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Summary 

This dissertation deals with organic semiconductors for applications as electron acceptor  

(n-type) materials in organic electronic devices such as organic photovoltaic (OPV) cells. 

Bulk heterojunction (BHJ) solar cells, the most successful type of organic solar cells to date, 

require an electron donor and an electron acceptor material. The most important parameters 

which an ideal electron acceptor has to fulfill are strong visible light absorption, sufficient 

high electron mobility and appropriate energy levels with respect to the donor. Furthermore, 

the blend morphology of donor and acceptor is crucial for the device performance. Within 

this thesis, the synthesis and characterization of novel n-type polymers is reported and 

various techniques to evaluate the above mentioned parameters for n-type small molecules 

and polymers are presented. The aim was to investigate the impact of chemical structure on 

the optical and electronic properties and morphology of these semiconductors. Successful 

strategies how to control and improve light harvesting, electron mobility, blend morphology 

and solar cell performance were identified. The fundamental question of the charge transport 

properties of the materials under investigation was addressed by fabricating single carrier 

devices using the SCLC (space-charge limited currents) method. The morphology was 

primarily investigated by atomic force microscopy (AFM) and X-ray diffraction (XRD). 

Optical properties were studied by means of UV/vis and photoluminescence (PL) 

spectroscopy. Further, differential scanning calorimetry (DSC), temperature-controlled 

polarized optical microscopy (POM) and cyclic voltammetry (CV) were important 

characterization techniques in this work. BHJ solar cells were prepared and characterized by 

external quantum efficiency (EQE) measurements and current density – voltage (J-V) 

characteristics.  

The first part of this thesis focuses on perylene imide based small molecules and polymers 

which represent an important class of n-type semiconductors. In general, these materials have 

a high tendency for crystallization and aggregate formation which can influence electron 

mobilities. At the same time, however, large crystalline domains often result in poor device 

performance when perylenes are used in OPV cells. The side groups of a series of N-

substituted perylene bisimides (PBI) were found to play a crucial role on crystallinity and 

charge transport. The nature of the side groups had great impact on the crystalline structure 

and electron mobility. When hydrophilic oligoethylenglycol (OEG) side groups were present, 

the perylene molecules aligned in highly ordered hexagonal or lamellar columns and realized 

high electron mobilities of up to 7·10-3 cm2V-1s-1, while the perylene derivative with only 
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hydrophobic alkyl chains only showed 3·10-5 cm2V-1s-1. In addition, the substituents at the 

perylene core also had a major impact on the blend morphology of OPV devices when these 

materials were used in combination with a donor polymer. Here, we were able to tune the 

extent of phase separation between donor and acceptor via hydrophilic-hydrophobic 

interactions of donor polymer and acceptor side groups. To improve light harvesting of 

perylene compounds, the π-electron system of PBIs was altered and highly soluble, novel 

perylene side chain polymers (PPDB and PPDI) were synthesized by nitroxide mediated 

radical polymerization (NMRP). The pendant perylene moieties were perylene diester 

benzimidazole (PDB) and perylene diester imide (PDI). Compared to polymers bearing PBI 

side groups, the visible light absorption of PPDB was broadened and red shifted, whereas a 

narrower and blue shifted absorption was observed for PPDI. Remarkably, also the electronic 

nature of the two materials was affected by the modification at the perylene core, as PPDB is 

an n-type semiconductor and PPDI has a more pronounced p-type character. A comparative 

study of perylene side-chain polymers synthesized by a combination of NMRP and “click” 

chemistry revealed that the compound with improved optical properties (PPDEB) exhibited 

worse charge carrier mobility compared to PPBI. Another striking result was found as an 

amorphous polymer bearing OEG side chains showed a better electron mobility than the 

corresponding material with alkyl chains, which was liquid crystalline. A very high electron 

mobility of 1·10-2 cm2V-1s-1 was measured.  

The second part of this dissertation addresses fullerene based acceptor materials, among 

which Phenyl-C61-butyric acid methyl ester (PCBM) is the state-of-the-art n-type 

semiconductor used in OPV. For two fullerene derivatives, Bis-Phenyl-C61-butyric acid 

methyl ester (bis-PCBM) and Bis-o-quino-dimethane C60 (bis-oQDMC), exhibiting different 

substituents at the fullerene core, the LUMO energy levels were higher compared to PCBM. 

As a result, improved open circuit voltages (VOC) in BHJ solar cells with a donor polymer 

were obtained. The efficiency however did not improve, because of reduced short circuit 

current densities (JSC). We found that for the bis-PCBM system, JSC was limited by low 

electron transport, while for the bis-oQDMC system an unfavorable blend morphology 

hampered the performance. The problem of low electron mobility could be overcome by 

reducing the thickness of the active layer and higher JSC and overall device performance 

could be achieved. A drawback of fullerene small molecules is that diffusion, aggregation and 

crystallization of these molecules within BHJ blends can often negatively affect the stability 

of the blend morphology and reduce the device performance. We discovered that aggregate 

and crystallite formation in novel fullerene side chain polymers could be successfully 

suppressed, whilst high electron mobility and better film properties were achieved.  
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Altogether, new insights into structure-property relation of organic electron transport 

materials are presented in this work. Altering the π-electron system and the substituents 

attached to the electronically active parts of the respective compounds has been shown to be 

a powerful tool to improve optical and charge transport properties as well as morphology. 

Moreover, the detailed analysis of charge transport in OPV blends helped to understand the 

performance of solar cells and an approach towards active layers with enhanced 

morphological stability is shown.  

 

Zusammenfassung 

Diese Dissertation befasst sich mit organischen Halbleitern, die als Elektronakzeptor- oder  

n-typ Materialien in organischen elektronischen Bauteilen, wie z.B. organischen 

Photovoltaikzellen (OPV), verwendet werden können. „Bulk heterojunction“ (BHJ) 

Solarzellen, die derzeit den erfolgreichsten Typ von organischen Solarzellen darstellen, 

benötigen sowohl Elektrondonor- als auch Elektronakzeptormaterialien. Die wichtigsten 

Parameter, die ein idealer Akzeptor erfüllen muss, sind eine hohe Absorption des sichtbaren 

Lichts, ausreichende Elektronenmobilität und auf den entsprechenden Donor abgestimmte 

Energieniveaus. Außerdem hat die Blendmorphologie von Donor und Akzeptor 

entscheidenden Einfluss auf die Effizienz der Solarzelle. In dieser Dissertation sind die 

Synthese und Charakterisierung von neuartigen n-typ Polymeren sowie verschiedene 

Techniken zur Bestimmung der oben beschriebenen Parameter für niedermolekulare und 

polymere n-typ Materialien beschrieben. Ziel war es, den Einfluss der chemischen Struktur 

auf die optischen und elektronischen Eigenschaften und die Morphologie dieser Halbleiter zu 

bestimmen. Erfolgreiche Strategien um Lichtabsorption, Elektronenmobilität, 

Blendmorphologie und Solarzelleneffizienz zu kontrollieren und zu verbessern, konnten 

herausgearbeitet werden. Die grundlegende Frage nach dem Ladungstransport der zu 

untersuchenden Materialien wurde mittels der SCLC- („space-charge limited currents“) 

Methode beleuchtet. Die Morphologie wurde in erster Linie mittels Rasterkraftmikroskopie 

(AFM) und Röntgendiffraktometrie (XRD) untersucht. Die optischen Eigenschaften wurden 

mittels UV/vis- und Photolumineszenzspektroskopie bestimmt. Des Weiteren sind 

Differentielle Wärmeflusskalorimetrie (DSC), temperaturabhängige 

Polarisationsmikroskopie (POM) und Cyclovoltammetrie (CV) als wichtige 

Charakterisierungsmethoden in der vorliegenden Arbeit zu nennen. BHJ Solarzellen wurden 
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angefertigt und mittels Externer Quanteneffizienz (EQE) und Strom-Spannungs- (J-V) 

Kennlinien charakterisiert.  

Der erste Teil dieser Dissertation beschäftigt sich mit niedermolekularen Verbindungen und 

Polymeren auf Perylenimidbasis, die eine wichtige Klasse von n-typ Halbleitern darstellen. 

Generell haben diese Materialien die Eigenschaft, Kristallite und Aggregate zu bilden, was 

die Elektronenmobilität stark beeinflussen kann. Große kristalline Bereiche führen jedoch 

oftmals zu niedrigen Effizienzen, wenn Perylene in OPV Zellen verwendet werden. Bei einer 

Reihe von N-substituierten Perylenbisimiden (PBI) zeigte sich, dass die Art der 

Seitengruppensubstituenten bedeutenden Einfluss auf die Kristallinität und den 

Ladungstransport haben. Bei hydrophilen Oligoethylenglycol- (OEG) Seitengruppen, 

richteten sich die Perylenmoleküle in hochgeordneten hexagonalen oder lamellaren 

Kolumnen aus, wobei hohe Elektronenmobilitäten von bis zu 7·10-3 cm2V-1s-1 erreicht 

wurden, während das Perylenderivat mit hydrophoben Alkylseitengruppen nur  

3·10-5 cm2V-1s-1 zeigte. Zudem hatten die Substituenten am Perylengerüst entscheidenden 

Einfluss auf die Blendmorphologie von OPV Zellen, wenn diese Materialien mit einem 

Donorpolymer kombiniert wurden. Die Phasenseparation zwischen Donor und Akzeptor 

konnte hierbei durch die hydrophob-hydrophilen Wechselwirkungen des Donorpolymers mit 

den Seitengruppen des Akzeptors kontrolliert werden. Um die Lichtabsorption von 

Perylenverbindungen zu verbessern, wurde das π-Elektronensystem der PBIs variiert und 

hochlösliche, neue Perylenseitenkettenpolymere (PPDB und PPDI) mit Hilfe der Nitroxid-

vermittelten radikalischen Polymerisation (NMRP) synthetisiert. Die Perylenseitenketten 

bestanden aus Perylendiesterbenzimidazol (PDB) und Perylendiesterimid (PDI). Verglichen 

mit Polymeren, die PBI- Seitengruppen besitzen, war die Lichtabsorption von PPDB spektral 

verbreitert und rotverschoben, während eine schmalere und blauverschobene Absorption bei 

PPDI beobachtet wurde. Bemerkenswerterweise wurden auch die elektronischen 

Charakteristika der zwei Materialien durch die Modifikation am Perylengerüst beeinflusst, da 

PPDB ein n-typ Halbleiter ist, jedoch bei PPDI der p-typ Charakter ausgeprägter ist. Eine 

Vergleichsstudie von Perylenseitenkettenpolymeren, die mittels einer Kombination aus 

NMRP und „Click“-Chemie synthetisiert wurden, verdeutlichte, dass die Verbindung mit 

verbesserten optischen Eigenschaften (PPDEB) einen schlechteren Ladungstransport im 

Vergleich zu PPBI zeigte. Als eine weitere wichtige Erkenntnis gilt, dass ein amorphes 

Polymer mit OEG Gruppen eine bessere Elektronenmobilität aufwies, als das entsprechende 

Material mit Alkylketten, welches flüssig-kristallin war. Eine sehr hohe Elektronenmobilität 

von 1·10-2 cm2V-1s-1 wurde gemessen. 
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Der zweite Teil dieser Dissertation handelt von Fulleren-Akzeptormaterialien. Hierbei ist 

Phenyl-C61-butylsäuremethylester (PCBM) als n-typ Material Stand der Technik bei OPV 

Anwendungen. Für die beiden Fullerenderivate Bis-Phenyl-C61-butylsäuremethylester (bis-

PCBM) und Bis-o-quino-dimethan C60 (bis-oQDMC), die jeweils unterschiedliche 

Substituenten am Fullerenegerüst tragen, sind die LUMO Energieniveaus höher als bei 

PCBM. Infolge dessen konnten höhere Leerlaufspannungen (VOC) in BHJ Solarzellen mit 

einem Donorpolymer erhalten werden. Die Gesamteffizienz verbesserte sich jedoch aufgrund 

der verringerten Kurzschlussstromdichte (JSC) nicht. Wir ermittelten, dass für das bis-PCBM-

System die Kurzschlussstromdichte durch einen schlechteren Elektronentransport limitiert 

war, während bei dem bis-oQDMC-System eine unpassende Blendmorphologie der Grund 

für eine niedrige Effizienz der Solarzelle war. Das Problem der niedrigen Elektronenmobilität 

konnte durch Verringern der aktiven Schichtdicke umgangen und somit eine höhere JSC sowie 

eine höhere Gesamteffizienz der Solarzelle erreicht werden. Ein Nachteil niedermolekularer 

Fullerene ist ihre Diffusion, Aggregation und Kristallisation in BHJ Blends, was häufig die 

Stabilität der Blendmorphologie und die Effizienz der Solarzelle beeinträchtigt. Wir 

entdeckten, dass die Aggregat- und Kristallitbildung in neuartigen 

Fullerenseitenkettenpolymeren erfolgreich unterdrückt, gleichzeitig aber hohe 

Elektronenmobilitäten und bessere Filmeigenschaften erhalten werden konnten.  

Zusammenfassend weist diese Arbeit neue Erkenntnisse über Struktur-

Eigenschaftsbeziehungen organischer Elektronenleiter auf. Veränderungen am π-

Elektronensystem und an den Substituenten des elektronisch aktiven Teils des Halbleiters 

haben sich als effektives Mittel zur Verbesserung der optischen Eigenschaften und der 

Ladungstransporteigenschaften, sowie der Morphologie herausgestellt. Zudem erweiterte die 

detaillierte Analyse des Ladungstransportes in OPV Blends das Verständnis der 

Solarzellencharakteristika und deren Effizienz. Schließlich wurde auch ein Ansatz in 

Richtung morphologisch stabilerer aktiver Schichten aufgezeigt. 
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1. Introduction 

1.1 Motivation: Organic Photovoltaics 

The future supply of energy for humankind is currently a heavily discussed topic in politics 

and society. While the worldwide energy demand increases and global warming is 

continuing, the acceptance of traditional energy sources like fossil fuels and nuclear power is 

shrinking. Hence, providing alternative, environmental friendly and renewable energy in 

sufficient quantity and at low costs is one of the biggest challenges that our society now 

faces. Among all “green” energy sources, the solar energy is of special importance due to the 

huge amount of energy that is provided in the form of irradiation every day. It is worth 

mentioning that the amount of solar energy reaching the earth surface during 1 h (1.4·1030 J) 

is equivalent to the annual worldwide energy consumption.1, 2 In a solar cell, the energy of 

light absorbed by a semiconducting material, can directly be converted into electricity using 

the photovoltaic effect, which was discovered by Alexandre-Edmond Becquerel in 1839.3 

Today, the most efficient photovoltaic (PV) cells are based on monocrystalline silicon as 

semiconductor, where power conversion efficiencies (PCE) of 25 % can be reached in single 

junction devices.4 The high material and production costs of crystalline silicon cells however 

limit their wide-scale use at present which is why other PV technologies are emerging. 

Among the most promising types in this context are organic photovoltaic (OPV) cells. Since 

the discovery of electrical conductivity in conjugated polymers by Heeger, MacDiarmid and 

Shirakawa in the 1970s (which was awarded with the Nobel Prize in chemistry in 2000), 

semiconductors based on organic molecules and polymers have attracted great attention. 

When compared to inorganic silicon, the key benefit in using organic or polymeric (plastic) 

semiconductors in PV is its solution processability, which allows for cost efficient, high-

throughput, roll-to-roll printing of multilayered structures on a large area. As a consequence, 

production cost can be minimized significantly. Crucial for the success of a ”green” energy 

technology is the time it takes to get back the energy that was invested during production, 
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which is known as the energy payback time. For crystalline silicon solar cells, the energy 

payback time is approximately 1-2 years, whereas for OPV energy payback times of only 1 

day can be achieved.5 In addition, the feasibility of large area printing on flexible substrates 

opens up new possible applications of portable and light-weight solar power for integration 

into clothes, bags, etc.. Also, since only very thin films of a few hundreds of nanometers are 

required as the active layer, semitransparent cells can realize building integrated 

photovoltaics. Another advantage of OPV is their higher sensitivity at low light intensities, 

which enables better efficiencies for indoor applications or at diffuse light conditions.1 

Furthermore, the color of the devices, which is also an important factor from a marketing 

point of view, can be tuned by changing the chemical structure of the materials used. The 

huge interest in OPV technology is also attested by the growing number of scientific papers 

being published each year, as illustrated in Figure 1a. An image of a flexible and light weight 

organic solar panel is shown in Figure 1b.  

 

Figure 1: a) Number of publications on organic solar cells since 1992;
6
 b) flexible organic solar panel.

7
 

 

Organic Photovoltaik Concepts 

An electrical isolator is roughly defined as a material with a wide band gap (Eg) larger than 

3 eV. For organic materials, the band gap is given by the difference between the highest 

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). 

The majority of organic molecules and polymers are considered as isolators. To become 

a) b)
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semiconducting, a material needs to exhibit the following important features.  Organic 

semiconductors mainly consist of alternating C-C single and C=C double bonds, resulting in 

sp2-hybridization of their carbon atoms. Electrons in the pZ-orbital of each sp2-hybridized 

carbon atom form π-bonds with neighboring pZ-electrons, which then results in delocalization 

of these π-electrons. As a result of π-electron delocalization, the energy levels of the orbitals 

merge and the band gap energy is reduced. Thus the band gap in organic semiconductors 

reaches values of approximately only 1-3 eV. Electrons can be excited from the HOMO into 

the LUMO by thermal excitation or by absorption of light with suitable energy. Therefore, 

organic semiconducting materials are able to absorb light in the UV/visible region of the 

solar spectrum and transport electric current.8 From the onset of the absorption spectrum, one 

can calculate the optical band gap. An onset at longer wavelengths is equivalent to a band 

gap decrease. The often used term ionization potential (IP) can be related to the HOMO, 

electron affinity (EA) refers to the LUMO of a material. Concerning the mechanism of 

charge transport in organic materials, a direct comparison to the band-like transport in 

inorganic semiconductors is inaccurate. Since there is no long range order in organic 

materials, electronic states are localized on individual molecules or segments of molecules 

and charge carrier mobility is commonly orders of magnitude lower. The implications on 

charge transport are discussed in more details in Section 1.5. Another important property of 

organic semiconductors is their high absorption coefficients, which enables efficient light 

absorption in films with a thickness of only hundreds of nanometers. These intrinsic 

properties of organic semiconductors dictate the design of OPV cells. In general, organic 

semiconductors can be classified as donors (p-type) and acceptors (n-type). Further they are 

divided into polymer and small molecule based materials. Examples for both can be found in 

Section 1.4.  

The fundamental processes of photoinduced charge generation in an organic solar cell, 

comprise of absorption of a photon, formation of an exciton, exciton diffusion, charge 

transfer, charge separation, charge transport and charge collection, which are outlined in the 

following. The efficiency of light absorption in the active layer depends on its absorption 

spectrum, the extinction coefficient and the active layer thickness. Absorption of light within 

the semiconductor leads to the excitation of an electron from the HOMO into the LUMO of 
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the material, resulting in an electron-hole pair or exciton. The electron-hole pair is 

coulombically bound with the exciton binding energy typically being in the range of 0.1-

1 eV.9, 10 At room temperature the binding energy is larger than kBT and hence electron and 

hole cannot dissociate directly.11 To overcome the exciton binding energy, an electrical field 

is required, so that charges can separate. Therefore, the exciton needs to diffuse to a region, 

where such a driving force is provided. Exciton diffusion lengths however, are usually 

limited to approximately 10 nm due to the short lifetime and slow diffusion coefficient of this 

state.12-14 Several ways of providing the driving force for charge separation and avoiding 

recombination of the exciton will be described for each type of OPV cell below. Once 

electron and hole are separated, the free charges need to be transported to the respective 

electrodes, holes to the anode, electrons to the cathode. Finally, charges are collected at the 

electrodes generating a photocurrent. In an organic solar cell, most of the steps described 

here compete with various recombination processes, resulting in energy losses. Depending on 

device architecture and materials used, the reason for recombination can be different. Details 

will be discussed in the following sections for each kind of OPV device. Understanding the 

cause and minimizing recombination losses is the focus of extensive studies worldwide in 

order to improve the efficiency of OPV.15 Researchers commonly use the following methods 

to characterize organic solar cells.   

 

1.2 Characterization of Solar Cells 

The two most important methods for characterizing solar cells in general are the 

measurement of the current density-voltage (J-V) characteristics and the determination of the 

external quantum efficiency (EQE). Usually, J-V curves are recorded in dark and under 

illumination. As a light source, solar simulators are commonly used, the irradiation spectrum 

of which matches the air mass 1.5 (AM1.5) solar spectrum. For a standard measurement, the 

light intensity is set to 1000 Wm-2, which is equivalent to “1 sun” and the solar cell should be 

kept at 25 °C. All important parameters of a solar cell, which are short-circuit current density 

(JSC), open-circuit voltage (VOC), filling factor (FF) and power conversion efficiency (PCE), 
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can be extracted directly from the J-V curve. A typical J-V curve under illumination is 

depicted in Figure 2a. The current density at zero applied voltage corresponds to JSC and the 

voltage where the current density is equal to zero is the VOC. Both points span a rectangle, 

which is shaded in Figure 2a. Between those two points along the J-V curve the solar cell 

generates power (P=J·V). The point, where the product of J and V is largest, is denoted as 

maximum power point (MPP). The corresponding rectangular is also shaded in Figure 2a. 

The FF is a measure of the “rectangularness” of the J-V curve and is influenced by charge 

transport properties, recombination, as well as series and “shunt” resistance.8 It is a measure 

of the ratio of JSC and VOC that can be used for power generation and is calculated as follows: 

�� � ���� · ������	 · �
	  

The power conversion efficiency (PCE) is defined as the electrical power produced by the 

solar cell divided by the power of light irradiating the device: 

��
 � �
����� � ��	 · �
	 · �����  

Besides recording J-V curves, measuring the external quantum efficiency (EQE) spectrum 

(also called Incident Photon to power Conversion Efficiency, IPCE spectrum) is important 

for characterizing a solar cell. The EQE is defined as the fraction of incident photons that 

produced free electrons collected at the device electrode at a certain wavelength λ, and is 

calculated according to the following equation: 


�
 � � · �� · ��	�������� 

with P(λ) being the monochromatic incident optical power, h the Plank’s constant, c the 

speed of light, q the elementary charge and JSC(λ) is the short circuit current density at 

wavelength λ. 
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Figure 2: a) Typical J-V characteristics of an organic solar cell under illumination where the intersections 

with the abscissa and the ordinate are VOC and JSC, respectively; the maximum power point (MPP) is 

determined where the product of voltage and current density is maximal (VMMP∙JMMP); b) external 

quantum efficiency (EQE) spectrum of an organic solar cell. 

To measure the EQE spectrum, the photovoltaic device is irradiated with monochromatic 

light of known intensity and the photocurrent that is generated is detected for each 

wavelength, commonly in the UV/visible and near IR part of the spectrum. One can calculate 

the JSC of a cell by integrating its EQE spectrum over the AM1.5 solar spectrum:1, 16  

��� � ��� � ����
�
������
����

����
 

where λ1 and λ2 are wavelength limits of the incident spectra.17 A typical EQE spectrum of an 

organic solar cell is shown in Figure 2b. If the total amount of photons actually absorbed by 

the active layer or reflection losses are known, the internal quantum efficiency (IQE) can be 

determined from EQE. These standardized methods are essential for characterizing and 

comparing any kind of solar cell. In the following, a brief overview of different OPV 

concepts is given.  
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1.3 Types of Organic Solar Cells 

Single layer solar cells 

Organic single layer solar cells were the first organic photovoltaic devices tested.18 A 

semiconductor, which is used for light harvesting, is sandwiched between to electrodes with 

different work functions. The schematic of such a device is shown in Figure 3a. Indium tin 

oxide (ITO), deposited on a substrate such as glass, is used as a transparent anode, a p-type 

semiconductor as active layer and the low work function metal aluminium as cathode. For a 

qualitative understanding of the basic principle, typical Schottky and p/n-junction models, 

originally developed for inorganic semiconductors, are applied here for organic 

semiconductors (Figure 3b).  

 

Figure 3: a) Device architecture of an organic single layer solar cell with indium tin oxide (ITO) as 

transparent electrode, a p-type semiconductor as light absorbing layer and aluminium top contact; b) 

schematic energy band diagram of a single layer solar cell; photogenerated excitons can only be 

dissociated into free charges in the depletion region, formed by the Schottky-contact, which limits efficient 

charge separation and hence PCE.
8, 21

  

It is worth mentioning, that this is only an approximation of the solid-state properties of these 

materials. When a semiconductor is brought into contact with another material having a 

different work function (in this case a p-type semiconductor with high work function and 

aluminium with low work function), the different electrochemical potentials or Fermi levels 
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equilibrate. As a consequence of this so called band bending, a space-charge or depletion 

region (Schottky-contact) is built up close to the interface.19 To operate this device as a solar 

cell, a photogenerated exciton created somewhere in the active layer has to diffuse to the 

depletion region. Only then, the electric field is strong enough to overcome the coulomb 

interaction of hole and electron. As mentioned above, exciton diffusion length is limited to 

several nanometers, which is why organic single layer solar cells are commonly not very 

efficient. PCEs reported were usually far below 0.1 %, however for merocyanine dyes a PCE 

of 0.7 % was achieved in the late 1970s.20  

 

Bilayer heterojunction solar cells 

A more efficient charge separation and higher PCEs were realized with bilayer heterojunction 

solar cells, where an electron donor (p-type or hole transporting material) and electron 

acceptor (n-type or electron transporting material) are stacked together thereby forming a 

planar interface. An example of such a device was given by Tang in 1986, who reported a 

remarkable efficiency of 1 % for a two-layer organic photovoltaic cell consisting of copper 

phtalocyanine as donor and a perylene derivative as acceptor.22 The device setup and 

schematic of charge photogeneration in a bilayer heterojunction solar cell are depicted in 

Figure 4. Possible band bending at the semiconductor/metal interface is neglected here. A 

suitable energy offset between LUMO of donor and LUMO of acceptor, as well as HOMO of 

donor and HOMO of acceptor is crucial, so that a potential drop arises and a heterojunction is 

formed, when both materials are brought in contact. If an exciton is created in the donor, the 

electron which now resides in the LUMO of the excited donor state may be transferred to the 

LUMO of the acceptor. The requirement for this photoinduced electron transfer to happen is 

that the energy offset is bigger than the coulomb binding energy of the exciton.23 Hence, 

Coulomb interaction may be overcome and the exciton can be separated into free charges. 

The same applies for the reverse hole transfer from an acceptor excited state. The exciton 

needs to be created close to the donor-acceptor interface to reach the heterojunction within 

the exciton diffusion length.24 Once the exciton is separated, the free charges can be 

transported to the electrodes, whereby holes travel within the donor and electrons within the 
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acceptor. A great advantage of this concept is that recombination is minimized at this stage, 

when holes and electrons are separated. To efficiently extract the charges, electrodes should 

match the donor HOMO and the acceptor LUMO.8 Vacuum-deposited copper 

pthalocyanine/C60 films were shown to give 3.6 % PCE (under 1.5 suns illumination) with 

this device architecture.25 The drawback of this concept is that exclusively excitons that are 

in proximity to the heterojunction can contribute to the charge generation, which ultimately 

limits the device performance. Another drawback is that orthogonal solvents are required for 

solution processing of two organic layers, which limits its applicability. Hence most bilayer 

devices are fabricated by thermal evaporation processes, which is usually more complicated 

and expensive compared to solution processing. The bilayer concept, however, has been 

further developed by Leo et al. by introducing doped charge extraction layers in the device 

stack. PCEs exceeding 8 % were reported.26 

 

Figure 4: a) Device architecture of an organic bilayer heterojunction solar cell with ITO as transparent 

electrode, a p-type and n-type semiconductor forming a heterojunction at the interface and aluminium 

top contact; b) schematic energy band diagram of a bilayer heterojunction cell; photogenerated excitons 

can only be separated in a thin layer at the donor-acceptor interface; the work functions of the electrodes 

match the HOMO of donor or the LUMO of acceptor, respectively.
8, 21
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Bulk heterojunction (BHJ) solar cells 

A major breakthrough in OPV was the invention of the bulk heterojunction (BHJ) concept, 

first realized independently by groups of Heeger and Friend in 1995.27, 28 Donor and acceptor 

material are intimately mixed to form a three dimensional interpenetrating network. The 

majority of the BHJ devices comprise of at least one component which is a polymer 

semiconductor, usually a conjugated polymer. An illustration of a BHJ solar cell is given in 

Figure 5a. Ideally, the bicontinous network is organized on a nanometer scale resulting in a 

large interface area, so that every exciton created can reach a donor acceptor interface within 

its diffusion length. This decreases the probability of geminate recombination, resulting in 

higher JSC. 

 

Figure 5: a) Device architecture of an organic bulk heterojunction (BHJ) solar cell with ITO as transparent 

electrode, a PEDOT:PSS buffer layer, a p-type and n-type semiconductor forming an interpenetrating 

network and aluminium top contact; b) schematic energy band diagram of a BHJ cell; ideally, due to 

nanoscale phase separation of donor and acceptor and the resulting large interface area, charges can be 

generated throughout the whole active area.
21

  

Compared to a bilayer device, the massive increase in interface area enables a very efficient 

photoinduced charge transfer. A recent review by Durrant and co-worker gives insights into 

the charge photogeneration in organic BHJ solar cells.15 Using the example of a 

polymer:PCBM blend, charge dissociation is explained in Figure 6. An exciton created in the 

polymer phase can undergo an electron transfer from the polymer to the acceptor (PCBM). 

Even though being located on different materials, the electron-hole pair does not necessarily 
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dissociate into free charges directly. A so called interfacial charge-transfer (CT) state may 

form, which then thermally relaxes with an electron-hole separation distance (thermalization 

length) a. The CT state can now undergo geminate recombination back to the ground state or 

to a triplet exciton state. Alternatively, free charge carriers can form and the charges can 

migrate towards the respective electrodes. According to Onsager theory the probability of the 

desired dissociation into free charge carriers depends on the ratio between a and the Coulomb 

capture radius rc.  

 

Figure 6: Schematic of charge dissociation: after exciton diffusion and generation of the charge-transfer 

(CT) state, the dissociation into free charges depends on the ratio between a and the Coulomb capture 

radius rc , which is drawn as spherical for simplification.
15

 

A bigger domain size favors CT-state dissociation, but can also lead to less efficient exciton 

diffusion to the interface. Also, steric interactions at the donor acceptor interface in the case 

of nonfullerene OPV devices were found to be of major importance for the energy of the CT 

state.29 Depending on the size and bulkiness of solubilizing substituents at the polymer 

backbone, the CT state can be raised in energy, which decreases the barrier for charge 

separation. These findings demonstrate, that molecular design has a direct impact on both 

morphology and charge photogeneration.  
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In addition to a high interface area, sufficient percolation pathways for the continuous flow of 

generated charge carriers within the donor and acceptor phase towards the respective 

electrodes are crucial to avoid bimolecular (non-geminate) recombination losses. In fact the 

morphology of the bulk heterojunction has significant influence on device performance, 

which points out that controlling and tuning the morphology plays a crucial role.30, 31 In 

addition to morphology, the interfaces of the organic material and electrodes are decisive as 

well. Buffer layers (e.g. PEDOT:PSS as electron blocking layer and TiO2 or ZnO as hole 

blocking layers) should be introduced to avoid that charge carriers reach the opposite 

electrode and to maximize VOC.32 For the realization of highly efficient OPV cells, an 

understanding of the complex interplay of material design, processing conditions and 

morphology is essential. 

Apart from high donor acceptor interface area, another key benefit of BHJ cells compared to 

bilayer devices is the ease of processability from solution. Solution processed bilayers 

require orthogonal solvent systems, in order not to dissolve the underlying layer during 

processing, which limits the choice of materials one can use. In BHJ devices, the active layer 

can be deposited from one solution. Several film deposition techniques like spin coating or 

doctor blading are commonly used on a laboratory scale. For large scale production of OPV 

films by roll to roll printing, slot-die coating or screen printing are the methods of choice.5, 33 

The film drying process, among other factors, influences the morphology of the bulk 

heterojunction. It is desirable to obtain a morphology where donor and acceptor material 

phase segregate on a nanometer scale. From a thermodynamic point of view, usually 

demixing of both compounds is preferred. In consequence, a bulk heterojunction often 

suffers from poor morphological stability due to increasing phase segregation of the two 

compounds over time, resulting in device degradation. Extensive studies on the morphology 

of BHJ devices can be found in literature.29, 31, 34-39 In the following, a survey of the most 

important methods for controlling (from a device processing point of view) and 

characterizing morphology in OPV blends is given.  

Thermal annealing31, 40, 41 and solvent annealing42 are widely used methods to alter the 

morphology of e.g. archetypal P3HT:PCBM blends (see sections below for structural details). 

The heat treatment as postproduction method for BHJ devices was shown to enhance VOC, FF 
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and JSC. Here, better VOC and FF are presumably due to less series and high shunt resistance 

in the device. The improved JSC on the other hand is often attributed to a reorientation and 

better packing of the material, leading to improved charge carrier mobilities.43 Also, thermal 

annealing has been suggested to enhance phase separation due to the formation of distinct 

(pure) donor and acceptor phases, which can to some extend improve device performance.41 

A controlled solvent evaporation rate during solvent annealing could lead to higher charge 

carrier mobility and balanced charge transport in the device.30 These methods presented 

result in higher mobility of polymer-chains or small molecule diffusion, so that the blend 

morphology is not “frozen”, but molecules can reorient. Similarly, the use of mixed solvents 

systems or co-solvents for film deposition also showed improved device efficiency in many 

cases.44-46 Especially adding small amounts of high boiling point solvents like 1,8-

octanedithiol was shown to increase polymer crystallinity, because the film drying speed is 

reduced and the polymer chains have more time to stack and form crystallites. For solution 

processed small molecule blends, overall domain sizes could be reduced from 20-30 nm to 

15-20 nm by using only 0.25 %v/v of 1,8-diiodooctane as a co-solvent, which lead to 

significantly improved PCE.47 Another powerful tool to tune the film morphology is solvent 

vapor annealing, which can be applied at room temperature without causing thermal damage 

to the film.48, 49 This post production technique can help optimizing and stabilizing the blend 

morphology.50 

All these methods have been proven useful for individual blend systems, but they cannot be 

seen as general tools to improve any BHJ solar cell. For every new material combination, 

finding the optimum conditions is crucial. The above mentioned methods can also have a 

negative impact on the devices performance depending on the material used. To gain a better 

understanding on how the blend morphology influences the solar cell characteristics, several 

techniques for the characterization of the BHJ are commonly used. 

Among the most commonly used microscopy techniques for morphology examination of thin 

films is Atomic force microscopy (AFM), Scanning electron microscopy (SEM) or 

Transmission electron microscopy (TEM). High resolution information about surface 

topography and the surface distribution of donor and acceptor can be obtained by AFM.34 For 

Polymer:Fullerne blends, the mapping of different domains of the two compounds could be 
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used to gain information about nanoscale phase separation across the bulk of the blend by 

imaging cross-sections with SEM51 and TEM38. A vertical gradient in blend composition of 

BHJ films has been detected with Variable-angle spectroscopic ellipsometry (VASE)39 and X-

ray photoelectron spectroscopy52. Structural properties within an OPV blend like size and 

orientation of semicrystalline regions with respect to the substrate can be investigated by 

grazing incidence X-ray diffraction (GIXRD).53 

Furthermore, UV/vis spectroscopy is an efficient and relatively simple method to probe 

microstructure of thin films. Excitonic coupling, intrachain order and fraction of crystalline 

domains for polymer samples,54 and aggregation pattern of small molecules55 can be 

detected. Photoluminescence quenching is a good estimation of the efficiency of charge 

transfer in donor acceptor blends and can therefore also give valuable information about 

morphology.56 Finally transient absorption spectroscopy measurements reveal time resolved 

dynamics on transfer, recombination and transport mechanisms.57, 58 To date, the most 

successful BHJ cells consist of polymers as the donor and small molecules as acceptor part 

with efficiencies approaching 10 %4, 16 Nevertheless, polymer-polymer blends and blends of 

small molecules are also relevant systems.47, 59 An overview of important donor polymers and 

acceptor materials used in OPV is given in the next chapter of this introduction.  

 

1.4 Organic Semiconductor Materials 

Hole transport materials 

Conjugated donor polymers are currently the most promising p-type or hole transport 

materials for OPV applications because of their potential to combine good film-forming 

properties, intensive light absorption, suitable HOMO and LUMO levels and high hole 

mobilities. The number of publications on new polymers synthesized and tested in BHJ solar 

cells has become tremendously high during the last years. Several recent review articles 

address this rapidly growing field of research.6, 35, 60-62 In this section, a brief survey of the 
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development of p-type polymers as well as important concepts for the design of highly 

efficient donors for OPV is given. Starting from 1995, the first relevant BHJ devices were 

built based on poly(phenylene vinylene) (PPV) such as poly[2-methoxy-5(2’ethylhexyloxy)-

1,4-phenylenevinylene] (MEH-PPV) and (poly[2-methoxy-5-(3,7-dimethyloctyloxy)]-1,4-

phenylenevinylene (MDMO-PPV) as donor material.27, 28 In combination with a fullerene 

acceptor (PCBM, see following section for more details) high PCEs of up to 3.3 % were 

reported for PPV based BHJ solar cells.63, 64 The next generation p-type polymer was poly(3-

hexylthiophene) (P3HT), with which 5 % PCE can be achieved after optimization.30, 31 

Extensive research has been done on the synthesis of P3HT and optimization of 

P3HT:PCBM solar cells, which makes this polymer probably the most thoroughly studied 

material for OPV. Due to the lower band gap compared to PPV and the higher crystallinity 

which results in improved hole transport, higher JSC were realized. Apart from processing 

conditions, regioregularity and molecular weight were found to have a major impact on 

device performance.65 Further improvements of both PPV and P3HT based solar cells were 

limited due to the comparatively large band gap of these materials. In order to increase 

photocurrent and hence PCE of OPV devices it is inevitable to engineer materials that can 

absorb more light in the red and infrared region to better utilize the solar spectrum. A redshift 

of the absorption edge is tantamount to lowering the band gap, which is why the vast 

majority of novel p-type polymers for OPV are the so-called low band gap polymers. Several 

factors have an impact on the band gap of a conjugated polymer, which are molecular weight, 

bond length alternation, planarity of the polymer backbone, aromatic resonance energy, 

substituents and intermolecular interactions.35 Engineering HOMO and LUMO levels of 

polymers is challenging as most of the above mentioned factors are also related to each other 

and can affect chemical, mechanical and physical properties as well. For example, changing 

the chain length of the substituents influences the solubility of the polymer in the first place. 

At the same time, intermolecular interactions, like supramolecular arrangement or 

aggregation as well as planarity of the polymer chains can be altered.  

One approach to decrease the band gap of a conjugated polymer is to increase its quinoid 

character. In general, there are two possible resonance structures for a conjugated polymer in 

its ground state: the aromatic and the quinoid form. In the aromatic form each monomer unit 
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(e.g. thiophene, benzene) keeps its aromaticity with confined π-electrons. Upon 

delocalization of these π-electrons along the conjugated polymer chain, double bonds are 

converted into single bonds and vice versa. The polymer is in its quinoid form, which is 

energetically less stable than the aromatic, and thus has a lower band gap caused by a loss in 

stabilization energy. The bond length alternation (BLA) is a parameter describing the average 

of the difference in length between adjacent carbon-carbon bonds in the polymer chain. 

Large values for BLA are obtained for materials mainly in the aromatic form, whereas an 

increasing quinoid character results in decreasing BLA.66 One way to promote the quinoid 

form is to fuse a heterocyclic ring with an aromatic or another heterocyclic ring with higher 

resonance energy (e.g. benzene, 1.56 eV and thiophene, 1.26 eV), so that the lower resonance 

energy material is more likely to “dearomatize” to adopt a quinoid structure and reduce the 

bond length alternation67, 68 (Figure 7a).  

Another strategy for lowering the band gap of conjugated polymers is the donor-acceptor 

concept, which was proposed by Havinga in 1992.69 A copolymer consisting of alternating 

“electron-rich” donor and “electron-deficient” acceptor parts leads to mixing of their orbitals 

with different degrees of intramolecular charge transfer character, which results in a reduced 

band gap. The hybridization of the molecular orbitals of donor and acceptor unit resulting in 

a reduced band gap are depicted in Figure 7b. Careful design of donor and acceptor moieties 

allows for tuning the strength of the intramolecular charge transfer and the band gap.70 By 

implementing such a “push-pull” system, electron delocalization and the formation of 

quinoid character is promoted, which also leads to a smaller band gap. Strong donor-like 

moieties are usually found for example for aromatic heterocycles containing oxygen or sulfur 

atoms. Electron acceptors include heterocyclic aromatic systems like quinoline, quinoxaline 

or benzothiadiazole containing e.g. nitrogen atoms. Examples for such polymers are given in 

Figure 8. A copolymer consisting of alternating benzo[1,2-b:4,5-b’]dithiophene and thieno-

[3,4-b]thiophene units (PTB) gave a PCE of over 7 % in OPV devices.  The well known 

donor-acceptor copolymer poly(4,4-dialkyl-cyclopenta[2,1-b:3,4-b′]dithiophene-alt-2,1,3-

benzothiadiazole (PCPDTBT) gave up to 5.5 % PCE in standard OPV cells.44 With poly[N-9’’-

hepta-decanyl-2,7carbazole-alt-5,5(4’,7’-di-2-thienyl-2’,1’,3’-benothiadiazole)] (PCDTBT) 

(see Figure 8), a polymer based on dithienylbenzothiadiazole and soluble carbozole units, a 
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PCE of 6.1 % and a remarkable IQE of almost 100 % was achieved.71 All these polymers 

were combined with fullerenes as acceptors to get high PCE.  

 

Figure 7: a) Quinoid approach for decreasing the band gap of a conjugated polymer: example of 

stabilization of quinoid resonance structure by aromatic benzene or thiophene rings; b) donor-acceptor 

approach: molecular orbital interaction between donor and acceptor units lowers the band gap (Eg) of 

conjugated polymers by the creation of an intramolecular charge transfer.
35

 

Finding the optimum ratio and relative strength of donor and acceptor unit is still a remaining 

question. Not only the band gap, but also the position of HOMO and LUMO levels is crucial 

for high performance OPV cells. A linear relation of the relative difference of HOMO of the 

p-type material and the LUMO of the n-type material and the VOC has been found.72 Hence, a 

desired low donor HOMO for good VOC is in conflict with the request for a small band gap to 

potentially achieve high JSC. Lowering both HOMO and LUMO of the donor will only 

succeed to a limited extend, because, as mentioned earlier, a certain LUMO-LUMO offset of 

p-type and n-type material is required for efficient charge transfer. It has been demonstrated 

that individual tuning of HOMO and LUMO levels within a donor-acceptor copolymer 

should be feasible, because in these materials, the HOMO is mainly localized on the donor 

part and the LUMO mainly on the acceptor part.73 Great effort is put on modifying the 

strength of donor or acceptor moieties in order to gain an understanding of how the energy 

levels influence device performance.35 
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Figure 8: Important p-type conjugated polymers are MEH-PPV ((poly[2-methoxy-5(2’ethylhexyloxy)-1,4-

phenylenevinylene]) and P3HT (poly(3-hexylthiophene), as well as PTB (poly(thieno-[3,4-b]thiophene-alt-

benzo[1,2-b:4,5-b’]dithiophene)), PCPDTBT (poly(4,4-dialkyl-cyclopenta[2,1-b:3,4-b′]dithiophene-alt-2,1,3-

benzothiadiazole) and PCDTBT (poly[N-9’’-hepta-decanyl-2,7carbazole-alt-5,5(4’,7’-di-2-thienyl-2’,1’,3’-

benothiadiazole)]) as low band gap polymers. 

