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Abstract 

 

Renewable energies are one of the most important energy sources, due the increasing energy 

demand and the amount of pollution due to fossil fuels. Therefore, photovoltaic systems are a key 

factor to replace conventional energy sources. 

Solar cells can be produced out of different materials such as inorganic, organic, polymeric ones, 

as well as hybrids. Since crystalline silicon based solar cells are quite expensive when it comes 

to manufacturing processes, research is done on cheaper and easier producible absorber 

materials. Organic solar cells show these advances. They consist of a mixture of two organic 

semiconducters, one donor and one acceptor material. In this work, Perylenediimide (PDI) 

derivatives as acceptor materials for organic solar cells were investigated and compared with each 

other. The synthesis of the different derivatives was completed by using perylene-3,4;9,10-

tetracarboxylic acid dianhydride (PTCDA) as a starting material to achieve the 1,7-bromine 

derivative, which was used for the synthesis of other perylenediimide derivatives such as the 1,7-

fluorine, 1,7-cyanide derivative and one consisting of two perylenemoniimide units. The yields 

ranged from 10 – 50%. The compounds were characterized using NMR spectroscopy, mass 

spectrometry, thermal analysis, as well as absorption and fluorescence spectroscopy. The optical 

results of the different derivatives were compared with results from density functional theory (DFT) 

simulations. After successful synthesis of the derivatives solar cells were assembled. The 

efficiencies of the assembled cells consisting PDI derivatives showed low values in the range of 

0.5 to 1%. 

This research gives insight into main characteristics of these materials, their potential and 

challenges in aspect of the synthesis and assembly of organic solar cells.   
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Kurzfassung 

 

Aufgrund des steigenden Energiebedarf und der Verschmutzung verursacht durch fossile 

Brennstoffe, erweisen sich erneuerbare Energien als wichtigster Energieträger in der heutigen 

Zeit. Photovoltaikanlagen spielen hierbei eine wichtige Rolle um konventionelle Energiequellen zu 

ersetzen. 

Solarzellen können aus verschiedensten Materialien, wie beispielsweise organische, 

anorganische Materialien, Polymere, sowie Hybride, hergestellt werden. Da die Herstellung von 

Solarzellen mit kristallinen Silizium als Absorbermaterial hohe Kosten beinhaltet, geht die 

Forschung immer weiter in Richtung preiswerteren und leichter herstellbaren Materialen. Diese 

Eigenschaften werden von organischen Solarzellen eingehalten, welche aus organischen 

Halbleitermaterialien (Donor und Akzeptor) bestehen. In dieser Arbeit wurden Perylenediimid 

(PDI)-Derivate als Akzeptormaterial für organische Solarzellen erforscht und miteinander 

verglichen. Die Synthese der verschiedenen Derivate wurde erreicht unter Verwendung von 

Perylen-3,4,9,10-tetracarbonsäuredianhydrid (PTCDA), welches als Ausgangsmaterial zur 

Herstellung des 1,7-bromierten Derivativs diente. Mittels diesem wurden anschließlich das 1,7-

Fluor- und 1,7-Cyanidderivativ, sowie ein Derivativ bestehend aus zwei Perylenemonoimiden 

hergestellt. Die Ausbeuten lagen zwischen 10 und 50%. Anschließend wurden die Verbindungen 

mittels NMR-Spektroskopie, Massenspektrometrie, thermischer Analysen, sowie Absorption- und 

Fluoreszenzspektroskopie charakterisiert. Die optischen Eigenschaften wurden mit Ergebnissen 

aus Dichtefunktionaltheoriesimulationen (DFT) verglichen. Nach erfolgreicher Synthese der 

Derivative wurden diese in Solarzellen assembliert. Wirkungsgrade im Bereich von 0,5 – 1% 

wurden erreicht.  

Diese Arbeit gibt einen Einblick in die Eigenschaften der synthetisierten Verbindungen, deren 

Potential, sowie den Herausforderungen im Hinblick auf Synthese und Assemblierung der 

organischen Solarzellen. 
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1 Introduction 

 

Today, the demand of energy is one of the biggest problems in mankind. Fossil fuels such as coal, 

oil or gas play, and will play a dominant role in global energy systems. The fundamental driver of 

the Industrial Revolution, as well as the technological, social, economic and development progress 

were fossil fuels. When it comes to fossil fuels, crude oil is the largest energy source (39%), 

followed by coal (33%) and natural gas (28%). The demand of this type of energy source is 

increasing steadily and drastically and will influence the future world immensely.  

Due to their negative impacts such as local air pollution and the emitted carbon dioxide (CO2), as 

well as other greenhouse gasses, the interest in renewable energies is rising from year to year.1 

In 2018 fossil fuels still dominate electricity generation. With 38% coal, 3% oil and 23% gas, fossil 

fuels covers 64% in total. Nuclear power shows a value of 10% and renewable energies such as 

hydro power, biomass and waste, wind power, solar photovoltaics and others cover around 27% 

with 2% electricity generation out of solar photovoltaics.2 Since fossil fuels still cover a high 

percentage of the total energy production, renewable energies, such as photovoltaics, take an 

important part reducing conventional energy sources.  

 

In 1839 Alexandre Edmond Becquerel had discovered the photovoltaic effect, which was back 

then mainly used for measuring light, since the photovoltaic power continued to be quite inefficient. 

In 1941 Russell Ohl invented one of the first used solar cell.3 Since then solar photovoltaic 

technology is growing rapidly worldwide. The growth factor reaches a value of 57. A study in 

Science (2017) estimated that global photovoltaics installed capacities will be between 3 000 and 

10 000 GW by 2030.4 This would represent the needs in electricity of more than 9% of the world’s 

population. Over 20% of all electricity could be provided by photovoltaic systems by 2050.5 

Since the early beginnings of 1950 crystalline silicon as a material for solar cells dominated the 

photovoltaic market, since it is nontoxic and abundantly available in the earth’s crust. Additionally 

they show long-term stability over decades, as well as a reduction in price of silicon modules in 

the last 30 years.6 The theoretical limit for efficiency of crystalline silicon solar cells is 29.3%.7 

Another highly researched type of solar photovoltaics are perovskite based solar cells. Due to the 

possibility of processing directly from solution, perovskite manufacturing is highly scalable and 

production costs show potential to be quite low. Additionally, they have unique properties, like their 

energy production capabilities, flexibilities, light weight, etc., that make them attractive for the 

usage in photovoltaics. However, their toxicity due to the usage of Pb2+ is a major disadvantage. 

Their efficiency increased from 3.8% in 20098 up to 25% in 2019 in single-junction architectures.11 
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In silicon-based tandem cells the efficiency could get even higher, up to 28%11. Since now 

perovskite solar cells have not reached sufficient operational stability to be commercialized.9 

Way before perovskite solar cells were invented, another type of solar cells were introduced – the 

organic solar cells. This field of photovoltaics is a promising new technology with the potential of 

providing good power conversion efficiency, while being cheap, easily tunable polymeric or small 

molecule organic materials. An important factor is the interfacial engineering as a fundamental 

approach for maximizing the power conversion efficiency. In organic solar cells the light is 

absorbed by an active layer consisting of an electron acceptor (organic n-type material) and an 

electron donor (organic p-type material). Low band gap polymers and dyes are the most used 

donor materials. As acceptor materials fullerene derivatives, perylenediimides or other n-type 

materials are used.23 Organic solar cells can reach efficiencies up to 17.4%11. 

Recently, a lot of research goes into the synthesis of non-fullerene acceptors such as 

perylenediimide, perylenemonoimides, as well as ITIC derivatives, which usually have a donor-

acceptor-donor structure.  

Therefore, the influence of different substituents in the bay-position of perylenediimide on optical 

and electrical properties in solar cells was investigated.  
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2 Theoretical Background 

 

2.1 State of the Art 

 

Renewable energy is one of the most important research fields since the past decades. Solar 

energy is one of the most important and most researched energy sources to release the world 

from fossil fuels. Many different kinds of solar cells were already explored. The best research-cell 

efficiency of the different kind of cells can be seen in Figure 1.10 

 

 

 

Figure 1: Best Researc-Cell Efficiencies of different types of solar cells © NREL. 11 

 

Most of the commercialized solar cells use inorganic materials, which provides high efficiency and 

has been adapted in a variety of devices, as well as in several megawatt scale plants.12, 13 Organic 

solar cells still need high effort in research due to the relatively low efficiencies (Figure 1). 

However, organic photovoltaics show versatility of flexible thin film alternatives at relatively low 

costs, which make them quite attractive for further investigation. The state of the art of organic 

solar cells in the year 2019 already showed their potential. With efficiencies of 17.4%11 they have 

been shown that they are capable to compete against other cells in the future.12, 13 
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As acceptor materials for organic solar cells fullerene derivatives were first used instead of the 

non-fullerenes. Over decades they showed already high power conversion efficiencies (PCE) in 

the field of organic photovoltaics. As an example, [6,6]-phenyl-C61/C71-butyric acid methyl ester 

(PC61BM/PC71BM) showed high efficiency with over 12%.14 Due to their disadvantages like high 

costs, limited light absorption, etc. non-fullerene acceptors were investigated.15 With their 

capability of providing strong electron-accepting properties, as well as their fully conjugated 

structure and their low cost, new materials were synthesized and characterized. Therefore non-

fullerene acceptors were in high interest in the research field. 

During the past few years, the PCE of non-fullerene based photovoltaics has increased 

significantly. Figure 2 shows how the interest in researching non-fullerene organic photovoltaics 

is rising. Year to year more publications can be observed. Therefore rising improvement in the 

next couple of years can be possible.14  

 

 

 

 

Figure 2: Number of publications in the field of non-fullerene organic solar cells14 

 

Due to the increasing efficiency of organic solar cells in aspect to non-fullerene acceptors and 

their phenomenal characteristics, research in different perylenediimide derivatives is in high 

interest for the future.  

 

 

 

 



5 

2.2 Organic Solar Cells 

 

Due to different key advantages, such as the possibility of processing directly from solution, cheap 

production costs and their device flexibility, photo- and electro-active organic materials are quite 

promising for the usage in organic photovoltaics. These organic solar cells are still under 

development but are receiving a lot of attention and a variety of excellent solar cells have been 

reported.16 Even though several other photovoltaic technologies show higher efficiencies, organic 

photovoltaics (OPVs) still remain advantageous, since they have low material toxicity, costs and 

environmental impact. Nevertheless they exceeded certified efficiencies of 17.4%11 to date.17, 18  

 

In general a photovoltaic cell converts light into direct current electricity. Which type of light (low 

energy, infrared, high energy, ultraviolet photons, etc.) can be converted into electricity depends 

strongly on the band gap of the light-absorbing material. Therefore, a common characteristic in 

photovoltaics is, that a large conjugated systems of both, the small molecules and polymers, is 

needed. The resulting delocalized 𝜋 orbital is the highest occupied molecular orbital (HOMO), 

which represents the valence band. The 𝜋* orbital is the lowest unoccupied molecular orbital 

(LUMO) which corresponds the conduction band.19 

 

2.2.1 Working Principle  

  

The photocurrent generation in organic solar cells is based on the steps, which can be seen in 

Figure 3. To excite an electron from the highest occupied molecular orbital (HOMO) to the lowest 

unoccupied molecular orbital (LUMO), a molecule needs to absorb light. Excitation can take place 

in the donor, as well as acceptor material. In organic materials, different to inorganic ones, a tightly 

bound electron-hole pair (exciton) is formed, which has a relatively high binding energy of about 

0.3 up to 1 eV.20 For the conversion of solar energy into electric energy the excitons needs to 

overcome the binding energy and dissociate into electrons and holes. The dissociation can be 

observed at the junction, where p-type as well as n-type semiconductors are in contact and 

forming a D/A-interface. After the dissociation at the interface the separated charge carriers are 

transferred to the respective electrodes.21, 22  
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Figure 3: Working principle of an organic solar cell. 1: absorption of photon followed by excitons formation; 2: charge 
seperations; 3: charge extraction23. Graphic created by Sanela Alibegic 

 

Efficiency of the diffusion process is depending on the excitons diffusion length (𝐿𝐷), as well as 

the thickness of the film 𝐷𝜏.  

