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Abstract

The rising human population leads to increasing energy demand. Renewable resources take an
important part in the generation of electrical energy. Thereby, photovoltaic systems are a key
to replace conventional energy sources.

Commercially available systems are mostly based on crystalline silicon as the active layer.
However, these materials are expensive due to demanding manufacturing processes and high
energy input. Thus, ongoing research is done on cheaper, easily producible, environmentally
friendly materials. Those, and other kinds of materials, can be used in the emerging class of
organic solar cells. Perylenes are promising structural motifs for organic solar cell materials.
In this work, properties of variously linked perylene-monoimide-phenylene-perylene-
monoimide systems have been studied. The synthesis of these molecules were accomplished
via Suzuki-coupling of the 8-bromo-perylene-monoimide and different phenylene diboronic
and triboronic acids or their pinacol esters. The synthesis yielded between 8 — 30%. The com-
pounds were characterized using NMR spectroscopy, mass spectrometry, absorption- and
fluorescence spectroscopy, as well as thermal analysis; thermogravimetric analysis and differ-
ential scanning calorimetry. The experimental results of the optical studies were compared
with density functional theory (DFT) simulations. During the assembly of the organic solar
cells, challenges were faced concerning the solubility of the synthesized compounds. Never-
theless, promising results were obtained using blends of a suitable polymer and the phe-
nylene-linked perylene monoimides. A power conversion efficiency of almost 2% was
achieved without optimization of the solar cell parameters.

Herein, we present novel acceptor materials based on perylene monoimide derivatives. This
research gives insight into the main characteristics of those compounds including the chal-

lenges and potential.



Kurzfassung

Die standig wachsende Bevélkerung fihrt zu einem héheren Energiebedarf, weshalb man bei
der Energiegewinnung vermehrt auf erneuerbare Energien ausweicht. Ein Beispiel hierfir
sind verschiedene Photovoltaiksysteme.

Handelsubliche Solarmodule basieren meist auf kristallinem Silizium, das als Aktivschicht
verwendet wird. Diese Zellen haben den Nachteil, dass ihre Herstellung mit hohen Kosten,
sowie einem hohen Energieaufwand verbunden ist. Daher wird nach ginstigeren, leichter
produzierbaren und 6kologisch vertraglichen Materialien gesucht. Eine Alternative konnte die
aufkommende Klasse der organischen Solarzellen sein. Eine vielversprechende Materialklasse
dieser Art von Solarzellen stellen Perylene und Perylenderivate dar. In dieser Arbeit werden
die Eigenschaften von Molekiilen, in denen zwei oder drei Peryleneinheiten tber eine Pheny-
leneinheit verbunden sind, untersucht. Hierfur wurde das 8-Bromperylenmonoimid mit den
entsprechenden Phenyldi- bzw. triboronséurederivaten mittels einer Suzuki-Kupplung umge-
setzt, wobei die Ausbeuten zwischen 8 und 30% betrugen. Anschlielend wurden die Verbin-
dungen mittels NMR-Spektroskopie, Massenspektrometrie, Absorptions- und Fluoreszenz-
spektroskopie, sowie mit der Thermogravimetrischen Analyse und Dynamischen Differenzka-
lorimetrie untersucht. Die experimentellen optischen Daten wurden mit Dichtefunktionaltheo-
riesimulationen (DFT) verglichen. Bei der Assemblierung der organischen Solarzellen stellte
sich heraus, dass die Loslichkeit der verschiedenen Verbindungen eine grofle Herausforde-
rung ist. Dennoch konnten in Mischungen mit einem geeigneten Polymer Solarzellen mit gu-
ten Wirkungsgraden von bis zu 2% erreicht werden, ohne die Solarzellenparameter zu opti-
mieren.

In dieser Arbeit werden neue Materialien aufgezeigt, die auf einer Perylenmonoimid-
Phenylene-Perylenmonoimid Struktur basieren. Diese Arbeit gibt einen Einblick in die Eigen-
schaften dieser Verbindungen, wobei neben Herausforderungen auch deren Potenziale de-

monstriert werden.
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1. Introduction

In the last decade the demand for renewable energy sources increased drastically due to envi-
ronmental reasons including climate change. Beside wind or water energy, solar power is used
and developed worldwide to gain as much energy as possible from the sunlight. By 2017, still
68.4% of the electricity was generated from fossil resources and nuclear fission reactors glob-
ally, followed by hybrid power (19.5%), wind power (6.5%), photovoltaics (2.5%) and others
(3.0%). Nevertheless, the number of installed photovoltaic (PV) systems is increasing world-
wide!. In Austria, there is an increasing number of installed PV systems, giving already about
1 400 000 kW installed PV power in 20182,

Most of the installed systems are based on crystalline silicon technologies. It can be distin-
guished between monocrystalline and polycrystalline silicon solar cells, and thin film tech-
nologies based on amorphous silicon, CdTe and copper indium gallium selenide (CIGS). Sin-
gle crystal silicon heterostructures have a certified efficiency of 26.7%°, whereas the poly-
crystalline cells reach only 22.3% so far®. The guaranteed lifespan is exceeding 30 years®.
Beside silicon based systems, new technologies were developed based on GaAs, reaching an
efficiency of 30.5% in concentrated systems®. In addition, the thin film technologies based on
CdTe and CIGS can reach efficiencies up to 22.1% and 23.4%, respectively’®. Although these
PV systems are widely used, they have high production costs®.

In 1991 the dye-sensitized solar cells (Gratzelzellen) were developed®®. In contrast to the sili-
con based photovoltaics, the light is absorbed by a sensitizer which is attached to the surface
of a semiconductor. Upon irradiation, the charge separation takes place at the interface be-
tween the sensitizer and the conduction band of the solid!*. However, those colorful cells can
so far only reach efficiencies up to 11.9%, which is less than other commercially available
systems.

Nevertheless, the most commonly used solar cells on the market have one disadvantage: The
silicon wafers which are an essential part of the set-up, are expensive and a lot of energy is
needed for the production process of these cells. However, the advantage is that silicon is one
of the most frequent elements in the earth’s crust'?. The dye-sensitized solar cells are poten-
tially cheaper but they can reach only half of the efficiency of silicon-based cells. CdTe based
solar cells currently approach the efficiency of silicon based solar cells. In addition, the mod-
ules give a better Life Cycle Assessment compared to silicon solar cells®® and achieve better

conversion efficiencies under diffused light**. However, Cd and Te are toxic materials and the
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availability is limited. CIGS modules contain toxic and limited elements as well, but only
small amounts are used for the production due to the thin film technology®®. Moreover, the
consumption of semiconductor material is less and the variability concerning the support ma-

terial is higher compared to silicon modules*.

In 2013 the investigation of a novel type of material started which have a perovskite crystal
structure. The general formula of the structure is ABX3, with different metals A and B in the
center and on the edges of the unit cell and oxygen X on the face-centered holes. The early,
very efficient cells contain lead as central atom in the structure. Starting at an efficiency of
about 13%1®, these cells improved rapidly, now reaching up to 25.2%?7, after only 6 years of
refinement. Soon, people started to assemble tandem cells with silicon and a lead perovskite,
which increased the efficiency to 28%?%’, exceeding even the other silicon-based photovoltaics
on the market. However, the biggest problems are the stability of the active layer, as it is air
and moisture sensitive®; as well as them containing lead, which is toxic for any living organ-
ism*®. Many researchers are now looking for an alternative to the lead, resulting in the inves-
tigation of perovskites containing tin or germanium?°-22,

Even before the perovskite cells were developed, another novel class of photovoltaic cells has
been developed; the organic solar cells. Because of the high exciton binding energies in or-
ganic materials, organic solar cells usually combine two organic semiconductors — a donor
material (electron donating, high hole mobility) and an acceptor material (electron accepting,
high electron mobility). They both can be environmental compatible!® and more stable than
perovskite based cells?®. They started with only 2.5%?* efficiency, but they are now exceeding
the dye-sensitized solar cells giving now values up to 16.5%2°.

Recently, a lot of development was done in terms of acceptor materials, changing from fuller-
enes to non-fullerene acceptors, as they possess mostly a better stability, lifetime and more
suitable absorption properties. Furthermore, the functionalization is much easier than with
fullerenes?. A large group of acceptors are the perylene mono- and diimides, which are cur-
rently used as dyes in paint and varnish?’. In this work, novel non-fullerene acceptors were

investigated based on a perylene-monoimide-phenylene-perylene-monoimide structure.



2. Theoretical Background

2.1  Density Functional Theory

Density Functional Theory (DFT) is one of the most successful tools in computational chem-
istry nowadays, due to lower costs and shorter calculation times compared to other methods
like Hartee-Fock (HF) theory. Since the 1990s, it increasingly gained importance and is now a
key modeling method for calculations in quantum chemistry. The applications are ranging
from the calculations of binding energies in molecules to the band structure of solids. Most
successfully, DFT is used for predicting and understanding ground-state electronic structure

properties of atoms, molecules and solid state materials?®2°,

2.1.1 The Schrddinger Equation

Like all wave function based quantum chemical methods, DFT is based on solving the time-
independent, non-relativistic Schrodinger equation:

HY = EY (1)

H represents the Hamilton Operator and W the wave function which contains all possible in-
formation about a given system? and comprises the solutions or so-called eigenstates of the
Hamilton operator. These eigenstates have a corresponding eigenvalue E which is the total
energy of the system. The Born-Oppenheimer approximation states that — due to the relatively
large mass of protons and neutrons — the positions of the nuclei can be seen as fixed while the
electrons move in the electrostatic field induced by the nuclei®®. With this simplification, the

Hamilton operator can be written as:

1% S
A=—3) VtTo+ ¥
24 =AUl
i i<j

The Hamiltonian consists of three terms; the kinetic energy of the electrons (T), the interac-
tion with the external potential generated by the static nuclei (¥,,, ) and the electron-electron
interaction (V,.). The terms i and j denote the N electrons of the system and r stand for the

respective radii®.



To solve the Schrédinger equation and therefore calculate the total energy of a system, the
wave function has to be known. Unfortunately, as the number of electrons (N) grows, the
functions get more complicated due to higher dimensions. The exact wave functions are only
known for one-electron systems like the hydrogen atom or H>* molecule.

As it is too complex to search through all possible N-electron wave functions in larger, more-
electron systems, the Hartree Fock approximation was developed to simplify the equation®?.
Nevertheless, the calculations using these methods are demanding for the computational re-
sources; it is not yet possible to apply them on large and complex systems?,

2.1.2 The Hohenberg-Kohn Theorem

The Hartree Fock method has its limitation in terms of complexity as well. In order to find the
desired solution for the wave function, for each of the N electrons, 4N variables, three spatial
and one spin variable have to be taken into account. In case of the DFT method, only three
spatial variables have to be solved??.

This practical method was developed by Hohenberg and Kohn, who published the proof of
this theory 1964 in the Physical Review. The Hohenberg-Kohn theorem states that the exter-
nal potential is a unique functional of the ground-state density, making the density the key
parameter in DFT on which all other variables can be based on®. Due to the use of the elec-
tron density, the many-body problem is reduced to only three spatial variables which are irre-
spective of the number of electrons. The independence of the system size allows the computa-

tion of more complex molecules®.

2.1.3 Density Functional Theory — Functionals and Basis Sets

In the DFT plenty of different functionals were developed throughout the years. The most
often used in quantum chemistry is B3LYP. It comprises the generalized-gradient approxima-
tion LYP for correlation with Becke’s three-parameter hybrid functional B3 for exchange.
The B3 functional mix a fraction of Hartree Fock exchange into the DFT exchange functional.
Besides B3, other hybrid functionals exist with different combinations?.

Basis sets can be classified by their number of basic functions used. The simplest sets, called
minimal sets, utilize only one basis function. The more often used basis sets, double-zeta basis
sets, double the set of functions using two instead of one function for each atomic orbital. It is
assumed that only the valence orbitals need to be taken in account with two basic functions

and core atomic orbitals with one, as they play the most important role. This limits the basis
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set to the so called split-valence type sets (e.g. 3-21G, 6-31G). For most applications, those
basis sets are augmented with polarization functions, called polarized double-zeta or split-
valence basis sets (e.g. 6-31G(d,p))*.

2.2 Suzuki-Coupling

The Suzuki-coupling is a Pd-catalyzed cross-coupling reaction between a bororganyl and an
alkenyl/aryltriflate, -bromide or —iodide. Applicable bororganyls are alkenyl boronic acids
and esters, aryl boronic acids and esters, as well as 9-borabicyclo[3.3.1]nonane dimer (9-
BBN) derivatives. The commonly used catalyst for this reaction is
tetrakis(triphenylphosphane)palladium Pd(PPhz)s. The general reaction is shown in
Scheme 134,

R-BY, + Ry-X Pd(0) catalyst, Base . R-R,

solvent, T

Scheme 1: General reaction scheme of the Suzuki-coupling; Ri: alkenyl, aryl, alkene; Raz: alkenyl, aryl, alkene

2.2.1 Cross-Coupling Reactions

The Suzuki-Miyaura coupling was first published by Miyaura et. al. in 1981. Beside this cou-
pling reaction, other C-C-coupling methods are known, like the Negishi-coupling or Stille-
coupling. The Negishi-coupling uses organozinc-compounds instead of organoborane com-
pounds, leading to lower yields than the Suzuki-coupling®.