Another important aspect that needs to be considered when designing new polymers for OPV 

application is solubility in order to guarantee good processability from organic solvents. 

Chain length, side groups, backbone rigidity, polymer regioregulatrity and intermolecular 

interactions (e.g. π-π stacking) are key factors influencing solubility. For example, too strong 

π-π stacking limits processability and can also have an impact on morphology and hence 

device performance. The choice of solubilizing side groups is therefore crucial for the 

successful implementation of a polymer in OPV cells.  

For the synthesis of alternating donor-acceptor copolymers especially transition-metal-

catalyzed cross-coupling reactions have proven to be convenient to create C-C bonds 

between sp2-hybridized carbon atoms. The reaction mechanism starts with a transition-metal-

catalyzed oxidative addition of the C-X bond of an organic halide as electrophile. 

Subsequently transmetalation with a main group organometallic nucleophile takes place, 

followed by a reductive elimination resulting in the carbon-carbon bond formation, at which 

the catalyst is also regenerated.66 Palladium or nickel based complexes are commonly used as 
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catalysts. Stille coupling, using organotin,74 or Suzuki coupling, using organoboron 75 

monomers as organomtallic nucleophiles are currently the most efficient and widely used 

methods. Both reactions can be realized under mild conditions and are tolerant to a variety of 

functional groups. Usually higher molecular weights are obtained in Stille polycondensation. 

Since Stille coupling involves toxic tin compounds, however, Suzuki coupling is the 

preferred reaction in relation to industrial large scale production.  

 

Electron transport materials 

In this section, an overview and recent developments of relevant electron transport or n-type 

materials for the application as electron acceptor in OPV cells are presented. An “ideal” 

acceptor should combine good light harvesting properties, high electron mobility and 

stability under processing and operational conditions. In addition, ease and cost of synthesis 

are important factors as well. A typical feature of n-type materials is electron deficiency and a 

low-energy LUMO, which makes them comparatively easy to be reduced. Electron deficient 

reduced molecules (often radical anions) are less reactive and are therefore more stable to 

oxygen or water.76   

 

Fullerene based acceptors 

Since the discovery of stable, aromatic spherical shaped clusters consisting of 60 carbon 

atoms in 1985, the so called buckminsterfullerenes77 have attracted enormous attention as 

electroactive material. The readily available C60 (see Figure 9) acts as electron acceptor being 

able to accept up to six electrons in solution and shows high electron mobility.78 Because of 

its limited solubility, vacuum deposition was the predominant deposition technique, where 

C60 was successfully used in bilayer heterojunction solar cells with high efficiencies of 3.6 % 

with a copper phtalocyanine donor.25 It was in 1995 when Hummelen and coworkers reported 

the methano-fullerene derivative Phenyl-C61-butyric acid methyl ester (PC61BM) as a soluble 

version of C60.
79 In a BHJ, efficient charge separation resulting from ultrafast (in the range of 
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50-100 fs) photoinduced electron transfer from a p-type polymer to PCBM was demonstrated 

in the same year.27 These findings boosted the development of organic solar cells. Until now, 

PCBM has become the most used acceptor in OPV devices. Especially the spherical shape 

seems advantageous compared to planar semiconductors as it enables 3D electron transport. 

A drawback of PC61BM is its weak visible light absorption. To address this issue, PC71BM, 

the C70 analogue to PC61BM, was developed, which gave higher photocurrent and PCE in 

OPV cells because of its stronger absorption in the blue region of the solar spectrum.80 

Nowadays, highly optimized solar cells with either PC61BM or PC71BM are reaching over 

8 % PCE with suitable low-band gap polymers.16, 81 Further improvements, especially 

regarding VOC are envisioned by implementing materials with lower LUMO levels. Attaching 

solubilizing groups to the fullerene core not only enables solution processing of organic 

electronic devices but also allows for tuning HOMO and LUMO energy levels. A variety of 

substituents have been developed and explored. As a consequence of a covalent link between 

substituent and C60 core, the resulting C60 adduct exhibits two less delocalized π-electrons, 

which reduces its electron affinity by around 50-100 meV per substituent.76 A variety of 

mono- bis- and tris adducts (shown in Figure 9) have been synthesized to take advantage of 

the resulting changes in LUMO energy levels and to achieve higher VOC in solar cells. For 

example, using the Indene-C60 bisadduct (ICBA) a very high PCE of 6.5 % with P3HT as 

donor could be realized.82 This improvement compared to the standard P3HT:PCBM (ca. 5 % 

PCE) was mainly due to a higher VOC. Higher VOC were also reported for bis-PCBM, tris-

PCBM,58 Indene-C60 monoadduct (ICMA)83 and Bis-o-quino-dimethane C60 (bis-oQDMC).84 

In many cases however, improvements in VOC were negatively compensated by lower JSC, 

when higher adduct fullerenes were used.85 It was found that the morphology of 

polymer:fullerene blends can change significantly, depending on the fullerene derivative in 

use. Multiple side groups at the fullerene core can result in poor percolation paths and hence 

reduced photocurrents. Also, nanoscale morphology is altered when a new fullerene 

derivative is used because solubility and polymer-fullerene interaction may change. It is 

therefore necessary to optimize each novel blend system regarding ratio of polymer:fullerene, 

film thickness, solvents and processing conditions. Diffusion of PCBM within the blend and 

the formation of PCBM agglomerates has been observed upon heat treatment86 and is 



Introduction     27 

 

 

problematic with respect to long term stability of solar cells, depending on the donor polymer 

used.   

 

Figure 9: Chemical structures of relevant fullerene derivatives used as electron transport material in OPV 

(reproduced from Miller et. al 
37

). 

Altogether, fullerene based acceptors are currently the most successful materials in OPV. 

Nevertheless, several drawbacks like relatively high production cost, low visible light 

absorption and limited band gap variability make research and development of other classes 

of electron transport materials inevitable. Among non fullerene n-type material, perylene 

based semiconductors are of great interest, which is the subject of the following section.  
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Perylene based acceptors 

Perylene bisimides (PBIs) and related compounds are a versatile and robust class of n-type 

semiconductors. Because they can combine high electron affinities, good electron mobilities, 

strong visible light absorption and chemical, thermal and photostability76, they are of 

particular interest for OPV cells. Starting material for the synthesis of various perylene 

derivatives is perylene-3,4,9,10-tetracarboxylic acid dianhydride (PTCDA), a red pigment., 

which can be obtained in a five step synthesis from acenaphtene, a coal tar extract. The 

synthetic rout is described in Scheme 1. Naphtalic acid anhydride 2 is obtained by V2O5- 

catalyzed oxidation of acenaphtene 1. Condensation reaction of 2 with aqueous ammonia 

gives naphtalimide 3. In a bimolecular nucleophilic substitution at temperatures above 

200 °C and the presence of molten alkali 3 reacts with itself and the reduced (leuco) form of 

PBI, 4, is obtained after precipitation into water. Oxidation of 4 gives PBI, which can be 

hydrolyzed to yield the anhydride PTCDA.87 PTCDA is commercially available and 

inexpensive.  

 

Scheme 1: Synthesis of PTCDA starting from the coal tar extract acenaphtene.
87

 

Starting from PTCDA, there are twelve functionizable positions at the perylene core, which 

is indicated in Scheme 1. Positions 3,4,9 and 10 are known as the peri-, 2,5,8 and 11 as the 

ortho-and 1,6,7 and 12 as the bay-positions. Li et al. gave a good overview about different 

substitutions at all positions of the perylene core recently.88 By carefully choosing the 

position and the sort of substituents, optical, electrochemical and physical properties can be 

tuned. An overview of important perylene derivatives is given in Figure 10, which is briefly 

discussed in the following. Symmetrical N-substituted PBIs (see Figure 10) are widely used 
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in optoelectronic devices36, 89-92, but also as a colorant in the coating industry, for which 

“Pigment Red 179” (N,N’-dimethyl-PBI) was developed.88 It can be readily obtained by 

imidization reactions of PTCDA with aliphatic amines in high yields.93 Depending on the 

length of the aliphatic chain, the solubility of PBI can be tuned. Especially long and branched 

side chains provide excellent solubility in common organic solvents. Substitution at the imide 

position (N-substitution) does not change the optical properties in solution or energy levels of 

the material, because the electronic coupling between the PBI core and the imide substituents 

is negligible due to nodes in the HOMO and LUMO at the imide nitrogen.94 The substituents 

not only affect solubility, but also have a major impact on aggregation and self-assembly 

properties. In general, π-π interaction of the perylene cores lead to strong aggregation and 

crystallinity of PBI molecules, which can be suppressed by choosing bulky substituents. 

Also, hydrogen bond-directed gelation of PBIs with amid-bearing substituents,95 and the self-

assembly in nanobelt and nanosphere morphologies for linear and branched alkyl 

substituents96 was observed for symmetrical N-substituted PBIs. Even though being 

promising as electron acceptor for OPV devices, symmetrical N-substituted PBIs usually 

show poor performance, mainly due to low photocurrents. Two loss channels were found to 

be responsible, both have their origin in a problematic nanomorphology of the donor-

acceptor blend:97 For finely dispersed PBI in a p-type polymer matrix bimolecular 

recombination was limiting device efficiency, whereas for highly aggregated PBIs charge 

transfer between donor and acceptor was the main issue. These findings emphasize the need 

for controlling the intermolecular interaction and morphology in PBI blend devices. In this 

context, liquid crystalline (LC) mesphases of organic semiconductors have the potential to 

combine structural order, easy processing and reduced problems related to excessive 

crystallization and grain boundaries and hence represent an alternative way to improve 

morphology. 1D charge transport through the columns of discotic liquid crystals was shown 

to be very efficient with charge carrier mobilities greater than 0.1 cm2V-1s-1.98 For PBIs, it 

was demonstrated recently that columnar hexagonal (Colh) mesophases could be obtained 

when an unsymmetrical N-substitution pattern (see Figure 10) was applied.99 By 

implementing various branched alkyl and oligoethylenglycol (OEG) side chains, the phase 

transition temperatures and the mesophase-width could be tuned. Implementing LC materials 

in high efficiency solar cells however, has still not been realized yet. Perfect alignment of the 
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discs within the column is a challenging task, because small defects or disorder in core-core 

distance can limit charge carrier transport significantly.100 

As discussed above, symmetrical and unsymmetrical N-substituted PBIs exhibit similar 

absorption spectra and energy levels. For OPV application, an extended light absorption 

however is desirable in order to harvest more light and increase the photocurrent. In general, 

absorption and HOMO and LUMO energy levels can be altered by modifying the aromatic π-

conjugation system. Extending the π-system results in increased delocalization of π-electrons, 

which makes less energy needed to excite an electron from the HOMO into the LUMO of the 

moleucule. In other words, a red shift in absorption can be expected for a larger π-

conjugation system. In the 1980s, Tang used a perylene derivative fused with two 

benzimidazole units (perylene bisbenzimidazole, compare Figure 10)) for the first bilayer 

organic solar cell.22 Since no solubilizing groups were present in this molecule, the film 

could only be obtained by vacuum evaporation. A new class of soluble perylene compounds, 

perylene diester benzimidazoles (see Figure 10), with broad and red shifted absorption 

compared to PBI was presented recently.101 The diester functionality allowed for attaching 

side chain to provide high solubility and the benzimidazole moiety fused to the perylene core 

improved optical properties. Depending on the choice of side groups, LC mesophases over a 

broad temperature range, and even at room temperature, could be obtained.  

Synthesis and characterization of a PBI with tert-butylphenoxy side groups at the bay 

positions and acetonaphthopyrazine dicarbonitrile terminal moieties (PERI, Figure 10)) was 

presented by Mikroyannidis et al..102 They reported a PCE of 3.88 % for a solution processed 

blend of a p-type small molecule and PERI, which is the highest value reported for a BHJ 

using a non-fullerene material as acceptor. One of the highest electron mobilities were 

measured in single-crystal FETs of PDIF-CN2.(Figure 10)103, which achieved up to 3 cm2V-

1s-1 in ambient and 6 cm2V-1s-1 in vacuum. An approach to disrupt crystallinity of PBIs by 

molecular design was shown by Rajaram and co-workers, who covalently linked two PBI via 

their imide groups to form a nonplanar PBI dimer (see Figure 10).104 As a result of steric 

hindrance the perylene cores are twisted with respect to each other, which reduces 

aggregation and π-π stacking. A remarkable PCE of 2.77 % in a BHJ solar cell was achieved.  
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Figure 10: Important perylene based n-type materials. 

The combination of a donor and acceptor in a cooligomer was shown recently, where the 

donor part was formed by oligo(fluorene-alt-bithiophene) and the acceptor part by PBI 

(F5T8-epP, Figure 10).105 The oligomers can self-assemble into ordered alternating donor-

acceptor lamellae with the period being in the range of only 5-10 nm. Photovoltaic devices of 

this single material gave PCEs of up to 1.75 % after a solvent vapor annealing step. Thin 

films of a donor-acceptor diblock copolymers (see section below) with the electronically 

active donor and acceptor moieties as side chains to the polymer backbone (PvDMTPA-b-

PPerAcr, Figure 10), exhibit nanostructured domains of 15 nm in diameter. The PCE was 

found to be 0.32 %, but is expected to be significantly higher, if vertical alignment of the 

domains within the device could be achieved.106 The corresponding side chain homopolymer 

PPerAcr in Figure 10 showed good performance in OFET, with a mobility of 1.2·10-3 cm2V-

1s-1 after thermal annealing.107 This overview on various perylene based semiconductors 
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illustrates that many promising concepts exist, and that future research will lead to further 

improvements towards optimum device operation.  

 

Donor-Acceptor diblock copolymers 

To date, the key issue with OPV blend system is that morphology and long term stability of 

the blend can still not be fully controlled. To overcome these intrinsic problems the use of 

donor-acceptor diblock copolymers, where donor and acceptor moieties are covalently linked 

in a polymer, is a promising way forward.108 Depending on the volume fraction of each 

block, the Flory-Huggins parameter χ, and the degree of polymerization, the self-assembling 

and equilibrium morphology of the block copolymer can be tuned for a variety of 

nanostructures.109 For OPV applications, vertically aligned multicolumn or lamellar 

morphologies with the domain sizes of 10-20 nm (similar to exciton diffusion length) can be 

obtained. The domain size can be tuned by adjusting the polymer chain length. An illustration 

of such an ideal morphology is given in Figure 11a, where a very high interfacial area 

between donor and acceptor as well as good percolation pathways for charge carriers 

throughout the whole device are realized. Fully functionalized donor-acceptor diblock 

copolymers with hole- and electron transport segments exhibiting nanodomains of 15 nm in 

diameter were demonstrated in solar cells.106 The chemical structure of the donor-acceptor 

diblock copolymer, namely poly(bis(4methoxyphenyl)-4’-vinylphenylamine)-block-

poly(perylene diimide acrylate) is shown in Figure 11b. Furthermore, the performance of a 

diblock copolymer compared to a blend system of donor and acceptor could be increased by 

one order of magnitude, because nanometer phase separation was obtained only for the 

diblock copolymer.110 Achieving a vertical alignment of the columns with respect to the 

substrate is not trivial, however this is necessary to exploit the potential of this concept. So 

far, D-A copolymers show low PCE compared to the best donor acceptor blend devices.   
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Figure 11: a) Solar cell with a donor-acceptor diblock copolymer as active layer; b) example of a donor-

acceptor diblock copolymer.
106

 

 

1.5 Charge Carrier Mobility in Organic Semiconductors 

The charge transport properties of organic semiconductors are one of the key features which 

influence the performance of OFETs and OPV devices. An important figure of merit is the 

charge carrier mobility µ, which is defined as 

� �  
 

with ν as the drift velocity of the charge carriers and E the applied electrical field. Mobility 

times number of charge carriers n times electronic charge e gives the electrical conductivity 
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As mentioned above, organic semiconductors exhibit low charge carrier mobilities, compared 

to their inorganic counterparts. This is mainly due to their disordered nature, the amount and 

nature of charge traps, energetic disorder due to inhomogeneity and the resulting differences 

from the band-like transport of inorganic materials. In inorganic semiconductors, an excited 

electron has a relatively large average free path in the conduction band of the material. The 

same applies for the residual hole in the valence band. In contrast, in organic semiconductors, 

excitons are tightly bound by Coulomb interaction because of the low dielectric constants of 

organic materials (typically 2-4)16 and electron-electron and electron-lattice interactions.111 

Excitations are localized on individual molecules due to disorder and weak coupling in 

organic molecules. Coulomb attraction V, that an exciton needs to overcome in order to 

dissociate into free carriers is given by15 

� � $�
4&'(')* 

where εr is the dielectric constant, ε0 is the vacuum permittivity and r is the electron-hole 

separation distance. Hence, electronic states in organic semiconductors are localized and the 

band-like charge transport of inorganic materials does not apply. In organic semiconductors, 

so called hopping processes can occur, where thermally excited charge carriers tunnel 

between molecular localized sites. Charge transport in organic semiconductors (at ambient 

temperature) can therefore approximately be considered as a series of thermally activated 

electron transfers, which allow charges to move from one molecule to another.76 Besides 

temperature, the electric field is another parameter influencing the charge carrier mobility, 

which is considered in the well-known Pool-Frenkel relation:112  

��
, ,� � ��0, ,� · exp �2�,�√
� 

where µ(0,T) is the temperature dependent zero-field mobility and γ(T) is the field activation 

of the mobility. Expressions for µ(0,T) and γ(T) have been developed in various transport 

models over the past decades in order to explain charge transport in disordered polymers and 

small molecules, which show good agreement with electrical measurements for some 

particular systems. For the typical features of polymers, which include twisted and kinked 
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chains, chemical defects and a variation in the conjugation length, the Gaussian density of 

states (DOS) model or Gaussian disorder model (GDM) was proposed.113 It states that 

instead of two energy bands separated by an energy gap, the charge transport sites are 

energetically spread. The density of these states is approximately Gaussian shaped, which is 

depicted in Figure 12 and represents the disorder of the system. Within this model, 

experimental results could only be explained at high electric fields. On account of this, the 

model was extended to the correlated Gaussian disorder model (CGDM or CDM), which 

includes a spatial correlation among hopping sites.114 Spatial correlations can be explained by 

long-range charge-dipole interaction in the material.115 The electric field dependency can be 

understood in the sense that an external electric field lowers the barrier for upward energy 

hops. The field dependence becomes more important, as the extent of energetic disorder 

grows.116  

In conclusion, the two Gaussian DOS models can describe the temperature and field 

dependent charge carrier mobility of OPV or organic light emitting diodes. Another 

theoretical model proposes an exponential distribution of DOS. This model is more relevant 

for the description of organic field effect transistors and is therefore not discussed further 

within this chapter. 117, 118 

 

Figure 12: Energy distribution of localized states approximated by a Gaussian density of states (DOS) for 

the HOMO and LUMO levels. 
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Organic semiconductors can either preferentially transport holes or electrons. If both carrier 

types are transported with the same preference, the material is called ambipolar. Electron 

transport is considered as electron transport via the LUMO of a material. Hole transport 

refers to the transport of electrons via the HOMO. The ease of charge injection into either the 

LUMO or the HOMO decides about whether electron or hole transport is preferred.116 

Usually, electron deficient materials (acceptors) are good electron transport materials, 

whereas electron rich materials (donors) exhibit hole transporting properties.  

Efficient hopping of charge carriers from molecule to molecule can be promoted not only by 

temperature and electric field but also by several material related factors. It is well known, 

that the efficiency of transport is depending on the relative positions of the interacting 

molecules. Electronic coupling between adjacent molecules is related to their molecular 

packing.116 The determining factor in electronic coupling is not the degree of spatial overlap 

of the molecules but the degree of wavefunction overlap given by the interchain transfer 

integral. The interchain transfer integral is a measure of how easy charges can be transferred 

between two interacting molecules or polymer chains and can be influenced by the molecular 

packing motif.119 For many conjugated polymers and small molecules, π-π interaction 

promote self organization into various 1D or 2D structures. In general, such organized 

packing enhances charge transport within the stacked organic layers. Molecular size and 

shape have significant impact on the solid-state arrangement. For the well-known donor 

polymer P3HT (see Section 1.4) both increasing molecular weight and degree of regio-

regularity were found to improve the charge carrier mobility by orders of magnitude by 

promoting a lamella structure with 2D conjugated sheets via interchain stacking.120 Another 

important factor are impurities present in the semiconductor, which can act as charge-carrier 

trap or exciton quenching site in small molecules and polymers.121, 122 Adequate 

understanding of trap concentration and the nature of traps are thus of great importance. 

Materials exhibiting very small HOMO-LUMO gaps were proposed to be suitable for 

achieving high mobilities of both holes and electrons as charge trapping can be avoided.123 

Since the design of novel semiconductors for OPV application is a central part of this thesis, 

it is essential to know about the charge transport characteristics of the materials, so that 

device characteristics can be understood and efficiencies of solar cells can be improved. In an 
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OPV device, after successful photoinduced charge separation, the free charges (holes and 

electrons) need to be transported to the respective electrodes, either by carrier diffusion or 

electric field induced drift. For details of the function principle of organic bulk heterojunction 

solar cells please refer to Section 1.3. High quantum efficiencies and hence higher PCE can 

be reached, when the charge carrier transit time ttr is much smaller than the charge carrier 

lifetime τ (ttr<< τ). The transit time depends on thickness of the active layer L, charge carrier 

mobility and electric field.124  

45( � 6� · 
 

For drift controlled charge carrier transport, the drift distance ldrift is determined by 

78(9:5 � � · ; · 
 

and for diffusion controlled transport the diffusion distance ldiffusion is 

789::<=9>? � @� · ; · A,/$ 

with the Boltzmann constant k, electron charge e and temperature T. 

In both drift and diffusion cases, the mobility-lifetime product µτ determines the average 

distance that charge carriers can travel before they recombine. In turn, µτ determines whether 

PCE is limited by charge transport and recombination (or not). The ideal charge carrier 

mobility required for optimum device performance is still under debate. Values between 10-2 

and 1 cm2V-1s-1 have been proposed.125 Materials with lower charge carrier mobility in OPV 

cells often suffer from bimolecular (nongeminate) recombination losses, caused by poor 

transport of free charges to the electrodes yielding low photocurrent and FF and VOC.126, 127 

Furthermore, the chances of bound electron-hole pairs to dissociate into free carriers in the 

first instance are also reduced for low mobility semiconductors, because they are 

Coulombically bound, which promotes monomolecular (geminate) recombination from the 

CT state into the ground state. On the other hand, it was shown that too high mobilities can 

have a negative impact on VOC.125 According to Mandoc and co-workers, a lack of charge 
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carriers in the device, caused by efficient charge extraction as a result of high mobilities, will 

lead to reduced difference of quasi-Fermi levels of holes and electrons, which is equivalent to 

a decreased VOC. It is important to mention though, that the charge carrier mobilities of the 

current organic semiconductors in use do generally not exceed 1 cm2V-1s-1, thus performance 

is most likely limited by low mobility rather than by high mobility. In addition to that, 

devices with strongly unbalanced hole and electron mobility of donor and acceptor can result 

in significantly reduced FF.128  

There are several methods to determine the charge carrier mobility of organic 

semiconductors. A brief summary of the most common ones is given as follows.  

 

Time-of-Flight (TOF) 

For TOF measurements, a thick layer (up to several µm) of the semiconductor is sandwiched 

between two non-injecting electrodes. A bias is applied to obtain an electric field in the range 

of 104-106 Vcm-1 and the material is irradiated by a laser pulse close to one of the electrodes, 

which generates charge carriers. The experimental setup is shown in Figure 13a. Depending 

on the polarity of the applied bias, the photogenerated holes or electrons migrate through the 

material towards the opposite electrode. The photocurrent at that electrode is recorded as a 

function of time. In this configuration, the bulk mobility can be described by:116 

� �  
 � 6
 · 4 � 6�
� · 4 

where L is the distance between the electrodes, E is the electric field, t is the averaged transit 

time and V is the applied voltage. In a well ordered, pure system, a sharp current signal is 

obtained in the measurement, whereas disordered materials show a broad signal because the 

transit times are widely distributed (dispersive). Figure 13b exemplarily shows the 

photocurrent transient of the organic semiconductor NBP (a triphenyldiamin derivative), 

from which the t can be determined. This technique was first used for organic materials by 

Leblanc129 and Kepler130 in 1960. Several requirements have to be met for this technique, 
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among those are:131 a minimum sample thickness of several µm is usually required, so that 

the spatial spread of generated charges is small compared to the sample thickness; also, the 

excitation laser pulse has to be short compared to the transit time; furthermore, the following 

assumptions are made: a low charge concentration is present in the device, so that charges do 

not interact; no deep trapping is considered and the mobility is assumed to be time 

independent. More details are given in e.g. reference 131. 

 

Figure 13: a) Schematic of TOF setup and b) photocurrent transient of the organic semiconductor NBP 

(reprinted from reference
132

). 

 

Charge Extraction by Linearly Increasing Voltage (CELIV) and Photo-CELIV 

CELIV is a technique with a similar sample geometry as TOF, however, CELIV is also 

suitable for thin organic films with film thicknesses in the range of a few hundreds of 

nanometers.133 Linearly increased voltage (ramp) pulses are applied to the sample and the 

current is measured, which is illustrated in Figure 14. The capacitance of the sample accounts 

for the initial step increase in the current (j(0)). The time tmax, at which the current is 

maximum, is used for determining the charge carrier mobility of the bulk: 
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where L is the film thickness, A is the rate of increase of the applied voltage, ∆j is the 

difference between the maximum current and j(0).
131 

 

Figure 14: Schematic of an ideal current transient obtained in CELIV for the applied voltage ramp 

(reprinted from Kokil et al.
134

) 

This method is also suitable for photogenerated charge carriers (Photo-CELIV).135 In general, 

the differentiation between hole and electron mobility is not possible, which might be a 

drawback for ambipolar semiconductors or donor-acceptor blend systems.   

 

Organic Field-Effect Transistor (OFET) 

The device architecture of a typical bottom gate top contact OFET is shown in Figure 15a 

and consists of three terminals, namely gate, source and drain. The two latter ideally form an 

ohmic contact with the conducting channel, the organic semiconductor. When a voltage is 

applied at the gate and between source and drain, current flow between source and drain is 

possible. The gate electrode controls the current flow in the organic semiconductor layer by 

capacitive coupling of the thin dielectric layer.134 Depending on whether a positive or a 

negative gate voltage is applied, electrons or holes are the majority charge carriers. Plotting 

drain-source current IDS versus gate voltage VG in the transfer characteristics at a constant 

source-drain voltage VSD gives the charge carrier mobility using the following equation for 

the linear regime (VDS < (VG – VT ): 
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PQ� � R6 · � · � · ��S T ��� · �Q� 

with W and L the width and length of the conduction channel, respectively, C the capacitance 

of the dielectric layer and VT the threshold voltage, at which the current starts to rise. In the 

saturation regime (VDS > (VG – VT ) the mobility can be calculated according to 

PQ� � R26 · � · � · ��S T ���� 

In OFETs, the charges migrate within a very narrow sheet of a few nanometers at the 

interface between dielectric and organic semiconductor.136 Hence, the mobility measured 

does not necessarily describe the bulk mobility of the semiconductor. Further, structural 

defects within this channel, polarity of the dielectric, the presence of traps at the interface and 

contact resistance at the source and drain metal/organic interface are crucial factors 

influencing charge transport in OFET.116 Due to usually higher electric fields present in the 

device, the charge carrier mobility values obtained from OFET experiments are usually 

higher compared to other methods.  

 

Figure 15: a) Schematic of an organic field effect transistor (OFET) in “bottom gate” architecture and b) 

FET transfer characteristics of a P3HT bottom gate transistor showing drain current IDS vs. gate voltage VG 

at constant drain-source voltages VDS of 5 V giving the  linear mobility (blue curve) and 55 V giving 

saturation mobility (red curve). 
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Space-Charge Limited Currents (SCLC) 

Another method for obtaining the charge carrier mobility of organic semiconductors is 

measuring the current density - voltage (J-V) characteristics of a diode like device setup. The 

organic semiconductor is sandwiched between two electrodes and the J-V curve is recorded 

in the dark. Two main factors determine the J-V characteristics in a metal-organic-metal 

device, which are charge injection and charge transport in the organic bulk.112 The choice of 

electrodes is crucial and depends on what carrier type (holes or electrons) shall be 

investigated. The injecting electrode has to form an Ohmic contact to either the LUMO or the 

HOMO of the semiconductor in order to inject electrons or holes, respectively. In general, for 

Ohmic injection, the difference in work function of injecting electrode and the respective 

energy level of the semiconductor should be smaller than 0.3 eV.137, 138 The opposite 

electrode must be designed so that it does not hinder the respective charge carrier to leave the 

device and that there is a barrier for charge injection of opposite charge carriers. This way, 

exclusively electron (electron-only device) or hole (hole-only device) transport can be 

investigated. A schematic of an electron- and a hole-only device is shown in Figure 16a and 

b, respectively. In the case of the electron-only device, the low work function metal calcium 

forms an Ohmic contact with the semiconductor’s LUMO for electron injection. The zinc 

oxide covered ITO electrode can collect electrons and provides a sufficient injection barrier 

for holes at the same time. For hole-only devices, PEDOT:PSS acts as hole-injecting 

electrode, whilst there is an injection barrier for electrons at the high work function gold 

electrode. Under these circumstances, the transport of charges is not contact limited or 

limited by charge injection, but only limited by the charge carrier mobility of the 

semiconductor. When charges are injected from one electrode into the active layer, the 

number of injected charges will reach a maximum when their electrostatic potential prevents 

injection of additional charges.139 The point where this maximum is reached, depends on the 

ability of the semiconductor to transport charges to the other electrode and thus on its charge 

carrier mobility. The term “space-charge” herein stems from the fact that upon injection of 

charge carriers from one electrode, the charge density is not uniform across the thickness of 

the film and as a result, a space-charge region forms.  
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Figure 16: a) Schematic of an electron-only device with calcium electrode and a hole blocking ITO/ZnO 

contact; b) schematic of a hole-only device with PEDOT:PSS electrode and electron blocking gold contact.  

Assuming that the concentration of deep traps is small compared to the free carrier 

concentration, the mobility is described by Mott-Gurney equation (which is also known as 

Child’s law):131, 140 

� � 98 ')'(� ��
6W  

where J is the current density, ε0 is the vacuum permittivity, εr denotes to the dielectric 

constant of the semiconductor, V is the voltage applied and L the active layer thickness. µ and 

εr are assumed to be constant throughout the film. Such a quadratic scaling of the current 

with applied bias is typical for a space-charge limited current. In cases, where the mobility is 

depending on the electric field and higher currents are found as predicted by Mott-Gurney 

equation, especially at higher voltages, the J-V curve can often be better described by the 

following expression:141 

� � 98 ')'(�)exp �0.892X�6� ��
6W  

where the µ0 is the mobility at zero electric field, and γ is the field activation parameter. It is 

important to mention, that with higher electric field, usually also the charge carrier density 

increases. The influences of electric field and charge carrier density are hard to distinguish 

with the standard experimental setup. Temperature dependent measurements and theoretical 

calculations described by Pasveer et al.,142 credited higher importance to the charge carrier 
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density dependence of the charge carrier mobility at room temperature for several PPV based 

p-type materials. At low temperatures, the mobility was found to be field dependent. 

Furthermore, if traps are present, a deviation from the ideal square dependence of current 

with voltage can also be observed. Due to the filling of traps, lower currents at low voltages 

are expected. When all traps are filled the current often scales with Vm
 (m>2).143 

Depending on the experiment, it might be necessary to modify the device architecture from 

the one depicted in Figure 16. For certain semiconductors, the injection barrier for electrons 

from a gold contact might not be sufficient and the gold contact can be replaced with another 

PEDOT:PSS contact (capped with e.g. silver; see Chapter 6) Moreover, if materials under 

investigation are predominantly electron conductors, an ITO/PEDOT:PSS bottom contact can 

be used instead of ITO/ZnO.144 Better film formation is often observed for films coated on 

PEDOT:PSS, compared to ITO or ITO/ZnO, which might be due to the interactions of the 

semiconductor and the substrate during film drying and due to the fact, that PEDOT:PSS 

usually acts as a smoothing layer for the comparatively rough ITO. Therefore, the preparation 

of the active layer and active layer morphology are directly comparable to a common OPV 

device setup.  

The connection between the metallic contact and the organic layer is crucial. Not only work 

function difference and energy levels of the semiconductor can influence the injection barrier, 

but also atmosphere of sample fabrication, interface dipoles, band bending and fermi level 

pinning caused by chemical reactions at the metal-organic interface.145-147 

For an accurate evaluation of the J-V curves, one should correct the applied Voltage (Vap) for 

the built-in potential (Vbi) present in the device. Vbi stems from the difference in work 

function of the two electrode materials used.  

� � �GY T �Z9 

The J-V characteristics of the p-type semiconductor polymer P3HT are exemplarily shown in 

Figure 17. In the double logarithmic J-V plot (Figure 17a), at low voltages the current scales 

approximately linear with the voltage, which can be seen from the slope values being 1.2-1.5. 

In this “ohmic” regime, the current is limited by injection from the metal contacts. At higher 
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voltages the quadratic dependence of the current with voltage can be seen, as the slope is 

approximately 2. To confirm, that the current is space-charge limited, different devices with 

varying active layer thickness should be prepared.  

 

Figure 17: a) J-V characteristics of hole-only devices with the structure ITO/PEDOT:PSS/P3HT/Au for varied 

P3HT layer thicknesses L in a double logarithmic plot, b) with data fitted according to Mott-Gurney 

equation and c) a J vs. V
2
 plot.  

For thinner films, a higher current should be measured and vice versa. Also, the thinner the 

active layer is, the more significant the impact of the injecting contacts gets, which can 

explain the fact that the 160 nm device in Figure 17a only has a slope of 1.9. Hence, ideally, 

the active layer thickness of SCLC devices needs to be sufficient high to obtain reliable 

results. The charge carrier mobility can be calculated from the fit parameters obtained when 

fitting the data according to Mott-Gurney equation (Figure 17b) or from the slope of the 

straight line of the J vs. V
2
 plot at higher voltages and Mott-Gurney equation (Figure 17c). 
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Since the equation accounts for the film thickness L, the same mobility values within the 

experimental error for each L should be obtained. Since the film thickness scales with L3, an 

accurate determination of the film thickness is crucial to avoid large deviations.  

The SCLC method to evaluate the charge carrier mobility of organic materials was found to 

be a useful method for characterizing organic light emitting diodes.148, 149 During recent 

years, also the charge transport properties of materials tailored for OPV applications are more 

and more investigated using the SCLC approach. The estimation of the hole mobility in p-

type polymers has become a routine method.150-153 N-type polymers were investigated by 

Steyrleuthner et al., where different low workfunction metal electrodes were tested.154 Ayzner 

and co-workers probed the effect of thermal annealing on charge transport of PCBM and 

found lower mobility of PCBM after annealing.155 Electron- and hole-only devices were also 

fabricated for OPV blend systems. Charge recombination of the prominent P3HT:PCBM 

blend were investigated by Greenham et al. who found an electric field dependency of 

geminate recombination and increased significance of bimolecular recombination close to 

VOC at low temperatures.156 Brabec group blended the low band gap polymer Si-PCPDTBT 

with PCBM and bis-PCBM and a lower mobility-lifetime product was found for the bis-

PCBM blend resulting in higher recombination and lower PCE. The cause of this behavior 

was possibly an unfavorable blend morphology.157  

In general, the device setup and the active layer thicknesses within these single carrier 

devices are very similar to those of OPV cells. Further, the bulk transport perpendicular to 

the substrate plane is monitored, which is of special relevance in OPV. Because of these 

reasons, a realistic impression of the charge transport in an OPV device can be obtained by 

SCLC measurements. In this thesis, SCLC measurements are the method of choice for 

determining the charge carrier mobility of both p- and n-type materials and blends thereof.  
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1.6 Objective of this Thesis 

The aim of this thesis is to investigate and optimize optical and electronic properties of novel 

electron transport materials for OPV applications and establish structure-property relations. 

Common bulk heterojunction solar cells comprise a blend of an electron donating (p-type) 

polymer and an electron accepting (n-type) fullerene small molecule, e.g. PCBM, as active 

layer. Currently, the vast majority of research effort is put on developing and optimizing 

donor polymers, while alternative acceptor materials have received less attention to date. 

Weak visible light absorption and comparatively high production cost of PCBM however 

make the quest for novel n-type materials inevitable in order to obtain high efficiency and 

low cost solar cells. In the first part of this thesis, novel perylene imide small molecules and 

polymers shall be investigated. A fundamental question of how substituents at the perylene 

core of perylene bisimide (PBI) small molecules influence the packing behavior, structural 

order and morphology shall be addressed. Therefore, a variety of techniques including 

UV/vis spectroscopy, polarized optical microscopy (POM), atomic force microscopy (AFM) 

and X-ray diffraction (XRD) shall be employed. The impact of side chain alteration on bulk 

electron mobility of PBI small molecules shall be investigated by the space-charge limited 

current (SCLC) approach. Another aim of this thesis is to improve optical properties of 

perylene based semiconductors by modifying the π-electron system of the perylene core. 

Suitable routes for the synthesis of monomers with extended visible light absorption and the 

polymerization via nitroxide mediated radical polymerization (NMRP) shall be addressed. 

Polymer characterization by means of differential scanning calorimetry (DSC), UV/vis 

spectroscopy, XRD, cyclic voltammetry and SCLC shall be carried out. Furthermore, a 

comparative study of a series of side-chain polymers with pendant perylene units, 

synthesized by a “click” chemistry approach, shall be carried out. The impact of the different 

perylene units on electronic properties shall be investigated. 

In the second part of this thesis, novel fullerene acceptor materials shall be investigated. It is 

well known that altering the side groups attached to the fullerene core allows for tuning the 

HOMO and LUMO energy levels, which can be beneficial for high VOC. In many cases 

however, an improvement of the solar cell efficiency can not be observed. An interpretation 
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of these findings is usually difficult because of the complex interplay of the microstructure of 

the donor acceptor blend, charge transport within the blend and material related properties, 

such as light harvesting. One aim is to investigate the effect of the substituents on the charge 

transport properties and morphology for a series of fullerene derivatives when blended with 

an electron donating polymer. Therefore, solar cells shall be prepared and characterized by 

recording J-V curves and measuring external quantum efficiency (EQE) and the respective 

blend mobilities should be determined by SCLC. Additionally, an intrinsic problem of 

fullerene small molecules shall be addressed by novel fullerene-grafted polymers. Diffusion 

and crystallization of fullerene small molecules are often disadvantageous in donor acceptor 

blend systems because the morphology is not stable and hence degradation of device 

performance is usually observed. Fullerene polymers can potentially circumvent this 

problem. In order to compare electronic properties of fullerene-grafted polymers with 

fullerene small molecules, electron mobilities shall be determined by SCLC and thin film 

morphology shall be studied by AFM.  
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2. Overview of the Thesis 

A profound understanding of structure-property relations in organic semiconductors is crucial 

for designing new materials for opto-electronic applications. The focus of this thesis is on 

organic electron transport (n-type) semiconductors for photovoltaic applications. Within the 

scope of this work, novel n-type semiconductors were synthesized and characterized. The 

influence of chemical structure on optical and electronic properties was investigated. Special 

attention was paid to the correlation of charge transport and morphology in electronic 

devices. Bulk Heterojunction (BHJ) solar cells of selected electron acceptors in combination 

with an electron donating polymer were fabricated and characterized. One of the aims of this 

thesis was to explore electron acceptors based on perylene bisimides that can be an 

alternative to the current state-of-the-art material PCBM. Modifications at the chemical 

structure of various perylene and fullerene based acceptors could improve crucial properties 

like light harvesting, charge carrier mobility, morphology and order in thin films, as well as 

HOMO and LUMO energy levels. The most important factors for the development of organic 

semiconductors, as well as the chemical structures of the n-type materials under investigation 

are depicted in Figure 1.  

This dissertation contains six manuscripts, each of which forms one individual chapter. In 

each chapter an approach of improving one or several of the above mentioned factors is 

presented. Based on the chemical structure, the thesis can be divided into two parts: studies 

on perylene semiconductors, which are discussed in Chapters 3-5 and Chapter 8 (Annex), 

and fullerene compounds, which are discussed in Chapters 6 and 7. For both material classes, 

polymeric compounds as well as small molecules are considered and the different material 

and device properties are discussed and compared. A central aspect in each chapter is the 

evaluation of the charge transport properties of the semiconductors under investigation and 

their correlation with structural aspects. A suitable method for measuring charge carrier 

mobility was chosen and established in our group within this thesis. The method is based on 

single carrier devices, where the charge carrier mobility can be determined by recording 
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current density – voltage (J-V) characteristics and using Mott-Gurney’s equation, when the 

current measured is space-charge limited only (SCLC, see Chapter 1.3 for more details).  

