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1 Summary

Through the burning of fossil fuels and a steadily and rapidly rising global energy
demand, mankind faces serious challenges today, like the anthropogenic climate
change. It is necessary to develop a sustainable, renewable energy supply because
fossil fuel resources are nite. An obvious eco-friendly energy source is the sun.
With the help of solar cells light can be harvested directly. The development of
organic solar cells is one of the recent developments in this eld. They are easy and
cheap to manufacture in comparison with classical inorganic devices. They can be
applied to exible materials, which enables a broad spectrum of new applications.
Although a lot of progress has been made in recent years, there is still a large need
for research because they achieve relatively loveiency and lifetime.

To develop a better understanding of these new materials it is of vital importance to
better understand the aggregation mechanismsaoinjugated chromophores. The
molecular arrangement determines the formation of ordered and unordered domains
in a material, which de nes the electrooptical properties of the nal device. Insights
about the aggregation process can be used to design molecules optimized for speci ¢
properties and applications.

This thesis investigates the molecular aggregation process of chromophores under
di erent aspects. Combined molecular dynamics and density functional theory com-
puter simulations are employed to investigate the systems on molecular length- and
timescales. These methods are suitable to complement experimental results and to
develop a deeper understanding of the underlying processesrdbit structures

often interact uniquely with light and can be therefore spectrally separated. Hence,
optical spectroscopy is a valuable tool to investigate the formation of aggregates and
morphologic properties of a material. The results of this thesis are combined mainly
with absorption- and photoluminescence spectroscopy.

Over the last years good results have been achieved with sroatijugated molecules.

A promising system is the molecule named T1, achieving highiencies and good
aggregation properties. Itis not fully understood why this is the case. Itis unclear
why structurally similar systems exhibits signi cantly dirent traits. The publica-
tion in chapter 5.1 investigates the aggregation of T1 and the structurally similar
molecule H1 in dependence of temperature and concentration. H1 hasrardi
central donor unit resulting in a point-symmetric molecular structure, while T1 is
axis-symmetric. H1 does not show aggregation in solution, but still manages to form
crystalline domains in processed Ims, especially if processed with a high boiling
point additive.
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Molecular dynamics simulations are used to characterise the possible structures in
solution. For T1, two dierent aggregation pathways can be identi ed. The experi-
mental results can be reproduced with the simulations, which shows that aggregation
in H1 is possible but rare. The molecules must be aligned in a speci ¢ fashion and
need to be very close to one another. Therefore, signi cant molecular overlap has
to be achieved before an aggregate is formed. A lot of solvent must be displaced
rst, which is why aggregation is kinetically hindered. This publication results in an
increased understanding of the aggregation process of these molecules.

Aggregation is often induced by cooling down a solution. By lowering the temper-
ature, rotational degrees of freedom freeze-out, resulting in planarization. There
are reports indicating that planarization is bene cial for aggregation, while other
investigations observe planarization because of the formation of aggregates. The
underlying processes are poorly understood. This thesis investigates this question
in the publication in section 5.2. The planar molecule CT and the twisted TT are
investigated. Surprisingly, experimental results show strong aggregation in TT and
weak aggregation in CT, while computer simulations predict a similar aggregation
strength in these systems. This discrepancy is solved with additional molecular
dynamics and time-dependent density functional theory calculations. The results
indicate that TT planarizes because of aggregation, resulting in a lower energy. For
CT, non-emissive, excimer-like con gurations are identi ed. With the help of these
insights, the experimental data can be interpreted and a deeper understanding of the
role of planarity is developed.

The publication in section 5.3 investigates the polymer polythiophene, which can
be used in organic solar cells. Manufacturing methods are discussed, with which
speci c crystal structures can be obtained. Crystalline polythiophene can be in
a lamellar and in a herringbone-like arrangement. These structures can also be
observed in the simulations with lattice constants that are in good agreement with the
experimental values. Therefore, simulations can be used to support the interpretation
of the experimental results.



Zusammenfassung

Durch die Nutzung von fossilen Brenns&n und einem rasant steigenden glob-
alen Energiebedarf steht die Menschheit heute vor grof3en Herausforderungen, wie
zum Beispiel dem anthropogenen Klimawandel. Durch die Endlichkeit der fossilen
Ressourcen ist es notwendig, eine nachhaltige, regenerative Energieversorgung zu
entwickeln. Eine naheliegende, umweltfreundliche Energiequelle ist dabei die Sonne.
Mit Hilfe von Solarzellen lasst sich die Sonneneinstrahlung direkt nutzbar machen.
Zu den jungsten Entwicklungen in diesem Bereich gehoren organische Solarzellen.
Organische Solarzellen lassen sich potenziell einfacher und kostengunstiger her-
stellen als klassische, anorganischen Solarzellen und konnen auf exible Materialien
aufgebracht werden, wodurch eine Reihe neuer Anwendungsfélle erschlossen wer-
den kann. Zwar konnten in den letzten Jahren grol3e Fortschritte erzielt werden,
trotzdem gibt es in diesem Bereich immensen Forschungsbedarf, da sie bisher relativ
geringe Wirkungsgrade und Lebensdauer erreichen.

Um ein besseres Verstandnis dieser neuen Materialien zu entwickeln, ist es von essen-
zieller Bedeutung, den molekularen Aggregationsmechanismus-konjugierten
Chromophoren zu untersuchen. Wie sich die Molekile anordnen bestimmt die
Formation von geordneten und ungeordneten Domanen in dem Material, wodurch
wiederum die optoelektronischen Eigenschaften der fertigen Solarzelle bestimmt
werden. Erkenntnisse, Uber die der Aggregation zugrunde liegenden Prozesse kon-
nen genutzt werden, um Molekile zu designen, die fur spezielle Eigenschaften und
Anforderungen optimiert sind.

Diese Dissertation untersucht den molekularen Aggregationsprozess von Chro-
mophoren unter verschiedenen Aspekten. Hierfir werden kombinierte Moleku-
lardynamik und Dichtefunktionaltheorie Computersimulationen eingesetzt, um die
Systeme auf molekularen Langen- und Zeitskalen zu untersuchen. Diese Meth-
oden eignen sich hervorragend, um experimentelle Ergebnisse komplementér zu
ergdnzen und helfen somit ein tieferes Verstandnis der zugrunde liegenden Prozesse
zu entwickeln. Verschiedene Strukturen wechselwirken hau g in unterschiedlicher
Weise mit Licht und kénnen daher spektral getrennt werden, wodurch optische
Spektroskopie Methoden ein wertvolles Werkzeug sind, um die Entstehung von
Aggregaten und die morphologischen Eigenschaften eines Materials zu untersuchen.
Die Ergebnisse dieser Arbeit werden hautsachlich mit Absorptions- und Photolumi-
neszenz Spektroskopie kombiniert.

In den letzten Jahren hat sich herausgestellt, dass mit dem Einsatz von kleinen
-konjugierten Molekilen gute Ergebnisse erzielt werden kénnen. Ein vielver-
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sprechendes System ist das Molekul T1, welches eine hohgeiz und gute
Aggregation erzielt. Warum gerade dieses Molekul so gute Eigenschaften besitzt
ist nicht vollstandig verstanden. Es ist auch unklar, warum strukturell sehr ahnliche
Systeme ein signi kant anderes Verhalten aufweisen. Die Publikation in Kapitel 5.1
untersucht die Aggregation von T1 und einem strukturell &hnlichen Molekul H1 in
Abhangigkeit von Temperatur und Konzentration. H1 besitzt eine andere zentrale
Donoreinheit und damit auch eine andere Symmetrie. Die Struktur von T1 ist achsen-
symmetrisch, die von H1 punktsymmetrisch. In Losung kann keine Aggregation
von H1 beobachtet werden, wohingegen sich im fertigen Film durchaus kristalline
Domanen be nden kdénnen, wenn dieser mit Hilfe eines hochsiedenen Losungsmitte-
ladditivs hergestellt wird.

Mit Hilfe von Molekulardynamiksimulationen kdnnen wir die in der Losung auftre-
tenden Strukturen charakterisieren. Hierbei zeigen sich zwei unterschiedliche Aggre-
gationspfade fir T1. Die experimentellen Ergebnisse kénnen mit den Simulationen
reproduziert werden. Hierbei zeigt sich, dass ein Aggregat in H1 zwar mdglich,
aber unwahrscheinlich ist, da die Molektile in ganz bestimmter Weise orientiert sein
mussen und die Reichweite der attraktiven Wechselwirkung sehr kurz ist. Demnach
muss eine deutliche Uberlappung erzielt werden, um aggregieren zu konnen. Hierfir
muss Losungsmittel verdrangt werden, wodurch die Aggregation kinetisch blockiert
ist. Mit der vorliegenden Untersuchung ist es uns gelungen, den Aggregationsprozess
dieser Systeme besser zu verstehen.

Hau g wird Aggregation induziert indem die Temperatur einer Losung erniedrigt
wird. Mit abnehmender Temperatur frieren molekulare Rotationsfreiheitsgrade aus,
was eine Planarisierung zur Folge hat. Es gibt sowohl Untersuchungen, die darauf
hinweisen, dass Planarisierung vorteilhaft fir das Aggregationsverhalten ist, als auch
Studien, die nahelegen, dass Planarisierung durch Aggregation erzeugt wird. Die
zugrunde liegenden Prozesse sind hierbei nicht ausreichend verstanden. Die vor-
liegende Dissertation beschéftigt sich mit dieser Frage in der Publikation in Kapitel
5.2. Untersucht wird das Molekul CT, welches sehr planar ist und das Molekul TT,
das eine gewundene Struktur aufweist. Uberraschenderweise zeigt sich experimentell
ein starkes Aggregationsverhalten in TT und ein schwaches in CT, wohingegen Sim-
ulationen ein ahnliches Aggregationsverhalten der beiden Systeme postulieren. Mit
Hilfe von weiteren Molekulardynamik und zeitabhangigen Dichtefunktionaltheorie
Simulationen lasst sich diese Diskrepanz au 6sen. Die Ergebnisse legen nahe, dass
TT durch die Aggregation planarisiert, wodurch es zu einem Energiegewinn kommt.
Fur CT konnte gezeigt werden, dass es nicht-strahlende, Exzimer artige Zustande
gibt. Mit diesen Erkenntnissen konnen die experimentellen Daten erklart und ein



tieferes Verstandnis fur die Rolle der Planaritat entwickelt werden.

