for photovoltaic applications that the more efficient designs often featured donor moieties with
sterically demanding solubilizing groups in combination with unhindered acceptor moieties.%”
They hypothesized that this was due to a specific docking of PCBM onto the polymer in the blend.
To confirm this effect, they prepared a series of low-bandgap polymers PBDTTPD with
solubilizing side chains of varying steric demands (Figure 13a-b). The performances of the
series of polymers blended with PCBM were investigated in three different types of solar cell

morphologies: BH], planar heterojunction, and low polymer content (Figure 13c-e, respectively).
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The influence of the nanoscale morphology could be excluded in the planar heterojunction cells,
while the influence of polymer-polymer interactions could be excluded in the devices with a low
polymer content. In all three cases, the derivative with branched alkyl chains on the donor
moiety and short linear chains on the acceptor moiety showed the highest performance. Detailed
analysis of CT state absorption and 2D 13C{tH} HETCOR NMR spectroscopy enabled the authors
to conclude that the better performance originated from a favorable interaction between the
PCBM and the acceptor unit of the polymer, supposedly resulting in a beneficial energy

landscape for charge separation.

Donor unit — more "
a) sterically hindered b) Aivg o n? EJ:I Cﬁ Clu4 f) BEeiHle il
N o o= \
t\'g‘ . 7 > a
. v g&i s s
Y5 s, < : O‘R‘
OJJ k s éJ f P#M v ' o
e . “»\{ PBDTTPD(C14/C14): R,=R,=C14 IS Y
P2 PBDTTPD(C14/C8) : R,=C14, R,=C8 \"
& PBDTTPD(C14/EH) : R{=C14, Ry=EH
\. Acceptor unit — less & PBDTTPD(EH/CS) : Ry=EH, R2=C8 1 7cy PCE
sterically hindered PBDTTPD(EH/EH) : R4=EH, Ry=EH «4./0

PEDOT:PSS/ITO PEDOT:PSS/ITO PEDOT:PSS/ITO

—— Polymer sFullerene

Figure 13. Steric control via well-chosen polymer side chains could favor a specific docking of PCBM onto PBDTTPD and
increase the PCE. a) Representation of the favorable docking of PCBM to the PBDTTPD acceptor unit. b) Chemical
structures of the investigated PBDTTPD derivatives. c-e) Schematic representation of the employed active layer
morphologies: BH], planar heterojunction, and low polymer content, respectively. f) Preferential docking of PCBM to the
acceptor unit of PBDTTPD substantially increased the PCE. Figure adapted from reference 97.

The previous examples illustrate that an optimization of the energy levels of the donor polymer
can be achieved by combining appropriate electron-deficient and electron-rich repeating units.
However, changing the molecular design also affects the crystallization of the polymer, its
interaction with PCBM, as well as the final blend morphology. Accordingly, these aspects need to
be taken into consideration in order to improve the final device performance. For this reason,

crucial aspects of the typical blend morphology are going to be discussed in the following section.

1.3.2 The Three-Phase Morphology of the Polymer:Fullerene Bulk Heterojunction

The superior performance of the polymer:fullerene BH] is in part attributed to its peculiar phase
morphology, the exact details of which play an important role in the process of charge

separation and extraction. In this context, it is of interest to first discuss the nanostructure of the
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semi-crystalline P3HT (Figure 14).90.98-105 A fibrillar crystalline structure was observed for P3HT,
in which the polymer backbone was found to be oriented perpendicular to the fibril axis with m-
m stacking along this axis. The attached hexyl chains ‘phase segregate’ from the backbone such
that alternating layers of aromatic backbone and alkyl side chains are formed. This structure
favors a trans conformation of the thiophene rings, leads to a flattened backbone, and
consequently strengthens the m-m stacking. Moreover, these crystalline fibrils are surrounded

by a matrix of amorphous polymer (red chains in Figure 14 a).

Height

Width

Figure 14. P3HT forms fibrillar aggregates. a) Schematic representation of the molecular arrangement within the fibril;
the red chains represent amorphous P3HT. b) The fibrils consist of layered structures, with the long axis normal to the
layers. Figure reproduced from references 98,99.

Since PCBM is miscible with the amorphous domains of P3HT, three phases can be distinguished
in P3HT:PCBM blends: domains of pure P3HT, domains of pure PCBM, as well as an amorphous
mixed phase of the two components.90.106-110 Dadmun et al. studied this blend by small-angle

neutron scattering and proposed a structural model of the morphology (Figure 15).107

Figure 15. The miscibility of PCBM with amorphous P3HT results in a three-phase system that includes mixed domains.
a) Diagram showing the local structure of P3HT:PCBM blends; straight and curved lines represent crystalline and
amorphous P3HT, respectively; PCBM either mixes with amorphous P3HT or forms crystalline clusters. b) Large scale
view of the model with P3HT crystals (yellow), PCBM clusters (black), and the mixed phase (brown). Figure reproduced
from reference 107.

This three-phase morphology was not only observed for P3HT, but also for other polymer:PCBM
blends.111-114 McGehee et al. characterized various polymer:PC71BM as well as a small molecule

donor:PC71BM blends by means of cyclic voltammetry, in situ optical absorption spectroscopy,
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and ultraviolet photoelectron spectroscopy (Figure 16).113 They determined the HOMO energy
levels of the polymer in the crystalline, amorphous, and mixed phases. Thus, the HOMO energy
decreased by up to 150 meV from the crystalline phase to the amorphous phase due to disorder-
induced gap widening. And more importantly, this level further decreased by up to 350 meV
from the pure amorphous phase to the mixed phase with PCBM due to donor:fullerene
intermolecular interactions (Figure 16d-e). This was illustrated best with PBTTT that is known
to co-crystallize with PC71BM in a way that the fullerene derivative intercalates between the
alkyl side chains. Thus, mixing of the two components led to a large shift of the oxidation peak of
up to 320 meV in the cyclic voltammogram (Figure 16c¢, red curve). By contrast, the
disubstituted derivative bis-PC71BM cannot intercalate between the PBTTT side chains because
of steric hindrance. Accordingly, no mixing occurred between both components and no change
in the oxidation features of the polymer were observed (Figure 16c, black curve). These results
highlight that the molecular mixing is accompanied by a significant intermolecular interaction
that affects the polymer valence band. The resulting cascade of energy levels may drive the
migration of holes from the mixed phase, where most charge separations occur, to the pure
donor phase that connects with the electrode for hole extraction, which probably serves to

efficiently prevent charge recombination.>9.114

Cyclic Vol ) DBy BEyfomQV  AE, from UPS
01s velie Mamr:‘gfrv d polymer (me\‘l) (meV) (meV)

ou e RR-P3HT 150 110-140 20
Z 008 ‘ RRa-P3HT NA 170-360 230
E oos — pBTTT NA 240 -320 340

- pBnDT-FTAZ 130 120 110
J uns NA NA 130

3on
004 _RR-P3HT - )
e | L RR-P3HT:PC708M e Aggregated | Amorphous Mixed

RRa-P3HT RR-PIHT PBTTT PC70BM 02 01 a0 o1 02 03 o4 o5 as 07 08 05
@ ) Potential vs Fc/Fc+ (V) /
N ARY Vi 2h)

\b\‘ r{ 0.05 - 4:6 pBTTT:PC70BM

5
Y s A NMN N =0 s 4:6 pBTTT:bisPC70BM
Sy s ”7;5_;, n SUaE . y
}(X—E)—gg O 5 g . ‘Q" O Eo
e & -

2Z115 PBnDT-FTAZ

Hole Driving Force|
VB, ggregated AN

VB

amorphous \

Hole Energy
[
m
=)

Figure 16. The three-phase system of BH]Js results in a cascaded energy landscape beneficial for charge separation. a)
Chemical structures of different donor polymers and fullerene derivatives investigated by McGehee et al. b) Cyclic
voltammograms of pure P3HT (blue curve) showed a shift of oxidation peaks upon mixing with PC71BM (red curve). c)
PBTTT showed a large shift upon intimate mixing with PC71BM in cocrystals (red curve); conversely, bis-PC71BM did not
mix well due to steric hindrance and the corresponding voltammogram (black curve) was similar to pure PBTTT (blue
curve). d) Table of the HOMO offset for all polymers from crystalline to amorphous states (AEpi) and from amorphous to
mixed states (AEm). e) Schematic representation of the cascade of energy levels. Figure adapted from reference 113.

The aforementioned intimately mixed phase may also explain the ultrafast charge separation
often observed in TA spectroscopy (Section 1.2), since the excitons do not need to diffuse prior
to splitting. Banerji et al. employed TA spectroscopy to explore the charge separation pathways
and kinetics in the highly efficient PBDTTPD:PCBM blend that features a three-phase system

(Figure 17).115 Since the polymer and the fullerene have distinct absorption spectra (Figure 17a),
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the authors were able to distinguish the different mechanisms of charge separation originating
from the donor or the acceptor. In this regard, the formation of positive polarons in the polymer
phase gave rise to a characteristic peak around 880 nm that was easy to monitor (Figure 17b).
When mainly exciting the PCBM at a wavelength of 390 nm, they observed a slow increase of the
ground state bleaching of the polymer (460-680 nm) that was correlated with a rise of the
polaron peak at 880 nm. This was explained by hole transfer from the PCBM to the polymer.
Conversely, when mainly exciting the polymer at 530 nm the fast decrease of the stimulated
emission (640-750 nm) combined with the rise of the peak at 880 nm, revealed fast electron
transfer from the polymer in the S; state to the PCBM, leaving a radical cation in the polymer. In
both cases, the presence of the polymer polaron peak at 880 nm at timedelays below the
resolution of the setup was explained by a prompt charge transfer in the mixed phase occurring
in less than 100 fs. Global fitting analysis of the data revealed time constants of 1.1 ps for the
electron transfer from the polymer to the PCBM and 75 ps for the hole transfer from the PCBM
to the polymer. Finally, deviation from linearity in excitation fluence dependent measurements
allowed the authors to conclude that polymer excitons were initially delocalized over 2 nm. Thus,

excitons formed within 2 nm from the interface could undergo ultrafast splitting (<100 fs).
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Figure 17. Banerji et al. explored the charge separation kinetics in PBDTTPD:PCBM. a) Chemical structure of PBDTTPD
and absorption spectra of individual components and the blend; pump wavelengths employed are indicated by vertical
lines. b) TA spectra at selected timedelays revealed hole transfer from excited PCBM to PBDTTPD (top) and electron
transfer from excited PBDTTPD to PCBM; the presence of polymer ground state bleaching (460-680 nm) and the
polaron peak (880 nm) at early timedelays were signs of ultrafast charge separation, supposedly occurring in the mixed
phase. ¢) Schematic representation summarizing the observed kinetic processes. Figure adapted from reference 115.

In summary, most polymer:fullerene BH]Js feature domains of the pure components, as well as an
additional phase in which the donor polymer and the fullerene derivative intimately mix. While
the formation of the mixed phase seems to play a major role for efficient charge separation, the
presence of the pure domains and the cascaded energy levels presumably help to effectively
extract the charges. Thus, the three-phase morphology is one of the key features responsible for
the excellent performance of polymer:fullerene BH] solar cells. However, this kinetically and

randomly formed morphology is actually metastable, as will be discussed in the next section.
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1.3.3 Stability of Bulk Heterojunctions

Besides the lower yields compared to silicon-based solar cells, another major drawback of
organic photovoltaic materials is their low chemical and morphological stability.116-119
Photodegradation in the presence of traces of moisture or oxygen typically occurs for all organic
materials and, especially, organic semiconductors. In addition, BH]Js have a morphological
instability originating from the non-equilibrium structures of the blend.12119 Indeed, the
formation of bulk-heterojunctions is kinetically controlled and driven by the phase segregation
of both components as well as their crystallization. The thermodynamically stable state would
be the complete phase segregation into macroscopic domains with minimal interfacial energy.
Thus, the blends of the two components are typically intimately mixed when deposited from
solution and, despite strong photofluorescence quenching due to exciton splitting, charge
transport is hampered, recombination is high, and measured PCEs are low. Thermal annealing
allows for a partial demixing, a decrease of interfacial area and the formation of pure crystalline
domains.120 Whereas this may weaken the fluorescence quenching, it allows for higher charge
carrier mobility, improved charge collection, as well as increased PCEs. However, the demixing
will slowly progress, even at room temperature. Thus, domains become larger over time, leading
to exciton trapping and the mixed phase becomes depleted in PCBM so that no charge
percolation pathways are left for the electrons. This has been well documented by Frechet et al.
by means of transmission electron microscopy (TEM) images (Figure 18). The micrograph
recorded after deposition of P3HT:PCBM blends revealed a uniform pristine mixture. A brief
thermal annealing at 150°C led to the formation a nanostructured morphology with domains of

optimal size, whereas longer annealing formed micrometer-size domains of clustered PCBM.

Figure 18. The morphology of BHJs is metastable as observed by TEM. a) P3HT:PCBM blend prior to annealing. b)
Annealing for 30 min at 150°C led to the formation of domains of optimal size. c¢) Annealing for 1 h at 140°C resulted in
the formation of large PCBM clusters. Figure adapted from reference 12.

To conclude, the superior performance of polymer:fullerene bulk heterojunctions originates
from the intriguing properties of the fullerene derivative and its peculiar interactions with the
polymer, leading to a unique three-phase morphology and energy landscape. The tuning of the

energy levels and the control of the phase morphology of BHJs are interrelated and both need to
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be addressed in order to improve the PCE of BH]J-based solar cells. Thus, a better understanding
of the active layer formation and the consequences for the charge generation is needed to
prepare efficient solar cells by a rational rather than a trial-and-error approach. Finally, the
stability of the BHJ is limited and, most importantly, the metastability of the active layer
morphology needs to be taken into account. An efficient strategy to address this issue will be

discussed in the next section.

1.4 Ordered Heterojunctions

Solar cells based on BHJs have clearly displayed the best performance so far. However, their
morphology is not ideal and difficult to control. 121-12¢ The average domain size can be optimized
by appropriate preparation protocols, but larger domains that trap excitons and isolated
domains that trap free charges cannot be excluded. Moreover, charge percolation pathways to
the electrodes are not direct,125126 which favors non-geminate recombination. Additionally, BH]Js
have metastable morphologies and tend to evolve toward macroscopic demixing. One way to
address the stability issue and, at the same time, control the formation of a well-ordered
morphology is to covalently link the donor and acceptor components. This prevents macrophase
separation and results in the formation of domains with sizes commensurate with the length of
the constituting components, i.e., typically on the order of a few to dozens of nanometers. With
the macrophase separation suppressed, such materials are self-structuring through microphase
segregation. The thermodynamically stable morphology is periodically nanostructured, and its
pattern can be controlled by choosing an appropriate molecular design. Since only one molecule
comprising both donor and acceptor groups is used instead of a blend of two components, the

resulting solar cells are often referred to as single-component organic solar cells.127.128

1.4.1 Block Copolymer Single Component Organic Solar Cells

Block copolymers (BCPs) are well known for their ability to form periodic structures on the
nanometer scale via microphase segregation,129 and their application in organic photovoltaics
has been widely reviewed.?1.130-133 |t js noteworthy that donor-acceptor block copolymers are
different from donor-acceptor alternating copolymers that were introduced in Section 1.3 as
low-bandgap polymers. The former are simply the result of covalently linking a donor and an
acceptor polymer, and T-conjugation is not necessarily continuous. By contrast, the latter are -
conjugated through all donor and acceptor units of the backbone, and the donor and acceptor
components are too small to undergo phase segregation. Moreover, these polymers typically
retain their donor character, and are therefore used in combination with additional acceptor

components.



1 Introduction 23

The first donor-acceptor block copolymer designed for photovoltaic applications was prepared
by Hadziioannou and coworkers.134-136 This rod-coil BCP consisted of a poly(phenylene vinylene)
as the donor segment and a poly(styrene) segment containing pendant fullerenes as the
acceptor block (Figure 19). AFM imaging on thin films cast from dichlorobenzene revealed
nanostructured and elongated domains with widths of about 15 nm. Although no conversion
efficiency was determined, the comparison between solar cells made from this block copolymer
and a reference blend containing the two parent homopolymers as the active layer clearly
showed the advantage of covalently binding donor and acceptor, as the Jsc of the copolymer was

increased by a factor of 40.
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Figure 19. The first donor acceptor BCP designed for photovoltaics showed better performance than a blend of the
parent homopolymers. a) Chemical structure of the BCP. b) Tapping-mode AFM imaging revealed a nanomorphology
with domains of about 15 nm width. ¢) J-V curves and performance of solar cells made from either the BCP as a single
component or a blend of the corresponding homopolymers; the cell made from the BCP had a largely increase Jsc. Figure
adapted from references 134,136.

Hashimoto et al. prepared a donor-acceptor rod-rod block copolymer based on the successful
P3HT/PCBM combination (Figure 20).137 They synthesized a P3HT block by quasi-living
polymerization and further polymerized a bromoalkyl-substituted thiophene. The bromide was
converted to an azide onto which they could subsequently attach a fullerene derivative by ‘click
chemistry’. Single component solar cells made from this block copolymer showed a significantly
improved PCE of 1.7%, compared to the PCE of 0.48% for the related random copolymer
(Figure 20c). This was explained by the formation of domains of about 20 nm in size that were
observed by AFM and presumably provided charge percolation pathways to the electrodes
(Figure 20b). No such domains were observed in the case of the corresponding random
copolymer. In addition, the authors studied the stability of their single component cell compared
to a regular P3HT:PCBM BH] that was prepared under similar conditions. The photovoltaic
performance of the BCP solar cell was stable over 80h at 130°C, while the performance of the
P3HT:PCBM blend degraded by a factor of three after annealing for 10 min at the same
temperature (Figure 20d). The rapid deterioration was explained by the formation of large

domains of dozens of micrometers in size, as observed by optical microscopy (Figure 20e).



24 1 Introduction

s @ d)e° ®

5 4 25

E o

<20

g 2 ----------------- a157 s BCP =

£ 1 |random '

Eol block " + P3HTPGBM
P3HT b P3H/c T 902 00 02 04 06 0.8 R 0':0 20 40 60 80

Voltage (V, Annealing time (h)

random P3HT:PCBM =
200 nm ]

Figure 20. Block copolymer single component solar cells are typically more stable than BH]J cells. a) Chemical structure
of the investigated BCP. b) AFM phase image of the BCP (left) showed elongated domains about 20 nm in width that
were absent in the case of the corresponding random copolymer (right). ¢) Accordingly, solar cell performance of the
BCP surpassed that of the random copolymer. d) Cells made from the BCP were more stable than P3HT:PCBM BH] cells.
e) Optical microscopy revealed that the BCP (left) remained unaltered during annealing, while the P3HT:PCBM blend
formed micrometer long aggregates. Figure adapted from reference 137.

Before pursuing the discussion, a second digression is made here for the purpose of filling space
and improving the overall layout. On this occation, I would like to briefly introduce the novel
written by Lewis Carroll in 1865 and entitled Alice in Wonderland, or more accurately, Alice’s
Adventures in Wonderland. It tells of a girl named Alice falling through a rabbit hole into a
fantasy world populated by peculiar, anthropomorphic creatures. Its narrative course and
structure, characters and imagery have been enormously influential in both popular culture and
literature, especially in the fantasy genre. The tale plays with logic, giving the story lasting
popularity with adults as well as with children. It is considered to be one of the best examples of
the literary nonsense genre, which is a broad categorization of literature that uses sensical and
nonsensical elements to defy language conventions or logical reasoning. The 1951 film version
of Alice in Wonderland in traditional animation from Walt Disney Animation Studios is probably
the most well known of the Alice film adaptations, and certainly one of Disney's greatest classics.
Interestingly, this 13th in the Walt Disney Animated Classics series contained several additional
elements from Through the Looking-Glass, in which Lewis Carroll told more adventures of Alice

climbing through a mirror into the world that she can see beyond it.

More recently, Gomez and Verduzco et al. synthesized a rod-rod donor-acceptor P3HT-b-PFTBT
copolymer that resulted in a cell reaching a PCE of 3.1%, one of the highest reported PCEs
among single component solar cells (Figure 21).138 The energy difference between the HOMO
level of P3HT and the LUMO level of PFTBT allowed for a high Voc of more than 1V. The
reference cell made from a P3HT:PFTBT blend exhibited a lower initial PCE that decreased
further upon annealing at 165°C. By contrast, a single component cell made from P3HT-b-PFTBT

had a higher initial PCE that further improved after the same annealing procedure. Resonant soft
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X-ray scattering and GIXS of films of the P3HT-b-PFTBT polymer revealed a lamellar
nanostructure with a periodicity of about 16-18 nm in which the PFTBT blocks were amorphous
and the P3HT blocks were crystalline with a face-on orientation beneficial for hole conduction to

the electrode.
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Figure 21. Covalently binding donor and acceptor blocks improved the molecular orientation, the phase morphology,
and the stability. a) Molecular structure of P3HT-b-PFTBT. b) Before annealing, the block copolymer (BCP) had better
solar cell performance than a blend of the parent homopolymers; upon annealing, the blend’s performance worsened
and that of the BCP improved. ¢) Resonant soft X-ray scattering revealed lamellar structures with a periodicity of 16—
18 nm (q* = 0.035 A-1) that were not observed for the blend. Figure adapted from reference 138.

According to the selected examples, covalently binding donor and acceptor polymers is an
efficient strategy for obtaining an active layer with a stable internal structure. Moreover, this
approach allowed for a controlled formation of domains with sizes that are commensurate with
the exciton diffusion length. Block copolymer single component solar cells did not have PCEs
surpassing those of polymer:fullerene BHJs so far, likely suffering from the absence of any
fullerene derivative. However, among all-polymer solar cells, block copolymers clearly exhibited

an improved performance compared to cells fabricated from blends.

1.4.2 Small-Molecule Single-Component Solar Cells

The small molecule counterparts of BCPs, i.e. donor-acceptor multiads have been investigated
with the purpose of preparing “ideally ordered” heterojunctions. In this case, covalently linking
donor and acceptor groups results in a complete molecular mixing of both components, similar
to the intermixed phase of bulk heterojunctions. Whereas the domain sizes were on the order of
dozens of nanometers for the BCPs described in the previous section, these features were
reduced to a few nanometers for small-molecule dyads or triads. As a consequence, excitons are
inherently formed in close proximity to a p-n interface and the diffusion step is suppressed, like

in the mixed phase of BH]Js. Although such narrow domains might disfavor charge separation vs.
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recombination processes, it is now commonly accepted that the mixed phase of BH]Js plays a
major role in efficient charge separation. Additionally, small molecules are expected to form
crystalline or liquid-crystalline phases in which the delocalization of the CT state or the free

charges is increased. This is expected to be beneficial for charge separation.

Oligothiophenes and perylene bisimides are among the best p- and n-type organic
semiconductors, respectively.1882 Haacke et al. prepared a donor-acceptor-donor triad based on
a perylene bisimide that was symmetrically substituted with an oligosiloxane-functionalized
bithiophene derivative (Figure 22).139 The authors claimed that the triad formed smectic liquid-
crystalline films and investigated the energy and charge transfer processes upon excitation of
the donor at 400 nm by means of TA spectroscopy. In solution, resonant energy transfer
occurred from the donor to the acceptor, followed by charge separation, and finally
recombination. In thin films, however, charge separation was directly observed from the excited
donor and followed by several recombination processes (Figure 22d). Nevertheless, the authors
concluded from these results that the use of this triad in photovoltaics would be limited by the
low amount of formed intermolecular CT states and the partial relaxation in triplet states on the

perylene bisimide moiety.
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Figure 22. Haacke et al. investigated energy transfer and charge separation in a donor-acceptor-donor triad. a)
Chemical structure of the investigated triad. b) Selected TA spectra of a thin film of the triad pumped at 400 nm showed
charge separation at short timedelays. c) Selected TA spectra at longer timedelays showed charge recombination. d)
Time evolution of the AA at 370 nm corresponding to the donor ground state bleaching; in solution energy transfer
occurred before charge separation and recombination; in thin films, charge separation was observed directly and
followed by recombination. e) Table summarizing the time constants of the observed processes: resonant energy
transfer (RET), CT state formation (= charge separation), several recombination pathways, and triplet formation. Figure
adapted from reference 139.
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In 2011, Geng et al. employed a liquid-crystalline oligo(fluorene-alt-bithiophene)-perylene dyad
and obtained the record PCE of 1.75% for single component solar cell at that time
(Figure 23).140-142 They proved the formation of lamellar structures by TEM imaging, electron,
and X-ray diffraction (XRD), and reached the highest PCE after solvent vapor annealing. Upon
excitation of the donor at 400 nm, TA spectroscopy confirmed the formation of a new species
that was attributed to the CT state, which subsequently recombined. In thin-films, the CT state
formation was faster and the recombination was slower since the charges could delocalize
within the aggregates. More recently, Geng’s group modified the original dyad by adding a
spacer between the donor and acceptor units so as to accommodate for differences in packing
constraints. Moreover, incorporating a benzothiadiazole unit within the donor lowered the
bandgap and extended the solar spectrum coverage.143 This led to a PCE of 2.7%, proving that

careful molecular design is the key to better efficiencies.
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Figure 23. Geng and coworkers prepared a dyad that showed one of the best PCEs reported for small molecule single
component solar cells. a) Chemical structure of the initial series of dyads. b) Selected TEM image and schematic
representation of the obtained lamellar phase. c) The initial molecular design was improved by adding a butyl spacer
and a benzothiadiazole moiety. d) J-V curve of the improved solar cell. e) External quantum efficiency and absorption
spectra of the improved dyad; region of increased absorption highlighted in color. Figure adapted from references
142,143.

Inspired by this success, Méry et al. presented an extensive XRD and TEM study on the thin film
morphology and molecular packing of a series of dyads and triads based on perylene bisimide
and donor groups similar to those used by Geng (Figure 24).144 In particular, they showed that
placing the perylene bisimide unit at the end of the molecule in the dyads ADn and triad ADA
allowed for the compensation of a large difference in cross-sectional area between the donor
and acceptor moieties as interdigitated stacks of perylene bisimides could be formed (Figure 24c,
left & middle). On the contrary, if the perylene moiety was in the center of the triads Dy,ADy, the
larger cross-section of the end block disturbed the stacking and decreased the long-range order
in the lamellae (Figure 24c, right). These findings highlighted the importance of molecular
geometry considerations for the packing of the molecule and the influence on the electronic

properties of the resulting materials.
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Figure 24. Méry et al. investigated the molecular arrangement of a series of dyads and triads towards photovoltaics. a)
Chemical structure of the investigated ADn, DnAD»n, and ADA multiads. b) Selected TEM image of an ADo thin film
showing the lamellar phase oriented face-on and edge-on. c¢) Schematic representation of possible molecular
arrangements of the dyads (left) and the ADA triad (middle) showing interdigitated stacks of perylene acceptors, which
was not possible for the DAD triads (right). Figure adapted from reference 144.

In conclusion, covalently binding donor and acceptor moieties in small-molecule multiads is the
key to the formation of a well-ordered heterojunction with an ideal morphology that maximizes
the donor/acceptor interface and provides direct charge percolation pathways for the charges to
the electrodes. The covalent bond inherently improves charge separation, but, at the same time,
inevitably promotes unfavorable recombination processes. This is particularly true when a large
number of defects are present that can immediately trap the formed charges. These issues may
explain the lingering PCEs of single component solar cells with a highest reported value of

around 3%, compared to the PCEs of BH] solar cells of above 10%.

1.5 One-Dimensional Nanowires in Organic Photovoltaics

Most approaches that utilized covalently linked donor and acceptor groups aimed at 2D lamellar
structures to achieve ordered heterojunctions. On the other hand, nanowires are examples of 1D
nanostructures that provide an increased interface per volume, can insure charge percolation
pathways, and may exhibit additional properties due to quantum effects arising from the

nanoscopic confinement.145-147
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Reports where nanowires are employed in organic solar cells remain scarce. However, the well-
known P3HT:PCBM bulk-heterojunction described in Section 1.3 relies in fact on the formation
of 1D fibrilar P3HT crystallites. Guillerez et al tried to exploit this particular feature by
preparing P3HT fibers via simple thermal annealing in p-xylene solution and removal of the non-
crystallized polymer by centrifugation and filtration (Figure 25).148 Scanning electron
microscopy (SEM), AFM, and XRD confirmed the presence of fibrils with lengths of 0.5-5 um and
uniform widths of 30-50 nm. Absorption spectra of blends of the fibrils with PCBM showed the
characteristic fine structure of nanostructured P3HT, proving that PCBM did not disturb the
crystalline arrangement. A series of solar cells were prepared from mixtures of nanostructured
and amorphous P3HT that were blended with PCBM. The cell performance increased with an
increasing ratio of nanostructured vs. amorphous P3HT up to a ratio of 3:1. More specifically, the
Jsc increased, most probably due to a better hole transport through the network of nanofibers.
These findings demonstrated the significance of the 1D aggregates. However, the PCE of the
investigated cells decreased upon further increasing the amount of 1D-nanostructured P3HT to
almost 100%. Hence, the presence of amorphous P3HT is essential, as it presumably serves to
interconnect the fibers and allows for a mixing with the PCBM, in analogy to the three-phase

systems in BHJs presented in Section 1.3.2.
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Figure 25. One-dimensional nanofibrils formed from P3HT played a crucial role for the photovoltaic performance. a)
AFM height image showing micrometer long fibrils with widths of 30-50 nm. b) Absorption spectra of a pristine
amorphous P3HT:PCBM blend, the same blend annealed 5min at 150°C, as well as a pristine nanostructured
P3HT:PCBM blend; nanostructured P3HT showed a characteristic fine structure in the absorption spectra. ¢) J-V curves
of the solar cells corresponding to the blends described in b); the highest performance was obtained with 1D
nanostructured P3HT. d) PCEs of P3HT:PCBM solar cells with varying amount of 1D nanostructured crystallites within
the P3HT phase. Figure adapted from reference 148.

Very similar investigations with poly(3-butylthiophene) (P3BT) were carried out by Jenekhe
and coworkers.149 Although P3BT has a chemical structure very similar to P3HT, its poor
solubility and low crystallinity is thought to be the reason for the significantly lower PCE values
typically obtained with comparable cells. However, P3BT nanowires prepared by a protocol
similar to Guillerez’s showed a two orders of magnitude increase in the field effect mobilities
when compared to amorphous P3BT. The utilization of these nanowires resulted in solar cells

with PCEs of 3%, as high as for a P3HT:PCBM BH] reference cell. These results show that P3BT
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can perform as well as P3HT and serve to demonstrate the importance of a suitable

nanostructure.
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Figure 26. Nanowires consisting of a single-stack of perylene bisimides in a matrix of an amorphous donor polymer
were employed in solar cells. a) Chemical structures of the nanowire forming perylene bisimide (top) and the donor
polymer (bottom). b) SEM image of a blend showing the acceptor nanowires and the donor matrix. ¢) Employed device
architecture. d) J-V curves of solar cells with various blend ratios. Figure adapted from reference 150.

Another example for the use of 1D nanostructures was reported by Wiirthner, Thelakkat, and
coworkers.150 They synthesized a perylene bisimide derivative with hydrogen-bond forming
substituents that was designed to self-assemble into well-defined nanowires comprising a
single-stack of the chromophore (Figure 26). The formation of long nanowires in solution lead to
organogels that were mixed with an amorphous triarylamine based hole-transporting polymer
to form bulk heterojunctions by deposition through doctor blading. The best PCE of 0.04% was

obtained with an acceptor/donor ratio of 3:1.

Unlike molecules with extended aromatic systems such as perylenes, hexabenzocoronenes, or
porphyrins that readily form 1D aggregates by face-to-face stacking, calamitic (linear rod-like)
aromatic systems such as acenes, oligophenylenes, or oligothiophenes tend to form 2D
aggregates with a herringbone arrangement of the chromophores. However, Frauenrath et al.
developed a method to prepare nanowires comprising cofacially stacked linear aromatic cores
by functionalization of both ends with polymer-oligo(L-alanine) conjugates.151.152 [ndeed, short
oligopeptide segments are known to aggregate by hydrogen-bonding and form 1D extended -
sheets, which guided the aggregation of the central core into 1D fibrils. The terminal polymer
chains served to solubilize the aggregates in organic solvents with a low polarity, in which the

hydrogen-bond strength was increased.
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Figure 27. Polymer-oligopeptide conjugates allowed for the formation of 1D nanowires by solution-phase self-assembly.
a) Chemical structure of the series of nanowire-forming diacetylene derivatives DA-n. b) From the peaks at 3290 and
1630 cm-L, solution phase IR spectroscopy confirmed the formation of parallel B-sheets for derivatives bearing
sequences of two or more alanines. ¢) Accordingly, UV /vis spectra of DA-2 to DA-4 showed a diacetylene polymerization
in TCE solutions (c =1 mg/mL) upon UV irradiation for up to 150 min, while DA-1 did not polymerize. c) AFM height
images of samples prepared by spin coating TCE solutions onto SiO2z susbtrate (¢ = 10-5 mol/L); DA-3 and DA-4 formed
several micrometers long nanowires, while DA-1 did not; nanowires from DA-2 were likely degraded in the course of
sample preparation. Figure adapted from reference 151.

The initially investigated derivatives contained a central diacetylene unit that served as a probe
for the formation of well-ordered aggregates. Thus, topochemical polymerization of the
diacetylene core into poly(diacetylene) was only possible when precise packing requirements
were met (Figure 27).151 In order to determine these parameters, a series of nanowire-forming
diacetylene derivatives with varying polymer and oligo(L-alanine) lengths was studied by
solution phase IR spectroscopy, diacetylene polymerization under UV illumination, and AFM
imaging. For sufficiently long oligopeptide segments, IR spectroscopy indicated the formation of
parallel B-sheet aggregates with two characteristic peaks at 3290 and 1630 cm-! (Figure 27b).
Accordingly, irradiation with UV-light induced the polymerization of the diacetylene core that
was observed by absorption spectroscopy (Figure 27c). Hence, nanowires with a high degree of
internal order were present in solution even before polymerization as evidenced by AFM
imaging except for nanowires from the dialanine derivative that supposedly disassembled on

the SiO, substrate during sample preparation (Figure 27d). Variation of the polymer length
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revealed that a maximum degree of polymerization of 20 was needed to induce aggregation into

nanowires with a high degree of internal order.

This method for the formation of nanowires was universal regarding the nature of the m-
conjugated chromophore, and the replacement of the diacetylene core by a quaterthiophene or a
perylene bisimide also resulted in the formation of well-defined nanowires. Their structure was
studied in detail by spectroscopy, AFM, XRD, and computational modeling (Figure 28). The
oligo(L-alanine) segments were shown to adopt a right-handed helical conformation, which in
turn induced a left-handed helix sense in the resulting -sheet. The supramolecular helicity of
the nanowire together with the peripherally attached polymer segments was responsible for the
prevention of lateral interactions of the stacked cores. By injecting a solution of nanowires into a
non-solvent, the authors obtained microfibers consisting of aligned arrays of the nanowires. XRD
served to elucidate the arrangement of each segment within the fibrils. Hence, in order to
accommodate the m-m stacking distance of about 3.4 A and the hydrogen-bonding distance of
about 4.6 A, the chromophore and the oligopeptide segments were oriented at angles of about
48° and 90° with respect to the nanowire axis, respectively (Figure 28b). This was only possible
thanks to the short alkyl spacer between the two segments. Consequently, the synergistic -1

stacking and hydrogen-bonding tightened the packing as evidenced by XRD.
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Figure 28. Replacement of the central core allowed for a universal nanowire formation with various chromophores. a)
Chemical structures of nanowire-forming perylene bisimide PBI-A3 and quaterthiophene QT-A4. b) Molecular packing
deduced from XRD and computational modeling. ¢) Preparation of the microfibers (left) comprising arrays of aligned
nanowires as shown on an SEM image (right). d) X-ray diffractogram of PBI-A3 (left) and corresponding integrated
radial profile (right) showing a polymer distance of 6.2 A, hydrogen bonding distance of 4.6 A, and m—m stacking distance
of 3.4 A. Figure adapted from reference 152.
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Such well-defined nanowires that comprise a single stack of chromophores at their core without
lateral interactions provide an excellent subject for the study of charge generation and transport
under nanoscopic confinement. Thus, nanowires based on the electron-rich quaterthiophene
exhibited a spontaneous formation of polaron-like radical cations with impressively high charge
carrier densities of up to 10¢cm-! and lifetimes of several days (Figure 29).153 The
quaterthiophene core absorbed in the UV/vis region and, following Kasha’s exciton coupling
model, showed a blue shift of the absorption maxima to 370 nm upon aggregation. Since the
chromophores stacked in a helical fashion, CD-spectroscopy showed a typical bisignate signal
with a zero-crossing at the maximum absorption wavelength. Moreover, two additional
absorption peaks were observed in the NIR region at about 750 nm and 1200 nm with
intensities of around 1% of the main peak. Those features were attributed to delocalized
quaterthiophene polarons, as was confirmed by ESR spectroscopy. Finally, charge transport was
measured in a two-point device and extraordinarily high current densities of up to 104 A/cm?2
were estimated from the number of nanowires spanning the channel as determined by AFM. The
current decreased drastically for channel lengths above 5 pm, suggesting that charge transport

between nanowires was limited.
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Figure 29. Nanowires made from a p-type quaterthiophene showed spontaneous formation of polarons.153 a) Chemical
structure the nanowire-forming quaterthiophene QT-A3 and the non-aggregating reference QT-AO. b) Formation of H-
aggregates was associated to a blue shift of the maximum absorption peak (top); the helical aggregates showed a strong
bisignate signal in CD-spectroscopy (bottom). ¢) Peaks at 700 and 1200 nm in the NIR were attributed to the formation
of quaterthiophene polarons, which could be induced by white light irradiation. d) ESR spectroscopy confirmed the
presence of quaterthiophene polarons with a g-factor of 2.0024 for the aggregating QT-A3; no signal was observed for
QT-AO0. e) Two-point devices exhibited high current densities of up to 104 A/cm? for a channel length of 2 um; the much
lower current for longer channel length suggested that transport between nanowires was limited.

