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Summary 

This thesis addresses the preparation and in-depth characterization of new fullerene-

based electron transport polymers and their integration into well-defined donor-acceptor 

block copolymers. In particular for organic photovoltaic devices, these semiconducting 

block copolymers hold great promise for improved long-term stability based on a stable 

nanoscale morphology. While theoretical studies predict their advantageous morphologi-

cal and photophysical properties, the experimentally observed solar cell performance of-

ten remains below the expectations. This discrepancy can be understood and solved only 

by unraveling the complexity of interdependencies between polymer design, structure 

formation and electronic properties. 

First, a feasible method was developed to synthesize fullerene polymers in a con-

trolled way which circumvents cross-linking and multi-addition of fullerenes. Controlled 

polymerization techniques such as nitroxide-mediated radical polymerization (NMRP) or 

reversible addition-fragmentation chain transfer (RAFT) polymerization have been used 

to synthesize the precursor poly(4-methoxystyrene-stat-4-hydroxystyrene). The monomer 

ratio decides about the final grafting density after the polymer-analogous esterification 

with phenyl-C61-butyric acid (PC61BA) or its C70 analogue PC71BA. This route yields 

well-soluble fullerene polymers (PPCBM, denotes PPC61BM or PPC71BM in general) 

incorporating up to 64 wt% PCBM with defined molecular weights and narrow 

dispersities. The PPCBMs retain the optical and electrochemical properties of the incor-

porated PCBM independent of the fullerene fraction. For PC61BM contents between 30 to 

50 wt% the PPC61BMs exhibit bulk electron mobilities up to 1 x 10
ī4

 cm
2 
V

-1 
s

-1
 meas-

ured by space-charge limited current (SCLC). The structural analysis confirmed the ho-

mogeneous and amorphous nature of PPCBM and revealed a glass transition temperature 

which is strongly increasing with the grafting density. 

A modular strategy for donor-acceptor block copolymers has been developed based on 

a poly(3-hexylthiophene) (P3HT) donor block and PPCBM as acceptor block.  The com-

bination of Kumada catalyst-transfer polycondensation (KCTP), NMRP or RAFT, azide-

alkyne cycloadditon for polymer coupling and fullerene grafting provides a versatile 

toolbox for precisely tailored block copolymers. Specifically the grafting density and the 

donor-acceptor composition in P3HT-b-PPCBM has been systematically tuned to scruti-

nize the consequences on structure formation and charge transport. The block copolymers 
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show a periodic donor-acceptor nanostructure in the range of 30-40 nm following the 

molecular weight trend. Interestingly, the observed nanostructures are identical in bulk 

and in films and even independent of the processing method, i.e. from solution or melt-

crystallization. Small angle X-ray scattering indicates a microphase separated morpholo-

gy in the melt and upon cooling and crystallization of the P3HT. Though, the absence of 

long-range ordered microdomains is attributed to the high glass transition temperature of 

PPCBM which is likely pinning the structural evolution in an incomplete microphase sep-

arated state. This constraint becomes even more critical when the donor-acceptor compo-

sition is shifted towards high contents of PPCBM suppressing both crystallization of 

P3HT and microphase separation. 

To identify the optimum polymer design for ambipolar and balanced charge transport, 

the block copolymers have been studied in organic field-effect transistors (OFET). The 

grafting density in P3HT-b-PPC61BM block copolymers turned out as a key factor to im-

prove the electron mobility by orders of magnitude without sacrificing the hole transport. 

Tuning the donor-acceptor composition in a series of P3HT-b-PPC71BM revealed the 

significance of a roughly balanced composition which is required for bicontinuous perco-

lation paths. Polymer design alone was not sufficient to realize balanced mobilities, there-

fore, blending with PCBM was investigated as an alternative approach. The blend of do-

nor-acceptor block copolymer P3HT-b-PPC61BM and PC61BM (60:40, wt:wt) showed 

enhanced electron mobilities of µe=(3.2 ° 1.7) x 10
-4 

cm
2 
V

-1 
s

-1
 and a hole mobility of 

µh=(1.8 ° 0.6) x 10
-3 

cm
2 
V

-1 
s

-1
. Thereby, the block copolymer blend provides similarly 

high mobilities compared to a P3HT:PC61BM blend, but exhibits exceptionally stable 

transport even for prolonged thermal annealing at high temperatures. The operational sta-

bility in OFETs originates from the long-term stable nanostructure comprising P3HT  and 

PCBM-enriched acceptor phases templated by the block copolymer structure. 

In conclusion, this thesis comprises a novel route for the synthesis of fullerene-grafted 

donor-acceptor block copolymers allowing the fine-tuning of composition, grafting densi-

ty and molecular weights. The systematic investigation of polymer design, structure for-

mation and charge transport contributed significantly to resolve the fundamental issues in 

structure-property relationships and it opens new perspectives for future application in 

optoelectronic devices. 
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Zusammenfassung 

Die vorliegende Dissertation beschäftigt sich mit der Synthese und detaillierten Unter-

suchung neuer Elektronentransport-Polymere auf der Basis von Fullerenen sowie deren 

Verwendung in wohldefinierten Donor-Akzeptor Blockcopolymeren. Für die Anwendung 

in der organischen Photovoltaik sind diese Blockcopolymere sehr vielversprechend im 

Hinblick auf eine verbesserte Langzeitstabilität aufgrund ihrer stabilen Nanostruktur. 

Obwohl theoretische Untersuchungen eine vorteilhafte Morphologie und günstige photo-

physikalische Eigenschaften vorhersagen, erfüllen die experimentellen Ergebnisse bei 

Solarzellen die Erwartungen meistens nicht. Um die Kluft zwischen Theorie und Experi-

ment zu verstehen und Lösungen entwickeln zu können, ist es zwingend notwendig, die 

vielschichtigen Wechselwirkungen zwischen Polymerdesign, Strukturbildung und elekt-

ronischen Eigenschaften dieser Blockpolymere systematisch aufzuklären.  

Zunächst wurde eine geeignete Methode entwickelt, um fullerenhaltige Polymere auf 

kontrollierte Weise herzustellen ohne dass Vernetzungsreaktionen stattfinden oder 

Multiaddukte mit Fullerenen entstehen können. Kontrollierte radikalische Polymerisati-

onsmethoden wie die Nitroxid-vermittelte Polymerisation (nitroxide mediated radical 

polymerization, NMRP) oder die reversible Addition-Fragmentierung Kettenübertra-

gungspolymerisation (reversible addition-fragmentation chain transfer, RAFT) wurden 

zur Synthese des Precursors Poly(4-methoxystyrol-stat-4-hydroxystyrol) verwendet. Das 

eingebaute Monomerverhältnis legt die spätere Funktionalisierungsdichte mit Fullerenen 

nach der polymer-analogen Veresterung mit den Fullerenderivaten Phenyl-C61-

Buttersäure (phenyl-C61-butyric acid, PC61BA) oder dem C70-Analogon PC71BA fest. 

Diese Syntheseroute erzeugt gut lösliche Fullerenpolymere (PPCBM, allgemein für 

PPC61BM oder PPC71BM), die bis zu 64 Gew.-% PCBM enthalten können und dabei de-

finierte Molmassen mit niedriger Dispersität aufweisen. Die PPCBMs behalten die opti-

schen und elektrochemischen Eigenschaften des eingebauten PCBM unabhängig vom 

Massenanteil des Fullerens. Bei einem PC61BM-Gehalt zwischen 30 und 50 Gew.-% zei-

gen die PPC61BMs eine Elektronenmobilität im Bulk von bis zu 1 x 10
-4
 cm

2 
V

-1 
s

-1
 bei 

SCLC-Messungen (space-charge limited current, SCLC). Die Strukturuntersuchungen 

belegen die homogenen und amorphen Eigenschaften der PPCBMs und zeigen eine deut-

lich steigende Glasübergangstemperatur mit wachsender Funktionalisierungsdichte. 
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Basierend auf Poly(3-hexylthiophen) (P3HT) als Donorblock und PPCBM als Akzep-

torblock wurde in dieser Arbeit eine modulare Synthesestrategie entwickelt. Die Kombi-

nation von "Kumada catalyst transfer polycondensation" (KCTP), NMRP oder RAFT, 

Azid-Alkin-Cycloaddition zur Kopplung der Polymere sowie die polymer-analoge Fulle-

ren-Funktionalisierung bietet vielseitige Varianten zur Synthese maßgeschneiderter 

Blockcopolymere. Insbesondere wurde in dieser Arbeit die Funktionalisierungsdichte mit 

Fullerenen sowie das Donor-Akzeptor-Verhältnis in den P3HT-b-PPCBM Blockcopoly-

meren systematisch variiert, um deren Auswirkung auf Strukturbildung und Ladungs-

transport zu untersuchen. Die Blockcopolymere zeigen eine periodische Donor-Akzeptor 

Nanostruktur in der Größe von 30 bis 40 nm, wobei die Domänengröße mit dem Moleku-

largewicht wächst. Auffallend ist, dass die Nanostrukturen im Bulk und im Dünnfilm 

identisch sind und sich zudem unabhängig von der Verarbeitungsmethode zeigen, d.h. 

gleiche Strukturen in lösungsprozessierten und schmelzkristallisierten Proben. Die Rönt-

genkleinwinkelstreuung deutet auf eine Mikrophasenseparation in der Polymerschmelze 

hin, die bei Abkühlen und Kristallisation von P3HT erhalten bleibt. Als Ursache für die 

Abwesenheit von langreichweitig geordneten Mikrodomänen wird die hohe Glasüber-

gangstemperatur des PPCBM-Blocks vermutet, die die Strukturbildung in einer unvoll-

ständigen Mikrophasenseparation fixiert. Diese Einschränkung wird besonders kritisch, 

wenn das Donor-Akzeptor-Verhältnis im Blockcopolymer zugunsten des PPCBM-Blocks 

verändert wird und damit sowohl die Kristallisation des P3HT-Blocks als auch eine Mik-

rophasenseparation vollständig unterdrückt wird. 

Um das optimale Polymerdesign für ambipolare und ausgewogene Ladungsträgermo-

bilitäten zu finden, wurden die Blockcopolymere in organischen Feldeffekttransistoren 

(OFET) untersucht. Dabei zeigte sich die Funktionalisierungsdichte mit Fullerenen in 

P3HT-b-PPC61BM als entscheidender Faktor, um die Elektronenmobilität um mehrere 

Größenordnungen zu verbessern ohne dabei die Lochmobilität einzuschränken. Die Vari-

ation des Donor-Akzeptor-Verhältnisses in einer Serie von P3HT-b-PPC71BM unterstrich 

die Bedeutung einer etwa gleichen Zusammensetzung zwischen Donor- und Akzeptorb-

lock, um eine Morphologie mit bikontinuierlichen Ladungstransportwegen zu erzielen. 

Das Ziel eines ausgewogenen Ladungstransports ließ sich allein durch Polymerdesign 

nicht realisieren, deswegen wurde das Zumischen (Blending) von PCBM als alternativer 

Ansatz untersucht. Der Blend aus P3HT-b-PPC61BM und PC61BM (60:40, m:m) verfügt 

über eine deutlich höhere Elektronenmobilität von µe=(3.2 ° 1.7) x 10
-4 

cm
2 
V

-1 
s

-1
 und 
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eine Lochmobilität von µh=(1.8 ° 0.6) x 10
-3 

cm
2 
V

-1 
s

-1
. Damit bietet der 

Blockcopolymerblend ähnlich hohe Ladungsträgermobilitäten wie ein P3HT:PC61BM 

Blend, zeichnet sich aber durch seinen außergewöhnlich stabilen Ladungstransport aus, 

der selbst nach langem Tempern bei hohen Temperaturen erhalten bleibt. Die Funktions-

stabilität der OFETs beruht dabei auf der stabilen Nanostruktur aus P3HT-Domänen und 

PCBM-angereicherten Akzeptor-Domänen, die durch die Struktur des Blockcopolymers 

vorgegeben ist. 

Diese Dissertation umfasst eine neuartige Syntheseroute zur Herstellung von fulleren-

haltigen Donor-Akzeptor Blockcopolymeren, die eine präzise Einstellung von Donor-

Akzeptor-Verhältnis, Funktionalisierungsdichte und Molekulargewichten ermöglicht. Die 

systematische Untersuchung von Polymerdesign, Strukturbildung und Ladungstransport 

ist ein wesentlicher Beitrag zum Verständnis der grundlegenden Struktur-Eigenschafts-

Beziehungen und eröffnet dieser Materialklasse neue Perspektiven für optoelektronische 

Anwendungen.
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1 Introduction  

1.1 Semiconducting polymers in organic photovoltaic devices   

The discovery of electrically conducting polymers in the 1970s initiated a rapidly 

growing field of research dedicated to the development of solution-processable, light-

weight and mechanically flexible, carbon-based semiconductors. Alan J. Heeger, Alan 

MacDiarmid and Hideki Shirakawa observed that the conductivity in ˊ-conjugated mac-

romolecules, e.g. polyacetylene, can be tuned from a semiconductor to a highly conduct-

ing material by introducing permanent charge carriers (doping).
[1]

 Since that time numer-

ous conjugated polymers have been synthesized with manifold structural variations to 

improve solubility, stability , charge carrier transport and optical properties.
[2]

 This new 

generation of polymer materials is particularly attractive as it exhibits metallic or semi-

conducting properties while retaining the mechanical properties and processing ad-

vantages of polymers.
[3]

 Therefore, conjugated polymers gradually enter our daily live as 

they are applied in antistatic coatings,
[4]

 corrosion protection,
[5]

 chemical and biological 

sensors,
[6,7]

 or in "plastic electronics" such as organic light emitting diodes (OLED),
[8,9]

 

organic field-effect transistors (OFET)
[10]

 or organic photovoltaics (OPV).
[11,12]

 Due to the 

impact of this fundamental discovery Heeger, MacDiarmid and Shirakawa were awarded 

with the Nobel Prize in chemistry in 2000.
[13]

  

Since Ching W. Tang's initial work on multilayer organic solar cells in 1986,
[14]

 ex-

tensive research activities have been devoted to conjugated polymer-based organic solar 

cells
[15ï20]

 reaching nowadays power conversion efficiencies of over 10%.
[21]

 One of the 

best studied material systems in OPV is poly(3-hexylthiophene) (P3HT) as electron donor 

and phenyl-C61-butyric acid methyl ester (PCBM) as electron acceptor material.
[20]

 Or-

ganic semiconductors typically exhibit low dielectric constants and inherent energetic and 

structural disorder. In contrast to inorganic semiconductors, the absorption of light in the 

photoactive layer generates localized excited states of tightly bound hole and electron 

pairs. The so-called excitons have rather strong binding energies resulting in short life-

time and short exciton diffusion length around 10 nm. Therefore, the exciton dissociation 

is a key issue for efficient photocurrent generation. The formation of a bulk 

heterojunction (BHJ) as photoactive layer, i.e. the intimate mixture of donor and acceptor 

phases on the nanoscale, has proven to facilitate exciton diffusion to the donor-acceptor 

interface, dissociation and charge generation. A schematic illustration of such a blend 
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solar cell in conventional configuration is depicted in Figure 1.1a. The acceptor material 

can be distinguished from the donor by its higher electron affinity, leading to a highest 

occupied molecular orbital (HOMO) and a lowest unoccupied molecular orbital (LUMO) 

which are lower in energy compared to the donor. It is further inevitable that the do-

nor/acceptor phases form a bicontinuous morphology to enable charge transport through 

the active layer to the corresponding electrodes. 