In case of the Stille-coupling, tin complexes are used as substrates instead of boron containing
compounds, which have a similar electronegativity. In both cases a similar mechanism as well
as reaction scope is given®. However, an important drawback is the toxicity of organotin
compounds®. In contrast, boronic acids and their esters are not only nontoxic, but can also be
easily synthesized, are stable and cost effective. In addition, Suzuki-couplings can be run in
aqueous media, as bororganyls are water soluble; high turnover rates are reached for the Pd-
catalyst due to the reactivity of the bororganyls. There are not necessarily interfering byprod-
ucts, which allow one pot synthesis approaches and thus, reduce the time and chemical de-
mand35'37'38.

Apart from those advantages, the reaction has some limitations; for example: some alkyl bo-
rates do not show the desired reactivity, chloride substrates react slowly, decreasing the yield,

and many side products can be formed in the absence of a base®’. Another side reaction is the



beta-hydride elimination, which can occur in presence of a beta-hydride and competes with

the reductive elimination which can reduce the yield drastically*°,

2.2.2 Mechanism of the Suzuki-Coupling

Ly—Pd(
L,~Pd® Ri=X
Ri-R;
(1)
(3)
X
-R> L,Pd
L, PcLR1 L ¥
(2)
X'BY3 R2‘BY3

Scheme 2: General mechanism of the Suzuki-coupling with the substeps, (1) oxidative addition, (2) transmetal-
lation and (3) reductive elimination,

The mechanism of the reaction consists of three fundamental steps (see Scheme 2): The oxi-
dative addition of the substrate to the catalyst (1), the transmetallation, where the bororganyl
is added to the catalyst (2) and the reductive elimination, giving the desired product and the
catalyst (3)4041,

The oxidative addition is the rate determining step in the cycle. The reactivity depends on the
atom/group ‘X’ on the organic compound, decreasing in the following order:
| >Br>OTf>Cl>F*?

2.2.3 Catalysts and its Ligands

Since the Suzuki-coupling was first introduced in the 1980’s, a lot of research was going on in
this topic; one field of it was the Pd catalyst design. The first catalyst used was Pd(PPhs)a; this
one and [1,1’-Bis(diphenylphosphino)ferrocene]dichloropalladium(Il) (PdCl2(dppf)) proved to
be very viable. In general, catalysts with an electron-rich Pd(0) center, or precursors thereof,
and bulky ligands are widely used. The electron-rich center helps the oxidative addition reac-

tion and the bulkiness increases the orbital overlapping on the metal which enables reductive
6



elimination®!. Therefore, these features lead to higher turnover numbers and a lower required
catalyst loading.

The ligands are categorized by the atom which is coordinated to the metal. There are three
major classes: phosphine ligands, carbon ligands and nitrogen ligands. From those, the most
prominent ones are the phosphine ligands. In first reports of the Suzuki reaction PPhs was
used as a ligand. Since then many new modifications of it has been prepared in order to im-
prove its properties. For example, the aromatic ring was replaced by a cyclohexane (PCys) or
other, more electron-rich and bulkier alkyl groups®¥#344, In addition, palladacycles were de-
veloped with a good thermal stability, which are air stable, low cost and are environmentally
friendly*.

2.2.4 Reaction conditions

As mentioned before, the oxidative addition is the rate determining step in the Suzuki-
coupling and the reactivity of the electrophilic partners for this step decrease in the following
order: 1> Br > OTf > Cl > F*2, According to this, chlorine is one of the least reactive partner
and a worse leaving group. To counteract on this behavior, bulky, electron rich phosphine
ligands are used on the Pd catalyst and stronger bases are implemented®.

In B-alkyl Suzuki reactions, the base plays an important role in many more steps throughout
the Suzuki-coupling: It hydrolyses the Pd"X intermediate to the more reactive Pd"OH spe-
cies; it is responsible for the complexation of BR2OH side products and at last, it is used for
the regeneration of the catalyst. Studies revealed that the reactivity of the base varies with the
solvent used. For example, strong bases such as NaOH, TIOH and NaOMe perform best in
THF or H,0, whereas weak bases like K.CO3 and KsPO4 work best in DMF?'.

Palladium catalysts are the most widely used for Suzuki coupling, but also other metals have
been shown to be catalytically active. For example, Ni, Ru, Fe and Cu. In addition, the per-
formance of the coupling reaction depends on the reactivity of the bororganyl to conduct the
transmetallation, too. It was shown that the reactivity is related to the Lewis acidity of the
bororganyl, following that electron withdrawing groups increase the reactivity:
ArBFz > BR(OH), > BR(OR); > BR:*.



2.3 Organic Solar Cells

Organic solar cells are photovoltaic devices used for the generation of electrical energy
through solar irradiation. The devices consist of an active layer comprising two semiconduc-
tors, a donor and an acceptor material, embedded between two electrodes. Interfacial layers
are frequently used between the photoactive layer and the respective electrodes.

2.3.1 Working Principle

The conversion of solar energy into electric energy in an organic solar cell is based on 6 dif-
ferent steps, as depicted in Figure 1. When light is absorbed, an electron-hole pair, called
exciton, is generated (1). In some cases, mostly in the bilayer heterojunction, the exciton can
recombine, leading to losses (2). The exciton diffuses to the interface between the donor and
acceptor (3). At the interface, the exciton dissociates into electrons and holes (4), subsequent-
ly the separated charge carriers are transferred to the respective electrodes (5), where the

charge carriers are finally collected (6)*.

(4)
4\ (6)
LUMO oL "\
light (1] @ cathode
(6) 5
Do
HOMO

anode [

Figure 1: Schematic illustration of the photocurrent generation in an organic solar cell; (1) photon absorption
and exciton generation, (2) exciton recombination, (3) exciton diffusion, (4) exciton dissociation, (5) charge
transfer and (6) charge extraction¢47.



2.3.2 1V Characteristics
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Figure 2: Schematic illustration of the IV characteristics of a solar cell*.

In Figure 2, a schematic illustration of the IV characteristics is shown. Two parameters corre-
lating to the IV characteristics are the open-circuit voltage (Voc) and the short-circuit current
(Isc). The Voc is the maximum voltage of a photovoltaic cell when no current is flowing. In
contrast, the Isc describes the maximum current the device can reach. In addition to these pa-
rameters, the maximum power point (mpp) can be observed, where the maximum power is
produced. It is the product of voltage and current and can be referred to as the voltage on the
maximum power point (Vmpp) and the current at the maximum power point (Impp). From these

values, the fill factor (FF) can be determined:

L * 1
PR (%] = S 3)

The probably most important parameter is the power conversion efficiency. It is the ratio be-
tween the electrical power output of the cell (Peiout) and the incident solar irradiation (Pin),
which are given in W/cm?. The Peiout is described by the product of Impp and Vmpp (see Equa-

tion 4)%.

P I * Iee * Voo % FF
PCE [%] — e;,'out — mppp' mpp — N PC')C (4)
in in i




When it comes to solar cell parameters, usually the short-circuit current density (Jsc)
[mA/cm?] is given instead of the short-circuit current (Isc) [mA]. This is due to the fact, that

the parameter correlated with the electrode area is better comparable.

2.3.3 Device Design

In general, there are two prominent device designs for organic solar cells: the bulk and bilayer
heterojunction. As depicted in Figure 3, the bilayer heterojunction possesses clearly defined
layers of the donor and the acceptor, whereas in the bulk heterojunction a blend is made be-
tween those materials*’. The charge separation takes place at the interface between the donor
and acceptor phase*. In case of the bulk heterojunction, a larger interface is achieved. In ad-
dition, percolation pathways are built, which transports the electrons through the acceptor, and

the holes through the donor phase. Due to this, a better charge separation is achieved*34°,

Top Electrode Top Electrode
Interlayer Interlayer
ACCEPTOR
DONOR
Interlayer Interlayer
Bottom Electrode Bottom Electrode

Figure 3: Schematic illustration of the bilayer (left) and bulk heterojunction (right).

In addition, the device can be assembled in an inverted or a normal structure. In the normal
device structure, the bottom electrode is the anode and the top electrode the cathode (e.g. Al
as top electrode). The inverted design possesses an anodic top electrode and a cathodic bottom
electrode (e.g. Ag as top electrode). In this work, all substrates were assembled in the inverted

design structure®®.

2.3.4 Interfacial Layer Materials

When it comes to interfacial layers, it is distinguished between p- and n-type interlayers.
Prominent materials for n-type interfacial layers are metal oxides, like ZnOx and TiOx, which
can absorb UV-light. Often used materials for p-type interlayers are transition metal oxides

like MoO3 and V20s. The main reason for introducing interfacial layers, is the function as an
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optical spacer, protection of the active layer from diffusion of the electrode material and pre-

vention of leakage currents®.

2.3.5 Electrode Materials

The most often used transparent electrode is indium tin oxide In,03:Sn* (ITO). It is usually
deposited on glass or transparent, flexible polymer substrates such as polyethylene tereph-
thalate (PET). It has a lot of advantages, like a high transparency and conductivity, but it is
less suitable for flexible devices due to its brittleness*®. Alternatives would be for example
poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) or carbon nanotubes
(CNT)*. As top electrode, Ca and Mg would be suitable candidates, but they can easily be
oxidized. Therefore, an alternative would be Al, Ag or Pd, respectively, which exhibit the
most suitable Voc and Isc values. However, these parameters depend on the combination of

the interfacial layer and the electrode as well*,

2.3.6 Active Layer Materials

The active layer in an organic solar cell consists of a donor and an acceptor material. The do-
nor material has to be a conjugated material to enable charge transport. In the choice of accep-
tor materials, it can be distinguished between fullerene and non-fullerene compounds with

suitable absorption behavior.

2.3.6.1 Donor Materials

At first, simple polymers were used as donor materials, like poly(para-phenylene) (PPP),
poly(para-phenylene vinylene) (PPV)®2, polythiophene*>* or polycarbazole®>® and certain
derivatives. Throughout the research, the structures of the polymers used got more complex.
Examples for frequently used donors are, PTB7, PTB7-Th®"*8 or PCE-12°9% (see Figure 4).
The purpose behind the structural changes was the improvement of the IV characteristics and
therefore the efficiency of the solar cell devices. This was achieved with band gap engineering
and the adjustment of electron- and hole mobilities, as well as lowering the energetic orbitals.
The suitable polymer donor molecule should exhibit a medium or low bandgap, high carrier

mobility, matched energy levels and a good solubility®*.
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Figure 4: Structures of polymers used as donors in organic solar cells.

2.3.6.2 Acceptor Materials

Acceptor materials in organic solar cells function not only as absorber, but are responsible for
the electron transportation to the respective electrode. Two major classes of acceptors can be
distinguished: fullerene and non-fullerene/post-fullerene acceptors.

The first important acceptor materials were fullerene derivatives (see Figure 5), like phenyl-
butyric-acid-methyl esters (PCeoBM, PC70BM) and 1°,1°°,4°,4*’-tetrahydro-di[1,4]methano-
naphthaleno[5,6]fullerene-C60 (ICBA). These materials possess lots of suitable characteris-
tics for the application in solar cells. For example, they possess high electron mobilities, have
3D structures with delocalized n-electrons and are excellent electron acceptors. In contrast,
they have high production costs, weak absorption properties and thermal, as well as photo-
chemical instability®2©3,

PCsoBM PC7oBM 1Cs0BA

Figure 5: Examples for fullerene acceptors used in organic solar cells; image taken from reference 64 by F.
Dominguez, et. al.®*.
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Therefore, research is going now in the direction of non-fullerene acceptors, as they, unlike
fullerenes, can be more easily adjusted and synthesized®2. In addition, some of them possess a
higher thermal stability and strong absorption in the visible range, which can be complemen-
tary to the absorption of donor molecules®®. The most promising types of non-fullerene mate-
rials may be the 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-
tetrakis(4-hexylphenyl)-dithieno[2,3-d:2°,3’-d’]-s-indaceno[1,2-b:5,6-b’]dithiophene  (ITIC)
derivatives (see Figure 6), as well as halogenated compounds in general. By now, a power
conversion efficiency of over 15%2?° was achieved using these compounds. Nevertheless,

many other materials are investigated and are emerging the research area.

ITIC PMI 7\©/T

PDI

Figure 6: Examples for non-fullerene acceptors used in organic solar cells.