𝐿𝐷 = (𝐷𝜏)
1

2  

 

However, the excitons diffusion length limits the absorbing layer thickness. In thicker layers, the 

efficient conversion of sunlight into electricity is decreased, since the excitons, generated at a 

distance from the D/A-interface larger than LD, will decay to ground state before dissociating.23  

 

2.2.2 Production of solar cells 

 

For organic solar cells there are two major concepts; bilayer and bulk heterojunction. Other 

junction types are single layer, discrete heterojunction, graded heterojunction, as well as 

continuous junction.  

 

Bilayer cells consist of two layers, which exist in between the conductive electrodes (Figure 4). 

Electrostatic forces are generated at the interface of the two layers due to different electron affinity 

and ionization energies. The materials need to be chosen wisely to make the differences large 

enough so that the local electric fields are strong. Another name for this junction type would be 

planar donor-acceptor heterojunction. 

The issue of the bilayer junction type is connected with the layer thickness. The diffusion length of 

excitons is typically in the order of 10 nm. The diffusion for most excitons to the interface should 

be in the same range as the diffusion length. However, the polymer layer usually has a thickness 
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of at least 100 nm, which is needed to absorb enough light. This means that only a small fraction 

of excitons can reach the heterojunction interface because of the large thickness.24, 25, 26, 27 

   

 

 

Figure 4: Bilayer Heterojunction with the active layer in the middle with the acceptor in purple and the donor in pink 

 

Bulk heterojunction has an absorption layer consisting of a blend of donor and acceptor materials. 

This blend uses a domain size in the order of nanometers to allow excitons with short lifetimes to 

reach an interface. Dissociation takes place due to the large donor-acceptor interfacial area.28 Bulk 

heterojunction has an important advantage over layered junction types, since a larger interface 

between donor and acceptor can be achieved. Efficient bulk heterojunctions are dependent on the 

large enough domain size to form a percolating network. Without this network charges can get 

trapped in a donor or acceptor rich domain and undergo recombination.  

To achieve this junction type, a solution containing the two components is made, followed by spin 

coating and allowing the two phases to separate. Separation usually takes the assistance of an 

annealing step.29 However, if the dispersion of the two materials is too fine, poor charge transfer 

through the layer can be observed.30 The nanostructural morphology is difficult to control and 

therefore still critical for photovoltaic performance.24, 24 

 

Figure 5: Bulk Heterojunction with the active layer in the middle with the acceptor in purple and the donor in pink 

acceptor 

 

donor 

donor/acceptor blend 
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2.2.3 Interfacial Layer Materials 

 

Important interfacial layer materials include inorganic metal oxides, carbon-based materials, 

polymers/small-molecules, metal salts/complexes, as well as organic-inorganic 

hybrids/composites, which have a direct impact on the efficiency and stability of the device.31 

 

2.2.3.1 Electron-Transporting Materials as Cathode Interface Layers 

 

Cathode Interface Layers (CILs) need to be highly transparent for light transmittance and stable 

to prevent diffusion of metal electrodes. Therefore, a lot of different materials can be used as CILs 

such as polymers, low working function metals, metal salts/complexes, metal oxides and so on. 31 

 

The most used materials among electron-transporters are n-type metal oxides with deep-lying 

energy levels such as ZnO32, TiOx
33, Nb2O5

34, SnOx
35. Organic solar cells, which are based on 

metal oxide CILs, show high performance due to the fact that these have outstanding features of 

ambient stability, high optical transparency, excellent capability to extract or transport electron 

carriers and good solution processability. One of the most used CIL is ZnO due to its 

characteristics such as low costs, non-toxicity, high stability, easy synthesis, as well as unique 

optical and electronic properties.36 These materials show low working function. They match with 

LUMO-levels of a variety of acceptors, such as, for example, fullerenes. With variations of the 

crystalline structures, film morphologies, compositions and film thickness ZnO CILs can be tuned 

in aspect of the mobility, interfacial properties and optical transparency.32, 32 

Similar like zinc oxide, titanium oxide is also a widely used material for CILs due to its good optical 

transparency, high environmental stability and relatively high electron mobility. Via spin coating, 

TiOx can be fabricated as effective interfacial layers for organic solar cells. It can be used as an 

optical spacer to enhance light absorption and act as an electron-transporting or hole-blocking 

layer.  

Problem with this type of metal oxide is the existence of many defects and trap sites within the 

layers, which gives a rise to a Schottky barrier at high working function metal/metal oxide interface 

or energy level mismatching at the metal oxide/bulk heterojunction layer interface. Thus, the 

effectiveness of titanium oxides as CILs is reduced. Light soaking with UV radiation could reduce 

this type of effects.32, 33 

Another promising wide-bandgap metal oxide is tin oxide, which comes in the form of SnO2 or 

SnOx. The difference to other n-type oxides is its higher intrinsic mobility, which offers efficient 

carrier transport. Tin oxide CILs are very stable even upon heat treatment in comparison to other 
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metal oxides. Due to the small particle size, smooth film morphology and excellent electron-

transporting properties of nanocrystalline SnO2, high quality polymer/fullerene active layers were 

already achieved.32, 35 

 

Often used as interface materials for improving solar cell performance instead of metal oxide are 

polymers and small-molecules, since thermal annealing of interlayers can be avoided. Also their 

compatibility is a huge aspect. Modification towards suitable energy levels and optical and 

electronic properties can be achieved easily. Due to the ability to form very thin layers and of their 

intermolecular dipole moments, these type of CIL materials can induce an interface dipole from 

the cathode to the active layer, thus reducing the working function of cathodes and increasing the 

built-in potential of organic solar cells.37 Examples for organic CILs are shown in Figure 6. 

 

 

 

Figure 6: Molecular structures of organic CILs 

 

Other CILs include low work function metals, metal salts/complexes and inorganic-organic hybrids 

and composites. 32 

 

2.2.3.2 Hole-Transporting Materials as Anode Interfacial Layers 

 

In comparison with the electron-transporting cathode interface layers, the hole-transporting 

materials as anode interfacial layers (AIL) should have high working function to match the HOMO 

levels of the donor materials in the active layer to permit hole-extraction. The holes need to be 

efficiently transported to reduce series resistances of organic solar cells for good photovoltaic 
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performance. As AIL materials organic conductive polymers, graphene oxides, inorganic metal 

oxides/sulfides and other alternatives have been designed. 32 

 

PEDOT:PSS is the most used conducting polymer in AILs so far. This material offers easy 

solution-processing and high conductivity. Additionally, its working function matches quite well 

with many different polymer donors to form a good interface.38 Problem with this conductive 

Polymer is the acidic and moisture sensitive characteristic, which influences the stability of the 

device. Modifications can help to reduce the negative aspects. 32 

 

In recent years, metal oxides replaced PEDOT:PSS as AILs in organic solar cells.39 The most 

important material is the transition metal oxide MoO3, due to its good transparency, better 

environmental stability and high working function when compared to PEDOT:PSS.31  

Due to the higher costs of PEDOT:PSS, research tried to focus on solution-processed MoOx-

layers40, 41, 42, which also showed better photovoltaic properties and a longer compared lifetime.43 

Also the oxygen vacancy of the transition metal is important when taking a look at the electronic 

property, as well as the oxygen level, which both can be controlled by it.41  

Another metal oxide, which can be used, is vanadium oxide (VOx) and nickel oxide (NiOx). Organic 

solar cells, which uses VOx-AILs showed good device performance. NiOx has a high working 

function, which promotes the Ohmic contact at the interface between bulk heterojunction and the 

anode, and acts very effective when it comes to blocking electrons.32 Other transition metal oxides, 

which are suitable for AILs in organic solar cells, are WOx
44, Fe3O4

45, CuO46, RuO2
47 and CrOx

48.  

 

Other promising materials which can be used as AILs for oganic solar cells can be graphene 

oxides and its derivatives, as well as conjugated polyelectrolytes or small-molecules as surface 

modifiers.32   

 

2.2.4 Electrode Materials 

 

As an electrode material transparent contacting elements are needed. Most commonly used is 

ITO. As Alternative PEDOT:PSS, ZnO:Al and other materials can be used.49  

 

The standard transparent contact material on the substrate is indium tin oxide (ITO). It is the most 

used material when it comes to electrode materials.However, in the past decade the price of 

indium increased rapidly. Therefore, ITO may be substituted with other alternatives in the next 

decade. But since the main advantage of organic solar cells is their low price point, the high costs 
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of ITO may be outbalanced. More negative aspects of ITO are possible diffusion of indium into 

organic materials and its brittleness. Nevertheless solar cells with ITO as electrode materials have 

the potential to provide ultra-lightweight, flexible cells with a wide range of applications.49, 50 

An alternative to indium tin oxide as electrode material can be aluminium-doped zinc oxide (ZnO:Al 

or often called AZO), another transparent conductive oxide (TCO). It was shown by Schulze et al. 

that ZnO:Al can be used as a hole contact which shows similar performance as ITO. In comparison 

with indium tin oxide it has similar conductivity. Problem hereby is that ZnO is chemically instable 

to acid, tends to grow with rough surfaces, is quite brittle and could be harmful to organic materials 

if deposited on top.49, 51 

Poly(ethylene dioxythiophene):polystyrene sulfonate, short PEDOT:PSS (Figure 7), is a 

conductive polymer as mentioned in before. Many different formulations of PEDOT have been 

researched in the last couple of years. The usage of this conductive polymer ranges from antistatic 

coating to matrix for carbon nanotube networks as well as hole transport between ITO and organic 

materials.52 Research showed that PEDOT:PSS can also be used as electrode material for 

polymer-based solar cells when combined with a silver grid. Additionally, PEDOT:PSS is also used 

as a back electrode.53  

 

 

 

Figure 7: Structure of Poly(ethylene dioxythiophene):polystyrene sulfonate (PEDOT:PSS) 

 

The susceptibility to oxygen, water, sodium (from glass substrates) and UV-light is a main concern 

when using PEDOT:PSS. Due to its conductivity of 500 S/cm it is still not comparable with ITO.49  

 

Other available electrode materials would be SnO2, Cd2SnO4, CdSnO3, CdInO4, Zn2SnO4, 

MgIn2O4, CdSb2O6 and In4Sn3O12. Many of these are still under research or are not commonly 

used, due to toxicity of the metals such as cadmium.49  

 

As back electrode, as already mentioned, PEDOT:PSS can be used. Other materials which are 

used as a back electrodes are, for example, Ag, Au, Al and other metals.31  
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2.2.5 Active Layer Materials 

 

The active layer of an organic solar cell consists of a donor and acceptor material. Acceptor 

materials can be divided into fullerene and non-fullerene compounds. As Donors, conjugated 

materials are used to enable charge transport.  