 

Figure 1.1. (a) Schematic illustration of a bulk heterojunction solar cell with a blend 

bulk-heterojunction as photoactive layer. (b) Electronic orbital energy diagram and (c) 

state energy diagram for a donor-acceptor interface describing the energetics of charge 

separation in organic solar cells. HOMO is the highest occupied molecular orbital; 

LUMO is the lowest unoccupied molecular orbital; BPP is the bound polaron pair with a 

binding energy Ὁ ; the singlet exciton binding energy is Ὁ ; Ὁ  and Ὁ  denote the 
quasi-Fermi levels of electrons and holes; S0 is the singlet exciton energy level; S1 is the 

ground state; ЎὉ  is the enthalpy difference between the singlet exciton energy Ὁ  and 

the energy of the charge separated state ὅὛ ; ЎὋ  is the overall free energy differ-

ence after charge photogeneration between the singlet exciton energy Ὁ  and the ther-

mally relaxed charge separated state ὅὛ. Figures b and c adapted from Durrant et 

al.
[22]
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The working principle of organic solar cells and the corresponding energetics have 

been outlined by Brédas et al.,
[23]

 Dyakonov et al.,
[24]

 Marks et al.,
[25]

 Durrant et al.,
[22]

 

and Ratner et al.
[26]

 The basic operation principle of an organic solar cell is characterized 

by a cascade of four subsequent processes: 1. Absorption of an incident photon and for-

mation of an exciton, 2. Diffusion of the exciton to a donor-acceptor interface, 3. Dissoci-

ation of the exciton into free charge carriers and 4. Percolation of the charges and collec-

tion at the electrodes. While the short circuit current Isc in organic solar cells mainly de-

pends on light harvesting efficiency (band gap) and charge carrier mobility, the open cir-

cuit voltage Voc is influenced by the difference between the HOMO of the donor and the 

LUMO of the acceptor. One limiting factor for photocurrent generation is the formation 

of coulombically bound charges at the interface, referred to as bound polaron pair (BPP), 

at the donor-acceptor interface with binding energies far above the thermal activation 

energy. The rapid charge recombination of these BPP states is regarded as a key limita-

tion for charge separation and photocurrent generation in organic solar cells. The energy 

level diagram of a donor/acceptor interface is illustrated Figure 1.1b as an electronic or-

bital picture. Here, the driving force for charge separation is the energy offset ЎὉ  

which represents the difference of donor and acceptor LUMO levels. An empirical value 

frequently reported is ЎὉ  > 0.3 eV that is required to overcome the exciton binding 

energy % . At the donor-acceptor interface the formation of a BPP state occurs with a 

corresponding binding energy of Ὁ . Figure 1.1c represents a state energy diagram to 

describe the energetics of charge separation. Here, the measure for the energy offset is the 

enthalpy difference ЎὉ )0%! Ὁ  between the donor exciton with Ὁ  and the 

polaron energies IP and EA. Note that the blend band gap is (IP ï EA) with the electron 

donor ionization potential IP and the electron acceptor electron affinity EA. ЎὉ  is relat-

ed to ЎὉ  considering the exciton binding energy, ЎὉ ЎὉ % . The volt-

age output of the device is governed by the splitting of the quasi-Fermi levels % and %  

upon light irradiation. The thermalisation of electron and holes with the Fermi levels cor-

responds to the energy level #3 and the corresponding overall energy loss during the 

charge separation process into these thermalized polarons is expressed by ЎὋ .  

Generally, the morphology of the active layer of organic solar cells has to fulfill two 

fundamental requirements: a) domain size in the range of the exciton diffusion length of 

5-10 nm and b) an interpenetrating network of percolation paths that enable charge 

transport to the respective electrodes. The thin active layer, typically smaller than 200 nm, 
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is governed by the trade-off between optical density which is increasing with film thick-

ness and recombination losses that can be minimized by decreasing the film thickness. 

The fabrication of a bilayer morphology comprising a simple donor-acceptor stack is 

the most simple realization of a donor-acceptor heterojunction (Figure 1.2).
[27]

 This, how-

ever, creates a relatively small interface available for exciton dissociation and allows only 

very thin films with limited photon absorption. Increasing the film thickness in bilayer 

solar cells would drastically reduce the quantum efficiency due to geminate recombina-

tion losses which originate from the short exciton diffusion length. Besides, the bilayer 

morphology often requires a vacuum deposition of fullerene or small molecules which is 

not suited for cost-effective solution-processing on an industrial scale. 

 

Figure 1.2. Active layer morphologies for organic solar cells: Bilayer structure, donor-

acceptor blend and vertical lamellae of an aligned donor-acceptor block copolymer. 

 Another approach is the physical mixture of a donor and acceptor blend generating a 

bicontinuous morphology, also known as bulk-heterojunction (BHJ, Figure 1.2), which is 

the most common fabrication method to achieve high performance polymer solar 

cells.
[28,29]

 The blend morphology of conjugated polymers and fullerene derivatives was 

extensively optimized by adequate processing conditions, processing additives or post-

preparation thermal treatments.
[30ï36]

 However, such optimized, kinetically frozen 

mesostructures are in a non-equilibrium state, thus, it is a big challenge to control the size 

and long-term stability of such mesostructures. A frequent problem is to maintain the 

scale of phase separation which suffers from coarsening processes with time, leading to 

growing domain sizes due to continuous (macro) phase separation
[37,38]

 or unfavorable 

phase segregation towards a specific electrode.
[39,40]

 Controlling the blend morphology is 

in particular critical for transferring the small area, lab-scale processing of OPV devices 

to a large scale roll-to-roll fabrication which requires totally different drying or annealing 

procedures.
[41]

 In consequence, several strategies have been developed to stabilize the 
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blend nanomorphology towards enhanced long-term stability, e.g. by cross-linking of 

either donor or acceptor material,
[42,43]

 increasing the glass transition temperature
[44]

 or by 

compatibilization of the blend using suitable block copolymers.
[45ï51]

 

An ideal solution to obtain long-term stable two-phase morphologies is the develop-

ment of dual-function, nanostructured single-component materials in thermodynamic 

equilibrium. One approach is the use of a single polymeric material consisting of both 

donor and acceptor functions, known as donor-acceptor block copolymer, with the capa-

bility to self-assemble into the desired nanostructures. Microphase separation in block 

copolymers generates a rich variety of equilibrium morphologies with domain sizes on 

the nanoscale that are tunable both in size and shape simply by variation of the degree of 

polymerization, Flory-Huggins interaction parameter and volume fraction.
[52,53]

 Donor-

acceptor block copolymers as single material in OPV attract notable attention as the 

microphase separated morphology provides a large donor-acceptor interface with domain 

sizes in the range of the diffusion lengths of the excitons. This seems beneficial for the 

exciton dissociation and efficient charge generation. Further, block copolymer 

microdomains provide long-range percolation paths for charge carriers which is supposed 

to improve charge collection and reduce recombination losses. Theoretical studies on 

block copolymer systems comprising donor and acceptor blocks further predict an im-

proved device performance for vertically aligned nanostructures as depicted in  

Figure 1.2.
[54,55]

 It must be emphasized that the orientation of block copolymer nanostruc-

tures with respect to the substrate/electrode is a fundamental issue.
[56]

 While a vertical 

alignment of nanostructure (drawn in Figure 1.2) provides perfect charge percolation 

pathways, the horizontal alignment of lamellae completely blocks charge transport to the 

electrodes causing a severe solar cell device failure. Nevertheless, donor-acceptor block 

copolymers are attractive candidates for OPV application owing to their capability to 

form self-assembled and long-term stable nanostructures with favorable photophysical 

properties. Comprehensive reviews about donor-acceptor block copolymers for organic 

photovoltaics have been published by Darling et al.,
[57]

 Thelakkat et al.,
[58]

 Hiorns et 

al.,
[59]

 Horowitz et al.
[60]

 and Mori et al.
[61]

 in recent years.   

1.2 Self-assembly and morphology of block copolymers 

Block copolymers are macromolecules comprising two or more homopolymer chains 

that are covalently bound together at the chain ends. The most common class is the com-
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bination of two chemically different polymer blocks, known as diblock copolymers 

(Figure 1.3a). The bulk structure of these diblock copolymers is driven by the interaction 

between the two blocks, thermodynamically described by the product of the degree of 

polymerization N and the Flory-Huggins interaction parameter ɢ.
[62ï64]

 Hence, ɢN repre-

sents the segregation strength of the two chemically different chains. Weakly segregating 

block copolymers with ɢN < 10 favor an isotropic, disordered morphology since the ther-

modynamic driving force is not sufficient to overcome the entropic chain stretching ener-

gy required for demixing. A strong incompatibility between both blocks, typically for 

ɢN  > 10, will force the block copolymer to self-assemble into nanoscopic domains since 

a bulk (macro) phase separation is prevented by the covalent bond that keeps the polymer 

blocks together. This self-assembly process is referred to as microphase separation, which 

arises from the fact that the typical domains sizes are in the range of nanometers rather 

than micrometers (macrophase-separation).  

 

Figure 1.3. (a) Equilibrium morphologies of coil-coil block copolymers formed by 

microphase separation in the bulk as a function of the volume fraction of fA. (b) Phase 

diagram for conformationally symmetric diblock copolymer melts. The phases are labeled 

as L (lamellar), H (hexagonally packed cylinders), QIa3d (bicontinuous cubic/gyroid), 

QIm3m (body-centered cubic spheres), CPS (close-packed spheres) and DIS (disordered). 

Figures reproduced from Darling et al.
[66]

 and Bates et al.
[52]

 

The type of nanoscale morphology depends on the ratio of volume fractions (fA, fB) of 

the blocks A and B and the product ɢN (Figure 1.3b). Frequently observed diblock copol-

ymer morphologies are body-centered cubic spheres, hexagonally ordered cylinders, 

gyroid, and lamellae (Figure 1.3a). Block copolymers with more than two polymer blocks 

exhibit a variety of more complex morphologies.
[65]

 The size of the domains formed by 

microphase separation is dictated by the molecular weight of the respective polymer 
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block, thus, providing a useful tool to the polymer chemist to precisely adjust the domains 

size according to a specific demand. 

The process of microphase separation becomes more complicated considering conju-

gated polymer blocks. While the flexible chains ("coils") typically adopt an amorphous, 

"random-walk" conformation, the rigid and stiff conjugated polymers ("rod") exhibit ani-

sotropic forces from ˊ-ˊ interactions which often result in crystallization.
[67]

 Specifically 

block copolymers for optoelectronic applications usually incorporate a conjugated poly-

mer block as semiconductor.
[60,68,69]

 Whereas the self-assembly behavior of coil-coil 

block copolymers is well understood and mainly driven by the immiscibility between the 

polymer segments,
[52,70]

 conjugated rod-coil block copolymers indicate more complex 

phase diagrams which is attributed to additional driving forces influencing the structure 

formation.
[71]

 Apart from the segregation strength ɢN and the relative volume fractions of 

the blocks (f), the Maier-Saupe potential, describing the orientational ordering between 

liquid crystalline rod molecules, as competing driving force for the self-assembly of rod-

coil block copolymers is currently under debate.
[72]

 Further, the anisotropic rod-like na-

ture of conjugated polymers is associated to form more planar domains. In general, the 

crystallization of one (or more) blocks in a block copolymer can occur in different modes: 

1. In break-out crystallization the driving force for crystallization overwhelms the 

microphase separation and generates large crystalline microdomains that destroy the 

nanoscale order from phase-separation. 2. Confined crystallization occurs when the driv-

ing force for microphase separation is stronger than the crystallization. This leads to a 

crystallization confined to the microdomains which have been formed by microphase 

separation.
[67]

 3. In some cases crystallization of one polymer block can also initiate the 

formation of microdomains in a disordered block copolymer melt.
[73]

 Recent reports also 

demonstrate that double-crystalline block copolymers such as P3HT-b-poly(perylene 

acrylate) can adopt block copolymer nanostructures very similar to amorphous coil-coil 

systems.
[73]

 

1.3 Donor-acceptor block copolymers 

Donor-acceptor block copolymers are composed of two polymer blocks with different 

electronic functionalities: While the electron donor block with its low ionization potential 

acts as a hole transport material, the electron acceptor block has a high electron affinity 

and acts as an electron transport material. 
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Several concepts have been reported to realize this dual functionality in block copol-

ymers and the materials can be classified based on their structure: coil-coil block copoly-

mers, rod-coil block copolymers and rod-rod block copolymers (Figure 1.4). While in 

coil-coil block copolymers the donor and acceptor moieties are attached as pendant side 

groups to the non-conjugated, flexible main chain, rod-coil block copolymers contain one 

-́conjugated main chain and a side-chain functionalized coil block. The rod-rod block 

copolymers are composed of two different ˊ-conjugated main chains and are also known 

as all-conjugated block copolymers.  

 

Figure 1.4. Different types of donor-acceptor block copolymers classified as coil-coil, 

rod-coil and rod-rod (all-conjugated) block copolymer. 

Regarding the synthesis of such block copolymers, convenient routes for coil-coil sys-

tems are available from established preparative methods for classical block copolymers. 

Introducing a conjugated polymer block, however, requires appropriate strategies to com-

bine polymer blocks synthesized by different routes, e.g. polycondensation and anion-

ic/cationic/radical polymerization. An important milestone was the discovery of chain-

growth Kumada catalyst transfer polycondensation (KCTP) of P3HT which paved the 

way for a large variety of well-defined rod-coil diblock copolymers containing P3HT as 

conjugated donor block. The synthesis of all-conjugated block copolymers has been pro-

gressively reported in recent years. However, the synthesis of acceptor blocks using 

KCTP is still a challenging issue. Therefore, many of the all-conjugated donor-acceptor 

block copolymers comprise acceptor blocks that were obtained from uncontrolled con-

ventional polycondensation. The poor control over molecular weight, dispersity and end 

groups in conventional polycondensations of conjugated polymers is an unsolved issue 

and thus severely limits the availability of well-defined, all-conjugated donor-acceptor 

block copolymers. 
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Due to the large diversity of chemical structures and plenty of publications in this 

field, the overview focuses on some of the representative examples of donor-acceptor 

block copolymers. In the following they are categorized with respect to the type of accep-

tor used; that is a) non-fullerene acceptors such as perylene bisimides and conjugated 

polymers (Figure 1.5) or b) pendant fullerene polymers (Figure 1.8). While the non-

fullerene block copolymers are only briefly introduced, the fullerene-grafted polymers are 

discussed in detail covering synthesis, morphological aspects, charge transport and their 

application in OPV. 

1.3.1 Non-fullerene donor-acceptor block copolymers 

A general trend in material science for OPV is the development of suitable non-

fullerene acceptors as a cost-effective replacement for fullerenes and due to their finely 

tunable electronic properties, optical properties and better availability.
[74]

 Another im-

portant advantage of acceptors like perylene bismides (PBI) is a facile grafting via poly-

mer-analogous reactions
[75,76]

 or the possibility to synthesize vinyl or acrylate monomers 

which can be polymerized radically. In our research group, Lindner and Sommer et al. 

utilized this strategy to build up the first coil-coil type donor-acceptor block copolymers 

poly(bisphenyl-4-vinylphenylamine)-block-poly(perylene bisimide acrylate) P1, 

poly(bis(4-methoxyphenyl)-4ô-vinylphenylamine)-block-poly(perylene bisimide acrylate) 

P2 and poly(N,Nô-bis(4-methoxyphenyl)-N-phenyl-Nô-4-vinylphenyl-(1,1ô-biphenyl)-

4,4ô-diamine)-block-poly(perylene bisimide acrylate) P3.
[77,78]

 The functional 

triphenylamine- and PBI-based monomers were polymerized radically via nitroxide-

mediated radical polymerization (NMRP) in subsequent steps. Sommer and Lohwasser et 

al. developed a macroinitiator route to combine the conjugated donor polymer poly(3-

hexylthiophene) with a poly(perylene bisimide acrylate) block forming the rod-coil block 

copolymer P4 with outstanding control over molecular weight and narrow 

polydispersity.
[73,79]

 A controlled microphase separation leading to lamellar and cylindri-

cal structures were also demonstrated in these systems. 

Apart from the perylene bismides as acceptors, many electron-deficient conjugated 

polymers have been designed to replace fullerenes as acceptor materials in OPV. Their 

combination with donor polymers result in the class of all-conjugated block copolymers 

shown in Figure 1.5b. This topic has been reviewed by Scherf et al.,
[80]

 Hawker et al.
[81]

 

and very recently by Gomez et al.
[82]
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Figure 1.5. Overview on non-fullerene donor-acceptor block copolymers (a) carrying 

pendant functional moieties in a coil-coil P1-3
[78]

 or rod-coil architecture P4
[73]

 and (b) 

as all-conjugated block copolymer P5-9.
[83,84,86,87,90]

 

One of the first reports was by Scherf et al. showing a facile one-pot synthesis of con-

jugated D-A-D triblock copolymers based on P3HT as donor and various cyano-

substituted poly(phenylene vinylene) acceptor blocks P5.
[83]

 Herein, the acceptor middle 

block was prepared by Yamamoto coupling of dibromo-functionalized monomers with a 

subsequent end-capping of the polycondensation using bromine-monoterminated P3HT. 