One example would be perylenes. Here, two major compounds are known and studied: the
perylene diimides and perylene monoimides (see Figure 6). Both materials exhibit suitable
absorption properties and have high temperature stability®2. In addition, a lot of new function-
al groups can be introduced, and couplings between the PMI or PDI units are very

prominent®68,



Recent studies of PMI units connected with different linkers gave promising results for the
use as acceptor materials in organic solar cells. One example would be a fluorene linker,
achieving a PCE of already 6% using different additives®’. However, even without additives
over 2% are reached. Beside the fluorene unit, aryl compounds were studied, like phenylene-
and thiophene-based linkers (see Figure 7). Optical studies were done on these compounds,
showing similar LUMO levels and absorption ranges. By now, the highest PCE of these mol-
ecules was obtained with a thiophene-linker (1.3%)%.

— 5 A N i B,
Ar '5.5"’ -} -;'. _.:.} " . . |:.'. : o " ] ,'h"_;- 1 --.
- L L4 b P
PMI-Ar-PMI T 8 9 10 11
e, CaHas
" s 5 77
5. £ Ry 5 T M e
4, | o | —4 1l — g
Al g 4 _ 5 g F o S
ra P ST
a = 1 =i, A
R I ’\
12 13 G~ Sl
14 Gl

Figure 7: Examples for aryl linkers based on thiophene and phenylene units; image taken from reference 65 by
Y. Hu, et. al®.
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3. Objective

Similar to the idea of Y. Zhang, et al.5"% and Y. Hu, et. al.%, the use of perylene monoimide
based acceptors in organic solar cells should be investigated. Therefore, four phenylene-
linked perylene monoimide compounds should be synthesized and characterized (see Fig-
ure 8). Several measurements should be carried out including 2-dimensional NMR experi-
ments for the identification of the molecular structure, as well as absorption and fluorescence
spectroscopy for the determination of the optical properties. In addition, thermogravimetric
analysis and differential scanning calorimetry should be applied to get an insight in the ther-
mal properties. The optical experimental data should be correlated with computational meth-
ods for further investigation. At last, the synthesized acceptors should be assembled in photo-
voltaic devices, followed by the characterization of the cells and the investigation of influ-

ences of thermal annealing on the solar cell parameters.

PMI PMI PMI PMI
PMI
PMI PMI PMI
PMI

Figure 8: Graphical representation of all synthesized acceptors.
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4. Results and Discussion

The goal of this work was to synthesize four different acceptors, characterize them and inves-
tigate their behavior in organic solar cells. These acceptors are based on a perylene-
monoimide-phenylene-perylene-monoimide structure (see Figure 8). At start, those structures
were geometrically optimized and optically characterized using DFT based computations.
Consequently, the actual synthesis of these acceptors and the application in organic solar cells

were carried out.

4.1 Computations based on Density Functional Theory

The main goal of the DFT-based computations was to get an insight in the geometrical con-
figuration and the optical properties of the desired compounds. First, the molecules were ge-
ometrically optimized using Gaussian 09 with the B3LYP functional and the 6-31G* basis

set. Figure 9 depicts the optimized structures of all four targeted compounds.

B oW

Figure 9: Optimized structures of all acceptors in the gas phase; A: PMI-oPh-PMI, B: Ph(PMI)s;, C: PMI-mPh-
PMI, D: PMI-pPh-PMI.

The computed dihedral angles in the gas phase and in a solvent environment of chloroform
are depicted in Figure 10 and the respective values are given in Table 1. Only the PMI-pPh-
PMI could not be calculated in solvent environment. Predicted values are nearly identical in
gas and solvent (CHCI3) environment. The meta- and para-linked PMI as well as the trimer
show similar dihedral angles of about 54°. The ortho-linked PMI has an increased angle, most

likely due to the steric hindrance between the PMI residues.
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PMI

P MI

Figure 10: Graphical representation of the described angles for each acceptor.

Table 1: Results of the geometrical optimization; computations done on B3LYP level of theory using 6-31G*

basis set.
Acceptor Angles (gas phase) Angles (solvent)
PMI-oPh-PMI 64° 64°
PMI-mPh-PMI 56° 55°
PMI-pPh-PMI 54° -
Ph(PMI)3 54° 53°

Second, the geometrically optimized structures were used for the calculations of the absorp-

tion maxima and the HOMO-LUMO levels. For this computations, a larger basis set was used

(6-31+G*), comprising the diffuse functions of heavy atoms for more accurate results. This

worked well for the acceptors which have only two PMI-residues but it reached the computa-

tional limits in case of the trimeric acceptor. Therefore, the calculations were repeated for all

compounds with the smaller basis set 6-31G*. In addition, the same computation was done in

a solvent environment of chloroform. The respective results for the larger basis set are shown

in Table 2 and for the smaller basis set in Table 3.

Table 2: Results of the DFT-based computations done on B3LYP level of theory using the basis set 6-31+G* in

the gas phase.

Acceptor HOMO [eV] LUMO [eV] EcPt [eV] Amax®Pt [nm]
PMI-oPh-PMI -5.80 -3.24 2.56 492
PMI-mPh-PMI -5.84 -3.25 2.59 516
PMI-pPh-PMI -5.81 -3.29 2.52 546
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Table 3: Results of the DFT-based computations done on B3LYP level of theory using the basis set 6-31G* in
the gas phase.

Acceptor HOMO [eV] LUMO [eV] Ec" [eV] dmax®Pt [nm]
PMI-oPh-PMI -5.52 -2.90 2.62 477
PMI-mPh-PMI -5.56 -291 2.65 502
PMI-pPh-PMI -5.53 -2.96 2.57 532
Ph(PMI)s -5.66 -3.03 2.63 502

All acceptors have similar HOMO-LUMO levels (Table 2) and therefore similar band gaps.
The absorption maxima are shifted to longer wavelengths from the ortho- to the meta- and the
meta- to the para-linked PMI. In Table 3, similar results are shown for the HOMO-LUMO
levels and the optical band gap with the difference that both HOMO and LUMO levels are
slightly increased compared to the calculations with the larger basis set. The values of the
optical band gaps deviate highest by 0.05eV. As mentioned above, the maxima are red-
shifted from the ortho- to the para-linked PMI in case of the computation with the basis set 6-
31+G*; the same results are given for the smaller basis set 6-31G*.

With the smaller basis set 6-31G* it was possible to compute the trimeric acceptor as well.
Compared to the other acceptors, the HOMO and LUMO levels of the trimer are reduced and
the band gap shows a similar value. The absorption maximum is at 502 nm, which is the same
as for the meta-linked PMI.

Table 4: Results of the DFT-based computations done on B3LYP level of theory using the basis set 6-31G* in a
solvent environment of chloroform.

Acceptor HOMO [eV] LUMO [eV] EcPt [eV] Amax®Pt [nm]
PMI-oPh-PMI -5.46 -2.89 2.57 502
PMI-mPh-PMI -5.48 -2.88 2.60 517
PMI-pPh-PMI | - - - -

Ph(PMI); -5.54 -2.94 2.60 530

The results of the computations in a solvent environment of chloroform (see Table 4) are
comparable to the values in the gas phase. The HOMO-LUMO levels are slightly shifted to
higher values and the maximum absorption is increased. However, the results are in the same

range. The computations in the solvent were not successful for the PMI-pPh-PMI.
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LUMO

HOMO

Figure 11: Graphical representation of the HOMO-LUMO levels of the para-linked PMI.

In Figure 11 the HOMO and LUMO levels of the para-linked PMI are shown. The levels are
representative for all acceptors, excluded the trimeric PMI. As expected, the molecule is fully
conjugated in its HOMO level but the electronic density is mainly located on PMI upon exci-
tation to the LUMO.

LUMO HOMO

Figure 12: Representation of the HOMO-LUMO levels of the Ph(PMI)s.

The graphical representation (see Figure 12) of the orbitals of the Ph(PMI)s indicate, that the
molecule may be not fully conjugated in its non-excited state. In the visualization it is not

clear if the third PMI contributes to the conjugated system or not. An electron density is
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shown, but with very small coefficients. Nevertheless, the higher electron density shift in the
direction of the third PMI unit in the excited state.

The trimeric compound could not be computed with the larger basis set (6-31+G*) due to the
increased number of atoms compared to the other compounds. The complexity of the compu-
tation is also reflected in the CPU time used for each computation (see Table 5). Using the
larger basis set, the calculation of the absorption properties needs 6 — 8 days, whereas the cal-
culations with the smaller basis set could be achieved in less than one day for the smaller ac-
ceptors. Comparing the computations in gas phase with the values for the compound in a sol-

vent environment, the calculations can be carried out in approximately the same time.

Table 5: Comparison of the CPU time needed for each computation of the absorption properties concerning the
different basis sets and environments (solvent = CHCls).

Acceptor 6-31+G* (gas phase) | 6-31G* (gas phase) 6-31G* (solvent)
PMI-oPh-PMI 8d, 11 h, 45 min 19 h, 35 min 19 h, 56 min
PMI-mPh-PMI 6d,7h, 7min 18 h, 51 min 13 h, 53 min
PMI-pPh-PMI 6d,3h, 17 h, 46 min -

Ph(PMI)3 - 2d,3h,8min 2d,9h, 39 min

The absorption properties of the PMI and PMI-Br were computed by Stefan Weber on
B3LYP level of theory with the smaller basis set (6-31G*) in the gas phase, to compare those
precursors with the different acceptors (see Figure 13). The PMI has the highest energy levels
and the widest optical band gap of all material. When it is brominated, the levels and the opti-
cal band gap are decreasing slightly, which was as expected®’®. When the PMI is linked via a
phenylene, the optical band gap decreases further and the HOMO-LUMO level are increasing
for all acceptors except for the Ph(PMI)3; the Ph(PMI)3 shows lower HOMO-LUMO levels
than all other compounds shown in this example. This could be due to the additional PMI unit

on the linker.
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Figure 13: Graphic representation of the calculated (B3LYP, 6-31G*) HOMO-LUMO levels and the respective
band gap of each material.

The absorption maximum of the PMI is at 485 nm and the brominated PMI has a red shift to
511 nm. Compared to the desired acceptors, the maximum of the PMI lies between the PMI-
oPh-PMI and the PMI-mPh-PMI/Ph(PMI)3 and has the exact calculated value as PMI-pPh-
PMI.
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4.2 Synthesis of Perylene Monoimide Acceptors

HOO
I

PMI

=z

4 eq. Brp
0.4 eq. I

AcOH 0.5 eq. boronic acid/pinacol ester o
RT 5 mol% Pd(PPhs), O

(2

KyCO3 (1M) N .Q
i o

Q o)

Dada
N toluene, 100 °C, reflux 2,3,4
o) ' ' \ PMI
o
| DO,

0.33 eq. boronic acid pinacol ester N .
5 mol% Pd(PPhs), d Q O PMI

Ko,CO5 (1M)
Aliquat 336 5

Scheme 3: Overview of the synthesis of the acceptors with the respective reaction conditions.

The synthesis of the desired acceptors was done as depicted in Scheme 3. The starting materi-
al was the perylene monoimide, which was brominated in the first step in acetic acid at room
temperature (r.t.) using 4 eq. Brz and 0.4 eq. l>. After 17 h, the TLC indicated full conversion
and the product could be isolated at quantitative yield. To get to compounds 2 — 5, a Suzuki-
coupling was performed with compound 1 and the respective boronic acid/boronic acid pina-
col ester as substrates. The catalyst was Pd(PPhz)s and as base 1 M K>COz was used. The re-
action was performed in toluene at 100 °C (reflux). The Aliquat 336 was applied to enable the
phase-transfer of the base from the organic to the aqueous layers and vice versa. The synthesis
of the PMI-pPh-PMI (compound 4) was carried out by Matiss Reinfelds and is therefore not
discussed further.

Compound 3 was the first synthesis performed; the bororganyl 1,3-benzenediboronic acid was
used and the reaction performed 17.5 h. However, no full conversion was achieved and two
side products were observed on the TLC. To isolate a pure product, separation was done via
flash chromatography (toluene/acetone). Anyhow, the separation was not successful; due to
this, several recrystallization steps were done with the different fractions collected from the
column, finally yielding 117 mg (11%) of pure PMI-mPh-PMI.

The synthesis of PMI-oPh-PMI (compound 2) was analogous to that of compound 3, with the

only exception that 1,2-benzenediboronic acid, bis(pinacol ester) was used as bororganyl. The
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reaction was performed for 68 h, in order to achieve a full conversion. However, after 68 h the
TLC indicated that still traces of the starting material were present in the reaction mixture.
The purification was done via flash chromatography. The TLC indicated the presence of an-
other side product and the chromatography was repeated. A *H-NMR spectrum (500 MHz)
showed that the fraction isolated from the column was not purified completely; therefore, a
recrystallization step was done, giving 139 mg pure compound 2 (30% yield).

The third reaction (synthesis of compound 5) was done with 1,3,5-phenyltriboronic acid,
tris(pinacol)ester under similar conditions as the other acceptors. The purification via column
chromatography was carried out twice. However, 55 mg (8% yield) of the product with small
impurities were isolated in the end (see Figure 39 in the Appendix). All further experiments
regarding the Ph(PMI)3 were carried out using this fraction.

Overall, the Suzuki-coupling gave only very small yields (8 — 30%). However, due to tem-
poral limitation, not all fractions of the products were purified. In addition, a variety of side
products were formed in the reaction. According to literature, similar Suzuki reactions gave
yields of about 65 — 82%°% 7172, thus, the reaction needs optimization regarding the reaction
conditions.