 

2.2.5.1 Donor Materials 

 

Over the past decade the development of new donor materials had shown more interest than for 

acceptor materials. There has been a long history of research, which started with small molecule 

donors. Small donor materials, however, exhibited difficulties in forming uniform thin films from 

solution. To produce better organic cells, the development of new donor materials was highly 

necessary.54  

An ideal polymer, which is used as a donor in organic solar cells possess various properties, such 

as a medium or low band gap, high carrier’s mobility, matched energy levels as well as good 

solubility. In organic photovoltaics polymers as donor materials are used as active layers to 

influence the light harvesting efficiency and, as well, the device performance. Therefore it is 

necessary to design the polymer donor with a narrow bandgap and appropriate energy level. 

Examples of polymers with these characteristics are shown in Figure 8.55  

 

 

Figure 8: Donor materials for organic solar cells 
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2.2.5.2 Acceptor Materials 

 

As acceptor materials hydrocarbon materials such as fullerene and non-fullerene derivatives are 

commonly used in the active layer of organic solar cells.  

Fullerene derivatives, such as C60 or PC60BM (Figure 9), as an example, own a unique carbon 

structure. They are arranged in 20 hexagonal and 12 pentagonal rings with icosahedral geometry. 

Due to the high symmetry of these types of molecules the optical and electronic properties are 

favorable for the use in organic photovoltaics.56  

Therefore they have small reorganization energy as well as the capability of accepting up to six 

electrons.57 The solubility for C60, however, is quite poor and could be a disadvantage when it 

comes to solution-processed solar cells.58 Therefore, derivatives are already researched, such as 

PC60BM59, bis-PC60
60 and so on. For enhancing the performance of the device, modifications can 

be used to tune the electron affinity of the fullerenes. Another possibility is the C70-derivatives, 

which display an enhanced absorption in the visible range. Due to the lower symmetry of the 

fullerene cage, these derivatives additionally show an increase in the external quantum yield of 

the solar cell.61 

 

 

 

Figure 9: Fullerene acceptors for organic solar cells61 
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Fullerene acceptor materials, however, show a limited tunability of their electron affinities, thermal 

and photochemical instability, weak absorption in the visible and NIR regions, as well as high 

electron affinities and low-lying singlet excited states.62 Additionally, the need for time-consuming 

purification is a high disadvantage due to the high costs involved (especially for C70 derivatives).  

Due to the less desirable qualities of this type of active layer materials, non-fullerene acceptors 

such as PDI, PMI and ITIC (Figure 10) are currently a major focus of research for bulk-

heterojunction organic solar cells. In comparison with fullerenes, NFAs show a wide range of 

variety when it comes to chemical structures and electron affinities. Additionally, they are easier 

synthesized. However, 2D planar conjugated organic building blocks tend to obtain inherently 

anisotropy crystal structures and electron transport. Therefore the formation of effective electron-

extraction pathway is hindered.  

Over all to say, NFAs, can exhibit strong absorptions in the region of visible and NIR spectrum, 

have suitably matched energy levels for charge separation with donors, the ability to form 

percolation pathways for charge transport, obtain the ability to form the desired morphologies for 

charge separation and show good molecular and morphological thermal stability and 

photostability.63 

 

 

 

 

Figure 10: Non-Fullerene acceptors (NFAs) for organic solar cells 

 

2.3 Perylene 

 

Fullerene derivatives have been widely used as an electron acceptor in organic bulk heterojunction 

(BHJ) solar cells. However, these acceptors are facing some drawbacks such as the difficulty of 

electronic structure tuning and the high commercial value for large-scale application.64 Due to their 

high chemical, thermal and photochemical stability, perylene derivatives are growing in interest as 
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an alternative to fullerenes. Additionally, their ability to exhibit large optical absorption in the visible 

to NIR spectral region is preferable. 65, 66 The most common perylene derivatives are perylene 

monoimides (PMI), as well as perylene diimides (PDI).  

 

 

 

Figure 11: PDI (1) and PMI (2) 
 

2.3.1 Perylene Diimide (PDI) 

 

Perylene diimides (PDI) are widely used and are receiving more and more attention due to their 

positive characteristics such as high fluorescence quantum yield, large molar absorption 

coefficient, high chemical stabilities, as well as high photo and thermal stabilities under visible light 

irradiation.67  

The first invention of PDI derivatives was Pigment Red (1913), were it was introduced as industrial 

pigment. Later on, other pigments (Pigment Red 149, Pigment Red 178; Figure 12) were 

developed. Due to their ability to exhibit excellent chemical, thermal, photo as well as weather 

stability, these types of pigments were highly used in industry. Today, they are mainly used in 

high-grade industrial paints, fiber applications and automobile industry. The high quality of the 

PDI-based pigment, as well as the durability of the colors outweighs the relatively high costs. 68  

 

 

 

Figure 12: Pigment Red 179 (1), Pigment Red 149 (2) and Pigment Red 178 (3) 
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Because of their positive characteristics PDI and their derivatives developed high interest in other 

industrial applications. Chemical and physical properties can varied by changing the substitution 

pattern of the PDI. In Figure 13 the different positions, where modification can take place, are 

shown. Due to the symmetry elements of perylene there are three different positions available.  

 

 

Figure 13: ortho- and bay-positions for PDI 

 

By exchanging only the imide group of the PDI products can be achieved, which can be used for 

pigments as seen in Figure 12. Additionally, functional groups can be placed in the imide structure 

as well as the bay-position to introduce polar carboxylic acid and sulfonic acid groups. Therefore 

perylenes get more soluble and can be used for protein tagging. 

Due to the strong electron affinities of PDI they can be used as n-channel field-effect transistors 

as well. For this application highly packed PDI-derivatives with electron withdrawing groups are 

used due to their high air stability.  

Exchanging the substituents at the bay-position is researched for application such as solar cells 

due to the easily tunable HOMO/LUMO levels of the perylene diimide derivatives. These PDI-

derivatives can reach high electron affinity, as well as high electron mobilities and therefore, they 

are widely used as acceptor materials. Because of the wide range of different substituents, a high 

amount of different derivatives are already known.68, 69 When applied in solar cells, high power 

conversion efficiencies of more than 6% were already achieved (Table 1). In the following table 

different perylenediimide derivatives are listed. 

  

 

 



17 

Table 1: Perylene diimide derivatives with high efficiencies used in organic photovoltaics 

 

Acceptor Donor PCE [%] 

SF-PDI270 PffBT4T 6.30 

PDI-V71 PtB7-Th 7.49 

PM-PDI372 PDBT-T1 7.58 

VDP-Se73 PBDB-T 6.01 

NDP-Se73 PBDB-T 7.41 

NP-diPDI-Se74 PBDB-T 6.25 

BPT-Se175 PDBT-T1 9.54 

BPT-Se75 PDBT-T1 7.78 

PPDI-Se76 PDBT-T1 7.47 

 

 

In (Figure 14) the different acceptor materials from Table 1 are shown. Very high power conversion 

efficiencies were achieved with substituents consisting of selenium. To achieve high power 

conversion efficiency, when applied in photovoltaics, a complex structure is necessary, which can 

be seen in Figure 14. Therefore, these derivatives had more than one PDI unit to achieve PCEs 

over 6%. The derivatives are connected with different types of linkers. The highest PCE was 

achieved with BPT-Se1 and reached 9.54%. This derivative consists of four PDI units with one 

selenium substituent on the bay positions connected with a linker.  

 

 

 

 

 

 

 

 

 

 

 

Figure 14: Perylene diimide derivatives with high efficiencies used in organic photovoltaics 
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2.3.2 Perylene Monoimide (PMI)  

 

Out of all perylene based dyes the perylene monoimides (PMIs) have a higher number of available 

positions for chemical functionalization. The positions differ between ortho, bay and peri. These 

acceptors show the same positive characteristics as the PDIs such as outstanding chemical, 

thermal and photochemical stability. Important for PMIs is their ability to tune their strong optical 

absorptions from visible to NIR regions by modification. PMIs show a high number of various 

industrial applications such as in organic photovoltaics, optical sensors, optical memory devices, 

dye lasers and much more.  

 

 

Figure 15: bay- and peri-positions of PMI 

 

A great impact on the photo-physical properties due to energetic optical transition can be observed 

due to the extension of π-conjugation along peri-positions. However, the optical properties can be 

fine-tuned by the extension of the π-conjugation along bay-positions. π-conjugation along both 

peri- and bay-position is still under research due to the limited access to the key building block.77 
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3 Objective 

 

The use of perylene diimide (PDI) derivatives as acceptors in organic solar cells should be 

investigated. Based on Density Functional Theory (DFT) computations by Rene Nauschnig 

different 1,7-substituents for this work were chosen. In the following table different acceptor 

materials based on PDI are shown.  

 

Table 2: Electronic properties of different PDI derivatives (done by Rene Nauschnig) 

Substance 
𝐇𝐎𝐌𝐎𝐃𝐅𝐓 

[eV] 
𝐋𝐔𝐌𝐎𝐃𝐅𝐓 

[eV] 
𝐄𝐆

𝐃𝐅𝐓 
[eV] 

𝛌𝐦𝐚𝐱
𝐃𝐅𝐓 

[nm] 
Dipole Moment

𝐃𝐅𝐓
 

(Debye) 

PDI −6.01 −3.48 2.51 531 0.00 

PDI-F2 −6.08 −3.52 2.56 508 0.09 

PDI-Cl2 −6.19 −3.62 2.57 535 0.62 

PDI- Br2 −6.16 −3.61 2.55 541 0.45 

PDI-I2 −6.24 −3.69 2.55 532 0.19 

PDI-(CN)2 −6.52 −4.06 2.46 535 1.75 

PDI-(SCN)2 −6.46 −3.96 2.50 540 3.15 

PDI-(MeO)2 −5.52 −3.17 2.35 566 0.97 

 

 

The main focus on this work was on halogens, as well as pseudohalogens. Since the 1,7-fluorine 

and 1,7-bromine showed similar electronic properties, these two were compared in organic 

photovoltaics. The 1,7-cyanide derivative shows an interesting difference in dipole moment when 

compared to the bromine or fluorine derivative. Therefore, also this type of derivative is chosen as 

an acceptor material. In addition, PDI-(PMI)2 (perylenediimide derivative with two 

perylenemonoimide units) was chosen as an interesting acceptor material for organic solar cells 

due to the molecular size, geometry and solubility.  

 

PDI-Br2 was used as a starting material for all other derivatives (Scheme 1). For characterization, 

several measurements should be carried out. Therefore 2D NMR experiments for the identification 

of the molecular structure, as well as fluorescence and absorption spectroscopy for determination 

of the optical properties should be achieved. Additionally, thermogravimetric analysis coupled with 

differential scanning calorimetry has to be applied to get further information of the melting point, 

glass transition as well as mass loss of the products. The synthesized acceptors will be assembled 

in photovoltaic devices under the same conditions, as well as undergo characterization of the cell 
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to investigate the influence of the different substituents on the bay-position. All the assembled 

organic solar cells will be compared with ITIC-F.  

 

 

 

Scheme 1: Synthesis of the different PDI derivatives 
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4 Results and Discussion 

 

The goal of this research was to synthesize different PDI derivatives as acceptor materials, 

characterize them and research their behavior in solar cells. DFT based computations were done 

to analyze the electronic properties of different PDI derivatives. Subsequently, the synthesis and 

the application in solar cells were carried out.  