A similar D-A-D triblock structure was achieved by Collard et al. with poly(quinoline) as 
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acceptor and P3HT as donor in P6 using a combination of preformed P3HT and Yama-

moto polycondensation for the acceptor block.
[84]

 Another example for this D-A-D 

triblock copolymer architecture incorporating a conjugated poly(naphthalene bisimide 

thiophene) as acceptor and P3HT P9 was presented by Nakabayashi et al.
[85]

 and Wang et 

al.
[86]

 A prominent all-conjugated block copolymer is poly(3-hexylthiophene)-b-poly-

((9,9-dioctylfluorene)-2,7-diyl-alt-[4,7-bis(thiophen-5-yl)-2,1,3-benzothiadiazole]-2ǋ,2ǌ-

diyl) (P3HT-b-PFTBT) P7 which has been synthesized by several groups including 

Verduzco et al., Sommer et al. and Scherf et al.
[87ï89]

 

Another conjugated acceptor block was introduced by Hawker et al. using a 

poly(diketopyrrolopyrrol-terthiophene) as acceptor in conjunction with P3HT P8.
[90]

 De-

spite the large variety of chemical structures accessible in all-conjugated block copoly-

mers the synthetic challenges remain a difficult issue. Usually the combination of Gri-

gnard metathesis polymerization (GRIM) and step-growth polycondensations like Suzuki-

Miyaura, Stille or Yamamoto coupling result in relatively low molecular weight block 

copolymers with broad distribution and often generate a mixture of homopolymers, 

diblock and triblock copolymers which require tedious purification procedures for separa-

tion.
[87,88]

 The limitations regarding the control over molecular weight, dispersity and pu-

rity of the polymers are unfavorable to obtain sufficiently well-defined diblock copoly-

mers which exhibit the desired block copolymer morphologies with nanoscale do-

nor/acceptor domain sizes. 

1.3.2 Fullerene-grafted donor-acceptor block copolymers 

The integration of fullerenes into (block) copolymers attracts notable attention since 

C60 and its derivatives are the state-of-the-art acceptor material in polymer solar cells 

(Figure 1.8). The unique electron-accepting and transporting capability
[15]

 of fullerenes is 

employed to create novel polymeric acceptors by covalent attachment of fullerene moie-

ties to polymer chains. While the electronic properties of such side chain polymers can be 

tuned by the type of attached fullerene derivative, the thermal and mechanical properties 

are determined by the nature of the polymer backbone. Generally, different routes for the 

preparation of pendant fullerene polymers have been reported: Either the polymerization 

of fullerene-derivatized monomers such as ring-opening metathesis polymerization 

(ROMP) of norbornenes
[91ï95]

 and copper(I)-catalyzed azide-alkyne click polymerization 

of fullerene bisalkynes
[96]

 or the polymer-analogous modification of polymers with 
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fullerenes. These polymer-analogous synthesis routes rely on functional polymers, which 

are decorated with fullerene derivatives in a further step. Among the manifold reactions 

applicable to fullerene molecules,
[97]

 only a few types of reactions have been utilized to 

attach C60 covalently to functional polymers including the addition of amines,
[98]

 atom 

transfer radical addition (ATRA),
[99]

 [3+2]-cycloaddition with azides,
[100,101]

 [3+2]-

cycloaddition with tosylhydrazones,
[48]

  Bingel reaction,
[102]

 Friedel-Crafts type 

reactions,
[103]

  and nucleophilic addition of lithiated compounds
[104]

 (Figure 1.6). Since all 

these methods are based on the reaction with double bonds, C60 acts as an inherently mul-

tifunctional reactant. In particular for high fullerene loads, this fact leads to multiple addi-

tions, polymer cross-linking and in consequence to diminished solubility or even insolu-

ble products. Monofunctionalized fullerene derivatives have been designed to circumvent 

the issue of multiaddition and cross-linking and were grafted to the polymers by 

(Steglich) esterification procedures,
[105ï107]

 copper(I) catalyzed azide-alkyne cycloaddi-

tion
[108ï110]

 or Williamson etherification
[51]

  (Figure 1.7).  

 

Figure 1.6. Reactions for polymer-analogous attachment of C60 fullerenes to functional 

polymers.
[48,98ï104]

The inherent multifunctional character of C60 can lead to multiple addi-

tions and cross-linking as side reaction. 
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Figure 1.7. Reactions for polymer-analogous attachment of C60 derivatives to functional 

polymers.
[51,105,108]

 The monofunctional character of the C60 derivatives facilitates excel-

lent control of the grafting reaction without generating multiadducts or cross-linking. 

A general issue in fullerene-grafted polymers is the choice of suitable diluting mono-

mers since a fully functionalized fullerene polymer is insoluble. Substituted acrylates, 

styrenes and norbornenes have been used as comonomers to keep the resulting fullerene 

copolymers soluble allowing roughly 60 wt% of attached C60 at the polymer backbone. 

This implies that the acceptor block is to be diluted in almost all cases. 

Indeed, the fullerene-grafted polymers adopt the electron transporting capability of the 

fullerene molecules showing a correlation of increasing electron mobility with increasing 

C60 content in the polymer.
[111]

 Detailed studies on pendant C60 polystyrenes have been 

presented by Alberola and Flandin et al. to clarify the interplay between charge transport, 

percolation threshold and aggregation in these systems.
[112,113]

 For a C60 content of 23-60 

wt%, a rather low electron mobility of  10
ī9

 to  10
ī7

 cm
2
 V

-1 
s

-1
 was determined by the 

space charge limited current (SCLC) method. Further, these fullerene polymers exhibit a 

C60 aggregation starting at a threshold of only 12-13 vol% of incorporated C60. Confined 

organization of fullerene moieties along the polymer chain resulting in improved electron 

mobility has been found by Bao et al. for pendant C60 polynorbornenes in organic field 

effect transistors (OFET).
[94]

 The application of pendant fullerene polymers as plausible 
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acceptor material in polymer solar cells was successfully demonstrated by Do et al in a 

polymer-polymer blend with P3HT yielding a power conversion efficiency of 1.5%.
[93]

 

The variety of rod-coil block copolymers incorporating fullerenes is large since the 

conjugated polymer block, in most cases P3HT, can be combined with well-established 

polymerization methods such as reversible addition-fragmentation chain transfer (RAFT), 

nitroxide mediated radical polymerization (NMRP) or atom transfer radical polymeriza-

tion (ATRP, Figure 1.8). These methods are applicable to a broad range of monomers 

with manifold options for polymer-analogous modification. The very first reports on full-

erene-grafted block copolymers such as P10 carrying a poly(p-phenylene vinylene) (PPV) 

conjugated block and a fullerene pendant block are related to the work of Hadziioannou et 

al. in 2000.
[99,101,114,115]

 A parallel development by Wudl et al. and Fréchet et al. was the 

polymerization of fullerene-derivatized norbornene monomers using ROMP which allows 

the synthesis of copolymers
[91,92]

 and block copolymers.
[95]

 As shown for P12, the donor 

polymer P3HT was introduced as side chains in the first block and a Bingel-type C60 

monomer in the acceptor block.
[45]

  

Recent advances in the synthesis of p-conjugated polymers, e.g. Kumada catalyst 

transfer polymerization (KCTP),
[118ï120]

 considerably enhanced the ability to prepare con-

jugated polymers by chain-growth type polycondensations with high end group fidelity, 

specifically for P3HT.
[121]

 This has opened new perspectives for the development of rod-

coil block copolymers comprising fullerene-grafted acceptor blocks. A variety of C60-

decorated block copolymers such as P11 has been reported.
[47,48,51,122]

 Holdcroft et al. 

synthesized graft-type polymers P13 with a P3HT main chain and poly(styrene) side 

chains carrying C60 or PCBM moieties.
[117,123,124]

 Recent developments in the field of do-

nor-acceptor block copolymers are focussing on more controlled fullerene grafting meth-

ods as shown in polymer P14 by Jo et al.
[105]

 using a Steglich esterification procedure or 

in P15 by Hashimoto et al. using click chemistry.
[108,110]

 

An important question to be addressed is the structure formation of the synthesized 

donor-acceptor block copolymers. Unlike classical coil-coil block copolymers, the afore-

mentioned donor-acceptor block copolymers typically have at least one crystallizable 

block that can affect the block copolymer self-assembly. Generally, the crystallization in 

rod-coil block copolymers depends on the block copolymer composition and the interplay 

between crystallization temperature, glass transition of the amorphous block and the or-

der-disorder transition.
[67]

 Owing to this complexity and the difficulty to prepare these 
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type of block copolymers with sufficiently narrow dispersity, the observation of highly 

ordered microphase separation is rather rare. Reports for donor-acceptor block copoly-

mers show either complete loss of the nanoscale structure  as observed for P10
[116]

 or only 

weak evidence for a segregated donor-acceptor nanostructure based on atomic force mi-

croscopy, electron microscopy or X-ray scattering experiments.
[105,110,117,125ï127]

  

 

 

Figure 1.8. Overview on pendant fullerene donor-acceptor block (graft) copolymers 

P10-15.
[45,48,105,108,116,117]
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However, Lohwasser et al. have recently reported microphase separation similar to 

classical coil-coil block copolymers in a double-crystalline P3HT-b-poly(perylene 

bismide) donor-acceptor block copolymer with  lamellar or cylindrical morphology in the 

range of tens of nanometers.
[73]

 The microstructure in all-conjugated block copolymers 

observed by Verduzco et al. is heavily dependent on the annealing conditions, thermal or 

in solvent-vapour, intermolecular ˊ-ˊ stacking and liquid-crystalline interactions and can 

reach a certain degree of long-range order.
[87,126,127]

 

The aforementioned block copolymers have been widely employed as compatibilizers 

for donor:acceptor blends which was recently reviewed by Chen et al.
[128]

 In general, the 

block copolymer additives stabilize the optimized blend morphology and retard or even 

suppress a macrophase separation of the blend upon annealing or device operation.
[51]

 In 

some cases, the addition of block copolymer compatibilizers to bulk heterojunction solar 

cells increased the operational stability.
[45,49,129ï131]

  

The application of donor-acceptor block copolymers in solar cells is of course the cen-

tral target and has been elucidated since many years. After the first rather poor attempts 

with power conversion efficiencies far below 1%,
[77,78,132]

 the materials as well as under-

standing for appropriate postproduction treatments have notably improved the perfor-

mance in recent years. Hashimoto et al. could demonstrate in a valuable comparison of 

the donor-acceptor block copolymer P15 with its random copolymer analogue the im-

portance of phase-separated donor/acceptor domains leading to a superior device perfor-

mance up to 2.46%.
[110]

 Further, such a block copolymer nanostructure exhibits excellent 

long-term operation characteristics with only negligible performance loss compared to a 

blend system even after 80 hours of thermal annealing.
[108]

 Verduzco et al. reported for 

the all-conjugated block copolymer P7 a power conversion efficiency of ~3% which is so 

far the record efficiency in the field of donor-acceptor block copolymers.
[126]

 The good 

device performance was assigned to the self-assembly of the block copolymer into a la-

mellar microstructure of 18 nm in a vertical orientation to the substrate, thus, providing a 

domain size in the range of the exciton diffusion length and charge transport paths to the 

respective electrodes. 

Despite a few encouraging results the research on donor-acceptor block copolymers 

containing fullerene moieties often lacks an in-depth analysis of structure formation, 

charge transport and device application studies. The individual design of the functional 

polymer blocks, the composition of the blocks, crystallization and glass transition aspects 
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can be controlled in many cases by polymer synthesis. Understanding the basic principles 

between polymer design and structure as well as the consequences on charge transport 

and device operation is of fundamental importance to achieve progress in this field. Espe-

cially, the advantages of a vertical alignment of nanostructures is still to be elucidated. 

1.4 Controlled synthesis methods for functional polymers 

1.4.1 Kumada catalyst transfer polycondensation (KCTP) 

The Kumada catalyst-transfer polycondensation (KCTP) is a rapidly developing 

method with great potential for the synthesis of conjugated polymers and block copoly-

mers. The scope of monomers was steadily growing in recent years covering now 

thiophene-, fluorene-, phenylene- and pyrrole-based conjugated polymers.
[133]

 Further, 

low bandgap systems, all-conjugated block copolymers, gradient polymers and brush pol-

ymer prepared by KCTP have been reported. The discovery of the chain-growth mecha-

nism by Yokozawa and McCollough demonstrated the unique character of Nickel-

catalyzed KCTP among other transition-metal catalyzed polycondensations.
[118,119,134]

 The 

preparation of poly(3-hexylthiophene) (P3HT) is the most prominent application for 

KCTP since it allows excellent control over regioregularity, molecular weight, narrow 

polydispersity and well-defined chain ends.
[120,135]

 

For KCTP the active Grignard monomer is formed in situ from the dihalide monomer 

1 via a Grignard metathesis reaction leading to the regioisomers 2a and 2b (Figure 1.9). 

The desired active Grignard monomer 2b is formed in large excess of roughly 75% due to 

the steric hindrance by the 3-hexyl chain. After addition of the Nickel catalyst, e.g. 

dichloro(1,3-bis(diphenylphosphino)propane)nickel (Ni(dppp)Cl2), two subsequent 

transmetallation steps generate the bithiophene-Ni complex 3 which instantaneously 

forms the initiating species 4 via an intramolecular Ni transfer. The chain growth pro-

ceeds in a sequence of transmetallation 5, reductive elimination 6 and oxidative addition 7 

steps. Most importantly, the Ni catalyst should not be released from the polymer chain 

end during the chain growth. Otherwise, the controlled growth is lost and the polymeriza-

tion follows a step-growth polycondensation. It is worth to note that KCTP follows not 

only a chain-growth mechanism but even exhibits the characteristics of a living polymeri-

zation process because one equivalent of Ni catalyst initiates one polymer chain. This 
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highly controlled preparation method for P3HT paves the way for the design of new ma-

terials for optoelectronic applications with superior material properties.
[136,137]

 

 

Figure 1.9. Grignard metathesis reaction for the formation of the active Grignard mono-

mer and proposed mechanism of the Kumada catalyst-transfer polycondensation (KCTP). 