During the experiments it was observed that the solubility depends on the different positions
of the PMI unit on the phenylene and increases in the following order: para < meta < ortho =
trimer. This could be due to the differences in steric hindrance of the PMI units in vicinal po-
sitions. In the para-linked PMI, the PMI units do not interfere with each other enabling =-
7t stacking, which can decrease the solubility. In case of PMI units in meta-position to each
other, there is no or low interaction between the PMI groups. The ortho-PMI product exhibits
the highest solubility of all acceptors, as n-x stacking is not possible due to steric hindrance.
Ph(PMI)3 has good solubility in CH2Cl, and CHCIs; due to its bulkiness the stacking is not as
efficient as in the PMI-mPh-PMI or PMI-pPh-PMI°°.,

4.2.1 Structural Properties

The purity and nature of the synthesized acceptors were investigated by NMR experiments.
The H-NMR spectra of the brominated PMI, the PMI-mPh-PMI, PMI-pPh-PMI and
Ph(PMI)3 look alike, with differences concerning the hydrogens on the phenylene linker in the
aromatic region (all spectra shown in the Appendix). In contrast, the aromatic signals of the
PMI-oPh-PMI look different, as a lot more peaks occur (see Figure 14). This splitting of the

aromatic peaks is most likely due to steric hindrance and the presence of isomers’?.
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Figure 14: Comparison between the aromatic regions of the *H-NMR spectra of PMi-mPh-PMI (red) and PMI-
oPh-PMI (blue), respectively.

4.2.2 Optical Properties

To characterize the materials, absorption spectra were recorded in chloroform (CHCIs).
Knowing the concentrations of the acceptors and the absorptions of each sample, the molar
absorption coefficients could be determined. In Figure 15, the absorption spectra of all com-
pounds are depicted. The PMI-mPh-PMI, PMI-pPh-PMI and Ph(PMI)3z show a similar absorp-
tion behavior. They all have a broad absorption peak with two maxima. The highest maxi-
mum in the visible range for PMI-pPh-PMI is at 530 nm and for PMI-mPh-PMI and Ph(PMI)3
at 527 nm. The lower maximum lies at 504 nm, 500 nm and 500 nm for the PMI-pPh-PMI,
PMI-mPh-PMI and Ph(PMI)s, respectively. The PMI-oPh-PMI gives a broad absorption peak
as well, with the absorption maxima at 490 nm and 526 nm. The higher absorption is ob-
served at the lower wavelength. Compared to PMI itself and the brominated PMI, which have
their absorption maxima at 487 nm and 510 nm, the maxima of all acceptors are slightly red-
shifted. PMI and PMI-Br both have a broad peak and at about 450 nm a shoulder can be seen.
The spectra show more similarity to the absorption spectra of the ortho-linked PMI. In Fig-
ure 15B, the cyan line indicates the behavior of a PMI linked with a phenyl-ring (Ph(PMI)).
Similar to the other linked PMIs, the spectrum is shifted to longer wavelengths and like for

PMI and PMI-Br, a shoulder at approximately 450 nm is observable.
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Figure 15: A: Absorption spectra of each acceptor dissolved in chloroform; blue: PMI-oPh-PMI, grey: PMI-
mPh-PMI, red: PMI-pPh-PMI, green: Ph(PMI)s; B: Absorption spectra of pink: PMI, brown: PMI-Br and cyan:
Ph(PMI) dissolved in chloroform; PMI and PMI-Br measured by Matiss Reinfelds.

The molar absorption coefficient (¢) is the highest with about 109 300 L mol* cm™ for the
para-linked PMI, followed by 96 700 L mol™* cm™ of the Ph(PMI)3, 85 700 L mol* cm™ of
the meta-linked PMI and 77 600 L mol* cm™ of the ortho-linked PMI. This shows that ¢ in-
creases with decreasing steric hindrance and increases with an additional PMI unit. This as-
sumption correlates with the optical properties of the PMI, PMI-Br and Ph(PMI); all have a
lower ¢ than the acceptors shown in Figure 15A. Of those three compounds, PMI-Br has the
lowest & with about 34 100 L mol™* cm™. The PMI and Ph(PMI) have a similar € values with
about 35 900 and 35 500, respectively.

The optical band gap (Ec°"*) was determined graphically for all acceptors, as well as for PMI,
PMI-Br and Ph(PMI). Therefore, a tangent was applied where the peak flattens out. Where the
tangent is intersecting the x-axis, the wavelength is taken and transformed into eV. In Table 6
the results of this experiments are shown, as well as the computed data for all acceptors, PMI
and PMI-Br in the gas phase (6-31+G*, 6-31G*) and the solvent CHClI3 (6-31G*). The exper-
imentally determined optical band gap is similar for all compounds, ranging from 2.20 to
2.30 eV. The PMI and PMI-Br results show the strongest deviation between all experimental-
ly determined results. The computed band gaps are slightly higher than the experimental data.
The computations with the larger basis set (6-31+G*) in the gas phase give similar values to
the computation in the solvent (6-31G*) showing the same trend. However, the band gaps do

not differ drastically from each other.
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Table 6: Optical band gaps determined graphically from absorption spectra and by DFT based computations in
the gas phase (6-31+G*, 6-31G*) and in CHCI; (6-31G*).

EGOPt' [EV] EGOpt' [EV] EGOpt' [EV] EGOpt' [e\/]
Acceptor (experimental (DFT/gas pha- (DFT/gas pha- (DFT/in CF/
data) se/6-31+G*) se/6-31G*) 6-31G*)
PMI-oPh-PMI 2.20 2.56 2.62 2.57
PMI-mPh-PMI | 2.22 2.59 2.65 2.60
PMI-pPh-PMI 2.20 2.52 2.57 -
Ph(PMI); 2.23 - 2.63 2.60
Ph(PMI) 2.23 - - -
PMI 2.30 - 2.73 -
PMI-Br 2.30 - 2.69 -

The absorption maxima were computed in the gas phase with different basis sets (6-31+G*, 6-
31G*) and in CHCIz (6-31G*) (Table 7). The computation in the gas phase using the larger
basis set 6-31+G* gave similar results to the experimentally determined maximum for the
absorption maximum of PMI-oPh-PMI. The PMI-mPh-PMI and PMI-pPh-PMI are under- and
overestimated, respectively. However, the trend of increasing absorption maxima (ortho >
meta > para) is given. With the smaller basis set 6-31G* in the gas phase, the calculated max-
ima deviate from the experimental data as well, giving smaller values for all acceptors. How-
ever, a similar shift for PMI-mPh-PMI and Ph(PMI)z is observable. This deviation was ex-
pected, as the used basis set comprises fewer functions. The computations in CHCIz correlate
again to the experimentally determined maxima and the computation with 6-31+G* in the gas
phase. This may be caused by the consideration of the interactions with the solvent, even
though the smaller basis set was used. According to these results, the best computational data
may be achieved using the 6-31+G* basis set in the solvent CHClz. However, this would in-
crease the required CPU time for the calculations drastically.

In Table 7, the lower maxima in the visible range are listed in brackets. The computations
showed for half of the acceptors one absorption maximum in the visible range. Only for the
PMI-pPh-PMI a second maximum was observed for the computations in the gas phase. In the
computations of PMI-oPh-PMI two shoulders were observed at higher wavelengths than the
maximum. Those are at about 518 nm, 520 and 503 nm, as well as at 555 nm, and 555 nm and
541 nm for the larger basis set in the gas phase, the smaller basis set in the solvent and the
smaller basis set in the gas phase, respectively. The computations of the absorption spectra of

PMI-mPh-PMI and Ph(PMI)s showed only one maximum.
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Table 7: Results of the absorption maxima determined experimentally in CHCI; and by DFT based computa-
tions in the gas phase (6-31+G*, 6-31G*) and in CHClI3 (6-31G¥*); the highest maxima in the visible range are
listed, the smaller absorption wavelengths in brackets.

;\.maxopt' [n m]

;\.maxopt' [n m]

)\.maxopt' [n m]

)\.maxopt' [I’l m]

Acceptor (experimental (DFT/gas pha- (DFT/gas pha- (DFT/in CF/
data) se/6-31+G*) se/6-31G*) 6-31G*)

PMI-oPh-PMI 490 (526) 492 (518, 555) 477 (503, 541) 502 (520, 555)

PMI-mPh-PMI | 527 (500) 516 502 517

PMI-pPh-PMI 530 (504) 546 (498) 532 (485) -

Ph(PMI)3 527 (500) - 502 530

Fluorescence spectra were recorded for each compound in CHCIs; and the relative quantum

yield (@) was calculated from the obtained data. In Figure 16 the absorption and fluorescence

spectra are shown; the dashed line represents the fluorescence; in blue: PMI-oPh-PMI, in
grey: PMI-mPh-PMI, in red: PMI-pPh-PMI and in green: Ph(PMI)s. The Stokes-shift of the
PMI-oPh-PMI, PMI-mPh-PMI, PMI-pPh-PMI and Ph(PMI)3 are 41 nm, 34 nm, 42 nm and
31 nm, respectively. The shift varies only a few nm for all acceptors.
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Figure 16: Absorption (filled line) and fluorescence spectra (dashed line) of each acceptor in solution (CHCIs3);
A: PMI-0Ph-PMI, B: PMI-mPh-PMI, C: PMI-pPh-PMI, D: Ph(PMI)s.
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Table 8: Quantum yield (@), calculated from the fluorescence spectra.

Acceptor @ [%]
PMI-oPh-PMI 77
PMI-mPh-PMI 80
PMI-pPh-PMI 78
Ph(PMI)s 81

Like the absorption properties and the Stokes-shift, the relative quantum yield is similar for all
acceptors, giving values between 77% and 81% (Table 8). The highest quantum yield is ob-
served for the Ph(PMI)3z. The reference used for the measurements was ‘Fluoreszenzorange’,

which is a PDI compound with a quantum yield of over 90%".

4.2.3 Thermal Properties

The synthesized compounds were characterized using thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC). In Figure 17 the results of the TGA measurement
coupled with a DSC are shown for each acceptor. Figure 17A shows the TGA curve (blue) of
the PMI-oPh-PMI and a high mass loss beginning at a 100 °C. This may be caused by sol-
vents which remained in the sample. At 360 °C, about 10% of the total mass are lost before
the compound starts melting at 515 °C and subsequently decomposes (32% mass loss in to-
tal). This is also shown in the corresponding DSC curve. In addition, a small deflection occurs
at 200 °C, which could indicate a glass transition temperature (Tg).

In case of PMI-mPh-PMI (Figure 17B) there is no mass loss observed before 460 °C. In the
corresponding DSC curve, an endothermic peak can be seen at 430 °C, where the compound
starts to melt. Here, the decomposition occurs not subsequently but 30 °C higher with a total
mass loss of 20%. In addition to the TGA coupled with DSC, a DSC measurement was car-
ried out with more cycles, where a T¢ was observed at 311.1 °C. In Figure 17C, the TGA and
DSC of PMI-pPh-PMI can be seen. It shows similar behavior as the curves of PMI-oPh-PMI
and PMI-mPh-PMI. The compound melts at 500 °C prior to the decomposition with a total
mass loss of 19.5%. The DSC measurement with more than one cycle did not show a Te.

In the fourth graph (Figure 17D) the TGA and DSC results of Ph(PMI)3 can be seen. As for
the TGA of PMI-oPh-PMI, a mass loss of about 20% is detected beginning below 100 °C. In
the DSC curve, it can be seen that the sample contains still some impurities. However, a melt-
ing range can be determined from 310 — 390 °C. It is most likely that the compound starts to

decompose at 460 °C and an additional mass loss of 10% is observed.
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Figure 17: Graphical representation of the TGA coupled with a DSC; A: PMI-oPh-PMI, B: PMI-mPh-PMI,

C: PMI-pPh-PMI, D: Ph(PMI)s.
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4.3  Organic Solar Cells

The assembly of the solar cell devices is described in Chapter 5.4.1: General Procedure. All
devices were made in a bulk heterojunction inverted device design (see Figure 18). ITO-
coated glass substrates were used, which were first coated with ZnO as an electron transport
layer (ETL), then with the active layer followed by the hole transport layer (HTL) MoOz and

the top electrode Ag.

'

*— M003
&— Active Layer
&— 7ZnO

&— |TO

S

Glass

Figure 18: Schematic illustration of the device design of all assembled solar cells in this work.