Die Publikation in Kapitel 5.3 beschaftigt sich mit dem Polymer Polythiophen,
welches in organischen Solarzellen verwendet werden kann. Hier werden Herstel-
lungsverfahren diskutiert, mit deren Hilfe man gezielt verschiedene Kristallstrukturen
in dem Material erzielen kann. Kristallines Polythiophen kann in einer lamellaren
oder einer schgratenartigen Struktur vorliegen. Diese Strukturen kénnen in den
Simulationen beobachtet werden mit guter Ubereinstimmung mit den experimentell
ermittelten Gitterkonstanten. Hiermit gelingt es uns, die Interpretation der Daten mit
Hilfe von Simulationen zu unterstitzen.
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2 Introduction

2.1 Motivation of this dissertation

The industrial revolution changed how humans use enehggovations and tech-

nical progress provided easy and widespread access to energy stored in fossil fuels
like coal, oil and natural gas. While these energy sources paved the way to modern
society, the information age and a closely intertwined global economy, the underlying
dynamics has led to a steadily and largescale increase of global energy demands.
As a consequence, mankind faces serious challenges fodHye burning of fossil

fuels damages and in uences the environment in a variety of ways. Because humans
do not live independently of their environment but rather in symbiosis with it, the
endangerment of complex ecosystems directly threatens our basis of existence. The
amount of fossil fuels is nité and can therefore not satisfy rising energy demands

on arbitrarily long time-scales. In order for this system to be sustainable, regenerative
energy sources like solar, wind and geothermal need to be established on a large scale.
The burning of fossil fuels releases greenhouse gases, likei@O the atmosphere,
which causes global warming and climate chafigéin 2016, the international
community of states set the ambitious goal to limit global warming to well under

2 C above pre-industrial levels, known as fParis Agreement® Achieving this

target is a challenging global task and will take a considerable amounbaof,. -6

While the large scale use of fossil fuels provided a rapid head start for innovation,
technology, population growth and society, this is not sustainable in the long run.

Solar cells are devices which convert sunlight into electricity and are needed in a
diversi ed, decentralized, well-integrated, sustainable energy grid of the féture.
Classical solar cells are made from inorganic compounds, like silicon- or gallium-
based materials. Today, this technology is well established on the market. Conversion
e ciencies over 26% have been reported for real world silicon solar dlisng
lifetimes!® and high e ciencie<® give them economic viability. However, they are
rigid and heavy in their design, dicult to install and the manufacturing is relatively
energy intensive which leads to a long payback tfé3 These limitations restrict

their eld of application. To compensate for these disadvantages, the development
of organic solar cells has become a focus of interest during the last decade. Or-
ganic solar cells are made from hydrocarbon-based molecules. Often small organic
molecules or polymers with-conjugated delocalized electron systems are used.
With this approach the molecules interact via stacking with one another, result-

ing in self-organization and useful electrooptical properties due to the formation of
electronic donors and acceptors which enables charge separatioenEies of up to
17.3% have been reported for hybrid organic solar cells of a tandem-like strétture.



2.1 Motivation of this dissertation

Organic photovoltaics is a branch of organic electronics, which incorporates other
devices like organic transistors (OFET$6 and light emitting diodes (OLEDBY2°
Organic displays are for example economically viable and are used in modern smart
phones. The purpose of OLEDs is to produce light from electricity. In an organic
solar cell, the opposite is true. Here, energy from light is captured and converted to
power some electronic device. In these devices, the molecular structuring process is
crucial for the electronic interactions and therefore also determines the properties
of the nal device. A lot about the aggregation process is poorly understood at the
moment. For example, molecules often planarize during the aggregation process, and
it is not clear if planarization is a prerequisite for or a consequence of the formation
of aggregates. The aggregation process idit to observe directly experimentally,
because the time and length scales of molecular structuring processes is inaccessible.
Therefore, indirect methods are needed to help gain valuable insights into the under-
lying mechanisms at work. One method to do this, which is used in this thesis, is
molecular dynamics (MD) simulation. The modeling of molecular interactions with
powerful computers provides an important tool to develop a better understanding of
the system in question and can therefore complement and interpret experimental data.

Organic solar cells are a promising eld due to the availability of cheap and easily
scalable solution-deposition methods like blade codfirfdor ink-jet printing 3337

With this, organic photovoltaics technology can be tuned to a wide range of applica-
tions 38 It becomes possible to manufacture partially transparent thin Ims, which
can be integrated into facades, like windows, to make use of energy-harvesting
surfaces in urban environments. Compared to classical photovoltaics, organic mate-
rials are better to meet functional and aesthetic demands required in modern smart
buildings 3° By tuning their optical properties, organic solar cells can also be used in
the design of indoor internet of things (I01).They can be incorporated into fabrics
resulting in wearable power generating clothing because they can be integrated into
exible materials*! With their lightweight, easy to manufacture nature, organic
photovoltaics can help to bring power generating capabilities to poor and remote
regions all around the world, where classical photovoltaic devices areudti to
deploy#? With the advance of technological possibilities and the more wide-spread
use of these exciting materials, new innovative elds of applications are expected to
arise in the future. The main challenges when designing organic photovoltaic devices
are the low e ciency and stability which is why research is needed to manufacture
devices better suited for applicatioff&*

The main goal of this thesis is to deploy a better understanding of the molecular
structuring and aggregation process afonjugated chromophores used in organic
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photovoltaics in solution and during Im formation. The chromophores investigated
are small molecules and one polymer. The systems are made of subunits, which
are often used in a wide spectrum of possible materials. Insights gained might be
therefore useful for other materials as well. They are designed with keyehces

in mind to be able to investigate speci ¢ features like symmetry, bending angle
or planarity. Computer simulations are used to investigate those questions. A
combination of semi-classical MD and quantum mechanical density functional theory
(DFT) simulations are employed to model structural and electronic properties and
dynamics. Simulations are used to support and help interpret experimental results.
How molecular structures form in uences the electronic properties of the system
and therefore how they interact with electromagnetic waves. Optical absorption and
emission spectroscopy are therefore valuable methods to investigate morphology
and structure formation experimentally. The investigations are done in dependence
of key parameters like temperature, solvent, concentration or processing conditions.
With this approach key insights and a better understanding about the formation of
aggregates and the resulting electronic and morphologic properties are obtained. This
fundamental research is important to obtain a better understanding of the materials in
guestion and can therefore help to design molecules with speci ¢ properties resulting
in better devices.

2.2 Morphology

The molecular structuring process is very important for the device properties. How
the molecules align determines the electrooptical properties of the material, like
charge transfer or quantumeiency*°4¢ At the nanoscopic scale, the molecules self-
assemble in a certain way. These structures arrange into crystal-like or ordered and
unordered domains on the mesoscopic scale which in turn determine the properties
and performance of the nal devicé&:*® Absorption and photoluminescence spec-
troscopy are valuable tools to gain experimental insights about structural information
under varying conditions. However, the short time and length scales of molecular
structuring makes it di cult to observe this process directly. Hereby, molecular dy-
namics simulation can support the experimental results. The simulations of individual
atoms provide insights into how the molecules order in dependence of controllable
parameters, like solvent or temperature and can thereby help and give complemen-
tary insights, to paint a bigger picture about the processes involved. With MD, it
becomes possible to investigate the dynamics on nanometer length scales directly.
Of course, one does not investigate reality itself, but just a simulation of it. However,
by keeping the possibilities and limitations of this powerful tool in mind, additional
insights can be gained trough the combination with experimental data. Therefore, a
huge emphasis is laid in this thesis to make good models of the molecules in question.



2.2 Morphology

Optically active chromophores frequently have large delocalized conjugated orbitals.
Due to attractive - interactions, they can self-assemble into locally ordered do-
mains#®:°° This often introduces polycrystalline structures and therefore defects like
grain boundaries or spatially separated domains. These defects might in turn hinder
charge transport, acting as traps, therefore counteracting positatsegained by

local ordering. These eects might be wanted, for example when the goal is to
obtain a large mono-crystalline domain, or they might be unwanted, for example if
the goal is to achieve a blend of ¢irent domains with a certain size distribution.
However, getting more control over the structuring processes is bene cial in either
case. The aggregation process and the resulting morphology can be in uenced
through varying molecular parameters like solvent, concentration, the presence of
molecular side-chains or the addition of a high boiling point solvent additidéne

latter is believed to prolong solvent evaporation time, giving the molecules more
time to reorient and rearrange themselves into self-assembled larger strdétefres.

One method to manufacture thin organic solar cell Ims is spin-coatit§ At
constant temperature, a sample containing the optically active material, solvents and
additional substances are applied to a substrate, which is rotated at high angular
speeds to spread the coating solution uniformly. Excess material is cast away from
the substrate while the solvent evaporates quickly, which in turn increases the concen-
tration of the chromophore. The aggregation and restructuring process occurs under
non-equilibrium conditions during this fast dry @rocess. With this procedure, thin

Ims in the order of 10 nm to 500 nm can be achiev®&dhe structuring process and
therefore the device morphology can be in uenced by the processing conditions. For
example, during spin-coating, temperature, processing speed and the solvent used
are parameters in uencing the device properties. The structure can also be in u-
enced in post-processing after Im formation with techniques thermal annealing

or solvent annealing®%2To understand the complex Im formation process, the
interactions between chromophores in solution have to be understood rst.

In gure 1 an example is shown, illustrating how the molecular structure in u-
ences device propertié$ Figure 1a)-c) shows transmission electron microscope
(TEM) images of the polymer PCDTBT:BEM Ims cast from chloroform (CF),
chlorobenzene (CB) and dichlorobenzene (DCB) solvents respectively. The insets
show surface images measured by atomic force microscopy (AFM). The morphology
of the Ims varies drastically due to the derent solvents used during processing,
which also directly in uences the device performance. Figure 1d) displays the inci-
dent photon-to-current eciency (IPCE). The current-voltage characteristics of the
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devices can be seen in gure 1le). Both quantities depend heavily on the morphology
and therefore on the processing conditions.

Figure 1: a)-c) TEM images of PCDTBT:PGBM Ims cased from CF, CB and DCB
solvents. The insets show AFM images. c) displays the IPCE spectra and d)
the J-V graphs of the devices. Reprinted with permission f&gringer
Nature Customer Service Centre Gmb¥hture Photonics; Bulk
heterojunction solar cells with internal quantuma&ency approaching
100%; Park, S.H. et al; Copyright(2009).