Adapted from McCullough et al.
[118]

 

1.4.2 Reversible addition-fragmentation chain transfer (RAFT) polymerization 

RAFT polymerization has emerged as a versatile tool for controlled/living radical 

polymerization, providing excellent control over molecular weight and narrow distribu-

tion.
[138ï140]

 In particular, the use of thiocarbonylthio compounds as chain transfer agents 

(CTA), first reported in 1998 by Thang et al.,
[141]

 notably extended the potential applica-

tions for RAFT. It is compatible with the most monomer types such as (meth)acrylates, 

(meth)acrylamides, acrylonitrile, styrenes, dienes and vinyl monomers in a wide range of 

reaction conditions. Another striking advantage is the tolerance of unprotected functional-

ities in the monomer and the solvent (e.g. OH, NR2, COOH, CONR2, SO3H). The living 

character of the RAFT polymerization enables also the precise introduction of functional 

end groups. Therefore, RAFT polymerization evolved into a powerful synthesis method 

to generate complex macromolecular architectures like block, graft, comb and star poly-

mers.
[142]
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Basically, the control over chain growth in the RAFT process is gained by a reversible 

termination of the propagating radical. Chain transfer agents (CTA) such as dithioesters, 

trithiocarbonates, dithiocarbamates and dithiocarbonates (xanthates) act as transfer rea-

gents by a two-step addition-fragmentation mechanism. They all posses a C=S double 

bond that is reactive towards radical addition and a substituent Z that determines the reac-

tivity towards propagating radicals. The Z group is responsible for addition and fragmen-

tations rates of the CTA. The R group is a homolytic leaving group with a corresponding 

radical RÅ which must be capable of efficiently re-initiating the polymerization. The gen-

erally accepted mechanism of RAFT polymerization is shown in Figure 1.9 and includes 

several steps of (re)initiation and addition-fragmentation equilibria.
[141]

  

First, conventional radical initiators are used to create the primary radicals IÅ which 

form the polymer radicals PnÅ after consumption of n monomers. Addition of this propa-

gating radical PnÅ to the CTA gives a polymeric RAFT agent that releases a new radical 

RÅ after the homolytic dissociation of the weak S-R bond. The subsequent re-initiation by 

RÅ forms a new propagating radical PmÅ. The rapid equilibria between the active propa-

gating radicals PnÅ and PmÅ and their corresponding dormant species guarantee equal 

probability for all chains to grow. This is crucial for narrow molecular weight distribu-

tions. When the polymerization is stopped or complete, each polymer chain will carry a 

thiocarbonylthio end group. On the one hand, the CTA end-capped polymers can then be 

re-initiated to form more complex macromolecules and end functional polymers. On the 

other hand, the presence of the thiocarbonylthio group can be detrimental e.g. for elec-

tronic applications due its colour and limited stability, hence, several procedures to re-

move the CTA after polymerization have been reported.
[143,144]

 Similar to other controlled 

radical polymerization techniques the RAFT process faces limitations by irreversible bi-

molecular recombination, specifically for high monomer conversion, high initiator con-

centration and high molecular weights (>100 kg mol
-1
). 
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Figure 1.10. Mechanism of RAFT polymerization. The chain transfer agent (CTA) is 

commonly a dithioester carrying a leaving group R and a stabilizing group Z. Adapted 

from Moad et al.
[140]

 

1.4.3 Nitroxide mediated radical polymerization (NMRP) 

NMRP is another controlled radical polymerization method with the ability to produce 

well-defined polymers in a facile, thermally controlled process. The identification of 

alkoxyamines which are able to act as unimolecular agents was an important milestone 

for the development of NMRP. Alkoxyamines provide both the reactive initiating radical 

and the persistent nitroxide radical (Figure 1.11a).
[145]

 In 1999, Hawker et al. reported a 

universal NMRP alkoxyamine initiator which permits the polymerization of a wide range 

of monomers including acrylates, acrylamides, acrylonitrile-based monomers, styrenes 

and vinyl monomers.
[146]

 The living character of NMRP, the tolerance against various 

functional groups and control over end groups allow the synthesis of complex macromo-
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lecular architectures such as block, cyclic, star, graft, comb and hyperbranched 

polymers.
[147]

 

The mechanism of NMRP is based on a reversible termination between the growing 

propagating (macro)radical and the nitroxide. The nitroxide radical is a persistent radical 

which does not self-terminate. The predominant species after initiation is the dormant 

(macro)alkoxyamine which is in equilibrium with the propagating radical and the 

nitroxide by a simple homolytic cleavage (Figure 1.11b). The activation-deactivation 

equilibrium is established only upon heating of the system which is necessary to break up 

the alkoxyamine bond. Hence, the polymerization kinetics is governed by the equilibrium 

constant (K = kd/ka) and the persistent radical effect of the nitroxide.
[148]

 

 

 

Figure 1.11. Mechanism of nitroxide mediated radical polymerization. (a) Formation of 

radicals by thermal decomposition of an alkoxyamine into a reactive and a persistent 

radical. (b) Activation-deactivation equilibrium: The reactive radical initiates the 

polymerization and starts chain growth while the persistent radical mediates the reaction 

by deactivation of the propagating radical into a dormant species. 

1.4.4 Copper-catalyzed azide-alkyne cycloaddition (CuAAC) 

Copper-catalyzed azide-alkyne cycloaddition (CuAAC), initially developed by 

Sharpless et al.,
[149,150]

 has evolved into a powerful tool in polymer and materials chemis-

try. 
[151,152]

  The copper(I)-catalyzed Huisgen 1,3-dipolar cycloaddition reaction between 

azides and terminal alkynes exhibits outstanding advantages like high reaction rates, ex-

cellent regioselectivity, near-quantitative yield and a remarkable tolerance towards vari-

ous solvents (including water) and functional groups. These properties are in particular 
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interesting for the synthesis of novel polymer materials since conventional polymer-

analogous reactions are often confronted with insufficient reaction yields.  

The proposed reaction mechanism of the CuAAC is depicted in Figure 1.12. The ini-

tial steps of the catalytic cycle include the formation of a copper(I) acetylide between the 

[CuLx] complex and the terminal alkyne and the subsequent coordination of the organic 

azide to the copper(I) acetylide. The C-N bond is formed based on the nucleophilic vinyl-

idene-like ɓ-carbon of the copper(I) acetylide and the electrophilic terminal nitrogen of 

the coordinated azide resulting in a 5-triazoyl copper intermediate. After regioselective 

formation of the 1,4-disubstituted 1,2,3-trizole the copper(I) catalyst is recovered to start 

a new reaction cycle.  

 

 

Figure 1.12. Proposed mechanism for the copper(I)-catalyzed azide-alkyne cycloaddition 

generating the 1,4-disubstituted regioisomer of 1,2,3-triazole at room temperature in ex-

cellent yields. Adapted from Fokin et al.
[153]
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1.5 Charge transport in organic semiconductors 

One of the key parameters driving the performance of optoelectronic devices such as 

organic light-emitting diodes (OLED), organic photovoltaics (OPV) or organic field-

effect transistors (OFET) is the charge carrier mobility. When charge carriers, electrons or 

holes, are generated in a semiconductor by exciton dissociation or by injection from an 

electrode, they will move under the influence of an electrical field F. The charge carrier 

mobility µ indicates how fast the charge carrier can travel through the semiconductor. 

The mobility µ is defined as the effective drift velocity n of charge carriers per unit elec-

tric field E:
[154]

 

 ‘ ’Ὂ  (1) 

Further, the electrical current j in a device is described in a simplified way by 

Ὦ Ὡὲ’Ὡὲ‘Ὂ, with n the number of charge carriers and e the elementary charge. Tak-

ing Ohm's law into account, Ὦ „Ὂ, the conductivity „ of a semiconductor is expressed 

by following equation:
[154]

 

 „ Ὡὲ‘ (2) 

In general, organic semiconductors exhibit relatively low charge carrier mobilities 

compared to single-crystalline inorganic semiconductors such as silicon or gallium-

arsenide. The reason for this low mobility is associated to the disordered nature of organic 

materials (glasses or polymers), the amount and nature of charge traps, the energetic and 

structural disorder due to their inhomogeneity what makes charge transport different from 

the band-like transport in inorganic materials. The prevailing charge transport model at-

tributed to disordered organic semiconductors like polymers is the disorder-controlled 

transport or hopping transport.
[154]

 Here, the charge transport is no longer described by 

band motion but by localized charge carriers at individual sites which can proceed by a 

sequence of non-coherent transfer events (hopping). In other words, charges in organic 

semiconductors can move from one molecule to another by a series of thermally activated 

electron transfers. The corresponding charge carrier mobility µ depends on temperature T 

and the electrical field F, which is expressed by the Pool-Frenkel equation,
[155]

 

 ‘ὊȟὝ ‘πȟὝ ÅØÐ ‎ὝЍὊ  (3) 

with the zero-field mobility ‘πȟὝ and the material parameter ɾὝ describing the 

field-dependence of the mobility. 



30  Introduction 

 

1.5.1 Space-charge limited current (SCLC) method 

To determine the charge carrier mobility of a semiconductor in bulk space-charge lim-

ited current (SCLC) measurement is a feasible method. The device setup is a simple diode 

where the semiconductor material to be probed is placed between two electrodes (Figure 

1.13a). The choice of electrodes is important: First, the electrode from which charges are 

injected must form an Ohmic contact with the semiconductor allowing a space-charge 

limited current instead of an injection-limited current. Second, the work function of the 

electrodes must adopt the type of charge carrier transport either through the HOMO level 

of a hole conductor or the LUMO level of an electron conductor. This is experimentally 

realized by different device configurations, e.g. 

glass/ITO/PEDOT:PSS/semiconductor/Au for hole-only devices or 

glass/ITO/ZnO/semiconductor/Ca/Al for electron-only devices.  

 

Figure 1.13. (a) Simplified SCLC device configuration and (b) schematic J-V character-

istics of an SCLC device in log-log plot showing the different voltage-dependent operat-

ing regimes. Figure (b) redrawn from Ostroverkhova et al.
[156]

 

The current-voltage J-V characteristics are measured in dark and follow in the SCLC 

regime the Mott-Gurney law,
[157]

 

 
ὐ
ω

ψ
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with  the dielectric constant e (~3 for organic semiconductors), the permittivity of free 

space ‐ , the charge carrier mobility ‘, the effective voltage V and the active layer thick-

ness L. It is important to verify the space-charge limited character of the measured current 

J, which has to obey the inverse cubic thickness dependence ὐθ ὒ  and the quadratic 

voltage dependence ὐθ ὠ . SCLC devices can be operated in different regimes, i.e. 
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Ohmic regime, SCLC regime and trap-free SCLC regime (Figure 1.13b), thus a careful 

data analysis is indispensable. 

Quite frequently organic semiconductors exhibit a field-dependent mobility, described 

by the Pool-Frenkel equation (5). For this case, the J-V characteristics of a SCLC device 

is better described by the empirical Murgatroyd equation,
[158]
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with the zero field charge carrier mobility ‘ and the parameter g that represents the 

field-dependence of the mobility. The effective voltage V is obtained by correction of the 

applied voltage ὠ  with the built-in voltage ὠ , originating from the differences in 

work function of the two electrodes, and the voltage drop ὠ from the internal resistance 

Ὑ, i.e. ὠ ὠ ὠ ὍὙ. The contact resistance Rs is usually determined from a 

reference device without semiconductor layer.  

1.5.2 Organic field-effect transistor (OFET) 

In contrast to the bulk mobility which can be determined with SCLC, the organic 

field-effect transistor (OFET) delivers a charge carrier mobility µFET that is measured in a 

very thin sheet of a few nanometers at the semiconductor-dielectric interface. Thus, the 

extracted mobility is strongly dependent on the morphology at the interface (e.g. face-on 

or edge-on orientation of conjugated semiconductors), the properties of the dielectric ma-

terial and the configuration of the OFET itself.
[154,159]

 

The general device geometry for an OFET in bottom-contact, bottom-gate configura-

tion is depicted in Figure 1.14a. A thin semiconductor layer is deposited in-between to 

coplanar electrodes, source and drain, and separated from the gate electrode by an insulat-

ing dielectric layer. For instance, a highly n-doped silicon substrate is used as substrate 

and gate electrode with a silicon oxide layer of about 200 nm as dielectric. Typically, the 

silanol groups of the SiO2 layer are passivated by a silanization treatment with alkyl 

trichlorosilanes to avoid charge trapping at the surface. Gold electrodes are deposited on 

the gate insulating layer, the gap between the source and drain electrodes is the channel 

length L (up to 100 µm), the contact zone between both electrodes is the channel width W 

(~ 1 mm).  
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Figure 1.14. (a) Schematic illustration of an organic field-effect transistor (OFET) in 

bottom-contact, bottom-gate configuration. S denotes source electrode, D drain elec-

trode, G gate electrode, W channel width and L the channel length. (b) Representative 

current-voltage characteristics of a p-type OFET showing the output characteristics with 

linear and saturation regime. (c) Corresponding transfer characteristics in the saturation 

regime (black) and square-root drain current Id
1/2

 (red) with a linear fit (dashed). 

The operation principle of an OFET is simply by measuring the source-drain current Id 

as a function of the gate voltage Vg which is applied perpendicularly to the source-drain 

voltage Vd. The gate voltage generates an unipolar capacitor charge at the semiconductor-

dielectric interface that moves along the interface due to the applied source-drain voltage 

Vd. However, the presence of charge traps in the semiconductor cause a threshold voltage 

Vth for the gate which must be exceeded to generate an accumulation layer of mobile 

charges. The transistor obeys Ohm's law as long as  ὠḺὠ ὠ  leading to a linearly 

increasing drain current Id with the source-drain voltage Vd, the so-called linear regime 

(Figure 1.14b). When Vd is equal to ὠ ὠ  the concentration of mobile charges at the 

drain electrode becomes zero, this point is known as pinch-off point. Further increase of 

Vd, i.e. ὠ ὠ ὠ , results in a saturation of the drain current Id since the pinch-off 

point gradually moves towards the source electrode. This operation mode is referred to as 

saturation regime. The current-voltage characteristics of an OFET can be described for 

the different operation regimes. An important assumption is that the electrical field per-
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pendicular to the transistor plane (gate field) is much larger than the source-drain field 

(gradual channel approximation). This condition is experimentally realized with a channel 

length L that is at least 10 fold larger than the thickness of the dielectric layer. The drain 

current Id can be described by following equation:  

 
ὍὨ

ὡ

ὒ
‘ὅὭ ὠὫ ὠὸὬὠὨ

ρ

ς
ὠὨ
ς (6) 

Ci is the capacitance of the dielectric. In the saturation regime, where Vd must be re-

placed by the potential of the pinch-off point ὠ ὠ , the saturation drain current Id is 
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In the saturation regime, the square root of the saturation current is directly propor-

tional to the gate voltage. Hence, the charge carrier mobility can be extracted from the 

transfer characteristics by plotting the square-root drain current Id
1/2

 versus gate voltage 

Vg (Figure 1.14c). By determination of the slope of the linear fit the OFET saturation mo-

bility µsat can be calculated using following expression: 
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1.6 Structural elucidation using X-ray scattering techniques 

X-ray scattering is a technique for studying the structural features of materials based 

on the interaction of electromagnetic radiation with condensed matter. The elastic scatter-

ing is following a reciprocity law which causes an inverse relationship between the struc-

ture size and the scattering angle. While colloidal or nanoscale dimensions are huge com-

pared to the X-ray wavelength (e.g. CuKŬ = 0.154 nm), the corresponding angular range 

of the observed scattering pattern is very small and therefore known as small-angle X-ray 

scattering (SAXS). Vice versa, periodic structures on the atomic or intermolecular scale 

generate a scattering pattern in the wide-angle range, known as wide-angle X-ray scatter-

ing (WAXS). Unlike transmission/scanning  electron microscopy (TEM/SEM) or atomic 

force microscopy (AFM), which provide a rather localized structural information, the X-

ray scattering techniques deliver a statistically averaged information of the morphology in 

bulk. SAXS is in particular helpful to investigate the structure of block copolymers in 

solid state or in solution. The morphologies of block copolymers, typically induced by 

microphase separation and/or crystallization, usually show dimensions in the range of 1-
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100 nm. SAXS analysis provides a detailed insight into the type of periodic microdomain 

structure with long-range order, the size of microdomains and the kinetics of structure 

formation and phase transitions. Further, colloidal-sized supramolecular structures of 

block copolymers can be studied to understand the self-assembly in solution.
[160]

 Going 

down the length scale towards (sub-) nanometer structures requires the application of 

WAXS experiments. Specifically for polymers, the WAXS technique reveals information 

on the crystalline arrangement of chain segments, i.e. lattice type and lattice constants, the 

degree of crystallinity and an estimation of the crystal sizes.
[161]

 In-between both angular 

regions, SAXS and WAXS, distinct scattering patterns of liquid-crystalline materials or 

rigid-rod polymers can be found. Hence, the combination of X-ray scattering methods 

covering  different angular regions allow a systematic investigation of the structure over a 

broad range of length scales from nanostructures down to the intermolecular or atomic 

level (Figure 1.15).
[162]

 

 

Figure 1.15. Length scales accessible by X-ray scattering experiments in different angu-

lar regions. Small angle X-ray-scattering (SAXS) for periodic structures on the nanoscale 

and wide-angle X-ray scattering (WAXS) to unravel crystalline features of semiconduct-

ing polymers. 

Grazing incidence small-angle X-ray scattering (GISAXS) and wide-angle X-ray scat-

tering (GIWAXS) are advanced scattering techniques based on synchrotron radiation for 

the analysis of thin film structures.
[163,164]

 In contrast to surface-sensitive methods such as 

AFM or SEM, GISAXS/GIWAXS provide an insight into the inner morphology of thin 

films which is particularly interesting for the characterization of active layer materials for 

OPV.
[165]

 Owing to the large surface area probed by GISAXS/GIWAXS, the results have 

much larger statistical significance compared to AFM. An additional information ad-
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dressable by grazing-incidence scattering is the orientation of structures relative to the 

substrate or film-air interface, e.g. the orientation of nanoscale microdomains in block 

copolymers films by GISAXS or crystalline regions by GIWAXS. Both methods have 

emerged as indispensable tools to develop a general understanding of material properties 

like charge transport or the performance of OPV devices and the orientation of structures 

in thin films.
[166ï168]
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Objective 

The aim of this thesis was the synthesis of new fullerene-based electron transport pol-

ymers and their integration into well-defined donor-acceptor block copolymers. Unravel-

ing the complexity of interdependencies between polymer design, structure formation and 

physical properties such as charge transport was a key objective in this work. 