In conclusion, different from 2D lamellar structures of ordered heterojunctions, a network of 1D
nanowires in a matrix seemed to be a viable alternative as active layer for photovoltaics. Indeed,

charge percolation pathways to the electrodes, although not direct, are ensured along the
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nanowires or through the continuous matrix of the counter component. While nanowires
obtained from anisotropic polymer crystallization in solution have been successfully used in
solar cells, single-stack nanowires from perylene or quaterthiophene derivatives recently made
in our research group appears to be excellent candidates for more fundamental studies on

charge generation under nanoscopic confinement.

1.6 Scope and Outline of this Thesis

The promises of organic photovoltaics have stimulated intense and fruitful research efforts over
the past years. From the selected examples presented above, it becomes clear that charge
generation in organic solar cells is not only governed by the molecular properties and the
morphology of the heterojunction. It is also the result of the intricate combination of the detailed
energy landscape and the exact molecular arrangement at the interface and in the pure domains.
In this regard, the formation of a complex three-phase system in the most prevalent bulk
heterojunctions is beneficial for efficient charge generation and extraction, but the Kkinetic
instability of bulk heterojunctions and their optimization based on trial-and-error approaches
render more rational approaches desirable. Nevertheless, approaches towards well-ordered
heterojunctions that are expected to improve charge generation and collection have so far seen
limited success. Apparently, a better understanding of how the different aspects of charge
generation and transport are related to structural features on the supramolecular and

nanoscopic level is still required.

In the present thesis, we therefore aim to investigate charge generation upon illumination in 1D
and 2D organic semiconductor nanostructures. To this end, two different architectures will be
investigated: 1D nanowires that consist of single stacks of helically arranged oligothiophenes, as
well as a 2D lamellar phase formed by a perylene bisimide/quaterthiophene n-p-n triad. For this

purpose, the following research issues need to be addressed:

* The synthesis of highly soluble oligothiophene precursors will allow for the divergent
preparation of a library of ter-, quater-, quinque-, sexi-, hepta-, and octathiophenes
functionalized with poly(isobutene)-oligopeptide conjugates. These compounds are
designed to self-assemble into single-stack nanowires owing to the synergistic m-1

stacking and hydrogen-bond interactions in hydrophobic media.

* The nanostructure of the 1D nanowires formed upon self-assembly in organic solvents
will be investigated by solution-phase IR, UV-vis, and CD spectroscopy, as well as AFM
imaging and X-ray scattering. Moreover, the formation of polaron-like radical cations
upon light absorption in solution will be monitored by NIR spectroscopy in order to gain

insight into their formation.
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* The 2D lamellar nanomorphology of the triad will be investigated for oriented thin films
by using TEM and electron diffraction. Finally, TA spectroscopy will allow us to elucidate
the charge generation upon light absorption and the process of charge recombination in

solution and in thin films.
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2 Facile Access to Oligothiophenes via Chlorendic Protecting Groups

2.1 Introduction

Organic electronic materials from m-conjugated molecules or polymers have become highly
relevant for applications in organic field-effect transistors,34 photovoltaics,828 light-emitting
diodes,® as well as chemical sensors? and other building blocks of nanoelectronic devices.5
Materials from oligothiophene derivatives, for example, are among the best-studied p-type
organic semiconductors.3154 While the performance of these materials relies on efficient m-m
stacking of the constituting molecules in the solid state, these interactions at the same time
hamper the synthesis due to the low solubility of the products and intermediates.!55 Therefore,
the introduction of flexible, sterically demanding substituents at the m-conjugated core, such as
(branched) alkyl chains, dendrons, and polymers is often used to induce entropy-driven
solubility.18 While this facilitates the synthesis and characterization of precursors and products
as well as their processing from solution, the presence of bulky or branched substituents may
have undesirable effects on the supramolecular arrangement and thus on the desired electric
properties of the final materials.154156 Therefore, the preparation of solely end-functionalized
oligothiophenes would be desirable, but remains a synthetic challenge.!55 To this end, intriguing
synthetic pathways have been developed in recent years, including functionalized molecular
precursors of organic electronic materials.18156-165 However, most of the employed syntheses are
convergent and, hence, tedious as well as limited in versatility and reaction scale when the

preparation of a larger number of similar derivatives is desired.!55

Here, we report a versatile synthetic approach to the divergent synthesis of end-functionalized
oligothiophenes on large scales.!55 The developed synthetic pathway relies on the use of
chlorendylimidyl esters as novel temporary protecting groups for carboxylic acids. Chlorendic
acid derivatives are inexpensive and readily available since they have been widely used as
insecticides and fire-retardant additives for polymers.166167 To the best of our knowledge,
however, their application in protecting group chemistry has never been investigated. As will be
discussed in detail in the following sections, all chlorendylimidyl-protected intermediates and
products exhibited a significantly enhanced solubility in organic solvents, as compared to the
parent compounds or even some of their alkyl-substituted derivatives. At the same time, the
chlorendylimidyl moiety rendered most compounds excellently crystallizable, which allowed us
to perform all synthetic steps on the multi-gram scale and purify most products by
recrystallization or precipitation, avoiding column chromatography. Single-crystal X-ray

structures of various molecules revealed common packing features that might be attributed to
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the dominant role of the chlorendylimidyl residue for the crystallization.

We were thus able to prepare chlorendylimidyl-substituted oligothiophenes up to the octamers
via straightforward solution-phase synthesis on reaction scales of up to 40 g isolated yields. The
protected oligothiophene dicarboxylic acids represent versatile building blocks that can be
reacted with a variety of nucleophiles. For the purpose of the present thesis, we readily
employed these compounds in the synthesis of amide-substituted terthiophenes,
quaterthiophenes, quinquethiophenes, sexithiophenes, heptathiophenes, and octathiophenes

that are of interest as materials for organic nanowires.151,152,168-170

2.2 Synthesis of the Oligothiophene Building Blocks

The synthesis of the desired ter-, quarter-, quinque-, sexi-, hepta-, and octathiophene derivatives
with chlorendylimidyl active esters as temporary protecting groups started from the
inexpensive chlorendic acid anhydride 1 and comprised typical bromination and Stille coupling

sequences that served to extend the oligothiophene moiety (Scheme 1).
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Scheme 1. Synthesis of the brominated mono- and bithiophene intermediates 4 and 6. Reagents and conditions: a)
H2NOH-HCI, K2COs3, water, reflux; b) thiophene-2-propionic acid, EDCI, DPTS, DCM; ¢) NBS, DMF, r.t; d) 2-tributyltin-
thiophene, Pd(PPhs)2Clz, MeCN, 80°C.

Thus, reaction of chlorendic anhydride 1 with hydroxylamine hydrochloride under basic
conditions afforded 103 g (92%) of chlorendyl hydroxylimide 2. Subsequent esterification of 3-
(2-thienyl)propionic acid with 2 promoted by 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDCI) and 4-(dimethylamino)-pyridinium p-toluenesulfonate (DPTS)7! resulted in ester 3 in
quantitative yield. A bromination/Stille coupling sequence led to the bromothiophene active
ester 4 (89 g, 81%) that was converted to the bithiophene active ester 5 (19 g, 75%). During this
step, formation of the symmetric bithiophene diester side product was observed (8%),
supposedly along with equivalent amount of bithiophene that was removed during solvent
evaporation. This formation could be explained by the reversibility of each catalytic step and,
more particularly, the transmetallation (Scheme 2). The reverse transmetallation would then be

a source of ligand scrambling, so that the subsequent forward reaction would result in the
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homocoupling product. In our hands, the diester side product could not be removed by simple
recrystallization, and its formation could not be avoided even when changing the catalyst or the
reaction conditions. As a consequence, the product was purified by filtration over silica gel,
paying attention not to leave the product in contact with the silica for too long and keeping only
the first fraction of filtrate. Compound 5 was then brominated to furnish the corresponding

bromobithiophene active ester 6 (21 g, 98%).
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Scheme 2. Partial formation of homocoupled side products during Stille coupling was rationalized by the reversibility of
the transmetallation step (red arrows). During reverse transmetallation, there was no selectivity between both
thiophene moieties of complex II. The stannyl and Pd catalyst groups were consequently scrambled between both
thiophene derivatives. Upon a subsequent forward reaction from complex I, the scrambled substituents were
transferred on complex II and finally formed the homocoupled side product upon reductive elimination.

Likewise, Stille coupling of 4 with 5-tri-n-butylstannyl-2,2’-bithiophene 7 yielded the
terthiophene active ester 8 (16g, 39%) after filtration over silica gel to remove the
quaterthiophene and diester side products (Scheme 3). The terthiophene 8 was then

brominated to obtain the bromoterthiophene active ester 9 (13 g, 79%).
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Scheme 3. Preparation of the bromoterthiophene intermediate 9. Reagents and conditions: a) 5-tributyltin-2,2’-
bithiophene 7, Pd(PPh3)2Clz, DMF 100°C; b) NBS, DMF, r-.t.

The final oligothiophene active esters 12-17 were prepared by a two-fold Stille coupling of the
brominated intermediates 4, 6, and 9 to 5,5-bis(tri-n-butylstannyl)-2,2’-bithiophene 10 or to
2,5-bis(tri-n-butylstannyl)thiophene 11 for the derivatives with even or odd numbers of
thiophene rings, respectively (Scheme 4). Thus, the quaterthiophene active ester 13 was
obtained from bromothiophene 4 as a microcrystalline yellow powder in 54% yield on a 40 g

scale after precipitation of the crude product from a slurry in diisopropylether/THF/toluene
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(3:1:1) and washing with diisopropylether and then pentane. Similarly, Stille coupling to the
bromobithiophene 6 furnished the sexithiophene active ester 15 as a microcrystalline orange
powder in 86% yield on a 24 g scale after re-suspension in the same solvent mixture and
filtration. Then, Stille coupling of the stannylated bithiophene 10 to bromoterthiophene 9
resulted in the octathiophene active ester 17 that was isolated as a red powder in 80% yield on
a 5g scale, after resuspension in toluene and filtration. Next, Stille coupling between the
bromoterthiophene 9 and the stannylated monothiophene 11 resulted in the heptathiophene 16,
as a microcrystalline orange-red powder in 88% yield on a 2 g scale after resuspension in
toluene and filtration. Last, in order to complete the series, the ter- and quinquethiophene
derivatives were prepared in collaboration with Regina Hafner in our group. In this way, the
terthiophene active ester 12 was obtained by coupling bromothiophene 4 to 11. Purification
consisted in two precipitations from DCM into heptane and filtration over silica gel to yield the
isolated product as a microcrystalline yellow powder in 40% yield on a 1g scale. Finally,
coupling of 6 to 11 afforded the quinquetiophene 14 as a microcrystalline yellow-orange

powder in 73% yield on a 1 g scale, after precipitation from THF into diisopropyl ether.
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Scheme 4. Synthesis of the oligothiophene active ester precursors 12-17 was facilitated by the chlorendylimidyl
protecting group. Reagents and conditions: a) Pd(PPh3)4, DMF, 80°C.

The use of the chlorendylimide moiety has, hence, enabled us to obtain a range of protected

acid-functionalized oligothiophene building blocks on the multi-gram scale (Figure 30).

about 20 g of 15 (right).
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Notably, all intermediates and products displayed good to excellent solubility in various organic
solvents (Table 1), quite in contrast to other oligothiophene derivatives that typically have
solubilities of less than 3-4 g/L (for a-quaterthiophene in CHCl3).172173 The quaterthiophene 13,
for instance, was soluble in THF or DMSO up to concentrations of ¢ = 350 g/L, while up to 1 g/L
of the sexithiophene active ester 15 could be dissolved in THF. Even the hepta- and
octathiophene active esters 16 and 17 remained sufficiently soluble in several solvents to allow
for successful follow-up reactions (see below). Moreover, only two chromatographic purification
steps had to be performed since all compounds could be readily precipitated or recrystallized. In
this way, we obtained X-ray quality single crystals of intermediates 2-6, while 8-17 were

furnished as microcrystalline powders.

Table 1. The chlorendylimide protecting group resulted in high solubilities of the oligothiophenes (in g/L).

Solvent heptane toluene Et;0 CH:Cl; THF DMSO

13 0 34 1.3 186 230 350
15 0 0.3 <0.1 0.4 1 0.9
17 0 <0.1 <0.1 <0.1 <0.1 <0.1

2.3 Crystal Structures of the Chlorendylimidyl Esters

The combined high solubility and good crystallizability of the chlorendylimidyl-substituted
oligothiophenes allowed for the growth of single crystals of the intermediates 2-6 for structure
determination by X-ray diffraction. Recrystallization was carried out from polar mixtures of
THF/MeOH 1:10 (2) or DCM/MeOH 1:5 (3-6). Intermediates 3-6 were also recrystallized from
apolar mixtures based on DCM and heptane or diisopropyl ether; the obtained crystal structures
were the same, except for compound 4. As will be described in more detail below, the molecular
packing of all analyzed structures revealed the formation of segregated chlorine-rich and

thiophene-rich layers, highlighting the role of the chlorendic group in the crystallization process.

The chlorendic hydroxylimide 2 differs from the other intermediates by its strongly polar,
hydrogen-bond forming hydroxylimide group, so that cocrystals with two equivalents of water
molecules were formed (Figure 31). A layered structure was observed with a hydrophilic,
hydrated hydroxylimide layer flanked by two layers of chlorine-rich chlorendic groups. The
chlorendic hydroxylimide 2 crystallized in the monoclinic unit cell P 2;/c with the lattice

parameters a = 15.04 A, b =826 A,c=12.56 A, and a =y = 90°, B = 108.9°.
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Figure 31. Ball-and-stick representation of the crystal structure of 2. Detailed view of the 3D molecular structure (left),
as well as a view along the b-axis displaying the hydrated hydroxylimide and chlorendic layers (right).

With the attachment of the thiophene propionic acid, the monothiophene intermediate 3
showed a less pronounced segregation between the imidyl and the chlorendic moieties, but the
chlorine-rich layers were still present (Figure 32). The electron-rich carbons of the thiophene
rings interacted with the electron-poor carbons of the imide groups, with C-:-C short contacts of
3.43 A, thus forming layers of mingled thiophene and imide groups. The monothiophene-
chlorendic conjugate 3 crystallized in the monoclinic unit cell P 21/c with the lattice parameters

a=9.86A,b=14594,c=14.40 A, and a =y =90°, B = 96.5°.
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Figure 32. Ball-and-stick representation of the crystal structure of 3. Detailed view of the imide-thiophene interaction
(left), as well as a view along the b-axis displaying the chlorine-rich layers (right).

The thiophene bromide 4 crystallized slightly differently from the two solvent mixtures
(Figure 33). From the more polar DCM/MeOH 1:5 mixture, it crystallized in the monoclinic unit
cell P2;/c with the lattice parameters a=13.654, b=12.384, c=12.86 A, and a=vy=90°,
B = 95.3°. The bromines interacted with the imide oxygens with Br---O short contacts of 3.07 A
separating the thiophene ring from the imide moiety such that a thiophene rich layer could be
distinguished between chlorendylimide layers, in which the bromine participated. From the
rather apolar DCM/heptane 1:10 mixture, compound 4 crystallized in the monoclinic unit cell P
21/n with the lattice parameters a =9.14 A, b=14.014, c=17.01 4, and a =y =90°, =103
Similar bromine-imide interactions as before were observed, with Br--0 short contacts of 3.33 4,
and thiophene-imide interactions were present with C---N short contacts of 3.22 A. As a result,

chlorine-rich and mingled thiophene-imide-bromine layers were formed.
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Figure 33. Ball-and-stick representation of the crystal structures of 4, obtained from polar (left) or apolar (right)
solvent mixtures. Detailed view of the bromine-imide and thiophene-imide interactions (top), as well as view along the
b-axis displaying the halogen-rich layers (bottom).

Figure 34. Ball-and-stick representation of the crystal structure of 5. Detailed view of the thiophene-thiophene and
thiophene-imide interactions (top), as well as view along the b-axis displaying the chlorine-rich and thiophene-rich
layers (bottom).
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In the case of the bithiophene derivatives, a clearer segregation was observed between the
chlorendic and the thiophene groups, supposedly due to the higher volume fraction of the latter
(Figure 34). The bithiophene 5 crystallized in the monoclinic unit cell P 21/c with the lattice
parameters a = 14.74 A, b=11.56 A, c=14.03 4, and a=y=90° B=103.6° It formed dimers
with an interdigitated molecular arrangement and parallel-displaced orientation of the
bithiophene moieties with C---S short contacts of 3.85 A. The dimers were then arranged in a
herringbone fashion with edge-to-face contact of 3.72 A. Additionally, thiophene-imide S---C

short contacts of 3.49 A were observed.

The bromobithiophene 6 crystallized in the monoclinic unit cell P 21/c with the lattice
parameters a=14.52 A, b=11.64 A, c=14.88 4, and a=y=90° B=101.6° In this case, the
bromine disturbed the arrangement, and Br---O short contacts of 3.08 A were formed within the
chlorendylimide layers (Figure 35). This resulted in slightly tighter thiophene-thiophene

packing as well as thiophene-imide interactions with distances of around 3.5 A and 3.29 4,

respectively.
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Figure 35. Ball-and-stick representation of the crystal structure of 6. Detailed view of the thiophene-thiophene,
thiophene-imide, and bromine-imide interactions (top), as well as a view along the b-axis displaying the halogen-rich
and thiophene-rich layers of the crystal structure (bottom).

The described features allowed us to elucidate the role of the rigid sterically demanding
chlorendic group in the crystallization. Most noticeably, the N-chlorendylimide and
oligothiophene fragments were always separated into different crystallographic layers. Both
bithiophenes adopted a packing reminiscent of a herringbone pattern within their layer, with
both edge-to-face and parallel-displaced arrangements resulting in several C:--C short contacts

of 3.4-3.6 A. More prominently, a face-to-face stacking of one of the electron-rich thiophene
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rings with the electron-poor succinyl imide fragment of the N-chlorendylimide moiety was
encountered in several examples, with a typical C---S short contact of 3.3-3.4 A between the
thiophene sulfur atom and one of the carbonyl carbons of the imide. The close packing of the
unsymmetrically substituted oligothiophenes within their layers was achieved by interdigitation,
thus accommodating the steric demand of the attached N-chlorendylimides with their van der
Waals radius of roughly 8 A. As a result, each oligothiophene layer was flanked by two N-
chlorendylimide layers and multiple Cl---Cl short contacts of 3.3-3.5 A, Cl---O short contacts of
2.8-3.1 A with the imide carbonyl oxygens, as well as O---C short contacts of the latter with the
carbonyl carbons of a neighboring chlorendylimide were observed. In the case of the
bromothiophene derivatives 4 and 6, the interdigitation of the oligothiophenes was organized
such that the bromine atoms appeared to ‘participate’ in the halogen-rich N-chlorendylimide
layers, with several Br--Cl short contacts of 3.4-3.6 A. Moreover, Br---O short contacts of 2.9-

3.3 A were observed with the imide carbonyl oxygens.

In conclusion, the crystal structures corroborated that the sterically demanding chlorendic
group was successful in limiting interactions between the oligothiophene segments. At the same
time, it apparently facilitated crystallization by introducing numerous chlorine-chlorine
interactions that ordered the structures into segregated layers. Compared to typical m-m
interactions, the chlorine-chlorine interactions are more easily disrupted by mildly polar
solvents, resulting in the observed increase in solubility when compared to unsubstituted

thiophene derivatives with comparable core lengths.

2.4 Spectroscopic Properties in Solutions and Thin Films

Since the aggregation of chromophores typically alters the corresponding absorption and
emission spectra, UV/vis and fluorescence spectroscopy can provide useful information about
the arrangement of chromophores in the solid state. Normalized UV/vis spectra of the
oligothiophene active esters 5, 8, 13, 15, and 16 in THF solutions at concentrations of up to
¢ = 0.5 mmol/L showed absorption maxima at 309, 360, 401, 440, and 453 nm respectively
(Figure 36). This was in excellent agreement with the absorption spectra expected for
molecularly disperse bi-, ter-, quarter-, sexi-, and heptathiophenes.165174 The corresponding
fluorescence emission spectra in solution exhibited well-defined bands with Stokes shifts on the
order of 60-75 nm and maxima at 370, 435, 460, 511, and 527 nm. All these values were similar
to those previously reported for molecularly disperse solutions of such compounds.174 Moreover,
the emission spectra did not change in shape for different excitation wavelengths, proving that

these absorption peaks originated from a single species in each case.
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Figure 36. Absorption (top) and fluorescence (bottom) spectroscopy confirmed the presence of molecularly disperse
solutions of bi-, ter-, quarter-, sexi-, and heptathiophene 5, 8, 13, 15, and 16 in THF. The fluorescence emission spectra
did not change with excitation wavelength proving they originated from single species. The emission spectra were
measured at the following excitation wavelengths (in the order of decreasing emission intensity): 5 (313, 300, 325 nm),
8 (360, 390, 330, 320 nm), 13 (400, 425, 375 nm), 15 (439, 465, 410, 320 nm), 16 (452, 490, 390, 335 nm).

Additionally, measurements of the UV/vis absorption spectra of 13, 15, and 16 for a broad range
of concentrations did not show any appearance of new bands or a shift of the absorption bands
(Figure 37a-c). The band intensities followed Lambert-Beer’s law up to concentrations of at
least 6 mmol/L for compound 13, 0.7 mmol/L for compound 15, and 0.1 mmol/L for compound
16. This corroborated that the molecules did not aggregate in the investigated concentration
ranges. UV/vis and fluorescence spectroscopy were also carried out with thin films that were
cast from organic solvents onto fused silica substrates (Figure 37d-f). The spectra clearly
showed that the active esters 13, 15, and 16 gave rise to spectroscopic aggregates in the solid
state. For instance, the absorption maxima were significantly blue-shifted in the solid state, the
sexithiophene 15 as well as the heptathiophene 16 exhibited a vibronic fine structure, and all
fluorescence emission spectra experienced a drastic red-shift of up to 130 nm compared to the
solution-phase spectra. Nevertheless, all compounds retained some fluorescence in the solid

state.
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Figure 37. Solutions of quarter-, sexi-, and heptathiophene 13, 15, and 16 remained molecularly disperse up to

relatively high concentrations and only showed signs of aggregations in the solid state. a-c) The absorption spectra of
THF solutions of 13, 15, and 16 followed Lambert-Beer’s law up to concentrations of 6 mmol/L (13), 0.7 mmol/L (15),
and 0.1 mmol/L (16). d-f) Absorption and emission spectra of 13, 15, and 16, respectively, casted on fused silica;

emission spectra were recorded at excitation wavelengths of 384 nm (13), 413 nm(15), and 430 nm (16).

Only the octathiophene active ester 17 showed the presence of spectroscopic aggregates even in

dilute THF solution (¢ = 2 umol/L). This was indicated by a broadened UV /vis absorption band

with features reminiscent of a vibronic fine structure, as well as emission spectra that were

dependent on the excitation wavelength (Figure 38). In a thin film cast on fused silica the
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absorption maxima was drastically blue-shifted by 60 nm and the emission spectrum showed

both a band red-shifted by 100 nm along with a secondary band blue-shifted by 50 nm.
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Figure 38. Only the octathiophene 17 exhibited spectroscopic aggregates in dilute THF solution (¢ =2 pmol/L). In
solution (top) the absorption spectrum showed features reminiscent of vibronic fine structure and the emission spectra
changed shape with the excitation wavelength. In the solid state (bottom), the bands were drastically shifted and a
distinct vibronic fine structure appeared in the absorption spectrum. The emission spectra were measured in solution at
445, 500, and 390 nm excitation wavelengths (in the order of decreasing emission intensity), and in the solid state at
380 nm.

Our findings hence suggest that the chlorendylimidyl-protected oligothiophene derivatives
displayed a low tendency for aggregation in organic solution (with the exception of
octathiophene 17). Electronic interactions between the chromophores were observed only in
the solid state. Thus, these derivatives could be straightforwardly handled in solution up to
relatively high concentrations. Even the octathiophene was still sufficiently soluble for further

chemical reactions, as will be described hereafter.

2.5 Divergent Synthesis of Nanowire-Forming Oligothiophene Derivatives

The oligothiophene active esters 12-17 were very convenient precursors because the
chlorendylimidyl esters served as temporary protecting groups that were sufficiently stable
throughout the synthesis, but could be converted into the corresponding amide-functionalized
derivatives in a single step. Thus, simple addition of the desired amine without any base or
coupling reagent sufficed to form the amide. This was even true for the octathiophene active
ester 17, despite its lower solubility. Hence, we had a series of chemically functionalized

oligothiophene building blocks at hand that could be further used in divergent syntheses. For
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the purpose of the present thesis, the active esters proved to be ideal synthetic precursors for
the preparation of a library of nanowire-forming oligothiophenes carrying oligopeptide-polymer

substituents.

The required oligopeptide-functionalized polymers were prepared by standard solution-phase
peptide coupling and deprotection protocols (Scheme 5). The poly(isobutylene) amine (PIB-NH:)
with an average degree of polymerization P, = 17, was easily obtained on the multigram scale by
column chromatography of commercially available Kerocom™ PIBA to remove unfunctionalized
PIB, as well as other side products, such as PIB-OH and mineral oil. For the preparation of the
oligopeptide, orthogonal protection was achieved with fluorenylmethyloxycarbonyl (Fmoc)
group for the amine moiety and tert.-butyl group for the carboxylic acid functionality. These
groups could be cleaved under basic and acidic conditions, respectively. The peptide coupling
agent (benzatriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyBOP) was
used to react Fmoc-L-alanine 18a with L-alanine tert.-butyl ester hydrochloride in THF and
obtain Fmoc-L-alanyl-L-alanine tert.-butyl ester 19a after repeated precipitation into a 1M
aqueous HCI solution. The tert.-butyl ester was subsequently cleaved with trifluoroacetic acid
(TFA) to furnish the Fmoc-L-alanyl-L-alanine 20a. From the latter, repeating the same PyBOP
coupling and TFA deprotection protocols yielded Fmoc-L-alanyl-L-alanyl-L-alanine tert.-butyl
ester 21 and Fmoc-L-alanyl-L-alanyl-L-alanine 22. By analogy, peptide coupling of Fmoc-glycine
18b and glycine tert.-butyl ester hydrochloride, followed by deprotection yielded the achiral
counterparts Fmoc-glycyl-glycine tert.-butyl ester 19b and Fmoc-glycyl-glycine 20b. PyBOP-
promoted coupling of PIB-NH; to any of the acid-deprotected oligopeptides 18, 20, and 22
furnished the Fmoc protected oligopeptide modified polymers 23-25. Subsequent deprotection
with piperidine followed by column chromatography yielded the oligopeptide-functionalized
polymers 26-28. Finally, PyBOP-promoted coupling and Fmoc deprotection of 27a and

dialanine 20a resulted in the tetra(L-alanine)-modified polymer 30.
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Scheme 5. The required oligopeptide functionalized poly(isobutylene)s 26-28 and 30 were prepared by standard
peptide coupling protocols. Reagents and conditions: i) L-alanine tert.-butylester hydrochloride (or glycine tert.-butyl
ester hydrochloride for 18b), PyBOP, DIEA, THF; ii) TFA, CHCI3; iii) PIB-NHz, PyBOP, DIEA, THF; iv) piperidine, CHCl3; v)
PyBOP, DIEA, THF.

The obtained amine-terminated oligopeptide-modified polymers 26-28, 30, as well as PIB-NH;
were then reacted with the oligothiophene precursors 12-17 in THF. Purification was
straightforward and consisted of repeated precipitations into methanol to yield oligopeptide-
polymer modified oligothiophene derivatives, with isolated yields ranging between 0.06-1.39 g
(40-95%) and an average yield of 74%, including the ter- and quinquethiophene derivatives
prepared in collaboration with Regina Hafner. Only T4A0 and T3A0 were more tedious to
precipitate and consequently purified by gel filtration. The series of compounds TnAp will serve
to prepare well-defined organic nanowires by solution-phase self-assembly, driven by
synergistic -1 stacking and hydrogen bonding.151152169 The structural characterization and
opto-electronic properties of the resulting 1D aggregates will be investigated in the following

chapter.



2 Facile Access to Oligothiophenes via Chlorendic Protecting Groups 53

<N = s He e s

PIB-NH, p=0 T3A0 p =0 (63 mg, 40%)
273,28 p=23 T3A2 p =2 (237 mg, 64%)
T3A3 p =3 (215 mg, 63%)

AR S B AR & TN et s

PIB-NH, p=0 T4A0 p =0 (600 mg, 48%)

26,27a,28,30 p=1-4 T4A1 p=1 (767 mg, 73%)
T4A2 p=2(1.39 g, 65%)
T4A3 p =3 (474 mg, 84%)
T4A4 p =4 (473 mg, 86%)

O e

PIB-NH, p=0 T5A0 p =0 (110 mg, 52%)
273,28 p=23 T5A2 p =2 (350 mg, 77%)
T5A3 p =3 (210 mg, 66%)

L N e 6 i

PIB-NH, p=0 T6AO p =0 (203 mg, 73%)

272,28 p=2,3| R=Me T6A2 p=2(1.21g,86%) | R=Me
T6A3 p =3 (418 mg, 89%)

27b p=2 | R=H
T6G2 p=2(578mg, 79%) | R=H

AR S B AR & T a0

PIB-NH, p=0 T7A0 p =0 (200 mg, 78%)
273,28 p=23 T7A2 p =2 (276 mg, 88%)
T7A3 p =3 (255 mg, 95%)

AR Bl /R ' NS A R0

PIB-NH, p=0 T8AO p =0 (112 mg, 73%)
273,28 p=23 T8A2 p=2(751 mg, 91%)
T8A3 p =3 (254 mg, 91%)

Scheme 6. The developed divergent synthesis allowed for the straightforward preparation of a library of
oligothiophenes TnAp, as well as T6G2.

2.6 Conclusions

In conclusion, the use of chlorendylimidyl esters as temporary protecting groups for carboxylic
acids represents a versatile tool for the synthesis of terminally functionalized m-conjugated
molecules on large reaction scales. In this context, the chlorendylimidyl moieties fulfill the
double task of enhancing the solubility of all intermediates and products while, at the same time,

improving their crystallizability. This unusual behavior is supposedly due to the
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chlorendylimides’ unique combination of steric demand, rigidity, and polarity, which may also
be useful to address other synthetic challenges in organic chemistry. As a result, the synthesis
and purification was facilitated at all stages because almost no column chromatography was
required and all compounds could be conveniently prepared on reaction scales of up to several
tens of grams, including the notoriously difficult to handle end-substituted octathiophene
derivative. Moreover, the chlorendylimidyl-protected acids served as useful precursors in
subsequent reactions with nucleophiles. This has allowed us to prepare of a variety of end-
functionalized m-conjugated compounds in a divergent synthetic approach. For example,
reaction with free amines without the use of any additional reactants furnished the
corresponding amides. The obtained products do not comprise anymore sterically demanding
chlorendic substituents and are therefore suited for use in organic electronics. In this way, we
could straightforwardly prepare a library of oligothiophenes with oligopeptide-polymer
substituents. These compounds are precursors for the fabrication of organic nanowires showing
promising properties in charge generation and stabilization, as will be investigated in the next

chapter.
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3 Oligothiophene Nanowires and Polaron Formation

3.1 Introduction

One-dimensional nanostructures of organic semiconductors!’s-177 are expected to become
important components for their use as defined charge percolation paths in future nanoelectronic
devices, including electronic,3146178 photovoltaic,149150 or sensingl79-181 devices. They are also
excellent model systems for fundamental investigations of charge generation and transport in
organic semiconductors under nanoscopic confinement.182 Organic nanowires of m-conjugated
oligomers or polymers have been prepared by different methods, including nanolithography,183
templated growth,184-186 electrospinning,!87-189 anisotropic crystallization,190-193 or solution-
phase self-assembly.194-197 Previous works often reported one-dimensional objects of unknown
internal order and with no control over lateral dimensions. However, a reliable supramolecular
method was developed previously in our laboratory to obtain uniform nanowires that comprise
a single stack of chromophores at their core.!51-153198 By simple substitution with polymer-
functionalized oligopeptides, the chromophores aggregated in a parallel-displaced, helically
twisted arrangement. This was still true for calamitic (rod-like) compounds such as

quaterthiophenes, known to otherwise preferentially crystallize in a herringbone fashion.199

A cofacial arrangement of the thiophene units is also observed in poly(3-hexylthiophene)
(P3HT), which forms fibrillar crystalline domains with the polymer chains aligned perpendicular
to and m-m stacking along the fibril axis.98100102,103 This layered arrangement promotes a more
planar conformation of the poly(thiophene) backbones and enhances the interchain -
interactions, with typical distances of 3.8 A. Thanks to its outstanding properties, such as its high
degree of crystallinity, excellent hole conductivity, and decent spectral coverage, P3HT has
found applications in organic electronics and in particular in photovoltaic devices. Both neat
P3HT itself and P3HT:PCBM bulk heterojunctions, have meanwhile become archetypal models
for mechanistic studies of elementary photon-to-current conversion processes. While
photoexcitation of P3HT solutions primarily resulted in the expected formation of intrachain
singlet excitons, light absorption in neat P3HT films gave rise to excitons but, notably, also
directly produced pairs of free charge carriers of opposite sign.200-202 The yields for this direct
charge generation have been reported to be as high as 30%, which was attributed to the strong
interchain coupling in the crystalline phases.293 For this reason, the conventional model for the
photogeneration of charge carriers in a P3HT:PCBM bulk heterojunction, i.e., the diffusion of the
exciton to the interface and splitting into a charge transfer state, had to be revised. It was

inferred from transient absorption measurements on neat P3HT and P3HT:PCBM bulk
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heterojunctions that, after photoexcitation of the polymer, excitons split at the interface as
commonly described while, in a parallel, the negative P3HT polarons of the directly formed

charge carrier pairs are transferred to the PCBM.201

Furthermore, Frisbie et al. investigated hole transport in organic field-effect transistor prepared
with P3HT as the active layer and a polymer-electrolyte gate dielectric with a high
capacitance.204 The latter allowed for reaching hole densities in the P3HT thin film of 1015 cm-2.
At such charge densities, P3HT exhibited metallic conductivity with activation energies of 0.7-
4 meV, i.e., well below the thermal energy at the operating temperature. A transition to metallic
or superconductive behaviour has been reported for example in polyaniline205, graphene,2% or

fullerene20” for sheet charge densities around 1014 cm-2, i.e., 107 cm-1for 1D nanostructures.208

In this context, previous investigations in our group had found that the highly ordered
nanowires made from QT-A3 (Figure 39) comprised a single stack of cofacially aggregated
quaterthiophenes and showed the photo-induced formation of unusually long-lived polaron-like
charge carriers with densities of close to 106 cm-1.153 This finding was presumably the
consequence of a tight m-m stacking of the electron-rich oligothiophene chromophores in a
helical supramolecular arrangement within the nanowires. These nanowires exhibited
macroscopic electric conductivity properties that were linked to the spectroscopically
characterized charge carriers. It was estimated that current densities reached 104 A cm-2 within
the nanowires, and the charge carrier mobility of 0.12 cm2 V-1s-1 was comparable to the best

values observed in single crystals.