Aggregation of a -conjugated molecule in solution can often be induced by cooling
of the sampleé® On the one hand, solvent quality is often a function of temperature.
On the other hand, a reduction in temperature leadsreeaing oubf rotational
degrees of freedom and therefore to a planarizatiecte®® The details of this
process are at the moment poorly understood. For example, it is not clear if pla-
narization is a necessary condition for aggregation, or if in turn aggregation promotes
planarization. This is one of the important questions this thesis tries to shed light
on. Due to technical reasons, chromophores are often designed with large, bulky
side-chains attached to them in order to increase solubility. This is necessary to make
processing of the material possible. Therefore, a tradbas to be made. Too many,

or too large side-chains can be in the way during the aggregation process, counteract-
ing the formation of locally ordered domains. On the other hand, chromophores can
also exhibit too much aggregation behavidr.

Organic solar cells come in a variety of ways. The simplest form is a single layer

solar cell, which is made of an organic electronic material between two metallic
conductors’%"* Other designs are bilayer solar céflsconsisting of an electron

10
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donor and an electron acceptor layer, or bulk heterojunction solar cells, in which elec-
tron rich donor materials and electron de cient acceptor molecules (i.e. fullerene)
are blended into disordered domains of the order of nanom&trés?All of these
devices require individual morphologic properties. An example for the morphology
of a bilayer and a bulk heterojunction organic solar cell is shown in gure 2. Un-
ordered domains often exist in a kinetically frozen, thermodynamic nonequilibrium
state. Exposure to light or temperature therefore can cause a restructuring process,
leading to the degradation of the devi®eA better understanding of the molecular
structuring process during device formation can help to gain insights about type,
structure, distribution and stability of these domains, which can be used to improve
device performance and counteract degradatiatts, increasing lifetime.

Figure 2: Architecture of bilayer and bulk heterojunction solar cells. Reprinted ffom
under theCreative Commons Attribution License

The conversion of solar energy to electrical power happens through severdi®steps.
Firstly, a photon is absorbed in the active material, creating a bound electron-hole
pair. The absorption properties of the material are important for this step to access
a large portion of the solar spectrum. The excited state then needsusedio a

donor acceptor interface before it relaxes to the ground state. The excitation only
has a nite lifetime, which limits the diusion length. At the interface, the excitation
might induce a charge-transfer state. The charges now need to be separated before
they recombine. Finally, the charges are transported through the layers and extracted
at the cathode or anodé.Each of these steps is subject to loss channels and is
in uenced by the morphological properties of the device on multiple length scales.
This highlights the importance of understanding the molecular structuring process in
these materials. Given the outlined energy harvesting mechanism, the advantage of
a bulk heterojunction solar cell becomes evident. Due to the blending efetit
domains, the interface area increases and the measion length of excitations to
boundaries decreases, resulting in potentially increaseieacy.

Sterically demanding side-chains or additional groups can be introduced to suppress

11
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excessive aggregation to tune the distribution of the dom/&ifisThe relationship
between side-chains and aggregation is another important topic investigated in this
thesis.

2.3 Methological details

The key concepts, which are used as the main methods of investigation in this thesis,
are brie y described in the following.

2.3.1 Molecular dynamics simulations

Molecular Dynamics (MD) is a computational method to study the time dependent
behavior of particles, often atoms and molec#®¥%. Physical interactions are
described by classical force elds, which can be divided into bonded, intramolecular
interactions like bonds, angles, dihedrals and non-bonded interactions, for example
Lennard-Jones or Coulomb interactions. In the simplest case, a bond between two
atoms is modeled via a harmonic spring potential buedent functions can be used

to model each interaction. Bonds are stabilized by the LINCS methadevery

time step, the force elds are evaluated to calculate a resulting force acting on each
particle in the simulation box. The forces are used to solve the classical Newtonian
equation of motion for each particle, the resulting positions are the coordinates
for the next time step. A popular integrator used in this thesis is the leap-frog
algorithm& Particles (usually atoms) are simulated individually and the calculation

is classical. Of course, at molecular length scales, qguantum mechanics cannot be
neglected, which is why the classical force elds are designed to reproduce the
guantum nature of the system. A full quantum mechanical description of a system
of many patrticles is computationally not possible with current technology, which is
why this trade-o is made. With this approach fast simulation speed can be achieved,
while maintaining a reasonable amount of accuracy. Typical system sizes are in
the range ofL®® - 10° particles, characteristic simulation times are in the order of
psto us, the resulting size of a typical simulation box is in the order wilo
100nm. Usually, periodic boundary conditions (pbc) are implemented to avoid nite
size e ects. MD Simulations were carried out with the popular, well-established
GROMACS simulation packag¥:*°

12



2.3 Methological details

Figure 3: Simpli ed owchart of a typical MD simulation?! Reprinted with
permission fronSpringer Nature Customer Service Centre Gmiéthods
in molecular biology; Molecular dynamics simulations; Lindahl, E.;
Copyright® (2015).

A typical procedure of a MD simulation is displayed in gure 3. After the interacting
force elds have been de ned, a system of particles is prepared by the selection of
the starting and boundary conditions. The relevant parameters for the simulation
are set (i.e. ensemble, target temperature, target pressure or volume). Algorithms
are selected for the integrator, the thermostat and barostat. Possible restraints to the
system can also be applied. After that, the simulation is performed. Typically, one
starts with di erent minimization and equilibration simulations to prepare the system

in a physically meaningful, equilibrated state for the production run. The positions,
velocities and forces on each particle can be saved periodically. The trajectory of
a simulation can be inspected visually with a suitable program like \A%Dhe

data is used in post-processing in order to calculate meaningful physical quantities
describing the system.

2.3.2 Free energy and umbrella sampling

An important quantity, which is used to describe molecular aggregation processes in
this thesis, is the free energy dirence between states of interest, which is a concept
describing the maximum amount of work that a system can perform at constant

13
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temperature. The free energy is de ned in equation 1, where Q denotes the canonical
partition function of the system in question antieing the Boltzmann's constant.

F= tinQ (0

A thermodynamic system of many particles can be de ned by its microstate. For
example, a classical ideal gas is completely described by the position and momentum
of every particle. In contrast, the system can also be described in terms of statistically
averaged macroscopic properties like temperature, pressure or energy, which de ne
the macrostate. A given macrostate can correspond to various possible microstates,
all of which have a certain probability of occurring. A system coupled to a heat bath
will tend to minimize its internal energy while also maximizing its disorder to reach

an equilibrium state. Both conditions have to be considered when evaluating if some
process is able to happen spontaneously. What about a process which decreases the
internal energy but also decreases disorder? Clearly, it is not enough to maximize
the entropy or minimize the energy because they could be interconnected. The free
energy is the Legendre transformation of the internal energy with respect to the
entropy. Depending on the ensemble, the free Helmholtz energy involves a constant
volume, temperature and number of particles (eq. 2). If the pressure is kept constant
and the volume can change, the Gibbs free energy is obtained.

F=U TS ()

The following derivations and relations are equivalent for the Helmholtz and the

Gibbs free energy, apart from the ensemble WSektcording to this relation, the

free energy becomes minimal if the internal energy gets smaller or the entropy S

increases. The free energy therefore minimizes the energy while maximizing the

entropy, which is why the free energy dirence between two states of interest is a

meaningful physical quantity determining if a process can take place spontaneously

in a system. The transition between one state to another is described by a reaction

parameter , which has to be chosen in a way to suitably re ect the physical change

of the system one is interested in. To characterize the systeam be chosen in

many ways, for example distance, angle, gyration radius or energy. The partition

functionQ can then be expressed in dependence of the reaction parameter as seen in

equation 3. R
[ () lexp[ E)dr

“expl[ ( B)dVr

The quantityQ( )d can be interpreted as a probability density of states. In an

ergodic system the ensemble aver&je) and the time average( ) becomes equal

for time tending to in nity (eq. 4).

Q()= 3)
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2.3 Methological details

Z t
Q)=P()=lmt [ (©df @
: 0

A system is ergodic, if the whole phase space is sampled. So in principle, one can
simulate a system to samd®é ), and then directly calculate the free energy with
equation 1. However, in practice simulation time is nite.

Regions of the phase space around an energetic minimum are sampled excessively
while regions with high energy are only visited rarely because the system is much
more likely to be in a state of low energy. If the states of interest are separated by one
or multiple energetic barriers, signi cantly larger than the typical energy of thermal
uctuations, transition events become very rare, which makes direct sampling in
a realistic time frame impractical. Derent approaches have been developed to
deal with this problem, one of which is umbrella sampling. The reaction pathway
is divided into smaller segments, each of which is sampled individually and then
recombined to the global free energy prokl ) with the weighted histogram
analysis methodWHAM). °* In eachsimulation windowthe system is restraint

by the introduction of a biased potential, which in the simplest case is a harmonic
potential. The bias potential is an additive energy term, which depends on the
reaction coordinate (eg. 5).

E°(r) = E(r) + wi( ) (5)

The biased potentials for each windo( )) are obtained by MD simulations and
relate to the free energy via equation 6,

F()= SInP( ) w()+F ®)

whereas the window dependent teims de ned in equation 7.
1 .
Fi= —Intexp[ wi( )]i (7)

To combine the dierent windows into one global free energy surface Rhieave to
be estimated. With the WHAM method, as the name suggests, the global distribution
Is assumed to be a weighted sum of the individual simulated windows (eq. 8).

X
P'()= a()P() (8)
i
A rule to derive a good estimate of the weighting facta;$ ¢an be derived by
demanding that the statistical error of the free energy minimizes (eq. 9).

@) _
@

0 9
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2 Introduction

With this condition the weights can be expressed via equation 10. They are normal-
ized ;g = 1.

_p Niexp[ wi( )+ F]

= 10
9= PN el w()+ F) (10)
TheF; can then be calculated with equation 11.
Z
exp( F)= P )exp[ wi()]d (11)

BecauseP" depends on the weights via equation 8, which in turn depends on
the F; via equation 10, equation 11 provides a rule which has to be iterated until
convergence.

2.3.3 Metadynamics

A di erent approach to construct a biased potential and ensure a good sampling of
the phase space is metadynamics (met&).A biased potentiaV/(s;t) is added

which is composed of successively added Gaussians. The phase space is spanned by
so called collective variables (CVs). The added functions are placed in regions of
the phase space, which the system occupies the most, i.e. regions of low free energy.
One can think of the bias aéing up the free energy landscape. The added potential

Is shown in equation 12.

X X (s o
V(st)=  W(k )exp( (s Sﬂz(qék ))?

k<t i=1
The parameters of the additional potentials are the Gaussian deposition stride
which determines the rate, with which potentials are added, the widih the
space of the CVs and the heidMk ). Constructing the bias this way results in the
long time limit in an e ective at energy landscape because the bias resembles the

negative of the energy (equation 13).

) (12)

V(st!l )= F(®+C (13)

In well-tempered metadynamitise Gaussian height scales with simulation time
according to equation 14.