A fundamental requirement was to develop controlled synthesis methods to prepare 

polymers with high loads of fullerenes, both C60 and C70, while maintaining their solubili-

ty and processability. Moreover, suitable well-defined polymerization methods such as 

KCTP, RAFT, NMRP and click chemistry for block copolymer formation should be in-

vestigated in order to create finely tailored donor-acceptor block copolymers with desired 

molecular weights, donor-acceptor composition, copolymer ratio and grafting density. 

Incorporating the highly crystalline fullerenes into an amorphous polymer environ-

ment raises a couple of intriguing questions regarding the aggregation of fullerenes, the 

morphology of the polymers, their glass transition temperature and the consequences on 

charge transport. These fundamental properties strongly depend on the individual design 

of the fullerene-grafted polymers and therefore demand for a systematic investigation. 

Donor-acceptor block copolymers comprising a fullerene polymer and a conjugated 

polymer block such as P3HT are attractive materials due to their dual functionality and 

self-assembly properties for optoelectronic devices. Understanding the basic design prin-

ciples and the corresponding influence on structure formation is of fundamental im-

portance. This thesis should address in particular the effects of polymer design on 

nanoscale structures and microphase separation, film and bulk morphology and the influ-

ence of the processing method. 

The charge transport properties of these block copolymers cannot be viewed singular-

ly from design and structural features. This fact is reflected by the close interdependency 

between crystallization of the conjugated block and the dynamics of the block copolymer 

which is mostly governed by the high glass transition temperature of the fullerene poly-

mers. Thus, an important target is to assess different approaches to tune the charge carrier 

mobility in the block copolymer in a way that hole and electron transport is balanced. 

Donor-acceptor block copolymers represent a complex class of semiconducting mate-

rials and it is inevitable to resolve the fundamental structure-property relationships for 

future application in optoelectronic devices. 
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2 Overview of the thesis 

This thesis focuses on the controlled synthesis and understanding of structure-property 

relationships in polymers carrying pendant fullerenes. The basic principle relies on the 

functionalization of a polymer backbone with fullerene molecules (PCBM) which possess 

electron accepting and electron transporting properties (Figure 2.1). The resulting accep-

tor polymer PPCBM represents a new semiconductor material based on fullerenes and 

opens new perspectives in materials chemistry. Further, the combination with a second 

polymer block with electron donating properties (donor) such as P3HT results in block 

copolymers, which are potentially attractive as an active layer material in organic photo-

voltaic devices. 

 

Figure 2.1. Overview of the thesis including the main topics i) synthesis and polymer de-

sign, ii) structure formation and iii) charge transport studies (chapters are given in 

brackets). 

The donor-acceptor block copolymers P3HT-b-PPCBM are designed to self-assemble 

into temporally and thermodynamically stable, nanoscale equilibrium structures which are 

promising for improved charge generation and and fast charge transport through the bi-

continuous network of acceptor and donor domains. However, the complex cascade of 

photophysical and electronic processes during device operation places high demands on 

functionality of the active layer material. Specifically, a single material such as a donor-

acceptor block copolymer has to comply with efficient light harvesting, a suitable nano-

morphology enabling charge separation and high charge carrier mobility for both elec-

trons and holes. In view of the complexity of material properties required for the applica-
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tion in electronic devices, the thesis focuses on a fundamental understanding of structure-

property relationships between polymer design, the consequences on structure formation 

and charge transport (Figure 2.1). 

The first part of the thesis covers the synthesis and design of fullerene-grafted poly-

mers: It is of fundamental importance to develop a preparative method for the controlled 

functionalization of polymers with fullerenes which avoids cross-linking and multi-

addition of fullerenes. Additionally, polymers with high fullerene contents are targeted 

while maintaining the solubility of the synthesized materials. For this, a synthesis route 

based on well-defined statistical precursor copolymers poly(4-methoxystyrene-stat-4-

hydroxystyrene) obtained by controlled radical polymerization (CRP) methods has been 

developed. Either reversible addition-fragmentation chain transfer (RAFT) polymeriza-

tion or nitroxide-mediated radical polymerization (NMRP) were used to synthesize the 

statistical polystyrene copolymer with a tailored monomer ratio, molecular weight and a 

suitable end group for block copolymer preparation. Decoration with phenyl-C61-butyric 

acid (PC61BA) is performed in an efficient polymer-analogous esterification to yield 

highly soluble, fullerene-grafted copolymers (PPC61BM, Chapter 3). Furthermore, suit-

able analytical methods for the determination of the exact fullerene weight fraction in the 

polymers were evaluated as the fullerene load is one of the key parameters driving the 

material properties in PPCBMs.  

The precise control over end group fidelity paves the way towards integration of the 

acceptor polymer PPCBM into a block copolymer architecture. For this, an ethynyl-

endcapped P3HT using Kumada catalyst transfer polycondensation (KCTP) and a co-

polymer of styrene with an azide end group were synthesized. The donor-acceptor block 

copolymers P3HT-b-PPCBM are then obtained by coupling of the polystyrene copolymer 

precursor carrying hydroxy groups with the donor polymer P3HT using polymer-polymer 

click chemistry and subsequent esterification of the polystyrene block with fullerenes. 

This novel synthesis route was applied to block copolymers with C60 fullerenes PC61BA 

(Chapter 5) as well as the C70 analogue PC71BA (Chapter 4) attached to the polymer 

backbone. The modularity of this synthetic approach allows the combination of well-

defined, preformed polymer blocks with tailored molecular weights, backbone composi-

tion and PCBM content. Based on this synthesis toolbox a variety of donor-acceptor 

block copolymers can be precisely designed to elucidate the fundamental structure-
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property relationships between polymer design, structure formation and charge transport 

(Chapter 5, 6).  

The second part of the thesis elucidates the consequences of fullerene grafting on the 

structure formation of the polymers. On the one hand, the fundamental morphological 

effects are examined that arise from the covalent bonding of the highly crystalline 

fullerene molecules to the polymer backbone in the PPCBM copolymers (Chapter 3). On 

the other hand, the structure formation in donor-acceptor block copolymers carrying pen-

dant fullerenes is more complex. Although a two-phase nanostructure can be observed 

which is induced by the incompatibility of  P3HT and PPCBM, the microphase separation 

seems incomplete due to restrictions in polymer dynamics (Chapter 4, 5). A central as-

pect regarding structure formation in crystalline-amorphous block copolymers is the in-

terplay between crystallization of P3HT and the glass transition in the amorphous 

PPCBM polymer block (Chapter 5). The SAXS, WAXS and GIXRD measurements and 

analysis were done in collaboration with the group of Prof. Thurn-Albrecht at the Univer-

sity of Halle-Wittenberg. 

The third part of the thesis deals with charge transport properties of the synthesized 

semiconducting polymers. PPCBM is a polymeric electron transporting material where 

we have studied the bulk mobility in a series of polymers in detail (Chapter 3). Regard-

ing the donor-acceptor block copolymers there is a great interest for both high mobilities 

and balanced charge transport of holes and electrons which is favourable for the applica-

tion in devices. To address the issue of balanced charge carrier mobilities three different 

approaches have been developed in this thesis: Tailoring the polymer design either by 

variation of fullerene grafting density (Chapter 5), by changing the composition of donor 

and acceptor moieties (Chapter 6) or by blending molecular PCBM with high mobility 

into the block copolymer (Chapter 7).  

This thesis includes two published manuscripts (Chapter 3, 4), two submitted manu-

scripts (Chapter 5, 7) and one which is intended for submission (Chapter 6). A re-

view/feature article submitted to Advances in Polymer Science summarizes the current 

state of research in the field of donor-acceptor block copolymers with emphasis on the 

work done in our research group and it is added to the appendix (Chapter 8). 
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Fullerene-grafted copolymers exhibiting high electron mobility without nanocrystal 

formation (Chapter 3) 

This fundamental work shows a feasible synthetic path towards a series of fullerene-

grafted copolymers (PPC61BM) which incorporate high contents between 30 and 64 wt% 

of pendant phenyl-C61-butyric acid methyl ester (PC61BM) while maintaining the solubil-

ity of the polymers. For this, tailor-made precursor copolymers poly(4-methoxystyrene-

stat-4-hydroxystyrene) obtained by RAFT polymerization were functionalized via an ef-

ficient polymer-analogous Steglich esterification with the carboxylic acid derivative 

PC61BA (Figure 2.2a). This controlled grafting method yields well-soluble PPC61BM 

polymers with narrow molecular weight distributions (Figure 2.2b). An important aspect 

is the absence of any cross-linking which was the main problem in obtaining soluble 

fullerene-grafted polymers earlier. 

 

Figure 2.2. (a) Key step towards fullerene-grafted polystyrene copolymers: Polymer-

analogous esterification with monofunctional phenyl-C61-butyric acid (PC61BA). (b) SEC 

traces of a series of PPC61BM 1-3 in comparison to the corresponding precursor copoly-

mers PS-Az 1-3. (c) SCLC electron mobility in dependence of the PC61BM weight fraction 

of PPC61BM (red) and blends PC61BM:PS-OH 1 (black). (d) TEM images showing thin 

films of a PC61BM:PS-OH 1 blend with 50 wt% PC61BM (left) and a PPC61BM polymer 

with 51 wt% of covalently attached PC61BM (right).  
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The synthesized acceptor copolymers retain the optical and electrochemical properties 

of the incorporated PC61BM independent of the fullerene weight fraction. The bulk elec-

tron transport properties of the PPC61BMs were studied by the space-charge limited cur-

rent (SCLC) method. The maximum electron mobility µe of 1 x 10
ī4

 cm
2 
V

-1 
s

-1
 was 

achieved for only 37 wt% of incorporated PC61BM. In the range of 30 to 50 wt% of 

PC61BM, the acceptor polymers exhibit exceptional high charge carrier mobility com-

pared to corresponding blends of molecular PC61BM and polystyrene copolymer having 

the same composition (Figure 2.2c).  In contrast to the spinodal demixing of polysty-

rene:PC61BM blends, the PPC61BM polymers show a fully homogenous morphology in 

the TEM images (Figure 2.2d). Our detailed structural analysis of PPC61BM using AFM, 

TEM, XRD and DSC confirms the amorphous nature of the polymer in thin films and in 

bulk without the formation of any PC61BM nanocrystals. Thus, an efficient charge carrier 

percolation is facilitated by the homogeneous distribution of PC61BM in the copolymer. 

The crystallization of the PC61BM pendants is suppressed even upon thermal annealing of 

the PPC61BM samples, whereas blends undergo a macrophase separation. 

Donor-acceptor block copolymers carrying pendant PC71BM fullerenes with or-

dered nanoscale morphology (Chapter 4) 

This work demonstrates an elegant synthetic approach to integrate the acceptor poly-

mers PPCBM from the previous chapter into block copolymers. Here, the preparation of a 

novel donor-acceptor block copolymer based on phenyl-C71-butyric methyl ester 

(PC71BM) and a regioregular poly(3-hexylthiophene) (P3HT) as donor is presented in 

detail (Figure 2.3a). First, a hydroxyl-functionalized polystyrene copolymer with an azide 

end group was synthesized via nitroxide-mediated radical polymerization (NMRP) and 

coupled with ethynyl-terminated P3HT using copper(I) catalyzed azide-alkyne cycloaddi-

tion (CuAAC). The polymer-analogous grafting reaction of phenyl-C71-butyric acid 

(PC71BA) to the hydroxyl groups of the polystyrene precursor was optimized to yield 

near-quantitative conversion which is further demonstrated for a PC71BM-grafted accep-

tor copolymer in detail using MALDI-TOF mass spectrometry, thermogravimetric analy-

sis (TGA) and 
1
H-NMR spectroscopy. Owing to the incorporation of C70 instead of C60, 

the donor-acceptor block copolymer exhibits enhanced absorption from the UV range up 

to 600 nm. To illustrate the improved optical properties, the same block copolymer pre-

cursor has been grafted either with PC71BA or PC61BA fullerenes yielding P3HT-b-

PPC71BM and P3HT-b-PPC61BM, respectively. Despite similar compositions of P3HT 
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and PC71BM or PC61BM in both polymers, the absorption spectra clearly show the nota-

bly increased optical density for the C70 pendant block polymer (Figure 2.3b).  

 

Figure 2.3. a) Chemical structure of the donor-acceptor block copolymer P3HT-b-

PPC71BM and P3HT-b-PPC61BM. (b) Absorption spectra in chloroform solution compar-

ing P3HT-b-PPC61BM (black), P3HT-b-PPC71BM (red) and the small molecule refer-

ences PC61BM (inset, black) and PC71BM (inset, red). (c) SAXS curves for P3HT-b-

PPC71BM indicating a periodic nanostructure in the melt at 240 °C and after cooling to 

room temperature. The inset shows the same data with a Lorentz corrected intensity 

scale. (d) SEM surface image of P3HT-b-PPC71BM prepared by drop-casting. 

The thin film absorption spectra clearly indicate that crystallization of P3HT is occur-

ring both in the P3HT-b-PSOH precursor as well as in the fullerene-grafted P3HT-b-

PPC71BM block copolymer and can be improved by suitable thermal annealing proce-

dures. The structural elucidation of the block copolymer P3HT-b-PPC71BM based on 

small-angle X-ray scattering in transmission (SAXS) and in grazing incidence geometry 

(GISAXS) gives clear evidence for the formation of a periodic donor-acceptor nanostruc-

ture of 37 nm in bulk and in thin films (Figure 2.3c). The SAXS analysis both in the melt 

and at room temperature after crystallization of the P3HT component suggest that the 
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nanostructure is already caused by a liquid-liquid phase separation in the melt. Further, 

scanning electron microscopy (SEM) of P3HT-b-PPC71BM films prepared by drop-

casting supports the existence of a periodic donor-acceptor nanostructure (Figure 2.3d). 

Influence of fullerene grafting density on structure, dynamics and charge transport 

in P3HT-b-PPC61BM block copolymers (Chapter 5) 

The block copolymer P3HT-b-PPC61BM structure offers a couple of tunable design 

parameters to the polymer chemist: These are the molecular weight of each polymer 

block, the weight ratio between both blocks, the monomer ratio in the polystyrene copol-

ymer and the corresponding fullerene grafting density in PPC61BM. We define the graft-

ing density as the weight content of fullerenes in the PPC61BM block, i.e. this parameter 

is a measure for the dilution of fullerene moieties along the polystyrene backbone. To 

study the impact of the grafting density on structure formation, dynamics and charge 

transport, a series of P3HT-b-PPC61BM block copolymers has been synthesized with ac-

curately tuned grafting density between 26, 47 and 60 wt%. The chain length of the 

PPC61BM block was reduced at the same time to keep the overall ratio of P3HT and 

PC61BM moieties roughly constant between 1:0.70 and 1:0.92 (Figure 2.4). 

 

Figure 2.4. (a) Schematic illustration of the P3HT-b-PPC61BM block copolymer series 

with variation of the fullerene grafting density and chain length. (b) Chemical structure of 

P3HT-b-PPC61BM 1-3 consisting of the same P3HT block with 20 kg mol
-1
 and a tailored 

PPC61BM block with an increasing grafting density of 27, 47 to 61 wt%, respectively. 

The dual function block copolymer is designed to exhibit hole transport through P3HT 

and electron transport through the PPC61BM polymer phase. Thereby, the crystallization 

of the P3HT block is of fundamental interest, since it notably improves the hole mobility 

in P3HT. Detailed DSC studies confirm the crystallization of P3HT in the block copoly-

mers P3HT-b-PPC61BM, however, the crystallization is likely restricted by the glass tran-
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sition temperature of the amorphous PPC61BM block (Figure 2.5a). The investigation of a 

series of PPC61BM homopolymers revealed that the glass transition temperature increases 

considerably with increasing grafting density (Figure 2.5b). Thus, the restricted dynamics 

of PPC61BM seem to impose significant constraints for crystallization and structure for-

mation in the block copolymers. Both SAXS and GISAXS measurements of P3HT-b-

PPC61BM 1-3 revealed a donor-acceptor nanostructure of roughly 30 to 40 nm in bulk 

and in thin films (Figure 2.5c). This two-phase nanoscale morphology is further supported 

by transmission electron microscopy (TEM) and scanning electron microscopy (SEM). 