In the present study, we investigated the nanowire formation and the resulting spectroscopic
properties of a library of oligothiophene derivatives from the trimer up to the octamer,
substituted with polymer-functionalized oligopeptides of different lengths, in order to get a
better insight into the polaron formation under 1D nanoscopic confinement. As will be discussed
in this chapter, the shorter spacer between the oligothiophene and oligopeptide segments of
TnAp, improved the aggregation strength compared to the previous case of QT-A3.
Consequently, derivatives containing oligopeptide segments of two or more alanines gave rise to
uniform nanowires that comprised a single stack of the oligothiophene chromophores at their
core (Figure 39). The tight stacking of the oligothiophenes in a helical fashion within the
nanowires was accompanied by the facile generation of polaron-like charge carriers with
lifetimes of up to several days, while achiral derivatives resulted in substantially shorter
nanowires and charge carriers with significantly shorter lifetimes. The comparison of the
kinetics for charge generation and decay revealed that the maximum charge concentration
increased with the length of the oligopeptide substituents and also reached higher values for

derivatives with an even number of thiophene units.
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L T

QT-A3 (m=3,n=4,p=3)
TnAp (m=2)

Figure 39. Molecular design of the investigated oligothiophene compounds TnAp and schematic representation of a
single-stack nanowire formed by supramolecular self-assembly in solution. The quaterthiophene derivative QT-A3
previously employed in our group comprised a propylene spacer between the oligothiophene and the oligopeptide
segments. An ethylene spacer was employed for TnAp and resulted in enhanced aggregation strength.

3.2 Structural Investigation of the Nanowires

The nanowire-forming oligothiophene derivatives TnAp with n thiophene units and p L-alanine
units in the terminally attached oligopeptide segment were prepared as described in the
previous chapter. Homogeneous and optically clear solutions of the nanowires were prepared by
thermally equilibrating solutions of TnAp in 1,1,2,2-tetrachloroethane (TCE; ¢ =1 mmol/L) at
appropriate temperatures. A detailed structural analysis of the nanowires was then performed
by means of solution-phase IR spectroscopy, AFM imaging, small- and wide-angle X-ray

scattering, as well as UV /vis and CD spectroscopy.

As known from our previous investigations,151.152 sufficiently long oligo(L-alanine) segments
form parallel B-sheets that feature characteristic vibrations at 3290 cm-! in the amide A region
and at 1630 cm-! in the amide I region, corresponding to the N-H and C=0 bond stretching
vibrations, respectively (Figure 40). The series of quaterthiophene compounds T4Ap (p = 0-4)
is an illustrative example for the effect of an increasing number of alanine units on the
aggregation. The compounds T4A0 and T4A1 comprising none or one L-alanine did not undergo
aggregation and, accordingly, the IR spectra exhibited an amide A band above 3400 cm-1 as well
as an amide I band at around 1660-1670 cm-!, indicating the presence of non-hydrogen-bonded
amides. On the contrary, T4A2-T4A4 with two or more L-alanines in each terminal substituent
showed the formation of parallel (B-sheets, resulting in a shift of the two bands to the expected

wavenumbers.
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Figure 40. Solution-phase IR spectroscopy was used to probe the aggregation of the oligopeptides into parallel 3-sheets

in solution. Aggregates exhibited a band at about 3290 cm-! in the amide A region (N-H stretching vibration), as well as a
band at around 1630 cm-! in the amide I region (C=0 stretching vibration). Non-aggregating derivatives typically
showed an amide A band above 3400 cm-! and an amide I band in the 1660-1670 cm-! range.
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The same characteristic features were observed in the IR spectra of almost all other
oligothiophene derivatives bearing sequences of two or more alanines, while all molecules that
did not contain any alanine remained molecularly disperse in solution. Only the longest
oligothiophenes T7A0 and T8AO0 both showed an additional small band at around 3305 cm-1 in
the amide A region, as well as a band at 1638 cm-! in the amide I region for T8AO, which
indicated that these molecules, even in the absence of the oligopeptide segments, already started
to form weak aggregates via m-m stacking and hydrogen-bonding between the remaining two

amide groups.

In order to visualize the nanowires by AFM imaging (Figure 41 & Figure 42), the thermally
equilibrated solutions of TnAp were diluted to a concentration of ¢ = 5 pmol/L, drop-cast onto
mica substrates, and subsequently blow-dried in a gentle stream of argon. In agreement with the
IR spectroscopy results, height images of all derivatives containing oligopeptide segments with
two or more L-alanines showed the formation of several micrometres long nanowires, while the
derivatives bearing none or one L-alanine exhibited featureless deposits or droplet-like
conglomerates that presumably formed only upon solvent evaporation during sample
preparation. Corroborating the IR spectroscopy results, T7A0, and T8AQ were again exceptions
and gave rise to nanowires of a few hundreds of nanometres in length. IR spectroscopy and AFM
results were in disagreement only for T3A2 that did not show any nanowires, although -sheet
formation in solution had been confirmed in IR spectroscopy. The aggregates were presumably
too weak in this case and disassembled during sample preparation. A phase image of nanowires
from T6A2 at higher magnification showed that they consisted of a ‘harder’ core with a width of
about 5 nm, corresponding to the single stack of chromophores and oligopeptide substituents,
and a ‘softer’ shell of poly(isobutylene) chains that spread on the mica surface, all of which was
consistent with previous investigations in our laboratory.’s2 Noteworthy, the annealing
temperature had to be increased with an increasing length of oligothiophene or oligopeptide
segment. This was necessary to achieve a degree of deaggregation sufficient to support the
formation of long 1D aggregates during the slow cooling of the solution. Consistent with this
assumption, the nanowires obtained from the most strongly aggregating derivatives T4A4,
T7A3, and T8A3 were, on average, less than 1 pm long. The aggregation of those derivatives was
presumably too strong to allow for sufficient deaggregation and efficient, thermodynamically

controlled self-assembly during the annealing process.
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T3A3

Figure 41. AFM height images of samples of TnAp on mica showed the formation of several micrometres long
nanowires for derivatives with sufficient aggregation strength, and droplet-like features for the non-aggregating
compounds.
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Figure 42. AFM height images of samples of TnAp on mica showed the formation of several micrometres long
nanowires for derivatives with sufficient aggregation strength, and droplet-like features for the non-aggregating
compounds.

Additionally, small- and wide-angle X-ray scattering (SAXS and WAXS) measurements were
conducted in collaboration with Dr. Sandor Balog at the Adolphe Merklé Institute, Fribourg on
bulk samples that were obtained by the drop-wise precipitation of thermally equilibrated TCE
solutions into acetone (Figure 43). Although the exact aggregation pattern in bulk may differ to
some extent from the one in solution, those measurements provided useful information on the
packing of the molecules within the aggregates. The main reflection in the small-angle region
was observed at positions corresponding to characteristic spacings of d=5.3-8.4 nm that
roughly increased with the extended molecular length of the compounds TnAp of 13-17 nm.
Additional weak reflections were observed in some cases but could not be clearly assigned to

higher order reflections. Consistent with our previous results, one can hence assume the
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nanowires to give rise to random close-packed cylinders in the bulk, with the terminally
attached polymer segments assuming a coiled conformation and filling the grooves of the
helically twisted cores.152 In the wide-angle region, the derivatives showed four reflections at
characteristic spacings of d = 6.1, 4.6, 4.0, and 3.2 A, of which the latter three became better
defined for longer oligothiophene cores. The first reflection can be assigned to the packing of PIB
in a short-range 83-helical conformation,20? while the second one represents the intermolecular
distance within the nanowires and excellently corresponds to the characteristic spacing
observed in B-sheet-like aggregates of the oligopeptides.210 The exact assignment of the other
two reflections is not yet clear; the reflection at 4.0 A may well represent the m-m stacking
distance. However, a reflection at the same position is also commonly observed in p-sheet-like
oligopeptide aggregates even in the absence of a m-conjugated chromophore, and has never been
assigned to a particular structural feature. Moreover, this reflection was still observed for
nanowires where the oligothiophene core was replaced by a perylene bisimide moiety.!52 The
reflection at 3.2 A, on the other hand, would be drastically smaller than the typical distances of
3.6-3.8 A observed for cofacially stacked oligothiophene aggregates or the polymer backbones
in fibrillar crystalline P3HT aggregates, and even smaller than the interlayer distance observed
in graphite.102103211 Further investigations are required to resolve this issue, e.g., the
determination of the azimuthal intensity distributions of the two reflections for aligned samples
of the nanowires. In any case, the fact that the intermolecular distance of 4.6 A is shorter than
the 4.8 A typically observed in oligopeptide B-sheets, together with the concomitant intensity
increase and sharpening of all the 4.6, 4.0, and 3.2 A with the length of the oligothiophene
segments in the series TnA2 and TnA3 can be seen as a manifestation of an enhanced degree of
order due to synergistic -m stacking and hydrogen-bonding. The apparent mismatch between
the intermolecular distance and the m-m stacking distance of either 4.0 A or 3.2 A is presumably
accommodated by a tilt angle of about 30° or 46°, respectively, of the oligothiophene relative to
the oligopeptide long axis, associated with a longitudinal displacement of the oligothiophenes of
2.3 A or 3.3A relative to the neighbours. This arrangement was made possible by the
incorporation of a flexible ethylene spacer between the oligothiophene and the oligopeptide

segments in the molecular design.
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Figure 43. Small-angle X-ray scattering (left, logarithmic scale) revealed nanowire widths of d=5.2-8.4 nm,
substantially smaller than the estimated molecular lengths of 13-17 nm and indicating the terminal polymer chains
adopted a random coil conformation and filled the groves of the helically twisted stack of molecules. Wide-angle X-ray
scattering (right, linear scale) showed four reflections at characteristic spacings of d = 6.1, 4.6, 4.0, and 3.2 A; the first
two were attributed to the short-range order of the polymers and the hydrogen-bonded oligopeptides, respectively,
while the attribution of the latter two to higher order oligopeptide reflections or m-m stacking of the chromophores
remained unclear.
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The aggregation of the chromophores in the nanowires was monitored by UV/vis absorption
spectroscopy. When compared to the spectra of the molecularly disperse derivatives, a blue-shift
of the main absorption peak of the 1D aggregates was observed as a consequence of the m-m
stacking of the oligothiophene chromophores. Additionally, the blue-shifted peaks had a smaller
full width at half-maximum, and a vibronic fine structure in the form of shoulders at longer
wavelengths was observed. These findings were in agreement with Kasha’s exciton coupling

model for H-aggregates of chromophores with juxtaposed transition dipole moments.212

Temperature-dependent UV/vis absorption measurements proved that the nanowires of some
derivatives could be reversibly deaggregated and re-assembled by heating and cooling in
solution, which allowed us to better investigate the details of the self-assembly process. For
instance the UV/vis spectra of T4A2 (Figure 44) featured an absorption maximum at 372 nm at
20°C. Upon heating to 100°C, the nanowires deaggregated, and the obtained solution showed an
absorption maximum at 403 nm, as is typical for molecularly disperse quaterthiophenes. Cooling
this solution allowed the molecules to re-aggregate, and the initial absorption spectrum was
completely recovered. The presence of two isosbestic points in this temperature series were a
strong indication for the presence of only two spectroscopic species, and thus suggested that
self-assembly occurred via a nucleation-elongation growth model, as opposed to an isodesmic

growth.

Furthermore, helical stacks of chromophores are known to produce a strong bisignate signal in
circular dichroism (CD) spectroscopy with a zero-crossing around the maximum absorption.213
In the case of T4A2, annealed solutions gave rise to a negative bisignate signal at 20°C, with a
zero-crossing at 368 nm (Figure 44), and the CD signal disappeared upon heating and re-
appeared upon cooling. To evaluate the reversibility of the process, the ratio of the UV/vis
absorptions at 365 and 413 nm, as well as the amplitude of the CD signal were plotted as
function of the temperature. Both plots showed that the onset and complete de-aggregation
upon heating were at around 45°C and 70°C, respectively. Upon cooling, both the UV/vis
absorption and CD activity of the solutions exhibited hysteresis, with onset and complete
aggregation temperatures of about 45°C and 20°C. Nevertheless, the initial spectral states were
eventually recovered, allowing us to conclude that the reversible, i.e., thermodynamically
controlled aggregation into 1D helical nanowires was at the origin of the observed blue-shift of

the UV /vis absorption band and the appearance of an associated bisignate CD signal.
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Figure 44. UV /vis (top) and CD (bottom) spectra of T4A2 as a function of temperature (20-100°C) were correlated, and
the presence of isosbestic points indicated a nucleation-elongation growth process. For the UV/vis spectra, the
aggregation state was evaluated by the ratio of the absorption intensities at 365 and 413 nm. UV/vis and CD
spectroscopy revealed an identical evolution of the aggregation as a function of temperature.

The same temperature-dependent UV /vis and CD spectroscopy measurements were conducted
for all derivatives TnAp (Figure 45 & Figure 46). In agreement with the IR and AFM results,
neither a shift of the maximum absorption, nor a CD signal were observed for the non-
aggregating derivatives T3A0, T3A2, T4A0, T4A1l, T5A0 and T6A0. On the contrary, all
derivatives that formed 1D nanowires featured a blue-shifted maximum absorption peak, weak
red-shifted bands, and a bisignate CD signal (except for the achiral T7A0 and T8AO). It should
be noted, however, that compounds comprising longer oligothiophene or oligopeptide
sequences were still at least partially aggregated at 100°C, and their absorption spectra

therefore remained almost unchanged within the investigated temperature range.
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Figure 45. Temperature-dependent UV/vis and CD spectra of annealed solutions (TCE, ¢ =0.1-0.5 mmol/L) of
compounds TnAp; from 20°C (blue) to 100°C (red). The observed isosbetic points indicated a nucleation-elongation
growth mechanism.
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Figure 46. Temperature-dependent UV/vis and CD spectra of annealed solutions (TCE, ¢ =0.1-0.5 mmol/L) of

compounds TnAp; from 20°C (blue) to 100°C (red). The observed isosbetic points indicated a nucleation-elongation

growth mechanism.

The sign of the bisignate CD signals can be related to the helix sense of a stack of chromophores,

whereby a so-called “negative” or “positive” bisignate signal (with a minimum or a maximum at

higher wavelengths, respectively) corresponds to a left-handed or right-handed helical stack in

the case of oligothiophenes, respectively.162213214 [n our case, all derivatives except T8A2

exhibited a negative bisignate signal, in agreement with a left-handed helical arrangement

induced by the oligo(L-alanine)s. In order to confirm the influence of the oligopeptide chirality
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on the helicity, both enantiomers of the derivatives T4A2, T4A3, and T6A2 were prepared, i.e.,
compounds comprising oligopeptide sequences of exclusively either L- or D-alanines. IR and
UV/vis spectroscopy, as well as AFM imaging showed the same results for the two enantiomers
in all three cases. CD spectroscopy, however, revealed bisignate signals of the same shape but
opposite sign (Figure 47), confirming that the supramolecular helicity indeed originated from
the molecular chirality of the oligo(alanine) segments. The exceptional helix sense observed for
T8A2 as well as the very small CD intensity of T7A2 could have their origin in the fact that these
samples were not completely deaggregated even at 100°C, and the observed aggregates could
therefore represent a kinetically trapped arrangement different from the thermodynamically

stable one.
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Figure 47. The supramolecular helix sense was controlled by the molecular chirality of the oligopeptides. CD spectra of
both levorotatory (blue) and dextrorotatory (red) enantiomers of T4A2, T4A3, and T6A2.

Finally, the derivative T6G2 comprising diglycyl sequences was prepared as an achiral reference
compound that could form the same number of hydrogen bonds and similar m-m interactions as
the chiral T6A2 (Figure 48). In IR spectroscopy, T6G2 exhibited vibrations at 3310 and
1648 cm-!, slightly different from those observed for T6A2. These observed values, however,
were in excellent agreement with oligopeptide conformations corresponding to ‘rippled’ instead
of ‘pleated’ parallel [(-sheets, as is typically observed for oligo(glycine) aggregates or
poly(glycine) in the crystalline state.215216 AFM height images of T6G2 samples prepared from
annealed solutions revealed the formation of 1D nanowires of a similar width as those obtained
from T6A2 but only a few hundreds of nanometres in length. Consistently, SAXS measurements
on bulk samples of T6G2 revealed a main reflection corresponding to a nanowire width of about

7.5 nm, and WAXS diffractograms showed four reflections at the same positions as for T6A2 that
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were, however, significantly broader and less intense. The UV /vis spectra of T6A2 and T6G2
were similar, except for a stronger blue shift of 46 nm in the case of T6G2 as compared to 30 nm
in the case of T6A2, which reflected a different aggregation pattern of the molecules, in
agreement with the IR results. However, aggregates of both T6G2 and T6A2 seemed to be
similarly stable since they showed comparable onset temperatures for the aggregation-
deaggregation transition as function of temperature. The fact that the superstructures of T6A2
and T6G2 were virtually identical may be seen as a strong indication that, while the details of
the internal arrangement may be slightly different, also the achiral T6G2 actually aggregated
into helical structures. The absence of CD activity would then just result from the presence of a
racemic mixture of supramolecular helicities. Hence, the absence of a homochiral helix sense
along individual nanowires would induce a higher degree of disorder, which could be an
explanation for the observed shorter nanowire lengths. Finally, it should be mentioned that

similar considerations also apply for aggregates of the achiral derivatives T7A0 and T8AO.

=

AmideA (v, ) I Amidel (v._) ; 3864 432 T662
| - .
£
| S
] e L s
33107 3
‘ 1648 g
3600 3500 3400 3300 3200 3100 1800 1750 1700 1650 16! =
Wavenumber / cm™! Wavenumber / cm™ -
E 0
R CT WAXS .1 s 154
N .‘ , JW&‘ . é» o o
S~ T2 [ ~— 50 g
0.2 1 5 5 10 15 20 25 300 400 500 600
q/nm™ q/nm™ Wavelength / nm

Figure 48. The achiral derivative T6G2 showed superstructures similar to those of T6A2. a) The two characteristic
bands observed in IR spectroscopy originated from ‘rippled’ parallel B-sheets, as typically observed for achiral glycine
sequences. b) SAXS revealed a nanowire width in the same range as T6A2; WAXS showed four reflections at the same
positions as for T6A2, but substantially broader and less intense. c) AFM height image showing the formation of short
nanowires with similar width than T6A2. d) Temperature-dependent UV/vis spectra exhibited a blue-shift of 46 nm
which was higher than for T6AZ2; as expected, no chirality was observed in CD spectroscopy.

In conclusion, the chosen molecular design allowed us to prepare well-defined nanowires of the
whole series of oligothiophene derivatives, from the terthiophene to the octathiophene. These
nanowires comprised the cofacially aggregated oligothiophenes at their core. The
oligothiophenes were arranged in a helically twisted, parallel-displaced fashion that resulted in
a tight m-m stacking of the cores. This arrangement of the chromophores was reflected in a blue
shift of the absorption maximum in the UV/vis spectra, and the appearance of a strong negative
bisignate CD signal in the aggregated state. It is worth noting that achiral derivatives such as
T6G2, T7A0, and T8AO still gave rise to aggregates with similar (supposedly helical)
superstructures, but the absence of a homochiral helix sense was a source of disorder that

apparently limited the length of the aggregates.



72 3 Oligothiophene Nanowires and Polaron Formation

3.3 Facile Polaron Formation in the Nanowires

We then investigated solutions of the well-defined nanowires formed from the oligothiophene
derivatives TnAp as model systems for charge generation under 1D nanoscopic confinement.
Absorption spectroscopy in the NIR region of all those derivatives that aggregated into
nanowires revealed the presence of two additional peaks with intensities of a few per cent
compared to that of the main peak, as shown in the case of T6A3 as a representative example
(Figure 49a). According to the literature217-222 and our own previous investigations,!53 those
peaks can be attributed to the formation of polaron-like oligothiophene radical cations. Indeed,
the formation of positive polarons results in two additional energy levels within the bandgap
and, consequently, two additional sub-bandgap energy transitions P1 and P2 (Figure 49b).31.223
For derivatives T3A3, T4A2, and T6A2 that could be completely deaggregated upon heating to
100°C, the NIR peaks disappeared at high temperature (cf T3A3 in Figure 45) and reappeared
with substantially smaller intensities upon cooling to room temperature. However, the peak
intensities increased again when the solutions were exposed to daylight, and decayed

surprisingly slowly over several days in the dark, proving the presence of polarons with very
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Figure 49. a) Absorption spectroscopy in the NIR region revealed two additional bands; after exposition to daylight, the
intensity of those bands increased, while that of the main peak decreased. b) Schematic energy diagram of an
oligothiophene nanowire containing positive polarons, giving rise to both transitions observed in the NIR.

We then compared the UV/vis/NIR spectra within the series TnA3 (n = 3-8) with a varying
length of the oligothiophene core (Figure 50). The UV /vis/NIR spectra of TnAO (n = 3-6) at 20°C,
as well as T7A0 and T8AO at 100°C were also recorded as reference samples representing
molecularly disperse solutions of the same chromophores. Thus, we observed that, with an
increasing length of the oligthiophenes, the position of all peaks shifted to longer wavelengths,
while both the intensity of the main absorption and its blue shift compared to the molecularly

disperse reference solutions became larger.
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Figure 50. UV/vis spectra (left) of TnA3 (n = 3-8) were shown along with molecularly disperse reference spectra of
TnAO (n =3-6) at 20°C, as well as T7A0 and T8AO at 100°C, in order to highilight the blue-shift associated to the
formation of H-aggregates. In the NIR region (right), both polarons bands were observed in nanowires made from all
derivatives TnA3 (n = 3-8), as highlighted in the zoom x 20.

Kuhn plots of the main transition energies for the aggregated and non-aggregated derivatives, as
well as the blue-shift of the main transition (i.e., the difference of the transition energies for the
aggregated and non-aggregated derivatives) revealed linear trends in all cases (Figure 51). It
should be noted that, since the absorption spectra of T7A0 and T8AO were recorded at 100°C
instead of 20°C, their absorption maxima were slightly blue-shifted by probably about 10 nm,
estimated from the corresponding hypsochromic shift observed for TnAQ (n = 3-6) at the two
different temperatures (Figure 45 & Figure 46). This shift translated into small deviations from
linearity in the corresponding Kuhn plots, which were hence disregarded. The linear trends over

the entire range of oligothiophene lengths indicated that the excitons were intramolecularly
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delocalized across the entire chromophores with up to at least eight thiophene units. The
increase of the blue-shift upon aggregation with the chromophore length may be due to an
improved intermolecular overlap between the increasingly extended chromophores, as well as
stronger interactions within the stack. Likewise, the Kuhn plots of both polaron transitions in
the NIR showed linear trends, from which one can conclude that also the polarons were

intramolecularly delocalized over the entire chromophores of up to eight thiophene units.

The observed transition energies at maximum intensity of the main absorptions in the UV /vis
and of both polaron absorptions in the NIR were used to qualitatively deduce schematic energy
diagrams of the nanowires. In this regard, it should be mentioned that the optical bandgap as
determined from the main transition energy does not actually represent the HOMO-LUMO gap
because of the exciton binding energy.32 Nevertheless, the optical bandgap values were used as
first approximations in order to illustrate the general trends. For comparison, the diagrams of all
compounds TnA3 (n = 3-8) compounds were centered at the middle of their bandgaps. From
the schematic energy diagrams, one can infer that the polaron bands moved closer to the HOMO
levels with an increasing oligothiophene length, which illustrates the increasing donor character

of the chromophores and the successively improved stabilization of positive polarons within the

nanowires.
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Figure 51. Comparison of the observed transition energies as function of the oligothiophenes length. a) Kuhn plot for
the main transition of the molecularly disperse TnAO, the main transition of the aggregated TnA3, the blue-shift of the
latter as compared to the molecularly disperse reference compounds, as well as the two polaron transitions P1 and P2.
b) Schematic energy diagrams qualitatively deduced from the optically observed transition energies; the HOMO-LUMO
gap is represented by the transition energy of the main transition (i.e., the optical bandgap), without any correction for
the exciton binding energy; the diagrams are artificially centred at mid-bandgap.

Finally, the NIR spectra of the P1 transitions as function of transition energy were normalized
and their positions were centered relative to one another, in order to compare the evolution of
their shape and full width at half-maximum (FWHM) with the elongation of the oligothiophene
cores (Figure 52). As the T3A3 P1 peak was in the flank of the main absorption, its
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characterization was rendered more difficult. Except for T3A3 and T4A3 that were slightly
broader, the FWHM remained similar for T5A3-T8A3. For the derivatives T4A3-T8A3, weaker
secondary transitions P1’ and P2’ were visible at smaller wavelengths with respect to the
respective primary polaron transitions P1 and P2 that successively increased in intensity with
an increasing oligothiophenes length, which may be an indication of an increased degree of
intermolecular delocalization of polarons between the stacked chromophores within the
nanowires.223 The P1’ transitions appeared to have a similar intensity relative to the P1
transitions, except for T4A3 that showed a much weaker P1’ transition. Moreover, their FWHM

remained similar, except for the broader peak in the case of T8A3.
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Figure 52. Normalized and centered NIR absorption spectra showed similar P1 polaron band spectra as function of
transition energy, featuring constant full width at half maximum (FWHM), as well as secondary P1’ bands with similar
relative intensity, shift, and FWHM. The exceptions were T3A3 that did not exhibit a secondary P1’ transition, T4A3 that
revealed a weak P1’ band, and T8A3 that show a broader P1’ band.

3.4 Polaron Generation under Illumination

In the course of our investigations, we observed that the intensities of the polaron bands
strongly increased upon illumination of the samples with white light. This photo-induced charge
carrier generation turned out to be surprisingly facile in the sense that, different from previous
work in the field, polarons were formed at high densities of several molar percent and with very
long lifetimes. As will be discussed in the following, these features allowed us to investigate their

generation with steady-state spectroscopy.

The formation of positive polarons in solutions of oligothiophenes in chlorinated organic
solvents was previously reported in the literature and rationalized by the role of the chlorinated
solvent as an oxidant, resulting in oligothiophene radical cations and chlorine anions.221224
Moreover, it was proposed that oxygen could be involved in the mechanism.225 Furthermore,
Blom et al recently suggested hydrated oxygen complexes as common electron traps in both

electron rich and electron poor polymers.226 While the exact mechanism of the photo-induced
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polaron formation is not clear yet in our case, it presumably involved an electron transfer from
the excited state to an appropriate electron acceptor, such as a defect in the 1D aggregates, an
organic impurity, hydrated oxygen complexes, or the chlorinated solvent (TCE). It must be noted,
however, that the photo-induced polaron generation was also observed both in carefully
degassed TCE solutions and in toluene solutions, rendering a participation of the chlorinated
solvent or oxygen in the process less likely. Nevertheless, traces of chlorinated solvent
originating from the synthesis and work-up procedures, oxygen, or other impurities may still be

present in sufficient amount to induce polaron formation.

We performed in situ absorption spectroscopy measurements during the irradiation of
nanowire solutions with white light from a plasma lamp, using a high pass filter to cut off UV
light at wavelengths below 320 nm. The collimated beam of the light was about 4 mm in
diameter and had a power of approximately 40 mW. Nanowire solutions of derivatives TnA3
(n = 3-8) were prepared in deuterated TCE that has a lower absorption intensity in the NIR than
regular TCE. The samples were thermally equilibrated in the dark to suppress the premature
formation of polarons as much as possible, and were then transferred in the dark to a 4 x 10 mm
fluorescence cuvette. The cuvette was placed in a four-way cuvette holder so as to allow for two
illumination channels: white light across the long path of the cuvette to irradiate the whole
sample and record the UV /vis absorption spectra, and NIR irradiation across the short path to

record the NIR absorption spectra.

Allow me to get off subject for the third and last time, so as to fill space. The scientific discussion
will continue after this short excerpt from Alice in Wonderland. “Who are you?” said the
Caterpillar. This was not an encouraging opening for a conversation. Alice replied rather shyly, “I
— [ hardly know, Sir, just at present — at least I know who [ was when I got up this morning, but
[ think I must have been changed several times since then.” “What do you mean by that?” said
the Caterpillar sternly. “Explain yourself!” “I can’t explain myself, I'm afraid, sir,” said Alice,

” o«

“because I'm not myself, you see.” “I don’t see,” said the Caterpillar. “I'm afraid I can’t put it more
clearly,” Alice replied very politely, “for I can’t understand it myself to begin with; and being so
many different sizes in a day is very confusing.” “It isn’t,” said the Caterpillar. “Well, perhaps you
haven’t found it so yet,” said Alice; “but when you have to turn into a chrysalis — you will some
day, you know — and then after that into a butterfly, I should think you’ll feel it a little queer,

won't you?” “Not a bit,” said the Caterpillar. “Well, perhaps your feelings may be different,” said

» o« 1”

Alice; “all [ know is, it would feel very queer to me.” “You!” said the Caterpillar contemptuously.

“Who are you?” Which brought them back again to the beginning of the conversation.

As a representative example, the spectra of T6A3 (Figure 53a) were recorded every 5 s during

3 h of illumination, while a reference sample was kept in the dark during the same time. After
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the excitation period, the white light was turned off, and the decay of the polarons was
monitored for another 48h, using only the NIR source. The combination of the two
measurements allowed us to monitor the time-evolution of the intensity of the polaron
transition P1 during illumination and its subsequent decay in the dark (Figure 53b). Both time-
evolutions could be best fitted with double-exponential functions, indicating that both charge
generation and decay probably proceeded via two mechanistic pathways. A possible explanation
is that the predominant mechanistic pathway may depend on the charge density within the
nanowire. During illumination, a slower polaron generation mechanism would dominate above a
certain density threshold, while a slower decay mechanism in the dark would be prevalent

below a certain threshold.
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Figure 53. a) The formation of polarons in nanowire solutions of T6A3 (c = 1mmol/L) under white light illumination
was monitored by in situ UV/vis/NIR steady state spectroscopy (rainbow colour-code); a reference sample was kept in
dark and measured before and after the experiment (black curves). b) The evolution of the P1 and P1’ transition
intensities was plotted as a function of time during the illumination and the subsequent decay in the dark.

These measurements were executed under the exact same conditions for nanowire solutions of
the whole series of compounds TnA3 (n = 3-8). All derivatives showed double-exponential time-
evolutions, from which two time constants for charge generation r18°" and 7,gen, two decay time
constants tidec and tzdec, as well as a saturation absorption Asa= A(P1)/A(Amax) could be
extracted (Figure 54). The latter normalization was employed in order to obtain a coarse
estimate for the actual number of charges per molecule. For this, the polaron extinction
coefficient was assumed to have, in first approximation, a value close to that of the main UV /vis

band.222.224
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Notably, the rates of polaron generation kjgen=1/7i8en and kpgen=1/7,8n decreased for an
increasing oligothiophene length. The relative absorbed photon fluxes were estimated for each
oligothiophene nanowire solution from their absorption spectra and the emission spectrum of
the plasma lamp. As the relative number of absorbed photons increased within the series T3A3-
T8A3, correcting the measurements for the photon flux would even make this trend more
pronounced. A plausible explanation for the observed trend could be the fact that excited states
of shorter oligothiophenes typically have higher energy levels, from which the activation energy

for a subsequent electron transfer should be reduced.

Remarkably, the saturation absorptions As.: showed a clear odd-even effect with an increasing
number of thiophene units, as nanowires obtained from derivatives with an odd number of
thiophene units accumulated about 2.5 mol% of charge carriers, while 4 mol% of charge carriers
were formed in the case of compounds with an even number of thiophene units. Considering an
intermolecular spacing of 4.6 A along the nanowires, as observed by XRD, a concentration of
charge carriers of 4 mol% would translate into a linear charge density of 8.7 - 105 cm-1. While
this value is still lower than the reported critical charge density of 107 cm-! for a transition to
metallic conductivity,208 it remains impressively high when taking into account the fact that, in
our case, those charge densities were achieved by simple illumination of nanowire solutions

without the use of any strong oxidant as a chemical dopant or electrochemical potential.
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Figure 54. Summary of the dynamics of polaron generaton and decay for the derivatives TnA3 (n = 3-8). a) Both time
constants 79en and t29¢" for charge generation increased for increasing oligothiophene length. b) The maximum
proportion of charges formed under illumination Ase: exhibited an odd-even effect as a function of the number of
thiophenes. ¢) An odd-even effect was also observed for the decay constants, in particular for the tz%c (right).
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Moreover, the decay time constants tidec and tpdec varied from 1h to more than 30 h. The
surprisingly long lifetimes of the polarons may indicate a deep trapping of electrons or a large
stabilization of the positive polarons, for example, due to their delocalization along the
nanowires. Again, an odd-even effect was observed in the evolution of the decay time constants
with an increasing number of thiophene units, as derivatives with an odd number of thiophene
units exhibited slightly longer decay times. The presence of odd-even effects with increasing
number of thiophene rings probably originated from the difference in the symmetry of the
molecule. As an example of a possible explanation, a varying molecular symmetry may result in
different compensations of dipoles of the oligopeptide substituents, which may in turn alter the
internal supramolecular arrangement within the aggregates (e.g., the helicity) and/or the

stability of charged states.

It should further be noted that the evolution of the ratio of the time constants of charge
generation and decay with the number of thiophene units could not be correlated with the
evolution of the saturation absorptions. This may indicate that the latter were not related to a
simple dynamic equilibrium where generation and decay processes compensate each other, but
rather to the intrinsic capacity of the nanowires to accept charge carriers. Hence, the decay
presumably did not result from the reverse electron transfer mechanism, but was rather due to
the reduction from a different species than the electron acceptor of the generation process.
Nonetheless, it is not excluded that the reductive species was the product of chemical reactions

following the initial electron transfer to the acceptor.

3.5 Influence of Oligopeptide Length

Similar illumination experiments were also conducted in order to compare T6A2/T6A3,
T7A2/T7A3, and T8A2/T8A3 (except for using a halogen lamp as the light source, resulting in a
different illumination spectrum, as well as a lower power of around 4 mW). This allowed us to
investigate the effect of the oligopeptide length on the polaron generation and decay (Figure 55).
In this case, faster charge generation rates and slower decay rates were observed for the
respective derivatives comprising di-L-alanine segments, when compared to the counterparts
bearing tri-L-alanines (with the only exception of a faster decay in the case of T6A2, compared
to T6A3). However, the maximum intensity reached under illumination was lower in the case of
di-L-alanines. The stronger aggregation of the tri-L-alanine segments may account for the
observed differences. Finally, it should be noted that, with an illumination power about an order
of magnitude lower as compared to the previous series of experiments, the generation time
constants were indeed about one order of magnitude longer, but the saturation absorptions

were of a similar magnitude. This corroborates the previous notion that the saturation
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absorption did likely not correspond to a dynamic equilibrium between two reverse electron

transfer mechanisms.
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Figure 55. Comparison of the positive polaron generation and decay dynamics between corresponding di- or tri-L-
alanine derivatives. a) Charge generation was faster for di-L-alanine derivatives. b) Higher charge densities could be
reached for tri-L-alanine derivatives. c) Polaron decay in the dark was slower for di-L-alanine derivatives, except for
T6A2.

3.6 Polaron Formation in Nanowires from Achiral Compounds

The formation of polaron-like charge carriers was also observed for the aggregating achiral
derivatives T6G2, T7A0, and T8AO that presumably formed twisted stacks similar to the
corresponding derivatives T6A2, T7A2, and T8A2, but without a homochiral supramolecular
helicity. The same illumination experiments were performed and compared to the results
obtained from the corresponding chiral compounds (Figure 56). In all cases, both generation
and decay were faster, and the saturation absorption was substantially lower for the achiral
derivatives. For instance, T6G2 showed generation rates about three times higher, a saturation
of about one quarter in intensity and decay rates four to five times as fast, as compared to T6A2.
Very similar trends were observed for T7A0 versus T7A2 as well as for T8BAQ versus T8AZ2.
Hence, the absence of homochiral supramolecular helicity, and the supposedly higher degree of
disorder resulted in significantly lower concentrations of charge carriers with significantly

shorter lifetimes within the nanowires.
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Figure 56. The achiral derivatives showed faster generation and decay of charge carriers and a lower saturation
intensity, when compared to corresponding chiral compounds. a) Polaron P1 transition intensity (at 1776 nm) for T6G2
and T6A2 during illumination (left) and in the dark (right). b) Polaron P1 transition intensity (at 2029 nm) for T7A0
and T7A2 during illumination (left) and in the dark (right). c) Polaron P1 transition intensity (at 2022 nm) for T8A0 and
T8A2 during illumination (left) and in the dark (right).