 

4.1 Synthesis of Perylene Diimide Acceptors 

 

4.1.1 PDI-Br2 

 

 

Scheme 2: Synthesis of PDI-Br2. A: I2, Br2, H2SO4; B: 2,6-diisopropylaniline, propionic acid 

 

The general procedure is shown in Scheme 2 and was already known in literature67. For the 

synthesis of all other derivatives, PDI-Br2 was needed. Therefore, Perylene-3,4,9,10-

tetracarboxylic dianhydride (PTCDA) was used as a starting material. In the first step, PTCDA was 

brominated in sulfuric acid at 80 °C using 2.2 eq. Br2 and 0.036 eq. I2. After 12 hours the product 

was immediately used for the second step. PTCDA-Br2 reacted then with 4 eq. 2,6-

diisopropylaniline in propionic acid for 48 h to PDI-Br2. The problem with this reaction was the 

formation of several by-products, which were PDI-Br, PDI-Br2, PDI-Br3, PDI-Br4 and others. These 

by-products were successfully eliminated by flash chromatography (DCM:MeOH=10:1), as well 

as recrystallization in DCM and MeOH. Main problem with this reaction was the formation of two 

different isomers (Figure 16). 

 



22 

 

Figure 16: 1,7 - and 1,6 - isomers of PDI-Br2 

 

To isolate the 1,7-isomer several recrystallization (DCM/MeOH) steps needed to be done. NMR 

spectra were investigated to see, if the isomers were separated (Figure 17).  

 

Figure 17: NMR spectra of the isolation process of the 1,7-isomer of sPDI-Br2 (done by Rene Nauschnig) 

 

As one could see in the figure above, isolation of the favored isomer took several recrystallization 

steps. The crude product showed 4 peaks, which are symmetric to each other, which is a sign of 

isomers. After six recrystallization steps the peaks were much smaller. However, both isomers 

where still in the mixture. Therefore, the product was recrystallized even further until the 1,7-

crude product 

6 recrystallizations 

10 recrystallizations 
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isomer was finally achieved (10 recrystallization steps). Due to the time consuming 

recrystallization steps, the isomer mixture of PDI-Br2 was used for the first reaction of each 

derivative. After the successful isolation of the 1,7-PDI-Br2 the reaction were done again and 

compared.  

 

The NMR spectra in general can be seen in Figure 32 - Figure 34 (appendix). When compared 

with literature67 the peaks in the spectra looked the same, which gave the conclusion, that  

PDI-Br2 was successfully synthesized. However, the yield could not be determined because all 

three reactions were recrystallized together to get as much of the 1,7-isomer in the quickest time. 

Nevertheless, a yield of 70% was not achieved so far as repeated in Literature 67. The synthesized 

derivative was used for application in solar cells.  

 

4.1.2 PDI-F2 

 

 

Scheme 3: Synthesis of PDI-F2. C: KF, 18-crown-6, sulfolane 

 

The synthesis of PDI-F2 is depicted in Scheme 3 and was already known in literature80. PDI-Br2 

reacted with 6 eq. KF and 0.2 eq. 18-crown-6 at 160 °C for 1.5 h. The color turned from bright 

orange-red to an almost black purple. For the first reaction, whereas the isomeric mixture of  

PDI-Br2 was used, a high number of by-products was found after the reaction ended, which were 

visible in thin layer chromatography (TLC) in DCM:MeOH (50:1). Therefore flash chromatography 

in the same solvent mixture was done to isolate the most prominent spot on the TLC. However, 

the achieved product was not PDI-F2, which could be seen in NMR spectra (Figure 35; appendix) 

when compared to literature80. No similarities in the spectra were found. Therefore, the desired 

product could not be synthesized.  
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The second reaction was done with the isolated 1,7-isomer of the bromine derivative with the 

same conditions. The color turned from bright orange-red to a more orange-yellow which already 

was a big difference to the reaction before. TLC of the finished reaction showed only one by-

product which was successfully eliminated via flash chromatography in DCM:MeOH (50:1). The 

isolated product was inspected with NMR spectroscopy which showed the successfully 

synthesized PDI-F2 when compared with literature80. The peaks were comparable. Only an 

additional peak could be seen which showed that there was still solvent left. The spectra are 

depicted in Figure 36 - Figure 38 (appendix). 

 

The synthesized derivative was used for application in solar cells.  

 

4.1.3 PDI-(CN)2 

 

 

Scheme 4: Synthesis of PDI-(CN)2. D: CuCN, DMF 

 

For the synthesis of PDI-(CN)2 (Scheme 4), PDI-Br2 reacted with 20 eq. CuCN in DMF over six 

hours at 150 °C as seen in literature78. The first reaction was done with the isomeric mixture of the 

PDI-Br2. Immediately the color of the mixture turned from bright orange-red to a dark purple, 

almost black, color. After six hours the reaction was cooled down over night. On the next day the 

mixture was continuously Soxhlet extracted with CH2Cl2 for 48 h. The solvent was evaporated. 

Since the product mixture was not completely soluble in DCM, it was assumed that the unsoluble 

particles are by-products. Therefore, filtration was performed. Afterwards, a TLC was done 

(CH2Cl2). It showed four different spots, whereas each of the spots showed a slight shadow. 

Therefore, flash chromatography with DCM:MeOH (100:1) was performed and the three resulting 

products were analyzed via NMR spectroscopy. Since neither of the three products showed the 
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desired PDI-(CN)2 derivative in the NMR spectroscopy when compared with literature78, a second 

reaction with the 1,7-isomer of PDI-Br2 was performed.  

 

The second reaction was carried out under the same conditions as the previous one. Only 

difference here was the usage of the 1,7-isomer of PDI-Br2 as a starting material. After five minutes 

the reaction mixture turned from bright orange-red to a more dark red-pink color. After six hours 

the reaction was cooled down over night and on the next day Soxhlet extraction with CH2Cl2 for 

24 h was performed. The solvent of the extracted mixture removed under vacuum and filtrated 

due to the insoluble particles. A TLC was done, which showed 2 spots. Therefore, flash 

chromatography with DCM was carried out and a NMR spectroscopy was performed. The spectra 

showed that the product was in fact the desired PDI-(CN)2 derivative but there were still a few 

impurities which can be seen in Figure 39 - Figure 41 (appendix). Since the product had a different 

imide group than in literature78, the NMR spectra from literature could only be used as reference 

for the aromatic region. Therefore, MS spectrometry was done (Figure 42 - Figure 44; appendix) 

as a prove that the desired derivative was synthesized successfully. Stilll some by-products were 

visible in the MS and NMR spectra. The derivative was not suitable for solar cells, since there was 

no time left for work-up.  

 

4.1.4 PDI-(PMI)2 

 

 

Scheme 5: Synthesis of PDI-(PMI)2. E: PDI- boronic acid, pinacol ester, Pd(PPh3)4, KF, EtOH, Aliquat, toluene 

 

For the first reaction the isomeric mixture of PDI-Br2, for the second one, the 1,7-isomer was used 

for the synthesis of the (PMI)2 derivative. In comparison to the reactions above there was no major 

difference in color or by-products of the two different reactions.  

 



26 

For the PDI-(PMI)2 derivative a Suzuki cross coupling reaction was used79, where PDI-Br2, PMI- 

boronic acid, pinacol ester, KF, EtOH, Aliquat and a palladium catalyst reacted in toluene under 

N2 atmosphere at 100 °C. After 10 min the reaction mixture turned dark red. The reaction was 

controlled via TLC. After 1 day the TLC showed that the reaction was not finished so another 

spatula of the catalyst as well as 10 mL toluene were added to the mixture. The reaction was 

stirred at 100°C for another day. After the reaction finished the organic phase was separated and 

dried with Na2SO4. Since the Na2SO4 remained in a dark red color after washing with toluene, it 

was assumed that product was absorbed to the powder. Therefore the remaining dark red Na2SO4 

was washed in DCM and a TLC of the toluene as well as the DCM fraction was carried out. The 

fraction with DCM showed no by-products, whereas the toluene fraction showed plenty. Both 

fractions were dried over vacuum. A chromatography column (DCM) was done of the toluene 

fraction to remove the by-products. Further recrystallization of both fraction was done. NMR 

spectra was used to take a look at the different products after recrystallization. However, each 

fraction showed plenty of by-products and it was not quite sure if the resulting product was the 

(PMI)2 derivative. Since too many by-products were visible in the NMR spectra (Figure 45 - Figure 

46),it was not possible to evaluate it. 

 

4.1.5 Optical Characteristics 

 

Absorption spectra were recorded in CHCl3 to see the optical properties of the products. The molar 

absorption coefficients were determined by the concentrations of the acceptor, as well as the 

absorption of each sample. The absorption spectra from the different PDI derivatives, as well as 

PDI itself, are shown in Figure 18 with normalized absorption values.  
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Figure 18: Absorption spectra of each acceptor dissolved in CHCl3; red: PDI-Br2m, purple: PDI-F2, black: PDI; PMI 
measured by Rene Nauschnig 

 

As one could see in Figure 18, the absorption of PDI as well as the bromine derivative was almost 

the same. Only a slight shift to a higher wavelength could be observed. However, the fluorine 

derivative showed a more visible difference when compared to PDI. A shift to smaller wavelength 

was noticeable. 

 

Additionally, the molar absorption coefficient (휀) was calculated by using the formula beneath with 

the concentration c of the absorbing species per unit volume, the distance L that the light travels 

through the solution and the amount of light absorbed by the sample (A).  

 

휀 =
𝐴

𝐿𝑐
 

 

The molar absorption coefficient for the fluorine derivative was higher in comparison with PDI-Br2 

and showed a value of 91 000 L mol-1 cm-1. For PDI-Br2 it reached 71 500 L mol-1 cm-1. However, 

the values are still quite similar and could be described by the effect of a rather flat perylene core 

instead of a twisted one.  

Out of the absorption spectra the band gap (EG
opt.) was determined for both acceptor materials. A 

tangent was applied were the peak flattens out. The value in nanometers can be read off the x-

axis and was transformed into eV.  The resulting band gaps were compared with the computed 

data for both acceptors and were listed in Table 3. 
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Table 3: Optical band gaps and absorption maxima determined graphically from absorption spectra and by DFT based 
computations in the gas phase (6-31+G*) 

Substance 
𝐄𝐆

𝐨𝐩𝐭
 

[eV] 

𝛌𝐦𝐚𝐱
𝐨𝐩𝐭

 

[nm] 

𝐄𝐆
𝐃𝐅𝐓 

[eV] 
𝛌𝐦𝐚𝐱

𝐃𝐅𝐓 
[nm] 

PDI-F2 2.37 510 2.56 508 

PDI- Br2 2.27 521 2.55 541 

 

The values of the DFT based computations were achieve by experiments in gas phase (6-31+G*). 

The band gap for both derivatives showed smaller values by optical determination when compared 

with DFT computations. The absorption maxima however, showed a quite accurate value for PDI-

F2, whereas the value of PDI-Br2 was again decreased.  

 

Additionally, fluorescence spectra were recorded for each derivative in CHCl3, as well as the 

relative quantum yield Φ was calculated from the obtained data. The fluorescence and absorption 

spectra of both derivatives are shown in Figure 19; in red: absorption spectra of PDI-Br2, in purple: 

absorption spectra of PDI-F2 and in black the emission spectra of the derivatives. The stokes shift 

shows quite small values for both derivatives (PDI-Br2: 28.0 nm; PDI-F2: 8.2 nm ), which indicates 

rigid structure of the molecules.80 
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Figure 19: Absorption (red, purple line) and fluorescence spectra (black, dashed line) of both PDI derivatives in solution 
(CHCl3); A: PDI-Br2; B: PDI-F2 

 

The quantum yield was calculated out of the experimental data using “Fluoreszenzorange” as a 

reference material with a quantum yield of over 90%81. For PDI-Br2 the yield reached 91.6 

± 0.08%, for PDI-F2 100.0 ± 0.01%. The quantum yield showed similar values for both derivatives.   
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4.1.6 Thermal Characteristics 

 

The synthesized PDI derivatives were characterized by thermogravimetric analysis (TGA) and 

differential scanning calorimetry (DSC). In Figure 20 the results of the TGA measurement coupled 

with a DSC for the PDI-Br2 and PDI-F2 derivative are illustrated.  