4.3.1 PMI-oPh-PMI

For the first organic solar cells with the PMI-oPh-PMI (experiment 1), the acceptor was dis-
solved in chlorobenzene (CB) in a concentration of 12 mg/mL (results are shown in Table 9).
Although the solubility should be better for this PMI derivative compared to PMI-mPh-PMI
and PMI-pPh-PMI, the solid was not fully dissolved, even under heating (50 °C). Therefore,
the mixture was filtered to obtain smooth films. For the next solar cells, the concentration was
decreased to 10 mg/mL and the used solvent was chloroform. Using CHClIs, the acceptor dis-
solved immediately without any further heating step. However, the application of the active
layer with CHCIs was rather difficult, resulting in much higher active layer thicknesses (see
Table 9).
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Table 9: IV characteristics, annealing temperature and active layer thickness of the assembled solar cells with
the active layer consisting of PMI-oPh-PMI and PCE-12 1:1 with an acceptor concentration of 10 and
12 mg/mL; the parameters of the cell with the highest PCE are shown in brackets; the values are averaged over 5
cells.

: Isc 0 o o Thickness
Experiment | Voc [V] [mA/cm?] FF [%] PCE [%0] T[°C] [nm]
1.01(1.04) [2.38(2.62) |41(40) 0.98 (1.08)
1 +0.02 +0.16 £1 +0.06 150 142
0.87 (0.89) | 1.73(1.74) | 32(32) 0.47 (0.49)
2 +0.05 +0.06 +1 +0.02 150 252
8
o
_ 4]
Ng |
< 24
£y
g 0
3, :/
] —— illuminated
@ 1 ——dark
-0.5 0?0 075 1TO 1.5

Voltage [V]

Figure 19: IV characteristics of the best solar cell with the PMI-oPh-PMI acceptor (experiment 2) of the dark
measurement (black) and the illuminated measurement (blue), respectively.

The IV characteristics of the best assembled solar cells concerning the power conversion effi-
ciency (PCE) are depicted in Figure 19. In the first try with CB as solvent a layer thickness
between 100 and 150 nm was achieved. The substrate with the highest PCE had an active lay-
er thickness of 142 nm, a PCE of 0.98%, a fill factor (FF) of 41% and a high open circuit
voltage with 1.01%. These values are slightly higher than for the substrate with 100 nm layer
thickness, reaching only 0.56% PCE, 36% FF and 0.93 Voc.

When the acceptor was dissolved in CHCIlz with a concentration of 10 mg/mL, the most
promising substrate had a layer thickness of 252 nm. The assembling was more difficult, as
CHClI3 evaporates much faster, giving less smooth and worse distributed films. The best PCE
achieved was 0.49%. The FF was rather low with 32% and the Voc decreased to 0.87 V. The
two experiments are not very suitable for comparison, as the concentration of the acceptor

could not be determined for the first experiment.
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Figure 20: Light microscopy images of the active layer of a substrate from experiment 1 containing PMI-oPh-
PMI and PCE-12 1:1 as active layer materials; left: magnification of 100x and right: magnification of 200x.

Images of the cells from experiment 1 were recorded using a light microscope with a magnifi-
cation of 100x and 200x (see Figure 20). The pictures show that a smooth film was processed
and that the material was well distributed over the substrate. Only one small crystal is seen in
the pictures. In general, the results for this acceptor are quite good, as 1% efficiency was
reached already in the first experiment, without further optimization of the assembling pro-

Cess.

4.3.2 PMI-mPh-PMI

Due to the limited solubility of the PMI-mPh-PMI acceptor in CB (12 mg/mL), dichloroben-
zene (DCB) was used as solvent with lower mass contents (10 mg/mL) also leading to incom-
plete dissolution. Nevertheless, in experiment 1 and 2, the not fully dissolved mixture of do-
nor and acceptor was used for assembling the solar cell devices. In experiment 3 the mixture
was dissolved in CB (12 mg/mL) and filtrated before coating the active layer. In the 4" exper-
iment, CHCIz was utilized as solvent, as the PMI-oPh-PMI exhibits a good solubility in this
solvent. However, only 5 mg/mL could be dissolved, and the films still contained some crys-
tals (donor/acceptor ratio = 1/0.5).

The 1V characteristics of experiment 1, listed in Table 10, show that the best PCE (2.01%)
was achieved with these substrates. These characteristics were measured before and after an
annealing step of 150 °C for 10 min. After the annealing, the Voc decreased drastically, but
the FF has a high value with 47%. The PCE decreased by almost 0.30%. The substrate de-
scribed in experiment 1 had an active layer thickness of 42 nm, which is very low compared

to the experiments with the other acceptors.
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Table 10: IV characteristics, annealing temperature and active layer thickness of the assembled solar cells with
the active layer consisting of PMI-mPh-PMI and PCE-12 1:1 (experiments 1 — 3) or 1:0.5 (experiment 4) with an
acceptor concentration of 5, 10 and 12 mg/mL; the parameters of best cell shown in brackets; the values are

averaged over 5 cells.

. Isc o o o Thickness
Experiment | Voc [V] [mA/cm?] FF [%] PCE [%0] T[°C] [nm]
1 0.97 (0.99) | 3.78(3.82) | 40 (41) 1.90(2.01) | 42
+0.02 +0.11 +1 +0.08
0.71(0.73) | 4.87 (4.97) | 47 (47) 1.62 (1.71)

11 +0.02 +0.09 +1 +0.08 150 42

9 0.98 (0.99) | 4.05(4.17) | 43 (43) 169 (1.78) | i
+0.03 +0.07 +1 +0.07

’1 0.85(0.89) | 4.05 (4.14) | 43 (45) 147 (167) | 4e, ]

’ +0.05 + 0.07 +1 +0.15
99 0.80 (0.85) | 4.13(4.28) | 39 (39) 1.27 (1.42) 150 i
' +0.08 +0.11 +0 +0.15

0.90 (0.89) | 2.62(2.88) | 38(37) 0.90 (0.96)

3 +0.01 +0.18 +1 +0.06 150 62

4 0.44 (0.83) | 1.05(2.37) |58 (31) 0.31(0.61) | 1 ]
+0.41 +1.82 + 38 +0.29
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Figure 21: IV characteristics of the solar cell with the highest PCE using the PMI-mPh-PMI acceptor (experi-
ment 1) of the dark measurement (black) and the illuminated measurement (grey), respectively.

In Figure 21, the IV curves of the best solar cell of the PMI-mPh-PMI acceptor are shown.
The grey line represents the measurement under illumination and the black curve the meas-
urement under dark conditions. In contrast to Figure 19, both curves have a similar slope, but
it is seen that the black line drops below 0 in the region between -0.5 and -0.75 V.
In experiment 2 the devices were characterized before annealing at 150 °C, after annealing
and afterwards after a light soaking of 5 min. Before the annealing, the best cell gave an effi-
ciency of 1.78% and afterwards 1.69%. The Voc decreased and the fill factor was slightly
increased. These observations are the same as for experiment 1. After light soaking, the effi-
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ciency and the Voc decreased further from 1.67% to 1.42% and 0.85 V to 0.80 V, respective-
ly. The FF decreased throughout the light soaking process. The annealing showed to have a
negative effect on the solar cell parameters. This may be a result of the remaining crystals in
the film.

The 3" experiment was carried out with a donor acceptor blend dissolved in CB in a concen-
tration of 12 mg/mL; the mixture was filtered before applying the active layer. The substrates
were annealed before applying the HTL and the top electrode. Here, the Voc still has a high
value of 0.90 V and the PCE is rather good with 0.96%. The FF dropped below 40% and the
Isc is much lower compared to experiment 1 and 2. In Figure 22, images of the active layer of
the cells in experiment 2 and 3 are shown, recorded using a light microscope in a magnifica-
tion of 500x. The active layer in the left image shows that multiple, needle-like crystals are
present in the device; whereas dissolving the donor and acceptor in CB with consequent filtra-
tion leads to a smooth and homogeneous surface without crystallites. As expected, the layer
thickness of the substrate shown in the left image could not be determined, due to roughness.
The active layer thickness of the right substrate was 62 nm thickness.

50 uym 50 um

Figure 22: Images of the active layer of a substrate from experiment 2 (left) and 3 (right) containing PMI-mPh-
PMI and PCE-12 1:1 as active layer materials; a magnification of 500x was used.

In the last experiment (4), the acceptor was dissolved in CHCIs with a concentration of
5 mg/mL. Even though the sample seemed to be fully dissolved, small crystals were present in
the active layer. Overall, these substrates gave the lowest efficiency of all experiments with
PMI-mPh-PMI. The averaged value for the Voc was 0.44 V, the Isc was 1.05 mA/cm? and the
PCE reached barely 0.31%. Nevertheless, the FF has the highest value with 58%. The best
cell in this experiment gave better results, but it was still not comparable to the other experi-
ments. This drastic decrease of all parameters except the FF, could be a result of the low ac-
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ceptor concentration in the active layer and the different donor acceptor ratio (1:0.5 instead of
1:1).

4.3.3 PMI-pPh-PMI

The PMI-pPh-PMI showed the lowest solubility of all acceptors in the chosen solvents; it was
not possible to dissolve the compound in neither CB, DCB, nor CHCIs. Thus, the donor ac-
ceptor blend contained undissolved parts throughout all three experiments.

The 1% experiment was carried out with CB as solvent and an acceptor concentration of
12 mg/mL. As stated above, the acceptor was not dissolved; still the cells were assembled.
The substrates were measured before and after annealing at 120 °C. Here, the Voc and FF did
not change and the Isc was increasing slightly. Upon annealing, the PCE increased for the best
cell from 1.33% to 1.49%. All results are given in Table 11.

Table 11: IV characteristics, annealing temperature and active layer thickness of the assembled solar cells with
the active layer consisting of PMI-pPh-PMI and PCE-12 1:1 (experiment 1, 2) or 1:0.5 (experiment 3) in an
acceptor concentration of 5 and 12 mg/mL; the parameters of best cell shown in brackets; the values are aver-
aged over 5 cells.

Experiment | Voc [V] E;‘]‘ werg | FFI%1 | PCEDE] | T[C) E%k”ess

) 085 (0.87) |343(3.71) |41(4) | 118(1.33) | _
£0.02 +0.42 £2 £0.14

» 085(087) |379(411) |41(42) | 131(149) |50 _

' +0.01 +0.48 £1 +£0.17

) 0.89 (0.89) |3.88(4.00) |43(43)  |149(153) | 103
£0.00 £0.07 £0 +0.03

5 090(089) [3.11(328) |41(43)  |117(127) | ¢ _
+0.01 +£0.16 £1 +0.08

In the light microscopy images (Figure 23), it can be seen that multiple crystals are present
throughout the whole substrate. The left image was made in a magnification of 200x and the
right with 500x. With the higher magnification one can see that beside the large crystals,
small, needle-like structures appeared as well. Due to the heterogeneity, the layer thickness

could not be determined for those substrates.
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Figure 23: Images of the active layer of a substrate from experiment 1 containing PMI-pPh-PMI and PCE-12
1:1 as active layer materials; left: magnification of 200x and right: magnification of 500x.

In the 2" experiment, the concentration was again 12 mg/mL and the substrates were not an-
nealed. Comparing the results with experiment 1, the parameters are similar for the Voc, Isc
and FF. The PCE was increasing slightly, giving up to 1.53%. This efficiency may be further
increased with an annealing step. Only in experiment 2 the active layer thickness could be
determined, which is high with 193 nm; in the other experiments the active layer was too
rough to achieve a reliable measurement.

In Figure 24, the IV characteristics of the best cell from experiment 2 are shown. The red
curve indicates the measurement under illumination and the black curve under dark condi-

tions. The results are comparable to the 1V curves from the PMI-oPh-PMI containing solar

cells.
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Figure 24: IV characteristics of the best solar cell with the PMI-pPh-PMI acceptor (experiment 2); red line giv-
ing the measurement under illumination and black line giving the measurement under dark conditions.
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In the last experiment 5 mg/mL were dissolved in CHCIs, which did not work out, even
though the concentration of the acceptor was much lower than in the other experiments. The
PCE is quite high with 1.17% and 1.27% for the best cell. The values for the Isc and FF are
similar to the other experiments; only the efficiency and the Voc deviate slightly. Here, an
annealing step at 150 °C was applied.

The results from experiment 3 indicate that the concentration of the acceptor has low impact
on the solar cell parameters if the compound is not fully dissolved. For every experiment a

saturated solution of the acceptor was used with remaining crystals in the resulting films.

434 Ph(PMI)3

With Ph(PMI)3 one experiment was carried out. The donor acceptor blend had a concentration
of 10 mg/mL, both fully dissolved in CHCls. Due to the problems in the processing of the
active layer with the solvent CHCIs, the layer thickness was for all substrates approximately
150 nm. The best cell gave only a Voc of 0.75 V and a very low Isc of 0.65 mA/cm?. The FF
and PCE reached only 32% and 0.16%, respectively. Compared to all other acceptors,
Ph(PMI)3 gave the least satisfying results. This could also be a side effect of the annealing at

150 °C, as the cells were not measured prior to the annealing step.

Table 12: IV characteristics, annealing temperature and active layer thickness of the assembled solar cells with
the active layer consisting of Ph(PMI); and PCE-12 1:1 with an acceptor concentration of 10 mg/mL; the param-
eters of best cell shown in brackets; the values are averaged over 5 cells.