However, the high Tg of the amorphous PPC61BM block is suggested to trap the structural 

evolution in an incomplete microphase separated state impeding a long-range and well-

ordered morphology of the block copolymer. 

 

Figure 2.5. (a) DSC traces of P3HT-b-PPC61BM 1-3 showing the melting/crystallization 

of the P3HT block and a Tg for P3HT-b-PPC61BM 1. (b) Correlation between grafting 

density and glass transition temperature in PPC61BM homopolymers and a polystyrene 

precursor. (c) SAXS curves of the block copolymers in bulk indicating a periodic 

nanostructure of 31-42 nm. (d) Hole (p-type) and electron mobility (n-type) in field-effect 

transistors of P3HT-b-PPC61BM 1 (blue), 2 (red) and 3 (black) demonstrating the im-

portance of grafting density for electron transport in the block copolymers. 
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Further, it is demonstrated that the fullerene grafting density is a key parameter in 

P3HT-b-PPC61BM block copolymers to improve the electron mobility by two orders of 

magnitude without sacrificing the hole transport. In organic field-effect transistors, the 

block copolymers exhibit ambipolar charge transport in particular for P3HT-b-

PPC61BM 2 and 3 with high fullerene grafting density (Figure 2.5d). 

Influence of composition on structure formation and charge transport in P3HT-b-

PPC71BM block copolymers (Chapter 6) 

While the fullerene grafting density is a crucial factor to control charge carrier 

transport in the donor-acceptor block copolymers, the previous chapter has shown that 

tuning the grafting density is not sufficient to balance the mobilities. The variation of the 

donor-acceptor ratio by synthesis represents another approach towards balanced charge 

transport between holes and electrons in donor-acceptor block copolymers. By tailoring 

the molecular weights of the p-type P3HT block and the n-type PPCBM block, the donor-

acceptor composition of the block copolymer can be fine-tuned. To study the composition 

dependence of charge transport and structure formation, a series of P3HT-b-PPC71BM 

block copolymers has been prepared with a high grafting density between 51 and 63 wt%. 

The composition of P3HT:PPC71BM in the block copolymers is varied between 1:0.43, 

1:1.70 and 1:3.55  (wt:wt) by increasing the polymer chain length of the acceptor block 

PPC71BM (Figure 2.6).  

 

Figure 2.6. Schematic illustration of the P3HT-b-PPC71BM series with varied donor-

acceptor ratio P3HT:PPC71BM=1:0.43, 1:1.70 and 1:3.55 (wt:wt). 

This study reveals the consequences of the donor-acceptor composition on the crystal-

lization of P3HT in bulk as well as in thin films and the structure formation using differ-

ential scanning calorimetry (DSC), absorption and photoluminescence (PL) spectroscopy 

and small angle X-ray scattering (SAXS). To find ideal conditions for crystallization of 
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the hole transporting P3HT block, various thermal annealing procedures have been 

screened in thin films. The thermally induced crystallization of one component further 

improves phase purity and phase separation of the donor and acceptor domains which is 

indicated in the photoluminescence quenching results (Figure 2.7). However, when the 

PPC71BM block becomes too large, the dynamics is frozen due to the expected high Tg. 

This results in an almost complete suppression of P3HT crystallization. Additionally, the 

structural investigation of the P3HT-b-PPC71BM series using SAXS clearly reveals the 

impact of chain length on microphase separation: While P3HT-b-PPC71BM 1 with a very 

short acceptor chain is most likely in the weak segregation regime and does not exhibit a 

clear microphase separation, P3HT-b-PPC71BM 2 with a medium sized acceptor block is 

microphase separated under the constraints of the high Tg of the PPCBM block. P3HT-b-

PPC71BM 3 with the largest PPC71BM block, however, does not develop a periodic 

nanostructure which is associated to the dynamic restrictions arising from the high Tg 

majority phase of PPC71BM.  

The composition dependence of charge transport in P3HT-b-PPC71BM block copoly-

mers was studied using OFETs. With increasing PPC71BM chain length the P3HT weight 

fraction is reduced and, consequently, the hole mobility is decreasing (Figure 2.7b). 

 

Figure 2.7. (a)  Thin film absorption (solid lines) and photoluminescence spectra (dashed 

lines) for P3HT-b-PPC71BM 2 in as-cast and annealed samples at 160 °C (120 min), 

200 °C (30 min) and 240 °C (5 min). (b) OFET hole (blue) and electron mobilities (red) 

of the block copolymers series P3HT-b-PPC71BM 1-3. The dashed lines are a guide to the 

eye. 

P3HT-b-PPC71BM 1 with only 30 wt% of PPC71BM apparently does not offer con-

nected percolation paths for electrons and therefore does not show any electron mobility. 

Despite the increasing PPC71BM fraction in the block copolymers 2 and 3, the electron 

mobility saturates at around 7 x 10
-6
 cm

2
 V

-1
 s

-1
. Interestingly, the electron mobility of the 
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C70-grafted block copolymers is notably lower compared to the C60-grafted block copol-

ymers.  

This chapter is unraveling the significance of a roughly balanced composition of the 

P3HT-b-PPC71BM block copolymer in order to achieve the desired periodic donor-

acceptor nanostructure induced by microphase separation. The corresponding network of 

donor/acceptor domains with rather high phase purity is crucial for any optoelectronic 

application. The charge transport, however, could not be balanced only by varying the 

composition. On the one hand, the C70-grafted block copolymers show in general low 

electron mobilities compared to P3HT. On the other hand, the correlation of composition 

and charge transport is strongly influenced by the structure formation in these block co-

polymers. With increasing PPC71BM content the morphology is first weakly segregated 

with rather isolated PPC71BM domains, then microphase separated with a donor-acceptor 

nanostructure and finally reaches a dynamically frozen state without nanoscale order. 

This work clearly shows the limitations and complexity of polymer design to tailor a spe-

cific material property. In particular, the high glass transition temperature of the 

PPC71BM block is a recurring issue that reinforces the need for tailoring the polymer 

backbone towards low Tg systems. 

Simultaneous morphological stability and high charge carrier mobilities in donor-

acceptor block copolymer/PC61BM blends (Chapter 7) 

The active layer in organic photovoltaics in particular requires a long-term stable 

morphology with nanoscale donor/acceptor domains and a balanced charge carrier 

transport for holes and electrons. The previous chapters have demonstrated that both full-

erene grafting density and donor:acceptor composition are important parameter to control 

the charge carrier transport and structure in the donor-acceptor block copolymers. How-

ever, despite the enhancement of electron mobility through tailoring fullerene grafting 

density, the charge transport is not yet balanced. Therefore, an elegant approach has been 

developed to match hole and electron transport in P3HT-b-PPC61BM by blending mo-

lecular PC61BM into the block copolymer without causing any macrophase separation. It 

could be demonstrated that an insufficient electron mobility in the homopolymer 

PPC61BM (Figure 2.8a) can be compensated by blending with molecular PC61BM. The 

SCLC electron mobility in bulk is improved by two orders of magnitude to 

1.8 x 10
-4
 cm

2 
V

-1 
s

-1
 for a blend ratio of PPC61BM:PC61BM=60:40 (Figure 2.8b). Using a 
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combination of XRD, AFM and DSC, the large miscibility of the PPC61BM:PC61BM 

blend up to 60 wt% PC61BM load could be verified (Figure 2.8c). The blend between 

PPC61BM homopolymer and PC61BM forms an amorphous, molecularly mixed fullerene 

phase without crystallization of the molecular fullerene component. 

 

Figure 2.8. (a) PPC61BM polymer with 30 wt% pendant PC61BM. (b) SCLC electron mo-

bility µe in dependence of the total PC61BM content. (c) WAXS scattering curves of pure 

PPC61BM, the PPC61BM:PC61BM blends 80:20, 60:40, 40:60 and 20:80 and pure 

PC61BM as powder samples measured as-prepared (dotted lines) and after thermal an-

nealing (solid lines). 

The blending strategy is applicable to block copolymers as well: Blends of donor-

acceptor block copolymer (BCP, Figure 2.9a) and PC61BM show substantially enhanced 

electron mobilities of µe=(3.2 ° 1.7) x 10
-4 

cm
2 
V

-1 
s

-1
 and a hole mobility of 

µh=(1.8 ° 0.6) x 10
-3 

cm
2
V

-1
s

-1
 for BCP:PC61BM=60:40 in field-effect transistors (Figure 

2.9b). Thereby, the BCP:PC61BM blend provides a similarly high ambipolar charge 

transport compared to the established P3HT:PC61BM blend and exhibits exceptionally 

stable hole and electron mobilities even for prolonged thermal annealing. The operational 

stability of the OFETs is attributed to the long-term stable donor-acceptor nanostructure 

of the block copolymer consisting of a network of semi-crystalline P3HT  and amorphous 

PCBM-enriched acceptor phases without macrophase separation (Figure 2.9c). This work 

demonstrates the feasibility of high charge transport and stable morphology in a donor-

acceptor block copolymer by a blend approach. 

An application and optimization of the donor-acceptor block copolymers or their 

blends in organic photovoltaics is not yet attempted due to the lack of vertical orientation 

of the nanostructures in thin films. Otherwise a thermal annealing usually leads to a non-

desired alignment of the nanostructures parallel to the substrate, which does not favor 

charge carrier transport towards the electrodes in a sandwich geometry. 
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Figure 2.9. (a) Chemical structure of the P3HT-b-PPCBM block copolymer (BCP) used 

for the blend studies. (b) OFET hole (blue) and electron mobilities (red) of BCP:PCBM 

blends given in wt:wt ratio in as-cast (open symbols) and annealed devices (filled sym-

bols).(c) Optical microscopy images of P3HT:PC61BM=1.0:0.8 (wt:wt) and 

BCP:PC61BM=60:40 (wt:wt) blend films showing a section of the interdigitating 20 µm 

channel gold electrodes of the OFET devices. The images were taken in as-cast state, 
0 min, and after 120 min of annealing at 160 °C. 

Appendix: Nanoscale morphology from donor-acceptor block copolymers: For-

mation and functions (Chapter 8) 

This chapter gives a comprehensive overview on general design principles of donor-

acceptor block copolymers with a specific focus on block copolymers carrying a P3HT 

donor block and acceptor blocks with pendant perylene bisimides (PPerAcr) or fullerene 

derivatives (PPCBM). The article was written based on results from a joint research pro-

ject between the groups of Prof. Mukundan Thelakkat, Prof. Thomas Thurn-Albrecht and 

Dr. Harald Hoppe.  

 

Figure 2.10. Concept for donor-acceptor block copolymers in photovoltaic devices: From 

molecular design of functional semiconducting block copolymers with the ability to self-

assemble into a donor-acceptor nanostructure towards aligned functional structures on 

the mesoscale and their integration into macroscopic devices. 
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The review/feature article addresses the main issues from an interdisciplinary perspec-

tive including the synthetic challenges of the building blocks P3HT, PPerAcr and 

PPCBM used for the synthesis of the corresponding block copolymers, in-depth studies 

on structure formation and the consequences for charge transport and application in pho-

tovoltaic devices. In particular, we elaborate the implications of the double-crystalline or 

crystalline-liquid crystalline nature of the block copolymer P3HT-b-PPerAcr on structure 

in comparison to a crystalline-amorphous system such as P3HT-b-PPCBM. The review 

article highlights the considerable progress in the field of P3HT-b-PPerAcr block copol-

ymers which exhibit microphase separation in the melt and confined crystallization of 

P3HT during cooling to room temperature. Similarly to classical coil-coil block copoly-

mers, the type of morphology is determined by the respective volume fractions of P3HT 

and PPerAcr in the block copolymer and show long-range ordered lamellar or cylindrical 

microdomains.  
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Individual contributions to joint publications  

CHAPTER 3 

This manuscript is published in Macromolecules (2014, 47, 2324-2332) with the title: 

"Fullerene-grafted copolymers exhibiting high electron mobility without nanocrystal for-

mation" 

by Martin Hufnagel , Mathis-Andreas Muth, Johannes C. Brendel and Mukundan 

Thelakkat 

During the master thesis I synthesized the polymers and did the basic polymer characteri-

zation. In-depth analysis of the polymers and blends using transmission electron micros-

copy (TEM), X-ray diffraction (XRD), differential-scanning calorimetry (DSC) and cy-

clic voltametry (CV) and the preparation of the manuscript was done during my PhD the-

sis. 

Mathis-Andreas Muth performed the SCLC charge transport measurements, characterized 

the thin films by AFM, carried out the SEC measurements and was involved in the scien-

tific discussions. 

Johannes C. Brendel was involved in the scientific discussion. 

Mukundan Thelakkat supervised the project, was involved in the scientific discussion and 

corrected the manuscript. 

CHAPTER 4 

This manuscript is published in Polymer Chemistry (2015, 6, 813-826) with the title: 

"Donor-acceptor block copolymers carrying pendant PC71BM fullerenes with ordered 

nanoscale morphology" 

by Martin Hufnagel , Matthias Fischer, Thomas Thurn-Albrecht and Mukundan 

Thelakkat 

I synthesized and characterized all the polymer materials including optical characteriza-

tion in solution/films and thermal analysis and I wrote the manuscript. Further, I per-

formed initial SAXS experiments using the XRD facilities in the group of Prof. Thurn-

Albrecht and prepared the thin films for GISAXS experiments at the European Synchro-

tron Radiation Facility in Grenoble. 
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Matthias Fischer characterized in detail the polymers using SAXS and GISAXS. 

Thomas Thurn-Albrecht was involved in the scientific discussion and corrected the man-

uscript. 

Mukundan Thelakkat supervised the project, was involved in the scientific discussion and 

corrected the manuscript. 

CHAPTER 5 

This manuscript is under revision in Macromolecules with the title: 

 ñInfluence of fullerene grafting density on structure, dynamics and charge transport in 

P3HT-b-PPC61BM block copolymersò 

by Martin Hufnagel , Matthias Fischer, Thomas Thurn-Albrecht and Mukundan 

Thelakkat 

Two block copolymers have been synthesized during my master thesis. During my PhD 

thesis I developed a new synthetic route and prepared the third block copolymer. I charac-

terized all the polymers and analyzed the material properties using DSC, optical and pho-

toluminescence spectroscopy in solution/films, electron microscopy (TEM, SEM) and 

OFET. Additionally, I performed initial SAXS and WAXS experiments using the XRD 

facilities in the group of Prof. Thurn-Albrecht and prepared the thin films for GISAXS 

experiments at the European Synchrotron Radiation Facility in Grenoble. Further, I wrote 

the manuscript. 

Matthias Fischer characterized in detail the block polymers using SAXS, WAXS and 

GISAXS and measured DSC for some of the polymers. 

Thomas Thurn-Albrecht was involved in the scientific discussion and corrected the man-

uscript. 

Mukundan Thelakkat supervised the project, was involved in the scientific discussion and 

corrected the manuscript. 
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CHAPTER 6 

This manuscript is intended for submission with the title: 

"Influence of composition on structure formation and charge transport in P3HT-b-

PPC71BM block copolymers" 

by Martin Hufnagel , Matthias Fischer, Anne Browa, Thomas Thurn-Albrecht and 

Mukundan Thelakkat 

I synthesized and characterized all the polymer materials and performed the DSC, spec-

troscopy and OFET charge transport studies. Further, I wrote the manuscript. 

Under my supervision, Anne Browa (practical student) did the spectroscopic characteriza-

tion of the polymers and performed the preparation and characterization of the OFET 

devices. 

Matthias Fischer contributed to the SAXS measurements and their analysis and was in-

volved in the scientific discussion. 

Thomas Thurn-Albrecht was involved in the scientific discussion and correction of the 

SAXS part of the manuscript. 

Mukundan Thelakkat supervised the project, was involved in the scientific discussion and 

corrected the manuscript. 