Figure 20A shows the curves for PDI-F2. No mass loss could be observed at the beginning of the 

analysis. The compound starts melting at 414 °C and subsequently decomposes. The mass loss, 

which can be observed reaches a value of 36% in total.  

Figure 20B shows the curves for PDI-Br2. As well as the fluorine derivative, PDI-Br2 shows no 

visible mass loss at the beginning. No melting point was observed. However, an exothermic peak 

at 439 °C was visible, which indicates decomposition. After decomposition a mass loss of around 

37% in total can be observed. Compared to the PDI-F2 compound it is almost exactly the same 

value. Both PDI derivatives showed high thermic stability even at high temperatures.  
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Figure 20: TGA measurement coupled with DSC for PDI-F2 (left) and PDI-Br2 (right) 
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4.2 Organic Solar Cells 

 

The assembly of the organic solar cell devices can be seen in Figure 21. ITO-coated glass 

substrates were used and coated with ZnO as an electron transport layer, the active layer, which 

consists of acceptor and donor material, the hole transport layer (MoO3) and the top electrode 

(Ag).  

 

 

 

Figure 21: Assembly of organic solar cell devices 

For the first experiment ITIC-F and PDI-Br2 was used. The second experiment was done with PDI-

F2. ITIC-F was used for comparison reasons, since it has high efficiency values. For all acceptors 

PCE-12 as a donor material was chosen. All acceptor, as well as donor materials can be seen in 

Figure 21. All experiments were done with the same conditions, despite PDI-Br2 needed different 

spin coating parameters, due to too thin layers.  

 

 

 

 

 

 

 

 

 

 

Figure 22: Acceptor (PDI-Br2, PDI-F2, ITIC-F) and donor (PCE12) materials for organic solar cells 

PDI-Br2 PDI-F2 
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4.2.1 ITIC-F 

 

For the first experiment of organic solar cells ITIC-F was used as an acceptor material for 

comparison reasons with the acceptor materials, due to the fact of high power conversion 

efficiency values. The acceptor and donor (PCE12) were dissolved in chlorobenzene in a 

concentration of 10 mg/mL (results are shown in Table 4). Both materials were dissolved 

completely under heating of 50 °C. A donor/acceptor blend was made. The active layer consisting 

of donor and acceptor were spin coated with the same parameters for all substrates.  Eight devices 

were assembled. The mean values for each annealing temperature are depicted in Table 4. 

 

Table 4: Results of organic solar cells with ITIC-F as acceptor and PCE12 as donor material in a ratio 1:1 with a 
concentration of 10 mg/mL. Mean values of 12 cells.  

 VOC [V] ISC [mA/cm2] FF [1] PCE [%] Annealing 

ITIC-F 
PCE12 

1:1 
10 mg/mL 

0.65 ± 0.02 -14.68 ± 0.42 0.39 ± 0.00 3.59 ± 0.20 - 

0.55 ± 0.10 -15.01 ± 0.90 0.46 ± 0.10 3.85 ± 1.10 100°C, 10 min 

0.55 ± 0.09 -14.64 ± 0.81 0.45 ± 0.09 3.60 ± 1.12 160 °C, 10 min 

0.47 ± 0.08 -16.61 ± 0.98 0.51 ± 0.10 4.10 ± 0.07 200 °C, 10 min 

Best Cell 0.49 -19.34 0.54 5.12 200 °C, 10 min 

 

As one could see in Table 4 the fill factor, as well as the power conversion efficiency is increasing 

at higher annealing temperatures. However, the open circuit voltage showed a decrease. No trend 

could be observed for the ISC. 

The highest PCE was observed at 200 °C with 5.12%. For this cell, the fill factor (FF) had a value 

of 54%. The open circuit voltage (VOC) had a value of 0.49 V. The IV characteristics of the best 

assembled solar cell is depicted in Figure 23.  
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Figure 23: IV characteristics of the best solar cell with ITIC-F as acceptor and PCE12 as donor material of the dark 
(black) and illuminated measurement (blue). 
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Since the best cell was achieved at 200 °C annealing temperature, it was assumed, that higher 

annealing temperatures have a positive effect on this type of material. Nevertheless, only 

presumptions can be made, since only eight devices of ITIC-F for solar cells were made. Further 

optimization would be desirable.  

 

The layer thickness and roughness of the active layer of organic solar cells were measured with 

a contact profilometer. The values are depicted in Table 5. Two different annealing steps were 

compared; one without annealing and one with an annealing temperature of 100 °C. The average 

of layer thickness of the active layer of both devices was 64.1 ± 16.2 nm. The roughness of both 

devices showed an average of 2.7 ± 1.3 nm. As depicted in Table 5, the layer thickness, as well 

as the roughness, showed different values at different positions on the substrate. Therefore, 

further optimization (spin coating parameters, donor/acceptor ratio and concentration) need to be 

done. Since the average values for layer thickness for both substrates showed only slight 

differences, one would expect similar values for the PCE. However, the power conversion 

efficiency showed different values, due to the high difference in layer thickness at each position. 

Additionally, the highest value reached 79.9 nm without annealing and 88.1nm at 100 °C annealing 

temperature. The lowest value was 37.1 nm without annealing and 42.2 nm at 100 °C annealing 

temperature. The difference in thickness could be assumed as reason for the fluctuations in PCE 

as well.  

 

Table 5: Comparison of the layer thickness of the active layer of organic solar cells with ITIC-F as acceptor and PCE as 
donor material on 5 different positions on the substrate  

no annealing annealed at 100 °C 

Layer 
Thickness 

[nm] 
Roughness 

[nm] 

Layer 
Thickness 

[nm] 
Roughness 

[nm] 

37.1 2.8 42.2 5.6 

76.7 1.1 88.1 2.2 

51.6 4.4 77.8 1.8 

79.9 2.7 69.9 1.2 

60.6 2.7 57.4 2.2 

61.2 ± 2.7 ± 67.1 ± 2.6 ± 

15.9 1.0 16.0 1.5 

 

 

Additionally images of the cells at 100 °C, 160 °C and 200 °C were recorded using a light 

microscope with a magnification 500x (Figure 24). The active layer in all three substrates showed 

a smooth and homogeneous surface without crystallites. Therefore, it can be assumed that donor 
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and acceptor were perfectly dissolved in the solution. However, small particles could be observed 

all over the different substrates, which was assumed to be dust particles.  

 

     

Figure 24 Images with a magnification of 500x of the active layer of organic solar cells with an annealing temperature 
of 100°C (left), 160 °C (middle) and 200 °C (right) containing ITIC-F and PCE12 as active layer materials.  

 

4.2.2 PDI-Br2 

 

For the next experiment, PDI-Br2 as an acceptor material was used. The acceptor, as well as the 

donor (PCE12) were dissolved in chlorobenzene in a concentration of 10 mg/mL. The mean values 

are shown in Table 6. Both materials were dissolved completely under heating of 50 °C. A 

donor/acceptor blend was made. The solid was immediately dissolved under heating of 50 °C.  

Since the layer thickness was too thin, the active layer consisting of donor and acceptor were spin 

coated with different spin coating parameters. Six devices were spin coated with the same 

optimized parameters and reached an acceptable thickness. The layer thickness of each device 

can be compared in Table 7. 

 

Table 6: Results of organic solar cells with PDI-Br2 as acceptor and PCE12 as donor material in a ratio 1:1 with a 
concentration of 10 mg/mL. Mean values of 6 or 12 cells 

 VOC [V] ISC [mA/cm2] FF [1] PCE [%] Annealing 

PDI-Br2 
PCE12 

1:1 
10 mg/mL 

0.59 ± 0.00 -3.35 ± 0.12 0.34 ± 0.01 0.65 ± 0.04 - 

0.57 ± 0.00 -2.77 ± 0.14 0.35 ± 0.01 0.55 ± 0.04 - 

0.57 ± 0.00 -2.86 ± 0.27 0.34 ± 0.33 0.56 ± 0.10 - 

0.55 ± 0.01 -3.84 ± 0.24 0.33 ± 0.01 0.70 ± 0.06 160 °C, 10 min 

0.53 ± 0.00 -4.35 ± 0.21 0.31 ± 0.01 0.71 ± 0.04 200 °C, 10 min 

Best Cell 0.57 -3.56 0.4 0.81 - 

 

In Table 6 one could see the decrease in VOC and FF with higher annealing temperatures. 

However, an increase was observed for the PCE, as well as ISC. However, the highest PCE was 

achieved without annealing and had a value of 0.81%. For this cell the FF showed a value of 40%. 

50µm 50µm 50µm 
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The VOC had a value of 0.57 V. The IV characteristics of the best assembled solar cell is depicted 

in Figure 25.  
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Figure 25: IV characteristics of the best solar cell with PDI-Br2 as acceptor and PCE12 as donor material of the dark 
(black) and illuminated measurement (red). 

 

Since the best cell was achieved at 160 °C annealing temperature, it was assumed, that a higher 

annealing temperature had a positive effect on this material. Since only eight devices were made, 

further optimization is needed to get an exact insight of the annealing behavior.  

 

In Table 7 the layer thickness, as well as the roughness is depicted. Devices with no annealing 

temperature but different spin coating parameters were measured with a contact profilometer. The 

layer thickness of both devices showed different thicknesses, which was visible with the eye and 

therefore expected. Both of the measured devices showed variation of layer thickness on the 

different positions. However, the roughness stayed quite the same. Even though the layer 

thickness of both substrates showed different values, the PCE was similar. Therefore the layer 

thickness had no influence on the efficiency of solar cells with the bromine derivative as acceptor 

material. The average value of layer thickness of the active layers of both devices was 76.3 ± 

14.5 nm with a roughness of 2.2 ± 1.4 nm.  
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Table 7: Layer thickness of the active layer of organic solar cells with PDI-Br2 as acceptor and PCE as donor material 
on 5 different positions on the substrate  

1500 rpm/no annealing 1000 rpm/no annealing 
Layer 

Thickness 
[nm] 

Roughness 
[nm] 

Layer 
Thickness 

[nm] 
Roughness 

[nm] 

78.5 3.2 59.1 1.4 

57.6 1.3 101.0 1.3 

68.9 1.2 76.5 2.2 

76.8 2.0 92.0 6.0 

59.9 1.9 92.8 1.5 

68.3 ± 1.9 ± 84.3 ± 2.5 ± 

8.5 0.7 14.9 1.8 
 

Additionally images of the cells with the same spin coating parameters at different annealing 

temperatures (no annealing, 160 °C and 200 °C) were recorded using a light microscope with a 

magnification 500x (Figure 26). The active layer in all substrates showed a smooth and 

homogeneous surface without crystallites. Therefore, it can be assumed that donor and acceptor 

were perfectly dissolved in the solution. However, all over the not annealed devices dust particles 

were be observed.  

 

   
 

   

Figure 26: Images with a magnification of 500x of the active layer of organic solar cells without annealing (top left, top 
right), with 160 °C (bottom left) and 200 °C annealing temperature (bottom right) containing PDI-Br2 and PCE12 as 
active layer materials. 