Experiment | Voc [V] E?ﬁ Aler?] FF [%] PCE[%] | T[C] E:Tlakness
0.72 (0.75) [ 053 (0.65) |32 (32) 0.12 (0.16)
' +0.02 +0.09 +2 +0.02 150 148
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Figure 25: IV characteristics of the best solar cell with the Ph(PMI)z acceptor (experiment 1); green line giving
the measurement under illumination and black line giving the measurement under dark conditions.

The 1V curves of the best cell are depicted in Figure 25. The green line illustrates the meas-
urement under illumination and the black line under dark conditions. The graph looks similar
to Figure 21, which shows the IV characteristics of PMI-mPh-PMI; between -0.75 and -0.5

the black line decreases.

4.3.5 Comparison

The performance of the cells containing different acceptors highly depends on the solubility
and temperature stability of the compounds. In Table 13 the IV characteristics, annealing
temperature and layer thickness of one solar cell device from each acceptor are listed. For
good comparability, the data was chosen when all acceptors were annealed at the same tem-
perature. In general, the best efficiencies were observed in solar cells where the active layer
was not smooth but contained crystals. However, due to temporal limitations, the optimization
was not possible, which means that the results shown are not representative for each acceptor.
With further optimization of the procedure the parameters may be improved.

Nevertheless, solar cells containing PMI-mPh-PMI gave the highest PCE’s so far, whereas the
trimeric compound exhibited poor performance, giving the lowest PCE. In addition, the FF
reached the highest values with PMI-mPh-PMI throughout all experiments. In contrast, the
highest Voc was achieved with the donor acceptor blend of PMI-oPh-PMI:PCE-12.
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Table 13: 1V characteristics, annealing temperature and active layer thickness of the assembled solar cells of all
acceptors blended with PCE-12 1:1 (PMI-oPh-PMI, PMI-mPh-PMI and Ph(PMI)3) or 1:0.5 (PMI-pPh-PMI) with
an acceptor concentration of 5, 10 or 12 mg/mL; the parameters of best cell shown in brackets; the values are
averaged over 5 cells.

Isc o o o Thickness

Acceptor Voc [V] [mA/cm?] FF [%] PCE [%0] T[°C] [nm]
m:-oph- 1.01 (1.04) | 2.38(2.62) | 41 (40) 0.98 (1.08) | 150 142
Em:'mph' 0.71(0.73) | 487 (4.97) | 47 (47) 1.62 (1.71) | 150 42
Em:'pph' 0.90 (0.89) |3.11(3.28) | 41 (43) 117 (1.27) | 150 i
Ph(PMI)s 0.72 (0.75) | 0.53(0.65) | 32(32) 0.12 (0.16) | 150 148
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Figure 26: Absorption spectra of each acceptor, the respective blends with the polymer PCE-12 and the plain
PCE-12; A: absorption spectra of PMI-oPh-PMI (blue), PMI-0Ph-PMI:PCE-12 1:1 (violet), PCE-12 (black);
B: absorption spectra of PMI-mPh-PMI (grey), PMI-mPh-PMI:PCE-12 1:1 (violet), PCE-12 (black); C: absorp-
tion spectra of PMI-pPh-PMI (red), PMI-pPh-PMI:PCE-12 1:0.5 (violet), PCE-12 (black); D: absorption spectra
of Ph(PMI)s (green), Ph(PMI)3:PCE-12 1:1 (violet), PCE-12 (black).

Absorption spectra were recorded for each acceptor, the blend of donor and acceptor, as well

as for the donor in films (see Figure 26). PCE-12 has the absorption maximum between 500
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and 700 nm, whereas all acceptors absorb best between 450 and 600 nm. It is seen that the
acceptors in films have similar absorption properties as in solution, with the exception, that
the first maximum is the higher, and the second the lower maximum. The only exception is
the PMI-oPh-PMI, where the peak at lower wavelengths illustrated the higher maximum in
solution as well. As expected, the blends of donor and acceptor gave an absorption between
450 and 700 nm, comprising nearly the whole visible range. In case of PMI-pPh-PMI the
blend has a lower absorption between 450 and 600 nm than the other acceptors, as the donor

acceptor ratio was only 1:0.5 instead of 1:1, respectively.
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Figure 27: Absorption spectra of the donor:acceptor blends (violet) and EQE spectra of the solar cell devices;
A: absorption and EQE spectra of PMI-oPh-PMI:PCE-12 1:1; B: absorption and EQE spectra of PMI-mPh-
PMI:PCE-12 1:1 and 1:0.5, respectively; C: absorption and EQE spectra of PMI-pPh-PMI:PCE-12 1:0.5;
D: EQE spectra of PMI-0Ph-PMI (blue), PMI-mPh-PMI (grey) and PMI-pPh-PMI (red).

In Figure 27, the external quantum efficiency (EQE) and absorption spectra of the donor ac-
ceptor blends of PMI-oPh-PMI, PMI-mPh-PMI and PMI-pPh-PMI are shown. For all illustra-
tions, the EQE spectra look similar to the recorded absorption spectra of the blended films.
Comparing the EQE spectra, it is seen that the PMI-pPh-PMI:PCE-12 blend exhibits the high-
est quantum efficiency. The PMI-oPh-PMI and PMI-mPh-PMI:PCE-12 blends show a similar
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behavior. Before and after recording the EQE spectra, the Isc of the cells were measured to

see if and how they changed throughout the experiment (see Table 14). For all acceptors, the

Isc was lower after the EQE measurement. The Isc calculated from the EQE was comparable

or lower as well. The results indicate that the solar cell device degraded throughout the exper-

iments.

Table 14: Isc values of solar cells containing the active layer materials PMI-oPh-PMI, PMI-mPh-PMI and PMI-
pPh-PMI:PCE-12 blends 1:1 (PMI.oPh-PMI and PMI-mPh-PMI) or 1:0.5 (PMI-pPh-PMI), determined from the
EQE spectra and measured before and after the EQE measurement.

Acceptor Isc (before EQE) Isc (EQE) Isc (after EQE)
PMI-oPh-PMI 1.59 mA/cm? 1.63 mA/cm? 1.29 mA/cm?
PMI-mPh-PMI 1.76 mA/cm? 1.54 mA/cm? 1.60 mA/cm?
PMI-pPh-PMI 3.17 mA/cm? 2.76 mA/cm? 2.54 mA/cm?
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5.  Experimental

5.1 Chemicals and Materials

Reagents and solvents were purchased from Merck, Sigma Aldrich, TCI, abcr, VWR, Roth,
Fisher Scientific, Macherey-Nagel and 1-Material. All materials were used without further
purification if not otherwise mentioned. Dry solvents and materials used for solar cells were

stored under N2-atmosphere in a glove box.

Table 15: List of chemicals used for the synthesis of compounds 1 — 5 and the assembly of solar cells.

Chemicals Purity Grade and Description Supplier
Bromine, Br; > 99%, iodometric Merck
lodine, I, 99.99% (”S‘gﬁ eTseta' basis), Sigma Aldrich
Bromo perlyenemonoimide - AG Trimmel
LSgmedont i
1,3-Benzenediboronic acid 97% abcr
1,4-Benzenediboronic acid not specified TCI
L3S e one i
T e
Aliguat 336 highly viscous liquid Sigma Aldrich
Potassu};(r?ccgzbonate, 1 M solution i
Zinc acetate dihydrate >99.5% Fluka
2-Methoxyethanol 99.8%, anhydrous Sigma Aldrich
Ethanolamine > 99% Sigma Aldrich
PBDB-T/PCE-12 0S0804 One Material
Chlorobenzene (CB) 99.8%, anhydrous Sigma Aldrich
1,2-Dichlorobenzene (DCB) 99% Sigma Aldrich
Chloroform (CF) >99.9% Sigma Aldrich
Molybdenum(Il)oxide 99.98% (trace metal basis) Sigma Aldrich
Silver, Ag 99.99%, pellets Kurt J. Lesker Company
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5.2 DFT-based Calculations

All synthesized acceptors (compound 2 — 5) were investigated using DFT-based calculations
with the functional B3LYP and the basis set 6-31+G* and 6-31G* in the gas phase, as well as

in a solvent environment of chloroform. The calculations in the solvent were performed using
the default SCRF method, namely Polarizable Continuum Model (PCM).

5.2.1 Used Software

e Chem3D Version 15.1

For pre-optimization of the structures

e Gaussian 09

Input: gjf. file with all important information

For the geometrical optimization, calculation of energies, eigenvalues, fre-
guencies, etc.

Gaussian 09, Revision D.01, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E.
Scuseria, M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, B. Men-
nucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, A. F.
Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao,
H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M.
Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, T. Keith, R.
Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S.
lyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox, J.
B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann,
O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin,
K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg,
S. Dapprich, A. D. Daniels, O. Farkas, J. B. Foresman, J. V. Ortiz, J.
Cioslowski, and D. J. Fox, Gaussian, Inc., Wallingford CT, 2013.

e molden 5.7 (2017)

For the generation of the Z-matrix and the visualization of the vibrations

e Avogadro

For visualization of the HOMO-LUMO levels

e VESTA

For visualization of the structure
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5.3 Synthesis

5.3.1 General Information

Some chemical reactions were performed under nitrogen atmosphere. Therefore, a balloon
filled with nitrogen gas was used to degas the solvents and reaction mixtures. During the reac-
tion, a constant stream of nitrogen was kept. If the reaction was performed under completely
inert conditions, the glass apparatus was dried by heating with a heat gun under oil pump vac-
uum, then cooled to room temperature and flushed with nitrogen up to three times prior to the
addition of solvent or reagents. The solvents and reaction mixture were all degassed using

nitrogen.

5.3.2 Analytical Methods
5.3.2.1 Thin Layer Chromatography (TLC)

All reactions were monitored by thin layer chromatography on silica gel plates (HP-TLC,
aluminum sheets, Silica gel 60 F2s4 purchased from Merck Millipore). As all products were
visible on the TLC, no further staining was carried out. Elution solvents and R¢-values are

stated for each compound.

5322 Flash Chromatography

The flash chromatography was performed on silica gel 60 (particle size 0.06 — 0.2 mm and
0.04 — 0.063 mm) from Macherey-Nagel at elevated pressure. If not mentioned differently, the

product was dissolved and adsorbed on silica gel before applying it onto the column.

5.3.2.3 Nuclear Magnetic Resonance Spectroscopy (NMR)

The nuclear magnetic resonance spectra were recorded on a Bruker Advance Il spectrometer
(300 MHz) with auto sampler and on an Inova 500 (500 MHz). The measurement on the ‘Var-
ian Inova 500’ from Oxford Instruments were carried out by Petra Kaschnitz. Coupling con-
stants (J) are reported as absolute values in Hertz (Hz) and chemical shifts are quoted in parts
per million (ppm). To confirm and identify a structure additional NMR experiments (HH-
COSY, HSQC, HMBC, APT) were recorded.
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53.2.4 Mass Spectrometry (MS)

The mass spectra were recorded on the ‘Micromass MALDI micro MX’ mass spectrometer
from Waters. The matrix was Dithranol or trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-
propenylidene]malononitrile (DCTB) in a concentration of 10 mg/mL in THF; the sample had
a concentration of 1 mg/mL in DCM in a mixing ratio matrix/sample = 7/2. The reference
material used was polyethylene glycol (PEG). The MS measurements were performed by Ka-
rin Bartl and the data analysis was done with the MassLynx V4.1 software.

5.3.25 Fluorescence Spectroscopy

For the fluorescence spectroscopy, 3 samples in CHCIs. were prepared with a maximum ab-
sorption smaller than or equal to 0.1. To make sure the absorbance is not exceeding 0.1, a
UV/VIS spectrum was recorded of each sample immediately before the fluorescence meas-
urement. The spectra were recorded on a UV-Visible Spectrophotometer ‘Cary 50 Conc’ from

Varian with the following settings:

Table 16: Settings for the absorption measurement in CHClI3 before the Fluorescence measurement.

Start Wavelength [nm] 800
End Wavelength [nm] 350
Slit Width [nm] 1.0
Scan Speed [nm/s] 70

Fluorescence spectra were recorded on the ‘FluoroLog 3’ spectrofluorometer from Horiba
Scientific Jobin Yvon adjusted with the ‘R2658° photomultiplier from Hamamatsu. A sum-
mary of the used settings are given in Table 17. The reference material used for these meas-

urements was the ‘Fluoreszenzorange’ in CF purchased from Kremer Pigmente GmbH &

Co.KG.

Table 17: Settings for the fluorescence measurement in CHCls.

Start Wavelength [nm] 500
End Wavelength [nm] 800
Slit Width [nm] 1.0
Excitation Wavelength [nm] 485
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5.3.2.6 UV/VIS Spectroscopy and Optical Band Gap Determination in Solution

UV/VIS spectra in CF were recorded with the UV Spectrophotometer ‘UV-1800 from Shi-
madzu. All products were measured 3x. In each vial, about 1 mg was weighed in and dis-
solved in 10 mL CF. From this solution, 1 mL was taken and diluted with 9 mL CF. Thereof,
2 mL were taken and diluted with 2 mL CF. According to this, 2 more solutions were made,
resulting in a total of 5 solutions with concentrations between 150 and 1.25 mg/L. All samples

were measured with the following settings:

Table 18: Settings for the absorption measurement in CHCls.