The first part of the thesis including Chapters 3-5 and Chapter 8 as Annex deals with 

perylene imide and diester based compounds, which represent an important class of n-type 

semiconductors. The strong π-π interaction of these molecules is generally leading to 

uncontrolled crystallization and large macroscopic crystals, which has been identified as a 

limiting factor for device efficiency in BHJ solar cells.1 We envisioned to tune crystallization 

whilst maintaining close π-π stacking by implementing an unsymmetrical substitution 

pattern, which is subject of Chapter 3. Three different unsymmetrical perylene bisimides 

(PBI) were evaluated in terms of their charge transport properties, morphology and 

crystalline order in thin films by means of SCLC, atomic force microscopy (AFM) and XRD 

measurements, as well as UV/vis and photoluminescence (PL) spectroscopy. The blend 

morphology and device performance of BHJ solar cells of these materials in combination 

with a donor polymer are studied in Chapter 8 (Annex). The nature of the side groups were 

found to have a strong influence on crystalline structure and orientation in thin films and thus 

a major impact on blend morphology, electron mobility and device performance. While side 

groups attached to the imide position of the perylene core only have limited effect on the 

optical properties of these dyes, light harvesting can be improved by modifications directly at 

the perylene core, which is subject of Chapter 4. Two novel classes of semiconductor 

polymers (PPDB and PPDI) were synthesized and the characterization of optical, electronic 

and structural properties was carried out. In addition to enhanced visible light absorption in 

the case of PPDB, altering the heterocyclic π-system also permits access to materials with 

different electronic character (n-type and p-type). Despite PPDB being superior to common 

perylene bisimide based polymers regarding light harvesting, a direct comparison of the 

electron transport properties was missing. This question, among others, is addressed in 

Chapter 5. Therein, a fundamental question of how molecular packing and the π-electron 

system of a semiconductor polymer influences charge transport was investigated. In this 

comparative study, the polymers feature pendant perylene side groups similar to the ones 

discussed in Chapter 4, and PBI moieties in analogy to the small molecules from Chapter 3.  
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Figure 1: Important parameters of organic semiconductors for application in solar cells which can be 

controlled by modifying the chemical structure of the materials are presented in the middle. The interplay 

of crystalline structure, morphology and electron transport for perylene bisimide (PBI) small molecules is 

addressed in Chapter 3. Solar cell performance and blend morphology of these materials with a donor 

polymer is investigated in Chapter 8 (Annex). Changes at the chemical structure of perylene based 

polymers (PPDI, PPDB PPDEI, PPDEB, PPBI 1 and PPBI 2) and the impact on light harvesting and charge 

transport is subject of Chapters 4 and 5. Device performance of Polymer:Fullerene solar cells is correlated 

with energy levels, charge transport and morphology of a series of fullerene derivatives (PCBM, bis-PCBM 

and bis-oQDMC) in Chapter 6. Fullerene-grafted polymers (PPCBM) are evaluated in terms of their 

electron transporting properties and thin film morphology in Chapter 7.  
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Since all polymers exhibit the same polymer backbone, changes in charge transport or 

packing behavior could directly be related to the chemical structure of the pendant perylenes.  

In the first part of the thesis we demonstrated various ways how to tune and improve optical 

and electronic properties and morphology of perylene based semiconductors. The best power 

conversion efficiency (PCE) obtained for solar cells using blends of n-type PBI 2 and a p-

type polymer however, was only 0.6 %, which illustrates that fundamental issues, leading to 

low short circuit current densities (JSC), of these blends still exist. Comparable blend devices 

with PCBM as acceptor instead of PBI can have a significantly higher JSC and hence PCEs of 

around 4 % were achieved. Nevertheless, even higher PCEs on the one hand and better 

stability on the other hand are required for commercialization of this technology. In the 

second part we show attempts how to tackle these issues based on fullerene acceptor systems.  

Chapter 6 describes two bis-adduct fullerene derivatives with higher LUMO energy levels 

compared to PCBM. Even though in photovoltaic devices, the open circuit voltage (VOC) 

could be improved, the short circuit current density (JSC) was lower compared to solar cells 

containing PCBM. The aim was to explore possible explanations for this behavior and find 

solutions to overcome these issues. The electron- and hole mobilities of the blends were 

determined. Blend systems where the performance was limited by low electron mobility in 

one case and by unfavorable blend morphology in another case could be identified. In 

Chapter 7, the problem of fullerene diffusion and crystallization, which is one limiting factor 

for morphological stability in OPV blends, is addressed. Electron mobilities and thin film 

morphology of novel fullerene side chain polymers were compared to standard PCBM small 

molecules dispersed in a comparable polymer matrix. Results demonstrated that good 

electronic properties can be achieved while disadvantageous crystallite formation could be 

avoided simultaneously.  

In the following, a summary of each manuscript with the key results is given. All details can 

be found in the respective Chapters 3-8. 
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Unsymmetrical Perylene bisimides: Influence of Substituents on Crystal 

Structure and Electron Transport 

Herein, three solution processable PBI small molecules were evaluated in terms of their 

charge transport properties, crystalline structure and morphology in thin films. The series of 

PBIs comprise an unsymmetrical substitution pattern at the imide positions with linear chains 

at one side and branched chains at the other side of the perylene core, which reduces 

aggregation in thin films significantly, compared to a symmetrical analogue. The nature of 

the substituents was varied from hydrophobic alkyl chains to hydrophilic oligoethylenglycol 

(OEG) chains to allow for tuning self-assembly properties of the compounds. Figure 2a 

shows the chemical structures of the three PBIs and the electron mobility values.   

 

Figure 2: a) Chemical structure of perylene bisimides (PBI) with respective side groups for PBI 1, PBI 2 and 

PBI 3 and b) electron mobilities, determined from SCLC measurements of pristine and annealed single 

carrier devices.  
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PBI 1 with only alkyl chains (Figure 2b). Electron mobilities as high as 7·10-3 cm2V-1s-1 were 

measured. To understand these results, I studied aggregation and crystallinity of PBI thin 

films by polarized optical microscopy (POM), UV/vis and PL spectroscopy and AFM. The 

measurements showed that aggregation and crystallinity of the perylene molecules after 

annealing is increased.  

Furthermore X-ray diffraction (XRD) experiments were carried out in collaboration with 

Prof. Thurn-Albrecht group from Halle University. Temperature dependant theta-2-theta 

scans of the bulk materials revealed that all three materials exhibit a 3D crystalline structure. 

While the diffractogram of PBI 2 could be indexed as a hexagonal lattice (see Figure 3a) with 

lattice parameters a= b= 3.47nm and γ =60
o, a lamellar packing was found for PBI 1 and 

PBI 3 with lattice parameters a=2.86nm, b=1.11nm, γ=86°and a=2.77nm, b=1.21nm and 

γ=81°, respectively. Lattice parameter c, which represents the π-π stacking distance of the 

perylene molecules within one column was found to decrease gradually from PBI 1 

(0.360 nm) to PBI 2 (0.350 nm) and PBI 3 (0.346 nm). Hence, OEG side chains promote a 

closer packing of the molecules, which is beneficial for charge transport, as better electron 

mobilities were measured for PBI 2 and PBI 3. An illustration of the columnar hexagonal and 

lamello-columnar packing of PBI 2 and PBI 3 is exemplarily shown in Figure 3d and e, 

respectively. The crystalline structure and orientation of pristine and annealed PBIs in thin 

films was examined by theta-2-theta scans. After annealing, sharper reflections with 

increased intensities and higher order reflections were observed for all three PBIs indicating 

an increase in crystallinity. Especially the OEG substituted PBI 2 and PBI 3 showed up to 

fourth order reflections implying that order and crystallinity is very high, compared to PBI 1, 

where only the second order reflection was observed. We attribute this to the higher 

flexibility of the OEG chains, which allows the molecules for a better orientation upon 

thermal annealing. Exemplarily, the theta-2-theta scan of pristine and annealed PBI 2 is 

depicted in Figure 3b. The texture measurement of PBI 2 is shown in Figure 3c. The relative 

degree of crystallinity is proportional to the integrated peak intensity, which proves that 

crystallinity is increasing upon thermal annealing. The increase of crystallinity is found to be 

significantly stronger for PBI 2 especially PBI 3, compared to PBI 1. Hence, also the thin 

film XRD measurements illustrate, that good packing and high crystallinity of the perylene 
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molecules is beneficial for charge transport. Further, photoluminescence spectroscopy 

showed that photons absorbed by the alkyl substituted PBI film tend to recombine 

radiatively, in contrast to the PBIs with OEG chains. In addition to the findings from XRD, 

these experimental evidences also explain the better charge transport properties of PBI 2 and 

PBI 3.  

It was demonstrated, that the solubilizing side chains in PBI derivatives have a major impact 

on the bulk charge carrier mobility, which correlates with crystalline structure and order in 

thin films. Electron mobilities of up to 7·10-3 cm2V-1s-1 were measured where hydrophilic 

OEG substituents allow for well ordered packing and high crystallinity in thin films.   

 

 

Figure 3: a) XRD theta-2-theta scan of melt crystallized PBI 2 in bulk, which can be indexed as a hexagonal 

lattice with lattice parameters a=b=3.47nm and γ =60
o
 and c=0.35nm corresponding to the π-π stacking 

distance of the perylene cores; b) XRD theta-2-theta scan of pristine and annealed thin films and c) 

corresponding texture measurements, where the integrated area of the intensity curve is a proportional 

measure for crystallinity in thin films; d) illustration of columnar hexagonal packing of PBI 2 molecules and 

e) lamello-columnar packing of PBI 3 for comparison.     
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Liquid Crystalline Perylene Diester Polymers with Tunable Charge Carrier 

Mobility 

Apart from good electronic properties and a suitable morphology, light absorption is a crucial 

parameter for materials used in OPV. The aim of this study was to find semiconductor 

polymers with strong visible light absorption over a long wavelength range and high 

solubility in organic solvents. We envisioned improving absorption properties of well known 

side-chain homopolymers consisting of pendant perylene bisimides (PPBI) by modifications 

at the π-conjugation system of the perylene units. A benzimidazole unit attached to the 

perylene core in the case of PPDB increases the π-electron delocalization and is expected to 

result in a bathochromic shift in the absorption spectrum.  

 

Figure 4: Synthesis route for Poly(perylene diester benzimidazole) (PPDB) and Poly(perylene diester imide) 

(PPDI). i) 1. KOH/H2O, 0.5h, 70°C; 2. Aliquat 336, KI, 10min, RT; 3. Br-R, 16h, 100°C. ii) p-toluenesulfonic 

acid monohydrate, toluene/n-dodecane, 5h, 95°C. iii) Zn(OAc)2/DMAc, 25min, 160°C, 300W (microwave). 

iv) K2CO3, KI, DMAc, 17h, 85°C. v) Imidazole, Zn(OAc)2, 4h, 160°C. vi) Et3N/DCM, 24h, 0°C.   
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Two novel classes of semiconductor polymers (PPDB and PPDI) were synthesized according 

to the route shown in Figure 4. The starting material was perylenetetracarboxylic acid 

dianhydride (PTCDA), from which the perylene diester monoanhydrid was obtained in two 

steps (i and ii). To obtain high solubility, branched alkyl chains were used as solubilizing 

groups and connected via the two ester groups to the perylene core. The desired perylene 

diester benzimidazole (PDB) was obtained in a microwave reaction (iii). For comparison, 

perylene diester imide (PDI) was synthesized as well (v). Acrylate units as polymerizable 

groups were introduced (iv and vi), so that polymerization of the acrylate monomers via 

nitroxide mediated radical polymerization (NMRP) gave side chain homopolymers PPDI and 

PPDB. The polymers were characterized by Size Exclusion Chromatography (SEC), UV/vis 

spectroscopy, XRD, cyclic voltammetry (CV), differential scanning calorimetry (DSC), POM 

and SCLC single carrier devices.  

The main conclusions are that the absorption of PPDB in the visible range is notably 

broadened up to 670 nm compared to PPDI (580 nm) (Figure 5a), which is due to the above 

mentioned extended π-conjugation system of PPDB. Charge transport measurements were 

carried out by fabricating single carrier devices to determine hole and electron mobilities. By 

using the SCLC approach, we discovered that not only absorption, but also the electronic 

character of the two polymers has changed. PPDB is a good electron transport material with 

an electron mobility of 3·10-4 cm2V-1s-1, the hole mobility was found to be 1·10-6 cm2V-1s-1. 

PPDI, however, shows better hole mobility with 2·10-4 cm2V-1s-1, and a low electron mobility 

of 2·10-5 cm2V-1s-1. This result implies that perylene based semiconductors can be tuned from 

n-type to p-type by altering the heterocyclic π-electron system of the pendant perylene cores 

(as illustrated in Figure 5c). We also found that both materials exhibit liquid-crystalline (LC) 

mesophases over a broad temperature range, which was shown by XRD (see Figure 5b), DSC 

and POM. LC semiconductors are of particular interest, because they can potentially combine 

order and easy alignment, which is important to obtain a suitable morphology and good 

charge transport in electronic devices. The impact of structural order of side-chain polymers 

on charge transport should therefore be further investigated, which is the subject of the 

following chapter.  
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Figure 5: a) UV/vis absorption spectra of PPDI and PPDB in oDCB solution (c=10-5 mol∙L
-1

) and of thin 

films; b) X-ray diffraction pattern of Poly(perylene diester imide) (PPDI) and Poly(perylene diester 

benzimidazole) (PPDB) and c) illustration of how modifications at the perylene core can influence the 

electronic character. 

 

Pendant Perylene Polymers with High Electron Mobility 

Encouraged by the results of Chapter 3 and 4 we investigated polymers consisting of PDI and 

PDB units (Chapter 4) in a comparative study with polymers bearing PBI units with 

hydrophilic and hydrophobic groups (in analogy to Chapter 3). Four different side-chain 

homopolymers with pendant perylene moieties were synthesized by a combination of NMRP 

of propargyloxystyrol and Cu-catalyzed azide-alkyne “click” chemistry of the respective 

peryleneazides. The perylene units were individually attached to the same polymer backbone 

in a “click” reaction. Thus, the nature of the solubilizing side chains and the chromophoric π-

conjugation system of the pendant perylene moieties were systematically varied. In the case 

of PPBI 1 branched alkyl and for PPBI 2 branched oligoethylenglycol (OEG) groups were 

used as substituents at the imide position. The structure formula of PPDEI and PPDEB are 
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similar to the polymers PPDI and PPDB of the previous chapter, however, an additional 

triazole unit due to the click reaction is present in each perylene moiety. The “click”reaction 

and the four “clicked” polymers are shown in Figure 6a. Since the same scaffold polymer 

was used for each compound, all four homopolymers possess the same chain length and 

polydispersity. Therefore, the aim of this chapter was to directly relate changes in charge 

transport, packing behavior and optical properties to the chemical structure of the pendant 

group. 

 

Figure 6: a) “Click” reaction of poly(propargyloxystyrene) with perylene azides giving poly(perylene diester 

imide) (PPDEI), poly(perylene diester benzimidazole) (PPDEB), poly(perylene bisimide) 1 (PPBI 1) and 

poly(perylene bisimide) 2 (PPBI 2); b) UV/vis aborption spectra of PPDEB, PPDEI and PPBI 1 in CHCl3 

solution (c=10-5 mol∙L
-1

) and c) J-V characteristics of electron-only devices of PPBI 1, PPBI 2, PPDEB and 

PPDEI with active layer thickness L. 

The impact of these modifications on charge transport properties by SCLC measurements in 

electron- and hole-only devices was investigated. Cyclic voltammetry was used to estimate 

HOMO and LUMO levels and optical properties were investigated using UV/vis 

spectroscopy. Furthermore, thermal behavior was studied by DSC, POM and XRD. PPDEI, 

PPDEB and PPBI 1 are liquid crystalline materials, whereas PPBI 2 is amorphous. A 

comparison of the electron mobility, obtained from SCLC measurements in Figure 6c shows 
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that PPBI 1 with 1·10-3 cm2V-1s-1 is superior to PPDB with 6·10-4 cm2V-1s-1. Hence, even 

though light absorption of PPDB could be improved compared to PPBI (see Figure 6b), 

charge transport is negatively affected. Another striking result was the effect of the 

solubilizing substituent at the imide positions of PPBI 1 and PPBI 2. Branched alkyl chains 

lead to a liquid crystalline state in the case of PPBI 1, PPDEB and PPDEI, whereas PPBI 2 

with more flexible OEG groups is an amorphous material. Surprisingly the less ordered 

PPBI 2 exhibits an electron mobility one order of magnitude higher than that of PPBI 1, even 

though it is commonly believed that increased order yields better charge transport. 1·10-

2 cm2V-1s-1 were measured in single carrier devices, which is one of the highest electron 

mobilities reported for n-type homopolymers by SCLC. To explain these findings, we assume 

that energetic disorder might be reduced due to the amorphous nature caused by highly 

flexible OEG chains. Furthermore charge carriers trapped within grain boundaries might 

account for a lower mobility for PPBI 1 with LC order compared to the amorphous PPBI 2. 

SCLC measurements demonstrated that both the aromatic perylene core and the nature of 

solubilizing groups (alkyl or oligoethylenglycol (OEG)) have a major impact on the charge 

carrier mobilities in perylene side chain polymers. 

The following chapters deal with PCBM based electron acceptors, which are another 

important class of n-type semiconductors for OPV application.   

 

Correlation of Charge Carrier Mobilities and Solar Cell Parameters in 

Polymer:Fullerene Blend Devices 

Chapter 6 describes two bis-adduct fullerene derivatives, bis-PCBM and bis-oQDMC, with 

higher LUMO energy levels with respect to PCBM (see Figure 7 for chemical structure and 

energy levels). BHJ solar cells of these fullerenes in combination with a low band gap p-type 

polymer were prepared. Higher open circuit voltages (VOC) could be achieved, compared to 

the standard PCBM blend, but short circuit current density (JSC) was below the reference 

cells. The aim of this chapter was to explore possible explanations for this behavior and find 

solutions to overcome these issues. Electron- and hole mobilities of the blends in single 

carrier devices were measured, the results are summarized in Figure 7c.  
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Figure 7: a) Chemical structure of the donor polymer and the acceptor fullerenes and b) energy level 

diagram of the materials illustrating the linear relation of VOC and the difference of donor HOMO and 

acceptor LUMO; c) electron- and hole mobilities (µe and µh) of the Polymer:Fullerene blends measured by 

SCLC single carrier devices. 

For the Polymer:bis-PCBM blend the electron mobilitiy was lower, but hole mobility was 

comparable with respect to the Polymer:PCBM reference. JSC and PCE could therefore be 

improved by reducing the active layer thickness for the Polymer:bis-PCBM blend. In the case 

of Polymer:bis-oQDMC blend devices, a decrease in both electron and hole mobility was 

found. Since the hole transporting material was kept the same for all three blend systems, a 

lower hole mobility can only be explained by a change in the blend morphology with worse 

percolation paths for holes in this blend, which is suppoted by AFM images. Here, reducing 

the active layer thickness did not lead to improved device efficiencies. We showed that using 
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the SCLC approach in single carrier devices is a practical tool to help understanding and 

improving solar cell characteristics of Polymer:Fullerene blends.  

 

Fullerene-grafted Copolymers exhibiting High Electron Mobility without 

Nanocrystal Formation 

Even though we demonstrated that optimization of Polymer:Fullerene solar cells, based on 

mobility and morphology studies, can improve the PCE, the fundamental problem of 

morphological stability of Polymer:Small molecule blends remains. Often, diffusion and 

aggregation of PCBM within the blend, which is accelerated by thermal annealing, leads to 

changes in the blend morphology and hence decreased lifetime of the device. Therefore, 

morphological stability is highly desired. One possible way of realizing more stable blends is 

to replace the acceptor small molecules with a polymer, or as the ultimate goal, replacing 

donor and acceptor blends by fully functionalized donor-acceptor blockcopolymers. In the 

first instance, a suitable acceptor polymer with similar properties of PCBM needs to be 

found, which is the subject of this chapter. Herein, the synthesis of well-soluble fullerene-

grafted copolymers with varied contents of pendant phenyl-C61-butyric acid methyl ester 

(PCBM) is reported. The chemical structure of PPCBM is shown in Figure 8a. The grafting 

density of PCBM side chains was changed from 30 wt% (PPCBM-1) to 37 wt% (PPCBM-2) 

and 51 wt% (PPCBM-3) by using different precursor polymers (PS-OH) with changed 

monomer ratio. The polymers were synthesized and provided by Martin Hufnagel.  

The essential question, whether the optical, electrochemical and charge transport properties 

of the novel polymers could be maintained with respect to blends of PCBM small molecules, 

was investigated by means of UV/vis spectroscopy, cyclic voltammetry and SCLC 

measurements. In addition to that, the morphology of the polymers was investigated by AFM 

and XRD. No significant changes of PPCBM in comparison with PCBM in absorption 

profile or HOMO and LUMO energy levels could be detected. I measured the charge carrier 

mobility of the novel polymers in electron-only devices, using the SCLC approach. The aim 

was to find out the effect of increasing fullerene content on bulk electron mobility. 
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Figure 8: a) Chemical structure of the PCBM-grafted Copolymers PPCBM 1-3 with varied PCBM grafting 

density and b) of PCBM and the precursor polymer PS-OH; c) electron mobility values obtained from SCLC 

single carrier devices of the PPCBM 1-3 and the respective PCBM:POH-1 blends, the dashed line 

represents the electron mobility of pure PCBM; d) powder XRD of PPCBM-2 and the respective blend of 

PCBM:PS-OH with 50 wt% PCBM; the applied annealing procedure was 3 h at 140 °C. 

PPCBM 1-3 were directly compared to blends consisting of PCBM in PS-OH (both shown in 

Figure 8b). The blends had approximately the same fullerene content as the respective 

grafted copolymers. The electron mobilities are summarized in Figure 8c. We observed 

strong differences in electron mobilities of the PCBM-grafted copolymers PPCBM-1, 

PPCBM-2 and PPCBM-3 compared to the blends. The electron mobility also varies with 

respect to the PCBM content. In the Polymer:PCBM blends, an exponential increase in 

electron mobility with increasing PCBM content was observed. At 50 wt% PCBM, the blend 
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exhibits an electron mobility of 8

magnitude below the mobility of pristine PCBM (4

charge transport is inhibited by the presence of an electronically inactive polymer such as PS

OH. The PCBM-grafted copolymers on the other hand exhibit a different trend of the 

mobility with increasing fullerene content. Electron mobility is increasing from PPCBM

PPCBM-2 from 2·10-5 cm2V-1

5·10-5 cm2V-1s-1. Hence, below PCBM contents of 50

features a significantly higher electron mobility than the respective PCBM:PS

understand these findings, I studied the morphology of the films by AFM. 

Figure 9: AFM topography images obtaine

PPCBM-2, PPCBM-3 and the respective

AFM topography images, shown in 

Polymer:PCBM blends is mainly dominated by crystallite and aggregate formation of 

PCBM. Increasing the weight fraction of PCBM leads to growth of both number and size of 
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features a significantly higher electron mobility than the respective PCBM:PS

understand these findings, I studied the morphology of the films by AFM.  

: AFM topography images obtained in Tapping Mode for fullerene-grafted polymers P

respective PCBM:PS-OH blends. 

AFM topography images, shown in Figure 9 illustrate that the morphology of the 

Polymer:PCBM blends is mainly dominated by crystallite and aggregate formation of 
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the aggregates. On the other hand, all grafted PPCBM films show a smooth and featureless 

topography, indicating that the incorporation of PCBM in the polymer side chain does 

effectively suppress the tendency of PCBM to aggregate. This is further supported by XRD 

measurements (see Figure 8d) where pristine and thermally annealed PPCBM-2 and the 

Polymer:PCBM 50:50 blend were compared. The Polymer:PCBM blend shows reflections 

typical for fullerene crystallites within the polymer matrix. Upon annealing the intensity of 

the reflections increases, which indicates that further PCBM aggregation is promoted by 

thermal treatment and the initial blend was not in a thermodynamical stable state. On the 

other hand, the XRD samples of PPCBM-2 do not exhibit any crystalline reflections, the 

material is therefore considered as amorphous. Thermal annealing above Tg did not show any 

influence, which is in line with AFM images and the assumption that the covalent attachment 

of PCBM to the polymer suppresses the aggregation and crystallization of fullerenes. To the 

best of our knowledge, these PCBM-grafted copolymers are one of the first examples of 

fullerene-based polymers with high electron mobility in bulk, which do not show 

disadvantageous crystallite formation. 

 

Annex: Perylene bisimide Blend Solar Cells: Influence of Substituents on 

Blend Morphology and Device Performance 

This chapter is following up Chapter 3 where perylene bisimide (PBI) small molecules were 

investigated in terms of their charge transport properties and crystalline structure in thin 

films. A strong influence of the different side groups attached to the PBI on these properties 

was found, which encouraged us to study their effect on the blend morphology of BHJ solar 

cells and device performance. Photovoltaic devices consisting of blends of a low band gap 

donor copolymer and PBI 1, PBI 2 and PBI 3, respectively, were prepared and characterized. 

The chemical structures of the PBI acceptors and the donor polymer are depicted in Figure 

10a, the J-V characteristics of the three blends are given in Figure 10b. The blend 

morphology was investigated by AFM. The nature of the side chains is found to have a major 

impact on blend morphology (see AFM topography images in Figure 10c-e) and device 

performance. The topography of the Polymer:PBI 1 blend was smooth and featureless 

(Figure 10c).  
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Figure 10: a) Chemical structure of the donor polymer and the three perylene bisimides (PBI); b) J-V 

characteristics of representative solar cells devices made of the three blends illuminated under AM1.5 

(1sun); AFM Topography images recorded in Tapping Mode of a Polymer:PBI 1 blend (c), Polymer:PBI 2 

blend (d) and Polymer:PBI 3 blend (e).  

Both PBI 1 and the polymer possess alkyl chains as solubilizing groups, which resulted in a 

high miscibility of the two compounds and a highly intermixed blend system after drying of 

the film. The power conversion efficiency (PCE) was 0.19 %. On the other hand, for PBI 3 

featuring exclusively OEG blend, a rough topography was observed (Figure 10e). 

Interactions of hydrophilic OEG and hydrophobic alkyl chain caused strongly phase 

separated domains of PBI and Polymer. PCE in this blend system was only 0.02 %. Hence, 
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separated blend morphology (Figure 10d) and clearly outperforms the other PBI derivatives 

in solar cell devices with a PCE of 0.51 %. 

An optimization of the Polymer:PBI 2 blend ratio was carried out. A PCE of 0.60 % was 

achieved for the Polymer:PBI2 1:1.5 blend ratio. AFM images show that the morphology of 

these blends is dominated by PBI 2 aggregation because surface roughness increased with 

increasing PBI content. We demonstrated a successful approach for tuning the morphology of 

OPV blends via hydrophobic-hydrophilic interactions of donor and acceptor parts by altering 

N-substituents of PBIs. Even though optical and charge transport properties of the PBIs are 

similar, device performance is crucially determined by blend morphology in OPV.  

Based on these results, future research is directed towards determining the dominant loss 

mechanism in these devices by means of time resolved spectroscopy.   
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This manuscript is prepared for submission with the title: 
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I performed the SCLC charge transport measurements, characterized the polymers by means 
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the manuscript.  
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XRD and UV/vis spectroscopy and was involved in the scientific discussion.  
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the scientific discussion and corrected the manuscript.  
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Abstract 

Three solution processable n-type semiconducting Perylene bisimides PBI 1, PBI 2 and 

PBI 3 are evaluated in terms of their charge transport properties, morphology and crystal 

structure. All compounds have an unsymmetrical substitution pattern at the imide positions, 

which influences the aggregation in thin films significantly. The nature of the substituents is 

varied from hydrophobic alkyl chains to hydrophilic oligoethylenglycol (OEG) chains to 

control intermolecular interactions and to tune self-assembly properties of the compounds. In 

this paper, structure formation, crystallinity and morphology of PBI thin films are studied by 

polarized optical microscopy, UV/vis and photoluminescence spectroscopy, X-ray diffraction 

(XRD) and atomic force microscopy (AFM). A correlation of structure and morphology with 

charge transport properties obtained from space-charge limited current (SCLC) 

measurements is attempted. Bulk XRD data are indicative for a lamella-columnar packing 

motif in the case of PBI 1 and PBI 3 and a columnar hexagonal packing for PBI 2. Further, 

OEG chains help reducing the π-π stacking distance of the perylene cores, which correlates 

with higher charge carrier mobilities of these PBI derivatives. XRD data on thin films give 

evidence for a highly ordered packing of the molecules after an annealing step with the 

dominant orientation axis a perpendicular and the π-π stacking direction parallel to the 

substrate (“edge-on”). An increase in crystallinity of the annealed films compared to the 

pristine films was found for all PBIs, especially for compounds featuring OEG substituents 

(PBI 2 and PBI 3). Electron mobilities of as high as 6·10-3 
cm

2
V 

-1
s 

-1 and 7·10-3 
cm

2
V 

-1
s 

-1 

were measured for PBI 2 and PBI 3 featuring OEG side chains, which is more than two 

orders of magnitude higher than for PBI 1.  

 

Introduction 

Over the last decades, the use of Perylene tetracarboxylic acid bisimide, abbreviated as 

Perylene bisimide or PBI in the following, in optoelectronic devices has become a subject of 

extensive research. Applications involve xerographic devices,1 organic field effect transistors 

(OFETs),2-4 and organic photovoltaic cells (OPV).5-7 The relatively high electron affinity and 

strong visible light absorption, combined with good photochemical and thermal stability 
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make PBI related derivatives an important class of n-type semiconductors.8 Especially 

solution processable PBIs are of great interest because of their potential for large area film 

casting or printing of blends.9 PBIs can be modified by attaching solubilizing groups either at 

the bay or ortho positions of the perylene or at the imide nitrogen atoms. An overview about 

differently substituted perylene derivatives is given by Li et al..
10 Substituents at the bay and 

ortho positions can alter not only the solubility, but also electronic properties and absorption 

spectra of the perylenes.11 In contrast, N-substitution generally results in PBI derivatives with 

similar optical properties and energy levels. By introducing long or branched alkyl groups at 

the imide positions, PBIs with excellent solubility in common organic solvents like 

chloroform, THF, acetone, etc. can be obtained. The nature of these substituents has been 

found to play a crucial role for the self-assembly properties of PBIs.12 In general, the driving 

force for self-assembly, aggregation and crystallization of PBI molecules is the strong π-π 

interaction of the aromatic perylene cores. Bulky or small side groups attached to the 

perylene can either hinder or promote π-π stacking. Thus, substituents have both an effect on 

the intermolecular interaction and the solvent-molecule interaction and are therefore are a 

powerful tool to tune aggregation of PBIs. Using this approach, the self-assembly of 

symmetrically substituted PBIs with linear and branched alkyl chains could be controlled to 

achieve various one- and two dimensional morphologies.13 Furthermore, the formation of 

nanobelt and nanosphere morphologies for similar PBIs carrying linear and branched alkyl 

chains respectively, was reported.12 When replacing alkyl substituents with ethylenglycol 

groups, stacking angle as well as phase behavior of the PBI molecules can be modified.14 

This is attributed to the increased motion of PBI cores due to the highly flexible 

ethylenglycol side chains. We reported recently a series of N-substituted PBIs carrying 

branched “swallow-tail” oligoethylenglycol (OEG) and alkyl chains.15 Therein, a systematic 

study on the influence of side chains on thermotropic behavior was presented. By combining 

specific branched OEG and alkyl substituents, we were able to obtain liquid crystalline (LC) 

PBIs and control the thermal properties of these columnar hexagonal mesophases. In other 

words, the inherent tendency of PBI molecules to strongly crystallize could be suppressed by 

substituting alkyl with certain OEG substituents. In optoelectronic applications like organic 

photovoltaic cells, the high crystallinity of perylene compounds usually results in 

unfavorable blend morphologies of large domains sizes and poor device efficiencies. 
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Therefore, the use of perylene in OPV is still limited even though the fundamental steps of 

charge transfer in combination with various polymers is excellent.16, 17 On the other hand, 

crystallinity and long range structural order are generally believed to enhance fundamental 

properties of organic semiconductors like exciton diffusion length and charge carrier 

mobility.18  

Here, we investigate structure-property relations of a series of unsymmetrical N-substituted 

PBI compounds with linear side chains at one imide N-atom, and a “swallow-tail” substituent 

at the other imide nitrogen. The nature of the side groups is systematically changed from 

hydrophobic alkyl to hydrophilic OEG chains. By avoiding any bay substitution at the 

perylene core, changes in optical and electronic properties can exclusively be attributed to 

aggregation effects caused by the side chains. Electron mobilities of these materials are 

correlated with molecular arrangement and structural features in thin films. 

 

Results and Discussion 

We studied the structural and electronic properties of three unsymmetrical N-substituted 

Perylene bisimides PBI 1, PBI 2 and PBI 3, where the nature of the solubilizing side chains is 

varied from hydrophobic alkyl to hydrophilic oligoethylenglycol (OEG). The molecular 

structures are depicted in Figure 1. All compounds possess one linear side chain and one 

branched “swallow-tail” substituent. This unsymmetrical substitution pattern can help 

reducing excessive crystallization in thin films, compared to a symmetrical analogue (see 

Supporting Information Figure S1 for more details). PBI 1 comprises a C-12 alkyl and a C-15 

“swallow-tail” alkyl chain attached to the perylene core. For PBI 2, the branched substituent 

consists of a hydrophilic C-17 “swallow-tail” OEG chain. PBI 3 possesses both linear and 

branched OEG substituents. We described the synthesis and thermal characterization of PBI 2 

in detail earlier.15 PBI 1 and PBI 3 were synthesized analogously, the DSC data can be found 

as Supporting Information in Figure S2 and Table S1. DSC measurements indicate that all 

three compounds are crystalline. A more detailed investigation is given in the XRD section of 

this paper. The melting temperatures of PBI 1, PBI 2 and PBI 3 are 181 °C, 140 °C and 

165 °C, respectively.  
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Thin films of the PBI compounds were deposited with a doctor blading technique from 

chloroform solutions. Due to the fast evaporation rate of this low boiling point solvent, the 

thin film morphology is possibly not in a thermodynamical equilibrium state. To allow for 

better packing and orientation whilst keeping the quality of the films intact, all films were 

thermally annealed for 5 min below Tm (PBI 1 at 176 °C, PBI 2 at 135 °C and PBI 3 at 

160 °C). The following measurements were carried out before and after the annealing step.  

 

Figure 1: Structure formula and melting temperatures (obtained from DSC measurements) of PBI 1, PBI 2 

and PBI 3.  

 

Charge transport of PBI thin films 

An important figure of merit for semiconductors is the charge carrier mobility. The electron 

mobility of PBI 1, PBI 2 and PBI 3 was studied by using the space-charge limited current 

(SCLC) method. According to a procedure published recently,19 the following device 

structure was used to estimate the bulk electron mobility of the compounds. The 

semiconducting PBIs were sandwiched between an electron injecting calcium electrode and 

an ITO/PEDOT:PSS bottom contact. The current density – voltage (J-V) characteristics were 

recorded under inert gas atmosphere in the dark. At high voltages ohmic injecting contacts 

and trap free transport can be assumed and the current measured is space-charge limited only. 

The charge carrier mobility can be estimated by using Mott-Gurney’s equation:20
 

“hydrophobic” “hydrophobic-hydrophilic”

“hydrophilic”

PBI 1
Tm=181°C

PBI3
Tm=165°C

PBI 2
Tm=140°C
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6W  

where J is the current density, εr is the dielectric constant of the organic semiconductor 

(assumed to be 3 in our calculations21), ε0 is the permittivity of free space, µ is the charge 

carrier mobility, L is the thickness of the active layer and V is the voltage drop across the 

device. It is well known, that PBIs are good n-type materials.4 Thus, electrons transported via 

the LUMO are assumed to be the majority charge carriers in these devices and the resulting 

mobility values are electron mobilities (µe). J-V characteristics of pristine and annealed films 

of PBI 1, PBI 2 and PBI 3 with an active layer thickness of ca. 300 nm are shown in Figure 2. 

As discussed above, the annealing step was performed for 5 min at temperatures 5 °C below 

the compounds’ melting temperature in inert gas atmosphere. To check the thickness scaling 

of the space-charge limited currents, J-V curves across various active layer thicknesses were 

recorded, which are given as supporting information in Figure S3. The electron mobilities of 

the pristine and thermally annealed films of the three PBIs are summarized in Table 1. All 

pristine devices exhibit electron mobilities μe in the range of 10-5 cm2V-1s-1, with μe 

(PBI 3)=6·10
-5

 cm
2
V

-1
s

-1 being the highest. After annealing however, drastic changes in μe 

can be observed for the three compounds under investigation. A fourfold drop in μe to  

8·10-6 cm2V-1s-1 of PBI 1 with two alkyl chain substituents was measured. On the other hand, 

μe of PBI 2 and PBI 3 bearing OEG side groups were improved by over two orders of 

magnitude to 6·10-3 cm2V-1s-1 and 7·10-3 cm2V-1s-1, respectively.  

Table 1: Electron mobilities μe of pristine and annealed films of PBI 1, PBI 2 and PBI 3, determined by the 

SCLC method; the values reported represent an average over varied active layer thicknesses L.  

Compound 
Pristine Films 

Electron mobility μe 

Annealed Films 

Electron mobility μe 

PBI 1 3∙10
-5

 cm
2
V

-1
s

-1
 8∙10

-6
 cm

2
V

-1
s

-1
 

PBI 2 2∙10
-5

 cm
2
V

-1
s

-1
 6∙10

-3
 cm

2
V

-1
s

-1
 

PBI 3 6∙10
-5

 cm
2
V

-1
s

-1
 7∙10

-3
 cm

2
V

-1
s

-1
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These findings indicate that upon annealing, a reorientation of the molecules in the film 

might take place, which is beneficial for charge transport only in the case of PBI 2 and PBI 3 

with OEG substituents. Differences in bulk electron mobility can be expected depending on 

the orientation and morphology of the molecules. In the following, structural features of the 

PBIs in thin films shall be investigated in order to understand the charge transport properties.  

 

Figure 2: Current density-voltage (J-V) characteristics of electron-only devices before (empty symbols) and 

after annealing (filled symbols) of PBI 1 (black squares), PBI 2 (red circles) and PBI 3 (blue triangles); the 

active layer thickness L is ca. 300 nm; annealing was carried out for 5 min at 176 °C (PBI 1), 135 °C (PBI 2) 

and 160 °C (PBI 3), which is 5 °C below the materials’ respective melting temperature; the voltage applied 

(Vappl ) was corrected for a built in potential (Vbi ) of 2.2 eV resulting from the differences in work function 

of calcium and ITO/PEDOT:PSS. 

 

Optical properties of PBI thin films 

UV/vis and photoluminescence (PL) spectroscopy of PBI 1, PBI 2 and PBI 3 were carried 

out to probe the influence of thermal annealing on molecular stacking and aggregation in thin 

films. Thin films (100 nm) on quartz glass substrates were prepared similarly to the SCLC 

devices. A comparison of thin film and solution absorption spectra of all three compounds is 

shown in Figure 3a. It is evident that in diluted chloroform solution (c=10
-5

 mol·L
-1), where 

the intermolecular interactions are considered to be low, the absorption pattern is very similar 

to characteristic non aggregated PBI species.  
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Figure 3: a) UV/vis spectra of thin films of PBI 1 (black squares), 2 (red circles) and 3 (blue triangles) 

coated on quartz glass from 10 mg/mL chloroform solutions; the inset shows the normalized absorption 

spectra of the three compounds in chloroform solution (c=10-5 molL
-1

); b) UV/vis spectra of PBI 3 in 

different methanol:water (MeOH:H2O) ratios demonstrating that the vibronic bands are redshifted with 

increasing water content due to the increasing presence of aggregated species; while the intensity of the 

(0-0) band decreases, both intensities of (0-1) and (0-2) band increase.  

Hence, the different N-substituents have no influence on the optical properties. Three 

prominent absorption peaks arising from the S0→S1 electronic transitions and its vibronic 

overtones,22, 23 are observed. The peaks are labeled as the (0-0), (0-1) and (0-2) transitions at 

526 nm, 490 nm and 460 nm, (see inset Figure 3a) respectively. The absorption spectra of all 

three compounds in thin films are clearly different to the molecular absorption in solution. A 

broadening of the spectra and a loss of fine structure can be observed. To assign the 

absorption bands in the thin films, Figure 3b is taken into account, where the absorption 

pattern of the water soluble PBI 3 is shown in varied methanol:water (MeOH:H2O) mixtures 

(c=10-5 mol·L-1). With increasing water content, the aggregation of PBI 3 molecules 

increases. As a result, the (0-0) band is red shifted and looses intensity. At the same time, 

both (0-1) and (0-2) band are also red shifted, but feature increasing intensity. At a water 

content of 100 %, PBI 3 molecules are highly aggregated and the absorption spectrum 

resembles the thin film spectrum in Figure 3a. Similar aggregation effects are assumed for 

PBI 1 and PBI 2. Thus we assign the peaks of the PBI 1 thin film in Figure 3a to the (0-0) 

band at 550 nm, the (0-1) band at 496 nm and the (0-2) band at 476 nm. For PBI 2 and PBI 3 

the peaks are located similar at 552 nm (0-0), 495 nm (0-1), 470 nm and 480 nm (0-2), 

respectively. These findings indicate strong molecular packing and π-π interaction of the 
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perylene moieties.24 The evolution of the absorption pattern of these films upon thermal 

annealing is depicted in Figure 4a-c. For all PBI derivatives, annealing leads to an increase of 

the intensity of the (0-2) transitions, compared to the (0-1) transition, which can be explained 

by an increase in aggregate-to-monomer ratio.25 The absorption peaks of the films after 

annealing are located at 468 nm (PBI 1), 472 nm (PBI 2) and 478 nm (PBI 3). UV/vis spectra 

of the PBI films reveal notable changes in intermolecular interactions for each compound 

before and after annealing, compared to the solution spectra.  

 

Figure 4: a-c) UV/vis and d) photoluminescence (PL) spectra (λex =525 nm) of pristine and annealed films 

of PBI 1, PBI 2 and PBI 3; annealing was carried out for 5 min at 176 °C (PBI 1), 135 °C (PBI 2) and 160 °C 

(PBI 3), which is 5 °C below the materials’ respective melting temperature. 

Steady state photoluminescence (PL) spectra of the pristine and annealed films of PBI 1, 

PBI 2 and PBI 3 are shown in Figure 4d, with an excitation wavelength of λex=525 nm. For 

comparison, the solid line in Figure 4d represents the solution PL spectrum of PBI 1 (since 
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all PBIs exhibit very similar PL spectra in solution, the PBI 1 spectrum in chloroform is 

shown as a typical example). Here, only films of PBI 1 show notable PL intensity with broad 

and structureless spectra, which can be attributed to charge transfer (CT) or excimer emission 

as per literature.26, 27 The emission peak of the pristine film is at 625 nm, whereas in the 

annealed film it is blue shifted with a lower intensity compared to the pristine film and peaks 

at 611 nm, which is an indication of H-aggretates. Since almost no PL was detected for PBI 2 

and PBI 3, non-radiative losses seem to be preferred in these films. These findings 

demonstrate that the packing behavior of the three PBIs under investigation are different. The 

almost complete PL quenching of PBI 2 and PBI 3 films suggest better packing of the 

perylene cores in thin films, which can lead to a more efficient electron transport process.11 

Good packing due to π-π interaction is believed to be beneficial for charge transport, which is 

in agreement with the considerably higher electron mobilities found for PBI 2 and PBI 3, 

compared to PBI 1. The morphology of these films is investigated in the following sections. 