V(satk ))k)

With this the biased potential converges according to equation 15.

W(k ) = W, exp(

V(st!l )= F®+C (15)

This introduces the bias factor= T+T T as an additional input parameter. Meta-

dynamics simulations have been performed with plutfeahich is available as a
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2.3 Methological details

plugin for the GROMACS MD simulation software. Due to its nature, metadynamics
simulation is performed in one long simulation and can therefore not be calculated
in parallel in contrast to umbrella sampling, in which each window can be simulated
individually.

2.3.4 Density functional theory

Solving a many body quantum mechanical problem directly is infeasible, due to
the fact, that every patrticle is interacting with every other one. Therefore, suitable
approximations and simpli cations are necessary to compute a system in a reasonable
amount of time while still being able to siciently model reality. One popular and
versatile method to model the quantum mechanical behavior of a many particle
system is density functional theory (DF131°°One key quantity of interest is the
electron densityi(+), which describes the electronic structure of a system. Important
concepts in DFT are the Hohenberg-Kohn theoréfh#ccording to the postulates

of quantum mechanics, a given external potentig{r), with a given number of
electrons N determines the ground state wavefunction and the ground state electron
densityng(t) (except for degeneracies). The rst Hohenberg-Kohn theorem shows,
that the reverse is also true, i.e. the external potewtjgt) is uniquely determined
(except for an additive constant) by the ground-state dengty and therefore(r)

also speci es the Hamiltonian and the wavefunction. The second Hohenberg-Kohn
theorem states, that the exact ground-state density can be obtained by minimizing
the energy functional in equation 16.

Eo = min, h [n]jHj [n]i (16)

To construct the energy E[n], the Kohn-Sham scheme is tf&ell given system

of interacting particles is reduced to a ctitious system of non-interacting particles,
which generate the same density as the system of interest. Hence, the non-interacting
particles move in an esctive Kohn-Sham potential (eq. 17).

EH [n] Exc[ n]

FSWES

VH(F) Vxc(F)

Vext(f“) + (17)

Herebyvey(t) denotes the external potential of the system of interacting particles and
En[n] is the analytically known Hartree energy. All unknown terms and interaction
are packed in the exchange-correlation potenigf). With this approach only the
exchange correlation term has to be approximated instead of the whole energy. The
e ective potentialvs can then be used to solve the non-interacting Schroedinger
Equation, yielding the ground state density of the interacting system. Various
methods have been developed to approximate the exchange-correlation term like the
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local density approximatio(LDA) or the generalized gradient approximati¢@GA)
methods'®® The computational accuracy can be increased by combinireyeint
approximations for dierent interactions, because some are better at describing short
range interactions and others long range interactions. This approach leads to so
calledrange separated hybrid functional®ften a range-separated exchange part is
combined with a range independent correlation term (eq. 18).

Ve = Vit VS (18)

The range separation parametedetermines the transition between theatient
interactions. A simple approach to separate the interaction is to divide the two-
electron operatogi according to equation &,

i _ 1 erf(l ry) N erf(! ri) (19)
2o 2oy ) 7))
shortrange longrange

The range-separation parametecan be determined by demanding that the vertical
ionization potentiai®, which is the energy dierence of a system of andN 1
electrons, must be the negative energy ofhilghest occupied molecular orbital
(HOMO) (eq 20).

IP=E[nyi] E[M]= Howmo (20)

This provides a self-consistent, ab-initio tuning method for the range-separation
parameter, because all quantities of equation 20 can be calculated by DFT itself.
DFT calculations are employed to re ne the models used in MD simulations. Because
we are interested in the aggregation behavior of conjugated molecules, the dihedral
angle between aromatic rings is of signi cant importance. To model them accurately,
the dihedral angles between aromatic rings for all systems have been calculated
by DFT in dependence of the angle. The resulting potential energy surfaces were
incorporated into the MD models. We also calculated the charge distribution with
DFT and added them to our MD models. Furthermore, we employed TD-DFT to
characterize the dynamic electrooptical properties of some systems to help interpret
the results. DFT calculations within the scope of this thesis were performed with the
help of the Gaussian09 RevE.&%.

2.3.5 Model building

To simulate molecules with MD simulations, a model of the system in question
has to be built rst. In this section, a brief description about this process, and the
combination of DFT and MD simulation methods, is outlined.
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2.3 Methological details

Structure les of molecules can be generated conveniently with 3MEhe auto-
mated topology builder and repositopyovides a useful tool to automatically gen-
erate a force eld for a given molecular structuf®:11°based on the Gromos54a7
force eld.''! Depending on the system size, dient levels of theory are applied.

For systems smaller than 50 atoms, a full guantum chemical calculation is performed
by the algorithm, which we used to generate starting force elds for the systems
investigated. We chose to re ne these models with our own DFT calculations in order
to model the relevant physical properties in a most realistic manner. Because the
charge distribution is crucial for the molecular aggregation process, we incorporated
our own charge distribution calculated with the DFT software Gaussian 09. The
investigated chromophores have a lot of aromatic rings, whose relative orientation
is crucial for the aggregation process and the conjugation length of the delocalized
electron orbitals. Therefore, the dihedral angles between the individual aromatic
rings are of vital importance to replicate meaningful physical behavior. We calcu-
lated the potential energy surfaces (PES) of these dihedral angles with DFT and
incorporated the results in our MD models. With these re nements, the model is a
appropriate way to investigate the physical interactions on molecular length and time
scales. More details can be found in the corresponding sections of the publications
printed in section 5 or in their supporting information.

In the publication presented in section 5.2 we even go further. The models used in
MD simulations, which are re ned by our own quantum chemical DFT calculations,
are used to generate average structures of stable aggregates, which are fed back
into time dependent density functional theory (TD-DFT) calculations, in order to
obtain insights about the electronic structure of the aggregates. Together with the
experimental results, we are therefore able to integrate a broad range of methods,
which leads to a deeper understanding about the properties of the systems.
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3 Overview of the publications

3 Overview of the publications

In this section an overview of the research performed within the scope of this thesis is
given. First, the systems investigated are introduced, followed by a brief description
of the scienti ¢ context and the core results for each thesis. Hereby emphasis is laid
on the overall context and the connection between the individual publications.

3.1 Investigated systems

Figure 4: The molecules investigated are displayed in this gure: a) p-DTS(FB)zTh
(T1). b) SIDT(FBTTh), (H1). c) Polythiophene. d) connected thiophenes
(CT). e) twisted thiophenes (TT).

The molecules, which are the main interest of this investigation are shown in gure 4
and are introduced in the following. Recent research has shown promising results by
using small, soluble molecules as the donor material in organic solart¢&fts They

are often designed with electron-rich donor (D) and electron-de cient acceptor (A)
subunits placed on the same molecule, resulting in a D-A-D-A-D arrangerent.

All molecules presented in gure 4, except for polythiophene ( gure 4c)), which

is a polymer, are of this design. The outer donor units of(ure 4a) are made

out of two thiophene compounds. The acceptor units are benzothiadiazole rings.
The uorine atom locks the torsion angles between the aromatic rings in a planar
position, resulting in an increase of the conjugation lergthis design is re ected

in the other D-A-D-A-D systems as well. The central donor unit is made of three
aromatic rings and can be thought of as two thiophene units connected via a silicon
atom. The molecular arrangement is mirror symmetric to a central axis. The outer
donor and acceptor units in {Figure 4b) are the same as in T1. In this system the

'chemical name: p-DTS(FBT B
i chemical name: SIDT(FBT B

20



3.1 Investigated systems

central donor unit consists of ve aromatic rings, which results in a point symmetric
arrangement of the whole molecule. The onlyatience between T1 and H1 is the
central donor unit, which determines the molecular symmetry. Both systems exhibit
a very di erent aggregation behavior. One of the questions investigated is, why they
di er so much. The molecules T1 ( gure 4a) and H1 ( gure 4b) are addressed in
section 3.3.1. Hence, by investigating their aggregation properties, valuable insights
can be gained into how the symmetry relates to structuring processes.

The system CT (Figure 4c) is very similar to T1, but ders in a few important
aspects. It is shorter, the outer donor unit is only made of one thiophene module.
The acceptor units are the same as in the previous two systems. The central donor
unit can be pictured like in T1, but the two rings are connected via a carbon rather
than a silicon atom. TT (Figure 4d) has the same outer donor and acceptor units
as CT. As opposed to the rest of the molecules introduced so far, the central donor
unit consists of two separate thiophene like rings, twisted against each other with
an angle of 67. This rotation is achieved by attaching two bulky side-chains, who
repel each other. The molecular structure of CT is very planar and rigid, while TT is
twisted on purpose. One question of this thesis is to gain insights about the role of
planarity during the aggregation process, which is investigated by comparing these
two model systems. This topic is investigated in section 3.3.2.

The molecules introduced so far are very similar. They are from building blocks,
which are often used in short conjugated molecules or in polymers. The discus-
sion of the molecular structural properties shows, that key aspects like symmetry
or rotational degrees of freedom can be used as parameters to in uence molecular
arrangement. Furthermore, the molecule CT has aréint central atom, carbon,
versus silicon in T1. This in uences the shape of the molecule. The heavier silicon
atom in T1 bents the whole molecule to a more banana like shape, while the lighter
carbon atom results in a straighter arrangentéhthe twisted nature of TT results

in a decrease of the conjugation length, i.e. the section over which electronic excita-
tions can be delocalized. The coupledrbital system is interrupted by the twisting

of the central donor unit.

Lastly, the publication presented in section 3.3.3 evaluates the possible crystal
packing structures of a polythiophene (PT) (Figure 4e) chain in dependence of
di erent manufacturing pathways. PT is closely related to P3HT, which has been
extensively studied in the last decatfé?>-126

iil acronym for connected thiophene.
Vacronym for twisted thiophenes.
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3.2 Summary and scienti ¢ context

The goal of this thesis is to investigate the aggregation behavior of chromophors
with simulations to support experimental results. The molecules investigated within
the scope of this work have been chosen to answer speci ¢ questions about the
aggregation process.