3.7 Conclusions

The use of B-sheet forming oligopeptides was shown to be a useful tool to form well defined
nanowires consisting of a single stack of molecules and featuring a helically twisted, parallel-
displaced arrangement. This supramolecular arrangement of electron-rich chromophores
proved in turn to promote a facile photogeneration of polarons at charge densities close to
106 cm-1 and with unusually long lifetimes of several days. As a result, polaron generation under
illumination and decay in the dark could be straightforwardly monitored by steady-state
spectroscopy for nanowire solutions of the TnAp derivatives. Notably, nanowires from
derivatives comprising even numbers of thiophene units accumulated significantly higher
concentrations of charges. Moreover, the homochiral helix sense in aggregates comprising
oligo(alanine) segments resulted in substantially longer nanowires with a supposedly higher
degree of internal order, which was presumably the reason for their higher polaron
concentrations under illumination and longer lifetimes in the dark. The saturation absorption

under illumination increased even more with the oligopeptide length.
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4 Acceptor-Donor-Acceptor Triad Forming Lamellar Phases

4.1 Introduction

Research in photovoltaic devices is one of the corner stones of solving the problems associated
with the world’s growing energy demand.l? In this context, the use of organic materials
promises a low cost production of large area, flexible, and light devices. In organic photovoltaic
materials, charge generation at the interface between an electron donor and an acceptor
component as well as charge extraction towards the electrodes are the two crucial steps that
determine device performance.334445 Therefore, both a large interface and continuous charge
percolation pathways are essential for an overall efficient energy conversion. Hence, the active
layer morphology is one of the most important parameters determining device performance.9
To this end, simply blending the donor and the acceptor components such that they form an
interpenetrating network called “bulk heterojunction” (BHJ) has been the most successful
strategy to date.!23739 In BH] devices based on an electron donor polymer and a fullerene
acceptor, for instance, the formation of a three-phase system including an amorphous mixed
interphase of the two components plays a major role for their superior efficiency.112-115 However,
the exact structure of BHJs is difficult to control, and they will still contain domains that trap
excitons or charges. Moreover, their kinetically controlled formation results in metastable
morphologies that slowly undergo macrophase segregation, resulting in significantly reduced

device performance over time.12119

Covalently connecting the donor and acceptor components has been explored as an approach to
address these issues.91.127.128 For example, brush copolymers of acceptor moieties grafted to an
electron-rich polymer backbone as the donor component have been referred to as “double-
cables” that transport electrons through the pendant groups and holes through the polymer
backbone. Similarly, dyads or triads of small molecule donors and acceptors have been designed
with the purpose of maximizing the donor/acceptor interface. The intimate mixing of donor and
acceptor moieties in such “molecular heterojunctions” is supposedly related to the mixed phase
observed in polymer:fullerene BHJs. However, typical power conversion efficiencies of devices
using such materials were well below 1%,127.128 and in some cases even significantly lower than
those of the corresponding blends,22” presumably due to the better charge extraction through
larger domains of the pure components. One may conclude that covalently linking the donor and
acceptor components should be complemented with the formation of nanostructures with at
least one extended dimension in so-called “ordered heterojunctions”. In this context, Hashimoto

et al. prepared a fullerene-substituted oligothiophene that formed lamellar phases in thin
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films.228 Geng et al. prepared a liquid-crystalline dyad comprising a fluorene-alt-bithiophene
oligomer and a perylene acceptor that, likewise, self-assembled into lamellar phases.140.142
Tuning the band gap of the donor part and adding a flexible alkyl spacer between the donor and
acceptor to accommodate packing constraints resulted in a power conversion efficiency of
2.7%,143 which represents one of the best values reported for a single-component organic solar
cell but is still low compared to BHJs. This problem has mostly been attributed to the lack of
long-range order; as the lamellar thickness is typically on the order of only a few nanometers, an
increasing number of defects will quickly impede charge transport and favor charge

recombination.

Glass substrate

Figure 57. Molecular design and schematic illustration of lamellar phase enhanced by the phase segregation between
the rigid core and the flexible polymer side chains.

Here, we show that terminally attaching soft polymer segments to an acceptor-donor-acceptor
triad is an excellent way to reliably obtain thin films comprising well-ordered lamellar
nanostructures (Figure 57). This “coil-rod-coil” architecture was chosen because it was expected
to strongly favor microphase segregation into domains with non-curved interfaces. The
resulting confinement of the triad core should consequently promote a packing of the acceptor
and donor segments into separate sublayers. As will be discussed in detail in the following
sections, we chose to investigate the triad (perylene bisimide)-quaterthiophene-(perylene
bisimide) substituted with two differently long poly(isobutylene) (PIB) segments (number-
average degrees of polymerization P, = 9 and 19) that will be named PTP-9 and PTP-19,
respectively. The triads were shown to form lamellar phases, with an “edge-on” orientation of
the layers relative to the substrate. Rubbing and annealing served to achieve a macroscopic
alignment of the lamellar phases. In this context, the longer polymer segments of PTP-19 helped
to improve the degree of long-range order and, moreover, prevented the lamellae to attain a
face-on orientation that was observed in the case of PTP-9 after rubbing and annealing.

Transient absorption studies confirmed that light absorption was followed by charge separation.



86 4 Acceptor-Donor-Acceptor Triad Forming Lamellar Phases

The charges lifetimes were increased in thin films in comparison to solution-phase samples, and
were even higher in the case of PTP-19 than observed for PTP-9. While the present study
represents a first step in studying the effect of introducing phase segregating side chains on the
resulting phase morphology, the ultimate goal is to develop efficient strategies to rationally

strengthen the lamellar phase formation.

4.2 Synthesis and Steady-State Spectroscopy

The synthesis of PTP-9 and PTP-19 started from perylene bisanhydride 31 that was first
coupled to the poly(isobutylene) amines PIBo-NH; 32a and PIB19-NH: 32b, respectively
(Scheme 7). Due to solubility reasons, however, a simple statistical coupling of one equivalent of
the poly(isobutylene) amine to perylene bisanhydride yielded exclusively the symmetrically
disubstituted product. In order to circumvent this issue, 31 was first reacted with propanol in
the presence of a strong base in DMF.229.230 The resulting partially esterified intermediate
became well soluble in DMF and was then statistically reacted in situ with substoichiometric
amounts of poly(isobutylene) amine 32a or 32b. Addition of bromopropane finally yielded the
unsymmetric perylene diesters 33a and 33b, respectively. The latter were subsequently
saponified in acidic conditions, and the resulting perylene monoanhydrides 34a and 34b were
coupled to 2,5”’-bis(2-amino-ethyl)-5,2’:5’,2":5”,2"’-quaterthiophene?’55 in quinoline at 175°C,
yielding the desired triads PTP-9 and PTP-19. Moreover, the poly(isobutylene)-substituted
perylene bisimide 35 and the quaterthiophene 36 (T4A0) were prepared as reference

compounds.155198
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Scheme 7. Synthesis of the poly(isobutylene)-substituted triads PTP-9 and PTP-19. Reagents and conditions: a) (i)
propanol, DBU, DMF, r.t,, 16h; (ii) PIB-NHz, THF, r.t,, 3 d; (iii) bromopropane, r.t., 16 h; b) TsOH - H20, toluene, 95°C, 16 h;
¢) 2,5"”-bis(2-amino-ethyl)-5,2":5’,2”:5"”,2"’-quaterthiophene, Zn(0Ac)z, quinoline, 175°C, 16 h.
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Molecularly disperse solutions of PTP-9 and PTP-19 in o-dichlorobenzene (¢ = 25 pmol/L) were
obtained at 100°C. The UV/vis absorption spectra of these solutions at 100°C (Figure 58a)
resembled a superposition of the absorption spectra of perylene bisimide 35 and
quaterthiophene 36, confirming that no coupling occurred between both chromophores. While
the solutions remained optically clear upon cooling, both blue-shifted H-bands and red-shifted -
bands appeared in the absorption spectra, indicating that the triads started to form
spectroscopic aggregates. The H-bands of the perylene bisimide chromophores presumably
overlapped with the quaterthiophene absorption, so that the contribution of the latter became
impossible to distinguish. Thin film samples of PTP-9 and PTP-19 were prepared on glass slides
by doctor-blading from o-dichlorobenzene solutions (c=5 mg/mL) at 180°C. As no thermal
transitions were observed in differential scanning calorimetry up to temperatures of 380°C
except for the poly(isobutylene) glass transition at around -60°C, absorption spectra of the thin
films were recorded over a temperatures range of 25-300°C (Figure 58b). The shape of the
spectra persisted up to temperatures of about 175°C, with only a small intensity decrease of the
absorption at 467 nm. Above that temperature, the shape of the absorption changed, as the
bands at about 460 nm and 610 nm disappeared, and new maxima at 509 as well as 542 nm
emerged. For this reason, we chose to subject film samples to further treatments at

temperatures above 175°C.
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Figure 58. a) The UV/vis absorption spectrum of PTP-19 in o-dichlorobenzene (¢ = 25 umol/L) at 100°C (red) was a
superposition of the contributions of perylene bisimide and quaterthiophene chromophores, as seen from a comparison
to the UV/vis spectra of molecularly disperse solutions of the reference compounds 35 and 36 (red, dashed). Upon
cooling to 20°C (blue), the triad formed spectroscopic aggregates, showing both H- and J-bands of the perylene bisimide.
b) The shape of the UV/vis absorption spectra of PTP-19 in thin films remained almost unchanged upon heating from
25°C (blue) to 175°C (purple), but underwent significant changes upon further heating to 300°C (red).

4.3 Alignment and Thin Film Morphology

In order to produce macroscopically aligned samples, the thin film samples were then subjected

to mechanical rubbing with a rotating cylinder covered with a cloth at a substrate temperature
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of 200°C in an inert atmosphere, followed by thermal annealing at 300°C, in collaboration with
Dr. Martin Brinkmann at Charles Sadron Institute, Strasbourg. After the alignment procedure,
the thin films were strongly birefringent according to polarized optical microscopy, with a
transmission maximum when the crossed polarizers were oriented at 45° relative to the rubbing
direction, and a total extinction across the whole sample at 0°/90° orientation (Figure 59a). This
finding was an indication for a homogeneous alignment over a length scale of centimeters.
Moreover, polarized UV /vis absorption spectroscopy of PTP-9 revealed a dichroic ratio of 6.4
for the absorption band at 558 nm, with a maximum absorption when the polarizer was
oriented parallel to the rubbing direction (Figure 59b). PTP-19 showed similar absorption
spectra under polarized light, but exhibited a lower dichroic ratio of 2.4. A lower ratio could
come from a lower degree of orientational order or an increased angle of the chromophores
relative to the rubbing direction, in case two equivalent orientations of opposite angle are

possible.

a)

30 400 500 600 700 800nm

Figure 59. Aligned thin films of PTP-9 showed birefringence and dichroism. a) Polarized optical micrographs showed a
strong birefringence when the rubbing direction (white arrows) was oriented at 45° relative to the crossed polarizers,
and no transmission the rubbing direction was perpendicular to one of the polarizers (inset). b) Polarized UV/vis
spectra revealed an absorption maximum at 558 nm with a maximum intensity when the incident light was parallel to
the rubbing direction.

We confirmed the presence of lamellar nanostructures in the rubbed thin films with
macroscopically aligned lamellae oriented vertical to the substrate by a combination of small-
angle X-ray scattering (SAXS), wide-angle X-ray scattering (WAXS), transmission electron
microscopy (TEM), and atomic force microscopy (AFM). SAXS measurements on bulk samples of
PTP-9 exhibited series of peaks with a ratio of reciprocal spacings of qi:q2:qz = 1:2:3, as is
characteristic for lamellar phases (Figure 60). For PTP-19, a ratio of qi1:q2:q3:qs = 1:2:3:4 was
observed, with the g3 reflection hidden in the flank of the next reflection. The main reflections
corresponded to lamellar periodicities of 6.40 (PTP-9) and 7.47 nm (PTP-9), which is smaller

than the respective molecular lengths of 10 and 13 nm, considering the poly(isobutylene)
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segments assumed its preferred 83 helical conformation.2% Since the significantly larger cross-
sectional areas of the poly(isobutylene)s (36 A2)209 as compared to the perylene bisimide
(28 A2)144 and quaterthiophene segments (21 A2)199 render an interdigitation of the former
unlikely, this finding would imply that the different segments assume tilt angles relative to the
layer normal. WAXS measurements revealed reflections at 3.8 and 7.9 A, which were attributed
to m-m stacking and a packing distance typically observed for perylenes. A broad reflection was
observed with an apparent maximum at 6.7 A and comprised at least the polymer reflection

centered at around 6 A.152.231
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Figure 60. X-ray scattering of the triads PTP-9 and PTP-19 revealed lamellar structures in the bulk. a) In the small-
angle region, lamellar phase resulted in a reciprocal spacing ratio of q1:q2:q3 = 1:2:3 and a periodicity of 6.4 nm for PTP-
9, and q1:q2:q4 = 1:2:4 and a periodicity of 7.5 nm for PTP-19. b) In the wide-angle region, a m-m stacking distance of
3.78 A and additional spacings at about 7.9 and 6.7 A (that included at least the polymer reflection at about 6 A) could be
distinguished. The reflection at 9.45 A for PTP-9 probably originates from an impurity.

Further investigation of the thin film nanomorphology by transmission electron microscopy
confirmed the formation of lamellar phases. After doctor blading but before annealing, the thin
films of both PTP-9 and PTP-19 showed stripes with a periodicity of about 7 nm (Figure 61a, b).
Since this periodicity was in excellent agreement with the SAXS data, one can unambiguously
attribute the observed stripes to lamellae oriented normal to the substrate, with the contrast in
the bright-field TEM images originating from domains of the triad cores comprising the sulfur
atoms versus the peripheral isobutylene layers. For PTP-19 with its longer polymer side chains,
these stripes appeared to be locally aligned with a longer range order, indicative of aligned
smectic lamellar phases. After rubbing and annealing of the samples, the lamellae of PTP-19
were homogeneously aligned parallel to the rubbing direction over the whole film (Figure 61d),

with an azimuthal orientation distribution of about 20°. In the case of PTP-9, the lamellar
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orientation of the rubbed films changed after annealing at 300°C, from an “edge-on” to a “face-
on” orientation. The change in orientation of the lamellae is visible in the bright-field TEM
images showing a characteristic terraced morphology (Figure 61c). This reorientation and its
dependence on the molecular length is similar to what had been observed for other perylene

bisimide co-oligomers.232

2)PTPO as deposited o b) PTP-19 as deposited

¢) PTP-9 rubbed & annealed | PTP-19.1ubbed & annealed

Figure 61. Transmission electron microscopy of the triads PTP-9 and PTP-19 revealed stripes or terraces that were
attributed to lamellae oriented edge-on or face-on relative to the substrate. a) Films of PTP-9 deposited by doctor-
blading revealed stripes with a periodicity of about 7 nm. b) doctor-bladed films of PTP-19 showed a higher degree of
long range order. c) Upon rubbing and annealing films of PTP-9, the lamellae changed their orientation to a face-on
orientation, resulting in terraces. d) This reorientation did not occur for PTP-19 with longer side chains, which still
showed stripes aligned by the rubbing process.

Atomic force microscopy (AFM) of rubbed films confirmed the TEM observations. AFM phase
images of rubbed and annealed samples of PTP-9 exhibited terraces characteristic of flat-on
lamellae, of which the step height could not be determined from the corresponding height
images, probably due to the soft nature of the poly(isobutylene) segments (Figure 62a). By
contrast, the phase images of PTP-19 thin films revealed a pattern of darker and lighter stripes
with a periodicity of about 7 nm, presumably originating in the phase-segregated “harder” triad
cores and the “softer” polymer segments exposed to the surface in the case of vertically oriented

lamellae (Figure 62b).
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a) PTP-9 rubbed & annealed b) PTP-19 rubbed & annealed Height

Figure 62. AFM imaging confirmed the lamellae were oriented a) face-on for PTP-9 and b) edge-on for PTP-19. Rubbing
direction is vertical in both cases.

Electron diffraction of the aligned thin films in collaboration with Dr. Martin Brinkmann allowed
us to obtain more insight into the molecular arrangement within the layers (Figure 63). In
agreement with the distances obtained from XRD, PTP-19 showed reflections corresponding to
distances of d = 7.93, 6.68, and 3.66 A. The latter was tentatively attributed to the m-m stacking
distance of the aromatic core segment and their orientation relative to the rubbing axis
suggested that the perylene was aligned along the rubbing axis with an azimuthal orientation
distribution of #15°. PTP-9 that formed terraces consisting of lamellae oriented flat-on showed
a similar diffraction pattern. However, the reflection at 3.78 A was less intense and the one at
7.99 was more pronounced. By tilting the same sample by an angle of 23° around the rubbing
axis, the diffraction pattern was comparable to that of PTP-19 and showed a very intense
reflection at 3.77 A. Moreover, the diffraction patterns appeared sharper for PTP-9 with shorter

side chains, which indicated a higher level of crystalline order as compared to PTP-19 thin films.

) PTP-9, 23°tilt

Figure 63. Electron diffraction patterns of aligned films. a) PTP-19 showed reflections at 7.93, 6.68, and 3.66 A
corroborating the distances observed in X-ray diffraction. b) The diffraction pattern of PTP-9 appeared sharper; the
reflection at 3.78 A was less intense and the one at 7.99 was more pronounced. ¢) The diffraction pattern obtained by
tilting the PTP-9 sample grid to 23° around the rubbing axis resembled that of a), showing an intense band at 3.77 A.
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To summarize, the polymer-substituted triads PTP-9 and PTP-19 formed lamellar phases.
Within these lamellae, the m-conjugated cores adopted a parallel-displaced m-m stacked
arrangement with a tilt angle relative to the layer normal, serving to achieve a molecularly dense
packing and compensate the large difference in the cross-sectional areas of the core and the

attached polymer segments.

4.4 Charge Generation under Illumination

Solutions of PTP-19 in tetracholorethane (TCE; ¢ = 10 pmol/L) thermally equilibrated at 100°C
for 1 min, as well as solutions of a mixture of the reference compounds 35/36 (2:1) at the same
concentration of chromophores remained molecularly disperse for several hours at room
temperature, according to UV/vis spectroscopy (Figure 64). However, while the emission
spectrum of the mixture at an excitation wavelength of 400 nm was a superposition of the
spectra of the two chromophores, the emission spectrum of PTP-19 resembled the emission of
the perylene bisimide alone, but with its intensity quenched by 99%. The absence of any
quaterthiophene emission feature in the emission spectrum of PTP-19 suggested an efficient
energy transfer from the quaterthiophene to the perylene moiety, and the fluorescence

quenching can be seen as an indication of a subsequent charge separation.
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Figure 64. The emission spectrum of the triad PTP-19 (orange dashed curve) was identical to the emission of the
perylene 35. However, compared to the mixture 35/36 (2:1), with the same composition of the individual
chromophores, fluorescence was quenched to more than 99% (inset). In comparison with the mixture, the absence of
quaterthiophene emission feature in the emission of the triad PTP-19 suggested an energy transfer to the perylene
moiety.

In order to verify this hypothesis, transient absorption (TA) spectroscopy was performed in
collaboration with Dr. Natalie Banerji at EPFL, Lausanne, on the triad PTP-19, the individual
reference molecules 35 and 36 as well as their mixture 35/36 (2:1), both in molecularly

disperse solutions in TCE and in thin films. Since the absorption bands in the solution-phase
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spectra were well separated, the perylene bisimide moieties could be exclusively excited at
530 nm, while mostly the quaterthiophene chromophores were excited at 390 nm. Exciting the
perylene 35 or the mixture 35/36 (2:1) at 530 nm yielded identical TA spectra that showed the
ground state bleaching, the stimulated emission, and the absorption of the excited perylene
bisimide in the S; state and did not change on the experiment time scale of 1 ns (Figure 65b).
Similarly, the TA spectra of the mixture 35/36 (2:1) excited at 390 nm were comparable to
those of the pure quaterthiophene 36 as they showed the transition of the excited
quaterthiophene from the singlet to the triplet state with a time constant of 400 ps
(Figure 65d, e). The mixture exhibited an additional small contribution of the TA spectrum of 35
that also had a UV /vis absorption at 390 nm. Thus, one can conclude that a quaterthiophene and
a perylene bisimide chromophore that are not covalently bonded to one another do not exert an
influence on their respective transient absorption spectra at the employed concentration

(c =10 pmol/L).

By contrast, the initially formed perylene bisimide in the S; state was quenched within a few
picoseconds in the case of the triad PTP-19 (Figure 65c). We thus first observed a decrease of
the stimulated emission that was associated to the formation of two new bands at 690 and
717 nm that can be attributed to a quaterthiophene radical cation and a perylene radical anion,
respectively.139.219 Afterwards, the ground state bleaching and both peaks of the charged species
decreased to zero. In this process, charge separation by hole transfer from the S; state of the
perylene bisimide to the quaterthiophene and charge recombination occurred and were
correlated to time constants of 5 and 27 ps, respectively, as deduced from multi-exponential
global fitting analysis. It should be noted that a small, long-lived photoabsorption at about
710 nm was observed that was tentatively attributed to small amounts of 35 as an impurity in
the sample. Upon excitation at 390 nm, the triad PTP-19 also did not exhibit any feature of
quaterthiophene in the singlet or triplet state (Figure 65f). The TA spectra instead revealed the
excited perylene bisimide in the S; state, from which charge separation and recombination
occurred with similar time constants as after excitation at 530 nm. The relative contribution of
the excited perylene bisimide was now significantly larger than in the case of the mixture 35/36.
Consequently, this contribution could not be explained in this second case by the absorption of
the perylene bisimide at 390 nm alone, and suggested a fast Forster energy transfer from the
excited quaterthiophene to the perylene bisimide occurred with a time constant below the

resolution of the experimental setup.
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Figure 65. Transient absorption spectroscopy of the triad PTP-19 in solution revealed charge separation and
recombination upon light absorption. a) TA spectra of 35 excited at 530 nm showed the typical ground state bleaching,
stimulated emission, and photoinduced absorption of the perylene in the S1 state. b) TA spectra of a mixture 35/36 (2:1)
excited at 530 nm showed the perylene in the S1 state without any influence of the quaterthiophene 36. c) TA spectra of
PTP-19 excited at 530 nm (left): from the perylene in the S1 state (orange curve), charged species formed (green curve),
and recombined to the ground state (purple curve); the corresponding global fitting analysis (right) correlated charge
separation to a time constant of 5 ps (orange curve) and recombination to a time constant of 27 ps (green curve). d) TA
spectra of 36 excited at 390 nm showed the quaterthiophene in the S: state, which evolved to the triplet state with a
time constant of 400 ps. e) TA spectra of 35/36 (2:1) excited at 390 nm were similar to d), with an additional
contribution from the perylene in the S: state since it is absorbing as well at 390 nm; no influence of the perylene on the
excited quaterthiophene was observed. f) TA spectra (left) and the corresponding global fit (right) of PTP-19 excited at
390 nm were almost identical to b), showing that an energy transfer from the quaterthiophene to the perylene occurred
faster than the resolution of the experimental setup.

Transient absorption measurements were then conducted on thin films obtained by drop-
casting from TCE solutions. Upon irradiation at 530 nm, only the perylene moiety was excited.
As had been the case for the solution-phase samples, the TA spectra of 35 and the mixture
35/36 (2:1) were identical, showing the ground state bleaching in the 420-570 nm region, the
stimulated emission at 560 nm, and a broad photo-induced absorption visible in the region
above 600 nm (Figure 6643, b). The decay of these three features was associated to the same time
constants and thus correlated. At an excitation wavelength of 390 nm, a more significant amount
of the perylene was excited in addition to the quaterthiophene, as compared to the solution-
phase samples, since the perylene absorption in the aggregated form significantly extended to
the blue. TA spectra of films of the mixture 35/36 (2:1) (Figure 66e) appeared like the
superposition of the TA spectra of 35 (Figure 66d) and 36 excited at the same wavelength. The
ground state bleaching, stimulated emission, and broad photo-induced absorption of the
perylene was superposed with the broad photo-induced absorption of the quaterthiophene that

featured a maximum at around 700 nm. On the other hand, the TA spectra of the triad PTP-19



4 Acceptor-Donor-Acceptor Triad Forming Lamellar Phases 95

excited at either 530 or 390 nm were very similar to one another and showed a different
evolution than the reference mixture (Figure 66c, f). The initial excited state featured the ground
state bleaching below 560 nm, the stimulated emission at 560 nm, and a broad photo-induced
absorption with a peak at around 710 nm. The latter peak was reminiscent of the absorptions of
the charged species in solution and thus tentatively attributed to charged species in the solid
state. The initial increase of this peak was correlated to a decrease of the stimulated emission,
associated to a time constant of 1-2 ps, and attributed to charge separation. It should be noted
that the global fitting analysis revealed a simultaneous increase of the ground state bleaching
(peaks around 440 and 470 nm) correlated to the same time constant of 1-2 ps (Figure 66c, f;
right). A possible explanation of this phenomenon would be the migration of the exciton to
regions where the absorption coefficient of the perylene is different due to disorder within the
film, which supposedly occurred at a time constant similar to the charge separation. Finally, the
decay of the ground state bleaching and the peak at 710 nm was attributed to charge
recombination occurring with a time constant of about 150 ps according to the global analysis.
Differently from the solution-phase spectra, however, the system did not completely return to
the ground state. Instead, a broad absorption peak at 710 nm persisted on the experiment time

scale of 1.5 ns, suggesting the formation of long-lived charge carriers in the thin film samples.
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Figure 66. Transient absorption spectroscopy in thin films of PTP-19 showed a slower charge recombination than in
solution and the eventual formation of long-lived charge carriers. a-b) TA spectra of the perylene 35 alone and of the
mixture 35/36 (2:1) excited at 530 nm were identical. ¢) TA spectra (left) and the corresponding global fitting analysis
(right) of PTP-19 excited at 530 nm showed the formation of charged species with an absorption peak at around
710 nm; charge separation and recombination occurred with time constants of 1 and 140 ps, respectively; long-lived
charge carriers were formed. d) TA spectra of 35 excited at 390 nm. e) TA spectra of 35/36 (2:1) excited at 390 nm
looked like a superposition of the spectra of both pure compounds excited at the same wavelength. f) TA spectra (left)
and the corresponding global fitting analysis (right) of PTP-19 excited at 390 nm were comparable to b).
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The TA spectra of thin film samples of PTP-9 were qualitatively identical to those of PTP-19. A
detailed comparison of the time evolution of the TA intensity at 710 nm, however, showed that
the charge-separated species were slightly more long-lived for PTP-19 than for PTP-9
(Figure 67a). While the difference was small, it may still indicate that the higher degree of
nanostructural order of PTP-19 was beneficial for charge delocalization and stabilization.
Furthermore, the anisotropy of the charged species at 710 nm was evaluated on films of PTP-9
that had been excited at 530 nm (Figure 67b). As expected, films before alignment by rubbing
showed an anisotropy coefficient lower than 0.4, while aligned films had a coefficient well above.
For the non-aligned film, the anisotropy was stable over the timescale of the experiment, which
indicated that the charged species did not travel from across domain boundaries and kept their

(local) alignment.

In summary, TA spectroscopy confirmed that charge separation occurred in the triads PTP-9
and PTP-19 upon light absorption. The initial charge separation process involved the excited
state of the perylene bisimide moiety, which could be accessed either by direct excitation or by
energy transfer from the excited quaterthiophene moiety. Charge generation was found to be
faster and charge recombination slower in thin films as compared to solution-phase samples.
The faster charge separation was presumably due to the closer proximity of the chromophores
in the solid state, while the slower recombination and especially the formation of long lived
charged species was most likely due to the higher stability of charges delocalized in stacks of the
triad.
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Figure 67. a) Comparison of the dynamics (dashed curves) and the corresponding fit (solid curves) showed that
recombination was slower in films compared to solutions, and films made from PTP-19 showed a slightly slower
recombination as compared to PTP-9. b) Anisotropy was calculated at 710 nm and after excitation at 530 nm; aligned
films showed an anisotropy well above that of non-aligned films; the stability of the anisotropy for non-aligned films
suggested that charges did not travel between domains within the 1.5 ns timeframe of the experiment.
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4.5 Conclusions

We prepared a perylene-quaterthiophene-perylene triad substituted with poly(isobutene)
chains that served to induce the reliable formation of lamellar phases by means of the phase
segregation between the rod-like triad core and the attached random coil polymers. In thin films,
the triads indeed gave rise to lamellar structures that could then be aligned by rubbing and
annealing. The longer side chains of the derivative PTP-19 helped to increase the long-range
order and maintain an “edge-on” orientation of the lamellae relative to the substrate after
rubbing and annealing. In solution, the fluorescence of the triad PTP-19 was quenched to more
than 99% compared to the mixture 35/36 (2:1). Transient absorption measurements confirmed
that fluorescence quenching was due to charge separation between the perylene and
quaterthiophene moieties, followed by recombination. In thin films, this recombination was
slower, and long-lived charged species were observed, presumably due to stabilization through
delocalization in stacks of the chromophores. The stable anisotropy factor recorded for
nonaligned films suggested that charges do not travel across domain boundaries within the
1.5 ns of the experiment. In this way, the higher degree of long-range order in films of PTP-19
should enhance charge stabilization, and was likely responsible for the even slower charge

recombination compared to films of PTP-9.

An investigation of photovoltaic devices from these materials was beyond the scope of the
present study, in particular, because it would have required using a more promising donor
segment than the quaterthiophene. Nevertheless, our investigations demonstrate that the
terminal attachment of soft polymer segments to a triad system represents a viable concept to
prepare triad-based materials with a phase morphology suited for an ordered heterojunction,

and that this morphology was beneficial for the stabilization of charge carriers.
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5 Final Conclusions and Outlook

In present thesis, 1D and 2D organic semiconductor nanostructures were prepared from
nanowire-forming oligothiophenes with oligopeptide-polymer substituents and an acceptor-
donor-acceptor triad functionalized with flexible polymer chains, respectively. Their structural
features and spectroscopic properties were characterized in detail, and their interaction with

light was investigated.

To this end, soluble oligothiophene precursors with terminal chlorendylimidyl active esters as
temporary protecting groups were prepared with the purpose of developing a straightforward
divergent synthesis for functionalized oligothiophenes. The sterically demanding
chlorendylimide group increased the solubility of all derivatives and, at the same time, enhanced
the crystalizability of all intermediates. The synthetic procedures were consequently greatly
simplified. Furthermore, the active ester allowed for a straightforward removal of the
solubilizing group by direct coupling to a free amine. We used this approach to prepare a large

library of oligothiophenes carrying polymer-oligopeptide substituents.

The obtained oligothiophenes derivatives gave rise to well-defined organic nanowires by
solution-phase self-assembly. The molecular chirality of the oligopeptide segments was
translated into a supramolecular helicity that, in combination with the peripheral polymer
attachment, served to prevent lateral interaction. Consequently, the nanowires comprised a
helically twisted stack of cofacial and parallel-displaced oligothiophenes at their core. These
features were presumably responsible for the facile photo-generation of delocalized polaron-like
charge carriers with lifetimes of several days and up to charge densities of 4 mol%, even in the
absence of a strong oxidant as a chemical dopant or an electrochemical potential. This allowed
us to monitor the charge generation under white light illumination and the subsequent decay in
the dark with simple steady-state spectroscopy. Although the built-up of the charges was slow
(minutes to hours), as compared to the transient phenomena observed in P3HT or bulk-
heterojunctions, supramolecular helicity may be regarded as a morphological feature to stabilize

charge carriers and sustain high charge densities.

In the case of the acceptor-donor-acceptor triad, the terminal polymer attachment served to use
coil-rod-coil microphase segregation as a tool to reliably form lamellar phases suitable for
photovoltaic applications. We showed that a derivative bearing longer polymer substituents
exhibited a higher degree of long-range order, combined with a more robust edge-on orientation
of the lamellae and, as a consequence, a slower recombination of the photogenerated charges.
The proposed strategy might therefore be useful for other donor-acceptor systems more suited

for a use in organic solar cells.
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Several interesting aspects need to be addressed in future work:

* An identification of the electron acceptors in the polaron generation mechanism within
the nanowires would help to improve our understanding of the exact relation between
molecular design, supramolecular morphology, and opto-electronic properties. For this
purpose, triplet sensitization experiments could serve to assess the role of the
oligothiophene triplet state in the plaron generation. Moreover, the impact of the
addition of an electron acceptor with known energy levels, in solution or attached to the

oligopeptide substituents, onto the generation and decay kinetics could be investigated.

* (Characterization of the transport of the polarons generated within the nanowires is
certainly of great significance. In this regard, temperature-dependent ESR
measurements are already being carried out in our group. Additionally, field-effect
transistor behavior would be of high interest and temperature-dependent macroscopic
conductivities should provide precious information on the nature of the hole transport
within the nanowires. Furthermore, the high charge densities already observed by
simple illumination may be increased even further in field-effect transistors with a high
dielectric capacitance. Ultra-high charge densities under strict 1D confinement might

result in unexpected features.

* The use of the polymer-substituted triad in an organic photovoltaic device will certainly
require the replacement of the quaterthiophene by a better donor segment. It may also
be beneficial to employ a donor-acceptor-donor sequence to better balance both
components. Furthermore, in order to avoid the use of an inherently inactive material,
the flexible aliphatic polymer chains could be replaced by an amorphous donor polymer

such as a poly(triarylamine).

* Finally, by analogy to the polymer:fullerene bulk-heterojunctions where charges were
shown to be generated in the mixed interphase and extracted via the pure domains, it
would probably be beneficial to design a triad where the two functions of charge
generation and extraction are fulfilled by different molecular segments. Thus, one can
imagine using electron-rich and electron-poor m-conjugated moieties with excellent
charge transport properties, separated by a chromophore that exhibit a strong and
broad absorption and efficiently splits excitons. For this purpose, a chromophore with a
‘donor-acceptor polarity’ such as merocyanines could be considered. Indeed, the latter
showed outstanding power conversion efficiencies in single-junction solar cells,
presumably due to their still good ability to split excitons, even in the absence of a

donor-acceptor interface.233.234
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6.1 Instrumentation and Methods

Atomic Force Microscopy. Thermally annealed solutions of TnAp in TCE (c = 1mmol/L) were
diluted to a concentration of 5 pmol/L, then drop-cast onto a mica substrate, and gently dried in
an argon flow. Thin films of the triads PTP-9 and PTP-19 obtained in the course of the TEM
investigations were measured directly. The samples were analyzed in tapping mode using a
Nanoscope Illa (Veeco Instruments Inc., Santa Barbara, USA) instrument at room temperature in
air. Cantilevers with a resonance frequency on average of fo = 325 kHz and k=40 N/m were

used. Scan rates between 0.5 and 2 Hz were applied, the image resolution was 512x512 pixels.

In Situ UV/vis/NIR Absorption Spectroscopy. A solution of TnAp in deuterated
tetrachloroethane (TCE-d2, ¢ =1 mmol/L) was degassed by three freeze-pump-thaw cycles,
shielded from light with aluminium foil, and annealed following the corresponding protocol
described in Section 6.2. A volume of 400 pL. was subsequently transferred into a 4 x 10 mm
quartz fluorescence cuvette (Hellma). In order to avoid light exposure during sample handling,
sample transfer was carried out under low intensity red light, and all sample containers were
wrapped in aluminium foil. The cuvette was subsequently placed in a four-way cuvette holder
(Ocean optics, cuv-all-uv) to allow for two illumination channels, white light and NIR. As a fiber-
coupled white-light source, either a plasma lamp (Energetiq, LDLS EQ-99-FC) or a custom-built
set-up with a 100 W halogen lamp (Osram) were used, resulting in light powers of 40 or 4 mW,
respectively, along the long path of the cuvette with a collimated beam diameter of 4 mm in both
cases. The strong UV light of the plasma lamp was blocked with a 320 nm longpass Schott glass
filter. A HL200-FHSA halogen lamp from Ocean Optics with a 1000 nm longpass colored glass
filter was employed as a separate NIR source to measure absorption spectra across the short
path of the cuvette. Spectra in the UV /vis (Ocean Optics, QE-65000) and NIR (Ocean Optics, NIR-
Quest) regions were recorded every 5 s for 3 h in the case of the plasma lamp, and every 15-60 s
for 15 h in the case of the halogen lamp. To monitor the decay in the dark, the white light source

was turned off, and NIR spectra were recorded every 1-2 min for 48 h.

IR, UV/vis/NIR, and CD Spectroscopy. Solution-phase IR spectra (¢ = 1 mmol/L in TCE) were
recorded on a Jasco FTIR 6300 spectrometer using a solution-phase cell with KBr windows and a
path length of 500 um. Solution-phase UV/vis/NIR spectra (c = 0.1 or 0.5 mmol/L in TCE) were
recorded on a Jasco V-670 spectrometer using a Hellma quartz cuvette with 1 mm path length.
Solution-phase CD spectra (c = 0.1 mmol/L in TCE) were recorded on a Jasco J-815 spectrometer

using a Hellma quartz cuvette with 1 mm path length. Both the UV /vis and the CD spectrometers
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were equipped with a Jasco ETCR-762 temperature controller connected to a Jasco MCB-100
mini circulation bath. The resolution was set to 1 nm for both UV/vis and CD spectroscopy.
Spectroscopy-grade solvents were used for all spectroscopic investigations. UV/vis spectra of
thin films of the triads PTP-9 and PTP-19 obtained in the course of the TEM investigations, on

glass or fused silica substrates, were measured directly.