 

Morphology of PBI thin films 

Polarized Optical Microscopy  

Polarized optical microscopy (POM) images of the perylene films (with crossed polarizers) 

are shown in Figure 5a-f. The pristine films of PBI 1 and PBI 2 in Figure 5a and b do not 

show birefringend textures, indicating a rather amorphous state of the molecules after film 

formation. In contrast, the PBI 3 film in its pristine state exhibits small crystallites, as 

birefringence can be observed in POM (Figure 5c). After annealing, a strong increase in 

crystallites as indicated by birefringence in POM can be observed for all three compounds, 

which is illustrated in Figure 5d-f. Polycrystalline textures with grain sizes in the range of 

10 µm are visible for PBI 2 and PBI 3, whereas the cyrstallites of the PBI 1 film appear 

slightly smaller and less uniform.  
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Figure 5: Polarized optical microscopy images (polarizers crossed) of the pristine PBI thin films (a-c) and 

after annealing for 5 min at 176 °C (d), 135 °C (e) and 160 °C (f).  

 

Atomic Force Microscopy (AFM) 

To investigate the nanoscale morphology, atomic force microscopy (AFM) on pristine and 

annealed PBI films was performed in Tapping Mode. Topography images are shown in 

Figure 6. The pristine films have a RMS roughness of 2.5 nm (PBI 1, Figure 6a), 3.9 nm 

(PBI 2, Figure 6b) and 1.6 nm (PBI 3, Figure 6c) and show a rather featureless surface. Upon 

thermal annealing, morphology of all three films changes considerably. The formation of 

crystallites composed of flat terraces is observed. Especially for PBI 2 (Figure 6e), the 

terraces are remarkably large, smooth and exhibit abrupt steps with a well defined depth of 

ca. 3 nm (see Figure S4 in Supporting Information for a cross section). This is an indication 

of highly ordered molecular packing within the film.13 Further interpretation and a proposed 

packing motif for the PBIs, supported by detailed XRD measurements are presented in the 

next section of this paper. The RMS roughness of the annealed PBI 2 film is 1.1 nm, which is 

over three times smoother compared to the pristine film. Again, this demonstrates that a short 

thermal annealing step of 5 min below the melting temperature can induce a severe 

reorientation of the molecules towards uniform crystal growth. For PBI 3, the RMS 

200um 200um 200um

50um 50um50um
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b) PBI 2 pristine

e) PBI 2 annealed

c) PBI 3 pristine
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roughness increases to 3.1 nm after the annealing step (Figure 6f). This can also be explained 

by crystal growth, however in comparison to PBI 2, the crystals growth is more anisotropic, 

and therefore the initially smooth pristine film becomes rougher. Also, for PBI 1, the AFM 

image in Figure 6d indicates an increased crystallinity after annealing. The RMS roughness 

measured here is 2.4 nm and does not change significantly. AFM measurements of these thin 

films give valuable information about ordered domains and morphology on the surface. For a 

better understanding of the bulk morphology, XRD experiments were carried out, which is 

described in the next section.  

 

Figure 6: AFM Topography images obtained in Tapping Mode of the pristine PBI thin films (a-c) and after 

annealing for 5 min at 176 °C (d), 135 °C (e) and 160 °C (f).  

 

Structure properties (XRD) 

The complete structural investigation of PBI 1 in bulk has been published recently.28 To 

investigate the structure of the compounds PBI 2 and PBI 3, temperature dependent X-ray 

scattering measurements in bulk were performed. Both PBI 2 and PBI 3 were heated up to 
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their respective melting temperature and scattering data were recorded during the stepwise 

cooling run. The complete temperature dependent scans of PBI 2 and PBI 3 can be found in 

the Supporting Information (Figure S5). Both PBI 2 and PBI 3 reveal a single transition from 

the melt state to the crystalline state below which no changes in the scattering pattern are 

observed. This is in agreement with the DSC scans (see Supporting Information Figure S2) 

which also show a single transition from the melt to the crystalline phase.  

The scattering pattern of PBI 2 recorded at T=30 °C at intermediate and large q range is 

shown in Figure 7a and b. All reflections can be assigned to the respective hkl indices and 

can be indexed by a 2D hexagonal unit cell with lattice constants a=b=3.47 nm and γ=600 

according to Figure 7a. The WAXS pattern of PBI 2 (Figure 7b) reveals a large number of 

reflections in the q range 7-15 nm
-1 which is consistent with a well ordered crystalline 

structure. The peak observed at q=17.95 nm
-1 is assigned to the packing of PBI molecules 

within the stacks, and corresponds to a π-π stacking distance c=0.350 nm. Based on these 

lattice parameters, a unit cell containing 2 molecules give a reasonable crystallographic 

density of 0.84 g/cc according to the following equation 

[ � 2 · \� · ]̂  

with ρ being the crystallographic density (in grams per cubic centimeter), M the molecular 

weight of the molecule, V the volume of the unit cell and NA the Avogadro constant.   

A further peak is observed at q=18.74 nm
-1

 (indicated by an arrow in Figure 7b). Such 

reflections are indicative for a 3D lattice as they correspond to mixed (hkl) reflections with h 

and/or k and additionally l non zero. The occurrence of such reflections is observed generally 

in crystalline or in plastic phases29, 30. An illustration of PBI columns forming a hexagonal 

packing is shown in Figure 7c. The observed reflections in the scattering pattern of PBI 3 

shown in Figure 7d can be indexed by a 2D oblique unit cell having lattice parameters 

a=2.77 nm, b=1.21 nm and γ=81
0, which is shown in Figure 7f. All reflections can be 

assigned accordingly. The WAXS pattern of PBI 3 is similar to that of PBI 2 exhibiting many 

reflections in the q range 7-15 nm-1 as shown in Figure 7e. The reflection observed at 

q=18.12 nm
-1 can be assigned to the packing of PBI molecules within the stacks, and 
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corresponds to a π-π stacking distance c=0.346 nm. The crystallographic density calculation 

based on the calculated lattice parameters give a density of 1.3 g/cc for a unit cell containing 

1 PBI 3 molecule. Again, a peak observed at at q=18.9 nm-1 (indicated by an arrow in the 

inset of Figure 7e) corresponds to mixed (hkl) reflections with h and/or k and additionally l 

non zero. 

 

Figure 7: Bulk X-ray scattering measurements for PBI 2 at T=300°C at (a) intermediate and (b) wide angle 

range; the observed Bragg reflections in (a) can be indexed for a hexagonal lattice; red bars denote the 

expected peak positions for a hexagonal unit cell with lattice parameters a=b=3.47nm and γ=60°; c) 

illustration of columnar hexagonal packing based on PBI stacks; bulk X-ray scattering measurements for 

PBI 3 at T=300C at (d) intermediate (e) wide angle range; the observed Bragg reflections in (d) can be 

indexed for a 2D lamello-columnar unit cell; red bars denote the expected peak positions for the unit cell 

with lattice parameters a=2.77nm; b=1.21nm and γ=81°; f) illustration of lamello-colunmar packing of 

PBI 3.  

Hence from bulk measurements we conclude that both PBI 2 and PBI 3 form a 3D crystalline 

structure. A striking result of these bulk measurements is that the π-π stacking distance is 

found to decrease from the alkyl substituted hydrophobic PBI 1 (c=0.360 nm) to OEG 

substituted hydrophilic PBI 2 (c=0.350 nm) and PBI 3 (c=0.346 nm). These findings, along 

with the observations from PL studies, support the better packing in PBI 2 and PBI 3 and the 
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increased charge carrier mobilities. A summary of lattice parameters of PBI 1, PBI 2 and 

PBI 3 is given in Table 2.  

Table 2: Summary of results from XRD measurements in bulk, thin films and texture scans; interplanar 

spacing d100 as calculated from theta-2-theta scans of PBI thin films; crystal size along (100) direction t100 

calculated using Scherrer equation; relative degree of crystallinity obtained from the ratios of the 

integrated area under the intensity curve of Figure 8d-f. 

 
PBI 1 PBI 2 PBI 3 

Bulk 

Lattice 

parameters 

a=2.86nm  

b=1.11nm 

γ=86° 

a=b=3.47nm 

γ=60° 

a=2.77nm  

b=1.21nm 

 γ=81° 

π-π stacking 

distance (c) 
0.360nm 0.350nm 0.346nm 

Packing motif 
Lamello-columnar 

3D crystalline 

Columnar 

hexagonal 

3D crystalline 

Lamello-columnar 

3D crystalline 

Pristine 

Films 

q100  2.20nm
-1

 2.32nm
-1

 2.29nm
-1

 

d100  2.86nm 2.73nm 2.72nm 

t100 24.8nm 22.1nm 23.4nm 

Annealed 

Films 

q100  2.40nm
-1

 2.08nm
-1

 2.30nm
-1

 

d100  2.62nm 3.03nm 2.72nm 

t100 40.9nm 52.9nm 61.1nm 

Texture Scans: Relative 

degree of crystallinity 
2.5 10.0 38.3 

 

It is known that thermal treatment can have a drastic effect on the packing and crystalline 

structure of thin films which in turn affects the overall charge transport properties3, 28. Hence 

it is important to understand the crystalline structure and orientation of the molecules in thin 

film. For this purpose, both theta-2-theta scans and texture measurements (see Supporting 

Information Figure S7 for experimental setup of texture measurements) were performed on 

thin films. In a theta-2-theta scan only the lattice planes having their normal vector parallel to 

the substrate normal can contribute to the signal. Thus, texture measurements are required, 

which provide quantitative information on the orientation distribution of the films along a 

single Bragg reflection direction.  



98     Chapter 3 

 

 

 

Figure 8: Theta-2-theta scans of thin films of (a) PBI 1 (b) PBI 2 and (c) PBI 3; higher orders for annealed 

films indicate stronger ordering of molecules; no (001) reflection corresponding to the π-π stacking was 

observed; intensity variation with the tilt angle chi (χ) of texture scans for (d) PBI 1, (e) PBI 2 and (f) PBI 3 

in pristine and annealed films; the integrated area of the intensity curve is a proportional measure for 

bulk crystallinity in thin films.  

Figure 8a-c show the theta-2-theta scans performed on pristine and annealed films of PBI 1, 

PBI 2 and PBI 3. The scattering pattern of the pristine films of all the materials shows a 

single reflection at q100 ∼2 nm
-1. The interplanar spacing correlates with PBI core-core 

distance a as obtained from the bulk measurements. No higher orders of reflections 

corresponding to the (l00) family of planes were observed. This gives a first indication that 

there is a considerably weak ordering of the molecules in pristine films. A broad halo 

originating from the amorphous glass at around q=16 nm-1 was also observed. However, 

thermal annealing of the pristine films lead to a significant increase in the scattering intensity 

of the (100) reflection with a reduced width. No reflection corresponding to (001) lattice 

planes corresponding to the π-π stacking could be observed in pristine or annealed films. The 

reduced width of the (100) reflection indicates an increased crystal size (thkl) in direction 

perpendicular to the substrate (see Figure 9), which can be evaluated quantitatively using the 

Scherrer equation. The increase in intensity can either be caused by an increased crystallinity, 
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or by a narrower orientation distribution with a prevalent orientation of the (100) lattice 

planes parallel to the substrate, or by both. Higher order reflections from (l00) family of 

planes were observed for all annealed films. While PBI 1 exhibits reflections up to the 

second order of the (l00) family of planes, PBI 2 and PBI 3 show reflections up to the fourth 

order as well. The appearance of higher orders in PBI 2 and PBI 3 implies a stronger ordering 

of PBI molecules with OEG substituted side chains compared to the alkyl substituted PBI 1. 

The interplanar spacings d100 calculated from the q value of the first Bragg reflection for 

PBI 1, PBI 2 and PBI 3, as well as the respective crystallite sizes along the (100) direction 

t100 (Figure 9) are tabulated in Table 2. 

 

Figure 9: Crystal size along (100) direction t100 for pristine and annealed films calculated using Scherrer 

equation; the increase in the crystal size was found to be most pronounced for PBI 3 (by a factor of 3) 

after annealing.  

Figure 8d-f show exemplary intensity data I(χ) obtained from texture measurements for 

pristine and annealed films of PBI 1, PBI 2 and PBI 3 using the procedure described in the 

Supporting Information. The reduction in full width half maximum (FWHM) of the intensity 

curve for the annealed films in comparison to the pristine films demonstrates a narrower 

orientation distribution of the (100) lattice planes. Supporting Figure S6 gives the FWHM 

values obtained for the different PBI films from such a measurement. The most significant 

decrease in the orientation distribution was observed for PBI 3. An increase in the integrated 

intensity Iint (see Equation 2 in Supporting Information) was observed for all PBI films after 

annealing indicating an increased crystallinity. Thus both effects, an increase in intensity as 

well as a narrowing of the orientation distribution were observed. In Table 2, the ratio of the 

integrated peak intensity Iint for the annealed films against their respective pristine films is 
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given. Since the chemical structure of PBIs are different and hence the corresponding films 

have a different microstructure, Iint can only be compared for a given sample before and after 

thermal treatment. These results indicate an increase in the relative degree of crystallinity 

upon annealing for all the PBIs. However the increase in the relative crystallinity measured 

by the ratio Iint is significantly higher for OEG substituted PBIs (especially for PBI 3) than 

the alkyl substituted PBI molecules. Based on the structural investigations in thin films, we 

find that OEG substituted PBIs show stronger ordering of PBI molecules as compared to the 

alkyl substituted PBIs. Further, the crystallite size along (100) t100 direction increases upon 

annealing. Given the packing motif of the PBIs found in the bulk measurements and the 

absence of (00l) reflections in thin film measurements, we assume the π-π stacking direction 

c in the substrate plane. The columns of PBI stacks (Figure 7c and f) are therefore lying flat 

on the substrate, which is equivalent to an edge-on orientation of the molecules. This 

assumption is further confirmed by the AFM image in Figure 6e in the case of PBI 2, where 

the depth of the steps observed corresponds well with the interplanar spacing of 

d100=3.03 nm (for more details see also Figure S4). This finding demonstrates that one single 

layer of PBI columns are partially missing on the surface of the film. Even though the π-π 

stacking direction is assumed to be parallel to the substrate, high mobilities are obtained in 

direction perpendicular to the substrate, as demonstrated by the SCLC measurements. It is 

well known that charge transport in organic semiconductors is highly dependent on the 

overlap between π-orbitals of adjacent molecules. The overlap, in turn, is determined by the 

microscopic structure and the density of structural defects in the organic film. It has been 

proposed for similar polycrystalline perylene derivatives, that sufficient π-orbital overlap 

does not only exist along the π-π stacking direction, but also normal to it, if the molecules 

pack close enough.31 For both OEG substituted PBIs, we observed very high vertical 

ordering in the film after annealing, which relates to good electron mobilities in SCLC 

devices.  
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Conclusion 

In conclusion, we correlated charge transport, morphology and crystallinity of three 

unsymmetrical N-substituted Perylene bisimide (PBI) derivatives with the substituents 

varying from hydrophobic alkyl to hydrophilic oligoethylenglycol (OEG). When OEG side 

groups are attached to the perylene core, electron mobilities of the compounds after thermal 

annealing are more than two orders of magnitude higher compared to the corresponding PBI 

with only alkyl chains. Using the SCLC approach, electron mobilities as high as  

7·10-3 cm2V-1s-1 were measured. Aggregation and crystallinity of PBI thin films were 

investigated. Polarized optical microscopy, AFM and UV/vis spectroscopy give evidence for 

increased order in the thin films after thermal annealing. Furthermore, only the PBI 

derivative with alkyl chains shows photoluminescence (PL) in the film, while PL is quenched 

for PBIs carrying OEG substituents. Crystallinity of the films was studied by XRD. The 

thermal annealing step leads to high crystallinity for all three PBIs. Especially, both OEG 

substituted PBIs show higher order and increased crystallite size along (100) direction 

compared to the PBI with only alkyl chains after annealing in films. We propose a lamella-

columnar structure for PBI1 and PBI3 and a columnar hexagonal packing structure for PBI2. 

The columns formed by PBI stacks exhibit an edge-on orientation with respect to the 

substrate. In addition, bulk XRD measurements show that the π-π stacking distance is 

gradually reduced when replacing alkyl chains with OEG chains. Findings from XRD 

experiments are in line with the electron mobility measured. We demonstrated that charge 

transport, crystalline structure and morphology of PBI thin films are highly affected by the 

nature of the substituents. High electron mobilities can be obtained where hydrophilic OEG 

substituents allow for well ordered packing and high crystallinity in thin films.  

 

Experimental Section 

Chemicals: The synthesis route to obtain unsymmetrical N-substituted PBIs is described 

elsewhere.15 Chloroform (anhydrous with crowncap, 99%) was purchased from Sigma-

Aldrich. PEDOT:PSS (Clevios P VP Al 4083) was purchased purchased from Heraeus. 
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Instrumentation: UV/vis spectra of solutions in chloroform with a concentration of 10-

5 molL-1 and thin films coated on quartz glass were recorded on a Hitachi 3000 

spectrophotometer. Photoluminescence spectra of thin films coated on quartz glass were 

acquired on a Shimadzu RF 5301 PC spectrofluorophotometer upon excitation at 525 nm. 

Film thicknesses were determined on an Alphastep 500 surface profilometer. Differential 

scanning calorimetry experiments were conducted at heating rates of 10 K·min-1 or 40 K·min-

1 under N2 atmosphere with a Perkin Elmer Diamond DSC, calibrated with indium. The 

endothermic maximum was taken as Tm. Atomic force microscopy was performed on a 

Veeco Dimension Icon with Nanoscope V controller, in Tapping Mode. The used cantilevers 

were NSC15/AlBS from Mikromasch. Thermal annealing was done on a Stuart SD162 

hotplate under N2 atmosphere. X-ray scattering experiments on bulk samples at intermediate 

angles were performed in transmission geometry with a laboratory setup consisting of a 

Rigaku rotating anode, a focusing X-ray optics device (Osmic confocal max flux), and a 

Bruker 2D-detector (HighStar). The optics also served as monochromator for Cu Kα 

radiation (λ=0.154 nm). Aluminum discs with a central hole of 0.8 mm diameter were used as 

sample holders. The largest scattering vector q accessible in these experiments was about 

q≈6.5 nm
−1.The samples were mounted on a Linkam hotstage for temperature control. Heat 

conducting paste was used to ensure good thermal contact. Wide angle X-ray scattering 

measurements were performed on an Empyrean diffractometer from PANalytical operating in 

Bragg-Brentano geometry using a programmable divergence slit to keep the illuminated area 

constant and a PIXEL detector. Here also Cu Kα radiation (λ=0.154 nm) was used. 

Measurements on thin film samples were also performed on the Empyrean diffractometer in 

parallel beam geometry using a double crystal Ge hybrid monochromator and parallel plate 

collimator coupled with an open detector. Quantitative determination of crystallinity in 

pristine and annealed films was done by performing texture measurements (also referred as 

pole figure measurements) utilising Schulz geometry.32 Details can be found in the 

Supporting Information.  

Device preparation: SCLC electron-only devices were fabricated using the following 

structure: glass/ ITO/ PEDOT:PSS/ Active Layer/ Ca/Al. Commercial ITO coated glass 

substrates with a sheet resistance of 13 Ohms per sq (Lumtec) were cleaned using following 
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sequence in an ultrasonic bath: detergent, water, acetone and 2-propanol. After ozone 

treatment of the substrates for 5 min, PEDOT:PSS was spin-coated on the ITO surface and 

dried at 130 C for 30 min. All following steps were carried out under nitrogen atmosphere 

with water and oxygen levels ≤ 0.1 ppm. After cooling the substrate, the active layer was 

blade coated from chloroform solutions. The substrates were then put in a thermal 

evaporation chamber to evaporate the top electrodes (30 nm Ca/ 100 nm Al) under high 

vacuum (1·10-6 mbar) through a shadow mask (active area 4 mm2). The current-voltage 

characteristics of the devices were measured using a Keithley 2420 (I-V) Digital SourceMeter 

at 25 °C. Thin films for UV/vis, XRD and photoluminescence measurements were blade 

coated from chloroform solutions on quartz glass substrates. The films were annealed at a 

temperature below the melting point of each compound in an inert atmosphere of nitrogen. 
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Supporting Information 

 

Figure S 1: Chemical structure and polarized optical microscopy image of annealed thin films of a 

symmetrical N-substituted PBI (a) and the unsymmetrical N-substituted PBI 1 (b); the annealing procedure 

was 5 min at a temperature of 128°C for symmetrical PBI and 176°C for PBI 1, which is 5 °C below the Tm 

of each compound. It is clear that the symmetrical PBI has a stronger tendency to crystallize compared to 

the unsymmetrical PBI.  

 

200um

Symmetrical PBI annealed

50um

PBI 1 annealed

a) b)
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Figure S 2: Differential scanning calorimetry (DSC) thermogramms of the symmetrical N-substituted PBI 

(a), PBI 1 (b), PBI 2 (c) and PBI 3 (d) showing the second heating cycle and the first cooling cycle at a rate 

of 10 Kmin
-1

. 

 

Table S 1: Summary of DSC results of the second heating cycle and the first cooling cycle at a rate of 

10 Kmin
-1

. 

Compound Phase transitions and corresponding  enthalpies ΔH (in paranthesis)  

  [°C (kJ mol
-1

 )]  

   2nd heating cycle  1st cooling cycle  

Symmetrical PBI  Cr 133.2 (19.5)→ I I 118.3 (-5.0)→Colh→ 110.7 (-11.6) →Cr  

PBI 1  Cr 180.6 (21.2) →I  I 161.6 (-19.2)→Cr  

PBI 2  Cr 140.1 (10.6) →I  I 129.3 (-10.6)→Cr  

PBI 3  Cr 164.5 (10.4) →I  I 152.9 (-16.3)→Cr  

Cr=crystal phase; I=isotropic; Colh=columnar hexagonal mesophase. 
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Figure S 1: Current density – Voltage characteristics of pristine and annealed electron-only devices with varied

active layer thickness L of PBI 1 (a and b), PBI 2 (c and d) and PBI 3 (e and f); the voltage applied was corrected 

for a built in potential of 2.2 eV resulting from the differences in work function of calcium and ITO/PEDOT:PSS.  
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Figure S 4: AFM topography image and cross section thereof, obtained in Tapping Mode of the annealed 

film of PBI 2 with a scan size of 1 um; the depth of the steps found on the film surface are around 3 nm.  
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Figure S 5: Temperature dependent XRD cooling scan for PBI2 and PBI3. 

 

 

Figure S 6: Full-width-half-maximum (FWHM) of the orientation distribution of the (100) crystallographic 

lattice planes for different PBIs films obtained from pole figure measurements. 
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Texture measurements 

Texture measurements were made at a fixed angle of incidence, corresponding to the (100)-

reflection of PBI cores as obtained from θ-2θ scan, while the polar angle χ, was varied from 

0o to 55o. For each χ, the azimuthal angle φ was scanned over 360o. While generally in a 

texture measurement, the intensity of a given Bragg reflection can depend on the angles χ and 

φ, the microstructure of our thin film samples is isotropic in the plane of the substrate. In 

order to eliminate any φ dependence, for the analysis only azimuthally averaged intensity I(χ) 

was considered. 

      
Equation 1 

A schematic of such a texture measurement is shown in Figure S7. The intensity I(χ) is 

directly proportional to the orientation distribution of the crystals. We used the FWHM of the 

peaks around χ=0 as a quantitative measure. The integrated intensity Iint after background 

correction as defined in equation 2 is proportional to the crystallinity of the sample.  

     

Equation 2 

∫ =
=

const
dII

χ
φφχχ ),()(

{ } χχχ dIII bkg∫ −=
55

0

int )sin()(
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Figure S 7: a) Schematic of the pole figure measurement performed at the fixed angle of incidence of the 

(100) reflection of P3HT and b) example of a pole figure plot for PBI 3. 
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Abstract 

Here we report new classes of liquid crystalline semiconductor polymers based on perylene 

diester benzimidazole and perylene diester imide mesogens. Two highly soluble side-chain 

polymers, poly(perylene diester benzimidazole acrylate) (PPDB) and poly(perylene diester 

imide acrylate) (PPDI) are synthesized by nitroxide mediated radical polymerization 

(NMRP). PPDB shows n-type semiconductor performance with electron mobilities of  

3.2·10-4
 cm2V-1s-1

 obtained in a diode configuration by fitting the space-charge limited 

currents (SCLC) according to Mott-Gurney equation. Interestingly, PPDI performs 

preferentially as a p-type material with a hole mobility of 1.5·10-4
 cm2V-1s-1, which we 

attribute to the less electron deficient perylene core of PPDI compared to PPDB. Optical 

properties are investigated by UV/vis and fluorescence spectroscopy. The extended π-

conjugation system due to the benzimidazole unit of PPDB leads to a considerably broader 

absorption in the visible region compared to PPDI. HOMO and LUMO levels of the 

polymers are also determined by cyclic voltammetry; the resulting energy band gaps are 

1.86 eV for PPDB and 2.16 eV for PPDI. Thermal behavior and liquid crystallinity are 

studied by differential scanning calorimetry (DSC), polarized optical microscopy (POM) and 

X-ray diffraction measurements (XRD). The results indicate liquid crystalline order of the 

polymers over a broad temperature range. These thermal, electrical and optical properties 

make the perylene side chain polymers attractive materials for organic photovoltaics. 

 

Introduction 

The development of polymeric n-type semiconductors for electronic devices such as organic 

photovoltaic cells or organic field effect transistors is still challenging and less extensively 

investigated, compared to the remarkable work done on p-type polymers recently1-3. Poor 

processability, insufficient electron mobilities or lack of air stability are present obstacles that 

have to be overcome in designing novel n-type polymer materials4. The successful 

integration of a naphthalenedicarboxyimide based n-channel polymer in thin film transistors, 

leading to high electron mobilities under ambient conditions, was demonstrated recently5. In 

comparison, in donor acceptor bulk heterojunction solar cells, polymeric n-type materials 
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used as electron acceptor show significantly lower performances than acceptors based on 

small molecules such as PCBM.6, 7. Polymers however, usually show better film forming 

properties compared to low molecular weight compounds8. This property is essential for 

solution processability, illustrating the need for n-type polymers. Perylene bisimides (PBI) 

are a relevant class of n-type semiconductors due to their relatively high electron affinity and 

strong visible light absorption, combined with good photochemical and thermal stability9, 10. 

Due to strong π-π interaction of the perylene cores, electron mobilities of 0.1-1 cm2V-1s-1 for 

low molecular weight PBIs and 1.2·10-3 cm2V-1s-1 for a solution processable PBI side chain 

homopolymer in organic field effect transistors were reported11, 12. It has been shown, that in 

terms of photoinduced charge generation, PBIs can be more effective electron acceptors than 

PCBM 13. Due to comparatively poor device performance, this class of material has received 

limited attention in bulk heterojunction solar cells to date. The main issue is assumed to be an 

unfavorable blend morphology due to the tendency of PBI to form large crystals14. We 

reported recently on a series of highly soluble, small molecular weight discotic liquid 

crystalline (LC) PBI15 and perylene diester benzimidazole (PDB) molecules16. The latter 

exhibit mesophases even at room temperature, combined with extended visible light 

absorption compared to PBIs. The self-organization of discotic LC materials can be exploited 

in optoelectronic applications in such a way that optimized morphology17, 18 and good charge 

carrier transport properties along the π-π stacking axis19 can be combined. The concept of 

utilizing LC semiconducting polymers in organic photovoltaic cells20, as well as in organic 

light emitting diodes (OLED)21 and organic field effect transistors (OFET)22 has been 

demonstrated successfully. In this context, to the best of our knowledge, the polymerization 

of LC perylene benzimidazole moieties has not yet been reported. 

Herein, we describe the synthesis of novel perylene side chain homopolymers, based on LC 

perylene diester benzimidazole and perylene diester imide mesogens. Nitroxide mediated 

radical polymerization (NMRP) was found to be a suitable method for the controlled 

synthesis of homopolymers and block copolymers based on acrylate monomers with pendant 

perylene moieties23-25. This radical polymerization method allows for a metal free 

polymerization of acrylate monomers giving narrow molecular weight distributions. 
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Additionally, a thorough characterization of LC phases by DSC, POM and XRD and bulk 

electron transport properties by the space-charge limited current (SCLC) method are given.  

 

Results and Discussion 

Synthesis 

In this chapter, the synthesis of perylene acrylate monomers 6 and 10, and their 

polymerization to the corresponding polymers PPDB and PPDI via NMRP are described. The 

synthetic route for perylene acrylate monomers 6 and 10 is shown in Scheme 1. Perylene 

diester monoanhydride 2 was obtained from perylene-3,4,9,10-tetracarboxylic dianhydride 

PTCDA as the starting material according to a procedure described recently16. The branched 

aliphatic ethyl hexyl substituents linked to the ester groups give excellent solubility in 

various organic solvents. A benzimidazole unit was introduced to the perylene core by 

condensation reaction of 2 with 3,4-diaminophenol (3) giving perylene benzimidazole 4 

carrying an OH-group. This zinc acetate catalyzed reaction was carried out under microwave 

irradiation to get adequate yield (54 %). Finally, to obtain monomer 6, 11-bromoundecyl 

acrylate (5), bearing an acrylate moiety with alkyl spacer, was attached to 4 in a nucleophilic 

substitution under alkaline conditions. The acrylate unit of 5 serves as the polymerizable 

group and the alkyl chain provides sufficient flexibility to facilitate the polymerization in the 

presence of sterically hindering pendant perylene cores. The monomer 6 was obtained in 

75 % yield, the reaction conditions were similar to the perylene bisimide acrylate monomer 

synthesis described by Lindner et al.
23.  

A second perylene diester acrylate monomer 10, consisting of an imide group instead of a 

benzimidazole unit was synthesized in order to study the effect of the size of the conjugated 

π-system on optical, electronic and thermal properties. Monoanhydride diester 2 and the 

primary amine 7 were reacted to give hydroxy functionalized perylene diester imide 8. The 

reaction was carried out in molten imidazole with an excess of 7 to give 8 in a high yield of 

90 %. The OH-group attached at the alkyl spacer served as functional group for esterification 

with acryloyl chloride (9). Finally, perylene diester imide acrylate 10 was obtained under 
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basic conditions in a good yield of 68 %. A detailed description of the synthesis and 

purification of monomers, polymers and reactants 3, 5 and 7, is given in the experimental 

section. All compounds were characterized by 1H-NMR and IR spectroscopy.  

Scheme 1. Synthesis of perylene acrylate monomers 6 and 10; i) 1. KOH/H2O, 0.5h, 70°C; 2. Aliquat 336, KI, 

10min, RT; 3. Br-R, 16h, 100°C. ii) p-toluenesulfonic acid monohydrate, toluene/n-dodecane, 5h, 95°C. iii) 

Zn(OAc)2/DMAc, 25min, 160°C, 300W (microwave). iv) K2CO3, KI, DMAc, 17h, 85°C. v) Imidazole, Zn(OAc)2, 

4h, 160°C. vi) Et3N/DCM, 24h, 0°C. 

 

NMRP was utilized to homopolymerize monomers 6 and 10. The reactants and the resultant 

perylene homopolymers PPDB and PPDI are depicted in Scheme 2. The ratio of monomer to 

2,2,5-trimethyl-3-(1-phenylethoxy)-4-phenyl-3-azahexan (11), serving as unimolecular 

initiator, was [M]:[I] = 100:1. To shift the reaction equilibrium towards the dormant species, 

0.1 equivalents of N-tert-butyl-α-isopropyl-α-phenylnitroxid (12) were added to the reaction 

mixture. This slowed the reaction rate and decreased the concentration of growing polymer 

radicals leading to better control over the polymerization. The initiator 11 and free nitroxide 

12 were synthesized according to a procedure described by Hawker et al.
26. Only small 
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amounts of solvent were used to prevent dilution of acrylate groups, so that the 

polymerization rate is not further decreased.  

Scheme 2. Polymerization of (a) 6 and (b) 10 via nitroxide mediated radical polymerization (NMRP). 

 

The reactions were quenched at conversion of 35 %, determined by 1H-NMR, in order to 

prevent transfer reactions leading to increasing molecular weight distributions27. Molecular 

weights of the polymers were identified by size exclusion chromatography (SEC) in 

chlorobenzene, which was calibrated with polystyrene standards. The refractive index 

detector signal of the SEC traces of PPDB and PPDI are shown in Figure 1.  

 

Figure 1: SEC traces (refractive index detection) of PPDB and PPDI. 
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Mn and Mw of PPDB was found to be 9400 g·mol-1 and 13300 g·mol-1 respectively with a 

polydispersity index (PDI) of 1.4. PPDI has a higher molecular weight of Mn = 20400 g·mol-1 

and Mw = 35300 g·mol-1, with a PDI of 1.7. Considering that a controlled radical 

polymerization method was used, the molecular weight distributions are rather broad. This 

suggests that termination reactions took place, especially after long reaction times of 50 h. 

The higher molecular weights obtained for PPDI compared to PPDB are attributed to the 

better solubility of PPDI in 1,2,4-trichlorobenzene. The high molecular weight PPDI is still 

soluble, whereas PPDB becomes insoluble after having reached an average molecular weight 

(Mn) above 10000 g mol-1, which decreases the further polymerization rate significantly. SEC 

data are summarized in Table 2.  

 

Polymer characterization 

Thermotropic properties 

The thermotropic behavior of the two polymers was studied by differential scanning 

calorimetry (DSC), polarized optical microscopy (POM) and X-ray diffraction measurements 

(XRD). The DSC traces shown in Figure 2a and b were recorded with a scanning rate of 

10 Kmin-1. Phase transition temperatures and the corresponding enthalpies ∆H are 

summarized in Table 1. The first heating cycles were ignored to rule out influences of the 

thermal history of the samples. For PPDB a glass transition (Tg) at 151 ºC and a reversible 

phase transition to isotropic state at 312 ºC was found. The comparatively small enthalpy of 

3.8 Jg-1 suggests a phase transition from a liquid crystalline (LC) mesophase to the isotropic 

melt. The corresponding crystallization peak upon cooling was detected at 279 ºC. The 

existence of a LC phase was confirmed by POM, which was equipped with a temperature-

controlled hot stage. Upon cooling from the isotropic state with a cooling rate of 3 Kmin-1, 

birefringend textures under crossed polarizers for PPDB were observed, which are shown in 

Figure 2c. The image was obtained at a temperature of 300 ºC. The sample was viscous 

liquid, which indicates a LC rather than a crystalline phase. The temperature difference 

observed for the phase transition between POM (300 ºC) and DSC (279 ºC) is due to the 



120     Chapter 4 

 

 

supercooling effect caused by a faster cooling rate in the DSC measurement. Similar 

observations were made for PPDI, where the melting point was identified at 132 ºC by DSC 

and POM. In the same way, the small transition enthalpy (2.8 Jg-1) in DSC and birefringend 

textures under crossed polarizers in POM (Figure 2d) indicates that PPDI also exhibits a LC 

mesophase. Figure 2d was obtained after annealing PPDI at 110 ºC for 5 h. The absence of 

other phase transitions in the DSC traces implies that PPDI is still in the liquid crystalline 

state at room temperature, however the viscosity of the compounds increases with decreasing 

temperature and crystallization of the materials might be thus kinetically hindered.  

 

Figure 2: DSC thermogram (scan rate 10Kmin
-1

) for PPDB (a) and PPDI (b) showing the second heating and 

the first cooling cycle. Peak values for the phase transitions are given. Optical microscopy images 

(polarizers crossed) of the LC mesophases of PPDB at 300°C (c) and PPDI at 110°C (d). The textures were 

obtained upon cooling the sample from the isotropic melt and annealing at the respective temperature.  
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Table 1: Phase behavior of PPDB and PPDI obtained from DSC measurements. 

 

Phase transitions and corresponding enthalpies ∆H 

2
nd

 heating cycle 

(T / °C; ∆H / Jg
-1

) 

1
st

 cooling cycle 

(T / °C; ∆H / Jg
-1

) 

PPDB g (151) → LC (312; 3.8) → I I (279; 3.7) → LC 

PPDI LC (132; 2.8) → I I (69; 1.6) → LC 

g: glassy, LC: liquid crystalline, I: isotropic. 

 

To further verify the thermotropic liquid crystalline character of both polymers, X-ray 

scattering experiments were carried out. The instrument was equipped with a Guinier camera 

and a hot stage. The X-ray diffraction (XRD) patterns of PPDB and PPDI are shown in 

Figure 3. As reported recently16, for liquid crystalline perylene derivatives a columnar 

hexagonal ordering of the disc like mesogens is often observed. According to the X-ray 

diffractogram (Figure 3), the packing behavior of the perylene side chain polymers PPDB 

and PPDI could not be identified as columnar hexagonal. Here, the Bragg reflections in the 

low q regime are indicative for a 2D columnar rectangular or columnar oblique ordering28. 

For clarification of the particular structure of the mesophases additional temperature 

dependent small angle X-ray scattering (SAXS) experiments will be carried out at ESRF 

Grenoble. In the wide angle regime of the PPDB diffractogram a comparatively broad 

reflection at a q value of 17.89 nm-1 corresponds to a short range repeat distance of 3.51 Å. 

This can be attributed to the π-π stacking distance of perylene cores of adjacent polymer side 

chains. For PPDI a clearly sharper reflection at q=18.21 nm-1 depicts a π-π stacking distance 

of 3.45 Å. The more defined and sharper reflection and the closer packing distance of PPDI 

compared to PPDB demonstrate a slightly better organization and more regular packing of 

the perylene cores. It is important to mention, that PPDB, in contrast to PPDI, was not heated 

above the melting temperature before measurement due to temperature limitation of our X-

ray instrument. Therefore the preconditions for self organization were not similar for the two 

polymers. More detailed temperature dependent wide angle X-ray scattering (WAXS) 

experiments are currently under investigation. An amorphous halo and the absence of further 
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reflections at high q values verify the liquid like character of the alkyl chains. In conclusion, 

PPDB and PPDI are liquid crystalline, the latter even at room temperature.  

 

Figure 3: X-ray diffraction pattern of PPDI recorded at room temperature after annealing at 140 °C and 

PPDB recorded at 250 °C.  

 

Optical and electronic properties 

In this section, the two homopolymers PPDB and PPDI are investigated in terms of their 

absorption behavior in solution and in solid state, their HOMO and LUMO levels and their 

charge carrier mobilities. The UV/vis absorption spectra of PPDB and PPDI in 

chlorobenzene solution and in thin films are shown in Figure 4a. The characteristic vibronic 

bands for perylene diester imide PPDI, similar to those of PBI based homopolymers29 are 

found. The three vibronic transitions in solution at 510 nm, 479 nm and 450 nm are 

hypsochromic shifted by 20 nm compared to PBI homopolymer. The fluorescence maximum 

of PPDI measured in film with an excitation wavelength of 525 nm is at 573 nm (Figure 4b). 

The presence of a benzimidazole unit in PPDB extends the absorption considerably, up to 

670 nm in solution and 680 nm in film, with an absorption maximum at 530 nm. Thus the 

absorption edge of PPDB is almost 100 nm red shifted compared to PPDI. Neither vibronic 

fine structure in the absorption spectra nor fluorescence could be observed for PPDB. A 

spectral broadening for both polymers in thin films, compared to the solution spectra is 

observed, indicating a change in aggregation in the solid state.  
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Figure 4: (a) UV/vis absorption spectra of PPDB and PPDI measured in chlorobenzene solution and in thin 

films and (b) photoluminescence spectra of PPDI thin film (λex = 525 nm). 

Cyclic voltammetry was carried out to estimate HOMO/LUMO levels and study 

electrochemical stability of the compounds. To determine LUMO energy values, each 

measurement was calibrated with ferrocene-ferrocenium couple Fc/Fc+ taking 4.8 eV as 

ferrocene HOMO level30. The cyclic voltammograms (Figure 5) show two reversible 

reduction peaks for both polymers, characteristic for the perylene unit. The first reduction 

peaks occurring at -1.27 V for PPDB and -1.28 V for PPDI result in almost identical LUMO 

energy levels of -3.53 eV and -3.52 eV respectively. Up to five cycles were recorded and no 

changes in the redox peaks were observed indicating electrochemical stability and 

reversibility. HOMO values were estimated from the optical band gap and the LUMO levels. 

The optical band gap, obtained from the absorption edges of absorption spectra in 

chlorobenzene solution (see Figure 4a) was found to be 1.86 eV for PPDB and 2.16 eV for 

PPDI. The resulting HOMO and LUMO energy levels and the band gaps are summarized in 

Table 3. UV/vis absorption measurements and cyclic voltammetry both demonstrate the 

effect of the benzimidazole unit in PPDB on optical and electronic properties. The π-

conjugation system of the perylene core is enlarged due to the fused benzimidazole moiety in 

PPDB compared to PPDI, leading to an increase of delocalized π-electrons. Therefore, less 

energy is needed to excite an electron from the HOMO to the LUMO, which explains the 

bathochromic shift in absorption spectra and the lowered band gap of PPDB. Strong light 

harvesting in the visible range and favorable energy levels are important prerequisites for the 
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use in organic electronic devices such as photovoltaic cells. In addition, the charge carrier 

mobility is a crucial feature.  

 

Figure 5: Cyclic voltammograms of PPDB and PPDI showing the first and second reduction peaks. The 

measurements were conducted in acetonitrile with respect to a ferrocene-ferrocenium couple (Fc/Fc
+
) at a 

scan rate of 50 mVs
-1

.  

 

Table 2: Number average molecular weight (Mn), weight average molecular weight (Mw), polydispersity 

indices (PDI), HOMO and LUMO energy values and calculated band gap (Eg) of PPDB and PPDI. 

 Mn 

[g/mol] 

Mw 

[g/mol] 

PDI HOMO 

[eV] 

LUMO 

[eV] 

Eg 

[eV] 

PPDB 9400 13300 1.4 -5.39 -3.53 

-3.52 

1.86 

PPDI 20400 35300 1.7 -5.68 2.16 

 

To determine the bulk charge carrier mobilities of both polymers, current–voltage I-V 

characteristics of each material sandwiched between two electrodes were measured and the 

space-charge limited currents (SCLC) were fitted according to Mott-Gurney equation31,  
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where J is the current density, εr is the dielectric constant of the polymer (assumed to be 3 in 

our calculations32), ε0 is the permittivity of free space, µ0 is the zero-field charge carrier 

mobility, γ is the field activation parameter, E is the electric field, L is the thickness of the 

polymer layer and V is the voltage drop across the device.  