CHAPTER 7 

This manuscript is submitted to Journal of Polymer Science, Part B: Polymer Physics 

with the title: 

"Simultaneous morphological stability and high charge carrier mobilities in donor-

acceptor block copolymer/PC61BM blends" 

by Martin Hufnagel  and Mukundan Thelakkat 

I performed all the experiments including the structural investigation (XRD, AFM and 

optical microscopy), thermal analysis (DSC), optical and photoluminescence spectrosco-

py, SCLC and OFET device preparation and their analysis. Further, I wrote the full man-

uscript. 

Mukundan Thelakkat supervised the project, was involved in the scientific discussion and 

corrected the manuscript. 
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CHAPTER 8 

This review/feature article is submitted to Advances in Polymer Science to be published 

as book chapter with the title: 

"Nanoscale morphology from donor-acceptor block copolymers: Formation and func-

tions" 

by David Heinrich, Martin Hufnagel , Chetan Raj Singh, Matthias Fischer, Shahidul 

Alam, Harald Hoppe, Thomas Thurn-Albrecht and Mukundan Thelakkat 

I have written the sections "Acceptor building block: Poly(fullerenes)/PPCBM" and "Do-

nor-acceptor block copolymer: P3HT-block-PPCBM" focusing on synthesis, structure 

formation and charge transport in these materials. Apart from highlighting the relevant 

results of my PhD, the article also provides a current overview on general synthetic strat-

egies for fullerene-grafted polymers and corresponding material properties reported in 

this field of research. 

David Heinrich, Chetan Raj Singh, Matthias Fischer, Shahidul Alam contributed to the 

other sections of the article. Harald Hoppe, Thomas Thurn-Albrecht and Mukundan 

Thelakkat corrected the manuscript. 
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ABSTRACT 

Well-soluble fullerene-grafted copolymers PPCBMs 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) po-

lymerization 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 trans-

port properties are studied by space-charge limited current (SCLC) method. The maxi-

mum electron mobility µe of 1 x 10
ī4

 cm
2
V

-1
s

-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. Detailed structural studies using AFM, TEM, and XRD are performed. We 

confirm amorphous morphology both in thin films and in bulk for the PPCBMs, which 

clearly indicates the absence of PCBM nanocrystals. Thus, an efficient charge carrier per-

colation is facilitated by the homogeneous distribution of PCBM in copolymer. Addition-

ally, the absence of nanocrystal formation was demonstrated during thermal annealing. 

INTRODUCTION  

Buckminsterfullerene and its derivatives exhibit a unique electron-

accepting/transporting capability
[1]

 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 applica-

tion of low-bandgap donor materials, yielding PCEs of more than 8% in single junction 

devices.
[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. Re-

garding the morphology in blend devices based on P3HT:PCBM or poly(p-

phenylenevinylene):PCBM, it was found that PCBM forms a crystallization-induced net-

work of PCBM-rich domains, which consist of PCBM nanocrystals.
[5,6]

 In these blend 

systems the bulk electron mobility improved with an increasing fraction of crystalline 
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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 trans-

port over macroscopic distances.
[7ï10]

 Pure PCBM is a crystalline n-type semiconductor
[11]

 

and forms different crystal structures depending on the crystallization solvent.
[12]

  

However, new concepts to overcome the inherent problem of limited thermodynamic 

stability of nanostructured blends direct towards a replacement of easily-diffusing small 

molecule acceptors by polymeric electron transport materials. We recently could show 

high bulk electron mobility in pendant perylene polymers.
[13]

 Studies on side chain poly-

mers carrying pendant C60 show a correlation of increasing electron mobility with in-

creasing C60 content.
[14,15]

 In these systems, for a C60 content of 23-60 wt%, electron mo-

bility of  10
ī9

 to  10
ī7

 cm
2 
V

-1
 s

-1
 was reported.

[14]
 Further a threshold for C60 aggregation 

was found for 12-13 vol% of incorporated C60.
[15]

 Fang et al. recently reported improved 

charge transport of pendant C60 polynorbornene in organic field effect transistors attrib-

uted to the confined organization along the polymer chain.
[16]

 Such detailed studies have 

not been reported in pendant PCBM polymers. However, the synthesis of PCBM pendant 

polymers and their potential applications in polymer solar cells were demonstrated re-

cently.
[17]

 Therefore, we were motivated to synthesize well-defined pendant PCBM co-

polymers in order to study the correlation of aggregate formation, morphology and elec-

tron transport in these systems. 

While the electronic properties of side chain polymers can be tuned by the type of at-

tached 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 or-

ganometallic catalysis.
[16ï19]

 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),
[20]

 [3+2]-cycloaddition with azides,
[21,22]

 Friedel-Crafts 

type reactions,
[23]

 tosylhydrazone addition,
[24]

 lithiation,
[25]

 Bingel reaction
[26]

 and azide-

alkyne Huisgen cycloaddition.
[27,28]

 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 dimin-

ished solubility. Therefore, selective grafting reactions with mono-functionalized C60 de-

rivatives are highly preferred. Jo et al. have presented such a well-controlled method to 
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prepare fullerene-grafted block copolymers by an efficient Steglich esterification with 

phenyl-C61-butyric acid (PCBA).
[29]

 

In this work we present a tailor-made synthesis for highly soluble PCBM-grafted co-

polymers without cross-linking. Further, the impact of covalent fullerene attachment to 

the polymer backbone is investigated with regard to morphology and fullerene nanocrys-

tal 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 nanocrystal formation. 

RESULTS AND DISCUSSION 

Synthesis 

The key aspect of our approach, depicted in Scheme 1, relies on the synthesis of a sta-

tistical precursor copolymer consisting of 4-methoxystyrene (MS) and 4-butoxystyrene 

(BS). The monomer BS can easily be deprotected to yield hydroxyl groups. In a subse-

quent 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, or in other words changing the dilution of the HS 

monomer, 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 agent
[30]

 (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 2,2ô-azobisisobutyronitrile (AIBN) in 

toluene at 80 °C. Samples for 
1
H-NMR spectroscopy were periodically taken to monitor 

the progress of polymerization. We found first order polymerization kinetics and could 

prove that the consumption of both monomer species is equally fast (Fig. S1). 



Fullerene-grafted copolymers exhibiting high electron mobility without 

nanocrystal formation 

65 

 

 

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, DMAPĀHCl, DSC:CS2:AcN=3:3:1 (v:v:v), 40 °C, 72-91 h. 

Therefore, we obtain statistical copolymers with a built-in ratio of BS:MS = 10:90, 

17:83 and 26:74, respectively. The polymerization was stopped at around 50% total mon-

omer conversion to ensure narrow molecular weight distributions. The synthesized pre-

cursor 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 mo-

lecular 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 Fig. 1). Despite the cali-

bration with polystyrene as standard, the apparent number average molecular weights Mn 

of 12.7 (PS-Az 1), 10.0 (PS-Az 2) and 6.9 kg mol
-1

 (PS-Az 3) do not represent the theo-

retically expected values, which are considerably higher. This deviation is attributed to 

the increased polarity of the copolymer which influences the interactions with column 

material and the eluent. 
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The azide end group is relevant only for clicking functional moieties or a second pol-

ymer block. A further aim of this synthetic route with an azide end group is to attach a 

donor polymer with an alkyne end group. But this is not the subject matter of this manu-

script. Therefore, we have deactivated it to avoid [3+2]-cycloaddition between the fuller-

enes and the azide end group
[21]

, which may lead to cross-linking of the PCBM-grafted 

copolymers. The Huisgen 1,3-dipolar cycloaddition (click chemistry)
[31]

 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 vibration
[32]

. The azide vibration at 2098 cm
-1
 disap-

pears 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 (Fig. S2). The analysis by 

SEC in THF shows only a negligible shift of Mn, but exhibit a very weak shoulder at ap-

proximately double weight 2Mn (Fig. 1a). This polymer coupling is attributed to a trans-

formation of the trithiocarbonate to a thiol end group by nucleophilic reagents, which can 

result in polymer-polymer disulfide formation.
[33]

 

Table 1. Experimentally determined data of the synthesized copolymers. 

Polymer 

Molar  

ratio 

a:b 

Mn ņ Mn ņ Mn Mp 

RU
d)

 

a:b 

PCBM 

content
e)
 

[wt%]  

SEC
a)

 

[kg mol
-1
] 

SEC
b)

 

[kg mol
-1
] 

MALDI
c)
 

[kg mol
-1
] 

PS-Az 1 10:90 12.3 1.11 12.7 1.37     

PS-OH 1 10:90 9.3 1.29   16.0 16.0 12:105  

PPCBM 1 10:90   17.2 1.27 35.1 22.9  30 

PS-Az 2 17:83 9.0 1.11 10.0 1.18     

PS-OH 2 17:83 7.9 1.17   10.2 10.1 12:61  

PPCBM 2 17:83   11.6 1.21 25.8 16.1  37 

PS-Az 3 26:74 5.7 1.09 6.9 1.14     

PS-OH 3 26:74 5.3 1.10   6.3 6.4 12:33  

PPCBM 3 26:74   7.6 1.21 19.6 13.0  51 

PPCBM 4 26:74     25.2 17.8  64 
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a)
 SEC in THF as eluent. 

b)
 SEC in chlorobenzene as eluent. 

c)
 Peak maximum Mp determined by MALDI-

TOF mass spectrometry. 
d)
 Repeating units determined by 

1
H-NMR spectrometry and MALDI -TOF mass 

spectrometry. 
e)
 Determined by MALDI-TOF mass spectrometry. 

 

Figure 1. SEC traces (a) after each step during the postpolymerization modification of 

precursor copolymer PS-Az 3 (UV 254 nm, eluent THF) and (b) of the PCBM-grafted 

copolymers PPCBM 1-3 in comparison to their respective precursor copolymers PS-Az 1-

3 (RI detector, eluent chlorobenzene). 

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 con-

version of tert-butyl ether to hydroxyl groups in PS-OH 1-3 was achieved after 22 h reac-

tion time, which was evidenced by 
1
H-NMR (Fig. S3). Exemplarily shown for PS-OH 2, 

the full conversion of BS to 4-hyroxystyrene is indicated by the integral ratio of the hy-

droxyl proton signal at d = 9.23ī8.88 ppm and the phenyl protons at d = 6.85ī6.15 ppm 

which matches perfectly the expected content of 17 mol% of HS (Fig. 2). For PS-OH 1 

and PS-OH 3 the integral ratio corresponds to a HS content of 10 and 26 mol%, respec-

tively. Accordingly, the strong singlet at d = 1.29 ppm associated with the tert-butyl pro-

tons, 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 

Fig.1 for PS-OH 3. Note that also the increased polarity of the polymers PS-OH 1-3 sig-

nificantly affects the elution time, which is dependent on interactions between polymer 

and solvent or column material.  

For the final step of fullerene attachment, we favored an efficient Steglich esterifica-

tion procedure, which was reported recently for polymer-analogous functionalization with 
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PCBA by Russel et al.
[29]

 PCBA can easily be prepared in high yields by ester hydrolysis 

from the commercially available PCBM.
[34]

 

 

Figure 2. 
1
H-NMR spectra of the octyl-endcapped copolymer PS-Oct 2, deprotected co-

polymer PS-OH 2 and the PCBM-grafted copolymer PPCBM 2. 

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 (DCB) and acetoni-

trile (AcN) in the ratio 3:3:1 (v:v:v). Additional to N,Nô-dicyclohexylcarbodiimide (DCC) 

and N,N-dimethyl-4-aminopyridine (DMAP), we further added the hydrochloride of 

DMAP, abbreviated as DMAPÖHCl. This reagent can act as a proton source, which is 

supposed to enhance the yield of esterification by suppression of the side product for-

mation of the N-acylurea.
[35]

 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 DCB. The copolymer with 64 wt% PCBM (PPCBM 4) already precipitated during 
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the esterification due to its high PCBM load. PPCBM 4 then could only be redissolved in 

DCB 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. 

We applied an extensive purification for PPCBM 1-4 to guarantee that only covalently 

attached PCBM remains in the product. After precipitation twice into methanol, the resid-

ual low-molecular weight fullerene derivatives (e.g. the N-acylurea derivative of PCBA  

from Steglich esterification) were removed by precipitation the product into a mixture of 

toluene and methanol. The ratio of both solvents was adapted to the solubility of the 

PCBM-grafted copolymer, i.e. toluene:methanol 1:1 for PPCBM 1, 2:1 for PPCBM 2, 3:1 

for PPCBM 3. While the low-molecular weight fullerene side products were efficiently 

dissolved, the PPCBMs precipitated. The absence of low-molecular weight impurities 

was carefully controlled by thin layer chromatography. Besides, any fullerene impurities 

would be easily visible in the NMR spectra due the sharp resonances from low molecular 

weight compounds.  

According to the 
1
H-NMR spectrum in Fig. 2, all relevant proton signals which belong 

to the polymer backbone and the pendant PCBM are clearly evident. Whereas pure 

PCBM shows a distinct fine structure of the multiplet signals arising from the methylene 

protons, these proton resonances are strongly broadened in the PCBM-grafted copoly-

mers. This is exemplarily shown for PPCBM 2 in Fig. 2. Here, the broad proton signals 4, 

5 and 6 give clear evidence for the covalent attachment to the polymer backbone. The 

successful ester bond formation is further supported by the significant shift of the broad-

ened proton signal 6 at d = 2.73 ppm, which is adjacent to the ester bond, compared to the 

triplet proton signal at d = 2.53 for pure PCBM (Fig. S4). We calculated the efficiency of 

the Steglich esterification from 
1
H-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 increas-

es 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-grafted copolymers PPCBM 1-4. Apparently, steric hindrance regard-

ing 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 dilu-
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tion 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 (Fig. 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 Fig. S5. However, this observation is mostly attributed to a contractile effect of 

intrachain interaction of fullerenes, leading to a reduced hydrodynamic volume.
[20]

 

PPCBM 4 is not soluble in chlorobenzene and could not be characterized by SEC. In con-

clusion, we confirm the successful covalent linkage of the PCBA moieties to the precur-

sor copolymer via esterification. As we applied an extensive purification of the PPCBMs 

to remove low-molecular weight fullerenes, we get a clear picture about the chemical 

composition of the PCBM-grafted copolymers. The covalent attachment of PCBA was 

evidenced by NMR (Fig. 2 and Fig. S4) and further supported by MALDI-TOF mass 

spectrometry (Fig. 3 and Fig. S5). Particularly, the distinct mass increase of the PCBM-

grafted copolymer compared to the precursor in the expected range rules out any other 

possibilities than a grafted copolymer. 

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, 
1
H-NMR spectroscopy, 

thermogravimetric analysis (TGA) and quantitative UV-vis spectroscopy to determine the 

PCBM content (Table 2). Analysis of the MALDI-TOF mass spectra give the mass dif-

ferences DM 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 (Fig. S5). This approximately equals to 8, 7, 7 and 

13 grafted PCBA molecules per chain. Accordingly, the content of pendant PCBM in-

creases considerably as the molecular weight of the precursor copolymer is strongly re-

duced. As an example, the mass spectra of PS-OH 3 and PPCBM 3 are shown in Fig. 3. 

The mass difference DM between the peak maxima Mp of the molecular weight distribu-

tions represent the amount of covalently attached PCBM. Then the PCBM content fPCBM 

was calculated as fPCBM = DM /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 
1
H-NMR data.  
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Table 2. PCBM weight content of PPCBM 1-4 determined by various methods. Calculat-

ed values 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 

 

 

 

Figure 3. MALDI-TOF mass spectra of precursor copolymer PS-OH 3 (black) and 

PPCBM 3 (red) for the determination of the PCBM content. For better clarity, the mass 

spectra were smoothed and plotted as thick solid lines. The mass difference DM repre-
sents the amount of PCBM, which was covalently attached by the esterification reaction. 

A wide-spread method to determine fPCBM is TGA.
[20]

 Since the thermal decomposi-

tion 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 (Fig. 4). 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.
[24]

 Consequently, the calculated values are generally overestimated. The 

TGA traces in Fig. 4 show two decomposition processes: The first at T1 å 185 °C is pre-
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sumably related to the trithiocarbonate decomposition, the second at T2 å 390 °C can be 

attributed to the polystyrene backbone decomposition. 

 

Figure 4. 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 pris-

tine PCBM as reference. The copolymers show two decomposition processes at T1 º 195  

°C, which is related to the trithiocarbonate decomposition, and T2 º 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. 