Mass Spectrometry. Mass Spectra were recorded at the Mass Spectrometry Service of EPFL on
either a Waters Q-TOF Ultima for ESI-TOF, a Shimadzu Biotech AXIMA Performance for MALDI-
TOF, or on a Thermo Scientific LTQ FT-ICR MS for APPL.

NMR Spectroscopy. 'H and 13C NMR spectroscopy was carried out on Bruker Avance 400 or 600
spectrometers operating at frequencies of 400.13 MHz or 600.13 MHz for !'H nuclei, and
100.62 MHz or 150.91 MHz for 13C nuclei, respectively. Deuterated solvents were purchased
from Cambridge Isotope Laboratories, Inc. The spectra were calibrated to the respective residual
proton peaks of the deuterated solvents (1H NMR: 7.26 ppm CDCls, 2.50 ppm DMSO-ds, and 6.00
ppm for TCE-d»; 13C NMR: 77.00 ppm for CDCl3, and 40.45 ppm for DMSO-d¢). Data are reported
as follows: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet). Coupling constants J are
reported in Hz. The coupling patterns and coupling constants were evaluated with Mestrenova

NMR data processing.

SAXS and WAXS. Measurements were performed in collaboration with Dr. Sandor Balog at the
Adolphe Merklé Institute, Fribourg with a NanoMax-1Q camera (Rigaku Innovative Technologies,
Auburn Hills, USA). The samples were kept in vacuum at room temperature during the
measurements. The scattering data were presented as a function of the scattering vector

modulus q = 4m/A sin(6/2), where 6 is the scattering angle and A is the photon wavelength.

Thin Film Rubbing, Transmission Electron Microscopy, and Electron Diffraction. Those
thin film rubbing, transmission electron microscopy (TEM), and electron diffraction (ED)
experiments were performed in collaboration with Dr. Martin Brinkmann at the Institut Charles
Sadron, Université de Strasbourg. Thin film samples were prepared by doctor-blading from
sample solutions in ortho-dichlorobenzene (c = 5 mg/mL) on a clean glass substrate maintained
at 170°C. The thin films were subsequently rubbed with a microfiber fabric in an inert
atmosphere. The rubbing apparatus consisted of of a rotating cylinder (4 cm diameter) covered
by a microfiber cloth. The rubbing was performed in a glove box by applying the rotating
cylinder with a 2 bar pressure on the translating sample holder (1 cm/s) such that it took
accordingly 5 s to align a 5 cm long film. The sample holder was heated to 200°C during the
rubbing process and the temperature was allowed to equilibrate for 1-2 min before rubbing.
One rubbing cycle corresponded to a rubbing length (i.e. the length of the rubbing tissue applied

at a given point of the sample) of 50 cm. The films were finally annealed in a nitrogen flow by
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heating the sample to 300°C for 5 min and cooling to room temperature at a rate of 10°C/min.
Areas for TEM analysis were identified by optical microscopy (Leica DMR-X microscope). The
thin film samples for TEM imaging were coated with a thin amorphous carbon film and removed
from the glass substrate by floating on a diluted aqueous HF solution (10 wt %) and subsequent
recovery on TEM copper grids. TEM imaging was performed in bright field, high resolution and
diffraction modes using a CM12 Philips microscope equipped with a MVIII (Soft Imaging System)

charge coupled device camera.

Transient Absorption Spectroscopy. Transient absorption (TA) spectroscopy was carried out
in collaboration with Dr. Natalie Banerji at EPFL, Lausanne. Transient absorption spectra were
recorded using femtosecond pulsed laser pump-probe spectroscopy. The sample solutions were
placed into a 1 mm cell and constantly bubbled with argon gas to provide stirring and prevent
degradation by oxygen. For the thin film measurements, the samples were mounted in a custom-
built sample chamber filled with argon to avoid sample degradation. The probe beam consisted
of a white light continuum (350 nm- 950 nm), generated by passing a part of the 780 nm
amplified 1kHz Ti:sapphire output (Clark-MXR, CPA-2001) through a 5 mm CaF; plate. The
remaining intensity of the fundamental was removed by a 750 nm low pass filter. Excitation
pulses at 390 nm were generated by frequency doubling of the fundamental of the laser.
Excitation pulses at 540 nm were generated in a custom-built NOPA. The probe intensity was
always less than the pump intensity, and the probe spot size was chosen to be much smaller
than the pump spot size to allow for a homogeneous excitation over the probed area. The pump
pulses were delayed with respect to the probe pulses using a computerized translation stage.
The probe pulses were split before the sample by means of a beamsplitter into a signal
(transmitted through the sample) and a reference beam. The probe signal and reference beams
were detected separately using a pair of 163 mm spectrographs (Andor Technology, SR163)
equipped with 512 x 58 pixel back-thinned CCDs (Hamamatsu S07030-0906) and assembled by
Entwicklungsbiiro Stresing, Berlin. The pump beam was chopped as half the amplifier frequency
to improve the sensitivity of the set-up. The transmitted intensity of the probe beam was
recorded shot by shot and corrected for laser intensity fluctuations using the reference beam.
The transient spectra were averaged at each delay until the desired signal-to-noise ratio was
achieved (3000 times). To avoid polarization effects, the relative polarization of the probe and
pump pulses was set to the magic angle. All spectra were corrected for the chirp of the white-

light probe.

6.2 Synthesis Procedures and Analytical Data for Compounds

Materials. 5-5""-Bis(2-amino-ethyl)-2,2’:5’,2":5”,2"”-quaterthiophene dihydrochloride and PIB-
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PBI-PIB 35 were synthesized as published previously.!55198 Poly(isobutylene) amine (PIB-NH3)
with an average degree of polymerization P, =17 was obtained from BASF (Kerocom™ PIBA)

and separated from side products (~50 wt%) by column chromatography. All other reagents,

including chlorendic anhydride 1, 2,5-bis(tributylstannyl)-thiophene 11, and perylene
bishanydride 31 were purchased as reagent grade from commercial sources and used without
further purification. THF, chloroform, dichloromethane, and methanol were purchased as
technical grade and distilled once prior to use. Thin layer chromatography (TLC) analyses were
performed on TLC plates from Merck; UV-light (254 or 366 nm) or standard coloring reagents
were used for detection. Column chromatography was conducted on Geduran® Silica gel Si 60
from Merck (40-60 um). Spectroscopy-grade solvents were used for all spectroscopic

investigations.

Chlorendic hydroxylimide 2. Hydroxylamine hydrochloride (18.7 g, 269 mmol) was added to a
solution of potassium carbonate (18.6 g, 134 mmol) in water (800 mL). After stirring for 5 min,
chlorendic anhydride 1 (100 g, 269 mmol) was added. The resulting mixture was heated to
reflux (130°C) for 24 h and then cooled to 0°C. The obtained precipitate was filtered off, washed
with water, dried in an air flow and then in vacuo to afford 2 as a grey powder (96.0 g, 92%) that
can directly be used for subsequent reactions, or further be purified by fractionated
recrystallization from MeOH to obtain a white solid (73 g, 70%). Crystals of 2 suitable for single
crystal X-ray analysis were obtained by slow recrystallization from THF solutions after the

addition of MeOH (THF/MeOH 1:10) over a few hours.

1H NMR (400.13 MHz, DMSO-d6): & = 4.07 (s, 2H, 2 CH), 11.50 (s, 1H, OH). 13C NMR (151 MHz,
DMSO0-d6): &= 49.1, 78.7, 103.7, 130.5, 166.2. HRMS (ESI): caled C9H2CI6NO3- ([M-H]-)
383.8141; found 383.8143. EA: calcd for COH3CI6NO3 C 28.09%, H 0.78%, N 3.63%; found C
27.86%, H 0.96%, N 3.43%. m.p.: 252-254°C. Rf (DCM/MeOH 10:1): 0.32.

Chlorendylimidyl 3-(thien-2-yl)propanoate 3. 3-(Thien-2-yl)propionic acid (28.5g,
182 mmol), 2 (70.6 g, 182 mmol), and DPTS (53.8 g, 182 mmol) were dissolved in DCM (1 L),
and EDCI (45.6 g, 237 mmol) was added. The reaction mixture was stirred for 4 h, washed with
water (4 times), and finally with a saturated aqueous solution of NaCl. The organic phase was
dried over MgS04, and the solvent was removed to yield the product (95.3 g, 99%) as a brownish
solid. Crystals suitable for single crystal X-ray analysis of thiophene active ester 3 were obtained
by slow recrystallization from DCM solutions after the addition of MeOH (DCM/MeOH 1:5) over

a few hours.

1H NMR (400.13 MHz, CDCls): § = 2.95 (t, ] = 7.6 Hz, 2H, CH,C(0)), 3.26 (t,] = 7.6 Hz, 2H, CHz-Ar),
3.96 (s, 2H, 2 CH), 6.86 (d,] = 2.0 Hz, 1H, Ar-H), 6.90-6.95 (m, 1H, Ar-H), 7.16 (dd, ] = 1.2, 5.2 Hz,
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1H, Ar-H). 3C NMR (151 MHz, CDCls, 50°C): & = 24.9, 33.0, 50.0, 79.3, 104.1, 124.2, 125.4, 127.2,
131.6, 141.3, 162.9, 166.6. HRMS (APPI): calcd C1sHoClsNO4S ([M]*) 520.8378; found 520.8381.
EA: calcd for Ci6HoCleNO4S C 36.67%, H 1.73%, N 2.67%; found C 36.61%, H 1.58%, N 2.54%;
m.p.: 146-148°C. UV/vis (THF): Amax (€) = 233 nm (10.5); R (DCM): 0.60.

Chlorendylimidyl 3-(2-bromothien-5-yl)-propanoate 4. Chlorendylimidyl 3-(thien-2-
yl)propanoate 3 (95.1 g, 181 mmol) was dissolved in DMF (500 mL) and cooled to 0°C before
adding NBS (32.9 g, 185 mmol). The reaction flask was shielded from light with aluminum foil,
and the reaction mixture was stirred overnight. Diisopropyl ether (500 mL) was added, and the
mixture was cooled to 0°C. Then, water was added, and the aqueous phase was extracted twice
with diisopropyl ether (200 mL). The combined organic phases were washed three times with
water. Brown crystals of 4 (76.5 g, 70%) formed from the organic phase overnight. By repeating
the previous purification/crystallization procedure with the supernatant, a second fraction of 11
(12.7 g) was collected. Thus, a total of 89.1 g (81 %) of pure 4 were obtained. Crystals of 4
suitable for single crystal X-ray analysis were obtained by slow recrystallization from DCM

solutions after the addition of MeOH (DCM/MeOH 1:5) over a few hours.

1H NMR (400.13 MHz, CDCl3): 6 = 2.91 (t,] = 7.6 Hz, 2H, CH2C(0)), 3.17 (t,/ = 7.6 Hz, 2H, CH;-Ar),
3.96 (s, 2H, 2 CH) 6.62 (d,] = 3.6 Hz, 1H, Ar-H), 6.87 (d, ] = 3.6 Hz, 1H, Ar-H). 13C NMR (151 MHz,
CDCl3, 50°C): 6 = 25.2, 32.7, 50.0, 79.3, 104.1, 110.5, 126.0, 130.1, 131.6, 142.9, 162.8, 166.4.
HRMS (APPI): caled Ci6HoBrClgNO4S ([M]*) 598.7483; found 598.7496. EA: calcd for
C16HsBrClsNO4S C 31.87%, H 1.34%, N 2.32%; found C 31.91%, H 1.26%, N 2.25%. m.p.: 115-
117°C. UV /vis (THF): Amax (€) = 237 nm (10.2); Rr(DCM): 0.65.

Chlorendylimidyl 3-(2,2’-bithien-5-yl)propanoate 5. A 500 mL Schlenk flask was charged
with 2-(tributylstannyl)thiophene (14.6 mL, 45.8 mmol), chlorendylimidyl 3-(2-bromothien-5-
yl)-propanoate 4 (251¢g 41.6 mmol), and acetonitrile (100 mL).
Bis(triphenylphosphine)palladium(II) chloride (584 mg, 2 mol%, 0.92 mmol) was added. The
reaction mixture was stirred overnight at 80°C and then extracted five times with heptane. A
careful filtration over silica gel (DCM) afforded the product as a light yellow solid (19.0 g, 75%).
Crystals of 5 suitable for single crystal X-ray analysis were obtained by slow recrystallization

from DCM solutions after the addition of MeOH (DCM/MeOH 1:5) over a few hours.

1H NMR (400.13 MHz, CDCl3): 6 = 2.96 (t,] = 7.6 Hz, 2H, CH2C(0)), 3.23 (t,/ = 7.6 Hz, 2H, CH;-Ar),
3.96 (s, 2H, 2 CH), 6.73-6.80 (m, 1H, Ar-H), 6.95-7.04 (m, 2H, 2 Ar-H), 7.11 (dd, ] = 1.2 Hz, 3.6 Hz,
1H, Ar-H), 7.18 (dd, J = 3.6, 5.2 Hz, 1H, Ar-H). 13C NMR (151 MHz, CDCl;, 50°C): § = 25.1, 32.9,
50.0, 79.3, 104.1, 123.8, 123.9, 124.4, 126.2, 127.9, 131.6, 136.4, 137.6, 140.5, 162.8, 166.5.
HRMS (APPI): caled Cz0H11ClsNO4S: ([M]*) 602.8255; found 602.8262. EA: calcd for
C20H11ClsNO4S2 C 39.63%, H 1.83%, N 2.31%; found C 39.75%, H 1.79%, N 2.24%; m.p.: 162-
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164°C; UV/vis (THF): Amax (€) = 309 nm (13.9); R; (DCM): 0.65.

Chlorendylimidyl 3-(5-bromo-2,2’-bithien-5’-yl)-propanoate 6. A solution of
chlorendylimidyl 3-(2,2’-bithien-5-yl)propanoate 5 (18.9 g, 31.2 mmol) in DMF (200 mL) was
cooled to 0°C before adding NBS (5.68 g, 31.89 mmol). The flask was shielded from light with
aluminum foil, and the reaction mixture was stirred overnight at room temperature. Then it was
poured into water, and the resulting slurry was stirred overnight. The precipitate was filtered
off, washed with deionized water, taken up in THF, and reprecipitated into water. After stirring
overnight, the precipitate was filtered off, washed with water, redissolved in DCM, and dried
over Mg;S0.. Solvent removal afforded the product as a light yellow solid (21.0 g, 98%). Crystals
of 6 suitable for single crystal X-ray analysis were obtained by slow recrystallization from DCM

solutions after the addition of MeOH (DCM/MeOH 1:5) over a few hours.

1H NMR (400.13 MHz, CDCls): & = 2.95 (t, ] = 7.6 Hz, 2H, CH:C(0)), 3.21 (t,] = 7.6 Hz, 2H, CH,-Ar),
3.96 (s, 2H, 2 CH), 6.75 (d, ] = 3.6 Hz, 1H, Ar-H), 6.84 (d, ] = 3.6 Hz, 1H, Ar-H), 6.92 (d, ] = 3.6 Hz,
1H, Ar-H), 6.94 (d, ] = 3.6 Hz, 1 H, Ar-H). 13C NMR (151 MHz, CDCls, 50°C): & = 25.1, 32.8, 50.0,
79.3, 104.1, 111.1, 123.9, 124.2, 126.3, 130.8, 131.6, 135.4, 139.1, 141.0, 162.8, 166.5. HRMS
(APPI): calcd Ca0H1oBrClsNO4S; ([M]+) 680.7360; found 680.7373. EA: calcd for C2oH10BrClsNO4S;
C 35.07%, H 1.47%, N 2.04%; found C 35.14%, H 1.41%, N 1.95%. m.p.: 116-118°C; UV/vis
(THF): Amax (€) = 319 nm (17.9); Ry (DCM): 0.65.

5-Tributylstannyl-2,2’-bithiophene 7. Bithiophene (135g, 81.4 mmol) and
tetramethylethylenediamine (TMEDA, 12.3 mL, 81.4 mmol) were dissolved in dry THF (600 mL)
in 1L pre-dried Schlenk flask. The mixture was cooled to -78°C before slowly adding n-BuLi
(34.2 mL, 85.5 mmol). The mixture was then stirred for 30 min at a temperature of -78°C, and
for 45 min at room temperature. The dark green slurry was cooled again to -78°C, and BuzSnCl
(24.3 mL, 89.6 mmol) was added slowly. The clear orange solution was stirred over 3 d at room
temperature, and solvents were removed in vacuo afterwards. The black oil was finally purified
by distillation (10-3 mbar, side product <150°C, product >170°C) to afford the product 7 as a
clear slightly yellowish oil (28.1 g, 76 %).

1H NMR (400 MHz, CDCls): § = 0.91 (t, ] = 7.2 Hz, 9H, CHs), 1.02-1.21 (m, 6H, CH), 1.29-1.41 (m,
6H, CHz), 1.47-1.69 (m, 6H, CHz), 6.98-7.11 (m, 2H, ArH), 7.15-7.25 (m, 2H, ArH), 7.30 (d,
J=3.2 Hz, 1H, ArH). 3C NMR (100.62 MHz, CDCl3): § = 11.1, 13.8, 27.4, 29.1, 123.6, 124.1, 125.1,
127.9,136.2.

Chlorendylimidyl 3-(2,2’:5’,2”-terthiophen-5"-yl)propanoate 8. A dried 500 mL Schlenk
flask was charged with 5-(tributylstannyl)2,2’-bithiophene 7 (28.1g, 61.7 mmol) in dry and
degassed DMF (150 mL), and 4 (35.4g, 58.7 mmol). Bis(triphenylphosphine)palladium(II)
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chloride (824 mg, 2 mol%, 1.2 mmol) was added. The reaction mixture was stirred overnight at
80°C and then extracted five times with heptane (500 mL). It was subsequently poured into
water, and the resulting slurry was stirred overnight at room temperature. The precipitate was
filtered off, washed with deionized water, taken up in THF, and reprecipitated into water. After
stirring overnight, the precipitate was filtered off, washed with water, redissolved in chloroform
and dried over Mg;S0a. Purification by a short column chromatography (2 L SiO,, DCM) afforded
terthiophene 8 as a light yellow solid (15.8 g, 39 %).

1H NMR (400.13 MHz, CDCl3): 6 = 2.96 (t,/ = 7.6 Hz, 2H, CH2C(0)), 3.23 (t,/ = 7.6 Hz, 2H, CH>-Ar),
3.96 (s,2H, 2 CH), 6.77 (d, ] = 3.6 Hz, 1H, Ar-H), 6.96—7.09 (m, 4H, Ar-H), 7.16 (dd, / = 1.2, 4.0 Hz,
1H, Ar-H), 7.22 (dd, J = 1.2, 5.2 Hz, 1H, Ar-H). 13C NMR (151 MHz, CDCI3, 50°C): § = 25.1, 32.8,
50.0,79.2,104.1,123.8,123.9, 124.3, 124.5, 124.6, 126.3, 128.0, 131.6, 136.1, 136.4, 136.4, 137.3,
140.6, 162.8, 166.4. HRMS (APPI): calcd C24H13ClsNO4S3 ([M+H]*) 685.8211; found 685.8236. EA:
calcd for C24H12ClsN04S3 C 41.88%, H 1.90%, N 2.04%; found C 41.96%, H 1.92%, N 2.15%; m.p.:
170-172°C; UV /vis (THF): Amax (€) = 360 nm (24.5); Rf(DCM): 0.60.

Chlorendylimidyl 3-(5-bromo-2,2":5’,2”-terthiophen-5"-yl)propanoate 9. A solution of
chlorendylimidyl 3-(2,2":5’,2”-terthiophen-5"-yl)propanoate 8 (15.0 g, 21.7 mmol) in DMF
(150 mL) was cooled to 0°C before adding NBS (3.95 g, 22.2 mmol). The reaction flask was
shielded from light with aluminum foil, and the reaction mixture was stirred overnight at room
temperature. Then it was poured into water, and the resulting suspension was stirred overnight.
The precipitate was filtered off, washed with deionized water, taken up in THF, and
reprecipitated into water. After stirring overnight, the precipitate was filtered off, washed with
water, dissolved in DCM, and dried over MgS0.. Filtration over silica gel (DCM) afforded
bromoterthiophene 9 as a light yellow solid (13.1 g, 79 %).

1H NMR (400.13 MHz, CDCl3): 6 = 2.96 (t,/ = 7.6 Hz, 2H, CH2C(0)), 3.23 (t,/ = 7.6 Hz, 2H, CH>-Ar),
3.97 (s, 2H, 2 CH), 6.77 (d, ] = 3.6 Hz, 1H, Ar-H), 6.90 (d, / = 4.0 Hz, 1H, Ar-H), 6.94—7.02 (m, 4H,
Ar-H). 13C NMR (151 MHz, CDCI3, 50°C): 6 = 25.1, 32.8, 49.9, 79.2, 104.1, 111.2, 123.9, 124.0,
124.3, 124.8, 126.4, 130.9, 131.6, 135.2, 135.8, 136.9, 138.8, 140.9, 162.8, 166.5. HRMS (APPI):
calcd C24H13BrClsNO4S3 ([M+H]*) 763.7316; found 763.7351. EA: calcd for C24H12BrClsNO4S3 C
37.58%, H 1.58%, N 1.83%; found C 37.78%, H 1.52%, N 1.87%; m.p.: 176-178°C; UV /vis (THF):
Amax (€) = 366 nm (24.5); R (DCM): 0.60.

5,5’-Bis(tributylstannyl)-2,2’-bithiophene 10. Bithiophene (16.0g, 96,2 mmol) and
tetramethylethylenediamine (TMEDA, 29.1 mL, 192 mmol) were dissolved in dry THF (600 mL)
in 1L dried Schlenk flask. The mixture was cooled to -78°C before slowly adding n-BulLi
(78.9 mL, 197 mmol). The mixture was then stirred for 30 min at a temperature of -78°C, and

for 1.5h at room temperature. The white slurry was cooled again to -78°C, and BuzSnCl
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(54.8 mL, 202 mmol) was added slowly. The clear brown solution was stirred over 4 d at room
temperature. Then, heptane was added, and the solution was washed three times with aqueous
5 wt% Na,COs3 solution, once with water, and finally with a saturated aqueous NaCl solution. The
organic phase was dried over MgS0,, filtered, and the solvents were removed in vacuo to yield
the product as a brown oil (74.3 g). The product was pure enough to be used in the following

reactions without further purification. It was synthesized fresh for all following reactions.

1H NMR (400 MHz, CDCls): § = 0.91 (t, J = 7.2 Hz, 18H, CH3), 1.03-1.21 (m, 12H, CH,), 1.29-1.41
(m, 12H, CH>), 1.45-1.70 (m, 12H, CH2), 7.06 (d, ] = 3.2 Hz, 2H, ArH), 7.30 (d, ] = 3.2 Hz, 2H, ArH).
13C NMR (400 MHz, CDCl3): 6 = 11.0, 13.8, 27.4, 29.1, 124.8, 136.2, 136.2, 143.16. HRMS (APCI):
calcd Ca;HseS2Sn2 ([M]+) 746.2018; found 746.2098.

2,2’:5’,2”-terthiophene-5,5"-di(propan-3-oic acid) di(chlorendylimidyl ester) 12. A dried
30 mL Schlenk flask was charged with 2,5-bis(tributylstannyl)thiophene 11 (1.80 g, 1.72 mmol),
chlorendylimidyl 3-(2-bromothien-5-yl)-propanoate 4 (3.30g, 5.47 mmol), and dry and
degassed DMF (30 mL). Tetrakis(triphenyl-phosphine)palladium(0) (162 mg, 0.16 mmol,
5 mol%) was added, and the reaction mixture was stirred overnight at 85°C. The solvent was
removed in vacuo while avoiding contact with air, and the resulting solid was two times
redispersed in DCM (15 ml) and precipitated into heptane. After a short column with DCM, the
pure terthiophene 12 was obtained as yellow powder (1.22 g, 40%).

1H NMR (400.13 MHz, CDCls): & = 2.97 (t, ] = 7.6 Hz, 4H, CH.C(0)), 3.23 (t,] = 7.6 Hz, 4H, CH,-Ar),
3.97 (s, 4H, 2 CH), 6.77 (d, ] = 3.6 Hz, 2H, Ar-H), 6.98 (d, ] = 3.6 Hz, 2H, Ar-H), 6.99 (s, 2H, Ar-H),
7.04 (d,] = 3.6 Hz, 1H, Ar-H).

2,2’:5’,2”:5"”,2"”-quaterthiophene-5,5""-di(propan-3-oic acid) di(chlorendylimidyl
ester) 13. Degassed dry DMF (500 mL), degassed 5,5-bis(tibutylstannyl)-2,2’-bithiophene 10
(45.5g, 61.1 mmol; see below), and chlorendylimidyl 3-(2-bromothien-5-yl)-propanoate 4
(75.6 g, 125 mmol) were placed in a dried 1L Schlenk flask.
Tetrakis(triphenylphosphine)palladium(0) (353 mg, 0.5 mol%, 0.3 mmol) was added, and the
reaction mixture was stirred overnight at 80°C. DMF was evaporated in vacuo, paying careful
attention to keeping the mixture in an inert atmosphere. The residue was subsequently
suspended at 60°C in a mixture of diisopropyl ether (300 mL), toluene (100 mL) and THF
(100 mL), and the resulting slurry was stirred overnight. The yellow precipitate was filtered off
and washed with diisopropyl ether (100 mL) and pentane (100 mL). The filtrate was
concentrated and diluted with dry diisopropyl ether (100 mL) and dry toluene (25 mL) at 60°C.
The yellow precipitate that slowly formed upon stirring was filtered off and washed with
diisopropyl ether and pentane. Both fractions were combined to afford quaterthiophene 13 as a

yellow microcrystalline solid (40.2 g, 54%).
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1H NMR (400.13 MHz, CDCls): § = 2.97 (t, ] = 7.6 Hz, 4H, CH,C(0)), 3.23 (t,] = 7.6 Hz, 4H, CHz-Ar),
3.97 (s, 2H, 4 CH), 6.77 (d,] = 3.6 Hz, 2H, Ar-H), 6.98 (d, ] = 3.6 Hz, 2H, Ar-H), 7.01 (d, ] = 3.6 Hz,
2H, Ar-H), 7.04 (d, ] = 3.6 Hz, 2H, Ar-H). 13C NMR (151 MHz, CDCls, 50°C): § = 25.2, 32.8, 50.0,
79.3, 104.1, 123.9, 124.4, 124.5, 126.4, 131.6, 136.1, 136.1, 136.5, 140.7, 162.8, 166.5. HRMS
(APPI): calcd CuoHz0Cl12N208Ss ([M]*) 1203.6359; found 1203.6361. EA: caled for
C40H20C112N208Ss C 39.70%, H 1.67%, N 2.31%; found C 39.59%, H 1.69%, N 2.11%. m.p.: 134-
136°C; UV/vis (THF): Amax (€) = 401 nm (38.5); Ry (DCM): 0.38.

2,2’:5’,2”:5”,2"":5"",2""-pentathiophene-5,5""-di(propan-3-oic acid) di(chlorendylimidyl
ester) 14. A dried 50 mL Schlenk flask was charged with 2,5-bis(tributylstannyl)thiophene 11
(1.00g, 1.51 mmol), chlorendylimidyl 3-(5-bromo-2,2’-bithien-5’-yl)-propanoate 6 (2.30g,
3.35 mmol), and dry and degassed DMF (20 mL). Tetrakis(triphenyl-phosphine)palladium(0)
(166 mg, 0.15 mmol, 10 mol%) was added, and the reaction mixture was stirred overnight at
80°C. The solvent was removed in vacuo, avoiding contact with air, and the resulting solid was
redispersed in THF (20 ml) and precipitated into DIPE. After filtration and washing with DIPE,
the pentathiophene 14 was obtained as orange powder (1.43 g, 73%).

1H NMR (400.13 MHz, CDCls): & = 2.97 (m, 4H, CH.C(0)), 3.24 (m, 4H, CH.-Ar), 3.97 (s, 4H, 4 CH),
6.78 (m, 2H, Ar-H), 6.8-7.2 (m, 8H, Ar-H).

2,2’:5’,2”:5”,2"":5"",2"":5"",2""”-Sexithiophene-5,5""""-di(propan-3-oic acid)

di(chlorendylimidyl ester) 15. 5,5’-bis(tibutylstannyl)-2,2’-bithiophene 10 (15.3 g, 20.6 mmol)
and chlorendylimidyl 3-(5-bromo-2,2’-bithien-5’-yl)-propanoate 6 (28.8 g, 42.1 mmol) were
dissolved in dry and degassed DMF (200mL) in a dried 500 mL Schlenk flask.
Tetrakis(triphenylphosphine)palladium(0) (477 mg, 2 mol%, 0.41 mmol) was added, and the
mixture was stirred overnight at 80°C. DMF was subsequently removed in vacuo, and the orange
residue was dispersed in a mixture of diisopropyl ether (100 mL), toluene (30 mL) and dry THF
(30 mL). The mixture was gently refluxed (85°C) for about 15 min. The precipitate was filtered
off and washed with three times with diisopropyl ether to afford pure sexithiophene 15 as an

orange microcrystalline powder (24.4 g, 86%).

1H NMR (400.13 MHz, TCE-d;, 80°C): § = 3.01 (t, ] = 7.6 Hz, 4H, CH,C(0)), 3.29 (t,] = 7.6 Hz, 4H,
CH-Ar), 4.00 (s, 4H, 2 CH), 6.84 (d, ] = 3.6 Hz, 2H, Ar-H), 7.02-7.17 (m, 10H, Ar-H). 13C NMR
(151 MHz, TCE-d,, 60°C): § = 24.6,32.2, 49.3, 78.6, 123.5, 123.9, 124.1, 124.2, 125.9, 131.0, 135.2,
135.2, 135.5, 135.7, 136.1, 140.3, 162.3. HRMS (APPI): calcd C4sH24Cl12N205S6 ([M]+) 1367.6114;
found 1367.6103. EA: calcd for C4sH24C112N208S6 C 41.94%, H 1.76%, N 2.04%; found C 40.73%,
H 1.71%, N 1.79%. m.p.: 260°C. UV/vis (THF): Amax (€) = 440 nm (51.8). Ry (DCM): 0.36.

2,2":5',2":5”,2"":5",2"":5"”,2""":5""",2""""-Heptathiophene-5,5"""-di(propan-3-oic  acid)
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di(chlorendylimidyl ester) 16. A dried 250 mL Schlenk flask was charged with 5,5'-
bis(tributylstannyl)-thiophene (993 mg, 1.50 mmol), chlorendylimidyl 3-(5-bromo-2,2":5",2" -
terthiophen-5"-yl)propanoate 9 (2.32 g, 3.03 mmol), and degassed dry DMF (50 mL) in an argon
atmosphere. Tetrakis(triphenyl-phosphine)palladium(0) (55 mg, 45 pmol) was added, and the
reaction mixture was stirred overnight at 80°C. The solvent was removed and the residue was
redispersed in dry toluene and heated to 100 °C for 1h. The precipitate was filtered off, washed
with diethyl ether (60 mL) and pentane (40 mL) to yield 1.91 g (88 %) of the pure

heptathiophene ester 16 as an orange-red microscrystalline powder.

1H NMR (400.13 MHz, CDCls): & = 3.07 (t, ] = 7.6 Hz, 4H, 2 CH,C(0)), 3.37 (t, ] = 7.6 Hz, 4H, 2 CH.-
Ar), 4.04 (s, 4H, 4 CH), 6.90 (m, 2H, Ar-H), 7.12 (m, 2H, Ar-H), 7.15 (m, 2H, Ar-H), 7.17-7.22 (m,
8H, Ar-H). HRMS (MALDI): calcd Cs2Hz6Cl12N20gS7 ([M]+) 1455.5902; found 1455.5851. EA: calcd
for Cs2H26Cl12N208S7 C 42.88%, H 1.80%, N 1.92%; found C 43.07%, H 1.76%, N 1.90%. UV /vis
(THF): Amax (€) = 453 nm (70.8).

2,2:5’,2":5”,2"":5",2"":.577 2”577, 27" 572" - o ctathiophene-5,5"""""-di(propan-3-

oic acid) di(chlorendylimidyl ester) 17. A dried 250 mL Schlenk flask was charged with 5,5’-
bis(tributylstannyl)2,2’-bithiophene 10 (3.15g, 4.23 mmol), chlorendylimidyl 3-(5-bromo-
2,2":5’,2"-terthiophen-5"-yl)propanoate 9 (6.48 g, 8.45 mmol), and dry and degassed DMF
(110 mL) in an argon atmosphere. Tetrakis(triphenyl-phosphine)palladium(0) (244 mg,
0.21 mmol, 5 mol%) was added, and the reaction mixture was stirred overnight at 80°C. The
solvent was removed in vacuo while avoiding contact with air. The residual solid was
redispersed in dry toluene (100 L). The resulting suspension was stirred 20 min at 100°C and
then cooled to room temperature. After filtration and washing with toluene, the pure

octathiophene 17 was obtained as a red microcrystalline powder (5.21 g, 80 %).

1H NMR (400.13 MHz, TCE-d2, 120°C): § = 3.03 (t, / = 7.6 Hz, 4H, 2 CH.C(0)), 3.33 (t,/ = 7.6 Hz,
4H, 2 CHy-Ar), 4.00 (s, 4H, 4 CH), 6.86 (m, 2H, Ar-H), 7.03—720 (m, 14H, Ar-H). HRMS (APPI):
calcd CsgHz9Cl12N208Ss ([M+H]*) 1538.5870; found 1538.5870. EA: calcd for Cs¢H28Cl12N20gSs C
43.71%, H 1.83%, N 1.82%; found C 43.70%, H 2.05%, N 1.93%; m.p.: >400°C; UV /vis (THF):
Amax (€) = 438 nm (42.5).

N-(9-Fluorenylmethyloxycarbonyl)-L-alanyl-L-alanine tert.-butyl ester 19a. N-(9-
Fluorenylmethyloxycarbonyl)-L-alanine 18a (49.7 g, 160 mmol, 1 equiv.) and L-alanine tert.-
butylester hydrochloride (29.0 g, 160 mmol, 1 equiv.) were dissolved in THF (750 mL). DIEA
(82 mL, 479 mmol, 3 equiv.) and PyBOP (99.7 g, 192 mmol, 1.2 equiv.) were added. After 2 h,
most of the THF was removed in vacuo, and the crude product was precipitated by slowly
pouring the residual THF solution into a 1 M aqueous HCI solution. The precipitate was again

dissolved in THF and precipitated into a 1 M aqueous HCI solution. This precipitation was
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repeated one more time. The obtained material was dissolved in DCM, and most of the
remaining water was removed with a separatory funnel. The organic phase was dried over

MgS0,4 and evaporated to obtain compound 19a as a colorless solid (66.9 g, 152 mmol, 96%).

'H NMR (400 MHz, CDCl3) 6 = 7.75 (d, / = 7.5 Hz, 2H, aromatic H), 7.65-7.54 (m, 2H, aromatic H),
7.39 (t,J=7.5 Hz, 2H, aromatic H), 7.34-7.27 (m, 2H, aromatic H), 6.61 (m, 1H, NH), 5.55 (m, 1H,
NH), 4.44 (p,]/ = 7.2 Hz, 1H, CHCH3), 4.38 (d, J = 7.0 Hz, 2H, CO,CH>-Fmoc), 4.31 (p, ] = 6.8 Hz, 1H,
CHCH3), 4.21 (t,J = 7.1 Hz, 1H, fluorenyl CH), 1.45 (s, 9H, C(CH3)3), 1.41 (d, J = 6.8 Hz, 3H, CHCH3),
1.37 (d, J=7.1 Hz, 3H, CHCH3). 13C NMR (101 MHz, CDCl3) 6 = 172.19, 172.13, 156.18, 144.02,
141.48, 127.91, 127.29, 125.35, 120.17, 82.15, 67.31, 50.58, 48.94, 47.30, 28.16, 19.38, 18.54.
Anal. calcd. for C25H30N20s: C, 68.47%; H, 6.90%; N, 6.39%; found: C, 68.09%; H, 6.67%; N, 6.62%.
HRMS (ESI): calcd. for C2sH30N205Na: ([M+Na]*) 461.2047; found: 461.2055. Ri: 0.6 (DCM/MeOH
10:1).

N-(9-Fluorenylmethyloxycarbonyl)-L-glycyl-L-glycine tert.-butyl ester 19b. N-(9-
Fluorenylmethyloxycarbonyl)-L-glycine 18b (5.0 g, 16.8 mmol, 1 equiv.) and L-glycine tert.-
butylester hydrochloride (2.82 g, 16.8 mmol, 1 equiv.) were dissolved in THF (100 mL). DIEA
(8.8 mL, 50.5 mmol, 3 equiv.) and PyBOP (9.63 g, 18.5 mmol, 1.1 equiv.) were added. After 3 h,
the crude product was precipitated by slowly pouring the reaction mixture into a 1 M aqueous
HCI solution. The precipitate was again dissolved in THF and precipitated into a 1 M aqueous HCI
solution. This precipitation was repeated one more time. The obtained material was dissolved in
CHCl3; the resulting solution was dried over MgSO4 and evaporated to obtain compound 19b as

a colorless solid (5.31 g, 12.9 mmol, 77%).