Start Wavelength [nm] 800

End Wavelength [nm] 350

Slit Width [nm] 1.0

Scan Speed 350 nm/min
Data Interval [nm] 1

With the accurate concentration and the absorbance maxima, the extinction coefficient was
determined from each material. In addition, the band gap of each material was determined
graphically from the absorption spectra.

5.3.2.7 Thermogravimetric Analysis (TGA)

The TGA was done on the ‘STA 449 C’ from NETSCH. The samples were measured in an
aluminum pan with helium as protective gas. The flow rate was 50 mL/min and the heating
rate 10 K/min. The samples were measured in a temperature range of 20 — 550 °C. The meas-

urements were performed by Josefine Hobisch.

5.3.2.8 Differential Scanning Calorimetry (DSC)

The DSC was carried out using a ‘DSC 8500’ from Perkin Elmer. The start temperature was
30 °C and the samples were heated with a heating/cooling rate of 20 — 30 °C/min until 400 —
440 °C were reached. Overall, three cycles were measured. The measurements were per-

formed by Josefine Hobisch.
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5.3.3 Experimental Procedures and Analytical Data

Compound 1 was synthesized according to Nolde, F.; et al. (2006).”* Compounds 2 — 5 were
synthesized according to Hu, Y.; et al. (2017).%> An overview of all reactions is shown in

Scheme 4 below.

0 o)
40 eV
2O ] )

o o

R R R R
R R R
R
2 3 4 5

Scheme 4: Overview of all synthetic procedures presented in this work; R = PMI; A: 4 eq. Br, 0.4 eq. I, AcOH,
RT; B: 0.5 eq. 1,2-Benzenediboronic acid, bis(pinacol)ester, 5 mol% Pd(PPhs)s, K2CO3 (1M), Aliquat 336, tolu-
ene, 100 °C, reflux; C: 0.5 eqg. 1,3-Benzenediboronic acid, 5 mol% Pd(PPhs)s, K2CO3 (1M), Aliquat 336, tolu-
ene, 100 °C, reflux; D: 0.5 eq. 1,4-Benzenediboronic acid, 5 mol% Pd(PPhs)s, K:CO3 (1M), Aliquat 336, tolu-
ene, 100 °C, reflux; E: 0.33 eq. 1,3,5-Phenyltriboronic acid, bis(pinacol)ester, 5 mol% Pd(PPhs)s, Ko.CO3 (1M),
Aliquat 336, toluene, 100 °C, reflux.

5.3.3.1 8-bromo-2-(2,6-diisopropylphenyl)-1H-benzol[10,5]anthra[2,1,9-def] -
isoquino-line-1,3(2H)-dione (1)

18 17

In a 100 mL one-necked round bottom flask ~950 mg (1.97 mmol, 1 eg.) PMI was suspended
in 40 mL AcOH. After stirring for 30 min, about 405 pL (7.90 mmol, 4 eq.) bromine and 3
pellets of iodine were added. After 2 h, the mixture turned from bright red to dark red and
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another ~300 puL bromine were added. ~17 h later the TLC indicated full conversion and N2
was bubbled through the mixture for 10 min to remove the remaining bromine. Then, 40 mL
MeOH were added and the mixture was stirred for 30 min — 1 h. The mixture was poured into

deionized H,0 and the product was collected by filtration followed by drying.

Yield: 1.115 g (1.99 mmol, >99%), dark red powder, C3sH26BrNO2 [560.49 g/mol]
R¢ = 0.23 (toluene/acetone = 99/1)

'H-NMR (300 MHz; CDCls) & = 8.63 — 8.69 (m, 2H, H-7, 15), 8.44 — 8.51 (m, 2H, H-8, 14),
8.42 (d, 3Jun = 8.1 Hz, 1H, H-12), 8.32 (d, 3Jun = 8.4 Hz, 1H, H-13), 8.25 (d, 3Jun = 8.2 Hz,
1H, H-9), 7.91 (d, 3Jun = 8.1 Hz, 1H, H-11), 7.73 (dd, 3Jun = 7.9 and 8.1 Hz, 1H, H-10), 7.49
(t, 3Jun = 7.8 Hz, 1H, H-2), 7.34 (d, ®Jun = 7.8 Hz, 2H, H-1, 3), 2.82 — 2.72 (m, 2H, H-6, 16),
1.19 (d, 3Jun = 6.9 Hz, 12H, H-4, 5, 17, 18)

5.3.3.2 8,8'-(1,2-phenylene)bis(2-(2,6-diisopropylphenyl)-1H-benzo[10,5]anthra-
[2,1,9-def]isoquinoline-1,3(2H)-dione) (2)

40 39

The reaction was performed under inert conditions. In a 250 mL two-necked round bottom
flask 500 mg (0.89 mmol, 2 eq.) of compound 1 were suspended in 70 mL toluene which was
degassed by a stream of nitrogen. Then, 148.5 mg (0.45 mmol, 1 eq.) 1,2-benzenediboronic
acid, bis(pinacol)ester and 7 mL 1 M K>COs solution were added and, the mixture was de-
gassed with nitrogen. One drop of Aliquat 336 and 5 spatula tips of Pd(PPhs)s4 were added and
the reaction mixture was heated to 100 °C. After 68 h the TLC indicated full conversion and
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the reaction mixture was cooled down to room temperature. It was then washed with deion-
ized water (3 x 30 mL). The combined aqueous layers were then extracted with toluene
(1 x 30 mL). The combined organic layers were dried over Na>SO4. After filtration, the re-
maining Na>SO4 was washed with toluene and the solvent of the organic phases was removed
under reduced pressure. The product was purified via flash chromatography (564 g silica gel,
CH:CI2/CH = 1/1 - 9/1, then DCM, fraction size: 65 mL and 95 mL). As the product was not
fully separated from the side products in the column, further purification steps were neces-
sary, concluding 2 small flash chromatography in a glass frit (DCM/CH = 4/1 and DCM).
From these steps about 147 mg of the product, still with some impurities, was obtained. After

recrystallization (DCM/MeOH) 139 mg pure product was obtained.

Yield: 139 mg (0.13 mmol, 30%), glimmering dark red powder, C74HssN204 [1037.27 g/mol]
Rf=0.38 (DCM)

'H-NMR (500 MHz; CDCls) & = 8.46 (d, ®Jun = 7.8 Hz, 1H), 8.35 (d, Jun = 7.2 Hz, 2H), 8.30
(d, 3Jnn = 7.8 Hz, 1H), 8.23 (d, 3Jun = 7.6 Hz, 1H), 8.20 (d, 3Jun = 7.9 Hz, 1H), 8.06 — 8.10
(m, 1H), 7.99 — 8.06 (m, 2H), 7.99 — 7.92 (m, 2H), 7.90 (d, 3Jun = 8.4 Hz, 1H), 7.84 — 7.74
(m, 2H), 7.74 — 7.67 (m, 2H), 7.67 — 7.61 (m, 2H), 7.59 — 7.53 (m, 1H), 7.49 — 7.41 (m, 3H),
7.37 —7.32 (m, 1H), 7.30 (d, 3Jun = 7.8 Hz, 4H, H-1, 3, 19, 21), 7.18 (d, 3Juu = 7.7 Hz, 1H),
2.71—2.59 (m, 4H, H-6, 16, 22, 38), 1.19 — 1.06 (m, 24H, H-4, 5, 17, 18, 23, 24, 39, 40)

MS (MALDI-TOF) m/z: 1037.4475 (calculated for CrsHssN204, [MH]* 1037.4391)
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5.3.3.3 8,8'-(1,3-phenylene)bis(2-(2,6-diisopropylphenyl)-1H-benzo[10,5]anthra-
[2,1,9-def]isoquinoline-1,3(2H)-dione) (3)

In a 250 mL two-necked round bottom flask 1.103 g (1,97 mmol, 2 eq.) of compound 1 were
suspended in 100 mL toluene. To remove the oxygen from the solvent, the mixture was de-
gassed with nitrogen. 166 mg (1.00 mmol, 1 eq.) 1,3-Benzenediboronic acid and 14 mL 1M
K2COs solution were added and the mixture was degassed with nitrogen. 116.1 mg
(0.1 mmol, 5 mol%) Pd(PPhs)s and 2-3 drops Aliquat 336 were added and the mixture was
heated up to 100 °C and stirred at this temperature for 45 h. Then the reaction mixture was
cooled down and 29 mg (0.025 mmol, 1.3 mol%) Pd(PPhs)s were added. The reaction mixture
was then heated up again and after 4h more, 42.1mg (0.25mmol, 0.13eq) 1,3-
Benzenediboronic acid were added. According to TLC, after another 17 h 30 min, there was
no full conversion. Still the reaction mixture was cooled down to room temperature. The reac-
tion mixture was washed with deionized H>O (3 x 35 mL) and brine (2 x 45 mL). The com-
bined aqueous layer were extracted with toluene (2 x 50 mL). The combined organic layers
were dried over NaxSOa4. After filtration, the remaining Na2SO4 was washed with toluene and
dichloromethane. The solvent was removed under reduced pressure. The product was purified
via flash chromatography (321 g silica gel, toluene/acetone = 99/1, fraction size: 65 mL). As
the product was not fully separated from the side products in the column, recrystallization was
used for further purification (DCM/toluene and MeOH). After 3 recrystallization steps,
117 mg pure product was obtained.

Yield: 117 mg (0.11 mmol, 11%), red powder, C74HssN2O4 [1037.27 g/mol]
Rf=0.12 (DCM)

Te: 31110 °C
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IH-NMR (500 MHz; CDCls) & = 8.72 — 8.66 (m, 4H, H-7, 17, 27, 37), 8.58 (d, 3Juu = 7.9 Hz,
2H, H-29, 35), 8.56 (d, 3Jun = 7.5 Hz, 2H, H-9, 15), 8.54 — 8.49 (m, 4H, H-8, 16, 28, 36), 8.18
(d, 3Jun = 8.4 Hz, 2H, H-11, 13), 7.77 — 7.65 (m, 8H, H-10, 12, 14, 30, 31, 32, 33, 34), 7.49 (t,
3Jun = 7.8 Hz, 2H, H-2, 22), 7.35 (d, 3Jum = 7.8 Hz, 4H, H-1, 3, 21, 23), 2.82 — 2.73 (m, 4H,
H-6, 18, 24, 38), 1.19 (d, 3Jn = 6.8 Hz, 24H, H-4, 5, 19, 20, 25, 26, 39, 40)

MS (MALDI-TOF) m/z: 1037.4264 (calculated for C7aHssN204, [MH]* 1037.4302)

5.3.34 8,8'-(1,4-phenylene)bis(2-(2,6-diisopropylphenyl)-1H-benzo[10,5]anthra-
[2,1,9-def]isoquinoline-1,3(2H)-dione) (4)

Compound 4 was synthesized by Matiss Reinfelds according to Hu, Y.; et al. (2017).5, simi-
lar to compounds 2, 3 and 5.

MS (MALDI-TOF) m/z: 1037.4325 (calculated for CraHssN2O4, [MH]* 1037.4319)
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5.3.35 8,8",8"-(benzene-1,3,5-triyl)tris(2-(2,6-diisopropylphenyl)-1H-benzo[10,5] -
anthra[2,1,9-def]isoquinoline-1,3(2H)-dione) (5)

43 41 40

In a 250 mL round bottom flask 750 mg (1.34 mmol, 3 eq.) compound 1 was suspended in
70 mL toluene. To remove the oxygen from the solvent, the mixture was degassed with nitro-
gen for 35min. Then 202mg (0.44mmol, 1leq.) 1,3,5-phenyltriboronic acid,
tris(pinacol)ester and 7 mL 1 M K>COs solution were added and again, the mixture was de-
gassed with nitrogen for 45 min. One drop of Aliquat 336 and 5 spatula tips of Pd(PPh3)s
were added and the reaction mixture was heated up to 100 °C. After 23 h 35 min, the TLC
indicated nearly full conversion and the reaction mixture was cooled down to room tempera-
ture, before it was washed with deionized water (3 x 30 mL). The combined aqueous layers
were extracted with toluene (2 x 30 mL). The combined organic layers were then washed with
brine (1 x 30 mL) and dried over Na SOa. After filtration, the remaining Na2SO4 was washed
with toluene and the solvent was removed under reduced pressure. A flash chromatography
was made (DCM, fraction size: 95 — 500 mL) for purification. The product remained on the
column and the silica gel was then extracted using first DCM and then CHCIs. The flash
chromatography was repeated with silica gel in a glass frit, with DCM as solvent. 55 mg of

the product was obtained with some impurities.
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Yield: 55mg (0.04 mmol, 8%), glimmering dark red/violet powder, Ci0sHg1N3Os
[1516.85 g/mol]
Rf=0.35 (DCM)

'H-NMR (500 MHz; CDCls) § = 8.67 (dd, *Jun = 5.10 Hz, 6H, H-7, 16, 26, 35, 45, 54), 8.59
(d, 3Jun = 8.0 Hz, 3H, H-14, 33, 52), 8.53 (d, 3Jun = 7.7 Hz, 3H, H-9, 28, 47), 8.52 — 8.46 (m,
6H, H-8, 15, 27, 34, 46, 53), 8.32 (d, 3Jun = 8.5 Hz, 3H, H-11, 30, 49), 7.92 (s, 3H, H-12, 31,
50), 7.85 (d, 3Jun = 7.8 Hz, 3H, H-13, 32, 51), 7.72, (t, 3Jun = 8.0 Hz, 3H, H-10, 29, 48), 7.48
(t, 3Jnn = 7.7 Hz, 3H, H-2, 21, 40), 7.34, (d, *Jnn = 7.8 Hz, 6H, H-1, 3, 20, 22, 39, 41), 2.82 —
2.74 (m, 6H, H-6, 17, 23, 36, 42, 55), 1.19 (d, 3Jun = 6.8 Hz, 39H, H-4, 5, 18, 19, 24, 25, 37,
38, 43, 44, 56, 57)

MS (MALDI-TOF) m/z: 1516.4862 (calculated for C10sHs1N3Os, [MH]" 1516.4858)
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5.4 Organic Solar Cells

5.4.1 General Procedure

All solar cells were assembled in an inverted architecture with a bulk heterojunction device
design. Each device consists of a top electrode, the active layer and the bottom electrode on a
glass substrate with interlayers between both electrodes and the active layer. All devices were

assembled according to the following procedure.