50µm 50µm 

50µm 50µm 
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4.2.3 PDI-F2 

 

For the last experiment, PDI-F2 was used as an acceptor material. The acceptor and donor 

(PCE12) were dissolved in chlorobenzene in a concentration of 10 mg/mL. The mean values are 

depicted in Table 8. Both materials were dissolved completely under heating of 50 °C. A 

donor/acceptor blend was made. The active layer consisting of donor and acceptor were spin 

coated with the same parameters for all 16 devices. The annealing temperature was varied.   

 

Table 8: Results of organic solar cells with PDI-F2 as acceptor and PCE12 as donor material in a ratio 1:1 with a 
concentration of 10 mg/mL. Mean values of 6 or 12 cells 

 VOC [V] ISC [mA/cm2] FF [1] PCE [%] Annealing 

PDI-F2 
PCE12 

1:1 
10 mg/mL 

0.70 ± 0.02 -1.56 ± 0.13 0.42 ± 0.02 0.44 ± 0.04 - 

0.67 ± 0.01 -1.73 ± 0.10 0.45 ± 0.02 0.53 ± 0.03 100 °C, 10 min 

0.67 ± 0.02 -2.52 ± 0.17 0.45 ± 0.02 0.75 ± 0.06 120 °C, 10 min 

0.66 ± 0.02 -2.01 ± 0.16 0.45 ± 0.02 0.60 ± 0.05 140 °C, 10 min 

0.63 ± 0.01 -2.16 ± 0.17 0.46 ± 0.02 0.62 ± 0.06 160 °C, 10 min 

0.69 ± 0.02 -1.91 ± 0.11 0.44 ± 0.02 0.57 ± 0.03 180 °C, 10 min 

0.57 ± 0.11 -1.96 ± 0.31 0.39 ± 0.05 0.41 ± 0.11 200 °C, 10 min 

Best Cell 0.69 -3.23 0.44 0.96 120 °C, 10 min 

 

 

With higher annealing temperature the values of the PCE increased until 140 °C and decreased 

for higher temperatures. The same behavior could be observed for the ISC. The FF showed no 

influence. A decrease with higher annealing temperatures in VOC was observable.  

 

The highest PCE of 0.96% was observed at 120°C annealing. For this cell, the FF showed a value 

of 44%. The VOC had a value of 0.63. The IV characteristics of the best assembled solar cell is 

depicted in Figure 27. 
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Figure 27: IV characteristics of the best solar cell with PDI-F2 as acceptor and PCE12 as donor material of the dark 
(black) and illuminated measurement (purple). 

 

Additionally, the layer thickness, as well as the roughness were measured with a contact 

profilometer (Table 9). Even though the spin coating parameters for all substrates stayed the 

same, the layer thickness and roughness showed big differences. It can be assumed that the 

mixture of donor and acceptor was too concentrated and therefore difficulties with spin coating 

occurred. However, the average layer thickness of the active layer of both devices had a value of 

111.2 ± 24.4 nm and a roughness of 2.2 ± 1.0 nm.  

 

Table 9: Layer thickness of the active of organic solar cells with PDI-Br2 as acceptor and PCE as donor material on 5 
different positions on the substrate 

 

 

 

Images of the cells at different annealing temperatures (120 °C, 140 °C, 160 °C, 200 °C) were 

recorded using a light microscope with a magnification 500x (Figure 28). The active layer at  

120 °C and 160 °C showed that the donor/acceptor mixture wasn’t dissolved properly. Therefore 

crystallites were visible all over the substrate. However, these substrates showed the highest PCE. 

no annealing annealed at 100°C  
Layer 

Thickness 
[nm] 

Roughness 
[nm] 

Layer 
Thickness 

[nm] 
Roughness 

[nm] 

112.0 3.6 80.5 1.1 

173.0 4.1 87.2 0.9 

98.7 2.5 119.0 1.3 

114.0 1.8 105.0 2.0 

124.4 2.7 97.9 2.2 

124.4 ± 2.9 ± 97.9 ± 1.5 ± 

25.6 0.8 13.5 0.5 
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At 140 °C and 200°C annealing temperature, pores were visible due to dust particles. However, a 

homogeneous surface without crystallites was observed. The PCE of these substrates showed 

the weakest behavior.   

 

   

   

Figure 28: Images with a magnification of 500x of the active layer of organic solar cells with an annealing temperature 
of 120 °C (top left), 140 °C (top right), 160 °C (bottom left) and 200 °C (bottom right) containing PDI-F2 and PCE12 as 
active layer materials. 

 

4.2.4 Comparison 

 

The performance of the cells depends highly on annealing temperature and the solubility of the 

donor/acceptor blend. The IV characteristics, as well as the layer thickness of one cell of each 

acceptors at no annealing temperature are depicted in Table 10 for further comparison.  
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Table 10: IV characteristics and active layer thickness of solar cells with the different acceptor materials (ITIC-F, PDI-
Br2, PDI-F2) and PCE12 as a donor in the ratio 1:1 with a concentration of 10 mg/mL. The best cell is shown in brackets.  

  
VOC [V] ISC [mA/cm2] FF  [1] PCE  [%] 

Layer Thickness  
[nm] 

ITIC-F 0.65 (0.49) -13.72 (-19.34) 0.39 (0.54) 3.41 (5.12) 61.17 

PDI-Br2 0.57 (0.57) -2.77 (-3.56) 0.35 (0.40) 0.55 (0.81) 68.31 

PDI-F2 0.68 (0.69) -1.49 (-3.23) 0.42 (0.44) 0.42 (0.96) 124.42 
 

Comparison of the three different acceptor materials could not be achieved properly due to their 

different layer thickness (PDI-Br2 compared with PDI-F2). ITIC-F showed a much higher PCE than 

the other materials, which was already expected. PDI-Br2 showed a higher efficiency than PDI-F2 

when no annealing took place. However, the best cells showed the exact opposite effect. 

Therefore, both materials need to undergo further investigation to get a better feeling about 

annealing temperatures, layer thickness, as well as IV characteristics. 

 

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

films. The spectra are depicted in Figure 29. 
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Figure 29: Absorption spectra of each acceptor, the donor and the blend of both. PDI-Br2 (top left), PDI-F2 (top right) 
and ITIC-F (bottom); in red PDI-Br2, purple PDI-F2, blue ITIC-F, turquoise PCE12 and in black the blend 
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PCE12 has its absorption maxima between 500 and 700 nm. The acceptors, however, work best 

at 400 to 600 nm (PDI-Br2 and PDI-F2) and 550 to 800 nm (ITIC-F). As expected, the donor and 

acceptor blend gave an absorption range of 450 to 700 nm for PDI-Br2 and PDI-F2 and 500 to 800 

nm for ITIC-F.  

 

Figure 30 shows the external quantum efficiency (EQE) of the donor and acceptor blends of the 

best cells of all three acceptor materials. In the left spectra all acceptors are depicted; on the right 

only PDI-Br2 and PDI-F2 are shown for easier comparison reasons.  
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Figure 30: EQE measurement of the solar cell devices. ITIC-F in blue, PDI-Br2 in red and PDI-F2 in purple.  

 

The EQE for ITIC-F, as excepted, showed higher values as the other two PDI derivatives. When 

compared to the absorption spectra of each of the blends, the EQE curves looked similar. Between 

both PDI derivatives, PDI-F2 showed higher EQE values. The IV characteristics, which were 

measured before the EQE measurement, stayed the same afterwards for all of the materials. 

Additionally, light soaking experiments for each acceptor/donor blend was done for 15 min and IV 

characteristics were measured again. No change could be noticed after light soaking for neither 

of the donor/acceptor blends.  

 

Additionally, the influence of the annealing temperature on the assembled solar cells was tested 

(Figure 31). Therefore each solar cell was annealed at a certain temperature (starting at 60°C). 

Each annealing step was done for 10 min.   
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Figure 31: Influence of temperature on the assembled solar cells. In blue ITIC-F, red PDI-Br2 and purple PDI-F2 

 

Solar cells with ITIC-F as acceptor material show an increase in PCE from 60 °C to  

140 °C. After 140 °C the efficiency decreased drastically. For PDI-Br an increased annealing 

temperature showed a negative effect. PDI-F2 showed the complete opposite behavior than PDI-

Br2. With an increase in annealing temperature the PCE was increased as well. At 220 °C a 

maximum is reached and at 300 °C the solar cell did not work properly anymore. In comparison 

to the other acceptor materials, PDI-F2 could undergo the highest temperature. PDI-Br2 and  

ITIC-F solar cells stopped working properly at 220 °C. It can be assumed that PCE12 is 

evaporating (Tg = 105-210 °C82) and therefore, the efficiency is starting to decrease. Additionally, 

the active layer can diffuse in the electrode materials at high temperatures, resulting in a decrease 

in efficiency.  
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5 Experimental 

 

5.1 Chemicals and Materials 

 

Table 11: List of chemicals used for synthesis and assembly of solar cells 

 

Chemicals 
 

Purity Grade / Description 
 

Supplier 
 

 
Bromine, Br2 

 

 
> 99 %, iodometric 

 
Merck 

Iodine, I2 

 
99.99 % (trace metal basis), pellets Sigma Aldrich 

Perylene-3,4,9,10-tetracarboxylic 
dianhydride, PTCDA 

 
>98.0% TCI 

Sulfuric acid, H2SO4 > 95 % Fisher Scientific 
Propionic acid, CH3CH2COOH 

 
99 % Sigma Aldrich 

2,6-diisopropylaniline, 
H2NC6H3(CH(CH3)2)2 

 
97 % Sigma Aldrich 

Potassium fluoride, KF 
 

99 % Fluka 

18-crown-6 
 

FCB081436 Fluorochem 

Sulfolane, C4H8O2S 
 

99.0 % Merck 

Cuprous cyanide, CuCN 
 

≥ 99.0 % Fluka 

Dimethylformamide, DMF ≥ 99.8 % Sigma Aldrich 
Tetrakis(triphenylphosphine)-Palladium, 

Pd(PPh3)4 

 
99.9 % abcr 

Ethanol, EtOH 
 

96 % TU Graz 

Aliquat 336 
 

Highly viscous liquid Sigma Aldrich 

Toluene 
 

99.5 % TU Graz 

Chlorobenzene, CB 
 

99.8 %, anhydrous Sigma Aldrich 

Chloroform, CF 
 

≥ 99.9 % Sigma Aldrich 

Dichloromethane, DCM 
 

99.8 % Fisher Scientific 

Molybdenum(II)oxide 99.98 % (trace metal basis) Sigma Aldrich 
Silver, Ag 

 
99.99 %, pellets Kurt J. Lesker Company 

PBDB-T/PCE-12 
 

OS0804 One Material 

Zinc acetate dehydrate 
 

≥ 99.5 % Fluka 

2-Methoxyethanol 
 

99.8 %, anhydrous Sigma Aldrich 

Ethanolamine 
 

≥ 99 % Sigma Aldrich 

Methanol, MeOH 100 % VWR 
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5.2 Synthesis 

 

Most of the reactions were done under nitrogen atmosphere. This was achieved by a constant 

stream of nitrogen gas throughout the whole reactions. Additionally, a balloon filled with nitrogen 

gas was used before the reaction started to degas the solvents, as well as the reaction mixtures.  

 

All the reactions needed to be heated up. Therefore a silicon oil bath was used.  