This method estimates the material’s charge carrier mobility in bulk. In comparison, organic 

field effect transistor (OFET) measurements only measure the charge transport within a very 

narrow sheet at the interface with the gate insulator 32-34. Charge carrier densities in OFET 

devices are orders of magnitudes higher than in organic solar cells or organic light emitting 

diodes. Since charge carrier mobilities depend on charge carrier densities, the mobility values 

obtained from OFETs do not necessarily describe the bulk carrier transport at low carrier 

densities like in OPV devices. Furthermore, initial testing of the two polymers under 

investigation in OFET devices show poor performance, which we attribute to potential 

unfavorable alignment of the active material in the channel of the transistor. This does not 

seem problematic for SCLC devices, since architecture and underlying layers are different 

from those of OFET devices. Two different types of SCLC devices were fabricated in order 

to determine both electron and hole mobilities of the perylene polymers. Electron-only 

devices based on PPDB and PPDI comprise a poly(3,4-ethylenedioxythio-

phene):poly(styrenesulfonate) (PEDOT:PSS) covered indium tin oxide (ITO) bottom contact 

and a calcium top electrode capped with aluminum. The device architecture is depicted in 

Figure 6a. Calcium has a work function of 2.9 eV and serves as an Ohmic contact for 

electron injection into the LUMO of PPDB and PPDI (~3.5 eV). Concurrently, the bottom 

contact does not hinder electrons from leaving the device. Hole-only devices (Figure 6b) 

were fabricated correspondingly with an ITO/PEDOT:PSS bottom contact, but with a gold 

top electrode instead of calcium. The low work function of gold (5.1 eV) provides a large 

mismatch with the LUMO of PPDB and PPDI, which prevents electron injection and 

therefore holes injected from the bottom electrode are the dominant charge carriers in these 

devices. The polymer layer thicknesses of those single carrier devices were varied from 

300 nm to 650 nm. I-V characteristics of the devices were recorded at up to 6 V at room 

temperature in inert gas atmosphere. The experimental data and the corresponding fits 

according to Equation 1 are shown in Figure 6c-f. For calculation, voltages were corrected 
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for a built-in potential of 2.2 eV from the difference in work function of calcium (~2.9 eV) 

and ITO/PEDOT:PSS (~5.1 eV) for electron-only devices35. At high voltages the current is 

space-charge limited only, assuming ohmic contacts to the injecting electrode. In this regime, 

the current density approximately scales with J ~ V
2, so the charge carrier mobility at zero-

field µ0 and the field activation parameter γ can be determined by fitting the curve according 

to Equation 1. The values obtained for µ0 and γ for the best fits are summarized in Table 3. 

Inserting these values into Equation  234  

� � �) · $h·√i          (2) 

yields the charge carrier mobilities µ depending on the electric field within the device.  

Table 3: SCLC charge carrier mobilities and associated field activation parameters for PPDB and PPDI.  

 

Electron mobility Hole mobility 

µ0e 

[cm
2
V

-1
s

-1
] 

γ  

[m
0.5

V
-0.5

] 

µe 

[cm
2
V

-1
s

-1
] 

µ0h 

[cm
2
V

-1
s

-1
] 

γ 

[m
0.5

V
-0.5

] 

µh 

[cm
2
V

-1
s

-1
] 

PPDB 2.2∙10
-7 

2.6∙10
-3

 3.2∙10
-4

 6.0∙10
-8

 8.2∙10
-4

 1.0∙10
-6

 

PPDI 2.3∙10
-6

 6.8∙10
-4

 1.9∙10
-5

 1.6∙10
-6

 1.5∙10
-3

 1.5∙10
-4

 

µ0 and γ values were obtained by fitting the J-V curves of the single carrier devices according to 

equation 1. µ was determined from equation 2 and the maximum electric field in the device.  

 

Table 3 shows the charge carrier mobilities calculated for the maximum electric field. Using 

this method, the electron mobility µe was found to be 3.2·10-4 cm2V-1s-1 for PPDB and the 

hole mobility µh was determined to be 1.0·10-6 cm2V-1s-1. The hole mobility is two orders of 

magnitude smaller than the electron mobility, thus this polymer can be considered an n-type 

semiconductor. PPDI shows an electron mobility of 1.9·10-5 cm2V-1s-1 and a hole mobility of 

1.5·10-4 cm2V-1s-1. The results from the SCLC measurements are summarized in Table 3. 

Interestingly, the hole mobility of PPDI is nearly one order of magnitude higher than its 

electron mobility. As a result, we assign PPDI to a new class of p-type materials. In contrast 

to perylene bisimides, which are well known electron acceptors because of their two electron 

withdrawing imide groups36, the perylene core of PPDI only contains one imide group. This 
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results in a less electron deficient character and therefore a more donor-type behavior. In 

comparison, the benzimidazole unit of PPDB provides enough electron deficiency in the 

heterocyclic aromatic system to enhance the electron-accepting properties of this material. 

We therefore demonstrate here, that the electronic character of perylene side chain polymers 

can be tuned by modifying the aromatic perylene core.  

 

Figure 6: Scheme of an electron-only device with a calcium top electrode, capped with aluminum (a) and a 

hole-only device with gold top electrode (b); Current density J vs. voltage V plots (data points) and fits 

according to Equation 1 (straight lines) at room temperature for PPDB electron-only devices (c), PPDB 

hole-only devices (d), PPDI electron-only devices (e) and PPDI hole-only devices (f) with varied layer 

thicknesses L. The voltage applied (Vap) was corrected for a built in potential (Vbi) of 2.2eV for electron-

only devices resulting from the differences in work function of calcium and ITO/PEDOT:PSS. Vbi in hole-only 

devices was estimated to be 0eV.  
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Conclusion  

In summary, two novel liquid crystalline perylene diester side chain homopolymers were 

synthesized via nitroxide mediated radical polymerization (NMRP). We have demonstrated 

that changing the heterocyclic π-system permits access to materials with different electronic 

character. PPDB has n-type semiconducting properties with an electron mobility of  

3.2·10-4 cm2V-1s-1, whereas PPDI shows p-type behavior with the hole mobility being  

1.5·10-4 cm2V-1s-1 as determined from SCLC measurements. Altering the aromatic system of 

the perylene core does not only affect the electrical properties of the investigated polymers. 

The absorption of PPDB in the visible range is notably broadened up to 670 nm compared to 

PPDI (580 nm), which is due to extension of π-conjugation of the perylene core by the 

benzimidazole unit of PPDB. The optical band gaps as determined by the absorption edge of 

UV/vis measurements and cyclic voltammetry were 1.86 eV for PPDB and 2.16 eV for PPDI 

with similar LUMO energy levels of -3.53 eV and -3.52 eV respectively. Furthermore, the 

ethyl hexyl substituents attached to the ester groups of the perylene core give excellent 

solubility in common organic solvents. These findings qualify the two polymers as potential 

materials for applications in optoelectronic devices, which will be the subject of future 

investigations. Thermotropic behavior of PPDB and PPDI were studied by polarized optical 

microscopy, differential scanning calorimetry and X-ray diffraction. Both polymers exhibit 

liquid crystalline mesophases over a broad temperature range.  

 

Experimental section 

Instrumentation: 1H-NMR spectra were recorded using a Bruker AC 300 spectrometer 

(300 MHz) at 25 ºC with deuterated chloroform as solvent and tetramethylsilane as an 

internal standard. Chemical shifts are reported in ppm, abbreviations used for splitting 

patterns are s = singlet, d = doublett, t = triplet, q = quartet, m = multiplet. FTIR data were 

recorded with a Perkin Elmer Spectrum 100 (FTIR) in the range of 400-4000 cm-1. Molecular 

weight determinations were carried out in chlorobenzene solution at 60 ºC on an Agilent 

1100 series GPC using two Polymer Laboratories mixed B columns in series. The system 

was calibrated against narrow weight PL polystyrene calibration standards. DSC 
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measurements were performed on a TA Q1000 under nitrogen with a heating and cooling rate 

of 10 Kmin-1. Phase transitions were also examined by a polarized optical microscope (POM) 

Nikon Diaphot 300 with a Mettler FP 90 temperature controlled hot stage. X-ray diffraction 

measurements were performed on a Huber Guinier Diffraktometer 6000 equipped with a 

Huber quartz monochromator 611 with Cu Kα1: 1.54051 Å. UV/vis spectra of solutions in 

chlorobenzene with a concentration of 10-5 molL-1 and thin films spin cast on quartz glass 

were recorded on a Hitachi 3000 spectrophotometer. Photoluminescence spectra were 

acquired on a Shimadzu RF 5301 PC spectrofluorophotometer upon excitation at 525 nm. 

Cyclic voltammetry (CV) was recorded on a Princeton Applied Research VersaSTAT 4 

Potentiostat/Galvanostat using platinum electrodes at a scan rate of 50 mVs-1 and a Ag/Ag+ 

(0.10 M of AgNO3 in acetonitrile) reference electrode at 25 ºC in an anhydrous and nitrogen 

saturated solution of 0.1 M of tetrabutylammonium tetrafluoroborate (Bu4NBF4) in 

acetonitrile. In these conditions, the oxidation potential of ferrocene was 0.10 V versus 

Ag/Ag+, whereas the oxidation potential of ferrocene was 0.41 V versus saturated calomel 

electrode (SCE). The LUMO energy levels were determined from the reduction peak taking 

into account the SCE level at -4.7 eV. Film thicknesses were determined on an Alphastep 500 

surface profilometer.  

Chemicals: The starting materials, perylenetetracarboxylic acid dianhydride (PTCDA), 3 

(bromomethyl)heptane, Aliquat 336, p-toluenesulfonic acid monohydrate, zinc acetate, 11-

bromoundecanol, sodium cyanide, Raney-Ni, acryloyl chloride and solvents were purchased 

from Aldrich, Fluka or Acros and used without any further purification. Solvents used for 

precipitation and column chromatography were distilled prior to use. DMAc (anhydrous with 

crowncap, 99.5%), DMSO (anhydrous with crowncap, 99.5 %) and 1,2,4 trichlorobenzene 

(anhydrous with crowncap, 99.0%) were purchased from Aldrich. PEDOT:PSS (Clevios P 

VP Al 4083) was purchased from H.C. Starck.  

The preparation of tetra(2-ethylhexyl)-perylene-3,4,9,10-tetracarboxylate (1) and bis(2-

ethylhexyl)-perylene-3,4,9,10-tetracarboxyl-monoanhydride (2) was described recently by 

Wicklein et al.
16. 11-bromoundecyl acrylate (5) was prepared according to Lang et al.27. The 

initiator 2,2,5-trimethyl-3-(1-phenylethoxy)-4-phenyl-3-azahexan (11) and the free nitroxide 
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N-tert-butyl-α-isopropyl-α-phenylnitroxid (12) were synthesized according to published 

procedures26. 

Synthesis of 3,4 Diaminophenol (3): 4-amino-3-nitrophenol (6.5 mmol, 1.00 g) and palladium 

on charcoal (0.10 g, 10 %) were added to methanol (55 mL) under inert gas atmosphere. The 

reaction flask was flushed with hydrogen twice before stirring the reaction mixture for 3.5 h 

at room temperature under hydrogen atmosphere. The solution was filtered through Celite 

under argon atmosphere. After the solvent was evaporated under reduced pressure, the 

product was obtained in quantitative yield as a brownish white solid, which was unstable in 

air and used immediately upon preparation.  

Synthesis of bis(2-ethylhexyl)-perylene-3,4-(4-hydroxy-1,2-benzimidazole)-9,10-

dicarboxylate (4): 2 (2.4 mmol, 1.50 g), zinc acetate (3.5 mmol, 0.65 g) and 3 (4.7 mmol, 

0.59 g) were dissolved in dry DMAc (50 mL) in a microwave pressure tube. The 

condensation reaction was carried out under microwave irradiation conditions for 30 min at 

150 °C and 100 W. The violet crude product was precipitated in methanol (300 mL) and 

filtered. The residue was washed with water (2x 30 mL) and methanol (3x 30 mL) and dried 

over night at 60 °C in vacuo. The crude product was purified by column chromatography 

(silica flashgel, eluent chloroform:methanol 9:1 v/v). Yield: 0.90 g (53 %) as a violet solid. 
1H NMR (300 MHz, CDCl3, 298 K, δ): 8.45-8.38 (m, 1H, HAr), 8.32-8.09 (m, 5H, HAr), 8.03-

7.91 (m, 2H, HAr), 7.64-7.57 (m, 1H, HAr), 6.62-6.59 (m, 1H, OH), 6.42-6.28 (m, 2H, HAr), 

4.44-4.26 (m, 4H, OCH2), 1.96-1.80 (m, 2H, OCH2CH), 1.72-1.17 (m, 16H, CH2), 1.14-0.94 

(m, 12H, CH3); IR (ATR): ν = 3360 (b), 2960 (m), 2930 (m), 2860 (m), 1691 (s), 1593 (s), 

1445 (m), 1362 (s), 1260 (s), 1171 (s), 804 (s), 745 (s) cm-1. 

Synthesis of bis(2-ethylhexyl)-perylene-3,4-(4-undecyloxyacrylic acid-1,2-benzimidazole)-

9,10-dicarboxylate (6): 4 (0.7 mmol, 0.51 g), 5 (1.4 mmol, 0.43 g), potassium carbonate 

(1.4 mmol, 0.19 g) and potassium iodide (0.14 mmol, 0.02 g) were dissolved in dry DMAc 

(20 mL) and stirred for 24 h at 85 °C under argon atmosphere. The crude product was 

precipitated in a mixture of methanol and water (MeOH:H2O 3:1 v/v, 150 mL), filtered and 

washed (2x MeOH:H2O 3:1 v/v, 30 mL). The residue was dried over night at 60 °C in vacuo. 

The crude product was purified by column chromatography (silica flashgel, eluent 
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chloroform:acetone 95:5 v/v). Yield: 0.59 g (88 %) as a violet solid. 1H NMR (300 MHz, 

CDCl3, 298 K, δ): 8.74-8.62 (m, 2H, HAr), 8.48-8.31 (m, 5H, HAr), 8.10-8.01 (m, 2H, HAr), 

7.30 (m, 1H, HAr), 7.07-7.00 (m, 1H, HAr), 6.42 (dd, 2J = 17.3 Hz, 3J = 1.6 Hz, 1H, acryl-

CH2), 6.14 (dd, 2
J = 17.3 Hz, 3

J = 10.4 Hz, 1H, acryl-CH), 5.83 (dd, 2
J = 10.4 Hz, 3

J = 

1.5 Hz, 1H, acryl-CH2), 4.37-4.25 (m, 4H, OCH2), 4.18 (t, J = 6.8 Hz, 2H, acryl-OCH2), 4.07 

(m, 2H, benzimidazole-OCH2), 1.94-1.77 (m, 4H, OCH2CH, benzimidazole-OCH2CH2), 

1.75-1.63 (m, 2H, acryl- OCH2CH2), 1.60-1.24 (m, 30H, CH2), 1.06-0.88 (m, 12H, CH3); IR 

(ATR): ν = 2926 (s), 2856 (m), 1712 (s), 1688 (s), 1592 (m), 1466 (m), 1268 (s), 1171 (s), 

1062 (m), 804 (s), 742 (m) cm-1. 

Synthesis of 12-hydroxydodecanenitrile: the synthesis was adapted from the work of Jaeger et 

al.37. A mixture of 11-bromoundecanol (20.0 mmol, 5.00 g), sodium cyanide (38.9 mmol, 

1.91 g) and DMSO (75 mL) was stirred for 24 h at 90 °C. Then the reaction mixture was 

added to water (150 mL) and extracted four times with DCM (4x 100 mL). The combined 

extracts were washed six times with water, dried over sodium sulfate and the solvent was 

removed on the rotary evaporator to give 3.85 g (98 %) of the product. 1H NMR (300 MHz, 

CDCl3, 298 K, δ): 3.65 (q, J = 6.3 Hz, 2H, CH2O), 2.35 (t, J = 7.1 Hz, 2H, CH2CN), 1.74-

1.52 (m, 5H, CH2CH2CN, OH), 1.51-1.40 (m, 2H, CH2CH2O), 1.38-1.24 (br s, 12H, (CH2)6); 

IR (ATR): ν = 3383 (m), 2919 (s), 2851 (s), 2248 (m), 1470 (s), 1335 (m), 1053 (s), 1013 

(m), 722 (s) cm-1.  

Synthesis of 12-aminododecan-1-ol (7): the synthesis was adapted from the work of Jaeger et 

al.37. A mixture of 12-hydroxydodecanenitrile (19.3 mmol, 3.80 g), Raney-Ni (38.9 mmol, 

5.00 g), ethanol (80 mL, 95 %) and concentrated ammonium hydroxide (50 mL, 25 %) was 

stirred under hydrogen atmosphere for 20 h at room temperature. Then the reaction mixture 

was filtered through a pad of Celite, which was washed with ethanol (50 mL, 95 %). The 

combined filtrates were concentrated on the rotary evaporator to give 3.6 g (95 %) of 7. 1H 

NMR (300 MHz, CDCl3, 298 K, δ): 3.65 (t, J = 6.5 Hz, 2H, CH2O), 2.71 (br s, 2H, NH2), 

1.64-1.52 (m, 2H, CH2CH2NH2), 1.51-1.41 (m, 2H, CH2CH2O), 1.29 (br s, 19H, OH, 

(CH2)9); IR (ATR): ν = 3329 (m), 3286 (m), 2917 (s), 2849 (s), 1614 (m), 1470 (s), 1372 (m), 

1065 (s), 1044 (m), 999 (m), 855 (w), 828 (w), 719 (s) cm-1. 



132     Chapter 4 

 

 

Synthesis of N-(dodecyl-1-ol)-bis(2-ethylhexyl)-perylene-3,4,9,10-tetracarboxyl-monoimide 

(8): A mixture of 2 (6.0 mmol, 3.86 g), imidazole (350 mmol, 24 g) and 7 (9.1 mmol, 1.84 g) 

was stirred for 2 h at 130 °C. After cooling to room temperature the mixture was dissolved in 

THF (1 mL), precipitated in water (200 mL) and filtered. The residue was washed with water 

(2x 30 mL) and dried over night at 60 °C in vacuo. The crude product was purified by 

column chromatography (silica flashgel, eluent chloroform:acetone 20:1 v/v). Yield: 4.47 g 

(90 %) as a orange-red solid. 1H NMR (300 MHz, CDCl3, 298 K, δ): 8.63 (d, J = 8.0 Hz, 2H, 

HAr), 8.47 (dd, 2J = 8.2 Hz, 3J = 4.6 Hz, 4H, HAr), 8.10 (d, J = 7.9 Hz, 2H, HAr), 4.38-4.27 

(m, 4H, OCH2), 4.25-4.16 (m, 2H, OCH2), 3.70-3.62 (m, 2H, NCH2), 1.87-1.72 (m, 4H, 

OCH2CH, OCH2), 1.61-1.22 (m, 35H, CH2, OH), 1.04-0.88 (m, 12H, CH3); IR (ATR): ν = 

3505 (w), 2924 (s), 2854 (m), 1695 (s), 1652 (s), 1593 (s), 1511 (m), 1356 (m), 1294 (s), 

1261 (s), 1171 (s), 1076 (s), 956 (m), 846 (m), 806 (m), 745 (s) cm-1. 

Synthesis of N-(dodecylacrylic acid)-bis(2-ethylhexyl)-perylene-3,4,9,10-tetracarboxyl-

monoimide (10): 8 (4.3 mmol, 3.5 g) was dissolved in dry THF (120 mL) under argon 

atmosphere and potassium carbonate (8.6 mmol, 1.18 g) were added. Acyloyl chloride 

(19.3 mmol, 1.74 g) was added dropwise at 0 °C and the reaction mixture was stirred for 20 h 

at 60 °C. The mixture was poured into water (100 mL) and the crude product was extracted 

with chloroform (3x 100 mL). The combined extracts were washed with water (3x 100 mL), 

dried over sodium sulfate and the solvent was removed on the rotary evaporator. The crude 

product was purified by column chromatography (silica flashgel, eluent chloroform:acetone 

20:1 v/v). Yield: 2.50 g (67 %) as a orange-red solid. 1H NMR (300 MHz, CDCl3, 298 K, δ): 

8.62 (d, J = 8.0 Hz, 2H, HAr), 8.45 (dd, 2
J = 8.2 Hz, 3

J = 3.3 Hz, 4H, HAr), 8.09 (d, J = 

7.9 Hz, 2H, HAr), 6.41 (dd, 2J = 17.3 Hz, 3J = 1.6 Hz, 1H, acryl-CH2), 6.13 (dd, 2J = 17.3 Hz, 
3
J = 10.4 Hz, 1H, acryl-CH), 5.82 (dd, 2

J = 10.4 Hz, 3
J = 1.5 Hz, 1H, acryl-CH2), 4.38-4.26 

(m, 4H, OCH2), 4.25-4.10 (m, 4H, acryl-OCH2, NCH2), 1.89-1.74 (m, 4H, OCH2CH, acryl-

OCH2CH2), 1.74-1.60 (m, 2H, NCH2CH2), 1.58-1.21 (m, 32H, CH2), 1.05-0.86 (m, 12H, 

CH3); IR (ATR): ν =2957 (m), 2925 (s), 2855 (s), 1723 (s), 1695 (s), 1652 (s), 1593 (s), 1511 

(m), 1356 (s), 1294 (s), 1260 (s), 1171 (s), 1076 (s), 984 (m), 961 (m), 847 (m), 806 (s), 745 

(s) cm-1. 
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Synthesis of Poly(perylene diester benzimidazole acrylate) (PPDB): A mixture of 6 

(1.0 mmol, 740 mg), 11 (0.01 mmol, 3.2 mg), 12 (0.001 mmol, 0.22 mg) and 1,2,4-

Trichlorobenzene (1250 µL) was degassed by three freeze/thaw cycles, sealed under argon 

and heated for 50 h at 125 °C. The reaction mixture was cooled, dissolved in chloroform 

(4 mL), precipitated in acetone (250 mL) and filtered. The residue was dried and further 

purified by Soxhlet extraction with methyl ethyl ketone. Yield: 0.26 g (35 %) as a violet 

powder. GPC: Mn = 9400 g·mol-1, Mw = 13300 g·mol-1, PDI = 1.4. 

Synthesis of Poly(perylene diester imide acrylate) (PPDI): A mixture of 10 (1.7 mmol, 

1500 mg), 11 (0.017 mmol, 5.3 mg), 12 (0.0017 mmol, 0.37 mg) and 1,2,4-Trichlorobenzene 

(915 µL) were degassed by three freeze/thaw cycles, sealed under argon and heated for 50 h 

at 125 °C. The reaction mixture was cooled, dissolved in chloroform (3 mL), precipitated in 

methanol (250 mL) and filtered. The residue was dried and further purified by Soxhlet 

extraction with acetone. Yield: 0.48 g (32 %) as a orange powder. GPC: Mn = 20400 g·mol-1, 

Mw = 35300 g·mol-1, PDI = 1.7. 

SCLC devices: SCLC electron-only devices were fabricated using the following structure: 

glass/ ITO/ PEDOT:PSS/ polymer/ Ca/Al. SCLC hole-only devices were fabricated using the 

following structure: glass/ ITO/ PEDOT:PSS/ polymer/ Au. Commercial ITO coated glass 

substrates with a sheet resistance of 13 Ohms per sq (Lumtec) were cleaned using following 

sequence in an ultrasonic bath: water, acetone and 2-propanol. Each ITO substrate was 

patterned using photolithography techniques. After ozone treatment of the substrates for 

5 min, PEDOT:PSS was spin-coated on the ITO surface and dried at 130 C for 30 min. All 

following steps were carried out under nitrogen atmosphere with water and oxygen levels ≤ 

0.1 ppm. After cooling the substrate, the polymer layer was blade coated from chloroform 

solutions. The substrates were then put in a thermal evaporation chamber to evaporate the top 

electrode (30 nm Ca/ 100 nm Al for electron-only devices, 80 nm Au for hole-only devices) 

under high vacuum (1·10-6 mbar) through a shadow mask (active area 4 mm2). The current-

voltage characteristics of the devices were measured using a Keithley 2420 (I-V) Digital 

SourceMeter at 25 °C.   
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Abstract 

Four different perylene side chain semiconductor polymers, synthesized by a combination of 

“click” chemistry and nitroxide mediated radical polymerization (NMRP), are presented. The 

nature of the solubilizing side chains and the chromophoric π-conjugation system of the 

pendant perylene moieties are systematically changed. We investigate the impact of these 

modifications on optical and charge transport properties by UV/vis spectroscopy and space-

charge-limited current (SCLC) measurements, respectively. Furthermore, thermal behavior is 

studied by differential scanning calorimetry (DSC), polarized optical microscopy (POM) and 

X-ray diffraction measurements (XRD). Cyclic voltammetry is used to estimate HOMO and 

LUMO levels. For the synthesis, the same parent scaffold polymer, 

poly(propargyloxystyrene) is “clicked” with the four different perylene chromophores. We 

compare here two poly(perylene bisimide)s with hydrophobic (PPBI 1) and hydrophilic 

substituents (PPBI 2) with newly synthesized poly(perylene diester benzimidazole), PPDEB 

and poly(perylene diester imide), PPDEI. The new polymers exhibit narrow molecular 

weight distributions of 1.09 and molecular weights around Mn,SEC = 15000 g·mol-1 and 

26000 g·mol-1 in SEC. The extended π-conjugation system of PPDEB leads to a broader 

absorption in the visible region compared to PPDEI and PPBIs. While absorption properties 

of PPDEB could be considerably improved by varying the perylene core, the charge carrier 

mobility could be drastically improved by tuning the substituents. Very high electron 

mobilities of 1×10-2 cm2V-1s-1 were achieved for PPBI 2 carrying oligoethylenglycol 

substituents. The differences in charge transport properties are due to different packing and 

order in solid state, as studied by DSC and XRD. PPDEB and PPDEI exhibit a liquid 

crystalline (LC) mesophase at room temperature. For PPBI 1, the results are indicative for a 

LC SmC bilayer structure, whereas PPBI 2 is an amorphous polymer. 

 

Introduction 

Solution processable organic materials for semiconductor applications such as organic light 

emitting diodes1, organic field effect transistors2 and organic photovoltaic devices3 is a field 

of intensive research. The majority of the semiconductor materials available are good hole 
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transporting materials (p-type), while the number of suitable electron transporting materials 

(n-type) is still limited4-6. For solar cell applications, the most efficient devices are currently 

based on polymer/fullerene blends, where fullerene small molecules (such as PCBM) serve 

as the n-type semiconductor7. Generally, materials used in organic photovoltaic devices 

require high charge carrier mobility and good light harvesting properties in the visible range, 

in combination with adequate solubility and film forming properties. The visible light 

absorption of PCBM however is relatively poor and small molecules in general can reveal 

problematic thin film formation8, which illustrates the need for alternative n-type polymers. 

In this context perylene bisimides (PBI) and related molecules such as perylene diester 

benzimidazole (PDEB) and perylene diester imide (PDEI) with their favorable absorption 

properties in the visible wavelength regime are a promising class of semiconductor dyes. 

Besides PBI, PDEI and PDEB have already been incorporated in side chain polymers.9,10 

While PDEB shows an enhanced absorption up to 700 nm,11, 12 PDEI absorption is blue 

shifted compared to PBI. Although polymers carrying diverse perylene chromophores as 

pendant group can be synthesized by direct nitroxide mediated radical polymerization from 

their acrylate monomers,9, 10, 13, 14 these polymerizations have some drawbacks. They have to 

be conducted in highly concentrated solutions at high temperatures. Furthermore, they are 

difficult to control and usually show broad PDIs, even under controlled radical 

polymerization conditions. We found out, that this is due to transfer reactions occurring in the 

polymerization as observed in the polymerization of PBI acrylates.15 The polymer analogous 

functionalization of alkyne bearing polymers by “click” chemistry allows the easy and fast 

synthesis of quite complex polymer architectures.16 We have already shown that differently 

substituted poly(perylene bisimide)s can be synthesized by such methods.15, 17  

In this article, we use the “click” chemistry approach to synthesize two new homopolymers 

poly(perylene dieseter benzimidazole) (PPDEB) and poly(perylene diester imide) (PPDEI), 

where the pendant perylene groups are varied to tune the optical properties. The synthesis is 

described in the first part of this publication. The new materials are compared to recently 

published PPBI 1 with hydrophobic alkyl swallow-tail and PPBI 2 with hydrophilic 

oligoethylenglycol (OEG) swallow-tail substituents17, respectively. We demonstrated lately, 

that OEG swallow-tail groups attached to the imide position of PBI small molecules can 
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change the thermotropic properties drastically18. Due to the higher flexibility of OEG 

substituents compared to alkyl groups, strong crystallization due to π-π interaction of the 

perylene cores could be suppressed and the formation of liquid crystalline phases was 

supported. Herein, this concept is transferred from PBI small molecules to polymers bearing 

pendant PBI groups. The chemical structures of these two “clicked” PBI polymers PPBI 1 

and PPBI 2 along with the novel polymers with modified perylene units PPDEB and PPDEI 

are shown in Figure 1. Since the same parent scaffold polymer was used for “clicking” the 

different perylene derivatives, the identical polymer backbones and hence polydispersities of 

all four compounds under investigation allow for a comparative study of their optical and 

charge transport properties. This is the focus of the second part of this article. Furthermore, 

energy levels of these polymers are determined by cyclic voltammetry and thermotropic 

behavior is studied by DSC, polarized optical microscopy and X-ray diffraction 

measurements. 

 

Experimental section 

General  

The perylene diester benzimidazole (PDEB-OH) and the perylene diester anhydride were 

synthesized according to a literature procedure.10 6-azido-1-hexanol was synthesized 

according to a reference.17 Dimethylformamide (99.8%) was purchased from Sigma-Aldrich. 

PMDETA (≥98%) was purchased from Fluka. CuBr (98%) was purchased from Acros. All 

reagents were used without further purification unless otherwise noted. 

Synthesis 

Perylene diester NH-imide: Perylene diester anhydride (1800 mg, 2.84 mmol) and 

ammonium decanoate (1.73 g, 8.5 mmol) were added to molten imidazole (16 g) at 120 °C. 

The reaction was stirred for 1 h. Subsequently, the reaction was cooled to 90 °C and 150 mL 

of H2O were added to dissolve the imidazole. The perylene diester NH-imide was filtered off 

and dried. The product was obtained as a orange solid and weighed 1.57 g (87%). 1H NMR 



Pendant Perylene Polymers with High Electron Mobility     141 

 

 

(300 MHz, CHCl3): δ (ppm) 8.98 (s, 1H, NH), 8.37 (d, 2H, J = 7.3 Hz, ArH), 8.15 (dd, 4H, J 

= 11.8 Hz, J = 8.5 Hz, ArH), 7.95 (d, 2H, J = 7.4 Hz, ArH), 4.38-4.24 (m, 4 H, COOCH2), 

1.94-1.18 (m, CH2), 1.11-0.76 (m, 12H, CH3).  

Perylene diester imide azide PDEI-N3: Perylene diester NH-imide (500 mg, 0.79 mmol), 1-

bromo-6-azido hexane (230 mg, 1.10 mmol) and K2CO3 (196 mg, 1.42 mmol) were added in 

8 mL of DMF. The reaction was heated to 100 °C for 2 d, precipitated in MeOH/H2O and 

purified by column chromatography over silica with cyclohexane : ethyl acetate  2:1 v/v. The 

product was obtained as a orange waxy solid and weighed 340 mg (56 %). 1H NMR 

(300 MHz, CHCl3): δ (ppm) 8.20 (d, 2H, J = 7.3 Hz, ArH), 7.96 (d, 2H, J = 7.7 Hz, ArH), 

7.87 (dd, 4H, J = 11.8, J = 8.11 Hz, ArH), 4.38-4.24 (m, 2H, N-CH2,perylene), 4.17-4.07 (m, 4 

H, COOCH2), 3.30 (t, 2H,  J = .7.0 Hz, m, 2H, N-CH2,azide), 1.91-1.31 (m, CH2), 1.07-0.90 

(m, 12H, CH3). 

Perylene diester benzimidazole azide PDEB-N3: PDEB-OH (1000 mg, 1.38 mmol), 1-bromo-

6-azido hexane (569 mg, 2.76 mmol) and K2CO3 (343 mg, 2.48 mmol) were dissolved in 

35 mL of DMF. The reaction was heated to 85 °C for 2 d, precipitated in H2O and filtered. 

The pure purple product weighed 1123 mg (96%).1H NMR (300 MHz, CHCl3): δ (ppm) 

8.92-6.91 (m, 8H, ArH), 4.31-4.20 (m, 4 H, COOCH2), 4.19-404 (m, 2H, OCH2) 3.38-3.28 

(m, 2H, CH2N3), 1.98-127 (m, 26H, CH2), 1.07-0.85 (m, 12H, CH3). 

 

General procedure for the preparation of “click” polymers 

Poly(perylene diester benzimidazole) (PPDEB): PDEB-N3 (65 mg, 0.076 mmol) and 

poly(propargyloxystyrene) (10 mg, 0.063 mmol) were dissolved in 4 mL of anisole. The 

mixture was degassed by purging with nitrogen for 10 min. Subsequently, one drop of a 

degassed stock solution of anisole/PMDETA/CuBr was added. The reaction was stirred over 

night. The substance was precipitated in MeOH, filtered and cleaned from residual azide by 

soxhlet extraction with methyl ethyl ketone. The pure product was obtained as a purple 

powder. 1H NMR (300 MHz, CHCl3): δ (ppm) 8.11-7.23 (br s, 9H, ArHperylene, ArHtriazole), 

6.96-6.26 (br s, 4H, ArHstyrene), 5.15 (br s, 2H, OStyCH2), 4.43 (br s, 2H, NtriazoleCH2), 4.27 (br 
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s, 4H, 2COOCH2), 4.00 (br s, 2H, NperyleneCH2), 2.03-1.10 (m, 29H, 14CH2, CHbackbone), 1.12-

0.84 (m, 12H, CH3). 

Poly(perylene diester imide) (PPDEI): PDEI-N3 (58 mg, 0.076 mmol) and 

poly(propargyloxystyrene) (10 mg, 0.063 mmol) were dissolved in 4 mL of anisole. The 

mixture was degassed by purging with nitrogen for 10 min. Subsequently, one drop of a 

degassed stock solution of anisole/PMDETA/CuBr was added. The reaction was stirred over 

night. The substance was precipitated in MeOH, filtered and cleaned from residual azide by 

soxhlet extraction with methyl ethyl ketone. The pure product was obtained as a orange 

powder. 1H NMR (300 MHz, CHCl3): δ (ppm) 8.16-6.31 (m, 12H, ArHperylene, ArHtriazole, 

ArHbenzimidazole), 5.24 (br s, 2H, OstyreneCH2), 4.47 (br s, 2H, NtriazoleCH2), 4.13 (br s, 4H, 

COOCH2), 3.70 (br s, 2H, ObenzimidazolCH2), 2.20-1.10 (m, 29H, 14CH2, CHbackbone), 1.10-0.78 

(m, 12H, CH3). 

Characterization 

1H NMR (300 MHz) spectra were recorded on a Bruker AC 300 spectrometer in CDCl3 and 

calibrated to CHCl3 signal (7.26 ppm for 1H). UV/vis spectra of solutions in CHCl3 with a 

concentration of 10-5 mol·L-1 were recorded on a Hitachi 3000 spectrophotometer. SEC 

measurements were carried out in THF with 0.25% tetrabutylammoniumbromide with two 

Varian MIXED-C columns (300x7.5 mm) at room temperature and at a flow rate of 

0.5 mL·min-1 using UV (Waters model 486) with 254 nm detector wavelength and refractive 

index (Waters model 410) detectors. Polystyrene in combination with oDCB as an internal 

standard was used for calibration. Differential scanning calorimetry experiments were 

conducted at heating rates of 10 K·min-1 or 40 K·min-1 under N2 atmosphere with a Perkin 

Elmer Diamond DSC, calibrated with indium. The endothermic maximum was taken as Tm. 

X-ray diffraction experiments were performed on a Huber Guinier Diffractometer 6000 

equipped with a Huber quartz monochromater 611 with Cu-Kα1: 1.54051 Å. Cyclic 

voltammetry (CV) was recorded on a Princeton Applied Research VersaSTAT 4 

Potentiostat/Galvanostat using platinum electrodes at a scan rate of 50 mVs-1 and a Ag/Ag+ 

(0.10 M of AgNO3 in acetonitrile) reference electrode at 25 ºC in an anhydrous and nitrogen 

saturated solution of 0.1 M of tetrabutylammonium tetrafluoroborate (Bu4NBF4) in 
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acetonitrile. Each measurement was calibrated with the ferrocene-ferrocenium couple 

(Fc/Fc+) considering 4.8 eV as ferrocene’s HOMO level. SCLC electron-only devices were 

fabricated using the following structure: glass/ ITO/ PEDOT:PSS/ polymer/ Ca/Al. SCLC 

hole-only devices were fabricated using the following structure: glass/ ITO/ PEDOT:PSS/ 

polymer/ Au. Commercial ITO coated glass substrates with a sheet resistance of 13 Ohms per 

sq (Lumtec) were cleaned using following sequence in an ultrasonic bath: detergent, water, 

acetone and 2-propanol. After ozone treatment of the substrates for 5 min, PEDOT:PSS was 

spin-coated on the ITO surface and dried at 130 C for 30 min. All following steps were 

carried out under nitrogen atmosphere with water and oxygen levels ≤ 0.1 ppm. After cooling 

the substrate, the polymer layer was blade coated from chloroform solutions. The substrates 

were then put in a thermal evaporation chamber to evaporate the top electrode (30 nm Ca/ 

100 nm Al for electron-only devices, 80 nm Au for hole-only devices) under high vacuum 

(1·10-6 mbar) through a shadow mask (active area 4 mm2). The current-voltage characteristics 

of the devices were measured using a Keithley 2420 (I-V) Digital SourceMeter at 25 °C.   

 

Results and discussion 

Synthesis 

For the synthesis of the poly(perylene diester benzimidazole) PPDEB and poly(perylene 

diester imide) PPDEI using “click” reaction, poly(propargyloxystyrene) with Mn(SEC) = 

7400 g/mol and a PDI of 1.11 was synthesized as scaffold polymer. 

Poly(propargyloxystyrene) was chosen as an alkyne carrying scaffold polymer because it is 

easy to synthesize and polymers with narrow PDIs are accessible.19, 20 The synthesis of the 

azide carrying perylene derivatives PDEB-N3 and PDEI-N3 is shown in Scheme 1. The 

azides were obtained by the reaction of 1-bromo-6-azido-hexane with perylene diester 

benzimidazole alcohol or perylene diester imide, respectively. The “click” reaction of the 

azides (1.2 eq) with poly(propargyloxystyrene) was conducted in anisole at RT, using 

PMDETA/CuBr as catalyst, which was added to the reaction from a stock solution (Scheme 

2). The approach of using a stock solution, which can be stored under inert gas atmosphere 

for long time, is more exact and convenient than adding ligand and copper species separately. 
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After the “click”-reaction, the polymers were cleaned by removing the excess of perylene 

azides by soxhlet extraction with methyl ethyl ketone or acetone (see experimental part). The 

“clicked” polymers exhibit monomodal distribution and very similar PDIs (1.09) as the 

scaffold polymer poly(propargyloxystyrene). Scheme 2 shows the “click” reaction of 

poly(propargyloxystyrene) 1 with perylene azides and the size exclusion chromatography 

(SEC) traces of PPDEI and PPDEB in comparison to 1. The detailed SEC data of all 

polymers are presented in Table 1. Since the trimethylsilyl protected 

poly(proparyloxystyrene) (see reference 17) resembles the PS-standard used for SEC 

calibration, we could calculate the number of repeating units for this polymer and for the 

deprotected 1 as 44. Thus, theoretical molecular weights of all PPBIs for 100% conversion in 

“click” reaction were calculated from this value (Table 1).  

Scheme 1: Synthetic scheme for azide functionalized perylene diester benzimidazole PDEB-N3 and perylene 

diester imide PDEI-N3. 
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Scheme 2: Synthetic scheme of the „click“ reaction of poly(propargyloxystyrene) 1 with perylene azides 

and SEC traces of 1 (black line), poly(perylene diester imide) PPDEI (orange line) and poly(perylene diester 

benzimidazole) PPDEB (purple line). The curves of the “clicked” polymers are clearly shifted to higher 

molecular weights compared to the scaffold polymer. It is evident that the shape and molecular weight 

distribution of the “clicked” polymers is preserved. 

 

It is evident that the molecular weights of PPDEB and PPDEI determined by SEC are 

underestimated compared to the theoretical molecular weights, whereas PPBI 1 and PPBI 2 

show higher values in SEC. This can be attributed by the ester groups in PPDEB and PPDEI, 

which seem to interact with the SEC column differently compared to the PPBI polymers. 

Moreover, the polymers show different degrees of aggregation. PPDEI and PPDEB were 

analyzed by 1H NMR to estimate the conversion in “click” reaction. After the “click” 

reaction, the signals of the prominent alkyne proton at 2.5 ppm, as well as that of the OCH2 

group at 4.6 ppm of 1 disappear completely. Further, in PPDEI and PPDEB the OCH2 signals 

are shifted to 5.24 and 5.15 ppm, respectively. The signal of the newly formed triazole 

proton, usually occurring around 7.6 ppm, cannot be seen in the spectra because it is 
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superimposed by the broad signals of the aromatic protons of perylene, but can be 

determined by integration between 8.4 and 7.4 ppm. The CH2N3 protons of the perylene 

azides around 3.3 ppm cannot be observed any more in the “clicked” polymers, proving the 

absence of unreacted PDEI-N3 and PDEB-N3. The corresponding CH2-protons in the 

“clicked” polymers are now located adjacent to the newly-built triazole unit and occur 

around 4.45 ppm. The fact that a) no acetylene protons are present and b) all OCH2(C≡C) 

protons are converted to OCH2(triazole) indicates a quantitative conversion within the 

margins of the experimental error in 1H NMR. The direct nitroxide mediated radical 

polymerization of acrylate monomers carrying similar perylene chromophores were studied 

and reported earlier.10 In the direct synthesis we could not achieve as high molecular weights 

as those obtained here with the “click” chemistry route. Additionally, high PDIs over 1.4 

resulted during direct polymerization.  

 

Figure 1: Chemical structures of poly(perylene diester imide) PPDEI, poly(perylene diester benzimidazole) 

PPDEB, and of poly(perylene bisimide) with alkyl swallow-tail PPBI 1 and with OEG swallow-tail PPBI 2. 
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Table 1: Molecular weight, Polydisperisty index (both determined by SEC), theoretical molecular weight of 

the „clicked” polymers and the scaffold polymer 1 assuming 100% conversion and thermal properties 

observed by DSC and TGA. 

Polymer Mn 

[g∙mol
-1

] 

(SEC)
a 

Mw/Mn 

(SEC)
a 

Mn 

[g∙mol
-1

] 

(theor.)
b 

Tonset 

[°C]
c
 

Tg 

[°C]
d
 

Tm 

[°C]
d
 

ΔH 

[J/g]
d
 

Notes 

1 7400 1.11  386 59 n.o.  
P(Propargyloxy-

styrene) 

PPDEB 26000 1.09 44000   285 8.9 

P(Perylene 

diester 

benzimidazole) 

PPDEI 15000 1.09 40000  124 192 0.3 
P(Perylene 

diester imide) 

PPBI 1 59700 1.09 39000 330 182 298 1.8 
Hydrophobic 

PPBI
17

 

PPBI 2 59600 1.09 42000 330 142 n.o.  
Hydrophilic 

PPBI
17

 

a
 Measured with size exclusion chromatography in tetrahydrofuran and calibrated to polystyrene 

standards. 
b
 Theoretical molecular weights calculated from 44 repeating units of 1 assuming 100 % 

conversion. 
c
 Measured by thermogravimetric analysis under N2 atmosphere. 

d
 Measured by differential 

scanning calorimetry under N2 atmosphere. 