During the last few years, small conjugated molecules have gotten a lot of attention
as an optically active ingredient in organic solar cells. In comparison to conjugated
polymers, they are relatively straightforward to manufacture, their chemical structure
can be changed easily, they often have a high degree of crystallinity and a well-
de ned molecular weight?/-134

One promising systems, for which high eiencies over 119%3¢have been re-
ported is the small molecule T#/~142Previous investigatiort$’ could show that
aggregation can be induced in T1 solutions by cooling. A freezing out of torsional
motion is observed in the spectra before aggregation. This is interpreted as the same
three-step aggregation mechanism as in conjugated polymers: 1) A cooling induced
planarization of the backbone increases the conjugation length, after which 2) ag-
gregates form. 3) Afterwards further planarization takes place. Another observation
is that the unorder-order phase transition is induced in a very narrow temperature
window. This well-de ned phase transition implies a high degree of order and crys-
tallizability, which is indeed re ected in the thin Ims. They can be manufactured
with nearly 100% aggregates. The excellent performance in comparison with similar
systems, like H1, is at the moment not fully understood *#1%is structurally
closely related, but exhibits signi cantly derent aggregation behavior. No aggrega-
tion can be observed in solution, even at high concentration and low temperature even
though aggregates are present in spin coated Ims. Crystallization can be drastically
improved with high boiling point additives, like diiodooctat€.H1 exhibits an even
wider band gap than T1 and can be used in bulk heterojunction solar cells with a
higher open circuit voltage in comparison with ¥£.Both molecules cover a broad
spectral absorption range, which leads to higltiency.

The aggregation behavior of H1 and T1 in MTHF solution is investigated in the
publication printed in section 5.1. Interestingly, the aggregation of H1 in solution has
not been studied before. We use optical spectroscopy to investigate the absorption
and photoluminescence spectra in dependence of concentration and temperature. The
results are interpreted with the help of complementary MD simulations. The force
elds for the models used in the simulations are re ned with DFT calculations in
order to make realistic models of the systems. The possible aggregate conformations
are characterized. T1 can undergo two distinct aggregation pathways in dependence
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3.2 Summary and scienti ¢ context

of intermolecular orientation. The molecules can be aligned in the opposite direction,
which we identify as a type A aggregate, because the energetic minimum is lower,
and in a type B aggregate, in which the molecules are aligned in the same direction.
For H1, only one aggregate structure is observed. Free energy calculations help to
gain deeper insights about the dynamics of the aggregation process. The experi-
mental data suggests that T1 aggregates very easily while H1 does not. This can be
reproduced by the simulations. Due to the fact that H1 possesses bulkier side-chains,
it is straightforward to assume that they hinder aggregation. Remarkably, our MD
simulations suggest that aggregation does not change qualitatively by removing
them. By investigating the interaction of the conjugated small molecules with the
solvent, we are able to postulate a mechanism explaining this discrepancy. Solvent
aggregation in H1 is possible, but rare. An attractive force between two H1 molecules
is only observed if the molecules are aligned in a very speci c way and even then,
the range of this attraction is very small. This means that the molecules have to
be aligned exactly the right way and need to be very close to one another to snap
into an aggregate. Therefore, a considerable molecular overlap has to be achieved
randomly before the molecules experience an attractive force. This requires a lot
of solvent molecules to be displaced, which is why aggregation in H1 is kinetically
hindered. This is partly due to the molecular symmetry of H1, which makes this large
overlap necessary. During spin-coating, the average distance between molecules is
decreased steadily due to the evaporation of solvent. This increases the likelihood
of two H1 molecules coming close together in the right way to aggregate. This
explains why aggregates can be observed in Ims. Given that the addition of a high
boiling point additive is theorized to increase the time the system has to aggregate,
the molecules are more likely to reorientate to the right position, which also explains
why crystallinity can be enhanced with diiodooctane.

In summary, the publication presented in section 5.1 can paint a coherent picture
of the aggregation process and the underlying dynamics at work. We are able to
explain the di erence in aggregation behavior of T1 and H1. The results show, that
not every small molecule with large delocalized conjugated orbitals is able to easily
form molecular structures despite structural similarity. Parameters like the molecular
symmetry, the interactions with the solvent and the pathway into an aggregate have
to be kept in mind when designing new materials. Nevertheless, we can also show
that possible aggregates exist, which explains the formation of structures during Im
formation. Our analysis is also consistent with the fact that dilodooctane improves
the crystallinity of HL Ims. The results of this study can therefore help, by com-
parison with investigations of similarconjugated chromophores, to elucidate the
molecular structuring process of small molecules used in organic photovoltaics. With
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this, design strategies can be derived to help improve solar cell device performance.

When cooling down a solution with T1 molecules, a planarization of the backbone
is observed prior to the formation of aggregat&si*’ The publication printed in
section 5.2 investigates the role of planarization during the aggregation process. The
molecules investigated are CT, which is very planar and TT, in which the central
donor unit is twisted?® It is known that planarization plays an important role in
the aggregation of conjugated polymers but the exact details of the causality are
poorly understood. It is not clear if planarization is the driving factor of aggregation
or aggregation induces planarization. One way to induce planarization is to cool
down a solution. There are studies oconjugated polymers and small molecules,
indicating a cooling-induced backbone planarizatioe& precedes the formation of
aggregate§/:126:142147:.149¢ has been also shown that aggregation can be increased
by the introduction of conformational locks like the uorine atoms in the small
molecules investigated in this thesis, which reduces torsional motion and therefore
increases planarit§?®-1530n the other hand, there are also studies highlighting the
planarization as a consequence of aggregafi6e’ For a better understanding of

the complex aggregation process it is useful to understand the role of planarity. We
investigate, if a planar backbone is of advantage for the self-assembly process, or if
planarity may also be induced by the assembly process.

We employ optical spectroscopy in dependence of concentration and temperature
in hexane to gain insights about the aggregation dynamics. To help interpret these
results, we also conduct MD, DFT and TD-DFT calculations. With our analysis
we can show that the behavior of these systems is not straight forward. TT exhibits
strong aggregation even though its twisted nature, while CT only shows very weak
signs of aggregation despite its similarity to the well-ordered system T1. Free energy
MD simulations show a similar energy gain of these two systems which is in contrast
with the experimental results. Molecular dynamics simulation enables us to arti -
cially force-planarize TT and compare the aggregation behavior with the twisted
model. With these simulations we are able to show that the aggregation of planarized
TT is signi cantly stronger than the twisted module. It is therefore reasonable to
assume that the molecule planarizes as a consequence of the molecular structuring
process, because energy can be gained from that. By analyzing the building blocks
of CT and TT individually, it becomes clear that planarization in TT leads to a
larger number of attractive interactions between individual subunits of the molecule,
which explains the increased energy gain. Energy also has to be invested into the
planarization process, which is why the molecules will reach equilibrium in a more
planar con guration than in single molecules.
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Similarly to T1, CT also shows type A and type B structures, but in this system, the
energetic di erence between the two pathways is much smaller. For TT, we only
nd one possible con guration. We also investigate the in uence of the side-chains
by simulating models without them. These calculations suggest that they only have a
minor role in structure formation. Furthermore, we use MD simulations to calculate
average molecular arrangements of the minimum structures, which we then use
to perform TD-DFT calculations in order to investigate their electronic properties.
With this approach we are able to identify non-emissive excimer structures in CT,
explaining the spectroscopic results. Upon cooling, CT rst forms non-emissve
excimer-type structures, which act as a precursor until aggregation sets in at lower
temperatures.

In summary, this publication manages to explain counter-intuitive results and an
apparent mismatch between experiment and simulation by employing a broad variety
of techniques which leads to a coherent picture of the underlying dynamics at play.
The investigation indicates that twisted molecular con gurations do not necessarily
prevent aggregation. In fact, a planarizingeet due to the formation of aggregates
might be able to induce strong aggregation in heavily twisted molecules. It therefore
becomes clear that the connection between planarization and structure formation is
complicated and cannot be understood from a single viewpoint. The interactions
within chromophores have to be evaluated individually on a case to case basis. How-
ever, our results support the hypothesis that non-planar molecular structures are not
necessarily preventing aggregation. The structuring process can also be the cause for
planarizing e ects. Furthermore, we are able to show that molecular self-assembly
can also lead to non-emissive excimers.

Remarkably CT, shows a signi cant derent behavior than T1, despite their molec-
ular structure being very similar. T1 exhibits very strong aggregation behavior,
whereas CT exhibits only weak aggregation, which we attributed to the formation of
non-emissive excimer-like precursor aggregates. There could be several reasons for
this. T1 has a heavy silicon atom in the middle of the central donor units, one more
thiophene ring at the outer donor unit, and aatient bending angle. These factors
could lead to a dierent electronic interactions during the formation of aggregates.
Also, one has to keep in mind that the systems were investigatedenetit solvents.

The side-chains are also @irent which may in uence solubility. However, this
raises new questions, which are worth pursuing in future investigation to explain this
di erence in detail.
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With the publication presented in section 5.3 another aspect of the aggregation
process is explored. We investigate a Polythiophene polymer, which is structurally
closely related to thevork horsen organic photovoltaics, P3HT. We employ éirent
processing conditions during Im formation, which can be used to in uence the
crystalline structure of the Im and therefore its optical properties. By adding a
dopant, that can be rinsed out after processinggdint structures emerge. With the
help of MD simulations, we are able to con rm the stability of drent arrangements
in dependence of intermolecular distances. The polymer can crystallize in a lamellar
- stacking con guration or in a so-called herringbone fashion, in which adjacent
rows of molecules are orientated @érently. Here, we simulate crystalline structures
in contrast to the other two publications. By employing MD simulations, we are
able to investigate the crystal structures on molecular length scales, which helps
interpret the experimental results. The results of this investigation can therefore be
used to better in uence the morphologic properties of Ims made fregonjugated
polymers.

3.3 Summary of individual publications

The following sections will give a more detailed summary of the individual publica-
tions.

3.3.1 Elucidating Aggregation Pathways in the Donor-Acceptor Type
Molecules p-DTS(FBTTh ;). and p-SIDT(FBTTh 3),

In this publication the aggregation behavior of the molecules p-DTS(FBBfTh

(T1) and p-SIDT(FBTTH), (H1) is investigated in MTHF solution, during spin-
coating and in a thin Im. These molecules are used for organic photovoltaics and
are of a D-A-D-A-D like design structure, in which electron-rich donor (D) and
electron-de cient acceptor (A) subunits are placed on the same molecule. Hereby, we
investigate di erent aggregation pathways for T1 and a hindered aggregation pathway
for H1 and discuss why H1 can still be processed to a thin Im despite a kinetically
hindered aggregation. The molecular structure of T1 is axis symmetric while H1 has
a point symmetric con guration. This symmetry dirence in uences the structuring
process. To gain insights about these systems, a combination of experimental and
simulation methods is employed. Temperature dependent absorption and emission
spectroscopy methods are complemented by molecular dynamics simulations based
on force elds derived by time dependent quantum mechanical calculations.
Experimentally, samples of derent concentration were prepared for T1 and H1

in the solvent MTHF. Temperature dependent spectroscopic measurements were
performed to test if aggregation can be induced. In gure 5 the absorption and
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photoluminescence spectra of T1 and H1 are shown in dependence of temperature.
Above a critical temperature of about 205K the spectra of T1 are very similar in
low and high concentration. The spectral shape of very dilute samples is largely
independent of temperature at low concentrations the probability of aggregate for-
mation is very low, due to the large mean distance of the molecules, which is why
we always measure a single molecule spectrum. At high concentrations, additional
low energy features emerge below the critical temperature ( g. 5a). This behavior is
characteristic for aggregate formation due to the electronic interaction of multiple
monomers, an aggregate interactsetently with light.