  

5.2.1 Analytical Methods 

 

5.2.1.1 Flash Chromatography  

 

Silica gel 60 (particle size 0.06 – 0.2mm) from Macherey-Nagel was used. The products were 

either dissolved in the appropriate solvent or dissolved and absorbed on silica gel before applying 

on the column.  

 

5.2.1.2 Thin Layer Chromatography (TLC) 

 

Thin layer chromatography was used to observe the reaction, as well as to identify the purity of 

the product mixture. Silica gel plates (Silica gel 60 F254 from Merck Millipore) were used.  

 

5.2.1.3 Mass Spectrometry (MS) 

 

Mircromass MALDI micro MX mass spectrometer by Waters was used for the measurement. As 

a matrix Dithranol in a concentration of 10 mg/mL in THF was used. The concentration of the 

sample was 1 mg/mL in DCM in a mixing ratio matrix/sample = 7/2. As a reference material 

polyethylene glycol (PEG) was used. The measurement was performed by Karin Bartl. Data 

analysis was performed with MassLynx V4.1 software. 

 

5.2.1.4 Nuclear Magnetic Resonance Spectroscopy (NMR) 

 

NMR spectra were done on a Bruker Advance III (300 MHz) with auto sampler, as well as on an 

Inova 500 (500 MHz) spectrometer. Measurements on the Inova 500 spectrometer were executed 

by Petra Kaschnitz.  
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5.2.1.5 Fluorescence Spectroscopy 

 

3 samples in CHCl3 were prepared with a maximum absorption smaller than 0.1. Therefore, a 

UV/VIS spectrum was recorded for each sample before the fluorescence measurement for 

reassurance. The spectra were recorded on a UV-Visible Spectrophotometer Cary 50 Conc by 

Varian. Settings are listed in Table 12. 

 

Table 12: Settings for the absorption measurement in CHCl3 

Start wavelength [nm] 800 
End wavelength [nm] 350 
Slit width [nm] 1.0 
Scan speed [nm/s] 70 

 

For the fluorescence spectra a FluoroLog 3 spectrofluorometer from Horiba Scientific Jobin Yvon 

adjusted with R2658 photomultiplier from Hamamatsu was used. As reference material 

“Fluoreszenzorange” in CHCl3 was chosen. The settings can be seen in Table 13. 

 

Table 13: Settings for the fluorescence measurement in CHCl3 

 PDI-Br2 PDI-F2 

Start wavelength [nm] 500 490 
End wavelength [nm] 800 800 
Slit width [nm] 1.0 1.0 
Excitation wavelength [nm] 490 480 

 

5.2.1.6 UV/VIS Spectroscopy and Optical Band Gap Determination in Solution 

 

UV/VIS spectra in chloroform were done with a UV spectrophotometer ‘UV-1800’ from Shimadzu. 

All the measurements were done 3x to achieve reproducible results. Each vial contained about 1 

mg product which was dissolved in 10 mL chloroform (1:1). 1 mL was taken out and diluted with 

9 mL CHCl3 (1:10). Out of this vial, again 1 mL was taken out and diluted with 9 mL chloroform 

(1:100). The following settings were used. 

 

Table 14: Settings for the absorption measurement in CHCl3 

Start wavelength [nm] 800 
End wavelength [nm] 350 
Slit width [nm] 1.0 
Scan speed [nm/min] 350 
Data interval [nm] 1 
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The extinction coefficient was determined for each material with the accurate concentrations, as 

well as the absorbance maxima. Also the band gap out of the absorption spectra was determined. 

 

5.2.1.7 Thermogravimetric Analysis (TGA) 

 

TGA coupled with differential scanning calorimetry (DSC) was done with a STA 449 C by 

NETSCH. Each sample was measured in an aluminium pan with helium as protective gas with a 

flow rate of 50 mL/min. Heating rate was 10 K/min. The samples were measured from 20-550 °C. 

Measurements were performed by Josefine Hobisch.  

 

5.2.2 Experimental Procedures  

 

5.2.2.1 5,12-dibromo-2,9-bis(2,6-diisopropylphenyl)anthra[2,1,9-def:6,5,10-d'e'f']diisoquinoline-

1,3,8,10(2H,9H)-tetraone 

 

Scheme 6: Synthesis of PDI-Br2 

 

1H-NMR (500 MHz; CDCl3) 𝛿 = 9.60 (2H, d, 3JHH=7.8 Hz), 9.02 (2H, s), 8.80 (2H, d,  

3JHH=7.8 Hz), 7.52 (2H, t, 3JHH=7.8 Hz), 7.38-7.36 (4H, d, 3JHH=7.8 Hz), 2.74 (4H, m, 3JHH=7.0), 

1.20-1.18 (24H, d, 3JHH=7.2) 

 
Orange-red powder; yield was not possible to determine  
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First Reaction 

 

10.01 g perylene-3,4;9,10-tetracarboxylic acid dianhydride (PTCDA) was suspended in 300 mL 

concentrated sulfuric acid and stirred for 1 hour. 0.552 g iodine and 8 mL bromine was added. 

The mixture was stirred for 3 days. The finished reaction mixture was slowly transferred into 

distillated water and filtrated. The solid product was washed with distilled Water until the pH-value 

was neutral.  

 

For the second step 14.03 g PTCDA-Br2 and 19 mL 2,6-diisopropylaniline were dissolved in a 

500mL two-neck-flask and 400 mL propionic acid. The reaction was refluxed under nitrogen 

atmosphere for three days. After cooling to room temperature the reaction mixture was poured on 

700 mL distilled water and the precipitate was filtrated. The product was dissolved in CH2Cl2 and 

dried with Na2SO4. The solvent was evaporated under reduced pressure. The product was purified 

by flash chromatography with CH2Cl2.  

 

Second Reaction 

 

506 mg of PTCDA was dissolved in 4mL conc. H2SO4 in a three-neck-flask. The solution was 

stirred at room temperature under an air atmosphere for two days. 12 mg of I2 and 170 𝜇L of Br2 

were added to the solution. The solution was heated to 85°C overnight under vigorous stirring. On 

the next day the mixture was cooled to room temperature and the product was isolated by filtration 

as well as washed with distilled water until the pH value reached 7.  

 

All of the product of the first step of the reaction and 0.98 mL 2,6-diisopropylaniline were dissolved 

in a 100 mL three-neck-flask with 40 mL propionic acid. The reaction was refluxed under nitrogen 

atmosphere for 24 hours. The reaction mixture was cooled to room temperature and poured onto 

40 mL distilled water. The precipitate was filtrated and solved in CH2Cl2. Separation of the two 

phases was done in a separation funnel (3x CH2Cl2). The organic phase was dried with Na2SO4 

as well as filtrated afterwards. The solvent was evaporated under reduced pressure. Purification 

was done by recrystallization steps with CH2Cl2 and MeOH for ten times. 
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Third Reaction 

 

Because more product of the PDI-Br2 was needed, the reaction was done again with the same 

conditions as previous reactions. 5 g starting material was used.  

 

5.2.2.2 2,9-bis(2,6-diisopropylphenyl)-5,12-difluoroanthra[2,1,9-def:6,5,10-d'e'f']diisoquinoline-

1,3,8,10(2H,9H)- tetraone 

 

 

 

Scheme 7: Synthesis of PDI-F2 

 

1H-NMR (500 MHz; CDCl3) 𝛿 = 9.25 (dd, 2H, 3JHH=6.0, 3JHH=5.0 Hz), 8.83 (d, 2H, 3JHH=9.2 Hz), 

8.64 (d, 2H, 3JHH=13.5 Hz), 7.52 (t, 2H, 3JHH=7.7 Hz), 7.37-7.36 (d, 4H, 3JHH=7.7 Hz), 2.74 (m, 4H, 

3JHH=7.1 Hz), 1.20-1.18 (d, 24H, 3JHH=6.5 Hz) 

 

Orange-yellow powder; yield: 54% 

 

First Reaction 

 

100 mg PDI-Br2, KF and 5 mL18-crown-6 (wrong calculation; 0.005 mL or 6.08 mg) were put in a 

50 mL one-neck-flask and were dissolved in 0.7 mL sulfolane. The reaction mixture was heated 

to 160-170 °C for 1.5 h under vigorous stirring. The resulting product was cleaned with flash 

chromatography two times (DCM:MeOH = 50:1 and DCM:MeOH = 200:1).  
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Second Reaction 

 

The second reaction was done like the first one with the same amount of starting material. Only 

difference was the usage of the isolated 1,7-isomer of PDI-Br2 and the proper amount of 18-crown-

6. 

 

5.2.2.3 2,9-bis(2,6-diisopropylphenyl)-1,3,8,10-tetraoxo-1,2,3,8,9,10-hexahydroanthra[2,1,9-

def:6,5,10-d'e'f']diisoquinoline-5,12-dicarbonitrile 

 

 

 

Scheme 8: Synthesis of PDI-(CN)2 

 

1H-NMR (500 MHz; CDCl3) 𝛿 = 9.73-9.73 (d, 2H, 3JHH=7.8 Hz), 9.08 (s, 2H), 9.04-9.01 (d, 2H, 

3JHH=7.8 Hz), 7.57-7.52 (d, 2H, 7.6 Hz), 7.39-7.36 (d, 4H, 3JHH=7.6 Hz), 2.7 (m, 4H, 6.7 Hz), 1.20-

1.18 (d, 27H, 6.7 Hz) 

 

MS (MALDI/TOF) m/z: 762.3297 (calculated for C50H40N4O4, [MH]+ 761.3050) 

Red powder; yield: 10% 

 

First Reaction 

 

To a 100 mL round bottom flask 108 mg of PDI-Br2 and 250 mg CuCN were dissolved in. 6 mL of 

DMF was added and the mixture was heated under vigorous stirring at 150°C under N2 

atmosphere for 6 h. The mixture was cooled down overnight.  
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The reaction mixture then was continuously Soxhlet extracted with DCM over three days, followed 

by evaporation until dryness. The product was filtrated and flash chromatography with DCM:MeOH 

(100:1 and 50:1; gradient chromatography) was performed. 

 

Second Reaction 

 

The second reaction was done exactly in the same way as the first one with the same amount of 

starting material. Only difference was the usage of the isolated 1,7-isomer of PDI-Br2. 

 

5.2.2.4 2,9-bis(2,6-diisopropylphenyl)-5-(2-(2,6-diisopropylphenyl)-1,3-dioxo-2,3-dihydro-1H-

benzo[10,5]anthra[2,1,9-def]isoquinolin-8-yl)-12-(2-(2,6-diisopropylphenyl)-12-methyl-

1,3-dioxo-2,3-dihydro-1H-benzo[10,5]anthra[2,1,9-def]isoquinolin-8-yl)anthra[2,1,9-

def:6,5,10-d'e'f']diisoquinoline-1,3,8,10(2H,9H)-tetraone 

 

 

 

Scheme 9: Synthesis of PDI-(PMI)2 

 

Dark red, almost black powder; yield was not possible to determine  
 

First Reaction 

 

207.6 mg of PDI-Br2 and 369.0 mg of PMI-boronic acid, pinacol ester were added to a 3-neck-

flask (100 mL). 40 mL toluene, 3 mL KF (1M), 0.3 mL EtOH, as well as 1 drop of Aliquat were 

added to the mixture and stirred under N2 (air balloon) for approximately 5 min. 1 spatula of 

Pd(PPh3)4 was added and the mixture was again stirred under N2 (air balloon) for another 5 min. 