 

Thermotropic properties of PPDEB and PPDEI 

The DSC thermograms and XRD patterns of PPDEB and PPDEI are shown in Figure 2a) and 

b) respectively. PPDEB exhibits a clear melting peak with ∆H = 8.87 J/g at 285 °C into the 

isotropic phase. There has been no observation of a Tg in this polymer. The XRD pattern of 

PPDEB shows three clear reflections in the low q regime at 1.05 nm-1, 2.05 nm-1 and 

2.84 nm-1. No reflections at higher q values can be observed except the π-π stacking distance 

of the perylene core at 18.13 nm-1, which corresponds to 3.5 Å. This shows that the observed 

phase in PPDEB is a liquid crystalline (LC) ordering. The existence of a LC phase is 

supported by polarized optical microscopy (POM, see Figure 2c), where birefringend 

textures could be observed at 280 °C when cooling the sample from the isotropic melt. 
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PPDEI shows a Tg at 124 °C and a very weak melting peak at 192 °C with a small melting 

enthalpy of ∆H = 0.32 J/g. The XRD pattern of PPDEI shows three reflections in the low q 

regime at 1.31 nm-1, 2.48 nm-1 and 3.51 nm-1. No reflections at higher q values can be 

observed except the π-π stacking distance of the perylene core at 17.93 nm-1 (≈ 3.5 Å) which 

is much weaker compared to PPDEB.  

 

Figure 2: a) Second heating and first cooling curve from DSC measurements of poly(perylene diester 

benzimidazole) PPDEB and poly(perylene diester imide) PPDEI; PPDEB exhibits a clear melting peak at 

285 °C while PPDEI shows a glass transition at 124 °C and a very weak melting peak at 192 °C; b)  X-Ray 

diffractions of PPDEB and PPDEI at RT; c) Polarization Optical Microscopy images (polarizers crossed) of 

PPDEB at 280 °C and d) PPDEI at 190 °C showing birefringend textures of LC mesophases after cooling the 

samples from isotropic state and annealing at the respective temperature.  

In addition, LC textures, typical for nematic phases were observed at temperatures below Tm 

with POM (see Figure 2d), when cooling the sample from the isotropic phase. Hence, also 

PPDEI is a liquid crystalline material. The textures observed with POM for PPDEB and 

PPDEI do not change upon further cooling to RT. Therefore, the LC state of the two 

polymers is “frozen in” due to the viscosity of the materials. LC compounds are of great 

interest for use in applications like printed electronics, because of their potential to overcome 

common problems of crystalline materials, often related to grain bounderies21, 22. This can 
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help optimizing morphology and hence device performance. Compared to directly 

synthesized acrylate polymers carrying similar chromophores10, the here presented polymers 

show a slightly different thermotropic behavior. The directly polymerized PPDEB shows a 

Tm at 312 °C, while the clicked counterpart exhibits Tm at 285 °C. For PPDEI, directly 

polymerized PPDEI shows a Tm at 132 °C and the clicked one melts at Tm = 191 °C. Hence 

the “clicked” PPDEB shows a Tm only slightly different from the one of the directly 

polymerized PPDEB, whereas the PPDEI derivatives show a difference of 60 °C. The reason 

for these variations might be the different molecular weights of the clicked and the directly 

polymerized compounds. In addition, the triazole linkage present in the “clicked” polymer 

can potentially affect the packing and hence the thermal properties of these materials. 

 

Optical and electrochemical properties 

The optical properties of the novel perylene polymers were investigated by UV/vis 

spectroscopy in CHCl3 solution (c = 10-5 mol·L-1) as depicted in Figure 3a. PPDEI shows a 

fine vibronic structure in absorption similar to the one of poly(perylene bisimides) with 

absorption maxima at 507 nm, 478 nm and 453 nm. Both PPBI 1 and 2 show similar spectra 

and therefore PPBI 1 is shown in Figure 3a as a typical example. The spectrum of PPDEI is 

blue shifted compared to PPBI due to the smaller aromatic system. PPDEB shows no fine 

structure but a featureless broad absorption up to 700 nm and with a maximum at 528 nm. 

This can be attributed to the expanded π-system. The enhanced absorption property of 

PPDEB could be very beneficial for the application in photovoltaic cells due to the broader 

light harvesting. Figure 3b shows the comparison of PL-spectra of the PPBI 1 and 2 in thin 

films, which have similar optical density. It is important to mention that the PL-intensity for 

PPBI 1 carrying alkyl substituent is about half of that of PPBI 2, which carries an OEG 

swallow-tail substituent. This clearly indicates that the PL-quenching in PPBI 2 is less 

pronounced.  
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Figure 3: a) Absorption spectrum of poly(perylene diester benzimidazole) PPDEB (purple line), 

poly(perylene diester imide) PPDEI (orange line) and poly(perylene bisimide) PPBI 1(red line) in CHCl3 

(c=10
-5

 mol∙L
-1

) solution. PPDEB shows a broad absorption up to 700 nm with a maximum at 528 nm. 

PPDEI exhibits a fine vibronic structure which is blue-shifted compared to the absorption of PPBI 1, b) PL 

spectra of as spun and annealed films of PPBI 1 and PPBI 2 with similar optical density. The excitation 

wavelength was λex=405nm. 

Cyclic voltammetry is a widely accepted method to estimate the position of both the HOMO 

and the LUMO energy levels and the band gap of the polymers under investigation. In 

addition, reversibility and electrochemical stability of the material can be studied. LUMO 

values were directly obtained from cyclic voltammetry measurements, whereas HOMO 

values and optical band gap were determined from the absorption edge from UV/vis 

absorption spectroscopy (Figure 3). The results are summarized in Table 2 and the cyclic 

voltammograms can be found as supporting information in Figure S1. Each polymer shows 

two reversible reduction peaks, which is characteristic for the perylene unit. For the two 

polymers containing perylene bisimides PPBI 1 and PPBI 2 LUMO values of -3.80 eV and -

3.94 eV and HOMO values of -5.85 eV and -5.99 eV were obtained. The optical band gap for 

both materials is 2.05 eV.  In comparison, PPDEB with a benzimidazole unit attached to the 

perylene cores has a smaller band gap of 1.82 eV, which can be explained by the extended π-

conjugation system and thus an increase in delocalized π-electrons. Here, both a higher lying 

LUMO (-3.56 eV) and HOMO (-5.38 eV), compared to the two PPBI derivatives, were 

measured. Consequently, PPDEI with the smallest π-conjugation system among the four 

polymers, exhibits the highest band gap (2.12 eV) with a LUMO energy level of -3.56 eV 

and a HOMO energy level of -5.68 eV. These optical and electronic properties, especially 

those of PPDEB with extended absorption and elevated LUMO energy level compared to 

300 400 500 600 700

0,0

0,5

1,0

 

 

 PPDEB

 PPDEI

 PPBI 1

A
b

s
o

rb
a

n
c
e

 /
 a

.u
.

Wavelength / nm

500 600 700 800
0

1x10
11

2x10
11

3x10
11

4x10
11

 

 

P
L

 i
n

te
n

s
it
y
 /

 a
.u

.

Wavelength / nm

 PPBI 1 pristine

 PPBI 1 annealed

 PPBI 2 pristine

 PPBI 2 annealed

a) b)



Pendant Perylene Polymers with High Electron Mobility     151 

 

 

PPDEI, PPBI 1 and PPBI 2, are important features for applications of these compounds in 

organic photovoltaic cells. In addition, efficient solar cells also require high charge carrier 

mobility of the semiconducting materials in use. A detailed study of the charge transport 

behavior is described in the next section.  

Table2: Lowest unoccupied molecular orbital (LUMO) and Highest occupied molecular orbital (HOMO) 

energy values and optical band gap for PPDEB, PPDEI, PPBI 1 and PPBI 2. Each measurement was 

calibrated with the ferrocene-ferrocenium couple (Fc/Fc
+
) considering 4.8 eV as ferrocene’s HOMO level.  

Polymer LUMO [eV] HOMO
a
 [eV] Optical band gap

b
 [eV] 

PPDEB -3.56 -5.38 1.82 

PPDEI -3.56 -5.68 2.12 

PPBI 1 -3.80 -5.85 2.05 

PPBI 2 -3.94 -5.99 2.05 

a
 determined from optical bandgap and LUMO value. 

b
 determined from absorption edge in Figure 3. 

 

Charge carrier mobility 

Since all compounds under investigation were derived from the same polymer scaffold, their 

chain length and polydispersities are identical. This allows for studying the effect of the 

chemical structure of the perylene pendant groups on charge carrier mobility of side-chain 

polymers. Therefore, we compared the charge transport of the newly synthesized perylene 

polymers PPDEB and PPDEI with structural modifications at the perylene core with the two 

poly(perylene bisimides) PPBI 1 and PPBI 2. PPBI 1 is substituted with an alkyl swallow-tail 

and exhibits a liquid crystalline SmC phase between 298 °C and RT (Tg at 182 °C) whereas 

PPBI 2 is substituted with an oligoethylenglycol swallow-tail and does not exhibit any 

crystallinity or liquid crystallinity but only a Tg at 142 °C17. All of these polymers exhibit π-π 

stacking signal in WAXS region. The bulk charge carrier mobilities of PPDEB, PPDEI, 

PPBI 1 and PPBI 2 were determined by recording current-voltage (I-V) characteristics of 

each material in single carrier devices; both electron-only devices and hole-only devices. The 

device structures of both single carrier devices are shown in Figure S2 as Supporting 
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Information. At high voltages, the current measured is space-charge limited only, and the 

charge carrier mobility can be extracted by fitting the J-V curve according to Mott-Gurney 

equation23-26 

� � _̀ ')'(� cf
dg       Equation 1 

where J is the current density, εr is the dielectric constant of the polymer (assumed to be 3 in 

our calculations27), ε0 is the permittivity of free space, µ is the charge carrier mobility, L is 

the thickness of the polymer layer and V is the voltage drop across the device.  

 

Figure 4:  J-V characteristics for electron-only devices of compounds PPBI 1, PPBI 2, PPDEB and PPDEI with 

active layer thickness L.  

 

Table3: SCLC electron and hole mobilities for PPDEI, PPDEB, PPBI 1 and PPBI 2 obtained from single carrier 

devices with an active layer thickness L of ca. 350nm.  

Polymer 
Electron mobility µe 

[cm
2
V

-1
s

-1
] 

Hole mobility µh 

[cm
2
V

-1
s

-1
] 

PPDEI  5∙10
-6

 7∙10
-6

 

PPDEB  6∙10
-4

 4∙10
-7

 

PPBI 1  1∙10
-3

 2∙10
-5

 

PPBI 2  1∙10
-2

 4∙10
-5
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Devices with different layer thicknesses L were prepared according to a procedure described 

recently.10 For PPBI 1 and PPBI 2, the SCLC samples were thermally annealed above the 

material’s glass transition temperatures (Tg) and allowed to cool to room temperature before 

measurement, which gave significantly higher performances. No such improvement was 

observed for PPDEB and PPDEI devices. The individual J-V characteristics of all the 

electron-only devices and hole-only devices of PPDEB, PPDEI, PPBI 1 and PPBI 2 for 

different layer thicknesses are shown as supporting information in Figure S2. The obtained 

mobility values for each material are constant across different layer thicknesses within the 

experimental error. Electron- and hole mobilities obtained from devices with an active layer 

thickness of ca. 350 nm are summarized in Table 3 and the J-V curves of these electron-only 

devices are depicted in Figure 4. All the polymers except PPDEI are excellent electron 

transport materials. As expected for perylene imide derivatives, all of them exhibit very weak 

hole carrier mobility. A comparison of the hole mobilities of the compounds shows that 

PPDEI has a hole mobility of 7×10-6 cm2V-1s-1, which is slightly higher than its electron 

mobility.  Hence, a perylene core modified by a diester and an imide unit leads to a more 

pronounced p-type rather than n-type behavior. For compounds PPDEI, PPBI 1 and PPBI 2 

the hole mobilities are at least 2 orders of magnitude below their electron mobilities. This 

demonstrates that electron transport through the LUMO is preferred to hole transport via the 

HOMO, as expected for n-type semiconductors.  

As can be seen from Table 3, PPDEI has an electron mobility of 5×10-6 cm2V-1s-1 which is 

two orders of magnitude below the electron mobility of PPDEB (6×10-4 cm2V-1s-1). This is in 

agreement with previous observations of charge carrier mobilities of perylene diester imide 

and perylene diester benzimidazole acrylate polymers.10 Here, the less electron deficient 

perylene diester imide groups of PPDEI possesses worse electron mobility compared to 

PPDEB with benzimidazole functionalized perylene cores. Annealed devices of PPBI 1 

however show a higher electron mobility of 1×10-3 cm2V-1s-1 compared to PPDEB devices. 

Although optical properties were improved through the implementation of a benzimidazole 

unit to the perylene core, the charge transport of PPDEB suffers compared to the perylene 

bisimide derivatives, PPBI 1 and PPBI 2.  
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A comparison between PPBI 1 and PPBI 2 shows that not only the core of the π-conjugation 

system, but also the substituent has an impact on the charge carrier transport  properties of 

the material. Altering the solubilizing side chains of the PBI from a branched alkyl (PPBI 1) 

to a branched-OEG (PPBI 2) results in a major increase of one order of magnitude in electron 

mobility from 1×10-3 cm2V-1s-1 to 1×10-2 cm2V-1s-1. This is one of the highest electron 

mobility values reported for side chain polymers. It is worth mentioning, that the electronic 

coupling between the PBI core and the imide substituents are negligible because of the nodes 

in the HOMO and LUMO at the imide nitrogen.28 The drastic improvement of charge 

transport observed here, can therefore be attributed to the difference in packing and 

morphology obtained for the thin polymer films. Hydrophilic and hydrophobic side chains 

implemented in organic electron transport materials have been proven to be crucial for the 

resulting film morphologies and charge carrier mobility.29 The XRD data reported earlier 

supports a liquid crystalline (LC) SmC bilayer structure for PPBI 1, whereas PPBI 2 is 

amorphous, even though both polymers exhibit a π- π stacking distance of 0.35 nm in WAXS 

region 13. In our SCLC experiment, where the charge transport within the film perpendicular 

to the substrate is probed, the less ordered PPBI 2 is superior in terms of mobility. In general, 

the charge carrier mobility in organic materials depends on hopping distances, concentration 

of hopping centers and energetic disorder. For organic semiconductors it was observed that 

ordered (polycrystalline or LC) regions, with stronger electronic coupling compared to 

disordered regions, often exhibit a larger amount of deep charge traps. This observation was 

attributed to the fact that in polycrystalline or LC materials grain boundaries can isolate 

charge carriers within the ordered regions.30 The stronger PL quenching (Figure 3b) observed 

for PPBI 1 compared to PPBI 2 is an indication for deep traps present in this LC material, 

which is in line with the lower charge carrier mobility found. Moreover, the pendant 

polymers differ from conjugated main chain polymers due to the fact that the electronic 

moiety is independent of the backbone length in the former. Other additional factors of 

importance for the electron transport in PBIs are the degree of aggregation and the 

intermolecular rotational angle of the PBI discs to one another. Thus the high flexibility of 

OEG substituent of PPBI 2 favors less aggregation and probably less energetic disorder. The 

PL studies (Figure 3b) also support this argument. But further detailed temperature dependent 

mobility studies are necessary to quantify the energetic disorder. 
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Conclusion 

We showed the elegant and feasible synthesis of diverse poly-perylene derivatives through a 

“click” chemistry approach starting from poly(propargyloxystyrene) and respective perylene 

azides. The resulting poly(perylene diester benzimidazole) PPDEB and poly(perylene diester 

imide) PPDEI showed high molecular weights and narrow PDIs around 1.09. Very high 

conversion in the “click” reaction could be proven by 1H NMR. Both polymers are liquid 

crystalline as observed by a combination of  XRD, POM and DSC. A comparison of optical 

and charge transport properties of these polymers results in two major findings: first, 

improved optical absorption up to 700 nm for PPDEB was found, while PPDEI showed a 

blue shifted absorption compared to PPBI. This is due to modifications at the chromophoric 

system at the perylene units. The measurement of charge transport by the SCLC method 

resulted in electron mobilities for PPDEB of 6×10-4 cm2V-1s-1. While light harvesting could 

be improved for this compound, the charge carrier mobility is lower compared to the 

conventional perylene bisimide based polymers PPBI 1 and PPBI 2. The second finding is 

related to the influence of the solubilizing side groups of PPBI 1 (branched alkyl groups) and 

PPBI 2 (branched oligoethylenglycol groups) on structure and charge carrier mobility. 

PPBI 2, which is an amorphous polymer, shows a very high electron mobility of 1×10-

2 cm2V-1s-1, which is almost one order of magnitude higher than the electron mobility of the 

liquid crystalline PPBI 1. This demonstrates that side groups, due to their ability to alter the 

molecular packing behavior, can influence the charge carrier mobility of perylene bisimide 

derivatives strongly. In conclusion, we have demonstrated the tuning of the optical properties 

of semiconducting side chain polymers by modifying the pendant perylene core and the 

charge carrier mobility by varying the substituents on PBI. Understanding these structure-

property relations is important for the design of new materials for optoelectronic 

applications.  
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Supporting Information 

 

Figure S1: Cyclic voltammograms of PPDI, PPDB, PPBI 1 and PPBI 2 showing the first and second reduction 

peaks. The measurements were conducted in acetonitrile with respect to Fc/Fc+ at a scan rate of 50 mVs
-1

. 

-1,5 -1,0 -0,5 0,0

-0,0002

0,0000

0,0002

 

 

C
u
rr

e
n
t 
/ 
A

Potential vs. Fc/Fc+ / V

 PPDEI

 PPDEB

 PPBI 1

 PPBI 2



Pendant Perylene Polymers with High Electron Mobility     159 

 

 

 

Figure S2: Scheme of an electron-only device with a calcium top electrode, capped with aluminum (a); 

Current density J vs. voltage V plots at room temperature for electron-only devices of PPDI, PPDB, PPBI 1 

and PPBI 2 (b-e); Scheme of a hole-only device with gold top electrode (f); Current density J vs. voltage V 

plots at room temperature for hole-only devices of PPDI, PPDB, PPBI 1 and PPBI 2 (g-j); the voltage 

applied (Vap) was corrected for a built in potential (Vbi) of 2.2 eV for electron-only devices resulting from 

the differences in work function of calcium and ITO/PEDOT:PSS. Vbi in hole-only devices was estimated to 

be 0 eV. 
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Abstract 

Herein, we analyze fundamental material properties such as charge carrier mobility and 

morphology of the active layer in thin film organic solar cells and correlate them with 

thickness optimization in the devices. A low band gap donor-acceptor copolymer in 

combination with PCBM and two bis-adduct fullerenes, bis-PCBM and bis-oQDMC, are 

investigated. We studied charge transport of Polymer:Fullerene blends in hole- and electron-

only devices using the SCLC method. Lower electron mobilities were observed in both bis-

adduct fullerene blends. Hole mobility, however, was decreased only in the blend containing 

bis-oQDMC. Both bis-adduct fullerene blends show very high open circuit voltage in solar 

cell devices, but poor photocurrent compared to the standard PCBM blend for an active layer 

thickness of 200 nm. Therefore, a higher short circuit current was feasible for the 

Polymer:bis-PCBM blend by reducing the active layer thickness in order to compensate for 

the low electron mobility. For the Polymer:bis-oQMC blend, no such improvement was 

achieved, which in turn indicates an unfavorable morphology in this particular blend system. 

The results are supported by external quantum efficiency (EQE) measurements, atomic force 

microscopy (AFM) and UV/vis spectroscopy. Based on these results, the investigations 

presented herein give a more scientific basis for the optimization of solar cells.  

 

Introduction 

Efficient and low-cost solutions for converting solar energy into electricity are of great 

interest for the future, which has drawn the attention of researchers to organic photovoltaic 

cells (OPV) during recent years.1-3 So far, the most successful solution processable OPV 

devices are achieved with Polymer:Fullerene solar cells, consisting of an electron-donating 

(p-type) conjugated polymer and an electron-accepting (n-type) fullerene, such as Phenyl-

C61-butyric acid methyl ester (PCBM). In a bulk heterojunction (BHJ) solar cell, the active 

layer consists of a blend of p- and n-type material. High power conversion efficiencies (PCE) 

of more than 8 % were reported on a laboratory scale4, but for commercial viability of this 

technology, even higher efficiencies are required to achieve adequate PCEs in module 

fabrication5. Extensive research has been done on finding better donor polymers6-8, while 
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alternative acceptors have received significantly less attention to date. The trend is towards 

engineering low band gap polymers as hole transport materials, so that light harvesting in the 

red and infrared region is enhanced and as much light of the solar spectrum as possible can 

be absorbed. Consequently, more photons absorbed can enable higher short circuit current 

densities (JSC) and hence better PCEs. In general this can be achieved by changing the 

chemical structure of the polymer to tune HOMO and LUMO energy levels, so that the band 

gap is lowered and the absorption is shifted to longer wavelength. However, if the HOMO 

energy level of the donor is shifted up, the open circuit voltage (VOC) of the solar cell is often 

negatively affected. This is due to the linear relation between VOC of a BHJ solar cell and the 

difference in HOMO of donor and LUMO of acceptor.9 Therefore, acceptor materials with 

high LUMO levels are desirable to obtain high VOC. In this context, several mono- bis- and 

tris-fullerene adducts have been reported, in which the LUMO energy levels are higher 

compared to PCBM. In devices, even though higher VOC were realized, the PCE was often 

low for various blend devices with multi-adduct fullerenes due to reduced photocurrents. In 

literature it has been attributed to different effects: for P3HT:bis-PCBM blend devices, Jarzab 

et al. found that the dynamics of photoexcitation is slower compared to P3HT:PCBM, which 

was ascribed to changes in the microstructure of the blend.10 Nelson and co-workers reported 

that the formation of triplet states in blends of PCBM multi-adducts with a polyfluorene 

polymer competes with charge separation and is responsible for losses in OPV performance. 

This however, was only observed when the offset between the donor HOMO and the 

acceptor LUMO was larger than 1.6 eV.11 Mono- bis- and tris-PCBM in combination with 

P3HT were shown to have similar charge generation efficiency as measured by transient 

absorption spectroscopy. Still the overall performance was low because the crystallinity of 

P3HT was reduced for blends with multiple side-chain fullerenes.12 Also, electron mobility of 

these fullerenes was found to be lower, especially for the tris-PCBM, as shown in OFET 

measurements of the pristine compounds. The molecular packing motif of several donor 

polymers and fullerene acceptors was investigated by McGehee and co-workers.13 

Intercalation of fullerene molecules between the side chains of conjugated donor polymers 

and the formation of bimolecular crystals was studied by means of X-ray diffraction. In 

blends, where there was intercalation, the performance of solar cells was decreased, when 

multi-adduct fullerenes were employed. This was explained by a change in orientation of the 
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fullerene within the bimolecular crystal caused by the steric hindrance of multiple side-

groups. As a consequence, electron transport was presumably impeded. When there was no 

intercalation, improved efficiencies for multi-adduct fullerene devices could be observed. 

Voroshazi et al. reported CELIV measurements to determine the charge carrier mobility of 

P3HT:Fullerene blends with Mono-and Bis-o-quino-dimethane C60 (oQDMC), compared to 

PCBM and bis-PCBM.14 Mobility values of the blend systems were found to be reduced for 

both bis-adduct fullerenes bis-PCBM and bis-oQDMC compared to PCBM and mono-

oQDMC. The CELIV method however only gives an overall mobility of both hole and 

electron transport material. Hence no conclusion about individual charge transport of the 

blends could be made. These examples from literature demonstrate that mostly blend 

morphology and charge transport properties in the resulting blend are responsible for lower 

JSC and hence PCE in OPV devices. The fundamental question how the intrinsic mobility of 

these materials is affected or an unfavorable morphology resulting in insufficient percolation 

paths causes a change in charge transport properties often remains open. Thus it is important 

to study the hole and electron mobilities separately in blend films with thickness ranges 

comparable to those in solar cell devices. In addition, very little is known about novel 

fullerenes in combination with low band gap polymers, since most studies were done on 

P3HT to date. Especially a different behavior of novel donor-acceptor copolymers can be 

expected, since they mostly are rather amorphous materials, compared to P3HT which is 

highly crystalline. Herein we directly compare charge carrier mobilities of two n-type bis-

adduct fullerene derivatives and PCBM within blends with a donor-acceptor copolymer 

serving as p-type material. By using the SCLC approach, electron and hole mobility can be 

measured separately by fabricating electron- and hole-only devices. The results are correlated 

with the performance of OPV devices. Furthermore, the blend morphology is investigated by 

atomic force microscopy (AFM) and UV/vis spectroscopy. 

  

Results and Discussion 

Chemical structures of the donor-acceptor copolymer (in the following referred to as 

Polymer) and the three fullerene derivatives under investigation are depicted in Figure 1a, 
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along with the HOMO and LUMO values obtained from cyclic voltammetry (CV) (Figure 

1b). The Polymer consisting of benzodithiophene, benzothiadiazole and thiophene units has a 

molecular weight of Mn=30000 gmol-1, a PDI of 1.8 and did not show any melting point in 

differential scanning calorimetry (DSC). Details about the polymer characterization and 

optimization of solar cell devices are reported elsewhere.15 The commonly used Phenyl-C61-

butyric acid methyl ester (PCBM) is taken as a reference material. The two bis-adduct C60 

fullerenes, namely Bis-Phenyl-C61-butyric acid methyl ester (bis-PCBM) and Bis-o-quino-

dimethane C60 (bis-oQDMC) exhibit higher LUMO energy levels with respect to PCBM. 

This is because more double bonds of the fullerene core become saturated, the more side 

chains are attached to the fullerene.16 All compounds are well soluble in organic solvents, 

such as 1,2-dichlorobenzene (oDCB) or chloroform. Three different blends, consisting of 

Polymer:PCBM (Blend 1), Polymer:bis-PCBM (Blend 2) and Polymer:bis-oQDMC 

(Blend 3) were prepared. Polymer and fullerenes were dissolved in oDCB and mixed in the 

weight ratio 1:2. All films were investigated “as coated” without thermal or solvent annealing 

steps, because any annealing resulted in decreased device performance.  

 

Figure 1: a) Chemical structure of the p-type donor-acceptor copolymer (Polymer) and the three n-type 

fullerene derivatives Phenyl-C61-butyric acid methyl ester (PCBM), Bis-Phenyl-C61-butyric acid methyl ester 

(bis-PCBM) and Bis-o-quino-dimethane C60 (bis-oQDMC); b) energy level diagram of the materials 

illustrating the linear relation of VOC of a solar cell with difference in HOMO of donor and LUMO of 

acceptor.  
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Electron- and hole-only devices were individually fabricated in order to estimate the electron 

and hole mobilities within the blends. The device architecture is depicted in Figure 2a and e. 

Electron-only devices posses an ITO/Zinc oxide bottom contact and calcium, capped with 

aluminum, as top electrode. Zinc oxide and calcium electrodes provide, due to their low 

workfunctions, a hole injection barrier. Therefore, charges can only be injected into the 

LUMO of the materials and the charge transport through the bulk is determined by the 

electron mobility of the blend. In hole-only devices, with ITO/PEDOT:PSS bottom contact 

and PEDOT:PSS/silver top contact, charges are exclusively injected into the HOMO of the 

material, which allows for determining the hole mobility of the blend. These single carrier 

devices allow us to study charge transport of the blends in a geometry very similar to that of 

OPV devices. The active layer was deposited using a doctor blade technique. See 

Experimental Section for details. The current density–voltage (J-V) characteristics were 

recorded under inert gas atmosphere in the dark. At higher voltages, assuming Ohmic 

injecting contacts and trap free transport, the current measured is space-charge limited only, 

and the charge carrier mobility can be estimated by using Mott-Gurney’s equation17:  

� � 98 ')'(� ��
6W  

where J is the current density, εr is the dielectric constant of the organic semiconductor blend 

(assumed to be 3 in our calculations18), ε0 is the permittivity of free space, µ is the charge 

carrier mobility, L is the thickness of the active layer and V is the voltage drop across the 

device. Figure 2b-d and f-h show J-V characteristics of the single carrier devices for each 

blend and for various active layer thicknesses. The resulting charge carrier mobilities of the 

blends are summarized in Table 1.  

Before evaluating Polymer:Fullerene blend devices, the charge carrier mobilities of the 

pristine materials were studied. The hole mobility of the prisitne Polymer film, and the 

electron mobility of pristine PCBM and bis-PCBM are shown in Table 1. Hole-only devices 

were prepared from oDCB solution. Similarly, the electron transport of the three pristine 

acceptor materials was also investigated. Film formation from oDCB solution resulted in 

non-homogeneous films for the fullerene derivatives, so chloroform was chosen instead. 
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Good films were obtained for PCBM and bis-PCBM, however the film formation for bis-

oQDMC still remained problematic. Hence, only for PCBM and bis-PCBM reliable electron 

mobilities could be obtained. A higher electron mobility of 3·10-3 cm2V-1s-1 was determined 

for PCBM, compared to 5·10-4 cm2V-1s-1 for bis-PCBM electron-only devices. The same 

trend was also observed by Faist et al. in OFET experiments.12 The question whether the 

electron transport correlates with the respective blend devices (Figure 2b-d) is investigated in 

the following.  

Table 1: Summary of electron and hole mobilities (µe and µh) for Blend 1, Blend 2, Blend 3 and pristine 

material films; the values were obtained from J-V curves shown in Figure 2, Figure S1 and Mott-Gurney 

equation and represent an average mobility over the thickness range measured. See supporting 

information for J-V curves of pristine materials films and mobility value for each J-V curve.  

Mobility 

[cm
2
 V

-1
s

-1
] 

Polymer PCBM*
 

bis-PCBM* Blend 1 Blend 2 Blend 3 

µe - 3∙10
-3

 5∙10
-4

 9∙10
-3

 2∙10
-3

 1∙10
-3

 

µh 4∙10
-4

 - - 4∙10
-4

 6∙10
-4

 7∙10
-5

 

* Films coated from chloroform solution; no reliable devices were obtained for bis-oQDMC due to non-

homogeneous films. 

 

In Blend 1, containing PCBM as electron transport material, an electron mobility of  

9·10-3
 cm2V-1s-1 was found. For both blends containing bis-adduct fullerenes, electron 

mobilities were significantly lower, with 2·10-3
 cm2V-1s-1 for Blend 2 and 1·10-3

 cm2V-1s-1 for 

Blend 3. Hence, electrons are transported less efficiently through the bulk of the bis-adduct 

fullerene blends. Worse electron transport of bis-PCBM is apparently also reflected in the 

Polymer:Fullerne blend. The fact, that both mobility values obtained in the blend are higher 

compared to the pristine fullerene films is potentially due to the different coating solvent 

used. The high boiling point solvent oDCB allows for a slower solvent evaporation rate in the 

case of the blend devices, which could result in better crystallization of fullerene domains 

and thus enhance charge transport compared to the films coated from chloroform. However, 

in both blend and pristine devices, the same trend of a higher electron mobility for PCBM 

compared to bis-PCBM was observed. The differences in electron mobility for a pristine 

compound and its blend depend on the changes in morphology.  
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Figure 2: a) Schematic of an electron-only device and e) a hole-only device; Current density – Voltage (J-V) 

characteristics of electron-only (b, c, d) and hole-only (f, g, h) devices for the three different blend systems; 

J-V curves were recorded in the dark at RT under inert gas atmosphere for various active layer 

thicknesses. For electron-only devices, the applied Voltage (Vappl) was corrected for a built-in potential (Vbi) 

resulting from the differences in work function for ZnO and calcium.  
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Different phase separation of donor and acceptor materials can affect the percolation paths of 

the charge carriers and result in changes in electron transport. An attempt to disentangle the 

effect of blend morphology and intrinsic fullerene properties on charge transport is made by 

comparing electron mobilities with hole mobilities (from hole-only devices) of the same 

blends. The J-V curves of hole-only devices are shown in the bottom row of Figure 2f, g and 

h. Blend 1 has a hole mobility of 4·10-4
 cm2V-1s-1, which is slightly below the hole mobility 

of the Blend 2 with 6·10-4
 cm2V-1s-1. The fact that the hole mobility of pristine Polymer is of 

the same order of magnitude as in the Blends 1 and 2 (10-4 cm2V-1s-1) shows, that hole 

transport is not impeded by the presence of these fullerenes and that blend morphology 

provides sufficient percolation paths for holes. The lowest hole mobility by far was measured 

in the Blend 3 (7·10-5
 cm2V-1s-1). This comparison shows that hole mobility decreases in 

Blend 3, even though the p-type material is kept constant. Hence, we attribute this drop in 

hole mobility in Blend 3 to changes in the blend morphology. If donor and acceptor material 

interact differently, for instance due to different side groups of the acceptor, this can also 

affect the blend morphology upon film formation. Since hole mobility does not change 

drastically for the PCBM and bis-PCBM blends, the percolation paths for holes are likely to 

be similar. For Blend 3 however, the drop in hole mobility indicates worse percolation paths 

for holes and thus a problematic morphology in this blend. In our experiment, hole mobility 

in the blend is generally found to be smaller compared to the electron mobility measured. 

This might be due to the Polymer:Fullerene blend ratio being 1:2 and hence more of the 

electron transporting fullerene being present in the blend system.  

To study absorption and aggregation effects in these blends, UV/vis spectroscopy of thin 

films was performed. Absorption spectra of the blend films and a pristine polymer reference 

coated on quartz glass are depicted in Figure 3. Films were prepared under similar conditions 

to give a comparable thickness of 100 nm for all samples. In the short wavelength region, 

where mainly fullerene absorbs, the maximum absorbance can be observed for the PCBM 

blend, while bis-PCBM and bis-oQDMC absorb only slightly less. This can be attributed to 

the increased number of side-chains, which do not contribute to the light absorption in this 

wavelength region and therefore weaken the overall fullerene absorption. At longer 

wavelength, where the polymer absorbs, no significant changes in absorption are observed. 
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Thus, UV/vis measurements indicate that the conformation of the polymer is not heavily 

affected by different fullerenes in the blend. 

 

Figure 3: UV/vis absorption spectra of a pristine Polymer film and Blend 1, Blend 2 and Blend 3 with a 

thickness of ca. 100 nm coated from oDCB solution. 

 

 

Figure 4: AFM Topography images obtained in Tapping Mode of a) Blend 1, b) Blend 2 and c) Blend 3 on 

200nm thin films. 

To investigate the blend morphology, atomic force microscopy (AFM) was performed on the 

blends in Tapping Mode. Topography images are depicted in Figure 4a-c. From surface 

roughness and feature sizes visible on the surface, we can, to some extent, draw conclusions 

about phase separation of donor and acceptor also in the bulk of the blend. Surface roughness 

slightly increases from Blend 1 (RMS=0.4nm) to Blend 2 (RMS=0.5nm) and Blend 3 

(RMS=0.6nm) blends. Slightly bigger features visible in Figure 4c, compared to the almost 
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featureless surface in Figure 4a indicate a coarser phase separation for the bis-oQDMC blend. 

This supports our assumption that both decreased electron and hole mobility in the bis-

oQDMC blends might be caused by a unfavorable blend morphology for charge percolation 

and transport.   

In the following, we compare photovoltaic devices made of the three blends under 

investigation with active layer thicknesses of 200 nm (Blend 1a, Blend 2a and Blend 3a) and 

100 nm (Blend 1b, Blend 2b and Blend 3b), respectively. A standard device architecture with 

an ITO/PEDOT:PSS bottom contact and calcium/aluminum top electrodes were chosen. For 

the active layer preparation, conditions were similar as for the SCLC devices (see 

Experimental Part for details). The J-V curves under AM1.5 illumination (1000 Wm-2) and 

external quantum efficiency (EQE) of the solar cells are plotted in Figure 5a and b, 

respectively. Solar cell parameters are shown in Table 2. Regarding the VOC, a clear trend can 

be observed. Both bis-adduct fullerene blends have higher VOC than the PCBM reference. For 

thick films, a maximum VOC of 980 mV could be reached for both bis-adduct fullerenes 

compared to 830 mV for the PCBM blend. For the devices with thinner active layer, the 

maximum VOC was obtained for Blend 3b with 1050 mV, Blend 2b showed 1000 mV and 

Blend 1b was clearly below with 900 mV. This is in agreement with the LUMO energy levels 

and meets the expectations of higher acceptor LUMOs giving higher VOC. A comparison of 

JSC is more complex. For an active layer thickness of 200 nm, the highest JSC was obtained 

for the PCBM blend (9.9 mAcm-2), both bis-adduct fullerens have lower JSC values 

(Blend 2a: 5.9 mAcm-2, Blend 3a: 5.5 mAcm-2). As a result, PCEs of the bis-adduct 

fullerenes with 2.9 % are below the PCBM blend with 3.8 %.  

As shown in Figure 3, light harvesting in these devices is very similar, so the reason for 

lower JSC must be due to less efficient charge generation, charge collection or higher 

recombination losses. Knowing that electron mobility in the bis-fullerene blends is lower, we 

can assume that recombination of free charges due to insufficient charge carrier mobility 

might be a critical parameter. A simple way to test this hypothesis is to compare the JSC of 

thick films to those of thinner films. Since charges in thin films need to travel shorter 

distances to reach the electrode, high charge carrier mobilities are not as crucial as in thick 

films. In fact, the experiments with only 100 nm active layer thickness show a different trend 
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in JSC. For the bis-PCBM blend (2b), JSC increases from 5.9 mAcm-2 to 7.7 mAcm-2 for 

thinner films, which means that in spite of reduced light harvesting, the solar cell gives 

higher photocurrent. This, we attribute to less recombination processes taking place in the 

device. In the case of Blend 3b however, JSC remains at about 5.5 mAcm-2. Also, the fill 

factor (FF) in Blend 3b is significantly lower, compared to the other two blends, where an 

increase in FF could be observed for the thin devices. The EQE data shown in Figure 5b 

support the observed trends in JSC. To better understand the origin of low FF, series and 

parallel or shunt resistance (RS and RSH) of the solar cells are discussed in the following. In 

general, to obtain high FF, low RS and high RSH are required. 

 

Figure 5: a) J-V characteristics under AM1.5 solar irradiation (1000 Wm
2
) and b) external quantum 

efficiency (EQE) of photovoltaic cells of Blend 1 (squares), Blend 2 (circles) and Blend 3 (triangles) with 

active layer thicknesses of 200nm (filled symbols) and 100nm (empty symbols).  

 

A straight-forward method for estimating RS and RSH in solar cells is determining the slope of 

the J-V curve at VOC and JSC, respectively. The inverse of the slopes give the specific 

resistances in Ωcm
2, which are tabulated in Table 2 for all cells under investigation. Due to 

identical device fabrication conditions we assume that series resistance accounting from the 

bottom and top electrode conductivity and interfacial layer resistances are constant for all 

solar cells under investigation. Therefore, changes in RS are attributed to differences in active 

layer resistance, which can be altered by blend morphology causing differences in charge 
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percolation.19, 20 Comparing RS values of solar cells made of Blend 1, the active layer 

thickness does not seem to have a big impact, with both cells having a series resistance of 

9.1 Ωcm2 (Blend 1a) and 9.3 Ωcm2 (Blend 1b). In other words, the percolation paths remain 

almost the same and the charge carrier mobility seems sufficient high within the range of 

thicknesses tested. For Blend 2 however, reducing the active layer thickness results in a 

threefold improvement of RS from 21.7 Ωcm
2 to 7.2 Ωcm

2. Hence, the thick film was limited 

by high active layer series resistance resulting in poor charge transport, which is consistent 

with our SCLC measurements. For both Blend 1 and Blend 2 a higher RSH is achieved for the 

100 nm devices, compared to devices with an active layer of 200 nm. As a consequence the 

FF is higher for the thin devices. RS of Blend 3a and Blend 3b cells are 14.5 Ωcm
2 and 

23.8 Ωcm
2, respectively. The higher RS even in thin active layer demonstrates that the 

unfavorable blend morphology is the main factor influencing series resistance and devices 

performance. Both high RS and low RSH in Blend 3b account for the poor FF.  

Table 2: Solar cell parameters obtained from J-V curves from Figure 5a for the three different blend 

systems with active layer thicknesses of 200nm (“a”) and 100nm (“b”), respectively. RS and RSH account for 

series and shunt resistance of the cells, which were estimated considering the inverse slopes of the J-V 

curve at VOC and JSC, respectively. 

 Device VOC 

[mV] 

JSC 

[mAcm
-2

] 

FF 

[%] 

PCE 

[%] 

RS 

[Ωcm
2
] 

RSH 

[Ωcm
2
] 

200 nm 

Blend 1a 830 -9.9 46.5 3.8 9.1 645.7 

Blend 2a 980 -5.9 49.3 2.9 21.7 653.6 

Blend 3a 980 -5.5 53.2 2.9 14.5 1012 

100 nm 

Blend 1b 900 -8.2 59.1 4.4 9.3 1266 

Blend 2b 1000 -7.7 55.7 4.3 7.2 909.1 

Blend 3b 1050 -5.3 33.7 1.9 23.8 287.4 

 

Conclusion 

We have investigated blends of a donor-acceptor copolymer as donor and three different 

fullerene derivatives (PCBM, bis-PCBM and bis-oQDMC) as acceptors. By fabricating 

single carrier devices, the hole and electron mobilities within the blends were estimated, 
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which helped interpreting their performance in solar cells in 200 nm and 100 nm thin films, 

respectively. For the Blend 1 (featuring PCBM), JSC is decrased when the active layer 

thickness is reduced from 200 nm to 100 nm, which is due to less light harvested within the 

active layer. Overall device performance, however, is increased due to higher FF and VOC. 

Higher FF and VOC are also observed for 100 nm Blend 2 devices with bis-PCBM. In 

addition, JSC is notably higher compared to the 200 nm device. The electron mobility in this 

blend was found to be lower compared to Blend 1. By reducing the film thickness, this issue 

could be overcome, which is shown by the improved solar cell parameters. In Blend 3 

devices, containig bis-oQDMC, both low electron and hole mobilities were measured. Since 

the hole transporting material was kept the same for all three blend systems, a lower hole 

mobility can only be explained by a change in the nanoscale morphology with worse 

percolation paths for holes in this blend. As a consequence, OPV devices with reduced film 

thickness still have low JSC, FF and PCE. In this paper we show that using the SCLC 

approach in single carrier devices is a practical tool to help understanding solar cell 

characteristics of Polymer:Fullerene blends. Photoluminescence and photoinduced absorption 

measurements are subject of current investigation in order to identify the major loss 

mechanismn in this blend. 