In H1, the spectral shape stays always the same, even at high concentrations and low
temperatures. The formation of aggregates cannot be observed experimentally in an
MTHF solution. However, H1 is still able to align in ordered domains in the nal

thin Im. In gure 5b and 5d we show the spectra for a Im cased from a chlorbenzol
solution for T1 and H1. The low energy aggregation feature in the spectra of T1 is
more pronounced in the Im, as in the low temperature high concentration T1 MTHF
solution. In H1 thin Im, there is also a low energy feature emerging, which hints at
the formation of ordered structures. One important question, which arises from this,
is how the Im formation happens in H1. Because in solution there seem to be no
prominent aggregation formation visible, yet in the Im ordered structures clearly
emerge, so how does this ordering process takes place? H1 can form aggregates in
the thin Im but not in solution which is a very dierent behavior than T1. This
raises the question how the Im formation and aggregation behavior looks like in the

di erent materials. Due to the spectral form, the H1 aggregate seems to be more of a
J-type than a H-type aggregate.

To investigate why T1 aggregates in solution, while H1 does not, we supplement the
experimental results with molecular dynamics calculations. With the help of DFT
simulations, we calculated the ground state and rst excited state geometry of T1
and H1. We used quantum chemical methods, to calculate the charge distribution of
the ground state structures and implemented them in our MD models. The charge
distribution is crucial for the electrochemical and aggregation properties of the
systems. The donor and acceptor parts of the molecules consistesédt units

with one or more conjugated rings, which are connected via single C-C bonds. The
relative angles and dynamic rotational degrees of freedom between these units is
very important for the aggregation behavior. It is important to know, for example, if
the molecule is at or twisted, because in dependence of this faerdnt structures

can form. To make our models more accurate, we calculate the potential energy
surface (PES) of the dihedral angles between these units with DFT. We adjusted
the parameters of our MD models to reproduce the behavior calculated by quantum
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mechanical calculations to improve the viability of our simulations. Both molecules
possess a very at geometry, the equilibrium dihedral angles between donor and
acceptor units are very close to a planar con guration. However, due to thermal noise,
the angles uctuate around the equilibrium value. The magnitude of the uctuations
is determined by the energy of the noise and therefore given by the temperature. At
lower temperature, the amplitude of these uctuation decreases. We described this
behavior in the main text of the publication as a freezing out of the rotational degrees
of freedom.

Figure 5: In a) the normalized photoluminescence (red) and absorption (blue) of T1
can be seen in dependence of temperature. The corresponding data for H1 is
shown in b). In c) the spectra for a thin Im cast from a CB solution is shown
for T1 and in d) for H1.

We employed umbrella sampling calculations to determine the free energy of the
aggregation process for both systems. We average over multiple independent starting
con gurations to sample the whole con gurational phase space. For T1, we identify
two di erent aggregation pathways, one in which the molecules are aligned in the
opposing direction (type A) and one, in which the molecules are aligned in the
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(@) (b)

Figure 6: a) Free energy of T1 for type A and type B aggregation and the whole
con gurational phase space. b) Combined free energy of H1 for3D0 K
and 250 K. The dashed line is single free energy graph, in which the rare
aggregation occurs.

same direction (type B) ( g. 6(a)). We also calculated the energy of the individual
subunits. In a type A aggregate, the benzothiadiazole acceptor units can stack nicely
on one another, while they are slightly displaced against each other. Most of the
energy gain stems from the acceptor units stacking. Type A aggregation exhibits a
larger energy gain in this system, which is why we investigate this pathway further
by calculating the free energy temperature dependent between 400 K and 250 K.
The energy gain from stacking increases with decreasing temperature, while the
attraction range between two individual T1 molecules increases. The aggregation of
T1 and the behavior at lower temperatures agrees with the experimental results.

We also calculated the free energy of H1. To sample the whole con gurational
phase space we averaged over manegnt starting con gurations. In most of the
simulations, the system is not able to form aggregates most of the time. However,
there is a rare event, in which aggregation actually happens. In gure 6(b) we display
the averaged free energy of H1 at300 K and E250 K and one single free energy
calculation, in which we observed this rare stacking event. The energy gain of this
minimum is quit pronounced at -6lQT. The minimum is also very slim. The global
minimum appears at a distance of about 0.6 nm, above 0.8 nm the energy landscape
remains at. This means that the molecules have to be aligned in a very speci c
fashion and have to be very near to each other to experience an attractive force and
the formation of an aggregate. If you displace the two molecules only slightly against
each other, the aggregate becomes unstable. There is a possible H1 aggregate with a
large energetic minimum but the pathway into this minimum seems to beudti to
access. We also calculated the free energy of H1 at lower temperate/250K),

which did not improve aggregation. This is in agreement with the experiment.
During spin-coating and Im formation, more and more solvent is evaporated until
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there are only chromophore molecules left. This means, that the concentration
increases rapidly and signi cantly, which decreases the average distance between
H1 molecules. The molecules can aggregate due to the high concentration and short
distances. It is much more likely for the H1 molecules to align in the right fashion
with a neighboring molecule and snap into an aggregate.

One possible reason for the d@rence in aggregation behavior might be presence
of side-chains. H1 possesses bulkier side-chains which might get in the way during
aggregate formation and therefore hinder this process. To investigate this, we
made additional models in which we removed the side-chains. The aggregation
behavior of T1 increases slightly without side-chains but does not change for H1.
We therefore conclude that the presence of bulky side-chains is not the main reason
for the di erence in aggregation behavior. To further investigate therdnce, we
calculate the free energy of each unit separately and nd that the bulk of the energy
is gained from the stacking of the acceptor units. We now look at the interaction of
the chromophores with the solvent. Due to the point-symmetric nature of H1, there
are no di erent type A and type B pathways like in T1. During aggregation both
molecules must slide completely on top of each other. H1 also has a larger central
donor unit, consisting of ve conjugated rings, while T1 has only three. This led us to
suspect that during H1 aggregation a lot of solvent has to be displaced in comparison
with T1. The formation of a H1 aggregate is therefore kinetically hindered due to
the necessary displacement of a lot of solvent molecules. To test this hypothesis, we
calculated the solvent distribution in a box-like volume, the base of which encloses
the central donor units. The analysis of the solvent distribution functions show,
that during a type A aggregation, the solvent shell in front of the T1 central donor
unit is mostly unaected, while it has to be displaced during a type B aggregation.
This explains the larger energy gain in a T1 type A aggregate compared to a type B
aggregate, because much less solvent has to be displaced. If we compare the solvent
distribution of a H1 aggregate in front of the central donor unit, we nd that the
solvent distribution changes drastically compared to a H1 monomer. The shape of
the solvent distribution remains the same but is shifted to higher distances because
now there is a second H1 molecule in the way. Our calculations therefore suggest
that a lot more solvent has to be displaced during H1 aggregate formation than during
T1 aggregate formation, which is why the aggregation of H1 is kinetically hindered.

3.3.2 What is the role of planarity and torsional freedom for aggregation
ina -conjugated donor-acceptor model oligomer?

This publication investigates the role of rigidity and planarity during the aggrega-
tion process. The systems of interest are the very planar CT, which is similar to
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the previously investigated molecule T1, and TT, in which the central donor unit
consists of two thiophene rings with side-chains attached to them. The interaction
between the side-chains results in a twisted central donor unit with an angle of about
68, calculated with DFT. The molecules were designed in order to investigate the
di erence in aggregation in dependence of planarity. It is known that planarization
plays an important role during the aggregation process. On the one hand, there
are reports highlighting that aggregation induces planarization, and on the other,
molecules are often designed with planarity in mind in order to increase order and
crystallinity. In contrast, there are also reports that torsional and rotational freedom
can be bene cial for aggregation. Because of that, it is not clear if planarization is
the driving factor of aggregation, or aggregation induces planarization. We study this
question by employing temperature dependent absorption and emission spectroscopy
for di erent concentrations in hexane complemented by MD, DFT and TD-DFT
calculations.

For low concentration of TT§ 10 ®M) the spectra change very little upon cooling.
For medium concentratiors( 10 °M) additional spectral features at lower energies
emerge at 220 K and below. At even higher concentrati2mis (0 *M) the addi-

tional features are even more pronounced and show light scattering features from
small particles. This means, that at high concentration precipitation takes place due
to strong aggregation at low temperature. From the spectral analysis we conclude
that TT forms weakly interacting H-type aggregates upon cooling. Independent
of concentration an additional low energy shoulder emerges upon cooling. The
central dihedral potential for TT was calculated for the ground and the rst excited
state. This reveals two minima of the central dihedral angle for an excited TT single
molecule. One at 50 close to the cis-planar con guration, and one at 14¢hich is

closer to a trans-planar con guration. Consequently, there are two possible ways an
excited TT molecule can emit a photon to relax to the ground state corresponding to
di erent energies. We attribute the high energy shoulder in emission to the excited
cis-planar con guration.

The situation is dierent in CT. For high concentrations (10 ®M) the spectra
change very little upon cooling. At medium concentratibn10 °M) a very weak

low energy feature emerges, which gets more pronounced at high concentration
(225 10 “M). In comparison to TT, the low energy spectral features are much less
pronounced, implying worse aggregation behavior. Upon cooling we also observe a
reduction in absorption and a change in peak ratio which gets more pronounced by
cooling and by increased concentration.

To better compare the spectral features of CT and TT we look at the relative, normal-
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ized photoluminescence intensities in dependence of concentration and temperature.
In both systems, the relative emission intensity as a function of temperature is con-
stant for low concentrations, due to which only single molecules are present in the
samples. At higher concentration the intensity declines steeply with the emerging of
additional low energy features in TT. This decline is also present at the medium and
high concentrations of CT, starting at 250 K and below. However, the reduction in
intensity does not correlate in an obvious way to additional spectral features, imply-
ing that somehow intensity is lost through a non-radiative channel. The experimental
analysis shows a strong aggregation behavior in the twisted system TT, but only
very weak aggregation in the planar molecule CT. This is counterintuitive, because
CT is very similar to T1, which aggregates easily, while the twisted nature of TT is
expected to hinder aggregation.