Afterwards the reaction mixture was heated until reflux (100 °C) for 48 h. The reaction was 

controlled via TLC. After the reaction finished, the mixture was put in a separation funnel (2x dest. 
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H2O, 2x toluene, 2x brine) and the organic phase was dried over Na2SO4. The resulting product 

was purified with flash chromatography (DCM) and recrystallization (DCM/MeOH). 

 

Second Reaction 

 

The second reaction was done exactly in the same way as the first one. Only difference was the 

usage of the isolated 1,7-isomer of PDI-Br2. 

 

5.3 Organic Solar Cells 

 

5.3.1 General Procedure 

 

The Assembly of the organic solar cells in this work was done in an inverted architecture with a 

bulk heterojunction design. The device consists of a top electrode (Ag), active layer (PDI derivative 

as acceptor and PCE12 as donor material) and the bottom electrode (ITO) on a glass substrate 

with interlayers (ZnO, MoO3). The assembly was achieved according to the following procedure. 

 

5.3.1.1 Cleaning/Activation of the Substrates 

 

Glass substrates (ITO coated) of 15 x 15 x 1.1 mm with a sheet resistance of 15 Ω (purchased 

from Luminescencce Technology Corporation) were cleaned with water and acetone before they 

were put in a bath of 2-propanol at 40 °C for ultrasonic treatment (Ultrasonic Cleaner from VWR). 

After the treatment the substrates were individually dried with compressed air (N2), followed by 

plasma etching at a constant oxygen gas flow for 3 min (Femto etcher by Diener Electronics). After 

the cleaning and activation step the substrates were transferred into the N2-filled glove box 

(LabMaster dp by MBraun).  

 

5.3.1.2 ZnO-Interlayer 

 

A sol-gel procedure was done for the application of the ZnO-interlayer. Therefore, a precursor 

solution with a composition of 500 mg zinc acetate dehydrate, 5 mL 2-methoxyethanol, as well as 

150 μL ethanolamine was prepared and mixed, as well as stirred outside the glove box for 

approximately 18 h. The solution was then transferred into the glove box and stirred again. Each 

substrate was then coated with the ZnO-interlayer by spin coating 35 μL of the precursor solution 
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with 4000 rpm and 2000 rpm/s acceleration for 30 s (layer thickness between 20 and 30 nm). For 

the spin coating a spin coater from Laurell Technologies (Model WS-650MZ-23NPPB) was used. 

After this procedure the substrates were annealed at 150 °C outside the glove box for about 10min 

and transferred back inside again.  

 

5.3.1.3 Active Layer 

 

The used acceptor materials (PDI-Br2, PDI-F2, PDI-(CN)2 and ITIC-F) were diluted with 

chlorobenzene and dissolved for approximately one hour at 50 °C. As a donor material PCE-12 

was added and the mixture was stirred overnight at 50 °C. The concentration for all was 10 mg/mL 

and the Donor/Acceptor-ratio was 1:1. The resulting solution was spin coated on the substrates 

with different parameters to obtain a layer thickness of 100 nm. For each substrate a drying step 

was added in the spin coating process with 4000 rpm, 4000 acc. For 5 s. After the deposition of 

the active layer, different annealing steps with varying temperature for 10 min were done.  

 

5.3.1.4 MoO3-Interlayer and Ag-Electrode 

 

The MoO3-interlayer (10 nm), as well as the Ag-electrode (100 nm) were deposited on each 

substrate by thermal evaporation. For this step, a shadow mask was used to achieve an electrode 

area of 0.09 cm2. Evaporation was done under at least 1 x 10-5 mbar.  

 

5.3.2 Characterization 

 

5.3.2.1 UV/VIS-Spectroscopy in Films 

 

UV/VIS-Sepctroscopy was recorded with an UV/VIS-Spectrometer Lambda 35 from Perkin Elmer. 

The settings can be seen in Table 15.  

 

Table 15: Settings for the absorption measurement of acceptor, donor and blend in films.  

Start wavelength [nm] 800 
End wavelength [nm] 400 
Slit Witdh [nm] 1.0 
Scan Speed [nm/min] 240 
Data Interval [nm] 1 
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The absorption spectra were measured in thin films on glass substrates. These films of the 

acceptor, donor, as well as the blend (D:A = 1:1) of both were spin coated on a glass substrate 

and had a concentration of 10 mg/ml. The used solvent was chlorobenzene. The preparation was 

done in a N2-filled glove box.  

 

5.3.2.2 IV- Characteristics 

 

For the measurement a Keithley 2400 SourceMeter, a custom-made Lab-view software and as a 

light source a Dedolight DEB400D lamp (intensity: 100 mW/cm2) was used. The settings can be 

found in Table 16.  

 

Table 16: Settings for IV-measurements  

Start [mV] 1500 
End [mV] -500 
Compliance [mA] 100 
Number of points 100 
Overwrite max compliance [mA] 500 
Delays [ms] 100 
Step widths [V] -0.02 

 

The IV curves were monitored under illumination, as well as dark conditions for each solar cell. 

The active area of each solar cell was 0.09 cm2. A shadow mask was used for all measurements 

with an active area of 0.070225 cm2.  

 

5.3.2.3 Layer Thickness and Roughness 

 

To determine the layer thickness and roughness a contact profilometer DektakXT from Bruker was 

used. Therefore, a small scratch with a blade was applied to analyze the thickness and roughness 

of the active layer (5 different positions).  

 

5.3.2.4 External Quantum Efficiency (EQE) 

 

To determine the external quantum efficiency an IPCE (incident photon-tocurrent efficiency) 

measuring system was used. It consists of a MuLTImode 4-AT monochromator by Amko with a 

xenon lamp (LPS 210-U by Amko), as well as a Keithley 2400 SourceMeter. The measurements 

were carried out for the best solar cell of each acceptor. Therefore the solar cell was sealed under 
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N2 in a custom made measuring box. Calibration with a photo diode (1.2 mm) has to be done 

before the EQE-spectra were monitored (380-900 nm). 

  

5.3.2.5 Light microscopy  

 

The light microscope BX60 from Olymp with an attached camera (Olymp) was used to get images 

of the active layer from the solar cell devices. The images have a magnification of 500x.   
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6 Summary and Conclusion 

 

In this work, two out of four desired perylene derivatives (1,7-bromine and 1,7-fluorine derivative) 

as acceptor materials were successfully synthesized with yields ranging from 10 to 54%, which is 

much lower than in literature. It can be assumed, that the lower yields come from the formation of 

many different side-products, as well as product loss during purification (flash chromatography, 

thin layer chromatography). Further optimization of the different reactions and their conditions 

could be done to achieve higher yields. Additionally, some fractions were still not purified yet and 

therefore reduce the yield as well. The other two acceptor materials needed further purification 

steps and still showed in the NMR-spectra side products. All of the products showed perfect 

solubility in dichloromethane, chloroform, chlorobenzene and toluene. Therefore, all products 

were suitable for the assembly in organic solar cells. 

 

The absorption maxima of the different synthesized PDI derivatives were measured. When 

compared to PDI, PDI-Br2 showed almost the same absorption maxima of 521 nm. Only a very 

slight shift to longer wavelength was noticeable. PDI-F2, however, showed a visible shift to a 

smaller wavelength. The absorption maxima for this derivative was around 510 nm. The molar 

absorption coefficient for the fluorine derivative was higher when compared with PDI-Br2 and 

exhibited a value of 91 000 L mol-1 cm-1. PDI-Br2 reached a value of 71 500 L mol-1 cm-1. These 

values are affected by the effect of a rather flat perylene core instead of a twisted one. The values 

for the optical bandgap offered similar results for both of the derivatives with a difference of only 

0.1 eV. When compared with DFT calculations, the achieved experimental data showed 

reasonable values. The calculated bandgap showed a difference of only 0.01 eV and the 

absorption maxima also exhibited a higher value for the bromine derivative.  

The fluorescence spectra showed similar behavior for both compounds, however the Stokes shift 

was quite different when compared with 28.0 nm for PDI-Br2 and 8.2 nm for PDI-F2. The calculated 

quantum yield was similar for both derivatives.  

Thermal analysis (TGA coupled with DSC) of both derivatives showed a high melting point for the 

fluorine derivative at 414 °C. No melting point for PDI-Br2 was observed. However, both of the 

derivatives showed a high thermal stability and decomposed at high temperature. The overall 

mass loss after decomposition for both products was almost identical.  
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After optical and thermal characterization, the different derivatives were assembled in solar cells. 

Different annealing temperatures before the thermal evaporation of Ag and MoO3 were tried out. 

For ITIC-F, as well as PDI-Br2 the PCE increased with higher annealing temperatures. However, 

for PDI-F2 it increased at first, but decreased at high temperatures.  

The acceptor which exhibits the best efficiency between the synthesized PDI derivatives, at first, 

was PDI-F2. After three days, a second annealing behavior experiment for each cell with the 

highest efficiency was performed. Therefore, the already assembled solar cells were annealed 

until their PCE decreased. Here, PDI-Br2 showed the higher PCE after three days in general. Even 

after annealing temperatures, the PCE values for PDI-Br2 was higher than for the fluorine 

derivative. Therefore, PDI-F2 as an acceptor material was not as stable as the bromine derivative. 

Both PDI derivatives were completely soluble in chlorobenzene. However, light microscopy 

showed that crystallites on some of the substrates of PDI-F2 based solar cells were formed. 

However, these devices showed the highest PCE, whereas the substrates with no crystallites 

offered quite low efficiencies.  

When compared to ITIC-F, both PDI derivatives showed pour values in aspect of fill factor and 

efficiency. Therefore, further optimization of the donor/acceptor ratio, the concentration and the 

annealing temperature needs to be done in future. To learn more about the morphology of the 

different PDI derivatives, electron microscopy, for example atomic force microscopy, needs to be 

done. Also the films could be investigated via grazing-incident x-ray scattering methods. 
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dicarbonitrile 
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dioxo-2,3-dihydro-1H-benzo[10,5]anthra[2,1,9-def]isoquinolin-8-yl)-
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8.4 Analytical Data 

 

 

Figure 32: 1H-NMR-spectra of the purified PDI-Br2; solvent peak visible 

 

 

Figure 33:  1H-NMR-spectra of the aromatic region of purified PDI-Br2; solvent peak visible 

 



70 

 

 

Figure 34: 1H-NMR-spectra of the aliphatic region of purified PDI-Br2; solvent peak visible 

 

Figure 35: 1H-NMR-spectra of the first reaction step for the synthesis of PDI-F2 
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Figure 36: 1H-NMR-spectra of the purified PDI-F2; solvent peak visible 

 

 

Figure 37: 1H-NMR-spectra of the aromatic region of purified PDI-F2; solvent peak visible 
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Figure 38: 1H-NMR-spectra of the aliphatic region of purified PDI-F2, solvent peak visible 

 

 

Figure 39: 1H-NMR-spectra of purified PDI-(CN)2; solvent peak and by-products visible 
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Figure 40: 1H-NMR-spectra of the aromatic region of purified PDI-(CN)2; solvent peak and by-products visible 

 

 

 

Figure 41: 1H-NMR-spectra of the aliphatic region of purified PDI-(CN)2; solvent peak and by-products visible 
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Figure 42: MS spectra of PDI-(CN)2 (1) 
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Figure 43: MS spectra of PDI-(CN)2 (2) 
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Figure 44: MS spectra of PDI-(CN)2 (2) 
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Figure 45: 1H-NMR-spectra of the crude PDI-(PMI)2 

 

 

Figure 46: 1H-NMR-spectra of PDI-(PMI)2 after flash chromatography and recrystallization; still impurities visible 
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