1H NMR (400 MHz, CDCl3) 6 = 7.76 (d, J = 7.6 Hz, 2H, aromatic H), 7.62-7.52 (m, 2H, aromatic H),
7.40 (t,J=7.4 Hz, 2H, aromatic H), 7.34-7.27 (m, 2H, aromatic H), 6.46 (m, 1H, NH), 5.52 (m, 1H,
NH), 4.44 (d, J=7.2 Hz, 2H, CH:CH), 4.23 (t, /= 6.8 Hz, 1H, CH), 4.05-3.85 (m, 4H, (CO)CH:NH),
1.47 (s, 9H, C(CH3)3).

N-(9-Fluorenylmethyloxycarbonyl)-L-alanyl-L-alanine 20a. N-(9-
Fluorenylmethyloxycarbonyl)-L-alanyl-L-alanine tert.-butyl ester 19a (18.0 g, 41 mmol, 1 equiv.)
was suspended in CHClz (50 mL). TFA (92 mL, 1230 mmol, 30 equiv.) was added, and the
reaction mixture was stirred for 7 h. The volatiles were removed by distillation and repeated
addition of CHCI3 followed by evaporation in vacuo. The crude product was washed three times

with DCM to obtain 20a as a slightly grey solid (14.9 g, 39 mmol, 95%).

1H NMR (400 MHz, DMSO) 6§ =8.13 (d, /= 7.3 Hz, 1H, NH), 7.89 (d, J = 7.5 Hz, 2H, aromatic H),
7.73 (m, 2H, aromatic H), 7.50 (d, /= 7.9 Hz, 1H, NH), 7.42 (t,J = 7.1 Hz, 2H, aromatic H), 7.33 (t,
J=6.9 Hz, 2H, aromatic H), 4.27-4.18 (m, 4H, 2 CHCH3; Fmoc-CO,CH>), 4.08 (t, /= 7.2 Hz, 1H,



116 6 Experimental Part

fluorenyl CH), 1.27 (d, /= 7.3 Hz, 3H, CHCH3), 1.22 (d, J = 7.1 Hz, 3H, CHCH3). 13C NMR (101 MHz,
DMSO) & = 175.04, 173.32, 156.62, 144.76, 141.68, 128.60, 128.04, 126.27, 121.06, 66.57, 50.65,
48.39, 47.62, 19.15, 18.13. Anal. calcd. for C21H22N20s5: C, 65.96%; H, 5.80%; N, 7.33%; found: C,
65.98%; H, 6.02%; N, 7.45%. HRMS (ESI): calcd. for Cz1H23N20s: ([M+H]*) 383.1602; found:
383.1607. R: 0.1 (DCM/MeOH 10:1).

N-(9-Fluorenylmethyloxycarbonyl)-L-glycyl-L-glycine 20b. N-(9-
Fluorenylmethyloxycarbonyl)-L-glycyl-L-glycine tert.-butyl ester 19b (5.29 g, 13 mmol, 1 equiv.)
was suspended in CHCl3 (60 mL). TFA (30 mL, 386 mmol, 30 equiv.) was added, and the reaction
mixture was stirred for 16 h. The volatiles were removed by distillation and repeated addition of
CHCI; followed by evaporation in vacuo. The residue was recrystallized from hot acetone to give

the pure product 20b as a white solid.

1H NMR (400 MHz, DMSO) 6 =12.57 (s, 1H, COOH), 8.14 (t,/ = 5.6 Hz, 1H, NH), 7.89 (d, /= 7.5 Hz,
2H, aromatic H), 7.72 (d, ] = 7.5 Hz, 2H, aromatic H), 7.58 (t,/ = 5.6 Hz, 1H, NH), 7.42 (t,] = 7.1 Hz,
2H, aromatic H), 7.33 (t, ] = 6.9 Hz, 2H, aromatic H), 4.35-4.28 (m, 3H, CHCH), 3.77 (d, /] = 5.6 Hz,
2H, (CO)CH:NH), 3.65 (d, / = 5.6 Hz, 2H, (CO)CH:NH).

N-(9-Fluorenylmethyloxycarbonyl)-L-alanyl-L-alanyl-L-alanine tert.-butyl ester 21. N-(9-
Fluorenylmethyloxycarbonyl)-L-alanyl-L-alanine 20a (12.0 g, 31 mmol, 1 equiv.) and L-alanine
tert.-butylester hydrochloride (5.7 g, 31 mmol, 1 equiv.) were dissolved in THF (300 mL). DIEA
(17 mL, 94 mmol, 3 equiv.) and PyBOP (20.0 g, 38 mmol, 1.2 equiv.) were added. After 3 h, most
of the THF was removed in vacuo, and the crude product was precipitated by slowly pouring the
residual THF solution into a 1 M aqueous HCI solution. The precipitate was again dissolved in
THF and precipitated into a 1 M aqueous HCI solution. This precipitation was repeated one more
time. The obtained material was dissolved in DCM, and most of the remaining water was
removed with a separatory funnel. The organic phase was dried over MgS0O. and evaporated to

obtain compound 21 as a colorless solid (11.7 g, 22.9 mmol, 73%).

1H NMR (400 MHz, CDCl3) 6 = 7.76 (d, ] = 7.5 Hz, 2H, aromatic H), 7.58 (d, / = 7.4 Hz, 2H, aromatic
H), 7.39 (t, ] = 7.5 Hz, 2H, aromatic H), 7.30 (t, /] = 7.5 Hz, 2H, aromatic H), 6.80 (d, / = 6.6 Hz, 1H,
NH), 6.74 (d, ] = 6.6 Hz, 1H, NH), 5.59 (d, / = 7.0 Hz, 1H NH), 4.71-4.50 (m, 1H, CHCH3), 4.50-4.35
(m, 3H, CHCH3, Fmoc-CO,CHz), 4.35-4.25 (m, 1H, CHCH3), 4.21 (t, J = 7.0 Hz, 1H, fluorenyl CH),
1.45 (s, 9H, C(CH3)3), 1.40 (d, J= 7.0 Hz, 6H, 2 CHCH3), 1.35 (d, J = 7.0 Hz, 6H, CHCH3). 13C NMR
(101 MHz, CDCl3) 6 =172.54, 171.98, 171.80, 156.14, 143.94, 141.32, 127.75, 127.12, 125.24,
120.01, 81.97, 67.21, 50.48, 48.93, 48.78, 47.14, 27.99, 19.46, 19.09, 18.47. Anal. calcd. for
C28H35N306: C, 65.99%; H, 6.92%; N, 8.25%; O, 18.84%; found: C, 65.90%; H, 6.97%; N, 8.21%; O,
18.86%. HRMS (ESI): calcd. for CsH3¢N30s ([M+H]*) 510.2599; found 510.2598. Rg 0.7
(DCM/MeOH 10:1).
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N-(9-Fluorenylmethyloxycarbonyl)-L-alanyl-L-alanyl-L-alanine 22. N-(9-
Fluorenylmethyloxycarbonyl)-L-alanyl-L-alanyl-L-alanine tert.-butyl ester 21 (11.7 g, 23 mmo],
1 equiv.) was suspended in CHClz (50 mL). TFA (52 mL, 686 mmol, 30 equiv.) was added, and
the reaction mixture was stirred for 16 h. The volatiles were removed by distillation and
repeated addition of CHCl3 followed by evaporation in vacuo. The crude product was washed

three times with DCM to give 22 as a slightly grey solid (9.52 g, 21 mmol, 92%).

1H NMR (400 MHz, DMSO) 6 =8.13 (d, J=7.1 Hz, 1H, NH), 7.98 (d, /= 7.5 Hz, 1H, NH), 7.93 (d,
J=7.5Hz, 2H, aromatic H), 7.76 (t,] = 6.7 Hz, 2H, aromatic H), 7.56 (d, /= 7.5 Hz, 1H, NH), 7.46 (t,
J=7.4 Hz, 2H, aromatic H), 7.37 (t, /= 7.2 Hz, 2H, aromatic H), 4.41 - 4.17 (m, 5H, 3 CHCH3,
Fmoc-C0O,CHz), 4.12 - 4.08 (m, 1H, fluorenyl CH), 1.30 (d, /= 7.2 Hz, 3H, CHCH3), 1.25 (d, /= 7.0
Hz, 6H, 2 CHCHs3). 13C NMR (101 MHz, DMSO) 6 = 13C NMR (101 MHz, DMSO) 6 174.92, 173.06,
172.84, 156.66, 144.84, 144.75, 141.67, 128.59, 128.05, 126.24, 121.06, 66.56, 50.89, 48.68,
48.36, 47.61, 19.20, 19.12, 18.09. HRMS (ESI): calcd. for C22H28N306 ([M+H]*) 454.1973; found
454.1972. Re: 0.1 (DCM/MeOH 10:1).

PIB-L-Ala-Fmoc 23. PIB-NH; (11.6 g, 9.6 mmol, 1 equiv.) and fluorenylmethyloxycarbonyl)-L-
alanine 18a (3.0 g, 9.6 mmol, 1equiv.) were dissolved in THF (250 mL). DIEA (5.1 mL,
28.9 mmol, 3 equiv.) and PyBOP (6.0 g, 11.6 mmol, 1.2 equiv.) were added. After 4 h, most of the
THF was removed in vacuo, and the crude product was precipitated by slowly pouring the
residual THF solution into a 1 M aqueous HCI solution. The precipitate was again dissolved in
THF and precipitated into a 1 M aqueous HCI solution. This precipitation was repeated one more
time. The obtained material was dissolved in DCM, and most of the remaining water was
removed with a separatory funnel. The organic phase was dried over MgS0O. and evaporated.
The residue was purified by column chromatography (SiOz; DCM/MeOH 20:1) to obtain pure 23
as a slightly yellow oil (13.2 g, 8.8 mmol, 91 %).

1H NMR (400 MHz, CDCl3) § = 7.77 (d, ] = 7.5 Hz, 2H, aromatic H), 7.58 (d, ] = 7.4 Hz, 2H, aromatic
H), 7.40 (t, ] = 7.4 Hz, 2H, aromatic H), 7.32 (td, J = 7.4, 1.0 Hz, 2H, aromatic H), 5.89 (m, 1H, NH),
5.35 (m, 1H, NH), 4.40 (d, ] = 6.9 Hz, 2H, COCH;-Fmoc), 4.21 (m, 2H, CHCH3, fluorenyl CH), 3.35-
3.19 (m, 2H, PIB-CH;NHCO), 1.57-0.86 (m, 220H, polymer H, CH3). HRMS (MALDI): calcd. for
Ce3H108N203Na: (n =9 [M+Na]+*) 964.5324; found: 964.7109. R: 0.8 (DCM/MeOH 10:1).

PIB-L-Alaz-Fmoc 24a. PIB-NH; (9.6g, 7.8 mmol, 1 equiv.) and  N-(9-
fluorenylmethyloxycarbonyl)-L-alanyl-L-alanine 20a (3.0 g, 7.8 mmol, 1 equiv.) were dissolved
in THF (250 mL). DIEA (4.1 mL, 23.5 mmol, 3 equiv.) and PyBOP (4.9 g, 9.4 mmol, 1.2 equiv.)
were added. After 6 h, most of the THF was removed in vacuo, and the crude product was
precipitated by slowly pouring the residual THF solution into a 1 M aqueous HCI solution. The

precipitate was again dissolved in THF and precipitated into a 1 M aqueous HCI solution. This
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precipitation was repeated one more time. The obtained material was dissolved in DCM, and
most of the remaining water was removed with a separatory funnel. The organic phase was
dried over MgSO4 and evaporated. The residue was purified by column chromatography (SiOz;

DCM/MeOH 20:1) to obtain 24a as slightly yellow oil (11.9 g, 7.6 mmol, 96%).

1H NMR (400 MHz, CDCl3) 6 =7.77 (d,]J = 7.5 Hz, 2H, aromatic H), 7.58 (d, / = 7.5 Hz, 2H, aromatic
H), 7.40 (t, ] = 7.4 Hz, 2H, aromatic H), 7.31 (m, 2H, aromatic H), 6.59 (d, /= 7.2 Hz, 1H, NH), 6.10
(s, 1H, NH), 5.34 (d, /] = 5.5 Hz, 1H, NH), 4.42 (m 3H, Fmoc-CO,CH>, CHCH3), 4.21 (m, 2H, CHCHj3,
fluorenyl CH), 3.24 (m, 2H, PIB-CH,NHCO), 1.69-0.70 (m, 187H, polymer H, 2 CHs). HRMS
(MALDI): calcd. for CsoHgiN304Na: (n=5 [M+Na]*) 811.1851; found: 811.3933. R: 0.6
(DCM/MeOH 10:1).

PIB-Gly:-Fmoc 24b. PIB-NH: (1.54 g, 1.4 mmol, 1 equiv.) and N-(9-
fluorenylmethyloxycarbonyl)-L-glycyl-L-glycine 20b (497 mg, 1.4 mmol, 1equiv.) were
dissolved in THF. DIEA (0.75 mL, 4.2 mmol, 3 equiv.) and PyBOP (950 mg, 1.8 mmol, 1.3 equiv.)
were added. After 6 h, the crude product was precipitated by slowly pouring the reaction
mixture into a 1M aqueous HCI solution. The precipitate was again dissolved in THF and
precipitated into a 1 M aqueous HCI solution. This precipitation was repeated one more time.
The obtained material was dissolved in DCM. The resulting solution was dried over MgS0O4 and

evaporated to obtain 24b as slightly yellow oil.

1H NMR (400 MHz, CDCl3) 6 =7.76 (d,]J = 7.5 Hz, 2H, aromatic H), 7.58 (d, / = 7.5 Hz, 2H, aromatic
H),7.40 (t,] = 7.4 Hz, 2H, aromatic H), 7.31 (m, 2H, aromatic H), 6.82 (s, 1H, NH), 6.13 (s, 1H, NH),
5.564 (d, 1H, NH), 4.45 (d, /= 6.8 Hz, 2H, CHCH;0CO), 4.21 (t, 1H, fluorenyl CH), 3.90 (m, 4H,
(CO)CH:NH), 3.23 (m, 2H, PIB-CH,NHCO), 1.80-0.65 (m, 176H, polymer H).

PIB-L-Alaz-Fmoc  25. PIB-NH, (309g, 254 mmol, 1lequiv) and N-(9-
fluorenylmethyloxycarbonyl)-L-alanyl-L-alanyl-L-alanine 22 (11.5 g, 25.4 mmol, 1 equiv.) were
dissolved in THF (300 mL). DIEA (13 mL, 76.1 mmol, 3 equiv.) and PyBOP (15.9 g, 30.4 mmo],
1.2 equiv.) were added. After 19 h, most of the THF was removed in vacuo, and the crude
product was precipitated by slowly pouring the residual THF solution into a 1 M aqueous HCI
solution. The precipitate was again dissolved in THF and precipitated into a 1 M aqueous HCI
solution. This precipitation was repeated one more time. The obtained material was dissolved in
DCM, and most of the remaining water was removed with a separatory funnel. The organic
phase was dried over MgSO; and evaporated. The residue was purified by column
chromatography (SiO2; DCM/MeOH 20:1) to obtain pure 25 as a slightly yellow solid (30.8 g,
18.7 mmol, 74%).

1H NMR (400 MHz, CDCl3) 6 = 7.75 (d,J = 7.5 Hz, 2H, aromatic H), 7.57 (d, ] = 7.5 Hz, 2H, aromatic
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H), 7.50 (1H, NH), 7.39 (t,/ = 7.4 Hz, 2H, aromatic H), 7.29 (t,] = 7.4 Hz, 2H, aromatic H), 7.13 (m,
1H, NH), 6.76 (m, 1H, NH), 5.84 (m, 1H, NH), 4.63-4.33 (m, 5H, Fmoc-CO,CH>, 3 CHCH3), 4.20 (t,
J=7.0 Hz, 1H, fluorenyl CH), 3.25-3.12 (m, 2H, PIB-CH:NHCO), 1.69-0.60 (m, 202H, polymer H, 3
CH3). HRMS (MALDI): calcd. for Cs7H9sN4OsNa: (n =6 [M+Na]+) 937.7116.; found: 937.6147. Ry
0.4 (DCM/MeOH 10:1).

PIB-L-Ala-H 26. PIB-L-Ala-Fmoc 23 (15.6 g, 10.4 mmol, 1 equiv.) was dissolved in CHCl3
(250 mL), and piperidine (31 mL, 311 mmol, 30 equiv.) was added. The reaction mixture was
stirred for 24 h, and the volatiles were removed by evaporation in vacuo. The residue was
purified by column chromatography (Si0;; DCM/MeOH 10:1) to obtain pure 26 as a slightly
yellow oil (9.1 g, 7.1 mmol, 68 %).

'H NMR (400 MHz, CDCl3) & = 7.22 (s, 1H, NH), 3.49 (m, 1H, CHCH3), 3.34-3.18 (m, 2H, PIB-
CH>NHCO), 1.85-0.69 (m, 248H, polymer H, CH3). HRMS (MALDI): calcd. for Cs¢H115N20: (n =11
[M+H]+) 831.9001; found: 831.8402. Ri: 0.4 (DCM/MeOH 10:1).

PIB-L-Ala;-H 27a. PIB-L-Ala;-Fmoc 24a (10.9 g, 6.9 mmol, 1 equiv.) was dissolved in CHCl3
(250 mL), and piperidine (20 mL, 208 mmol, 30 equiv.) was added. The reaction mixture was
stirred for 17 h, and the volatiles were removed by evaporation in vacuo. The residue was
purified by column chromatography (SiO2; DCM/MeOH 10:1) to obtain pure 27a as a slightly
yellow oil (6.9 g, 5.1 mmol, 74 %).

1H NMR (400 MHz, CDCls) & = 7.73 (d, ] = 7.6 Hz, 1H, NH), 6.38-6.26 (m, 1H, NH), 4.39 (m, 1H,
CHCHs), 3.49 (m, 1H, CHCHs), 3.24 (m, 2H, PIB-CH,NHCO), 1.45-0.98 (m, 176H, polymer H, 2
CHs). HRMS (MALDI): calcd. for CsoH79N30;Na: (n =6 [M+Na]*) 644.6064; found: 644.4175. Ry
0.2 (DCM/MeOH 10:1).

PIB-Gly;-H 27b. PIB-Gly;-Fmoc 24b (1.83 g, 1.2 mmol, 1 equiv.) was dissolved in CHCI3, and
piperidine (1.2 mL, 11.8 mmol, 30 equiv.) was added. The reaction mixture was stirred for 16 h,
and the volatiles were removed by evaporation in vacuo. The residue was purified by column
chromatography (SiOz; DCM/MeOH 50:1, then 20:1) to obtain pure 27b as a slightly yellow oil
(680 mg, 514 pmol, 43 %).

1H NMR (400 MHz, CDCl3) § = 7.86 (m, 1H, NH), 6.08 (m, 1H, NH), 3.92 (d, /=5.6 Hz, 2H,
(CO)CH:NH), 3.41 (m, 2H, (CO)CH:NH), 3.25 (m, 2H, PIB-CH;NHCO), 2.00-0.70 (m, 163H,
polymer H).

PIB-L-Alas-H 28. PIB-L-Alaz-Fmoc 25 (26.8 g, 16.3 mmol, 1 equiv.) was dissolved in CHCl3 (450
mL), and piperidine (48 mL, 489 mmol, 30 equiv.) was added. The reaction mixture was stirred

for 17 h, and the volatiles were removed by evaporation in vacuo. The residue was purified by

column chromatography (SiOz;; DCM/MeOH 10:1) to obtain pure 28 as slightly yellow solid
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(17.4 g, 12.3 mmol, 75 %).

1H NMR (400 MHz, CDCls) & = 7.74 (d, ] = 7.3 Hz, 1H, NH), 6.76 (d, ] = 7.2 Hz, 1H, NH), 6.15 (s, 1H,
NH), 4.51-4.30 (m, 2H, 2 CHCHs), 3.52 (q, /=7.0 Hz, 1H, CHCHs), 3.32-3.13 (m, 2H, PIB-
CH,NHCO), 1.66-0.72 (m, 213H, polymer H, 3 CHs). HRMS (MALDI): calcd. for CssHozN4O3Na:
(n =7 [M+Na]+) 771.7062.; found: 771.9130. R: 0.1 (DCM/MeOH 10:1).

PIB-L-Alas-Fmoc  29. PIB-L-Ala;-H 27a (40g 3.0 mmol, 1equiv.) and N-(9-
Fluorenylmethyloxycarbonyl)-L-alanyl-L-alanine 20a (1.3 g, 3.3 mmol, 1.1equiv.) were
dissolved in THF (300 mL). DIEA (1.5 mL, 8.9 mmol, 3 equiv.) and PyBOP (1.9 g, 3.6 mmo],
1.2 equiv.) were added. After 3 h, most of the THF was removed in vacuo, and the crude product
was precipitated by slowly pouring the residual THF solution into a 1 M aqueous HCI solution.
The precipitate was again dissolved in THF and precipitated into a 1 M aqueous HCI solution.
This precipitation was repeated one more time. The obtained material was dissolved in DCM,
and most of the remaining water was removed with a separatory funnel. The organic phase was
dried over MgSO4 and evaporated. The residue was purified by column chromatography (SiOz;

DCM/MeOH 20:1) to obtain pure 29 as a slightly yellow solid (4.74 g, 2.8 mmol, 93 %).

'H NMR (400 MHz, C;D,Cl4) 6 = 7.82 (d, J=7.5 Hz, 2H, aromatic H), 7.62 (d, /= 6.9 Hz, 2H,
aromatic H), 7.46 (t,] = 7.4 Hz, 2H, aromatic H), 7.37 (t, ] = 7.3 Hz, 2H, aromatic H), 6.62 (m, 2H, 2
NH), 6.35 (d, /= 6.4 Hz, 1H, NH), 6.03 (s, 1H, NH), 5.16 (d, /= 5.8 Hz, 1H, NH), 4.54 (d, J = 6.4 Hz,
2H, Fmoc-C0,CHz), 4.39 (m, 3H, 3 CHCH3), 4.28 (m, 1H, CHCH3), 4.21-4.15 (m, 1H, fluorenyl CH),
3.38-3.22 (m, 2H, PIB-CH,NHCO), 1.84-0.86 (m, 224H, polymer H, 4 CH3). HRMS (MALDI): calcd.
for Cs6H91N506Na: (n = 5 [M+Na]*) 952.6862.; found: 952.7375. Ri: 0.4 (DCM/MeOH 10:1).

PIB-L-Alas-H 30. PIB-L-Alas-Fmoc 29 (4.5 g, 2.6 mmol, 1 equiv.) was dissolved in CHCl3 (200
mL), and piperidine (8 mL, 78 mmol, 30 equiv.) was added. The reaction mixture was stirred for
6 h, and the volatiles were removed by evaporation in vacuo. The residue was purified by
column chromatography (SiO2; DCM/MeOH 10:1) to obtain pure 30 as a colorless solid (3.45 g,
2.3 mmol, 89 %).

1H NMR (400 MHz, C;D2Cl4) 8 = 7.50 (m, 1H, NH), 6.63 (m, 2H, 2 NH), 5.96 (m, 1H, NH), 4.40 (m,
3H, 3 CHCH3), 3.60 (m, 1H, CHCH3), 3.30 (m, 2H, PIB-CH,NHCO), 2.07 (m, 2H, CH2NH>), 1.60-0.84
(m, 228H, polymer H, 4 CH3). HRMS (MALDI): calcd. for CesHi20NsO4Na: (n=11 [M+Na]+)
1066.9937; found: 1066.8450. Rr: 0.1 (DCM/MeOH 10:1).

PIB-T3-PIB T3AO0. PIB-NH; (0.14 g, 0.125 mmol) was dissolved in THF (50 mL), and 12 (73 mg,
0.63 mmol) was added. The reaction mixture was stirred overnight at room temperature. After
reducing the volume of the solution in vacuo to about 20 mL, the crude product was precipitated

with methanol (100 mL) and stirring of the resulting slurry for an hour. The precipitate was
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collected by filtration. After a short column (20:1 DCM:MeOH), the T3A0 was obtained as an
yellow sticky solid (0.063 g, 40%). TCE solutions (c =1 mmol/L) of T3A0 were annealed at
120°C overnight under stirring and then slowly allowed to cool to room temperature in the oil

bath without any stirring.

1H NMR (400.13 MHz, CDCls): § = 0.65-1.60 (m, 248H, aliphatic H), 2.51 (t, J = 7.4 Hz, 4H,
CHC(0)), 3.16 (t,] = 7.2 Hz, 4H, CHz-Ar), 3.20-3.30 (m, 4H, CH,-NHC(0)), 5.32 (m, 2H, NH), 6.72
(d,] = 3.6 Hz, 2H, Ar-H), 6.94 (d, ] = 3.5 Hz, 2H, Ar-H), 6.96 (s, 2H, Ar-H).

PIB-Ala;-T3-Alaz-PIB T3A2. PIB-Ala;-NH; 27a (0.33 g, 0.28 mmol) was dissolved in THF
(100 mL), and 2,2:5’,2”-terthiophene-5,5"-di(propan-3-oic acid) di(chlorendylimidyl ester) 12
(150 mg, 0.13 mmol) was added. The reaction mixture was stirred overnight at room
temperature. After reducing the volume of the solution in vacuo to about 30 mL, the crude
product was precipitated with methanol (200 mL), and the resulting slurry was stirred for 1 h.
The precipitate was filtered off, taken up in DCM (30 mL), and reprecipitated into methanol
(200 mL). This precipitation procedure was repeated one more time to afford T3A2 as an
yellow-green sticky solid (0.237 g, 64%). TCE solutions (¢ = 1 mmol/L) of T3A2 were annealed
at 120°C overnight under stirring and then slowly allowed to cool to room temperature in the oil

bath without any stirring.

1H NMR (400.13 MHz, TCE-d,, 100°C): § = 0.75-1.72 (m, 400H, aliphatic H), 2.64 (t,] = 7.2 Hz, 4H,
CHC(0)), 3.22 (t,] = 7.2 Hz, 4H, CHz-Ar), 3.25-3.40 (m, 4H, CH,-NHC(0)), 4.33-4.50 (m, 4H, C*H),
5.76-5.90 (m, 4H, NH), 6.39 (m, 2H, NH), 6.79 (d, ] = 3.6 Hz, 2H, Ar-H), 7.03 (d, ] = 3.5 Hz, 2H, Ar-
H), 7.04 (s, 2H, Ar-H).

PIB-Ala3z-Ts-Alas-PIB T3A3. PIB-Ala-NH; 28 (0.10g, 0.084 mmol) was dissolved in THF
(50 mL), and 2,2:5’,2”-terthiophene-5,5"-di(propan-3-oic acid) di(chlorendylimidyl ester) 12
(314 mg, 0.18 mmol) was added. The reaction mixture was stirred overnight at room
temperature. After reducing the volume of the solution in vacuo to about 20 mL, the crude
product was precipitated with methanol (100 mL) and the resulting slurry was stirred for 1 h.
The precipitate was filtered off, taken up in THF (20 mL), and reprecipitated into methanol
(100 mL). This precipitation procedure was repeated one more time to afford T3A3 as an
yellow-green sticky solid (0.215 g, 63%). TCE solutions (¢ = 1 mmol/L) of T3A3 were annealed
at 120°C overnight under stirring and then slowly allowed to cool to room temperature in the oil

bath without any stirring.
1H NMR (400.13 MHz, TCE-dz, 100°C): 6 = 0.78-1.77 (m, 381H, aliphatic H), 2.65 (t,/ = 7.2 Hz, 4H,

CH,C(0)), 3.20-3.40 (m, 8H, 2 CH,-Ar & 2 CH,-NHC(0)), 4.41 (m, 6H, C*H), 5.80-5.95 (m, 4H, NH),
6.41 (m, 2H, NH), 6.57 (m, 2H, NH), 6.80 (m, 2H, Ar-H), 7.03 (m, 4H, Ar-H).
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PIB-T4-PIB T4A0. PIB-NH> (1.11 g, 0.92 mmol) was dissolved in THF (100 mL), and 13 (530 mg,
0.44 mmol) was added. The reaction mixture was stirred for 3h at room temperature, solvent
was removed in vacuo and the residue was dissolved in DCM. Filtration over a short SiO; plug

afforded pure T4AO as a yellow-brown sticky solid (600 mg, 48%).

IH NMR (400.13 MHz, CDCls): § = 0.75-1.65 (m, 429H, aliphatic H), 2.51 (t, J = 7.4 Hz, 4H,
CHC(0)), 3.16 (t,] = 7.2 Hz, 4H, CHz-Ar), 3.20-3.30 (m, 4H, CH,-NHC(0)), 5.32 (m, 2H, NH), 6.73
(d, ] = 3.6 Hz, 2H, Ar-H), 6.97 (d, ] = 3.6 Hz, 2H, Ar-H), 6.98 (d, ] = 4.0 Hz, 2H, Ar-H), 7.02 (d, ] =
3.6 Hz, 2H, Ar-H). MS (MALDI): calcd C1s2Hz80N202S4 ([M]*) 2296.0814; found 2296.4393.

PIB-Ala-T4-Ala-PIB T4A1. PIB-Ala-NH; 26 (921 mg, 0.69 mmol) was dissolved in THF (250 mL),
and 2,2":5%,2”:5”,2"’-quaterthiophene-5,5""-di(propan-3-oic acid) di(chlorendylimidyl ester) 13
(407 mg, 0.34 mmol) was added. The reaction mixture was stirred overnight at room
temperature. After reducing the volume of the solution in vacuo to about 100 mL, the crude
product was precipitated by dropwise addition of the solution into methanol (1 L) and stirring
of the resulting slurry overnight. The precipitate was collected by filtration, taken up in
chloroform (35 mL), and reprecipitated into methanol (0.4 L) to afford T4A1 as a yellow-brown
sticky solid (767 mg, 73%). TCE solutions (¢ =1 mmol/L) of T4A2 were annealed at 120°C for
2 h without any stirring, then at 100°C for 2 h, and finally allowed to slowly cool to room

temperature in the oil bath.

IH NMR (400.13 MHz, CDCls): § = 0.70-1.62 (m, 371H, aliphatic H), 2.56 (t, J = 7.6 Hz, 4H,
CH,C(0)), 3.15 (t, ] = 7.4 Hz, 4H, CHz-Ar), 3.17-3.32p (m, 4H, CH,-NHC(0)), 4.43 (m, 2H, C*H),
5.97 (m, 2H, NH), 6.17 (d, ] = 7.6 Hz, 2H, C*NH), 6.71 (d, ] = 3.6 Hz, 2H, Ar-H), 6.92-7.02 (m, 6H,
Ar-H). MS (MALDI): calcd Ci3sH250N404Ss (n = 11/12 [M]*+) 2155.8359; found 2155.9396.

PIB-Ala;-Ts-Alaz-PIB T4A2. PIB-Ala,-NH; 27a (1.88g, 1.29 mmol) was dissolved in THF
(500 mL), and 2,2’:5’,2”:5”,2"’-quaterthiophene-5,5""-di(propan-3-oic acid) di(chlorendylimidyl
ester) 13 (770 mg, 0.64 mmol) was added. The reaction mixture was stirred overnight at room
temperature. After reducing the volume of the solution in vacuo to about 250 mL, the crude
product was precipitated by the drop-wise addition of the solution to methanol (3 L). The
resulting slurry was stirred overnight. This precipitation procedure was repeated two times
using MeOH as the non-solvent, once more using deionized water, and finally acetone to afford
T4AZ2 as a yellow-brown sticky solid (1.39 g, 65%). TCE solutions (¢ = 1 mmol/L) of T4A2 were
annealed at 120°C for 2 h without any stirring, then at 100°C for 2 h, and finally allowed to

slowly cool to room temperature in the oil bath.

1H NMR (400.13 MHz, TCE-d,, 100°C): § = 0.78-1.72 (m, 468H, aliphatic H), 2.64 (t,] = 7.2 Hz, 4H,
CHC(0)), 3.22 (t,] = 7.2 Hz, 4H, CHz-Ar), 3.25-3.40 (m, 4H, CH,-NHC(0)), 4.33-4.50 (m, 4H, C*H),
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5.76-5.90 (m, 4H, NH), 6.33-6.41 (m, 2H, NH), 6.80 (d, ] = 3.2 Hz, 2H, Ar-H), 7.02-7.11 (m, 6H,
Ar-H). MS (MALDI): caled C132H236N606Ss (n = 10 [M]+) 2131.7291; found 2131.1796.

PIB-Alaz-Ts-Alaz-PIB T4A3. PIB-Alaz-NH; 28 (507 mg, 0.33 mmol) was dissolved in THF
(250 mL), and 2,2:5’,2”:5”,2"”-quaterthiophene-5,5""-di(propan-3-oic acid) di(chlorendylimidyl
ester) 13 (197 mg, 0.16 mmol) was added. The reaction mixture was stirred overnight at room
temperature. After reducing the volume of the solution in vacuo to about 90 mL, the crude
product was precipitated by the drop-wise addition of the solution to methanol (1L). The
resulting slurry was stirred for 30 min. This precipitation procedure was repeated two times to
afford T4A3 as a yellow-brown sticky solid (489 mg, 86%). TCE solutions (¢ =1 mmol/L) of
T4A3 were degassed by three freeze-pump-thaw cycles, annealed at 160°C under stirring for
30 min, at 120°C for 5 h without stirring, and finally slowly cooled to room temperature in the

oil bath.

1H NMR (400.13 MHz, TCE-d,, 100°C): § = 0.78-1.72 (m, 468H, aliphatic H), 2.65 (t,] = 7.2 Hz, 4H,
CHC(0)), 3.22 (t,] = 7.2 Hz, 4H, CHz-Ar), 3.25-3.40 (m, 4H, CH,-NHC(0)), 4.33-4.50 (m, 6H, C*H),
5.80-5.95 (m, 4H, NH), 6.33-6.41 (m, 2H, NH), 6.47-6.57 (m, 2H, NH), 6.80 (d, ] = 3.2 Hz, 2H, Ar-
H), 7.02-7.12 (m, 6H, Ar-H). MS (MALDI): calcd Ci3sH246Ng0sSs (n = 10 [M]*) 2272.8005; found
2272.7102.

PIB-Alas-Ts-Alas-PIB T4A4. PIB-Alas-NH; 30 (501 mg, 0.28 mmol) was dissolved in THF
(250 mL), and 2,2’:5’,2”:5”,2""-quaterthiophene-5,5""-di(propan-3-oic acid) di(chlorendylimidyl
ester) 13 (163 mg, 0.13 mmol) was added. The reaction mixture was stirred overnight at room
temperature. After reducing the volume of the solution in vacuo to about 110 mL, the crude
product was precipitated by the drop-wise addition of the solution to methanol (1.5L). The
resulting slurry was stirred overnight. This precipitation was repeated two times to afford T4A4
as a yellow-brown sticky solid (478 mg, 87%). TCE solutions (c=1 mmol/L) of T4A4 were
degassed by three freeze-pump-thaw cycles, annealed at 140°C for 2 h, at 100°C for 2 h, and

finally slowly cooled to room temperature in the oil bath.

1H NMR (400.13 MHz, TCE-d;, 120°C): § = 0.75-1.80 (m, aliphatic H), 2.67 (m, 4H, CH.C(0)),
3.18-3.38 (m, 8H, CHz-Ar & CH;-NHC(0)), 4.28-4.48 (m, 8H, C*H), 5.85-5.90 (m, 2H, NH), 6.35-
6.40 (m, 2H, NH), 6.55-6.70 (m, 6H, NH), 6.81 (m, 2H, Ar-H), 7.02-7.17 (m, 6H, Ar-H).

PIB-Ts-PIB T5A0. PIB-NH; (0.20g, 0.182mmol) was dissolved in THF (100 mL), and
2,2":5’,2":5",2"":5",2""-pentathiophene-5,5""-di(propan-3-oic acid) di(chlorendylimidyl ester)

14 (100 mg, 0.077 mmol) was added. The reaction mixture was stirred overnight at room
temperature. After reducing the volume of the solution in vacuo to about 50 mL, the crude

product was precipitated by the addition of methanol (200 mL), and the resulting slurry was
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sturred for 1 h. The precipitate was filtered off, taken up in DCM (20 mL), and reprecipitated
into methanol (100 mL). This precipitation procedure was repeated one more time to afford
T5A0 as an yellow-brown sticky solid (0.110 g, 52%). TCE solutions (¢ =1 mmol/L) of T5A0
were annealed at 120°C overnight under stirring and then slowly allowed to cool to room

temperature in the oil bath without any stirring.