54.1.1 Cleaning and Activation of the Substrates

ITO-coated glass substrates (15 x 15 x 1.1 mm) with a sheet resistance of 15 Q were used
purchased from the Luminescence Technology Corporation. The substrates were cleaned with
water and acetone before ultrasonic treatment in a bath of 2-propanol at 40 °C for 30 min. The
ultrasonic bath used was the ‘ultrasonic cleaner’ from VWR. After the ultrasonic treatment,
the substrates were dried with compressed air (N2) followed by activation of the surface via
plasma etching. The etching was carried out at a constant oxygen gas flow for 3 min in the
‘Femto’ etcher from Diener Electronics. The activated substrates were then transferred into
the N»-filled glove box ‘LabMaster dp’ from MBraun.

54.1.2 ZnO-Interlayer

The ZnO-interlayer was applied using a sol-gel procedure. A ZnO-precursor solution was
prepared with a composition of 500 mg zinc acetate dihydrate, 5 mL 2-methoxyethanol and
150 pL ethanolamine. These were mixed and stirred outside the glove box for 18 h. The pre-
cursor solution was then again transferred into the N»-filled glove box, where it continued
stirring.

The deposition of the ZnO-interlayer was done via spin coating 35 pL of the precursor solu-
tion with 4000 rpm and 2000 rpm/s acceleration for 30 s, onto the ITO-coated glass substrates
to obtain a layer thickness of 20 — 30 nm. A spin coater from Laurell Technologies was used
(‘Model WS-650MZ-23NPPB). After spin coating, the substrates were annealed at 150 °C for
10 min outside the glove box, before they were transferred in again.
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54.1.3 Active Layer

The acceptor was diluted with CB, DCB or CF and dissolved for at least 1 h at 50 °C. The
polymer PCE-12 was added and the mixture was left overnight to stir at 50 °C. The concen-
tration was varied from 5 to 12 mg/mL (depending on the solubility of the acceptor). If not
otherwise mentioned, the ratio between donor and acceptor was 1:1 and the resulting solution
was deposited via spin coating with different parameters to obtain a layer thickness of
100 nm. For all substrates a drying step was included in the spin coating process with
4000 rpm, 4000 acc. for 5s. The deposition of the active layer was, if not otherwise men-

tioned, concluded with an annealing step of 10 min at varying temperatures.

54.1.4 MoOs-Interlayer and Ag Electrode

The MoOs-interlayer (10 nm) and the Ag-electrode (100 nm) were deposited on the substrate
via thermal evaporation. Therefore, a shadow mask was used giving an active electrode area

of 0.09 cm?. The evaporation was done under vacuum conditions with at least 1 x 10 mbar.

5.4.2 Characterization
5421 UV/VIS-Spectroscopy in Films

To show the absorption behavior of the synthesized acceptors and the polymer PCE-12, ab-
sorption spectra were measured in thin films on glass substrates. Therefore, the acceptor and
the polymer were coated on glass substrates via spin coating of the respective solutions (5 —
12 mg/mL) in CB, DCB or CF. Additionally, a 1:1 or 1:0.5 blend of each acceptor and the
polymer were made and also deposited on glass substrates via spin coating of the respective
solutions (12 mg/mL) in CB, DCB or CF. The preparation was done in a N2-filled glove box.
The spectra were recorded on the UV-VIS Spectrometer ‘Lambda 35’ from Perkin Elmer with

the following settings:

Table 19: Settings for the absorption measurement of the acceptor, the polymer PCE-12 and the mixture of both
PCE-12 with each acceptor in films.

Start Wavelength [nm] 800
End Wavelength [nm] 400
Slit Width [nm] 1.0
Scan Speed [nm/min] 240
Data Interval [nm] 1
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5422 I-V Characteristics

IV curves were monitored under illumination for each solar cell and under dark conditions for
the best cell of each substrate, with the settings shown in Table 20. The measurement was
made using a Keithley 2400 SourceMeter and a custom-made Lab-View software. The light
source used was a Dedolight DEB400D lamp, which was set to an intensity of 100 mW/cm?,
providing a spectrum similar to AM 1.5 G. The solar cells have an active area of 0.09 cm?. If
not otherwise mentioned, a shadow mask was used for the measurements, which enclose the
active area to 0.070225 cm?. From the IV curves characteristic parameters such as the Voc,

Isc, FF and PCE were determined and averaged over the best five solar cells.

Table 20: Settings for the I'V-Measurement for all solar cell devices.

Start [mV] 1500
End [mV] -500
Compliance [mA] 100
Number of Points 100
Overwrite Max Compliance [mA] 500
Delay [ms] 100
Step Widths [V] -0.02
54.2.3 Layer Thickness and Roughness

In order to determine the thickness and roughness of the active layer, a small scratch was ap-
plied to the samples with a blade. Following this, the thickness and roughness was determined
on 5 different positions using the contact profilometer ‘DektakXT’ from Bruker.

54.2.4 External Quantum Efficiency (EQE)

EQE measurements were carried out for one solar cell of each acceptor, prepared as described
in Chapter 5.4.1. The IPCE (incident photon-to-current efficiency) measuring system consist-
ed of a MuLTImode 4-AT monochromator (Amko) equipped with a xenon lamp (LPS 210-U,
Amko) and a Keithley 2400 SourceMeter. For the measurement, the solar cell device was
sealed under nitrogen in a custom made measuring box. After calibration with a photo diode
(1.2 mm?), the EQE spectra of the solar cells (9 mm?2) were monitored in the range of 380 —
900 nm.
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5.4.25 Light Microscopy

Images of the active layer from the solar cell devices were made using the light microscope

‘BX60’ from Olymp with a camera (Olymp) attached. The images have a magnification of
50x, 100x, 200x, 500x and 1000x.
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6. Summary and Conclusion

All desired acceptors were successfully synthesized and exhibit colors from light to dark red.
The obtained yield was between 8% and 30%, which is much lower than those achieved in the
literature. However, many side products occurred and not all fractions were purified yet. With
further optimization of the reaction conditions the yield could be improved. This includes not
only the used equivalents of the educts, but also the choice of catalyst, base and solvent. Dur-
ing the research it was found that the molecules have a limited solubility. This issue may be
avoided by introducing alkyl-groups as side chains on the respective linker, which could hin-
der the m-stacking, thus increasing the solubility.

The synthesized molecules exhibit the highest absorption between wavelengths of 450 nm and
600 nm and two peaks can be observed in the visible region. Their maxima lie between
490 nm and 530 nm. The absorption maxima are slightly shifted to higher wavelengths in the
following order: PMI-oPh-PMI < PMI-mPh-PMI = Ph(PMI)z < PMI-pPh-PMI. The molar
absorption coefficient increases in the same order with PMI-oPh-PMI the lowest and PMI-
pPh-PMI the highest. However, the Ph(PMI)z exhibits a higher absorption coefficient than
PMI-mPh-PMI, most likely due to the additional PMI unit. Compared to the simpler struc-
tures of PMI, PMI-Br and Ph(PMI), the maxima of PMI and PMI-Br occur at lower wave-
lengths (Amax = 487 nm) and for Ph(PMI) it is in the same range as the synthesized acceptors.
They all show a lower absorption coefficient than the synthesized compounds. All phenylene-
linked perylene monoimides reach a molar absorption coefficient of at least
77 000 L mol? cm™, whereas the PMI, PMI-Br and the Ph(PMI) achieve only 34 000 —
35000 L mol** cm™ (see Figure 28).

The optical band gaps of all investigated compounds are comparable. This was confirmed by
DFT computations. However, all calculated band gaps were higher than those determined
from the experimental data. According to the computations, the HOMO-LUMO levels de-
crease in the order PMI > PMI-oPh-PMI > PMI-mPh-PMI > PMI-pPh-PMI > PMI-Br >
Ph(PMI)z. In general, the computations with the smaller basis set are less accurate than with
the larger basis set in the gas phase. When the computations were carried out in a solvent en-

vironment, the smaller basis set achieved similar values as the larger one in the gas phase.
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Figure 28: Absorption spectra of all investigated compounds dissolved in chloroform; blue: PMI-oPh-PMI,
grey: PMI-mPh-PMI, red: PMI-pPh-PMI, green: Ph(PMI)s, pink: PMI, brown: PMI-Br, cyan: Ph(PMI).

The fluorescence spectra show similar behavior for each compound, giving a Stokes-shift of
about 30 — 40 nm for all compounds. The calculated quantum yield was comparable for all
acceptors, giving the highest value of 81% for Ph(PMI); and the lowest for PMI-oPh-PMI
(77%). Thermal analysis showed that the acceptors have a high melting point and they de-
compose above 400 °C.

The acceptor which exhibits the best efficiency in the active layer blended with PCE-12 was
PMI-mPh-PMI, followed by PMI-oPh-PMI, PMI-pPh-PMI and Ph(PMI)s. Due to the limited
solubility, multiple solar cell devices comprised crystallites in their active layer. Upon filtra-
tion of the donor acceptor blend, smooth and well distributed films were obtained using CB or
DCB as solvents. The application of the active layer blend dissolved in CHCI3z was rather dif-
ficult, resulting in poorly distributed layers with a high active layer thickness.

The solar cell parameters of all acceptors are promising and may be improved upon further
optimization of the process steps including the annealing temperature and used solvents. In
addition, the solar cell devices could be assembled in a normal device structure instead of the
inverted with varying electrodes and interfacial layers. Besides, the suitable ratio of the donor-
acceptor blend needs to be determined and the influence of additives could be investigated. To
learn more about the morphology of the materials, electron microscopy like atomic force mi-
croscopy or scanning electron microscopy need to be carried out. Furthermore, the films could
be investigated using grazing-incident x-ray scattering methods.

According to the obtained results of this study, phenylene-linked perylene monoimides and

their derivatives seem to be a promising material class for the use in photovoltaic devices.
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Figure 29: 'H-NMR spectrum of the purified PMI-Br.
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Figure 30: *"H-NMR spectrum of the aliphatic region of the purified PMI-Br.
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Figure 31: 'H-NMR spectrum of the aromatic region of the purified PMI-Br.
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Figure 32: 'H-NMR spectrum of the purified PMI-oPh-PMI.
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Figure 33: 'H-NMR spectrum of the aliphatic region of the purified PMI-oPh-PMI.
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Figure 34: 'H-NMR spectrum of the aromatic region of the purified PMI-oPh-PMI.
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Figure 35: 'H-NMR spectrum of the purified PMI-mPh-PMI.
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Figure 36: *H-NMR spectrum of the aliphatic region of the purified PMI-mPh-PMI.
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Figure 37: 'H-NMR spectrum of the aromatic region of the purified PMI-mPh-PMI.
2EEE:  EEE :: £ z
Y51 P
B A Ee | | | g |
8 [ 4 2 [ppm]

Figure 38: 'H-NMR spectrum of the purified Ph(PMI)a.
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Figure 39: 'H-NMR spectrum of the aliphatic region of the purified Ph(PMI)s.
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Figure 40: 'H-NMR spectrum of the aromatic region of the purified Ph(PMI)s.
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Figure 41: Mass spectrum of PMI-oPh-PMI; m/z: 1037.4475.
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Figure 42: Mass spectrum of PMI-mPh-PMI; m/z: 1037.4264.
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Figure 43: Mass spectrum of PMI-pPh-PMI; m/z: 1037.4325.
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Figure 44: Mass spectrum of Ph(PMI)3; m/z: 1516.4862.
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