To help interpret these results we employ free energy MD simulations. We used DFT
calculations to make accurate models of the systems in question. We are able to
characterize the possible aggregate structures. Similarly to T1, CT can undergo a
type A aggregation, in which the molecules are aligned in the opposite direction, or
a type B aggregation, in which they are orientated the same way. The free energy
suggests a similar energy gain upon aggregation for CT and TT, which is in contrast
with the experimental results. To investigate the role of the side-chains we also have
done simulations for models without them. Without side-chains, the energy gain
upon aggregation in CT only increases slightly, implying that they play a minor
role. For TT, the increase is more drastic. This is to be expected, because the
interactions of the side-chains is the reason for the twisted nature of the molecules.
Although we kept the twisted potential intact, the missing interaction between the
side-chains increases the energy gain. The side-chains can therefore not explain the
di erence in aggregation behavior. Because our central question is about planarity,
we built arti cial models of TT forced into a trans- and a cis-planar con guration.
Calculations reveal that the trans-planar model is the energetically most favored
one. Aggregation of the twisted TT molecules yields an energy gain of about 5.5 kT,
while the global minimum of the trans-planar model is at about 9.5 kT. This large
increase in energy gain implies a planarizatioeet of TT in solution, because it is
energetically favored. The trans-planar con guration is consistent with crystalline
TT structures found in the cast Im. We also calculated the free energy of the
stacking process of individual subunits of CT and TT. These calculations show, that
a planarization of TT results in a larger amount of attractive interactions between
individual units in comparison with CT, explaining the energy gain.

When discussing planarity in TT, one has to distinguish tweedent e ects. Upon
cooling, the thermal energy decreases, therefore the rotational motion of the dihedral
angles around their equilibrium value is subject to lower uctuations. However,
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planarization can also mean a change of the mean twisted central dihedral angle
to a more planar overall con guration, which is what we have done by building a
trans-planar model. Upon cooling, the solvent quality and the rotational uctuations
decrease. This is necessary for aggregation because it can only be observed at low
temperatures. After aggregation it becomes energetically favored for the central
dihedral to change its mean value, therefore planarizing the whole aggregate.

We use the results from the MD simulations to further explore the electronic prop-
erties of the aggregates with the help of TD-DFT simulations. We calculated the
oscillator strength and the charge transfer character for the optimized aggregate struc-
tures. These calculations reveal that the CT type A con guration is a non-emissive
aggregate. This explains why we see only weak spectral aggregation features in CT
and the decline in the normalized relative emission intensity.

In summary, with the help of MD, DFT and TD-DFT simulations, we are able to
explain the experimental results. CT is able to aggregate in a type A and atype B
aggregate, but only type B can be seen in the spectrum because type A is a non-
emissive excimer. The strong aggregation behavior of TT can be explained by the
already signi cant attraction between the molecules in their twisted state followed
by further planarization of the central dihedral angle after aggregation due to a gain
in energy.

3.3.3 Directing the Aggregation of Native Polythiophene during in Situ
Polymerization

One widely investigated material is poly-3-hexylthiophene (P3HT), a workhorse
polymer for organic photovoltaics. One common way to in uence structural proper-
ties is the introduction of side-chains. In this publication we explore the aggregation
process of Polythiophene (PT), which is structurally closely related to P3HT but
without the side-chains on each monomer. The removal of the side-chains in uences
solubility and therefore the aggregation behavior and the planarity of single molecule
polymer backbone in solutiot?® PT often aggregates in a herringbone like structure
with only short range order interactions. Here, we demonstrate how the aggregation
process and the crystalline structure of the nal thin Im can be tailored by the
manufacturing process. We use grazing incidence wide-angle X-ray scattering (Gl-
WAXS) measurements, molecular dynamic simulations and spectroscopic analysis
to investigate the structural properties of PT.

During the polymerization process, we use iron(lll) p-toluenesulfonate hexahy-
drate (FeTos) as an oxidation agent and a chemical dopant. The monomer used is
bithiophene (BT). Iron(lll) ions oxidize the monomer molecules, which enables
polymerization. If a lot of oxidizing agent is present, the polymer chains further
oxidize in a second step, which isectively a chemical doping of the chains, re-
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sulting in a free charge carrier on the conjugated polymer chains. Simulations show
that the excess positive charge electrostatically attracts a FeTos anion, which align
perpendicular to the polymer backbot®é Our goal is to exploit this doping process
during fabrication resulting in improved performance. Therefore, after the spin
coating process, we rinse out all leftover monomers and oxidant molecules. The
choice of the solvent used for washing out in uences the electronic properties. When
using acetonitrile, the polymer molecules remain in their doped state, while using
ethanol removes the doping and the FeTos anions. We are therefore able to obtain
doped and undoped PT in the nal thin Im. We investigate the doping process by
varying the molar fraction of FeTos present in the reaction mixture from 0.25 to 0.75.

Figure 7: In this gure we show the possible crystal packings of a PT polymer. The
chains can be arranged in a herringbone or in a lamellar arrangement.

With four-point probe measurements we are able to show that the conductivity of
the doped PT Im is several orders of magnitude above the conductivity of undoped
PT and hence conclude, that rinsing with acetonitrile leaves the doped, conducting
state intact. The conductivity increases drastically with the level of doping. We
therefore discriminate PT Ims synthesized under iron de ciency (FeTos fraction
below 0.5) and iron excess (FeTos fraction more than 0.5). At high doping levels an
additional Bragg peak arises in the GIWAXS measurements £a8:2A) implying

the formation of a new crystal plane. According to earlier ndings, a critical level of
doping results in a structural rearrangement of the moleddéghe PT polymer
backbones arrange in a parallelstacked fashion and form a lamellar structure with
dopant molecules in between the stacks. The possible arrangements a lattice of PT
chains can be in, is shown in gure 7.

In the following we will discuss the structural properties of the semiconducting PT
Ims, rinsed with ethanol. Native PT is known to aggregate in a herringbone (HB)
fashion. The herringbone structure results in a poor overlaparbitals and is there-

fore dominated by short range order interactions. We investigate semiconducting
PT Ims processed under iron de ciency and iron excess by radially integrating the
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GIWAXS measurement in the radial and horizontal direction. Both samples show
three distinct peaks in the radial direction, which match the HB structure, while
only the sample fabricated under iron excess shows an additional peéakz8A.

In the vertical direction, the PT Im synthesized with high FeTos concentration
exhibits an additional peak at = 3:6A. The PT manufactured under iron de -
ciency only arrange in the HB structure, while another crystalline packing is present
in the Im made with iron excess. By comparison with the conducting Ims, we
conclude that the sample with iron excess additionally form a lamekaacked Im.

We therefore manage to show, that undoped, semiconducting PT can aggregate in a
-stacked crystal, which has not been reported before. We con rm the feasibility of
our proposed structuring mechanism with MD simulations. We simulate a crystal
of 100 PT 10-mers. We used DFT calculations to calculate the dihedral angle PES
between the individual thiophene rings and the charge distribution. The results are
incorporated into our molecular models. We constrain the intermolecular distances of
the crystal to values observed in the experimé@4 and3:6A). The PT chains all
align in the same orientation, resulting in a lamellar structure. When the constraints
are removed, the distances and orientations change to a HB structure. The distances
from the simulationg = 7:10A andb = 5:71A) agree with the experimental values
(a= 7:81A andb = 5:56A). The simulation results indicate that the HB structure
exhibits a global energetic minimum for the system, while a lamellar structure is
possible when the distances are restraint. The introduction of excess doping during
the manufacturing process leads to the attraction of FeTos anions to the polymer
backbones. The presence of these anions restraints the distances between the polymer
chains resulting in a lamellar orientation. After the doping molecules are washed out,
the crystal is unable to rearrange itself into a HB structure and remains in a lamellar
con guration. This crystal structure persists through thermal anneali@Q@&cC,
indicating a certain stability.

We also perform absorbance and emission spectroscopy measurements of the semi-
conducting PT thin Ims. We interpret the spectra as a superposition of an amorphous
contribution from disordered PT chains and vibronic transitions of aggregated poly-
mer chains. Analysis of the derent spectra shows an increased fraction of ordered

PT backbones with increased iron excess during the polymerization process. Fur-
thermore, a redshift indicates increased intermolecular interaction when using high
amounts of FeTos. The synthesis under iron excess therefore seems to increase order
within the Ims and results in a lamellar crystal structure. In summary, we are able

to show, that the type of crystal structure can be tuned by variation of the amount
of oxidizing agent. A high level of doping leads to an increase in conductivity and
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results in a new crystal packing structure. Thstacking of the PT molecules is
preserved even after dedoping.
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5 Publications

5 Publications

The following publications are the basis for this thesis. Firstly, the authors contribu-
tion will be brie y described for each publication, after which they are reprinted in
full text including their supporting information.

Authors contribution

Elucidating Aggregation Pathways in the Donor-Acceptor Type Molecules
p-DTS(FBTTh,), and p-SIDT(FBTTh »),

This publication is published ithe Journal of Physical ChemistryZ18, 122, 39,
9191-9201

The authors areAxel Bourdick Markus Reichenberger, Anna Stradomska, Guillermo
C. Bazan, Thuc-Quyen Nguyen, Anna Kohler and Stephan Gekle

This publication is based on the experimental work of Markus Reichenberger, who
was responsible for measuring and interpreting the experimental results. | built
models of the molecules with the help of DFT calculations performed by Anna
Stradomska. | performed all MD simulations and made the gures related to them. |
investigated the systems under varying parameters, like temperatueegiali sol-

vents or the presence of side-chains. | investigated the interaction of the molecules
with the solvent and the individual building blocks separately. With the help of
my simulation results we were able to interpret the experimental data and paint
a coherent picture of the underlying mechanisms of the aggregation process and
explain the di erence between the two molecules T1 and H1. | wrote large parts of
the text of this publication. | was involved in frequent discussions with the coauthors.
Within the scope of this publication | visited Anna Stradomska in Glasgow on a two
week research trip, during which we worked together on this system and were able
to gain valuable insights into the aggregation behavior. Anna Kéhler and Stephan
Gekle supervised this project.

What is the role of planarity and torsional freedom for aggregation in a -
conjugated donor-acceptor model oligomer?