1H NMR (400.13 MHz, CDCl3): & = 0.70-1.75 (m, 201H, aliphatic H), 2.52 (t, 4H, CH,C(0)), 3.17 (m,
4H, CH2-Ar), 3.26 (m, 4H, CH,-NHC(0)), 5.35 (m, 2H, NH), 6.74 (m, 2H, Ar-H), 6.8-7.2 (m, 8H, Ar-
H).

PIB-Ala;-Ts-Alaz-PIB T5A2. PIB-Ala;-NH: 27a (0.539 g, 0.32 mmol) was dissolved in THF
(250 mL), and 2,2":5',2":5”,2"":5"",2””-pentathiophene-5,5""-di(propan-3-oic acid)
di(chlorendylimidyl ester) 14 (200 mg, 0.15 mmol) was added. The reaction mixture was stirred
overnight at room temperature. After reducing the volume of the solution in vacuo to about
120 mL, the crude product was precipitated by the addition of methanol (2 L). The resulting
slurry was stirred for a few hours. The precipitate was collected by filtration, taken up in THF
(100 mL), and reprecipitated into methanol (2 L) to afford T5A2 as a yellow-brown sticky solid
(0.35g, 77%). TCE solutions (c =1 mmol/L) of T5A2 were annealed at 120°C overnight under

stirring and then slowly allowed to cool to room temperature in the oil bath without any stirring.

1H NMR (400.13 MHz, TCE-d;, 120°C): § = 0.80-1.70 (m, 422H, aliphatic H), 2.63 (m, 4H,
CHC(0)), 3.21 (m, 4H, CHz-Ar), 3.29 (m, 4H, CH,-NHC(0)), 4.30-4.52 (m, 4H, C*H), 5.72-5.87 (m,
4H, NH), 6.33-6.41 (m, 2H, NH), 6.79 (m, ] = 3.2 Hz, 2H, Ar-H), 7.00-7.20 (m, 8H, Ar-H).

PIB-Ala3z-Ts-Alas-PIB T5A3. PIB-Alaz-NH; 28 (0.289g, 0.16 mmol) was dissolved in THF
(100 mL), and 2,2":5',2":5”,2"":5"",2””-pentathiophene-5,5""-di(propan-3-oic acid)
di(chlorendylimidyl ester) 14 (100 mg, 0.77 mmol) was added. The reaction mixture was stirred
overnight at room temperature. After reducing the volume of the solution in vacuo to about
50 mL, the crude product was precipitated by the addition of methanol (300 L). The resulting
slurry was stirred for a few hours. The precipitate was collected by filtration, taken up in THF
(40 mL), and reprecipitated by the addition of methanol to afford T5A3 as an orange-brown
sticky solid (0.21g, 66%). TCE solutions (c=1mmol/L) of T5A3 were annealed at 120°C
overnight under stirring and then slowly allowed to cool to room temperature in the oil bath

without any stirring.

1H NMR (400.13 MHz, TCE-d,, 120°C): § = 0.75-2.00 (m, 618H, aliphatic H), 2.66 (t,] = 7.2 Hz, 4H,
CHC(0)), 3.23 (t,] = 7.2 Hz, 4H, CH,-Ar), 3.33 (m, 4H, CH,-NHC(0)), 4.40 (m, 6H, C*H), 5.86 (m,
4H, NH), 6.35 (m, 2H, NH), 6.49 (m, 2H, NH), 6.81 (m, 2H, Ar-H), 7.05-7.19 (m, 8H, Ar-H).

PIB-Ts-PIB T6AO0. PIB-NH; (224 mg, 0.20 mmol) was dissolved in THF (30mL), and
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2,2":5°,2".5",2"":.5",2"":5"" 2" -Sexithiophene-5,5"""-di(propan-3-oic acid) di(chlorendylimidyl

ester) 15 (137 mg, 0.10 mmol) was added. The reaction mixture was stirred overnight at room
temperature. After reducing the volume of the solution in vacuo to about 8 mL, the crude
product was precipitated by the drop-wise addition of the solution into acetone (100 mL). The
resulting slurry was stirred for 1 h. The precipitate was collected by filtration, taken up in THF

and reprecipitated into acetone to afford T6AO0 as an orange-brown sticky solid (203 mg, 73%).

1H NMR (400.13 MHz, CDCls, 50°C): & = 0.70-1.75 (m, 360H, aliphatic H), 2.51 (t, ] = 7.4 Hz, 4H,
CHC(0)), 3.17 (t,] = 7.2 Hz, 4H, CHz-Ar), 3.21-3.32 (m, 4H, CH,-NHC(0)), 5.26 (m, 2H, NH), 6.74
(d,] = 3.6 Hz, 2H, Ar-H), 6.98 (d, ] = 3.6 Hz, 2H, Ar-H), 7.00 (d, ] = 4.0 Hz, 2H, Ar-H), 7.03-7.10 (m,
6H, Ar-H). MS (MALDI): calcd Co2H149N20,S6 (n = 5/6 [M+H]+) 1505.9938; found 1505.5914.

PIB-Ala;-T¢-Alaz-PIB T6A2. PIB-Ala,-NH; 27a (1.23 g, 0.84 mmol) was dissolved in THF
(600 mL), and 2,2":5°,2”:57,2"".5",2"":5"",2"""-Sexithiophene-5,5"""-di(propan-3-oic acid)
di(chlorendylimidyl ester) 15 (550 mg, 0.40 mmol) was added. The reaction mixture was stirred
overnight at room temperature. After reducing the volume of the solution in vacuo to about
300 mL, the crude product was precipitated by the drop-wise addition of the solution into
methanol (3.2 L). The resulting slurry was stirred overnight. The precipitate was collected by
filtration, taken up in THF (200 mL), and reprecipitated into methanol (3 L) to afford T6AZ2 as an
orange-brown sticky solid (1.2 g, 86%). TCE solutions (¢ = 1 mmol/L) of T6A2 were degassed by
three freeze-pump-thaw cycles, annealed at 120°C under stirring for 5h, and finally slowly

cooled to room temperature in the oil bath without stirring.

1H NMR (400.13 MHz, TCE-d,, 120°C): § = 0.75-1.75 (m, 449H, aliphatic H), 2.65 (t,] = 7.2 Hz, 4H,
CHC(0)), 3.23 (t,] = 7.2 Hz, 4H, CHz-Ar), 3.27-3.40 (m, 4H, CH,-NHC(0)), 4.34-4.52 (m, 4H, C*H),
5.72-5.87 (m, 4H, NH), 6.33-6.41 (m, 2H, NH), 6.81 (d, ] = 3.2 Hz, 2H, Ar-H), 7.04-7.20 (m, 10H,
Ar-H). MS (MALDI): calcd C228H416N606Ss ([M]+) 3527.0756; found 3531.3691.

PIB-Alaz-T¢-Alas-PIB T6A3. PIB-Alaz-NH; 28 (410 mg, 0.27 mmol) was dissolved in THF
(200 mL), and 2,2":5’,2".5",2"":5",2"":5"",2"""-Sexithiophene-5,5""-di(propan-3-oic acid)
di(chlorendylimidyl ester) 15 (175 mg, 0.13 mmol) was added. The reaction mixture was stirred
overnight at room temperature. After reducing the volume of the solution in vacuo to about
100 mL, the crude product was precipitated by the drop-wise addition of the solution into
methanol (1.3 L). The resulting slurry was stirred for 1 h. The precipitate was collected by
filtration, taken up in THF, and reprecipitated into methanol to afford T6A3 as an orange-brown
sticky solid (418 mg, 89%). TCE solutions (c =1 mmol/L) of T6A3 were degassed by three
freeze-pump-thaw cycles, annealed at 180°C for 30 min under stirring, 120°C for 5 h without

stirring, and finally slowly allowed to cool to room temperature in the oil bath.
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1H NMR (400.13 MHz, TCE-d,, 120°C): § = 0.75-1.75 (m, 618H, aliphatic H), 2.66 (t,] = 7.2 Hz, 4H,
CHC(0)), 3.24 (t,] = 7.2 Hz, 4H, CHz-Ar), 3.27-3.40 (m, 4H, CH-NHC(0)), 4.35-4.50 (m, 6H, C*H),
5.80-5.89 (m, 4H, NH), 6.30-6.37 (m, 2H, NH), 6.45-6.51 (m, 2H, NH), 6.82 (m, 2H, Ar-H), 7.05-
7.19 (m, 10H, Ar-H). MS (MALDI): calcd Cis4H266Ns0sSeNa (n =11 [M+Na]+) 2571.8904; found
2571.6466.

PIB-Gly:-T¢-Gly2-PIB T6G2. PIB-Gly,-NHz 27b (634 mg, 0.46 mmol) was dissolved in THF
(200 mL), and 2,2":5°,2”:57,2"":5",2"":5"”,2"""-Sexithiophene-5,5"""-di(propan-3-oic acid)
di(chlorendylimidyl ester) 15 (301 mg, 0.22 mmol) was added. The reaction mixture was stirred
overnight at room temperature. After reducing the volume of the solution in vacuo to about
80 mL, the crude product was precipitated by the drop-wise addition of the solution into
methanol (1 L). The resulting slurry was stirred overnight. The precipitate was collected by
filtration, taken up in THF (80 mL), and reprecipitated into methanol (1 L) to afford T6G2 as an
orange-brown sticky solid (578 mg, 79%). TCE solutions (c = 1 mmol/L) of T6G2 were degassed
by three freeze-pump-thaw cycles, annealed at 120°C under stirring for 5 h, and finally slowly

cooled to room temperature in the oil bath without stirring.

1H NMR (400.13 MHz, TCE-dz, 120°C): 6 = 0.85-1.75 (m, 476H, aliphatic H), 2.69 (t,J = 7.4 Hz, 4H,
CH,CH:C(0)), 3.25 (t,J = 7.4 Hz, 4H, CH,CH>-Ar), 3.28-3.40 (m, 4H, polymer-CH,-NHC(0)), 3.91
(d, ] = 5.2 Hz, 4H, glycine CH>), 3.98 (d, ] = 5.2 Hz, 4H, glycine CH;), 5.60-5.70 (m, 2H, NH), 6.30-
6.40 (m, 2H, NH), 6.82 (d, J = 3.6 Hz, 2H, Ar-H), 7.05-7.20 (m, 10H, Ar-H). MS (MALDI): calcd
C156H272N606S6 (n = 12/13 [M]*) 2518.9516; found 2519.0198.

PIB-T7-PIB T7A0. PIB-NH; (179 mg, 163 umol) was dissolved in THF (50 mL), and
2,2:5",2":57,2": 5" 2757 2757, 2" -Heptathiophene-5,5""""-di(propan-3-oic acid)
di(chlorendylimidyl ester) 16 (115 mg, 78 pmol) was added. The red suspension was sonicated
for 5 min and stirred overnight at room temperature. After reducing the volume of the resulting
solution in vacuo to about 15 mL, the crude product was precipitated by the drop-wise addition
of the solution into methanol (200 mL). The resulting slurry was stirred for 2 h. The precipitate
was collected by filtration, taken up in THF (20 mL), and reprecipitated into methanol (200 mL)
to afford T7A0 as a sticky red-brown solid (200 mg, 78%). TCE solutions (¢ =1 mmol/L) of
T7A0 were degassed by three freeze-pump-thaw cycles, annealed at 120°C for 1 h under stirring,

and cooled to room temperature at a rate of 30°C/h without any stirring.

1H NMR (400.13 MHz, TCE-d,, 130°C): § = 0.85-1.77 (m, 372H, aliphatic H), 2.58 (t,] = 7.4 Hz, 4H,
CH,C(0)), 3.23 (t,] = 7.2 Hz, 4H, CHz-Ar), 3.27-3.37 (m, 4H, CH,-NHC(0)), 5.22 (m, 2H, NH), 6.81
(d, J = 3.6 Hz, 2H, Ar-H), 7.04-7.22 (m, 12H, Ar-H). MS (MALDI): calcd C104H166N202S7 (n = 6/7
[M]+) 1700.1022; found 1699.8164.
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PIB-Ala;-T7-Alaz-PIB T7A2. PIB-Ala;-NH; 27a (268 mg, 0.18 mmol) was dissolved in THF
(120 mL), and 2,2:5’,2”:5”,2’":5",2"":5"”,2""":.5""” 2" -Heptathiophene-5,5"""-di(propan-3-oic
acid) di(chlorendylimidyl ester) 16 (122 mg, 0.08 mmol) was added. The red suspension was
sonicated for 5 min and stirred overnight at room temperature. After reducing the volume of the
resulting solution in vacuo to about 50 mL, the crude product was precipitated by the drop-wise
addition of the solution into methanol (0.5 L). The resulting slurry was stirred for 2 h. The
precipitate was collected by filtration, taken up in THF (50 mL), and reprecipitated into
methanol (0.5 L) to afford T7A2 as a sticky red-brown solid (276 mg, 88%). TCE solutions
(c =1 mmol/L) of T7A2 were degassed by three freeze-pump-thaw cycles, annealed at 180°C for
30 min under stirring, at 120°C for 5h without stirring, and finally slowly cooled to room

temperature in the oil bath.

1H NMR (400.13 MHz, TCE-d,, 130°C): § = 0.88-1.82 (m, 385H, aliphatic H), 2.69 (m, 4H,
CH,C(0)), 3.28 (t, 4H, CHz-Ar), 3.37 (m, 4H, CH-NHC(0)), 4.30-4.60 (m, 4H, C*H), 5.75-5.90 (m,
4H, NH), 6.31-6.39 (m, 2H, NH), 6.86 (m, 2H, Ar-H), 7.07-7.27 (m, 12H, Ar-H). MS (MALDI): calcd
C172H208N606S7K (n = 13/14 [M+K]*) 2807.0874; found 2806.5602.

PIB-Alaz-T7-Alaz-PIB T7A3. PIB-Alaz-NH, 28 (230 mg, 0.15 mmol) was dissolved in THF
(130 mL), and 2,2%:5’,2”:5”,2":5",2"":5"”,2""":5"" 2"""”-Heptathiophene-5,5"""-di(propan-3-oic
acid) di(chlorendylimidyl ester) 16 (104 mg, 0.07 mmol) was added. The red suspension was
sonicated for 5 min and stirred overnight at room temperature. After reducing the volume of the
resulting solution in vacuo to about 50 mL, the crude product was precipitated by the drop-wise
addition of the solution into methanol (600 mL). The resulting slurry was stirred for 2 h. The
precipitate was collected by filtration, taken up in THF (50 mL), and reprecipitated into
methanol (600 mL) to afford T7A3 as a sticky red-brown solid (255 mg, 95%). TCE solutions
(c =1 mmol/L) of T7A3 were degassed by three freeze-pump-thaw cycles, annealed at 180°C for
30 min under stirring, at 120°C for 5h without stirring, and finally slowly cooled to room

temperature in the oil bath.

1H NMR (400.13 MHz, TCE-d,, 130°C): § = 0.80-1.80 (m, 610H, aliphatic H), 2.67 (t,] = 6.8 Hz, 4H,
CH>C(0)), 3.25 (t, ] = 6.8 Hz, 4H, CH-Ar), 3.28-3.41 (m, 4H, CH,-NHC(0)), 4.42 (m, 6H, C*H),
5.79-5.87 (m, 4H, NH), 6.28-6.49 (m, 4H, NH), 6.82 (m, 2H, Ar-H), 7.05-7.21 (m, 12H, Ar-H). MS
(MALDI): calcd Ci50H252Ng0sS7 (n = 10 [M]+) 2518.7631; found 2518.7564.

PIB-Ts-PIB T8AO. PIB-NH: (122 mg, 0.11 mmol) was dissolved in THF (50mL), and
2,2:5",2":57,27: 57 27 5 20 5 20 5 2 - octathiophene-5,5""""-di(propan-3-oic acid)

di(chlorendylimidyl ester) 17 (80 mg, 0.05 mmol) was added. The red suspension was sonicated
for 5 min and stirred for 45 h at room temperature. After reducing the volume of the resulting

solution in vacuo to about 15 mL, the crude product was precipitated by the drop-wise addition
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of the solution into methanol (200 mL). The resulting slurry was stirred for 2 h. The precipitate
was collected by filtration, taken up in THF (3 mL), and reprecipitated into methanol (50 mL) to
afford T8AO as a sticky red-brown solid (112 mg, 73%). TCE solutions (¢ = 1 mmol/L) of T8AOQ
were degassed by three freeze-pump-thaw cycles, annealed at 120°C for 1 h under stirring, and

cooled to room temperature at a rate of 30°C/h without any stirring.

1H NMR (400.13 MHz, TCE-dy, 120°C): § = 0.85-1.80 (m, 444H, aliphatic H), 2.58 (t,] = 7.6 Hz, 4H,
CHC(0)), 3.23 (t,] = 7.6 Hz, 4H, CHz-Ar), 3.28-3.38 (m, 4H, CH,-NHC(0)), 5.21 (m, 2H, NH), 6.81
(m, 2H, Ar-H), 7.05-7.21 (m, 14H, Ar-H).

PIB-Ala;-Tg-Alaz-PIB T8A2. PIB-Ala,-NH; 27a (673 mg, 0.46 mmol) was dissolved in THF
(300 mL), and 2,2:5°,2":57,2"": 57,2757 2 5 20 5 27 - octathiophene- 5,57 -
di(propan-3-oic acid) di(chlorendylimidyl ester) 17 (345 mg, 0.22 mmol) was added. The red
suspension was sonicated for 5 min and stirred for 40 h at room temperature. After reducing the
volume of the resulting solution in vacuo to about 100 mL, the crude product was precipitated
by the drop-wise addition of the solution into methanol (1 L). The resulting slurry was stirred
for 2 h. The precipitate was collected by filtration, taken up in THF (120 mL), and reprecipitated
into methanol (1.2 L) to afford T8AZ2 as a sticky red-brown solid (751 mg, 91%). TCE solutions
(c =1 mmol/L) of TBA2 were degassed by three freeze-pump-thaw cycles, annealed at 180°C for
30 min under stirring, at 120°C for 5h without stirring, and finally slowly cooled to room

temperature in the oil bath.

1H NMR (400.13 MHz, TCE-dz, 130°C): § = 0.80-1.80 (m, 440H, aliphatic H), 2.65 (t,] = 7.2 Hz, 4H,
CHC(0)), 3.24 (t,] = 7.2 Hz, 4H, CHz-Ar), 3.28-3.41 (m, 4H, CH,-NHC(0)), 4.34-4.52 (m, 4H, C*H),
5.72-5.87 (m, 4H, NH), 6.31-6.39 (m, 2H, NH), 6.82 (m, 2H, Ar-H), 7.05-7.21 (m, 14H, Ar-H).

PIB-Alaz-Tg-Alas-PIB T8A3. PIB-Alaz-NH: 28 (235 mg, 0.15 mmol) was dissolved in THF
(130 mL), and 2,2":5°,2":57,2"": 572" 57 2 5 20 5 27 - octathiophene- 5,57 -
di(propan-3-oic acid) di(chlorendylimidyl ester) 17 (112 mg, 0.07 mmol) was added. The red
suspension was sonicated for 5 min and stirred for 45 h at room temperature. After reducing the
volume of the resulting solution in vacuo to about 50 mL, the crude product was precipitated by
the drop-wise addition of the solution into methanol (600 mL). The resulting slurry was stirred
for 2 h. The precipitate was collected by filtration, taken up in THF, and reprecipitated into
methanol to afford T8A3 as a sticky red-brown solid (254 mg, 91%). TCE solutions
(c =1 mmol/L) of TBA3 were degassed by three freeze-pump-thaw cycles, annealed at 220°C for
30 min under stirring, at 120°C for 5h without stirring, and finally slowly cooled to room

temperature in the oil bath.

1H NMR (400.13 MHz, TCE-d,, 130°C): & = 0.80-1.80 (m, aliphatic H), 2.67 (m, 4H, CH.C(0)), 3.25
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(m, 4H, CHz-Ar), 3.32 (m, 4H, CH>-NHC(0)), 4.41 (m, 6H, C*H), 5.82 (m, 4H, NH), 6.33 (m, 2H, NH),
6.45 (m, 2H, NH), 6.82 (m, 2H, Ar-H), 7.04-7.22 (m, 14H, Ar-H).

N-poly(isobutene)-yl perylene-9,10-di(propylcarboxylate)-3,4-dicarboximide 33. A slurry
of perylene-3,4:9,10-tetracarboxylic dianhydride 31 (7.16 g, 18.3 mmol), 1-propanol (11 mL,
146 mmol), and DBU (11 mL, 73.1 mmol) in dry DMF (150 mL) was stirred for 16 h at room
temperature in an inert atmosphere. The slurry became a clear solution after 1 h. Dry THF
(130 mL), and then a solution of PIB-NH; 32 (11.0 g, 9.13 mmol) in dry THF (30 mL) were added
slowly to the reaction mixture. The solution was stirred vigorously for 3 d, treated with 1-
bromopropane (13 mL, 146 mmol), stirred for another 16 h, and finally poured into a 1M
aqueous HCI solution. The slurry was extracted three times with DCM. The combined organic
phases were washed with alM aqueous HCI solution, two times with a saturated aqueous NaCl
solution, and finally dried over Mg,S0O4. The solvent was removed in vacuo, and the residue
(about 23 g) was purified by column chromatography (3.5 L SiO;, DCM) to afford pure 33 as a
red sticky solid (7.6 g, 49%).

1H NMR (400.13 MHz, CDCl3): & = 0.65-1.80 (m, 154H, aliphatic H), 1.85 (sex, 2H, COOCH;CHCHs)
4.13-4.26 (m, 2H, CH,-N), 4.32 (t, 4H, COOCH), 8.58-8.72 (m, 8H, ArH).

N-poly(isobutene)-yl perylene-9,10-di(carboxylic anhydride)-3,4-dicarboximide 34. N-
poly(isobutene)-yl perylene-9,10-di(propylcarboxylate)-3,4-dicarboximide 33 (697 g,
4.13 mmol) and p-toluenesolfonic acid monohydrate (7.86 g, 41.4 mmol) were dissolved in
toluene (200 mL), and the resulting solution was stirred for 16 h at 95°C. After cooling to room
temperature, the reaction mixture was poured into MeOH (2.5 L), and the resulting slurry was
stirred for 1.5 h. The red precipitate was filtered off, washed with MeOH, taken up in THF
(150 mL), and reprecipitated into MeOH (1.5 L) to afford pure 34 as a red sticky solid (6.33 g,
97%).

1H NMR (400.13 MHz, CDCls, 120°C): § = 0.65-1.85 (m, 152H, aliphatic H), 4.17-4.29 (m, 2H,
CH;-N), 8.58-8.72 (m, 8H, ArH).

PIB19-PBI-T4-PBI-PIB1s PTP-19. 5-5""-Bis(2-amino-ethyl)-2,2":5’,2":5”,2"”-quaterthiophene
dihydrochloride (15 mg, 36 umol), perylene-9,10-dicarboxylic anhydride-3,4-dicarboximide-N-
(polyisobutyl) 34 (120 mg, 76 umol), and Zn(0OAc): (13 mg, 72 umol) were dissolved in
quinoline (20 mL). The resulting solution was stirred for 16 h at 175°C. The reaction mixture
was subsequently cooled to room temperature and then poured into MeOH (150 mL). After
stirring for 4 h, the dark red precipitate was filtered off, redissolved in THF (20 mL), and
reprecipitated into MeOH (150 mL). The obtained residue was then redissolved in THF

containing SiO; (10 mL), and the slurry was evaporated to obtain the crude product dry-loaded
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on SiO; for the subsequent column chromatography (50 mL SiO,, DCM/MeOH 10:1, then pure
THF). A final precipitation from THF to MeOH afforded pure PTP-19 as a red sticky solid (54 mg,
42%).

1H NMR (400.13 MHz, TCE-d2, 120°C): § = 0.75-1.95 (m, 358H, aliphatic H), 3.35-3.42 (m, 4H,
CHz-N), 4.26-4.35 (m, 4H, quaterthiophene-CH,CH:-N), 4.56-4.65 (m, 4H, quaterthiophene-
CH;CH-N), 8.65-8.80 (m, 16H, perylene ArH).
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8.1 Spectral Data for Synthesized Compounds



154 8 Appendix

E ~ ~ f=1
- S ™ el
- - m ~
| |
'"H NMR (400 MHz, CDC|3)
cl._Cl
cl a
4 o
S W
g oH
2
1
|
lj—| )—'—1
8 =
2 &
125 15 10.5 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
o ) o = eauQininmmnnee
S ~”m (=] @ o SB\Q@Q\C\O\GU\G\O
BC NMR (150 MHz, CDCIs)
cl_cl
. cl
o~ e
cl N.
g om
2

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0



155

8 Appendix

6T
mm.NW
L&T
YTEF
9T’E
8TE

58'9
769
£6'9
69
SLL
L _..k..q
9TL

= qu.m
M| S0

N

H|mo.~

Wno.n

oo

H
UL

0.0

05

1.0

15

20

25

3.0

35

40

45

5.0

55

6.0

6.5

70

75

8.0

85

9.0

06'¥T—

E0'EE—

96'6t—

S6'9L
w—.hhv
LELL
omdm\

oLrvoL—

6LFTL
mm.mN—M
lzeeL—

65'LEL—

9Tlvl—

S8T9L—
65991 —

CNMR (150 MHz, CDCl,)

Cl

110

T
190

T
200



8 Appendix

156

68T
_.m.nW
€6T
SIE~
LUE
6L°E

96'E—

w99
€ 0.0V.
98’9
L w.oV.

9TL—

'H NMR (400 MHz, CDCl,)

Cl
Cl

o]
Cl
Cl

Br
"/

0o

N,
o ©

A
Cl

an.m
Wvo.m

%wo.w

Foou
Feso

0.0

0.5

rLse—

1.0

98'CE—

1.5

20

66'6—

25

3.0

mﬂ@n./

10

20

30

40

60 50

70

J Ll
876L

35

4.0

TLroL—

45

5.0

9LETL
mm.mﬁW
ervels
m_.um_\.
L8471
T9'LEL
EVOELT
95LEL
9rorL

5.5

6.0

6.5

7.0

8T9L—
r599L—

7.5

8.0

8.5

180 170 160 150 140 130 120 110 100 90 80

180

"*CNMR (150 MHz, CDCl,)

200



157

8 Appendix

SSL—

6T
96T
86T—

ITE¢
£TE
¥TE

oL
hh.cy.
2697
669

669
669

102
oL
ovz

e
8L
8LL
6L°L
oTL
9TL

'H NMR (400 MHz, CDCl,)

I H\ 07

HT 0T

_J Mloc.m

F o\

00T

Fan
F

\_/

Cl
Cl
0o
N,
o ©

Cl
Cl
/2
|

Cl

3.0

yIST—

98ZE—

66’6 —

A

35

4.0

4.5

5.0

5.5

6.0

6.5

7.0

75

8.0

85

9.0

3 i€1tY
8761

U0l —

orezL
8TECL
Ay

[4: 4] b
¥s991l—

10

20

30

40

110 100 90 80 70 60 50

120

170 160 150 140 130

Cl
Cl
190 180

BCNMR (150 MHz, CDCl,)
cl

200



8 Appendix

158

6T
56T
61—
6lE—¢
IZe
£€Te

96'E—

"H NMR (400 MHz, CDCI,

Cl

Cl

Cl

0T

=t

0oL

|L -

3.0

35

4.0

4.5

5.0

5.5

6.0

6.5

7.0

75

80

85

9.0

EIST—

£87E—

00°05—

mm.oh/

e

LELL
60°6L

FLPOL—

9'LLL—

98'ETL

¥4 4}

0E9TL—
SL0EL—
oF'seEL—
60'6EL—
E0LrL"

08'Z9L—
1§'991—

CNMR (150 MHz, CDCl,)

Cl

Cl

Cl

110

T T
180 170

T
190

r
200



8 Appendix 159

RA{2SE5 258
L L N coo
T 37
'H NMR (400 MHz, CDCl,)
7\ s
SnBuy
Q\U
7
|
1
|
Py T
Sad R B L
——— 0 L-J oo
T T T T T T T T T T T T T T T |
0 85 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 40 35 30 25 20 15 10 05 0.

323 =% as
[N P N7 T
"*CNMR (100 MHz, CDCl,)
’IS\ \S/ SnBuy
7

L , 1l

0 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 (




8 Appendix

160

¥6T
96T
867"
LZE~
{143
(343

o'z
90°L
WQ.NV.
aL'L
L
45
L
9aTL

99
L9
86'9
mm.o#

'H NMR (400 MHz, CDCl,)

Cl

L

3

Feor
Tﬁ.q
0L
660

SUsT—

£876—

S6'6h—

S6'9L \

LELL
wm.mh\.

80v0L—

LE'ETL
06'€TL
8T¥TL
6¥'vZL

PorTL
0£971
00'8TL
65 LEL
LLU9EL
LEOEL
8E9EL
EE°LEL
65°07L

€879l —
SP99L—

BCNMR (150 MHz, CDCl,)

Cl

—_—

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

190



161

8 Appendix

6T
96T
86T~
LTE~
143
STE

L6'E—

L9
£L9
689
069
96'9
L6'9
86'9

9TL—

» Br
\ 7 \
15 10 0.5

Cl
Cl
(o)o]
N,
o ©
20

cl
25

"H NMR (400 MHz, CDCl,)

30

e

ELszT—

6LTE—

re'6r—

sy

35

40

45

50

55

6.0

6.5

8.0 75 7.0

85

LELL
mm.mn\.

£LOVOL—

YOLLL—

_.m,mw_.
S.vﬁ
LTreL
SLVEL-;
seozL/
90EL—
89°LE _..\
61'5ELF
L8'SE _.%
L89EL
881
[80%L

€879l —
6¥'991—

10

20

30

40

50

60

70

100 20 80

110

120

170 160 150 140 130

cl Cl
cl
00
N,
g o
190 180

"*CNMR (150 MHz, CDCl,)



8 Appendix

162

680
L6'0
£60—
orL—
LE'L—

SS1—2
L5
65°L
oL
[4-a\

s0°L
ETAS
9TL—
671
€L

'H NMR (400 MHz, CDCl,)

/R s
s W SnBug

BusSn

10

Foes1
Feen
Fez

Mlmwﬂ i

ooz

- g6l

0.0

05

10

1.5

20

25

3.0

35

4.0

45

5.0

5.5

6.0

6.5

7.0

75

80

85

0o'LL—
LEEL—

LWLz~
oLrez—

¥8'9L
w—.nnW
it

wril—

0T9EL
0T9€ _.v.

9l'ErL—

UL

*CNMR (100 MHz, CDCL,)

I\ s
s e

BugSn

10

||

110

T
170

T
190

r
200



163

8 Appendix

6ES'L—

82
s967-1
s8677
861~
EITEF
TeTe

[tra3

SPE'E
656'E
06'E
S66'€

00E'5s—

L9
_.AHOV.
L6'9
086'9
L66'9

09T L—

e

Foov

Foov

6.1

YLl
Ano._.

10

15

20

25

30

3.5

40

45

50

5.5

6.0

6.5

70

75

ppm



8 Appendix

164

S6°T
L6T
86T
e
£TE
STE

L67E—

Ly
R.wu.
86'9—

9TL— ——

"HNMR (400 MHz, CDCl,)

Cl
R
Cl

Cl
cl

Cl
i
Cl

W 60T |
F

A)T.:.m r

0.0

0.5

1.0

1.5

20

25

3.0

35

4.0

4.5

50

5.5

6.0

6.5

7.0

75

8.0

85

9.0

61'ST—

S8TE—

10'05—

6oL
P

LELL
67'6L

FLIFOL—

€879l —
5'99L—

PCNMR (150 MHz, CDCI,)

Cl

Cl
Cl

Cl

Cl

Cl

Cl

2
cl Cl

!\ B
87\ J s
13

/

\

0o
N,
g ©

a
|

Cl

Cl

30

40

110

T
190

r
200



165

8 Appendix

8900—

[TANEN
GELLY

LL6T—

LETE—

vLEE—

SLL9—
0669
Se69-F
8LOL
£90°L
oz’

H(qm.o
€60
580

00

0.5

1.0

1.5

20

25

30

35

4.0

4.5

50

55

6.0

6.5

70

75

ppm



8 Appendix

166

66'C
10°E
€0E—
8TE—%
6Z°€
£33

00— o

Cl

Cl

009—

89
58’9 A
90°L
0L
80°L
602

vl

"H NMR (400 MHz, TCE-d,)
Ci

15

A

—=

W ELy [
A}T 00y

w 6t [

W 50T
Wwo. 1 [

0.0

0.5

1.0

1.5

20

25

3.0

35

4.0

4.5

50

55

6.0

6.5

7.0

75

80

85

9.0

09vT—

leee—

86—

v9'8L—

05°€TL
F6ETL
ELpTL

6171
685717
S60EL~
0TSEL
STSEL
6rseElL
oLsEL
S09EL
vEOpL

LTT9L—

CNMR (150 MHz, TCE-d))

Cl

Cl

R
Cl

mewwmmmw

T T
180 170

T
190

40

110

T
200



8 Appendix 167

s 5 g g 73
~ 0 0 L Ll m
[ | \ T
cl..Cl Cl_cl
CI/ Cl Cl \CI
{oXs] 00
R WY s Ny o @
a © \J % o
7
16

Lo L
S
Jat

214{
| 223{

0 6.5 6.0 55 5.0 4.5 4.0 35

w
o
N
n
[
o
n
(=]
o
n
o

Data: Routine\150312LC18_CHCA_REF_0002 L3ic] 12 Mar 2015 15:03 Cal: ref150312PE 1500 12 Mar 2015 14:58.
3.30080616: Fower, 130, Blanked, P.Ext @ 1600 (bin 123}

nt. 183 mVisum= 7827 m\] Profiles 1-48: {48 Tagged) Smocth Sv-G1 2 -Baseline 16

- 1455.5851

1457,5805 C g

1456.5989

] 14546055

1451.5897

3 14805917
1452 6747

5] eson 1450,9671 e sea2 1468,6032

T T T T T T T T T T T T T T T T T 7 T T K]
MO AT M8 M40 MED 51 MS2 153 B4 S 146 ST 4SE S0 1460 1461 M2 M) M MES e e e e um



168 8 Appendix

NN O~ — 0 WY d o TNOWme
T e GV O g Q m MG ey ey
Lol ol f=} < MmMmmmmm
[P SN

Cl

C

L\
1
o ©

14.31
4.00

w1396

=]
]
in
o
o
~
n
~
o
o
in
o
o
v
n
v
o
ES
in
& J
= 384

35

x10 1 C56H28CI12N208S8: +APPI Scan (0.515-0.764 min, 16 Scans) Frag=175.0VvV 140211AC.d
1538,5870
5 HRMS spectra (APPI)

4.8 ClCl Cl_¢l
Cl cl

00 O

N,
o © WA YW SR WA N o

1540.5789
1

TR82o0es 1542.5933
5 1537.5963 1
] | |

1536.5925

2.4 1541.5958
2.2 I |
2- 1534.5941 [
1535.5904
| |
I

| 1544.5818 1548.5012
il

1543.5833
|

1532 1533 1534 1535 1536 1537 1538 1539 1540 1541 1542 1543 1544 1545 1546 1547 1548 1549



169

8 Appendix

8SE'L
9LE'L

90t'L
mNYF\
SS¥FL

6Ly
oLTw
LTy
8l
LOE
BLEY
SEEW
ELEY
06£
80F'y
oTF'Y

[4: 44
(114

oSS~
$95°5~"

8659
£ _.edv

09T'L
08T°L
8L

S8TL
867°£
102
e
Iy
zee L
LLEL
06£°£1
80¥°L]
vLS L]
8LS°L
T65°L
vl L]
eor 4]

=

=

o]

J\rH

FmOC\N

19a

-

(44
687
98

00'L
5T
LUL

Foso

Feio

BleL
’MQ L
gL
2061

60 55 50 45 40 35 30 25 20 15 10 05 00
ppm

6.5

9.5 9.0 85 8.0 75 7.0

10.0

PSEL~
8E6L~"

98—

0E° b~
68—
8505~

1€L9—

YO'LL
om.mmw
89LL

suzg

L1zt~
se'szL

mﬁﬁM
16LTL—

8r Lyl —
wrrl—

8L9SL—

EITLL
m_.,NEV.