 

Experimental Section 

Chemicals: Phenyl-C60-butyric acid methyl ester (PCBM), Bis-Phenyl-C60-butyric acid 

methyl ester (bis-PCBM) and Bis-o-quino-dimethane C60 (bis-oQDMC) were purchased 

from Nano-C. Polymer was provided by Merck Chemicals Ltd.. DMSO and 1,2-

dichlorobenzene (oDCB) (anhydrous with crowncap, 99%) were purchased from Sigma-

Aldrich. PEDOT:PSS (Clevios P VP Al 4083) was purchased from Heraeus. Zinc-acetate 

dihydrate (99.0%) was purchased from Sigma-Aldrich. 

Instrumentation: UV/vis spectra of thin films coated on quartz glass were recorded on a 

Hitachi 3000 spectrophotometer. Film thicknesses were determined on an Alphastep 500 

surface profilometer. Atomic force microscopy was performed on a Veeco Dimension Icon 

with Nanoscope V controller, in Tapping Mode. The used cantilevers were NSC15/AlBS 



Charge Carrier Mobility in Polymer:Fullerene Solar Cells     175 

 

 

from Mikromasch. External quantum efficiency was measured on a QE-PV-SI QE/IPCE 

Measurement kit from Newport. Cyclic voltammograms were recorded on a Princeton 

Applied Research VersaSTAT 4 Potentiostat/Galvanostat 108 using platinum electrodes at a 

scan rate of 50 mVs-1 and a Ag/Ag+ (0.10 M of AgNO3 in acetonitrile) reference electrode in 

a anhydrous and nitrogen-saturated solution of 0.1 M of tetrabutylammonium tetrafluoborate 

in acetonitrile. Oxidation potential (Eox½) of ferrocene is 0.08-0.11 V versus Ag/Ag+, and 

0.41 V versus SCE. The HOMO and LUMO energy levels were determined from the 

oxidation and reduction onset of the second scan from CV data taking into account the SCE 

level at -4.7 eV . 

Device preparation: SCLC electron-only devices were fabricated using the following 

structure: glass/ITO/ZnO/Active Layer/Ca/Al. Commercial ITO coated glass substrates with 

a sheet resistance of 13 Ohms per sq (Lumtec) were cleaned using following sequence in an 

ultrasonic bath: detergent, water, acetone and 2-propanol. After ozone treatment of the 

substrates for 10 min, a solution of Zinc-acetate dihydrate in DMSO (160 mgmL-1) was spin 

coated on the substrate and the substrates were subsequently heated on a hotplate at 300 °C 

for 5 min. The substrates were rinsed with water and acetone. All following steps were 

carried out under nitrogen atmosphere with water and oxygen levels ≤ 0.1 ppm. After cooling 

the substrate, the active layer was blade coated from oDCB solutions on an Erichsen 

Coatmaster 509MC. The substrates were then put in a thermal evaporation chamber to 

evaporate the top electrodes (30 nm Ca/ 100 nm Al) under high vacuum (1·10-6 mbar) 

through a shadow mask (active area 4 mm2). SCLC hole-only devices were fabricated using 

the following structure: glass/ITO/PEDOT:PSS/Active Layer/PEDOT:PSS/Ag. Commercial 

ITO coated glass substrates with a sheet resistance of 13 Ohms per sq (Lumtec) were cleaned 

using following sequence in an ultrasonic bath: detergent, water, acetone and 2-propanol. 

After ozone treatment of the substrates for 10 min, PEDOT:PSS was spin coated on the ITO 

surface and dried at 130 C for 30 min. After cooling the substrate, the active layer was blade 

coated from oDCB solutions on a Erichsen Coatmaster 509MC under nitrogen atmosphere 

with water and oxygen levels ≤ 0.1 ppm. Another PEDOT:PSS layer was spin coated on top 

of the active layer. The substrates were then put in a thermal evaporation chamber to 

evaporate the top electrode (100 nm Ag) under high vacuum (1·10-6 mbar) through a shadow 
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mask (active area 4 mm2). The current-voltage characteristics of the devices were measured 

using a Keithley 2420 (I-V) Digital SourceMeter at 25 °C.  

Photovoltaic device preparation: OPV cells were fabricated using a standard device 

architecture: glass/ITO/PEDOT:PSS/Active Layer/Ca/Al. Commercial ITO coated glass 

substrates with a sheet resistance of 13 Ohms per sq (Lumtec) were cleaned using following 

sequence in an ultrasonic bath: detergent, water, acetone and 2-propanol. After ozone 

treatment of the substrates for 10 min, PEDOT:PSS was spin coated on the ITO surface and 

dried at 130 C for 30 min. All following steps were carried out under nitrogen atmosphere 

with water and oxygen levels ≤ 0.1 ppm. After cooling the substrate, the active layer was 

blade coated from oDCB solution on a Erichsen Coatmaster 509MC. The substrates were 

then put in a thermal evaporation chamber to evaporate the top electrodes (30 nm Ca/ 100 nm 

Al) under high vacuum (1·10-6 mbar) through a shadow mask (active area 4 mm2). The 

current-voltage characteristics of the devices were measured using a Keithley 2420 (I-V) 

Digital SourceMeter at 25 °C. An oriel solar simulator was used to provide an AM1.5 

spectrum (1000 Wm-2). The power of the solar simulator was calibrated using a reference 

Silicon cell by Newport.  

 

Acknowledgement 

We thank Amy Topley from Merck Chemicals Ltd. for cyclic voltammetry measurements. 

Financial support from Merck Chemicals Ltd. and EU Largecells is kindly acknowledged.  

 

References 

(1) Dennler, G.; Scharber, M. C.; Brabec, C. J., Advanced Materials 2009, 21, (13), 1323-
1338. 

(2) Sun, Y.; Welch, G. C.; Leong, W. L.; Takacs, C. J.; Bazan, G. C.; Heeger, A. J., Nature 

Materials 2012, 11, (1), 44-48. 



Charge Carrier Mobility in Polymer:Fullerene Solar Cells     177 

 

 

(3) Bakulin, A. A.; Rao, A.; Pavelyev, V. G.; van Loosdrecht, P. H. M.; Pshenichnikov, M. 
S.; Niedzialek, D.; Cornil, J. r. m.; Beljonne, D.; Friend, R. H., Science 2012, 335, 
(6074), 1340-1344. 

(4) He, Z.; Zhong, C.; Huang, X.; Wong, W.-Y.; Wu, H.; Chen, L.; Su, S.; Cao, Y., 
Advanced Materials 2011, 23, (40), 4636-4643. 

(5) Li, G.; Zhu, R.; Yang, Y., Nature Photonics 2012, 6, (3), 153-161. 

(6) Son, H. J.; He, F.; Carsten, B.; Yu, L., Journal of Materials Chemistry 2011, 21, (47), 
18934-18945. 

(7) Zhou, H.; Yang, L.; You, W., Macromolecules 2012, 45, (2), 607-632. 

(8) Chochos, C. L.; Choulis, S. A., Progress in Polymer Science 2011, 36, (10), 1326-
1414. 

(9) Scharber, M. C.; Mühlbacher, D.; Koppe, M.; Denk, P.; Waldauf, C.; Heeger, A. J.; 
Brabec, C. J., Advanced Materials 2006, 18, (6), 789-794. 

(10) Jarzab, D.; Cordella, F.; Lenes, M.; Kooistra, F. B.; Blom, P. W. M.; Hummelen, J. C.; 
Loi, M. A., The Journal of Physical Chemistry B 2009, 113, (52), 16513-16517. 

(11) Dyer-Smith, C.; Reynolds, L. X.; Bruno, A.; Bradley, D. D. C.; Haque, S. A.; Nelson, 
J., Advanced Functional Materials 2010, 20, (16), 2701-2708. 

(12) Faist, M. A.; Keivanidis, P. E.; Foster, S.; Wöbkenberg, P. H.; Anthopoulos, T. D.; 
Bradley, D. D. C.; Durrant, J. R.; Nelson, J., Journal of Polymer Science Part B: 

Polymer Physics 2011, 49, (1), 45-51. 

(13) Miller, N. C.; Sweetnam, S.; Hoke, E. T.; Gysel, R.; Miller, C. E.; Bartelt, J. A.; Xie, 
X.; Toney, M. F.; McGehee, M. D., Nano Letters 2012, 12, (3), 1566-1570. 

(14) Voroshazi, E.; Vasseur, K.; Aernouts, T.; Heremans, P.; Baumann, A.; Deibel, C.; Xue, 
X.; Herring, A. J.; Athans, A. J.; Lada, T. A.; Richter, H.; Rand, B. P., Journal of 

Materials Chemistry 2011, 21, (43), 17345-17352. 

(15) Hoppe, H.; Mitchell, W.; Tierney, S.; Carrasco-Orozco, M., unpublished work. 

(16) Lenes, M.; Shelton, S. W.; Sieval, A. B.; Kronholm, D. F.; Hummelen, J. C.; Blom, P. 
W. M., Advanced Functional Materials 2009, 19, (18), 3002-3007. 

(17) Bozano, L.; Carter, S. A.; Scott, J. C.; Malliaras, G. G.; Brock, P. J., Applied Physics 

Letters 1999, 74, (8), 1132-1134. 



178     Chapter 6 

 

 

(18) Goh, C.; Kline, R. J.; McGehee, M. D.; Kadnikova, E. N.; Frechet, J. M. J., Applied 

Physics Letters 2005, 86, (12), 122110-3. 

(19) Yang, F.; Shtein, M.; Forrest, S. R., Nature Materials 2005, 4, (1), 37-41. 

(20) Servaites, J. D.; Yeganeh, S.; Marks, T. J.; Ratner, M. A., Advanced Functional 
Materials 2010, 20, (1), 97-104. 

 

  



Charge Carrier Mobility in Polymer:Fullerene Solar Cells     179 

 

 

 

Supporting Information 

 

Figure S1: J-V characteristics of hole-only devices of Polymer films (a) and electron-only devices of PCBM 

(b) and bis-PCBM films (c). J-V curves were recorded in the dark at RT under inert gas atmosphere for 

various active layer thicknesses. For electron-only devices, the applied Voltage (Vappl) was corrected for a 

built-in potential (Vbi) resulting from the differences in work function for ZnO and Ca. 

 

Table S 1: Electron and hole mobilities (µe and µh) for Blend 1, Blend 2, Blend 3 and pristine material films 

of varied active layer thicknesses; the values were obtained from J-V curves shown in Figure 2, Figure S1 

and Mott-Gurney equation.  
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Abstract 

Well-soluble fullerene-grafted polymers with high contents of pendant phenyl-C61-butyric 

acid methyl ester (PCBM) between 30 and 64 wt% are reported. Herein, the tailor-made 

precursor copolymers poly(4-methoxystyrene-stat-4-tert-butoxystyrene) obtained by 

reversible addition fragmentation chain transfer (RAFT) polymerization are functionalized 

via an efficient polymer-analogous esterification. The synthesized acceptor copolymers retain 

the optical and electrochemical properties of the incorporated PCBM independent of their 

fullerene weight fraction. Their electron transport properties are studied by the space-charge 

limited current (SCLC) method. The maximum electron mobility µe of 1·10−4 cm2V-1s-1 is 

achieved for 37 wt% of incorporated PCBM. Below 50 wt% of PCBM, the acceptor 

polymers exhibit exceptional high charge carrier mobility compared to the corresponding 

blends of molecular PCBM and precursor copolymer. We attribute this behaviour to the 

amorphous morphology both in thin films and in bulk, which clearly indicates the absence of 

PCBM nanocrystals in the PCBM-grafted copolymers. Hence, an efficient charge carrier 

percolation is facilitated by the homogeneous distribution of PCBM. This novel electron 

transport material is an attractive candidate for the application in organic photovoltaic cells. 

 

Introduction 

Buckminster fullerene and its derivatives exhibit a unique electron-accepting/transporting 

capability1 and their application as n-type semiconductors for organic photovoltaic (OPV) 

cells has been extensively studied.2 Physically mixed blends of phenyl-C61-butyric acid 

methyl ester (PCBM) and poly(3-hexylthiophene) (P3HT) as donor material for bulk 

heterojunction (BHJ) solar cells have achieved power conversion efficiencies (PCEs) up to 

5 %.3 This benchmark value was outperformed by the application of low-bandgap donor 

materials, yielding PCEs of more than 8 %4. A crucial requirement for high solar cell 

performance is an efficient but balanced charge transport of electrons and holes through the 

active layer of organic solar cells. Regarding the morphology in blend devices based on 

P3HT:PCBM or poly(p-phenylenevinylene):PCBM, it was found that PCBM forms a 

crystallization-induced network of PCBM-rich domains, which consist of PCBM 
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nanocrystals.5,6 In these blend systems the bulk electron mobility improved with an 

increasing fraction of crystalline PCBM. With a sufficiently large content of PCBM, roughly 

60-70 wt% in the blend, a dense network of percolation pathways is opened up which enables 

charge carrier transport over macroscopic distances.7–9 Pure PCBM is a crystalline n-type 

semiconductor10 and forms different crystal structures depending on the crystallization 

solvent.11  

However, new concepts to overcome the inherent problem of limited thermodynamic 

stability of nanostructured blends direct towards a replacement of small molecule fullerenes 

by polymeric electron transport materials. Studies on side chain polymers carrying pendant 

C60 show a correlation of increasing electron mobility with increasing C60 content.12,13 The 

bulk electron mobility derived from the space-charge limited current (SCLC) method reached 

up to 10-5 cm2V-1s-1 for only 13 vol% of incorporated C60.
13 Further, the potential of this 

emerging class of electron transport materials was recently demonstrated in polymer solar 

cells with a promising PCE of 1.5 %.14 

While the electronic properties of side chain polymers can be tuned by the type of attached 

fullerene derivative, the physicochemical parameters are determined by the nature of the 

polymer backbone. Their preparation is achieved either by polymer-analogous modification 

or directly by polymerization of fullerene-derivatized monomers using organometallic 

catalysis.14–16 Polymer-analogous synthetic routes rely on functionalized polymers, which are 

decorated with fullerene derivatives in a further step. Various types of reactions were 

reported to attach C60 covalently to functional polymers including atom transfer radical 

addition (ATRA),17 [3+2]-cycloaddition with azides,18,19 Friedel-Crafts type reactions,20 

tosylhydrazone addition,21 lithiation,22 Bingel reaction23 and azide-alkyne Huisgen 

cycloaddition.24,25 Since all these methods are based on the reaction with double bonds, C60 

acts as an inherently multifunctional reactant. In particular for high fullerene loads, this fact 

leads to multiple additions, polymer cross-linking and diminished solubility. Therefore, 

selective grafting reactions with mono-functionalized C60 derivatives are highly preferred. Jo 

et al. have presented such a well-controlled method to prepare fullerene-grafted block 

copolymers by an efficient Steglich esterification with phenyl-C61-butyric acid (PCBA).26
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In this work we present a tailor-made synthesis for highly soluble PCBM-grafted copolymers 

without cross-linking. Further, the impact of covalent fullerene attachment to the polymer 

backbone is investigated with regard to morphology and fullerene nanocrystal formation and 

compared to blend systems. Here, we can demonstrate that efficient electron transport can be 

achieved, even if the pendant PCBM polymers do not show any indication for fullerene 

nanocrystals or aggregates. 

 

Results and Discussion 

Synthesis 

The key aspect of our approach, depicted in Scheme 1, relies on the synthesis of a statistical 

precursor copolymer consisting of 4-methoxystyrene (MS) and 4-butoxystyrene (BS). The 

monomer BS can easily be deprotected to yield hydroxyl groups. In a subsequent step, the 

resulting 4-hydroxystyrene (HS) units were covalently linked to the C60 fullerene derivative, 

phenyl-C61-butyric acid (PCBA). The proposed strategy provides both a precise tailoring of 

the overall number and density of the pendant fullerenes. Hence, there are two ways to tune 

the PCBM content in the copolymers: First, controlling the amount of grafted PCBM while 

the copolymer composition is kept the same. Second, varying the copolymer composition 

followed by a complete grafting with PCBM. In this work, we followed the second route. 

We applied a reversible addition fragmentation chain transfer (RAFT) polymerization for the 

synthesis of the precursor copolymer using an azide-derivatized trithiocarbonate chain 

transfer agent27 (CTA). Thereby, an azide mono-terminated polymer is obtained that is giving 

access to a wide range of synthetic opportunities via click chemistry. Here, the RAFT 

polymerization was carried out with varying feed ratios of the monomers MS and BS in 

presence of the CTA and the initiator 2,2’-azobisisobutyronitrile (AIBN) in toluene at 80 °C. 

Samples for 1H-NMR spectroscopy were periodically taken to monitor the progress of 

polymerization. Thus, we could prove that the consumption of both monomer species is 

equally fast leading to statistical copolymers with a built-in ratio of BS:MS = 10:90, 17:83 

and 26:74, respectively. 
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Scheme 1: Synthesis route towards PCBM-grafted copolymers. i) 3-azidopropyl-2-

(((dodecylthio)carbonothioyl)thio)-2-methylpropanoate, AIBN, toluene, 80 °C; ii) 1-octyne, CuI/PMDETA, 

THF, room temperature, 24 h; iii) concentrated HCl, THF, 35 °C, 22h; iv) PCBA, DCC, DMAP, DMAP∙HCl, 

DSC:CS2:AcN=3:3:1 (v:v:v), 40 °C, 72-91 h. 

The polymerization was stopped at around 50 % total monomer conversion to ensure narrow 

molecular weight distributions. The synthesized precursor copolymers PS-Az 1, PS-Az 2 and 

PS-Az 3 differ both in monomer ratio and chain length (see Table 1). With increasing mole 

fraction of BS in the precursor copolymer, here 10 (PS-Az 1), 17 (PS-Az 2) and 26 mol% 

(PS-Az 3), the overall chain length was reduced from 117, 73 to 45 repeating units, 

respectively. Note that the number of BS units per chain is then 12 in all the copolymers 

according to our calculation based on the molecular weight which was determined by matrix-

assisted laser desorption/ionization mass spectrometry with time of flight detection (MALDI-

TOF MS). This number was selected to give appreciable amounts of fullerene in the final 

copolymer. The molecular weight distribution of the obtained copolymers measured by size 

exclusion chromatography (SEC) in THF is narrow, ranging from 1.09 to 1.11 (Table 1 and 

Figure 1a,b). Due to the calibration with polystyrene as standard, the number average 

molecular weights Mn of 12.7 (PS-Az 1), 10.0 (PS-Az 2) and 6.9 kg/mol (PS-Az 3) do not 

represent the theoretically expected values, which are considerably higher. 
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The azide end group is relevant only for clicking functional moieties or a second polymer 

block. We have deactivated it to avoid [3+2]-cycloaddition between the fullerenes and the 

azide end group18, which may lead to cross-linking of the PCBM-grafted copolymers. The 

Huisgen 1,3-dipolar cycloaddition (click chemistry)28 is an elegant method to couple the 

azide end group with an alkyne reagent. Therefore, the precursor polymers PS-Az 1-3 were 

reacted with a ten-fold excess of 1-octyne in presence of 23 mol% CuI/PMDETA catalyst at 

room temperature. The success of this reaction was proved by Fourier-transform infrared (IR) 

spectroscopy, which is very sensitive towards azides due to its strong asymmetric vibration29. 

The azide vibration at 2098 cm-1 disappears completely in the IR spectra of PS-Oct 1-3, 

indicating a quantitative end-capping of the azide end groups upon formation of a 1,2,3-

triazole ring (Figure S1). The analysis by SEC in THF shows only a negligible shift of Mn, 

but exhibit a very weak shoulder at approximately double weight 2Mn  (Figure 1a). This 

polymer coupling is attributed to a transformation of the trithiocarbonate to a thiol end group 

by nucleophilic reagents, which can result in polymer-polymer disulfide formation30. 

 

Figure 1: a) SEC traces after each step during the postpolymerization modification of precursor copolymer 

PS-Az 3 (UV 254 nm, eluent THF) and b) SEC traces of the PCBM-grafted copolymers PPCBM 1-3 in 

comparison to their respective precursor copolymers PS-Az 1-3 (RI detector, eluent chlorobenzene). 
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Table 1: Experimentally determined data of the synthesized copolymers. 

Polymer Molar 

Ratio 

a:b 

Mn 

SEC 
[a]

 

[kg/mol]  

Mn/Mw 

SEC 
[a]

 

 

Mn 

SEC 
[b]

 

[kg/mol] 

Mn/Mw 

SEC 
[b]

 

 

PS-Az 1 10:90 12.3 1.11 12.7 1.37 

PS-OH 1 10:90 9.3 1.29   

PPCBM 1 10:90   17.2 1.27 

PS-Az 2 17:83 9.0 1.11 10.0 1.18 

PS-OH 2 17:83 7.9 1.17   

PPCBM 2 17:83   11.6 1.21 

PS-Az 3 26:74 5.7 1.09 6.9 1.14 

PS-OH 3 26:74 5.3 1.10   

PPCBM 3 26:74   7.6 1.21 

PPCBM 4 26:74     

 

Polymer Molar 

Ratio a:b 

Mn 

MALDI 

[kg/mol] 

Mp 

MALDI 
[c]

 

[kg/mol] 

Repeating 

units a:b 
[d]

 

PCBM 

content 
[d]

 

[wt%] 

PS-Az 1 10:90     

PS-OH 1 10:90 16.0 16.0 12:105  

PPCBM 1 10:90 35.1 22.9  30 

PS-Az 2 17:83     

PS-OH 2 17:83 10.2 10.1 12:61  

PPCBM 2 17:83 25.8 16.1  37 

PS-Az 3 26:74     

PS-OH 3 26:74 6.3 6.4 12:33  

PPCBM 3 26:74 19.6 13.0  51 

PPCBM 4 26:74 25.2 17.8  64 

[a] SEC in THF as eluent. [b] SEC in chlorobenzene as eluent. [c] Peak maximum Mp determined by 

MALDI-TOF mass spectrometry. [d] Determined by MALDI-TOF mass spectrometry. 
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The polymer-analogous cleavage of tert-butyl ether groups was carried out at very mild 

thermal conditions of 35 °C with an excess of hydrochloric acid. Quantitative conversion of 

tert-butyl ether to hydroxyl groups in PS-OH 1-3 was achieved after 22 h reaction time, 

which was evidenced by 1H-NMR. Exemplarily shown for PS-OH 2, the full conversion of 

BS to 4-hyroxystyrene is indicated by the integral ratio of the hydroxyl proton signal at 

δ = 9.23−8.88 ppm and the phenyl protons at δ = 6.85−6.15 ppm which matches perfectly the 

expected content of 17 mol% of HS (Figure 2). Accordingly, the strong singlet at 

δ = 1.29 ppm associated with the tert-butyl protons, is significantly decreased. The residual 

signal belongs to the remaining alkyl chains and methyl groups of the CTA. The SEC trace is 

shifted to lower molecular weight, which is in accordance with the expected weight loss (see 

Table 1) and can be seen in Figure 1for PS-OH 3. Note that also the increased polarity of the 

polymers PS-OH 1-3 significantly affects the elution time, which is dependent on 

interactions between polymer and solvent or column material.  

 

Figure 2: 
1
H-NMR spectra of the octyl-endcapped copolymer PS-Oct 2, deprotected copolymer PS-OH 2 

and the PCBM-grafted copolymer PPCBM 2. 
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For the final step of fullerene attachment, we favored an efficient Steglich esterification 

procedure, which was reported recently for polymer-analogous functionalization with PCBA 

by Russel et al.26 PCBA can easily be prepared in high yields by ester hydrolysis from the 

commercially available PCBM.31 Steglich esterification of PS-OH 1-3 with PCBA was 

performed at 40 °C for 72-91 h in a solvent mixture of carbon disulfide (CS2), 1,2-

dichlorobenzene (oDCB) and acetonitrile (AcN) in the ratio 3:3:1 (v:v:v). Additional to 

N,N’-dicyclohexylcarbodiimide (DCC) and N,N-dimethyl-4-aminopyridine (DMAP), we 

further added the hydrochloride of DMAP, abbreviated as DMAP⋅HCl. This reagent can act 

as a proton source, which is supposed to enhance the yield of esterification by suppression of 

the side product formation of the N-acylurea.32 An important aspect for fullerene grafting is 

the monomer ratio in the copolymers, since this parameter determines the maximum PCBM 

content of the copolymers. With increasing molar fraction of HS, the solubility of the 

obtained PCBM-grafted copolymers is diminished. While polymers with 30 (PPCBM 1) and 

37 wt% PCBM (PPCBM 2) are well soluble in chloroform, 51 wt% PCBM (PPCBM 3) 

shows only limited solubility in chloroform, but good solubility in chlorobenzene (CB) and 

oDCB. The copolymer with 64 wt% PCBM (PPCBM 4) already precipitated during the 

esterification due to its high PCBM load. PPCBM 4 then could only be redissolved in oDCB 

at 100 °C. In consequence, the maximum content of PCBM for solution processable 

copolymers was determined to be 64 wt%. The corresponding monomer ratio was HS:MS = 

26:74 and the number of repeating units HS:MS = 11:34. 

According to the 1H-NMR spectrum in Figure 2, all relevant proton signals which belong to 

the polymer backbone and the pendant PCBM are clearly evident. The fine structure of the 

multiplet signals arising from the methylene protons of PCBM (signals 4, 5 and 6 in 

Figure 2) show the typical polymer-related broadening. We calculated the efficiency of the 

Steglich esterification from 1H-NMR spectroscopy and MALDI-TOF MS. According to this, 

the grafting process was incomplete for the copolymers PPCBM 1-3, achieving 56 to 67% 

esterification of the available HS units. In contrast, PPCBM 4 was fully derivatized with 

PCBA. In the series of PPCBM 1-4, the concentration of PCBM increases considerably while 

the overall molecular weight of the polymer backbone decreases. As a result, there is 

statistically one PCBM molecule for every 15, 10, 6 and 4 repeating units of the PCBM-
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grafted copolymers PPCBM 1-4. Apparently, steric hindrance regarding the bulky fullerene 

molecules is not the only limiting factor for polymer-analogous grafting. The difference in 

grafting yield can also be attributed to the differences in dilution of HS units (different 

monomer ratios) as well as the used solvent mixture, which may not be ideal for the desired 

high fullerene grafting. The SEC traces of the PCBM-grafted copolymers PPCBM 1-3 in CB 

(Figure 1b) shift only marginally to higher molar masses compared to the precursor polymers 

PS-Az 1-3. This finding seems contradictory to the significant mass increase, which was 

evidenced by the MALDI-TOF mass spectra shown in Figure S2. However, this observation 

is mostly attributed to a contractile effect of intrachain interaction of fullerenes, leading to a 

reduced hydrodynamic volume.17 PPCBM 4 is not soluble in chlorobenzene and could not be 

characterized by SEC. 

 
Characterization 

One of the most important parameters to be determined regarding fullerene polymers is the 

exact amount of covalently attached PCBM molecules. We have employed several 

complementary methods such as MALDI-TOF MS, 1H-NMR spectroscopy, 

thermogravimetric analysis (TGA) and quantitative UV-vis spectroscopy to determine the 

PCBM content (Table 2).  

Table 2: PCBM weight content fPCBM of PPCBM 1-4 determined by various methods. Calculated values 

fPCBM,theor. refer to a degree of 100 % grafting of the available 4-hydroxystyrene repeating units and 

represent the maximum theoretical PCBM weight content possible. 

Polymer 
PCBM content  [wt%] 

theor. MALDI 
1
H-NMR TGA UV-Vis 

PPCBM 1 40 30 27 44 32 

PPCBM 2 52 37 38 52 42 

PPCBM 3 63 51 51 56 45 

PPCBM 4 63 64 64 63 53 
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Analysis of the MALDI-TOF mass spectra give the mass differences ∆M between 

PPCBM 1-4 and their corresponding precursors PS-OH 1-3 that are 6.9, 6.0, 6.6 and 

11.4 kDa, respectively (Figure S2). This approximately equals to 8, 7, 7 and 13 grafted PCBA 

molecules per chain. Accordingly, the content of pendant PCBM increases considerably as 

the molecular weight of the precursor copolymer is strongly reduced. The PCBM content 

fPCBM was calculated as fPCBM = ∆M /Mp, with Mp as peak maximum of the molecular weight 

distribution of the PCBM-grafted copolymers PPCBM 1-4 obtained by MALDI-TOF MS. 

These results are in good agreement with the values calculated from 1H-NMR data.  

A wide-spread method to determine fPCBM is TGA.17 Since the thermal decomposition of 

PCBM under nitrogen atmosphere is restricted to the loss of the tethered phenyl-butyric acid 

at about 395 °C, the remaining char is roughly 90 wt%. Thus, the PCBM content of 

PPCBM 1-4 can be estimated from the char, as the polystyrene backbone is expected to 

decompose almost completely above 395 °C (Figure S3). However, the precision of this 

method is restricted, because the residual char content is often too high. This effect is 

attributed to cross-linking during heating which hinders a neat thermal decomposition.21 

Consequently, the calculated values are generally overestimated. As an alternative method, 

quantitative UV-vis spectroscopy in solution is well described in literature for the precise 

determination of the molar or weight content of polymer-bound chromophores33 and 

fullerenes.25 The PCBM content is calculated by the ratio of the extinction coefficients of 

PPCBM 1-4 and pristine PCBM as fPCBM = εPolymer/εPCBM · 100 wt% at the absorption 

maximum λmax (Figure S4). The obtained values fPCBM deviate from MALDI-TOF MS and 

NMR values in particular for high fullerene loading. This might be due to interaction of the 

fullerene moieties in the polymer and in consequence a change in the molar extinction 

coefficients compared to pure PCBM. To conclude, the PCBM content was most accurately 

determined by MALDI-TOF mass spectra, which are consistent with NMR analysis. The 

other methods show partially significant deviations and thus are neglected for any further 

considerations. 

To determine whether the properties of PCBM are affected by the incorporation into the 

precursor polymer we conducted UV-Vis measurements of PPCBM 1-4. Their absorption 
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spectrum is dominated by the prominent fullerene absorption bands at 258 nm (ε258 nm = 

0.0703 mLmg−1cm−1) and 328 nm (Figure S5). Since pristine PCBM exhibits exactly the 

same absorption bands, the optical properties were not influenced by the covalent attachment 

to the copolymers.  

Further, we studied the electrochemical characteristics by cyclic voltammetry (CV) 

measurements of PPCBM 1-3 (Figure 3). PPCBM 1-3 undergo three reversible reductions up 

to -2.0 V, very similar to pure PCBM. The lowest unoccupied molecular orbital (LUMO) 

levels were calculated based on the onset reduction potential Ered using the following 

equation: ELUMO = -e (Ered + 4.71 V).34 While the LUMO level of PCBM was determined as -

3.82 eV, it is -3.79 eV for PPCBM 1 and -3.80 eV for PPCBM 2 and PPCBM 3. The 

negligible deviations lie within the range of measurement error, thus, the attachment of 

PCBM to the polymer backbone does not influence the LUMO level. 

 

Figure 3: Cyclic voltammetry curves of PCBM-grafted copolymers and pristine PCBM measured at  

50 mV s
-1

 in oDCB:AcN 5:1 (v:v) with 0.1 mM TBAPF6. The potential is given in volt using Ag/AgNO3 as 

reference electrode. 

The thermal behavior of the synthesized polymers was investigated using differential 

scanning calorimetry (DSC, Figure S6). Here, PS-OH 1-3 revealed a glass transition 

temperature Tg in the range of 93-95 °C, which is similar to poly(styrene). The grafting of 30, 

37 and 51 wt% of PCBM onto the polymers leads both to a strong signal broadening and a 
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temperature shift of Tg up to 144 , 167 and 189 °C for PPCBM 1-3, respectively. This 

considerable decrease of molecular mobility is attributed to the sterical hindrance by the 

attached fullerene moieties and to the strong intermolecular interaction between the 

fullerenes.13,35  

Bulk electron mobility 

We investigated the bulk electron mobility µe of PPCBM 1-3 in comparison to blends of 

precursor polymer PS-OH 1 and PCBM. PPCBM 4 was not included in this study, since the 

degree of grafting deviates significantly from the other polymers, making the comparability 

difficult. We used the space-charge limited current (SCLC) method, as it enables the study of 

charge carrier mobility across the bulk in thin films.36 The electrodes ITO/PEDOT:PSS and 

Ca/Al were selected to avoid any injection limited current. The active layer of the SCLC 

devices was prepared by blade-coating from oDCB at 70 °C of either PCBM-grafted 

copolymers or blends of PS-OH 1 and PCBM in different compositions ranging from 30 to 

50 wt% PCBM. Finally, the electron mobility µe can be extracted from the obtained current-

voltage (J-V) curves and the Mott-Gurney equation (see experimental part for details). The 

J-V characteristics of PPCBM 1-3 and the corresponding blends are depicted in Figure 4a. To 

check the thickness scaling of the SCLC, the J-V curves of each material with varied active 

layer thickness were measured (Figure S7-S8). Within the experimental error, the electron 

mobility is found to be constant for each thickness. In general, the PCBM-grafted 

copolymers PPCBM 1-3 and the blends exhibit different electron transport values depending 

on the PCBM content (Figure 7b). The blend devices show an exponential increase in 

electron mobility with increasing PCBM content. However, even blends with 50 wt% of 

PCBM exhibit low mobility (µe=8·10-5 cm2V-1s-1) compared to pristine PCBM (µe = 4·10-

3 cm2V-1s-1) that is two orders of magnitude higher (Figure 7c). In contrast, the PCBM-

grafted copolymers show a different trend in mobility. Here, the mobility is first increasing 

with PCBM content and then reaches an optimum of 1·10-4 cm2V-1s-1 for PPCBM 2 with 

37 wt% of grafted PCBM. Above this value, the mobility is slightly diminishing for 

PPCBM 3 containing 51 wt% of PCBM. Remarkably, the pendant fullerene polymers show 

considerable better electron mobility compared to the blends for a PCBM content below 

50 wt%. Despite their low fullerene content, PPCBM 1-3 maintain reasonable charge 
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transport properties in reference to pristine PCBM. PPCBM 1 with 30 wt% of incorporated 

PCBM exhibits a three orders of magnitude higher mobility than the respective blend, which 

only can be understood in terms of an enhanced charge percolation in pendant fullerenes than 

in blend systems. 

 

 

 

Polymer fPCBM 

[wt%] 

µe 

[cm
2
V

-1
s

-1
] 

Blend fPCBM 

[wt%] 

µe 

[cm
2
V

-1
s

-1
] 

PPCBM 1 30 2∙10
-5

 PCBM:PS-OH 1 30 6∙10
-8

 

PPCBM 2 37 1∙10
-4

 PCBM:PS-OH 1 40 2∙10
-6

 

PPCBM 3 51 5∙10
-5

 PCBM:PS-OH 1 50 8∙10
-5

 
 

Figure 4: SCLC measurement of the PCBM-grafted copolymers PPCBM 1-3 in comparison to the blends 

showing (a) the J-V curves with active layer thickness given in brackets, (b,c) the average electron mobility 

µe in reference to pristine PCBM. The mobility of PCBM was determined to be 4∙10
-3

 cm
2
V

-1
s

-1
.  

Film morphology 

The previous findings regarding charge transport require a correlation with structural 

properties. Therefore the film morphology of the SCLC devices was investigated after the 

initial SCLC characterization. As shown in the AFM topography images in Figure 5a, the 

films of PPCBM 1-3 are throughout smooth and featureless independent of the PCBM 

content. This indicates an effective suppression of fullerene aggregation realized by covalent 
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attachment to the polymer backbone. At the same time, the blend films of PCBM and 

PS-OH 1 are heterogeneous and strongly dominated by PCBM aggregates (Figure 5a). With 

increasing weight fraction of PCBM both number and size of the aggregates is growing. The 

fullerene aggregate size is increasing from 60-70 nm for 40 wt% to 100-110 nm for 50 wt% 

of PCBM in the blends. It is generally known that the formation of fullerene nanocrystals is 

thermodynamically favored in fullerene-polymer blends.5 However, at 30 wt% PCBM a 

homogeneous film without aggregates was observed indicating finely dispersed fullerenes or 

very small aggregates. Thus, charge transport in blends is strongly dependent on fullerene 

content and perhaps on aggregate size. High electron mobility requires sufficient percolation 

pathways, therefore high PCBM contents facilitate electron transport by an increasing 

number of aggregates which are in close proximity. Conversely, the mobility is very low for a 

small PCBM content, when the phase separated fullerene aggregates are isolated from each 

other. In strong contrast to that, the PCBM-grafted copolymers PPCBM 1-3 do not show any 

aggregates and hence, enable charge percolation via homogeneously distributed fullerene 

molecules. Even for a low PCBM content the distance between the fullerene molecules is 

apparently close enough to allow efficient charge carrier percolation through the bulk.  

Further powder X-ray diffraction (PXRD) studies fully support the previous findings. We 

collected the material as powder from films which were cast from oDCB at 70 °C, similar to 

the SCLC device preparation, and investigated the structure with a Guinier diffraction 

system. The blend of PCBM:PS-OH 1 with 50 wt% PCBM shows a characteristic reflection 

at 9.62° additional to the amorphous scattering (Figure 5b). This distinct reflection indicates 

the existence of polycrystalline PCBM aggregates in the amorphous polymer matrix and 

hence, is consistent with the AFM results. Upon annealing of PS-OH 1 above Tg at 140 °C 

for 3 h, the intensity of the crystalline reflections increased significantly. Since the diffusion 

of PCBM molecules is promoted during the annealing process, the crystallinity and size of 

the PCBM aggregates can grow. Consequently, both the overall crystalline fraction in the 

blend is increasing and the reflections get sharper. In contrast, the PCBM-grafted copolymer 

PPCBM 3 remains completely amorphous even after annealing for 3 h. These results are 

again consistent with the AFM measurements and clearly demonstrate that the covalent 

attachment of PCBM to the polymer entirely suppresses the aggregation of the fullerenes. 
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Furthermore, the high thermodynamic stability of the bulk morphology of the PCBM-grafted 

copolymers compared to standard small molecule acceptor materials is very promising for 

long living photovoltaic devices.  

 

Figure 5: Morphological investigation of PPCBM 1-3 and the blends showing (a) AFM topography images 

of the films on devices prepared for SCLC measurements and (b) powder X-ray diffraction curves of 

PPCBM 3 and the corresponding blend. 
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Conclusions 

We have presented a successful synthesis strategy towards well-soluble fullerene side chain 

polymers with high PCBM contents between 30 and 64 wt%. Both grafting density and 

PCBM content could easily be tuned by the monomer ratio in the precursor copolymers. The 

resulting PCBM-grafted copolymers exhibit low polydispersity and no cross-linking owing to 

the controlled PCBM grafting by Steglich esterification. The acceptor polymers retain the 

optical and electrochemical properties of the incorporated PCBM independently of their 

fullerene weight fraction. Electron transport characteristics derived from SCLC show a 

maximum electron mobility µe of 1·10−4 cm2 V-1s-1 for 37 wt% of incorporated PCBM. 

Despite their low fullerene content, the acceptor polymers exhibit exceptional high charge 

transport in reference to blend systems and pure PCBM with 4·10−3 cm2 V-1s-1. The blends of 

PCBM and precursor polymer are outperformed regarding the electron mobility up to several 

orders of magnitude in particular for low PCBM contents. Charge transport in these blend 

systems relies on nanocrystal formation and is improved with an increasing PCBM content. 

This may be of disadvantage for obtaining a well-defined, nanostructured morphology in 

BHJ solar cells. Here, the PCBM-grafted copolymers which exhibit no structural order while 

maintaining good electron mobility can be of great advantage. In future, the presented 

acceptor polymer concept can be extended to a variety of fullerene derivatives and donor-

acceptor block copolymers.  

 

Experimental 

Chemicals: The reagents for the following synthetic procedures were purchased from 

different suppliers and used as received, if not stated otherwise. Sigma-Aldrich: 3-

Chloropropanol, sodium azide, 4-dimethylaminopyridine, N,N’-dicyclohexylcarbodiimide, 4-

methoxystyrene, 4-tert-butoxystyrene, 2-2’-azobisisobutyronitrile, 1-octyne, copper(I) 

iodide, N,N,N’,N’,N”-pentamethyldiethylenetriamine, anhydrous sodium sulfate, sodium 

hydrogencarbonate, basic and neutral alumina. abcr: 2-(((Dodecylthio)carbonothioyl)thio)-2-

methylpropanoic acid. Solenne BV (Groningen, Netherlands): Phenyl-C61-butyric acid methyl 

ester (PCBM, purity 99 %). Solvents were either distilled at atmospheric pressure utilizing 
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appropriate desiccants or purchased in p.a. (pro analysi) grade. Commercially available 

anhydrous solvents were purchased from Sigma Aldrich and Acros in sealed bottles with 

mole sieve. Prior to polymerization, 4-methoxystyrene (MS) and 4-tert-butoxystyrene (BS) 

were passed through a column of basic alumina to remove the inhibitor and stored at -18 °C. 

DMAP·HCl was prepared by addition of 37 wt% HCl dropwise to a solution of DMAP in 

THF. The precipitated solid was collected by filtration, washed with THF and dried under 

vacuum at RT. The stock solution of 0.07 M CuI/PMDETA in THF was prepared according 

to a literature procedure37 and stored at 5 °C under argon. The chain transfer agent (CTA) 3-

azidopropyl-2-(((dodecylthio)carbonothioyl)thio)-2-methylpropanoate was prepared 

following a published synthesis route27. Phenyl-C61-butyric acid (PCBA) was also prepared 

according to a published synthesis protocol31. 

Instrumentation: All 1H-NMR spectra were measured with a Bruker Avance AC250 

spectrometer at 300 MHz. The obtained spectra were calibrated to the corresponding residual 

solvent peak (CDCl3 δ=7.26 ppm, DMSO-D6 δ=2.50 ppm). Chemical shifts are given in 

ppm, coupling constants in Hertz. Ultraviolet-visible (UV-Vis) spectra were recorded on a 

Hitachi U-3000 spectrophotometer using quartz cuvettes with a path length of 1 cm. Fourier 

transform infrared (FTIR) spectra were recorded from solids on a Perkin Elmer Spectrum 

100 FTIR spectrometer in attenuated total reflection (ATR) mode. Thermal gravimetry 

analysis (TGA) experiments were performed under continuous N2 stream using a Mettler 

Toledo TGA/SDTA 851. The measurement range was 30-800 °C with a heating rate of 

10 K/min. The determined decomposition temperatures Tdec are onset temperatures. 

Differential scanning calorimetry (DSC) experiments were carried out on a Perkin Elmer 

Diamond DSC with a heating rate of 10 K/min under N2 atmosphere. From each sample three 

cycles were measured. Glass transition (Tg) are given as half step temperature. Size exclusion 

chromatography (SEC) with stabilized THF as eluent was performed using a Waters 515-

HPLC pump at a flow rate of 0.5 mL/min. A guard column (Varian, 50x0.75 cm, ResiPore, 

particle size 3µm) and two separation columns (Varian, 300x0.75 cm, ResiPore, particle size 

3 µm) are connected in series with a Waters UV detector at 254 nm and 486 nm calibrated in 

relation to polystyrene standards. 1,2-dichlorobenzene (oDCB) was used as an internal 

standard. SEC with chlorobenzene (CB) as eluent were carried out at 60 °C on an Agilent 
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1100 using two Polymer Laboratories mixed B columns in series. The refractive index 

detector was calibrated in relation to polystyrene standards. Matrix assisted laser desorption 

ionization mass spectroscopy with time of flight detection (MALDI-TOF MS) was 

performed on a Bruker Reflex III using trans-2-(3-(4-tert-butylphenyl)-2-methyl-2-

propenylidene)malononitrile (DCTB) as matrix and silver trifluoroacetate as cationizing salt. 