The results of this work are in its nal draft phase. We plan to submit this paper to
the Journal of Materials Chemistry
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The authors are: Stefan Wedléxel Bourdick Stavros Athanasopoulos, Stephan
Gekle, Fabian Panzer, Guillermo C. Bazan, Thuc-Quyen Nguyen, Anna Kohler

This publication is based on the experimental work of Stefan Wedler who is the lead
author. The experiments were performed by Stefan Wedler who also interpreted
the results. | performed DFT simulations in order to build models used in the MD
simulations. | performed all MD simulations. | performed free energy calculations
with umbrella sampling and metadynamics, forelient temperatures and solvents.

| investigated models of the molecules as they are, without side-chains, and forced
planarized. | had the idea to force TT into a planar con guration and look at the
change in aggregation behavior. The DFT and TD-DFT calculations used for the
interpretation of the results were conceptualized and performed by me and Stavros
Athanasopoulos in close collaboration. In frequent discussions with Anna Kohler
and Stefan Wedler we together worked on solutions to upcoming problems. | wrote
the for the MD simulation relevant parts of the manuscript and the SI. Anna Kohler
and Stephan Gekle supervised this project.

Directing the Aggregation of Native Polythiophene during in Situ Polymer-
ization

This publication is published IACS Omeg&018, 3, 6, 6388-6394

The authors are: Jenny Lebert, Eva M. Kratz&xgl Bourdick Mihael Coric,
Stephan Gekle and Eva M. Herzig

This publication is based on the experimental work of Jenny Lebert and Eva Herzig.
It was suspected that polythiophene exists in twcedent crystal packings in de-
pendence of the processing route. Eva Herzig asked me to participate in this project
in order to support the interpretation of a lamellar and a herringbone structure with
simulations. It was my task to nd out how | can do that with MD simulations. |
built models of polythiophene chains with @irent length with the help of DFT
simulations. | tried various simulation approaches. It turned out, that the suspected
structures can be reproduced by the simulations of crystal structures wétedt

lattice parameters between them, which agrees with the experimental results. | wrote
the parts of the manuscript and the SI, which deal with the simulations.
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5 Publications

5.1 Elucidating Aggregation Pathways in the Donor-Acceptor
Type Molecules p-DTS(FBTTh »), and p-SIDT(FBTTh 5),

Axel Bourdick, Markus Reichenberger, Anna Stradomska, Guillermo C. Bazan,
Thuc-Quyen Nguyen, Anna Koéhler and Stephan Gekle

published in:
The Journal of Physical Chemistry B
DOI: 10.1021acs.jpcb.8b06283

Reprinted with permission from:
the Journal of Physical ChemistryZ)18, 122, 39, 9191-9201.
Copyright® (2018) American Chemical Society

52



5.1 Elucidating Aggregation Pathways in the Donor-Acceptor Type Molecules
p-DTS(FBTTh), and p-SIDT(FBTTh),

53



5 Publications

54



5.1 Elucidating Aggregation Pathways in the Donor-Acceptor Type Molecules
p-DTS(FBTTh), and p-SIDT(FBTTh),

55



5 Publications

56



5.1 Elucidating Aggregation Pathways in the Donor-Acceptor Type Molecules
p-DTS(FBTTh), and p-SIDT(FBTTh),

57



5 Publications

58



5.1 Elucidating Aggregation Pathways in the Donor-Acceptor Type Molecules
p-DTS(FBTTh), and p-SIDT(FBTTh),

59



5 Publications

60



5.1 Elucidating Aggregation Pathways in the Donor-Acceptor Type Molecules
p-DTS(FBTTh), and p-SIDT(FBTTh),

61



5 Publications

62



5.1 Elucidating Aggregation Pathways in the Donor-Acceptor Type Molecules
p-DTS(FBTTh), and p-SIDT(FBTTh),

63



5 Publications

64



5.1 Elucidating Aggregation Pathways in the Donor-Acceptor Type Molecules
p-DTS(FBTTh), and p-SIDT(FBTTh),

65



5 Publications

66



5.1 Elucidating Aggregation Pathways in the Donor-Acceptor Type Molecules
p-DTS(FBTTh), and p-SIDT(FBTTh),

67



5 Publications

68



5.1 Elucidating Aggregation Pathways in the Donor-Acceptor Type Molecules
p-DTS(FBTTh), and p-SIDT(FBTTh),

69



5 Publications

70



5.1 Elucidating Aggregation Pathways in the Donor-Acceptor Type Molecules
p-DTS(FBTTh), and p-SIDT(FBTTh),

71



5 Publications

72



5.1 Elucidating Aggregation Pathways in the Donor-Acceptor Type Molecules
p-DTS(FBTTh), and p-SIDT(FBTTh),

73



5 Publications

74



5.1 Elucidating Aggregation Pathways in the Donor-Acceptor Type Molecules
p-DTS(FBTTh), and p-SIDT(FBTTh),

75



5 Publications

76



5.1 Elucidating Aggregation Pathways in the Donor-Acceptor Type Molecules
p-DTS(FBTTh), and p-SIDT(FBTTh),

77



5 Publications

78



5.1 Elucidating Aggregation Pathways in the Donor-Acceptor Type Molecules
p-DTS(FBTTh), and p-SIDT(FBTTh),

79



5 Publications

80



5.1 Elucidating Aggregation Pathways in the Donor-Acceptor Type Molecules
p-DTS(FBTTh), and p-SIDT(FBTTh),

81



5 Publications

82



5.1 Elucidating Aggregation Pathways in the Donor-Acceptor Type Molecules
p-DTS(FBTTh), and p-SIDT(FBTTh),

83



5 Publications

5.2 What is the role of planarity and torsional freedom for
aggregationina -conjugated donor-acceptor model
oligomer?

Stefan Wedler, Axel Bourdick, Stavros Athanasopoulos, Stephan Gekle, Fabian
Panzer, Caitlin McDowell, Thuc-Quyen Nguyen, Guillermo C. Bazan, Anna Kohler

Manuscript. Intended for:
Journal of Materials Chemistry
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5.3 Directing the Aggregation of Native Polythiophene during
in Situ Polymerization

Jenny Lebert, Eva M. Kratzer, Axel Bourdick, Mihael Coric, Stephan Gekle and Eva
M. Herzig

published in:
ACS Omega
DOI: 10.1021acsomega.8b00684

Reprinted with permission from:
ACS Omeg2018, 3, 6, 6388-6394.
https//pubs.acs.orgoi/abg10.1027acsomega.8b00684
Copyright® (2018) American Chemical Society
Further permissions regarding this material should be directed to the ACS.
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6 Additional results

6.1 Metadynamics free energy

The analysis of the possible aggregates of the molecules has shown that in depen-
dence of the molecular symmetry, the relative orientation between them plays a
crucial role during the aggregation process and the possible resulting structures. The
free energy graphs discussed in the publications were calculated mostly with WHAM
and umbrella sampling. They display the free energy of two solute molecules in
dependence of their distance, while not taking their relative orientation into account.
To investigate the dierence between varying orientations (type A and type B), we
arti cially subdivided the con gurational phase space by preparing the starting con-
gurations in a certain alignment and compare eient starting orientations with one
another. This approach is suboptimal, because by design we do not want to sample
the whole phase space of the system but still want to simulate long enough for the
free energy to converge. Due to the bulky side-chains on the molecules, itcsildli

for them to reorientate when they are restraint to small distances, which makes this
division plausible. A better approach is to project the system on a two-dimensional
free energy surface, so that the dependency of relative distance and angle can be
investigated at the same time. Because this iscdit to implement with the um-

brella sampling method, we employed metadynamics simulation to investigate the
con gurational phase space in two dimensions.

The two dimensional free energy surface of CT in hexane solution is shown in
gure 8. At low distances two minima are emerging, one aafid one at 180
corresponding to type B and type A aggregation respectively, which are very similar
energetically. Umbrella sampling and metadynamics show very good agreement,
con rming the validity of this new approach. The results from metadynamics for TT

in hexane is displayed in gure 9. The angular dependence of the free energy is more
complicated in comparison to CT which is due to the intramolecular twisted nature of
the molecules. One distinct global minima exists at an intermolecular angle of about
180 which is in agreement to the one possible aggregate conformation discussed in
the publication presented in section 3.3.2.There is an excellent agreement between
umbrella sampling and metadynamics.The intramolecular angles were de ned as
torsional dihedral angles between the molecules.
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Figure 8: Two dimensional free energy surface of the aggregation process of two CT
molecules in hexane solution in dependence of distance and the angle
between the molecules. Additionally, projections on the one dimensional
reaction coordinates are displayed. The free energy in dependence of
intermolecular distance calculated by umbrella simulations in hexane is
shown as a dashed line. The data was obtained with metadynamics.

Figure 9: Free energy surface, calculated by 2-d metadynamics for two TT molecules
in hexane solution in dependence of distance and the angle between the
molecules. Projections on the one-dimensional reaction coordinates are
shown alongside the 2d plot. Free Energy calculated with umbrella sampling
in mexane is shown as a dashed line.
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6.1 Metadynamics free energy

Figure 10: Results from metadynamics for T1 in hexane solution are displayed in
dependence of intermolecular distance and the angle between the molecules
alongside projections on the one dimensional reaction coordinates. The
result from umbrella simulations in hexane for the same system is shown as

a dashed line.

Figure 11: Free energy for H1 in hexane solution calculated with metadynamics in
dependence of intermolecular distance and the angle between them together
with one dimensional projections on the individual reaction coordinates. We
also calculated the free energy with umbrella sampling which is shown as a
dashed line.

Like CT, T1 also can aggregate via a type A or a type B pathway. This is also
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re ected in the free energy obtained from metadynamics ( g. 10) in hexane solution.
Here, type A aggregation is energetically signi cantly more favored than type B.
This is also the case in the other solvent MTHF, which was used in the publication
presented in section 3.3.1. The agreement between metadynamics and umbrella
sampling is good, but the position of the global minimum is slightly shifted.

The results for H1 in hexane calculated with metadynamics are shown in gure
11. There is one clear global minimum with an intermolecular angle of about 180
which corresponds to the aggregate conformation discussed in the publication which
Is shown in section 3.3.1. Interestingly, there is a very tight local minimum at

0 surrounded by an energetic barrier. Free energy from metadynamics and from
umbrella sampling show good agreement qualitatively buédin the ratio of the
minima. Given that aggregation in H1 is kinetically hindered, umbrella sampling
requires averaging over multiple independently sampled reaction pathways in order
to sweep the whole con gurational phase space. Because the free energy from
umbrella sampling in hexane was calculated speci cally for this plot, and due to the
fact that very good agreement could be achieved for the other systems, we renounced
here from excessive sampling.

In summary, metadynamics provides a powerful computational tool in order to
characterize complicated free energy surfaces in dependence of two or more reaction
coordinates.
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