=

19a

o]

J\rH

Fmoc~

210 200 190 180 170 160 150 140 130 120 110 100 20 80 70 60 50 40 30 20 10
ppm

220



8 Appendix

170

wi—

LS°S
Nm.mv
1339

9aTL
6L
6TL
LE'L
[4 ¥4
€L
8EL
(A
B8S'L
SLL
Lt

Ik

Fmoc-.N

19b

J W@m.m

- Wev.v
—= Wﬁ:
= Wam.w

< b

S0T
154
e
S0¢




171

8 Appendix

ZITL
0ETL
oTL
08T'L

80—

964
10T
S0S'T

OEEE—
£90°%
80
0oLy
8Lt
L61'Y
L0TY
SITY
[4444
T
09Tt
L9TY

LIgL
6T€L
SPEL
66€°L
8L¥L
VEV L2
06¥'L

0lS'L
oLLL
8TLL
VL L

188°L
006'L
9118
SEL'S

00°€
L6T

660
L6'E

16'L
86'L
680
R
Fyet

H\mmd

95 9.0 85 8.0 75 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 2.0 1.5 1.0 0.5 0.0
ppm

10.0

ELBL~
SLel-"

Skor—
oL~

687"
5905

£L599—

90'1Z1~
g

v0'8T1 M
09871~

89’ —
9Lvrl—

79'951—

CEELL~
POSLL

o
OH

H
.
(o}

Fmoc

20a

210 200 190 180 170 160 150 140 130 120 110 100 90 8 70 60 50 40 30 20 10
ppm

220



8 Appendix

172

6T
05T

05T
x4

PEE
99°€
9LE
m.m.mW

8Th—

LEL

SEL
or'L
wiL

95°L
85L
09
L&e
€L
88'L
0672
g
rL'8
sL'g

o9

L5TL—

oLr'e

rel

3
Wmm.m

LT

14
sT'L

L6l

/YN\)LOH

FmOC\N

20b

14
Fs60

M[ AL

00°L

T T T T T T
90 85 80 75 70 65 60

T

T T T T T
100 95

120 115 110 105

125

0.5

1.0

1.5

2.0

2.5

3.0

35

4.0

4.5

5.0

55



173

8 Appendix

6EE'L
95¢L

£85°L
Yor'L
6¥F L

041

L6L'F
60T %
9TTH
967t
[4t34
0EED:
6LE Y
96EF—
j 1444
Lty
805'F
L1434
PSP
1957
8L5F

mmm.m
moo.mv

EEE
mah.m
6£°6

gA
060
LIE
FLL

lem.c

1.0 05 0.0

15

20

65 60 55 50 45 40 35 30 25
ppm

70

9.5 9.0 85 8.0 7.5

10.0

L¥8L
6061 LV\
9¥'6lL

66'L2—

1&L9—

v89s
O_HHW
8 LL

16187

100ZL—
(474}
[4yx4)
SLLTL X

ELrL—
PeErL—

pLosL—

08'LLL
86'LLL
wm.mh—.\

o]

L4

Fmoc~N

Ll

LU

heat

T
190

T
200

T
210

ppm



8 Appendix

174

0.5

60'8L
N_,m—w
ozT6L

1.0

8ETL

95T'L .

687 L - 006
L0E'L L

15

20

L9 L
om.mvw
mw,mvu\
mm.om

orsT—

3.0

35

60t
160V
ILL'F
[Lira g

61T Y Wmmd
5T .

e 44
S9T L
6T

EIEY
EEEY

4.0

_J
)
9599—
yoEE— |l

45

T
5.0
ppm

90171~
vz9zL

mo.mm—.M
65871—

6.0

6.5

TSEL Lyl —
Py 91l
P i SLvpL—
8L
S
Siv'L 6L
0SS~ ve'l
895/~ (80
SLLF — 8.1
09L'L 81
e 880 [

I

0 3
1Z6'L o = 86'0 v8TLL
ov6'L 90°€LL
V6L

wet > 6w
og{ ©
vELS ey

~

7.0

99951L—

7.5

8.0
J\rOH
o

85

o]
:
9.0
H
Jﬁr”
o]

9.5

Fmoc
moc N
H

10

20

30

40

22
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50
ppm

200

210



8 Appendix

175

CRINAEERACIRRR o A ey P2xTERS 2 'Sa '
RRARYIRARAMARS @ bl SANAE ANNANR R EECE
SRpREEannnnaad 2 a IRQY QaNann hididalis B
TSNS (RGNS Sy [N 2|2
F N
sy m
O 19
23
M\
e ] Ealas . _—T
® e 3 g g o
S 5 - ~§ ~
10.0 9.5 9.0 85 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5
ppm
076778 0198m8
H
1075,8752 Fmoc. N
795.5466
o 19
10207942 3
6834211 9647109 1131,9504
ssakora 11329423
11890103




8 Appendix

176

06610

o
LEE1—

FPIPT

9ETE—

L4184
LIT#
8T
86—
(184
LEVY

0EES
gm.mv

960'9—

2159~
$659"
09T
£6T°L
S6TL
LLEL
YIEL
OEEL
43302
98€°L
YOv'L
L
LS
06S°L
954,
SLLL

f,

Fmoc\N

0

24a

t

<

86'981

00T

[3:4
[4:44

SL0

SL0

SL0

0.0

95 90 85 80 7.5 70 65 60 55 50 45 40 35 30 25 20 15 10 05
ppm

100

"

7543713

e
=]
~d
g
=,
h -
~ ~
Iz
4
.ﬂWo >
ZI
r“ wwl
[=]
£ 3
. 3
D 4
—d
3
——
W
T o
~ 2
m -
o
—
e
o
[»]
0
&
n
it
o)
o]
~
g @ 8
a
» ]
o m
o
a Q =2}
3
<
£ ] 2
A R
- (=]
= 2
o] 2]
) A
3] ]
=<}
g &

g

1300

1200

1100



177

8 Appendix

£TE
143

68°E

06'€
06¢

(744
—N.vW
j144
L4ad
o'y

95°5—

£19—

W S9SLL

24b

H
(TN
o]

Fmoc N
H

€0°T

(344

€0°L

oL

880

LT,
10T
ore
007

5.0 4.5

55



8 Appendix

178

vrLE
6SL°E
vILE
€8LE
961°E
olze
0ETE

8Lt
861t
SITY
0EE'Y

9SEY V.r
8LEY
86E'F
vir'y
UV
665t

SE8S—

09£9—
0ELL
09TL
th.Nk
€6TL
LLE n\.
SLEL
€6€°L
[48 44
005,
855L
9S'L
SvLL
YLt

f

Fmoc N

);/\(W
19

25

o]

T

68°10Z

00z

[Lon)

w's

o

980

LLO
90T
9T
L£o
91T
90T

T

7.5

65 60 55 50 45 40 35 30 25 20 15 10 05 00
ppm

7.0

9.5 2.0 8.5 8.0

100

);/YW
19
25

{:

ch)c\N

o

1161,8517

1217,9638

1331,0167

1049,7330

10547215

993.6743

937.6147

9385932

881.5646

8825363

825.5102

769.4531

1700

1300

1200

1100



179

8 Appendix

SITE
EETE
EPTE
8YTE
LSTE
E9TE
BLTE
L6TE—
LIV'E
691°E
v8re
L8V'E
LoSe
POS'E
8IS'E
1zse

Logs—

0TT L~
09T L~"

19

N
HoN
e}

26

-

14%: 174

SET
0oL

E 690

95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
ppm

100

N
HN

19

[e]

2064,7654

830,8467

o
o
2
N
]
1
—/21
=
3 8% 3
O
" =
5
M
8
~
3 8
=) =
=T
Oﬂm
o
o~ [Ya}
P =
o0
=S
-
=
3
j=)
&
™~
b= wn
[=2)
& IN
o0
o
S
X
8 >
% [=2
"M
fual
—
a2
wy
¥ §

2000

1800

1600

1200

1000



8 Appendix

180

64610~

—SEET

oLt
-

80¥'L

9ET'E
3¢.m./.
[4:1 43
66V E—7F
wﬁm.m\.

3434
L9E'Y
6LEY—F
L6EY
Siv'y

96T S—

LOE'Y
LIE'S
9CE'9

09T L—

0zLL~,
6EL LS

19

N
HN A
0

-

27a

PEOLL

HI 00T

F oot

B w0

F ss0

0.0

0.5

20

95 20 85 80 75 70 65 60 55 50 45 40 35 30 25
ppm

100

N
HoN A

19

o]

27a

924.6206

868.5862

644.4175

64544071

588.3681

e

532.3265

798

53313384

[

476.
307
il Jhb bl

g




181

8 Appendix

STE—
LreE—

L6'E
£6'E€ >

0g's—

L09—

9TL—

98L—

N
HoN A

19

(o]

27b

LLTol

00e
(44

002

0.5

1.0

15

20

25

30

35

4.0

45

5.0

55

6.0

6.5

70

7.5

8.0

85



8 Appendix

182

POL'L
99E L~

Lyl
LS

¥6L'E
0TE
60T°E
9LTE
6TTE
EVTE
LYTE
79TE
0LTE

687'E
L0S°E
VISE

IPS'E
SPEY
9Ew
SLEY
08£'%
T6EY
L6EF
oLr'y
148 a4
8Tr'y
[£344

6rL9—

SSL9~,
€LL97

09T L—

TELL~
0sLL

19

f
HaN A
o]

28

60ELT

F czz

F oot

F o0l

F oot

3.0 25 20 15 1.0 0.5 00

3.5

95 90 85 80 7.5 70 65 60 55 50 45 40
ppm

10.0

|

9556935

2 3
2 3
mj
T
el
o
~
-
Iz -
%O E
-
2 -
w
~
=
m
(=)
[}
O
2
—
O
wy
z
a3
&
8 g
8 i
ful
~
wn
o0
w0
~ =
o~
fle}
0
=]
- S F
2 - 0~
@ o
r~ [=]
% —
S
2 5
2 ]
= S
o A (=)
m
O
§ 5 .
e 5
La)
3 =

1400

1200

1000



183

8 Appendix

290°L

—

EITL
Lyl —

i3y

0STE
0LT'E
S8TE
LOEE
6LEE
PEEE

LS1'Y
ULy
[4: 184
061t

L0TYF
¥ITH
6LTH
S6TH
L9EF
¥8EY
107t
6L
8ErY
6I5 b
SPSP
151
S91S
0009~
1209~
LPE9
REV
£65°9
owa.o/.
7€9'9

1Se’L
69€°L
88t L

OFF L~
8S¥L
LLVL
609/
929'L
2094
;94

M)r
19

{
N
(o]
29

Fmoc<

karakaay

i

= et

00T

560
wl
06T
0T

180

180

91

£V0
S6°L
o'l
00
98l

0.0

05

3.0 25 20 15 1.0

35

4.0

95 90 85 80 75 70 65 60 55 50 45
ppm

10.0

H
(Lr“
(0]

Fmoc.,,

b
19

29

1177,0125

12330546

11209418

112119210

11239372

1065,3265

1008,8067

10047955

10148094

952.7375

8966733

8976720




184

8 Appendix

— 749
6630
_-6000
Lsgs7
4.402
— 3605
—3300
—2068
1541
Zias
~1365
~1.09%

~-0.963

1075 -
089

T
100 9.5 9.0 8.5 8.0

1066,8450

1010,7961

10678317

1026,7493

P

1082,7842




185

8 Appendix

7760~

7860

9671
hﬂm._.l/n

“ZoF'T

858G —

¥LL9
€TL9 >
6¥6'9
1969
09T L—

00

g

ZT

3

H

N H
N
(¢}
0

17

M

L5'LvT

F oo

60y
vo'E

Hl £LL

F 0LL

[4:41
£ 89'L

0.0

05

10

15

20

25

30

35

4.0

45

50

55

6.0

6.5

7.0

7.5

ppm

760t

607’ L—

cciy

..._o.w
9£9" NW
59T

961°E
SITE
EETE
Log'e

60E'E AN
[44 33
CEEE
LPEE

LFEY
S9Ey
€85
00"
Livy
LTy >
Loy
By
ety

00

6T
{34

oz
80T

6l
98l

w5l

8Ll

L6l
S

05

1.0

15

20

25

3.0

35

4.5

50

55

6.0

6.5

7.0

7.5

ppm



8 Appendix

186

760,

20T

0T T—

w1/

LSEL

olr'y—

PrEs—

Es—

-

)

OOE

L0V'9—
LLS9—
6L9—

920°L
SE0°L >

67 LBE

P o

[x4
6LF

LE'9

6EF

0T
20T
90T

00T
Lo

0.0

0.5

10

15

20

25

3.0

35

40

45

50

55

6.0

6.5

70

7.5

ppm



8 Appendix

187

a8 §2ex  n5g
NN MG S0 S S8 M B I <
B \ S NP
H H
TSN GNPRN W B
Qf\H \_/ Ho §
17 (1] 4 0 17
T4A0
[l 1 1
il ‘ N
A
o T T i %ﬁ‘
- 8 83 2 g
: - ‘ e - — - ‘ —== = ‘ — -
0 8.5 80 75 70 6.5 6.0 55 5.0 45 40 35 30 25 20 15 1.0 05 0.
-

Data: Routing| 130315IDERDS_DCTB_LIN_0002.J6fc) 15 Mar 2013 15:56 Cat: Lin130305_PE3000 5 Mar 2013 16:50

it

Power. 119, P x. @ 4800 (bin 117)

20 mivisum= 2207 mV] ProfMes 1-115: (115 Tagged) Smooth Av 10

2296.4393
2408.5784

H o 9 o H
N{ A s N
2071.6465/ N N
W\z WHW\)(HJE/) \m
2577184 17 o o0 A 0 17
T4A0
1959, 2645
5632
26 6702
184571118 2656.1918
2414.5178
8500
1622741
3251.6193
1566.
4972
1454,
8127
57,
w k. Z 23 40
1.5067

8230 0214

T L T e

T T T ‘I—“V T T

|4W‘ ‘Cm |fm RJW 22'm ' Zl‘W y !jm ::m 200 3400 3600 4000 4200 4400 4600 a0



188 8 Appendix

O O N— 0O~ w e e— ~unm WO T
N Sa KR =ca $95 =cZ  BRF
~ NO QWO O o wn o T T Mmmmn NN
(YA ! ~ - ~
: (o] o
H : H
N ~ ] N
N N
& H N/ H 5
17 4 4 1 17
T4A1
il
_J o W
N, A
e om e o —_—
] g 0 3 3q 8 g
! . : T e r : - " 0 < - T :
0 85 8.0 75 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 20 1.5 1.0 0.5 0.
Data: Rouine!130315\DER324_DCTE_LIN_0001.124(c] 15 Mar 2013 1545 Cal: Lin130305_PE3000 5 Mar 2013 16:50
Shimadzu Biotech Axima CFRplus 2.8.3 20080616; Mode inear, Power. 108, P.Ext @ 4100 (bin 107)
Ol 24 mVisum= 2951 mV) Profiles 1-123: (123 Tagged) Smooth Av 10
. 21559308
23801849 o @ 9 H
05 N A S N
2009.7774) N N
o] 266278 @)(\H \_/ Ho
17 1 4 1 17
] TaA1
w] 19674285 ror
1830.4008 .
]
LE 2661.1546
o]
0 4949
]
@]
1819.0468 10222
a5
0] 53.1813
17626858
=] 1208.8050
‘l 10,7903 3322 6722
2]
y 8033
-
b ! L 3391.2308
3 l
39035629
154
2qt0/16}0 16,2403
E 22laatt
‘“_ "y 3727.9765
| WIGA 0
f T AT A2 o oo
wo w0 wm | ww | ao | awe | awo | a0 ; e e I S



8 Appendix 189
—ONONTORDNS [s v 0O =33 NTNO wv ~
m—SoQgogoXnmm pa o3 Py ".*’.g."i"'!"'? Mmoo “’.32‘0.
MARRARNNANRARNOOOWY nunwn T T T T T Mmmmmn NN~
P CRGOES S A A (v ‘-—“«-M—*—‘ VR
H (o]
W H
LN A s N
& H \ /
17 ) 4
TaA2
1, | I LJ
(™ T JU
e By — T _ —_—
538 =& B g i5 g g
r T T T ‘O| . I- \m T T Iq ‘l“\<l’| <t‘ T T = T T
0O 85 80 75 70 65 0 55 50 45 40 35 30 25 20 15 10 05 O

e 1031201 PTE L GOULIT 15 Mar 2013143 Cat 08 PEXC0S Mar 2013 1630
Made lingar, Power: 108, P Ex. @um«mmv]

13 mv{sum= 1480 mV] Profies 1.112: (112 Tagged) Smooth Av 10

Shimadzu Botech Aximo CFRpius 2

6t

8
|

8

8.3 20080616;

: (o] (o]
RR/AS SN \E R B O
H \ H
17 o > 4 02 17

T4A2
2131.1796
gy 2558
2186.2377
20177625 28119281
2524.3564
25803845
10626049
26%6.4760
1906,7910 a0
18050404
18490486 2861.1779
2016.1301
17940012 0205732
29182347
. 3085.9018
1736.7006 31420230
1 5637
1681.8541
1761.167
1919.1394 2048265 3053 oalb sg7 2abborrd
s1Htbas
1 27 2 27 111
5839 i 711
098,676

- . - : - ; - ; ; : . e ; - T
1700 1800 1000 2000 2100 2200 2300 2400 2500 2600 2700 2800 2900 3000 3100 3200



8 Appendix

190

9T
mo.NW
L9T

0z'e
NN.MLV\
YTE

oFr—

009—

08’9
_m‘o.%.
vO'L
S0°L
90°L
L0°L

oLs
o_..h‘\y
€EL

x

)

ZT

4
T4A3

(o]
3

"

H
N

A

—= “T 00|

IA STy
6'E

LE6E

8

9L
LY

861

o

10 05
MRS

15
Jw;)

20

25
S

30

35
&

Iz
]
o 8
N § 3@
- Mmm L
" 5
N I -
i —
S
0 g8 e
n mm 3
® g
3 i
e 3 —— [
g o E———
S g —— |
B = [
0 N3 mr—
0 ks g E—— [
& 2 — [
£ z T [
~ m B L
~ ° m b
" § g ls
0 #
~
2 L&
2
3 5
r . | e s L A e R A Ao
- 8 2 3 8 8 § 8 8 &8 & ®© g = °
=)



191

8 Appendix

L9T—

YUE—

Wrr—

0

L
N
H o

4

S
W
4
TaA4

=

€99
18'9—
904

VAN

o]
N)JL
H

4

H
N
o

LAy

SLL6S]

1
i
g

T

sp D

€0

w6

e

ST60—

9TE L~

SOV T

o'L—

Lzsz—

69L'E—
9TE—

LLLE—

6¥E'S—

A

5
T5A0

17

£5°00T

B oov

—” 434
w0t

—l L744

E o

9L°€
£€0T

0.0

05

1.0

15

20

25

3.0

35

4.0

45

5.0

55

6.0

6.5

7.0

75

ppm



8 Appendix

192

9€6'0~"

Lol

et —

6297—

oLeeE—
veTE—

B9EY—
Sy —

608'S—
LL8ST
0009—

Loy'o—

£64'9—

0L~
aLIL—

R

17

00°ZZY

Fin
(fa4

ey

b

(U4

F oz

W vy
1o

7.0 6.5 6.0 5.5 5.0 45 4.0 35 3.0 25 20 1.5 1.0 0.5
ppm

7.5

SPE0~~
9607
soUl
05825
—
mw
w9
umw.NW == [ oov
997 IZ__ o
I\WW
41428 ZT
sece o m [ oo
szes/
g
=
o | B 4
o ©@
88y ZT
Sv_qW ..... = “—v 199
vev'y o
Iz
M~
oTy's—
658'5— F sov
£5€'9— £ZT
0619 — - 05T
808'9— B et
e =I®
beaerie STH

05

1.0

15

20

25

3.0

35

4.5

50

5.5

6.0

6.5

7.0

ppm



8 Appendix 193

85588&8RR 5 {{2=2 RHT
NRNNNG G169 w Moo e NN
S 5\ N
5 (o] ]
H H H
N A N S N N
(E(\H L) N
17 0 6 0 17
TEAO
! ! ! J\J
y i _,/HJLU L“\«_L
g ot —— 7 721 i L3 T
O T O - [=3"] [=3 2
mmo L =m S 2
o — = T h 4 M
T T T T T T T T T T T T T T T T T T
0 85 8.0 75 7.0 6.5 6.0 55 5.0 4.5 4.0 35, 30 25 20 15 1.0 05 0

Data: Routine\140404.0R390_DCTB_PEOOD2 £20(c] 4 Apr 2014 10:51 Cal. rel140404PE3B00 4 Apr 2014 10:25
‘Shimaszy Biotoch Axima GFRpIus 2.8.3 20080616: Mods raflectron, Power: 145, Bianked, P.Ext. @ 2900 (bin 166)

it 18 mVisus 2118 ] Profis 1.120: (120 Tagoed) Smooh Su-61 2 H g O 3 2 H
- 1505.5914 N \ f N
0] & H H §
17 b 6 0 17

T6A0

14495927 15166524

139 1617,6505 1785.7509

n] 450,556 7287192

1337.5692 1841.7939

[1731]690

8

Loaleaaalaanilonaiti,

3

o

R B A

T
100 1200 1300 1400 1500




194 8 Appendix
pnog®888 ¥ & 88K 252385 RARA B e3z9zdse
L e o 0 O nwn T T T mmom ~ -+ - —
R N PTTY 3755 S B
'H NMR (400 MHz, CDC,) |
: 0 0
W\,HWNW\)L(NJ\N)RW
H \_/ H
23 ° L (] 0/ 23
19
il
i
1
M el T 2
ETE R BT —r ¢
90 85 80 75 70 65 60 55 50 45 10 05 00

MS spectra (APPI)

Y
]

2238.0018 | | 2519.1100

80 2127.0219 2577.1072

2014.8390

8
;
—4i-

1901.6578

55 1510.8112 3081.7935

1846.8101

17482208 | dirinpe

o
=

3

aaialinaal

«

°

H
7815 W\,

4370.8896

23

4653.5121

— 7T T T T

T
1600 1800 2000 2200 2400 2600 2800 3000

T T 1k
4800



8 Appendix

195

—~7.15
7.09
7.07

~6.82

X7

4.41

333
3.25
3.24
3.22
268
2.66
2.64

73
£
2
{2

TE6A3
i
[
]
i
I
' | I NI
I i IV
™ ,_,__.‘l\,___..,,_/w L\/\. A )\ﬁ‘ * -~
T e — T e —
A w ~ o < =iy o 2
s 8 = b 2 58 g ks
28 = 3 g g ¢ 5
0 8.5 8.0 7.5 7.0 6.5 6.0 55! 5.0 4.5 4.0 35 3.0 25 20 15 1.0 0.5 0

Data: Routinel140030IDR343_CHCA_0001.H11[c] 30 Sep 2014 11:50 Cal: ref140830PE3200 30 Sep 2014 11:27

Shumazu Biotech Axima CFRplus 28.3

200808 16: Mode reflectron. Fower: 135, Blanked, P.Ext. @ 3500 (bin 162)

15 miVisum= 2404 mv] Profies 1-163: (163 Tagged) Smooth Sv-Gi 2 -Basebing 16

zam‘,sme
2571.6466
2459,6307
22365034
516,6442
2179.4843 el
2235(4887  $403,604 2740.7747
b292 5833 26837279
21244283  $290{510 b628 6957
| p41|660
7307414
b705 8177
2122393 s
I -
1059,6260 s
2067.401
| PB.85
00 .

Rl Ll AR

2400 2600 2600 2700

2600

[ .
T
2000

3000
e

3 17

3188.9410

3301.9899

34854 34666788

277088 | 3453.8504
3638.0605
|

e
3100



196

8 Appendix

noaromn DO = MM — O
22385888 SREG MMmAAA ~33
NSRS OWO MMMM MMM NN
=S\ N S NS
H e e H
N N ] N N
& R \ 7 H §
17 ) 6 2 17
T6G2
Iy i 1 ‘ ‘I‘J‘, I f.
Nl [ v w o) ‘I‘
DT AN U A P Vo
By By e = —_—
=
S
g ? g= 3a 8 g
- - < < < < < =
T T T T T T T T T T T T T T T T
85 80 75 6.5 6.0 55 50 4.5 40 35 30 25 20 15 10 05 0
Data: Roufins 15031 2iDR355_ DGTB_ REF_ 0003.L22(] 12 Mar 2016 15:34 Cal: of150312PE3700 12 Mar 2015 15:27 E
PRy Power. 135, Blanked. P.Ext. @ 3700 (bin 187)
it 6.5 mvsum= 1232 mV]) Profiles 1-189: (189 Tagged) Smooth Sw-612
- 2350.0075 2519.0158
] 2463.0373
] 22939445 2407.0338 25750571
— 246210602
5 21258576 26311415
240519941
2687)0763
LE 23519740
20138428 22365200
75- 24640604
223d9264
o] 2461626 08512124
21830673
2060/8349 3128 ”“q"”“ i 2798 1627 29102247
o
03
.
03
]
w0
33
2
%4
2

TreT
1950

TrrTTTT ABEABARARRS T
000 2080 2100 2150 2200 2

T
2300

T T T T
2050 2400 2450 2600 25580 2600
iz

269 2700

T
2750

T T T

T
W00 200 2000 90 3000



8 Appendix 197

OO N ~ nmMmunme— [=%-- X'}
~Scx® ~ mmaNN  Snn
NI~ O O wv MmmMmmmm NN N
SOV | A\ N
: (0] o}
H : H
N ~ S N
N N
o H N/ H o5
17 o 7 o 17
T7A0
| H\‘ |
11. ‘ ! l |M H\Wn
‘ | ] IS WA {
JbI\ ﬁ( ||V A Ju* e~ \'k WK
—— —_— R R —_—
NN v ® ] o
m < n -9 =3 ~
o ~§ - < m < -
0 85 8.0 7.5 7.0 6.5 6.0 55 5.0 45 40 35 30 25 20 15 10 05 0.

Data: Routinel140404\LC20_DGTB_PEOOO1.FBc] 4 Ape 2014 10:57 Ca: nef140404PE3B00 4 Apr 2014 10:25
‘Shimadzu Biotech Axima CFRpus Z 8.3 200806 16: Mode refectron, Power: 147, Blanked, P EX1. @ 2900 (bn 166)

it 57 WVisum= 10502 m] Profies 1163 (183 Tagged) Smoch Sv-G1 2

: [e] @]
_ 16998164 H H
100 N N S N N
5 18437621 o H " H o
17 ) 7 0 17
T7A0

1587.7084 811.8980
726

812

1419.6398

14206175 8108154 20020131

476669 149,0271
136361 2261,0081

23171204

r \BBABARARES: T T T T T T T T T T T Ty T TrrTTT T T T T
1100 120 1300 100 1500 1600 1700 600 1800 00 2100 2200 200 240 W 2600 M0 200 0 N0 00 200
7




198

8 Appendix

—~7.19

7.3
YAR

X

~6.86

1.03

—4.52

~4.43

—3.37
~3.28

—2.69

13.26

8.5

Data: Rou

Shimadzy

el 1404041LCZ3_DHB_PED001.F10[c] 4 Apr 2014 11:05 Cal: ref
Power:

Wit

14D4DAPEIS00 4 Apr 2014 1025
132, Blanked. F.Ext. @ 2500 (bin 154)

10 miVisume 766 V] Profies 26-102: (75 Tagged) Smaoth Sv-G 2

2525,

5180

2693.5376

26045137

Ho: 9
N, :
P
17 0 ¢

P

n

2818.521

3086.5083

T7A2

2400

2450

T
2880

300

3150

T
3200

250 3900

2350



8 Appendix

199

25 g g 3888 338
~ o~ -1 < mMmmnm ~NeN~N
Vo I SN
TN GRS 7 WY
N N
o H \ H o
17 3 7 3 17
T7A3
N] |/ I\ |
/
‘ U \f '”\
1 ! U
! 1
A\ A /l\fm\ f#\ A " LAWY
T T - T
5 8 3 2 3 g 5 s
- - o~ ~ il © m 0
T T T T T T . T T T T T T T . T
0 85 8.0 7.5 7.0 6.5 6.0 55 50 4.5 4.0 3.5 3.0 25 20 1.5 1.0 05 0.
TSGR 7
N N
17 3 7 3 17
T7A3
Data: Rouline\140404\0R380A_DCTB_PEDOO1 ETlc] 4 Apr 2014 10:27 Cat: 2f140404PE3600 & Apr 2014 10°25
Snimadzu Biotech Axima CFRplus 2.8.3.20080616: Mode reflectron, Power. 132, Blanked, P.ExL @ 2500 (bin 154)
Solnt. 20 mVisum= 5379 mV] Profiles 1-185. (185 Tagged) Smooth Sv-GI 2
24628276 2518.7564
1007 2406.7119 25747867
s
%0 2575.8404 2631.8164 2686.7617
2463 7627 25197104 2630
=7 24047301 2517558 X
2573 f541 \l 7703 2687.7851
@] 2461.§90
| 2620 §
E 2520 I
B 2ufhzcee I i 257flass7 |
E| 471 2514180
"3 3506 2485 6860 || E’ "I
E | P 8
1 e s | A/ "
wl 20028262 | ‘ 253y ,
2 2484500
. “ ‘ q 2507.2404 25636033
s0] | [
f ! I
E o 1 [ I
] [ ] | | |
! L
%3
PE
25
E
]
0
k= T T T T T T T T T y T ]
2400 2420 2440 2460 2480 2500 2520 l‘:% 2560 2580 2600 620 2640 2660 2680 2rmo



8 Appendix

200

[© -
n
ro
L2
— =
PBEVY| % £S0bY
!
85'1— -
Lo
~
9527 Lw .
857 e w ooy ™ YT ,
. 977 —— we
i ey F

17
|
3.0

35

1ze [~ .
STE, - 95°s o3 ..M 1s8
€€ L
i
Iz o
o obh~ -
|\NH\|/ " ory—~ =3 % '
ZT

o

lzs— © w 51

5.0 4.5 4.0
17

] R zT M F oesz
3 [=]
o] o — [ o
ZT w
..... 1 ®
,MO\ " S F cou
= Mo @ | B
189— — T ut 789~ - — F oy
90, =) 0L A_u
604~ = . ~ 60 L~% w O =: .
we— ~ | o - o — ||mﬁ W grst
M I=
o
L2 g
Pt ~
La W
I
o E

0.5

1.0

1.5

20

25

3.0

35

4.0

4.5

5.0

5.5

6.0

6.5

70

7.5

8.0

85




201

8 Appendix

3 [ ©
L v
o
= W.. 9EwsL
91'80¢ 08’ 5
- 9l
L o o -m )
98l - £y,
81
° 681
[~
L
~
97— Mv ooty
Lo
-
STE~ - :
76— ~ |M Mv w0
r L wn
~
4 o€t M 10T
Nm.vv - oL'p
L e EEY
-
Ly —

st d i
N
\_/ Ho g
8 3
TBA3
A
——
b}
T T o
55 5.0 4.5
/\W

85— IM F 18

£69— - % a6 0.0

o}
6.0

H =
Mo
SO
17 Y 3
1
| ]
e
5~
U(M
A
7.0
0]
e
ey,
(o]

S¥9—

6.5

89"
L0~
LUL~ W L6'L
F oor
F et

7.5

85

05

8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 35 30 25 20 15 1.0

9.0

9.5

1.0



8 Appendix

202

oy
T4
[44 4
Y
{44
STH

198
198"
€98
£9'8

(o]
N

]

@
o

o]
o

(o]

A

A

34

8r'TsL

Le's

05

9.0 85 8.0 7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 35 30 25 20 1.5 1.0

9.5

1.0

S
wy
e
L e
— "
Lw
M o
I~
p
L
~
L2
-
8E'E— — | oose|
~ e
Lo
=
LEb— Hu €8°E
° -3
09— F o
o o
w
Q L
Y
o
.
= L 2
00 |w 3
= )
W] e ©
PE9— N — el o
80°L— —_— s ™
S
o [
~
0, z o
Lo
e i
n
&%
9rg~ M _v 0091
L2
o Z (=] o
n
= [ o
=1



8 Appendix

203

8.2 Curriculum Vitae

Education
2009 - 2015: Doctorate (PhD) in Material Science
Ecole Polytechnique Fédérale de Lausanne (EPFL), Switzerland
Laboratory of Macromolecular and Organic Materials (LMOM)
2008 -2009: Master of Science (MSc.) in Chemistry
Eidgnossische Technische Hochschule Ziirich (ETHZ), Switzerland.
2004 - 20009: Bachelor of Science (BSc.) and MSc. in General Sciences and Chemistry

Ecole Polytechnique, Paris, France

Teaching Experience

2010 - 2014:
2011 -2014:
Language SKills

Supervision of seven student projects in the laboratory of Prof. H.

Frauenrath.

Teaching assistant for the course “Organic Electronic Materials -
Synthesis, Properties, and Applications” given by Prof. H. Frauenrath:

Preparation and teaching of parts of the course & exercise supervision

* French Mother tongue

* English Fluent written and spoken level

e German B2

* Japaneese A2

May 1st, 1984 - France

French Nationality






8 Appendix 205

8.3 List of Publications

Publications (peer-reviewed)

“Solubility and Crystallizability: Facile Access to Functionalized m-Conjugated Compounds with
Chlorendylimide Protecting Groups” Gebers, ].; Rolland, D.; Marty, R.; Suarez, S.; Cervini, L.;
Scopelliti, R.; Brauer, J.; Frauenrath, H. Chem. Eur. J. 2014, 20, 1.

“Coordination-Driven Self-Assembly of PEO-Fonctionalized Perylene Bisimides: Supramolecular
Diversity from a Limited Set of Molecular Building Blocks” Gebers, ].; Rolland, D.; Frauenrath, H.
Andew. Chem. Int. Ed. 2009, 48, 4480.

Publications (in preparation)

“Light-induced generation of high charge carrier density in organic nanowires” Tian, L.; Hafner, R;

Brauer, J.; Rolland, D.; Hartmann, L.; Szilluweit, R.; Schear, M.; Sienkiewicz, A.; Banerji, N.; Sidler,

K.; Brugger, |].; Spitzner, E.; Bremond, E.; Wu, S.; Corminboeuf, C.; Frauenrath, H.

“Charge Generation and Recombination in an n-p-n Triad Forming Lamellar Phases” Rolland, D.;

Brauer, J.; Hartmann, L.; Biniek, L.; Binkmann, M.; Banerji, N.; Frauenrath, H.

Talks and Poster Presentations

“Long-lived Charge Carriers in Oligothiophene Nanowires” Rolland, D.; Frauenrath, H.; 2014, Oral

contribution at the SCS Fall Meeting, ETHZ, Ziirich, Switzerland.

“Charge Separation in an n-p-n Triad Forming Lamellar Strutures” Rolland, D.; Brauer, J.;

Hartmann, L.; Binkmann, M.; Banerji, N.; Frauenrath, H. 2014, Oral contribution at the SPIE
Optics & Photonics, San Diego, USA.

“Long-lived Charge Carriers in Oligothiophene Nanowires” Rolland, D.; Frauenrath, H. 2014,

Poster presentation at the ICOE, Modena, Italy.

“An n-p-n Triad Designed and Studied Toward Organic Photovoltaics” Rolland, D.; Brauer, J.;

Hartmann, L.; Binkmann, M.; Banerji, N.; Frauenrath, H. 2014, Oral contribution at the E-MRS

Spring Meeting, Lille, France.

“An n-p-n Triad Designed Toward Organic Photovoltaics” Rolland, D.; Brauer, J.; Hartmann, L.;

Binkmann, M.; Banerji, N.; Frauenrath, H. 2014, Poster presentation at the MRS Spring Meeting,

San Francisco, USA.



206 8 Appendix

“An n-p-n Triad Designed for Organic Photovoltaics” Rolland, D.; Brauer, ]J.; Hartmann, L.; Banerji,

N.; Frauenrath, H. 2013, Poster presentation at the CECAM Workshop: Structure-Property

Relationships of Molecular Precursors to Organic Electronics, EPFL, Lausanne, Switzerland.

“Nanostructured Materials for Organic Photovoltaics” Rolland, D.; Brauer, ].; Hartmann, L.; Banerji,

N.; Frauenrath, H. 2013, Poster presentation at the ECME, Imperial College, London, UK.

“Nanostructured Materials for Organic Photovoltaics” Rolland, D.; Banerji, Liang, S.; N.; Sanchez-
Ferrer, A.; Mezzenga, R.; Frauenrath, H. 2012, Poster presentation at the SCS Fall Meeting, ETHZ,

Zurich, Switzerland.

“Nanostructured Materials Containing Organic Semiconductors” Rolland, D.; Frauenrath, H. 2011,

Poster presentations at the Conference Electronic Properties of m-conjugated Materials II,
University of Wiirzburg, Wiirzburg, Germany, at the SCS Fall Meeting, EPFL, and at the 5th EDMX

Research Day, EPFL, Lausanne, Switzerland.

“Towards Polymer Materials Containing Oligothiophene Segments” Rolland, D.; Frauenrath, H.

2010, Poster presentations at the SCS Fall Meeting, ETHZ, Ziirich, Switzerland.