Solutions in either THF or oDCB of polymer (0.01 mg/µL), matrix (0.02 mg/µL) and salt 

(0.01 mg/µL) were mixed in the ratio 5:20:1 (v:v:v) and spotted onto the MALDI target 

plate. In case of oDCB, the MALDI target plate was dried at 40 °C for 24 h prior to the 

measurement. Electron-only devices for space-charge limited current (SCLC) measurements 

were fabricated using the following device structure: glass/ITO/PEDOT:PSS/active 

layer/Ca/Al. Commercial ITO coated glass substrates with a sheet resistance of 13 Ohms per 

sq (Lumtec) were cleaned using the following sequence in an ultrasonic bath: detergent, 

water, acetone and 2-propanol. After ozone treatment of the substrates for 10 min, 

PEDOT:PSS was spin-coated on the ITO surface and dried at 130 °C for 30 min. All 

following steps were carried out under N2 atmosphere with water and oxygen levels 

≤ 0.1 ppm. After cooling the substrate, the polymer layer was blade coated from oDCB 

solutions at 70 °C. The substrates were then put in a thermal evaporation chamber to 

evaporate the top electrode (30 nm Ca/ 100 nm Al) under high vacuum (1·10−6 mbar) through 

a shadow mask (active area 4 mm2). The current-voltage characteristics of the devices were 

measured using a Keithley 2420 (J-V) Digital SourceMeter at 25 °C. The electron mobility µe 

was extracted from the obtained J-V curves using the following equation38, 

� � 98 '(')� ��
6W  

where J is the current density, εr the dielectric constant (≈3 for organic semiconductors39), ε0 

the permittivity of free space, µ the charge carrier mobility, V  the voltage and L the active 

layer thickness. Voltage V is a corrected value V =Vappl−Vbuilt−in, resulting from the differences 

in work function of the calcium and ITO/PEDOT:PSS contacts (≈2.2 eV). Film thicknesses 

were determined on a Dektak ST surface profilometer. Atomic force microscopy (AFM) was 

applied on the SCLC devices using a Veeco Dimension Icon with Nanoscope V controller, in 

tapping mode. The used cantilevers were NSC15/AlBS from Mikromasch.  
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Cyclic voltammetry experiments were carried out at 25 °C in a mixture of 1,2-

dichlorobenzene and acetonitrile 5:1 (v:v) containing 0.1 M tetrabutylammonium 

hexafluorophosphate (TBAPF6) as the conducting electrolyte. Reduction potentials were 

measured with a glassy carbon disk electrode as the working electrode versus Ag/AgCl as the 

reference electrode. Powder X-ray analysis (PXRD) was carried out with a Huber/Seifert Iso-

Debyeflex 3003, using a Guinier diffractometer system (Cu Kα: 1.5418 Å) with a sealed tube 

for temperature dependent measurements. 

General synthetic procedure for PS-Az 1-3: 4-Methoxystyrene (MS) and 4-tert-butoxystyrene 

(BS) were added to a 10 mL schlenk tube under argon. The chain transfer agent (CTA) 3-

azidopropyl-2-(((dodecylthio)carbonothioyl)thio)-2-methyl-propano-ate and 2-2’-

azobisisobutyronitrile (AIBN) were each separately dissolved in 500 µL of dry toluene. To 

guarantee exact equivalents of both reagents, the recalculated amounts of these solutions 

were added to the reaction flask. The overall volume of dry toluene was filled up to the given 

amount. Then the reaction mixture was degassed by four freeze, pump and thaw cycles and 

polymerization was started in a preheated oil bath at 80 °C. Samples were taken periodically 

by syringe to monitor the monomer conversion via 1H-NMR spectroscopy. When the desired 

monomer conversion was reached, the polymerization was quenched by cooling the solution 

rapidly to 0 °C in an ice bath and exposition to air. The resulting polymer was isolated by 

precipitation twice into 300 mL methanol and drying under vacuum. 

Synthesis of PS-Az 1: MS (4.377 g, 32.62 mmol, 253 equ.), BS (0.500 g, 2.84 mmol, 22 

equ.), CTA (57.8 mg, 0.129 mmol, 1 equ.) and AIBN (4.2 mg, 0.026 mmol, 0.2 equ.) were 

used for polymerization in 3 mL toluene. After 27.5 h the monomer conversion was 48 % and 

the polymerization was stopped. Yield:1.876 g of a  pale yellow solid. The monomer ratio 

MS:BS was 90:10 in mol% (1H-NMR). Mn = 12.3 kg/mol, Mw/Mn = 1.11 (THF), 

Mn = 12.7 kg/mol, Mw/Mn = 1.37 (CB). 1H-NMR (300 MHz, CDCl3,δ): 6.85-6.15 (br m, 

4(a+b)·H, Har), 3.85-3.62 (br s, 3b·H, HOMe), 2.20-1.10 (br m, Hbackbone, HtBu, HCTA). 

Synthesis of PS-Az 2: MS (4.314 g, 32.15 mmol, 149 equ.), BS (1.000 g, 5.67 mmol, 26 

equ.), CTA (96.4 mg, 0.215 mmol, 1 equ.) and AIBN (7.1 mg, 0.043 mmol, 0.2 equ.) were 

used for polymerization in 4 mL toluene. After 8.5 h the monomer conversion was 46 % and 



Fullerene-grafted Copolymers with High Electron Mobility     201 

 

 

the polymerization was stopped. Yield: 2.114 g of a pale yellow solid. Monomer ratio MS:BS 

was 83:17 in mol% (1H-NMR). Mn = 9.0 kg/mol, Mw/Mn = 1.11 (THF), Mn = 10.0 kg/mol, 

Mw/Mn = 1.18. 1H-NMR (300 MHz, CDCl3, δ): 6.85-6.15 (br m, 4(a+b)·H, Har), 3.85-3.62 (br 

s, 3b·H, HOMe), 2.20-1.10 (br m, Hbackbone, HOtBu, HCTA). 

Synthesis of PS-Az 3: MS (3.823 g, 28.49 mmol, 88 equ.), BS (1.500 g, 8.51 mmol, 26 equ.), 

CTA (144.6 mg, 0.323 mmol, 1 equ.) and AIBN (10.6 mg, 0.065 mmol, 0.2 equ.) were used 

for polymerization in 2 mL toluene. After 5.0 h the monomer conversion was 46 % and the 

polymerization was stopped. Yield: 2.090 g of a pale yellow solid. Monomer ratio MS:BS 

was 74:26 in mol% (1H-NMR). Mn = 9.0 kg/mol, Mw/Mn = 1.11 (THF), Mn = 6.9 kg/mol, 

Mw/Mn = 1.14. 1H-NMR (300 MHz, CDCl3, δ): 6.85-6.15 (br m, 4(a+b)·H, Har), 3.85-3.62 (br 

s, 3b·H, HOMe), 2.20-1.10 (br m, Hbackbone, HOtBu, HCTA). 

General synthetic procedure for PS-Oct 1-3: A dry Schlenk flask was charged with 1.20 g 

(1 equ.) of PS-Az under argon atmosphere and dissolved in 70 mL of dry THF. After 10 equ. 

of 1-octyne was added, the reaction mixture was purged with argon for 25 min. Then, 0.23 

equ. of a 0.07 M CuI/PMDETA stock solution were added via a syringe and stirred for 24 h 

at RT. The reaction mixture was passed through a column of neutral aluminium oxide to 

remove the catalyst. The obtained polymer was isolated by precipitation twice into 500 mL 

methanol and drying under vacuum. 

Synthesis of PS-Oct 1: The reaction yielded 1.284 g of a pale yellow solid. 1H-NMR (300 

MHz, CDCl3, δ): 6.85-6.15 (br m, 4(a+b)·H, Har), 3.85-3.62 (br s, 3b·H, HOMe), 2.20-1.10 (br 

m, Hbackbone, HOtBu, HCTA, HOctyl). 

Synthesis of PS-Oct 2: The reaction yielded 1.034 g of a pale yellow solid. Mn = 9.1 kg/mol, 

Mw/Mn = 1.10 (THF), 1H-NMR (300 MHz, CDCl3, δ): 6.85-6.15 (br m, 4(a+b)·H, Har), 3.85-

3.62 (br s, 3b·H, HOMe), 2.20-1.10 (br m, Hbackbone, HOtBu, HCTA, HOctyl). 

Synthesis of PS-Oct 3: The reaction yielded 1.10 g of a pale yellow solid. Mn = 6.0 kg/mol, 

Mw/Mn = 1.08 (THF), 1H-NMR (300 MHz, CDCl3, δ): 6.85-6.15 (br m, 4(a+b)·H, Har), 3.85-

3.62 (br s, 3b·H, HOMe), 2.20-1.10 (br m, Hbackbone, HOtBu, HCTA, HOct). 
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General synthetic procedure for PS-OH 1-3: A round bottom flask was charged with PS-Oct 

and dissolved in 100 mL THF for every 1.0 g of polymer. 12 mL of concentrated 

hydrochloric acid (37 wt%) for every 1.0 g of polymer was added dropwise via a syringe . 

After purging the reaction mixture with argon for 20 min, it was stirred at 35 °C for 22 h. All 

volatile components were removed under reduced pressure. The hydrolized polymer was 

isolated by precipitation twice into 500 mL water and freeze-drying from 1,4-dioxane. 

Synthesis of PS-OH 1: Mn = 9.3 kg/mol, Mw/Mn = 1.29, Mn = 16.0 kg/mol, Mp = 16.6 kg/mol 

(MALDI-TOF MS), 1H-NMR (300 MHz, DMSO-D6, δ): 9.20-8.90 (br, a·H, OH), 6.95-6.10 

(br m, 4(a+b)·H, Har), 3.80-3.50 (br s, 3b·H, HOMe), 2.20-1.10 (br m, Hbackbone, HCTA, HOctyl). 

Tdec,1 = 204 °C, Tdec,2 = 388 °C, Tg = 95 °C. 

Synthesis of PS-OH 2: Mn = 7.9 kg/mol, Mw/Mn = 1.17, Mn = 10.2 kg/mol, Mp = 10.1 kg/mol 

(MALDI-TOF MS). 1H-NMR (300 MHz, DMSO-D6, δ): 9.23-8.88 (br, a·H, OH), 6.85-6.15 

(br m, 4(a+b)·H, Har), 3.85-3.42 (br s, 3b·H, HOMe), 2.20-1.05 (br m, Hbackbone, HCTA, HOctyl). 

Tdec,1 = 191 °C, Tdec,2 = 385 °C, Tg = 95 °C. 

Synthesis of PS-OH 3: Mn = 5.3 kg/mol, Mw/Mn = 1.10, Mn = 6.3 kg/mol, Mp = 6.4 kg/mol 

(MALDI-TOF MS). 1H-NMR (300 MHz, DMSO-D6, δ): 9.20-8.90 (br, a·H, OH), 6.85-6.15 

(br m, 4(a+b)·H, Har), 3.80-3.53 (br s, 3b·H, HOMe), 2.20-1.00 (br m, Hbackbone, HCTA, HOctyl). 

Tdec,1 = 191 °C, Tdec,2 = 384 °C, Tg = 95 °C. 

General synthetic procedure of PPCBM 1-4: A 500 ml schlenk flask was charged with 

PS-OH (1 equ. of 4-hydroxystyrene), PCBA (1.15 equ.), DMAP (3 equ.) and DMAP·HCl (2 

equ.). The flask was degassed under high vacuum and backfilled with argon twice. 100 mL of 

dry oDCB:CS2:AcN (3:3:1/v:v:v) was added and stirred vigorously for 45 min at RT. In a 

separate 50mL schlenk flask under argon, DCC (7 equ.) was dissolved in 16.5 mL of the 

same solvent mixture. Then the DCC solution was added dropwise to the reaction mixture, 

which was stirred at 40 °C for 3-4 days. After removal of the solvents under reduced 

pressure, the crude product was redissolved in oDCB and filtered. For polymer purification 

the filtrate was precipitated twice into 800 ml methanol from first oDCB and second 

chloroform. To remove soluble fullerene derivatives, the polymer was precipitated from 
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chloroform into 800 mL of a toluene:methanol mixture (1:1 for PPCBM 1, 2:1 for PPCBM 2, 

3:1 for PPCBM 3) and dried under high vacuum.  

Synthesis of PPCBM 1: Mn = 17.2 kg/mol, Mw/Mn = 1.27 (CB), Mn = 35.1 kg/mol, Mp,1 = 22.9 

kg/mol,Mp,2 = 45.2 kg/mol (MALDI-TOF MS). 1H-NMR (300 MHz, CDCl3, δ): 8.00-7.87 (br 

m, 2a·H, Ph-(CH2)3-COOR), 7.70-7.30 (br m, 3a·H, Ph-(CH2)3-COOR), 6.90-6.10 (br m, 

4(a+b)·H, Har), 3.90-3.55 (br s, 3b·H, HOMe), 3.06-2.92 (br m, 2a·H, Ph-CH2-CH2-CH2-

COOR), 2.81-2.66 (br m, 2a·H, Ph-CH2-CH2-CH2-COOR), 2.32-2.20 (br m, 2a·H, Ph-CH2-

CH2-CH2-COOR), 2.20-0.8 (br m, Hbackbone, HCTA, HOctyl). Tdec,1 = 180−190 °C, Tdec,2 = 395 

°C. 

Synthesis of PPCBM 2: Mn=11.6 kg/mol, Mw/Mn=1.21, Mn=25.8 kg/mol, Mp,1=16.1 kg/mol 

(MALDI-TOF MS). 1H-NMR (300 MHz, CDCl3, δ): 8.00-7.87 (br m, 2a·H, Ph-(CH2)3-

COOR), 7.70-7.30 (br m, 3a·H, Ph-(CH2)3-COOR), 6.90-6.10 (br m, 4(a+b)·H, Har), 3.90-

3.55 (br s, 3b·H, HOMe), 3.06-2.90 (br m, 2a·H, Ph-CH2-CH2-CH2-COOR), 2.81-2.63 (br m, 

2a·H, Ph-CH2-CH2-CH2-COOR), 2.37-2.18 (br m, 2a·H, Ph-CH2-CH2-CH2-COOR), 2.10-0.8 

(br m, Hbackbone, HCTA, HOctyl). Tdec,1 = 184 °C, Tdec,2 = 391 °C. 

Synthesis of PPCBM 3 and PPCBM 4: Mn = 7.6 kg/mol, Mw/Mn = 1.21 (CB), Mn = 19.6 

kg/mol, Mp,1 = 13.0 kg/mol, Mp,2 = 26.6 kg/mol (MALDI-TOF MS ). 1H-NMR (300 MHz, 

oDCB-D4, δ): 7.80-7.67 (br m, 2a·H, Ph-C-(CH2)3-COOR), 7.32-7.05 (br m, 3a·H, Ph-C-

(CH2)3-COOR), 6.65-6.00 (br m, 4(a+b)·H, Har), 3.55-3.27 (br s, 3b·H, HOMe), 2.84-2.68 (br 

m, 2a·H, Ph-C-CH2-CH2-CH2-COOR), 2.56-2.38 (br m, 2a·H, Ph-C-CH2-CH2-CH2-COOR), 

2.19-2.01 (br m, 2a·H, Ph-C-CH2-CH2-CH2-COOR), 1.95-0.55 (br m, Hbackbone, HCTA, HOctyl). 

Tdec,1 = 180 °C, Tdec,2 = 382 °C. 

The large amount of solid residues in the reaction flask after synthesis of PPCBM 3 was 

collected (198 mg) and dissolved by stirring for 3 h at 100 °C in oDCB. The polymer 

PPCBM 4 was isolated by precipitation into 400 mL toluene:methanol (5:2/v:v) and then 

400 ml methanol. Yield: 78 mg of a deep brown solid. Mn = 25.2 kg/mol, Mp,1 = 17.8 kg/mol, 

Mp,2 = 35.0 kg/mol (MALDI-TOF MS). 1H-NMR (300 MHz, oDCB-D4, δ): 7.82-7.65 (br m, 

2a·H, Ph-C-(CH2)3-COOR), 7.37-7.04 (br m, 3a·H, Ph-C-(CH2)3-COOR), 6.65-6.00 (br m, 
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4(a+b)·H, Har), 3.58-3.23 (br s, 3b·H, HOMe), 2.85-2.70 (br m, 2a·H, Ph-C-CH2-CH2-CH2-

COOR), 2.57-2.38 (br m, 2a·H, Ph-C-CH2-CH2-CH2-COOR), 2.19-2.01 (br m, 2a·H, Ph-C-

CH2-CH2-CH2-COOR), 1.95-0.55 (br m, Hbackbone, HCTA, HOctyl). Tdec,1 = 180−190 °C, 

Tdec,2 = 386 °C. 
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Supporting Information  

 

Figure S1: Magnified portion of the FTIR spectra of octyl end-capped polymers PS-Oct 1, PS-Oct 2 and PS-

Oct 3 (solid lines) and their respective precursor copolymers PS-Az 1, PS-Az 2 and PS-Az 3 (dotted lines) 

with terminal azide groups. The azide vibration band at ν = 2098 cm
-1

 of the copolymers PS-Az 1, PS-Az 2 

and PS-Az 3  disappears completely after the 1,3-dipolar cycloaddition (click reaction) with 1-octyne, since 

a triazole ring is formed. This gives evidence for a quantitative conversion of the azide end groups. 

Besides, the intensity of  the end group dependent IR bands at 2098 cm
-1

 and 1728 cm
-1

 (C=O stretching 

band of carboxylic acid ester) correlates with the chain length in the expected indirect proportional 

manner due to normalization of all FTIR spectra to the polymer backbone signals. 
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Figure S2: MALDI-TOF mass spectra of PCBM-grafted copolymers PPCBM 1-4 (black signal) and their 

corresponding precursor copolymers PS-OH 1-3 (red signal). As depicted for PPCBM 4, the PCBM content 

fPCBM was determined from the mass difference ∆M of the peak maxima. All mass spectra were smoothed 

for clarity due to the low signal-to-noise ratio. 
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Figure S3: TGA weight loss curves (for heating under N2 atmosphere) of PCBM-grafted copolymers PPCBM 

1-4, their corresponding precursor copolymers PS-OH 1-3 and pristine PCBM as reference. The copolymers 

show two decomposition processes at Tdec,1≈ 180-190 °C, which is related to the trithiocarbonate 

decomposition, and Tdec,2≈ 390 °C, which arises from the polymer backbone decomposition. Since 

degradation of PCBM is only marginal above 400 °C, the residual char of the PCBM-grafted copolymers 

indicates the PCBM weight content, but is usually overestimated. 

 

Figure S4: Quantitative UV-vis measurements for the determination of extinction coefficient ε. A) PCBM 

(black), PPCBM 1 (red), PPCBM 2 (blue) and PPCBM 3 (green) in chloroform. b) PCBM (black) and PPCBM 

4 (magenta) measured in oDCB. According to the law of Lambert-Beer, the extinction coefficient ε can be 

extracted from the slope of the linear fits. The ratio εPolymer/εPCBM gives the PCBM weight content of the 

PCBM-grafted copolymers, but is usually underestimated for high contents. 
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Figure S5: UV-Vis absorption spectra of PCBM (9.04 µg/mL), PS-OH 3 (62.88 µg/mL) and PPCBM 3 (22.79 

µg/mL). The PCBM-grafted copolymer PPCBM 3 exhibits the same optical features as PCBM, i.e. two 

absorption bands at 258 nm (ε258 nm = 0.0703 mL mg
−1

 cm
−1

) and 328 nm. Hence, the optical properties of 

PCBM are not affected by the covalent attachment to the polymer backbone. 

 

Figure S6: DSC curves (second heating cycle) of PCBM-grafted copolymers PPCBM 1-3 and the 

corresponding precursor copolymers PS-OH 1-3. The precursor copolymers exhibit a typical glass 

transition at Tg ≈ 95-97 °C, whereas the glass transition of PCBM-grafted copolymers is shifted 

considerably towards higher temperatures. With increasing PCBM content of 30 wt% (PPCBM 1), 37 wt% 

(PPCBM 2) and 51 wt% (PPCBM 3), the Tg step is broadening and increasing  to 144 °C, 167 °C and about 

189 °C, respectively. 

 

250 300 350 400 450

0,0

0,5

1,0

1,5

O
p
ti
c
a

l 
d
e

n
s
it
y

Wavelength [nm]

 PPCBM-3

 PCBM 

 POH-3 

Tg=95°C

Tg=97°C

Tg=97°C

Tg=144°C

Tg=167°C

Tg≈189°C

PS-OH 1

PPCBM 1

PS-OH 2

PPCBM 2

PS-OH 3

PPCBM 3

Temperature [°C]

H
e

a
t

fl
o

w
, 

e
n

d
o

u
p

→



Figure S7: Device configuration for space
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Device configuration for space-charge limited current (SCLC) measurements.
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charge limited current (SCLC) measurements. 
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Figure S8: Current-voltage (J-V) curves from SCLC measurements of blends (PCBM:PS-OH 1) in different 

compositions in comparison to the synthesized PCBM-grafted copolymers PPCBM 1-3. A series of devices 

with varying film thickness L was measured for each compound.  
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This manuscript contains experimental data on blend morphology and devices 

performance of Polymer:PBI solar cells. The work presented here is strongly related 

to Chapter 3 and can be considered as starting point for further investigations.  
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Introduction 

Organic bulk heterojunction (BHJ) solar cells typically consist of an electron donor (p-type) 

polymer and an electron acceptor (n-type) small molecule, such as PCBM, as active layer.1 

To achieve high power conversion efficiencies (PCE), the main focus of research to date was 

on optimizing the p-type polymers, whilst keeping PCBM as acceptor. However, alternative 

n-type materials could provide additional versatility for the choice of donor materials in order 

to find more donor:acceptor combinations with suitable energy levels. In addition, light 

absorption of PCBM in the visible range is comparatively poor. Hence, new organic 

acceptors which can fulfill all necessary parameters for high performance OPV, such as light 

harvesting, charge transfer, charge transport and thermal, chemical and photostability are 

required. Perylene bisimides (PBI) derivatives are a relevant class of n-type semiconductors 

due to their relatively high electron affinity and strong visible light absorption, combined 

with good photochemical and thermal stability.2 Even though it was shown that PBIs can be 

better electron acceptors than PCBM with respect to charge photogeneration,3 their 

performance in solar cells is still significantly lower. Bimolecular recombination due to a 

finely dispersed PBI derivative in a p-type polymer matrix on the one hand and suppressed 

charge transfer for a highly aggregated PBI on the other hand have been reported as two 

possible loss mechanisms in PBI solar cells.4 Thus, morphology of PBI thin films and 

corresponding blends with p-type materials needs to be studied and controlled. Aggregation 

and crystallinity in PBI thin films is primarily driven by π-π interaction of aromatic perylene 

cores. Several approaches to control PBI crystal growth have been reported including thermal 

and solvent-vapor annealing, as well as optimization of coating solvents.5, 6 Modifications of 

the chemical structure of PBI were also demonstrated to hinder aggregation and improve 

PCE of photovoltaic devices, when alkyl substituents were not only employed at the imide 

positions (N-substitution), but also attached to the perylene core (bay-substitution).7 

However, in contrast to N-substituion, bay-substitution is usually accompanied by changes in 

optical and electrochemical properties.8 Furthermore, the majority of PBI based solar cells 

reported to date, utilize P3HT as p-type material. In this case, the crystallization of P3HT, 

which is known to be crucial for high PCE in OPV cells,9 was observed to be inhibited in 

presence of PBI,7 indicating that rather amorphous p-type polymers might be more suitable in 

combination with PBIs. Herein, we report novel blend systems for organic photovoltaic 
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(OPV) cells consisting of n-type PBI small molecules and a p-type low band gap copolymer 

and correlate blend morphology with devices performance. 

 

Results and Discussion 

In an earlier comparative study, we investigated optical and electronic properties, as well as 

crystalline structure of three unymmetrical PBIs. The results encouraged us to test these 

materials in solar cell devices. In the following we compare photovoltaic devices and blend 

morphology of each n-type PBI small molecule in combination with a p-type low band gap 

copolymer. The chemical structures of all compounds are depicted in Figure 1a. The 

solublilizing side groups of the PBI acceptor material are systematically changed from 

hydrophobic alkyl chains to hydrophilic oligoethylenglycol (OEG) chains. In all cases an 

unsymmetrical N-substitution pattern with one linear and one branched N-substituent is 

employed. Since the energy levels of all three materials are similar, testing these materials in 

solar cell devices allows for a comparative study of side chain effects on morphology and 

device performance. The HOMO and LUMO values measured by cyclic voltammetry and 

electron mobilities of pristine PBI films determined by SCLC measurements, are listed in 

Table 1. A detailed study of the mobility of pristine and annealed PBI films can be found in 

Chapter 3. As donor material we chose a well soluble copolymer consisting of 

benzodithiophene, benzothiadiazole and thiophene units (Figure 1a). The benzodithiophene 

moiety is decorated with two ethyl hexyl chains and the benzothiadiazole carries two 

octyloxy substituents to give good solubility in common organic solvents. The polymer has a 

molecular weight of Mn=30000 gmol-1 and a PDI of 1.8. HOMO and LUMO energy levels 

were determined as 5.3 eV and 3.6 eV, respectively, resulting in a band-gap of 1.7 eV. A hole 

mobility of 3·10-4 cm2V-1s-1 was measured in SCLC hole-only devices (Table 1). Solar cells 

with this polymer in combination with a series of fullerene based acceptors were subject of 

Chapter 6. In Literature several similar copolymers were reported.10, 11  
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Figure 1: a) Structure formula of the low band gap copolymer and the three Perylene bisimides (PBI) 

derivatives and b) J-V characteristics of photovoltaic cells thereof under AM1.5 solar irradiation (1 sun). 

 

Table 1: HOMO and LUMO energy levels, determined from cyclic voltammetry, electron mobility µe of 

pristine PBI films and hole mobility µh of the polymer, measured by SCLC single carrier devices.  

Compound HOMO 

 [eV] 

LUMO  

[eV] 

µe (pristine) 

[cm
2
V

-1
s

-1
] 

µh  

[cm
2
V

-1
s

-1
] 

PBI 1  6.0 3.8 3∙10
-5

 - 

PBI 2  6.0 3.8 2∙10
-5

 - 

PBI 3 6.0 3.8 6∙10
-5

 - 

Polymer 5.3 3.6 - 3∙10
-4

 

 

BHJ photovoltaic devices were fabricated using a standard OPV device architecture with an 

ITO/PEDOT:PSS bottom contact and a calcium/aluminum top contact. The active layers 

were applied using a doctor blade technique to give ca. 100 nm thin films (see Experimental 

Section for details). Blend systems consisting of a Polymer:PBI ratio of 1:1 (wt) coated from 

1,2-dichlorobenzene (oDCB) solutions were tested for PBI 1, PBI 2 and PBI 3. The current 

density – voltage (J-V) characteristics of the devices under AM1.5 solar illumination (1sun) 

Polymer

PBI 1:  R1=C12H25 R2=C7H15

PBI 2: R1=C12H25 R2=CH2(OCH2CH2)3OCH3

PBI 3:  R1=CH2CH2(OCH2CH2)3OCH3 R2=CH2(OCH2CH2)3OCH3
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are shown in Figure 1b. The curves presented are representative for up to 10 OPV cells 

measured for each blend. We observe that PBI 2 as acceptor material outperforms both PBI 1 

and PBI 3 with the highest short circuit current density (JSC) and open circuit voltage (VOC) 

and fill factor (FF) (see Table 2) resulting in a power conversion efficiency (PCE) of 0.51 %. 

In comparison, the blend consisting of PBI 1 shows significantly lower JSC, VOC and FF and a 

PCE of 0.19 %, whereas almost no photovoltaic properties could be observed for blends with 

PBI 3 (PCE=0.02 %). The corresponding series resistance (RS) and parallel resistance (RSH) 

values of the devices are also given in Table 2. It is evident that RS is lowest and RSH highest 

for the Polymer:PBI 2 blend, which is consistent with the best performance observed.  

To understand these findings, blend morphologies were investigated with atomic force 

microscopy (AFM). Topography images are shown in Figure 2. A featureless and smooth 

film is obtained for the blend of Polymer:PBI 1 (Figure 2a). This suggests a highly 

intermixed blend system of PBI 1 with the Polymer, both possessing alkyl chains as 

solubilizing groups and therefore similar polarity. For the PBI 2 system, an increased surface 

roughness is detected in the AFM image in Figure 2b, which indicates that domain sizes of 

pure PBI or Polymer have increased. In other words, the blend of PBI 2 having alkyl and 

OEG substituents exhibits a more pronounced phase separation, which can be attributed to 

hydrophobic-hydrophilic interactions of the PBI and Polymer upon drying of the film. In 

Figure 2c a very coarse and non-homogeneous surface of Polymer:PBI 3 blend illustrates that 

donor and acceptor material in this system are likely to be completely phase separated. 

During the film drying process, PBI 3 with only OEG substituents seems to segregate from 

the Polymer, resulting in large domains of PBI 3 and Polymer aggregates. A clear trend of 

increasing phase separation of the Polymer:PBI blends was observed, when PBI alkyl side 

groups were replaced with OEG substituents. Trying to explain the different device 

performances of these blends, we assume that various loss mechanisms are competing, 

depending on the morphology. Greenham and co-workers reported for a blend of F8BT and 

an symmetrical N-substituted PBI, that if the PBI molecules are finely dispersed in the 

polymer matrix, fast bimolecular charge recombination is an important loss mechanism.4 

Bimolecular recombination caused by poor percolation pathways for charge carriers and/or 

low charge carrier mobility might be the limiting factor for the Polymer:PBI 1 blend. For the 
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PBI 3 blend system with coarse blend morphology and highly aggregated perylene domains, 

a different loss mechanism seems plausible. It was demonstrated that intermolecular state 

formation in large PBI domains is restricting efficient charge transfer.4 Due to the worse 

device performance of PBI 3 compared to PBI 1, this effect appears to be more crucial. In the 

case of Polymer:PBI 2 blends, comparatively small, but distinct domain sizes support the 

assumption, that a balance between intermixed blend and aggregated PBI domains gives the 

best device efficiencies in combination with this polymer. However, domains sizes of this 

blend system are still significantly larger than 10-20 nm, which is generally required for 

efficient charge generation because of the limited exciton diffusion length.12 The SEM cross 

section image in Figure 3 shows coarse features along the cross-section of the film and 

visualizes large domains of phase separated PBI 2 and Polymer with domain sizes of up to 

hundred nanometers.  

 

Figure 2: AFM Topography images obtained in Tapping Mode for a) Polymer:PBI 1, b) Polymer:PBI 2 and c) 

Polmyer:PBI 3 blends. 

 

Table 2: Solar cell parameters obtained from J-V curves under AM1.5 conditions; RS and RSH represent 

series and parallel resistance, respectively. 

Blend JSC 

[mA∙cm
-2

] 

VOC  

[mV] 

FF  

[%] 

PCE  

[%] 

RS 

[Ωcm
2
] 

RSH 

[Ωcm
2
] 

Polymer:PBI 1 (1:1) -0.9 670 31 0.19 148 806 

Polymer:PBI 2 (1:1) -1.4 860 42 0.51 117 1351 

Polymer:PBI 3 (1:1) -0.4 200 27 0.02 247 562 

2um

b) Polymer : PBI2 1:1
25nm

-25nm

2um

c) Polymer : PBI3 1:1

2um

a) Polymer : PBI1 1:1
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Figure 3: SEM cross-section image of a Polymer:PBI 2 (ratio 1:2) 100nm thin film on a silicon substrate; 

after freeze-fracturing of the film, the sample was coated with 2 nm of platinum.  

As demonstrated for the PBI derivatives in Chapter 3, electron mobility can be improved by 

thermal annealing. The device performance of the Polymer:PBI blends however decreased 

upon thermal annealing, which indicates that the blend morphology is unstable. Even though 

in general high charge carrier mobilities are desirable in OPV blends, the negative impact of 

annealing on morphology seems to be more crucial in this case. To achieve better PCE, both 

domain sizes and device stability have to be optimized, which is beyond the scope of this 

paper. The comparison of the three PBIs demonstrates that in BHJ solar cells, the blend 

morphology is of great importance. Even though PBI 3 showed high electron mobilities, the 

OPV cell gave poor efficiency due to the unfavorable, macrophase separated morphology.  

For the further optimization of these solar cell devices, two approaches are feasible. One can 

either optimize the Polymer:PBI 1 blend to induce phase separation and charge percolation or 

tune phase separation in the Polymer:PBI 2 blend. In the following, the optimization of the 

blend ratio of the Polymer:PBI 2 system is discussed. First, the evolution of the morphology 

with increasing PBI 2 content was monitored by AFM. Six different Polymer:PBI 2 blend 

ratios ranging from 2:1 to 1:2.5 were tested. The morphology is clearly determined by the 

PBI aggregation, which is demonstrated in AFM topography and phase images shown in 

Figure 4 and Figure 5. Surface roughness as well as phase separation of the blend increases 

with increasing PBI 2 content. J-V curves of all Polymer:PBI 2 cells and the corresponding 

devices parameter are given in Figure 6 and Table 3. VOC is constantly high for 

Polmyer:PBI 2 blend ratios from 2:1 to 1:1.5. For higher PBI 2 contents, VOC is decreasing. 

Si-substrate

Polmer:PBI2 (1:2) thin film (cross section)

100nm
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Interestingly, the FF constantly increases with increasing PBI 2 content from 34 % to 49 %, 

which is mainly due to improved series resistance RS of the devices (Table 3). Since all 

devices were fabricated under similar conditions, the changes in RS are due to changes in the 

active layer. Better electron transport due to the increasing electron transporting PBI 2 

content on the one hand and changes in the blend morphology on the other hand can 

potentially both account for the improved RS values. No clear trend of the parallel resistance 

RSH was observed. RSH values are high compared to PBI 1 and PBI 3 blend devices (see 

Table 2) and range between 1351 Ωcm2 and 2128 Ωcm2. With increasingly phase separated 

donor and acceptor materials however, efficient charge transfer is more and more deterred. 

Thus even though a high PBI 2 content is necessary to achieve low RS and better transport, 

the crystallization is strongly pronounced here and the morphology is unfavorable for an 

efficient solar cell. The fundamental question here is how to suppress the coarse phase 

separation for a high PBI 2 content, which seems to be required for good charge transport in 

these blends. Hence, the optimum performance with the highest JSC is found at a 

Polymer:PBI 2 ratio of 1:1.5 yielding a PCE of 0.6 %. Here, a balance between good charge 

transport and morphology is reached. 

Table 3: Solar cell parameters obtained from J-V curves under AM1.5 (1sun) conditions for various 

Polymer:PBI 2 blend ratios; RS and RSH represent series and parallel resistance, respectively.  

Blend JSC 

 [mA∙cm
-2

] 

VOC 

 [mV] 

FF  

[%] 

PCE 

 [%] 

RS 

 [Ωcm
2
] 

RSH  

[Ωcm
2
] 

Polymer:PBI 2 2:1 -0.8 860 34 0.25 180 1639 

Polymer:PBI 2 1.5:1 -1.0 860 36 0.32 128 1429 

Polymer:PBI 2 1:1 -1.4 860 42 0.51 117 1351 

Polymer:PBI 2 1:1.5 -1.6 860 44 0.60 117 1408 

Polymer:PBI 2 1:2 -1.3 840 47 0.53 110 1818 

Polymer:PBI 2 1:2.5 -1.2 810 49 0.46 90 2128 
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Figure 4: AFM topography images obtained in Tapping Mode for different Polymer:PBI 2 blend ratios 

showing increased surface roughness and aggregation with increasing PBI 2 content.  

 

 

Figure 5: AFM topography (a-f) and phase images (g-l) in Tapping Mode for different Polymer:PBI 2 blend 

ratios, which are 2:1 (a,g), 1.5:1 (b,h), 1:1 (c,i), 1:1.5 (d,j), 1:2 (e,k) and 1:2.5 (f,l); the scan size is 1um x 

1um; both topography and phase image show an increased phases separated blend with increasing PBI 2 

content. 
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Figure 6: J-V characteristics of Polymer:PBI 2 solar cells with varied blend ratio under AM1.5 solar 

irradiation (1 sun).  

 

Conclusion and Outlook 

Ultimately, we were able to show that interactions of side groups of acceptor and donor in 

OPV blends have great influence on the resulting blend morphology. Hydrophobic-

hydrophilic interaction of the substituents can be used to tune the blend morphology from 

highly intermixed blends to macro phase separated systems, which was shown by AFM 

measurements. Even though the device performance could be improved by choosing suitable 

substituents and altering the blend ratio, the PCEs were all comparatively low. The 

comparison of PBI 2 and PBI 3 demonstrates that even though the materials exhibit similar 

electron mobilities and crystallinity in thin films (as discussed in Chapter 3), solar cell 

efficiency was significantly better for PBI 2 with 0.51 % compared to PBI 3 with 0.02 %. 

Hence, the combination of donor and acceptor material needs to be carefully adjusted in 

order to obtain a suitable OPV blend. An optimized blend ratio of Polymer:PBI2 1:1.5 gave a 

PCE of 0.60 %. The devices suffer from high RS and low JSC and FF, which indicates 

fundamental recombination losses in these devices. 
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Experimental Section 

Chemicals: The synthesis route to obtain unsymmetrical N-substituted PBIs is described 

elsewhere.13 Polymer was provided by Merck Chemicals Ltd.. 1,2-dichlorobenzene (oDCB) 

(anhydrous with crowncap, 99%) was purchased from Sigma-Aldrich. Blends were prepared 

by dissolving the materials in oDCB with the respective blend ratio (wt). PEDOT:PSS 

(Clevios P VP Al 4083) was purchased from Heraeus.  

Instrumentation: Atomic force microscopy was performed on a Veeco Dimension Icon with 

Nanoscope V controller, in Tapping Mode. The used cantilevers were NSC15/AlBS from 

Mikromasch. Film thicknesses were determined on an Alphastep 500 surface profilometer. 

Scanning Electron Microscopy cross-sections: samples were prepared by coating the active 

layer on a silicon wafer and subsequent breaking of the wafer under liquid nitrogen to obtain 

smooth cross-sections and avoid damage of the film. The samples were coated with a 2 nm 

layer of platinum using a Cressington 208HR sputter coater. SEM measurements were 

performed with a Zeiss LEO 1530  (FE-SEM) with Schottky-field emission cathode and in-

lens detector. For cyclic voltammetry experiments of the PBI small molecules, a conventional 

three-electrode assembly using a Ag/AgNO3 reference electrode was used. CH2Cl2 

containing 0.1 M Tetrabutylammonium hexafluorophosphate was used as solvent. All 

measurements were carried out under N2 atmosphere at a scan rate of 50  mVs-1 at 25 °C and 

all redox potentials were calibrated to ferrocene/ferrocenium couple (Fc/Fc+). CV of the 

polymer was recorded on a Princeton Applied Research VersaSTAT 4 

Potentiostat/Galvanostat 108 using platinum electrodes at a scan rate of 50 mVs-1 at 25 °C 

and a Ag/Ag+ (0.10 M of AgNO3 in acetonitrile) reference electrode in a anhydrous and 

nitrogen-saturated solution of 0.1 M of tetrabutylammonium tetrafluoborate in acetonitrile. 

Oxidation potential (Eox½) of ferrocene is 0.08-0.11 V versus Ag/Ag+, and 0.41 V versus 

SCE. The HOMO and LUMO energy levels were determined from the oxidation and 

reduction onset of the second scan from CV data taking into account the SCE level at -4.7 eV.  

Photovoltaic device preparation: OPV cells were fabricated using a standard device 

architecture: glass/ITO/PEDOT:PSS/Active Layer/Ca/Al. Commercial ITO coated glass 

substrates with a sheet resistance of 13 Ohms per sq (Lumtec) were cleaned using following 
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sequence in an ultrasonic bath: detergent, water, acetone and 2-propanol. After ozone 

treatment of the substrates for 5 min, PEDOT:PSS was spin-coated on the ITO surface and 

dried at 130 C for 30 min under nitrogen atmosphere. All following steps were carried out 

under nitrogen atmosphere with water and oxygen levels ≤ 0.1 ppm. After cooling the 

substrate, the active layer was blade coated at 70 °C from 1,2-dichlorobenzene solution on an 

Erichsen Coatmaster 509MC. The substrates were then put in a thermal evaporation chamber 

to evaporate the top electrodes (30 nm Ca/ 100 nm Al) under high vacuum (1·10-6 mbar) 

through a shadow mask (active area 4 mm2). The current-voltage characteristics of the 

devices were measured using a Keithley 2420 (I-V) Digital SourceMeter at 25 °C under 

AM1.5 solar irradiation (1000 Wm-2). 

SCLC single carrier devices were fabricated using the following structure: 

glass/ITO/PEDOT:PSS/Active Layer/Ca/Al for electron-only devices and 

glass/ITO/PEDOT:PSS/Active Layer/Au for hole-only devices. Commercial ITO coated 

glass substrates with a sheet resistance of 13 Ohms per sq (Lumtec) were cleaned using 

following sequence in an ultrasonic bath: detergent, water, acetone and 2-propanol. After 

ozone treatment of the substrates for 5 min, PEDOT:PSS was spin-coated on the ITO surface 

and dried at 130 C for 30 min. All following steps were carried out under nitrogen 

atmosphere with water and oxygen levels ≤ 0.1 ppm. After cooling the substrate, the active 

layer was blade coated from chloroform solutions. The substrates were then put in a thermal 

evaporation chamber to evaporate the top electrodes (30 nm Ca/ 100 nm Al for electron-only 

devices and 60 nm Au for hole-only devices) under high vacuum (1·10-6 mbar) through a 

shadow mask (active area 4 mm2). The current-voltage characteristics of the devices were 

measured using a Keithley 2420 (I-V) Digital SourceMeter at 25 °C. 
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