As an alternative method, quantitative UV-vis spectroscopy in solution is well de-

scribed in literature for the precise determination of the molar or weight content of poly-

mer-bound chromophores
[36]

 and fullerenes.
[28]

 The PCBM content is calculated by the 

ratio of the extinction coefficients of PPCBM 1-4 and pristine PCBM as fPCBM = ePoly-

mer/ePCBM  x 100 wt% at the absorption  maximum lmax (Fig. S6). 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 sig-

nificant 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 ab-

sorption spectrum is dominated by the prominent fullerene absorption bands at 258 nm 

(e258 nm = 0.0703 mL mg
ī1

 cm
ī1

) and 328 nm (Fig. S7). Since pristine PCBM exhibits 
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exactly the same absorption bands, the optical properties were not influenced by the cova-

lent attachment to the copolymers.  

Further, we studied the electrochemical characteristics by cyclic voltammetry (CV) 

measurements of PPCBM 1-3 (Fig. S8).  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 fol-

lowing equation: ELUMO = -e (Ered + 4.71 V).
[37]

 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. 

The thermal behavior of the synthesized polymers was investigated using differential 

scanning calorimetry (DSC, Fig. S9). Here, PS-OH 1-3 revealed a glass transition tem-

perature 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 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 full-

erenes.
[15,21]

  

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.
[38]

 The elec-

trodes 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 DCB at 70°C 

of either PCBM-grafted copolymers PPCBM 1-3 or blends of PS-OH 1 and PCBM. The 

blend composition is 30 wt% PCBM for blend 1, 40 wt% PCBM for blend 2 and 50 wt% 

PCBM for blend 3. 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 1-3 are de-

picted in Fig. 5a.  
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Figure 5. SCLC measurements of the PCBM-grafted copolymers PPCBM 1-3 in com-

parison to the blends of PCBM:PS-OH 1 showing (a) the J-V curves with active layer 

thickness given in brackets and (b,c) the average electron mobility µe. The error bars for 

the electron mobility correspond to the standard deviation from three measurements. The 

average electron mobility of pure PCBM was determined to be 4 x 10
-3
 cm

2 
V

-1
s

-1
. 

To check the thickness scaling of the SCLC, the J-V curves of each material with var-

ied active layer thickness were measured (Fig. S10, S11). Within the experimental error, 

the electron mobility is found to be constant for each thickness (Table S2).  

In general, the PCBM-grafted copolymers PPCBM 1-3 and the blends exhibit differ-

ent electron transport values depending on the PCBM content (Fig. 5b). The blend devic-

es show an exponential increase in electron mobility with increasing PCBM content. 

However, even blend 3 with 50 wt% of PCBM exhibits a low mobility (µe = 

6 x 10
-5 

cm
2 
V

-1 
s

-1
)
 
compared to pristine PCBM (µe = 4 x 10

-3
 cm

2 
V

-1 
s

-1
) that is two or-

ders of magnitude higher (Fig. 5c). In contrast, the PCBM-grafted copolymers show a 

different trend in mobility. Here, the mobility remains rather constant and varies between 

1 x 10
-5
 and 1 x 10

-4
 cm

2 
V

-1 
s

-1
 for a PCBM content in the range between 30 and 51 wt%. 

The maximum electron mobility of 1 x 10
-4
 cm

2 
V

-1 
s

-1
 was achieved for 37 wt% of incor-

porated PCBM. Remarkably, the pendant fullerene polymers show considerable better 

electron mobility compared to the blends for a PCBM content below 50 wt%. For exam-

ple, PPCBM 1 with 30 wt% of incorporated PCBM exhibits three orders of magnitude 

higher mobility than the respective blend.  PPCBM 3 with 51 wt% PCBM possess a simi-
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lar electron mobility compared to its corresponding blend. The mobility dependence on 

the fullerene content in a C60-grafted polystyrene was investigated by Perrin et al.
[15]

 and 

described using the statistical percolation theory.
[39,40]

 Typically, a percolation threshold 

is observed for low amounts of the C60 leading to a sharp increase in mobility, then the 

further increase in mobility with C60 content is only marginal. If we apply this model, the 

weight fractions of PPCBM 1-3 between 30 and 51 wt% lie rather in the regime of con-

stant mobility. Thus the improved performance of PPCBMs compared to the respective 

blends can be understood in terms of an enhanced percolation network in pendant fuller-

enes than in blend systems. Apart from the PCBM content, the copolymers PPCBM 1-3 

exhibit different chain length and copolymer composition. So far, the influence of these 

parameters on mobility remains an open question.  

Film morphology 

Here, we investigate any possible influence of morphology on charge carrier mobility. 

The film morphology of the SCLC devices was investigated after the initial SCLC char-

acterization. Here, we present topographic AFM images as they provide a precise insight 

into the surface morphology of polymer films. The corresponding AFM phase images did 

not show any additional information. As depicted in Fig. 6, 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 attachment to the pol-

ymer backbone as well as the utilized dilution in the copolymers. At the same time, the 

blend films of PCBM and PS-OH 1 are heterogeneous and strongly dominated by PCBM 

clusters except the blend containing 30 wt% PCBM (Fig. 6). With increasing weight frac-

tion of PCBM both number and size of the clusters is growing. The fullerene cluster size 

is estimated to be in the range of 60-70 nm for blend 2 and 100-110 nm for blend 3. Loos 

et al. have studied the phase separation and crystallization of PCBM in polymer blends in 

detail.
[5,41]

 The formation of PCBM nanocrystals in polymer blends is thermodynamically 

favored but strongly depends on the solvent, the polymer and the preparation technique. 

Due to the spherical shape of the PCBM domains in the blends which we have observed 

in AFM (Fig. 6) and TEM (Fig. 7a), we suggest a spinodal-like phase separation.
[42]

 The 

resulting PCBM clusters are as-cast in a glassy state (see XRD, Fig. 7c). 

The observed charge transport in blends is strongly dependent on fullerene content. 

High electron mobility requires sufficient percolation pathways, therefore high PCBM 
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contents facilitate electron transport by an increasing number of PCBM clusters which are 

in close proximity. Conversely, the mobility is very low for a small PCBM content, when 

the phase separated fullerene clusters are isolated from each other.  

In strong contrast to that, the PCBM-grafted copolymers PPCBM 1-3 do not show any 

visible PCBM clusters and hence, enable charge percolation via homogeneously distrib-

uted fullerene molecules. Even for a low PCBM content of 30 wt%, the distance between 

the fullerene molecules is apparently close enough to allow efficient electron transport 

through the bulk (10
-5
 cm

2
 V

-1 
s

-1
). For the corresponding blend 1 with the same PCBM 

content, the electron mobility is three orders of magnitude worse (10
-8
 cm

2
 V

-1 
s

-1
). 

 

Figure 6. AFM topography images showing films of PPCBM 1-3 and blends of 

PCBM:PS-OH 1 in varying composition prepared for the SCLC measurements. 

Clear evidence for the morphological difference between the blend system and the 

PCBM-grafted copolymers was obtained by transmission electron microscopy (TEM) of 

thin films. In case of blend 3 with 50 wt% of PCBM (Fig. 7a), a phase separated film with 

numerous PCBM clusters with a diameter in the range of 50 to 350 nm is observed. In 

contrast, the film of PPCBM 3 with 51 wt% of grafted PCBM is fully homogeneous 

without any visible nanocrystal or cluster formation (Fig. 7b). This obviously supports the 

observations in AFM regarding the absence of phase separation and PCBM clustering in 

PCBM-grafted copolymers. These findings are fully consistent with the powder X-ray 
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diffraction (PXRD) results shown in Fig. 7c. For this, we have collected the material as 

powder from films which were cast from DCB at 70 °C and investigated the structure 

with a Guinier diffraction system. The blend 3 shows a characteristic reflection at 9.62° 

additional to the amorphous scattering (Fig. 7c). This weak reflection indicates the exist-

ence of some PCBM nanocrystals in the amorphous polymer matrix, but the majority of 

PCBM seems to be in a glassy state. Upon annealing of the sample above Tg at 140 °C for 

3 hours, the intensity of the crystalline reflections increased significantly. Since the diffu-

sion of PCBM molecules is promoted during the annealing process, the crystallinity and 

size of the clusters can grow and yield a significant fraction of PCBM nanocrystals. Con-

sequently, both the overall crystalline fraction in the blend is increasing and the reflec-

tions get sharper. In contrast, the PCBM-grafted copolymer PPCBM 3 remains complete-

ly amorphous, even after annealing for 3 hours at 140 °C. These results clearly demon-

strate that the covalent attachment of PCBM to the polymer entirely suppresses the phase 

separation and clustering of the fullerenes leading to morphological stability.  

 

Figure 7. Transmission electron microscopy images of thin films made of (a) blend 3 with 

50 wt% PCBM content and (b) PCBM-grafted copolymer PPCBM 3 with 51 wt% of in-

corporated PCBM. (c) Powder X-ray diffractograms of both samples before and after 

annealing at 140 °C for 3 hours. 

CONCLUSIONS 

We have presented a successful synthesis strategy towards well-soluble fullerene side 

chain copolymers with high PCBM contents between 30 and 64 wt%. Both grafting den-

sity and PCBM content could easily be tuned by the monomer ratio in the precursor co-

polymers. The resulting PCBM-grafted copolymers exhibit low molecular-weight 

dispersity and no cross-linking owing to the controlled PCBM grafting by Steglich esteri-

fication. The PCBM-grafted copolymers retain the optical and electrochemical properties 

of the incorporated PCBM independently of their fullerene weight fraction. Electron 
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transport characteristics derived from SCLC show a maximum electron mobility µe of 

1 x 10
ī4

 cm
2 

V
-1 

s
-1
 for 37 wt% of incorporated PCBM. Despite their low fullerene con-

tent, the PCBM-grafted copolymers exhibit exceptional high charge transport in reference 

to blend systems. For 30 wt% PCBM content, the grafted copolymer exhibits three orders 

of magnitude better mobility than the corresponding blend. Charge transport in the blends 

relies on nanocrystal formation and is improved with an increasing PCBM content. On 

the other hand, the PCBM-grafted copolymers exhibit excellent mobility and no 

nanocrystal formation even after thermal annealing. This can be of great advantage if is-

sues of long term stability in devices have to be addressed using fullerene materials. The 

modular synthetic approach presented here can be extended to other fullerene derivatives. 
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SUPPORTING INFORMATION  

Experimental Section 

Materials and Characterization 

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,Nô-

dicyclohexylcarbodiimide, 4-methoxystyrene, 4-tert-butoxystyrene, 2-2ô-

azobisisobutyronitrile, 1-octyne, copper(I) iodide, N,N,Nô,Nô,Nò-

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 ap-

propriate desiccants or purchased in p.a. (pro analysi) grade. Commercially available an-

hydrous 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 pre-

pared according to a literature procedure
[43]

 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 route.
[30]

 Phenyl-C61-

butyric acid (PCBA) was also prepared according to a published synthesis protocol.
[34]

 

Instrumentation: All 
1
H-NMR spectra were measured with a Bruker Avance AC250 

spectrometer at 300 MHz. The obtained spectra were calibrated to the corresponding re-

sidual solvent peak (CDCl3 ŭ=7.26 ppm, DMSO-D6 ŭ=2.50 ppm). Chemical shifts are 

given in ppm, coupling constants in Hertz. Ultraviolet-visible (UV-Vis) spectra were rec-

orded 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 
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with a heating rate of 10 K min
-1
. 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
-1
 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
-1
. A guard col-

umn (Varian, 50x0.75 cm, ResiPore, particle size 3 µm) 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 (DCB) was used as an internal standard. SEC with chlorobenzene (CB) 

as eluent were carried out at 60 °C on an Agilent 1100 using two Polymer Laboratories 

mixed B columns in series. The refractive index detector was calibrated in relation to pol-

ystyrene 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 ma-

trix and silver trifluoroacetate as cationizing salt. Solutions in either THF or oDCB of 

polymer (0.01 mg µL
-1
), matrix (0.02 mg µL

-1
) and salt (0.01 mg µL

-1
) were mixed in the 

ratio 5:20:1 (v:v:v) and spotted onto the MALDI target plate. In case of DCB, 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 lay-

er/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 fo l-

lowing steps were carried out under N2 atmosphere with water and oxygen levels 

Ò0.1 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
ī6

 mbar) 

through a shadow mask (active area 4 mm
2
). 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 

equation
[44]

, 
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where J  is the current density, er  the dielectric constant (º3 for organic semiconduc-

tors
[45]

), e0 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 īVbuiltīin, resulting 

from the differences in work function of the Calcium and ITO/PEDOT:PSS contacts 

(º2.2 eV). Film thicknesses were determined on a Dektak ST surface profilometer. Atom-

ic 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.  

Cyclic voltammetry experiments were carried out at 25 °C in a mixture of o-

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.  

Samples for transmission electron spectroscopy were prepared on mica substrates by 

spin-coating (1000 rpm, 30% acceleration, 120 s) of a 2 wt% solution in chloroform 

(PS-OH 1:PCBM=50:50, wt:wt) or by drop-casting from a 2 wt% solution in dichloro-

benzene (PPCBM 3) with subsequent drying at 70 °C for 10 min on a precision hot stage. 

The thin films were floated on water, carefully collected on top of a TEM copper grid and 

dried under vacuum at room temperature. The measurement was carried out on a Zeiss 

EM922 Omega. Powder X-ray analysis (PXRD) was carried out with a Huber/Seifert Iso-

Debyeflex 3003, using a Guinier diffractometer system (Cu KŬ: 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 2-2ô-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 
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polymerization was started in a preheated oil bath at 80 °C. Samples were taken periodi-

cally by syringe to monitor the monomer conversion via 
1
H-NMR spectroscopy. When 

the desired monomer conversion was reached, the polymerization was quenched by cool-

ing 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% (
1
H-NMR). Mn = 12.3 kg mol

-1
, Mw/Mn = 1.11 (THF), 

Mn = 12.7 kg mol
-1
, Mw/Mn = 1.37 (CB). 

1
H-NMR (300 MHz, CDCl3, d): 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 the 

polymerization was stopped. Yield: 2.114 g of a pale yellow solid. Monomer ratio MS:BS 

was 83:17 in mol% (
1
H-NMR). Mn = 9.0 kg mol

-1
, Mw/Mn = 1.11 (THF), 

Mn = 10.0 kg mol
-1
, Mw/Mn = 1.18. 

1
H-NMR (300 MHz, CDCl3, d): 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% (
1
H-NMR). Mn = 9.0 kg mol

-1
, Mw/Mn = 1.11 (THF), 

Mn = 6.9 kg mol
-1
, Mw/Mn = 1.14. 

1
H-NMR (300 MHz, CDCl3, d): 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). 
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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 atmos-

phere and dissolved in 70 mL of dry THF. After 10 equ. of 1-octyne was added, the reac-

tion 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. 
1
H-NMR (300 MHz, CDCl3, d): 

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
-1
, Mw/Mn = 1.10 

(THF), 
1
H-NMR (300 MHz, CDCl3, d): 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
-1
, Mw/Mn = 1.08 

(THF), 
1
H-NMR (300 MHz, CDCl3, d): 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). 

General synthetic procedure for PS-OH 1-3 

A round bottom flask was charged with PS-Oct and dissolved in 100 mL THF for eve-

ry 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 ar-

gon 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. 
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Synthesis of PS-OH 1 

Mn = 9.3 kg mol
-1
, Mw/Mn = 1.29, Mn = 16.0 kg mol

-1
, Mp = 16.6 kg mol

-1
 (MALDI -

TOF MS), 
1
H-NMR (300 MHz, DMSO-D6, d): 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
-1
, Mw/Mn = 1.17, Mn = 10.2 kg mol

-1
, Mp = 10.1 kg mol

-1
 (MALDI -

TOF MS). 
1
H-NMR (300 MHz, DMSO-D6, d): 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
-1
, Mw/Mn = 1.10, Mn = 6.3 kg mol

-1
, Mp = 6.4 kg mol

-1
 (MALDI -TOF 

MS). 
1
H-NMR (300 MHz, DMSO-D6, d): 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 un-

der 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 DCB and filtered. For polymer purification the filtrate was precipitated 

twice into 800 ml methanol from first DCB and second chloroform. To remove soluble 

fullerene derivatives, the polymer was precipitated from chloroform into 800 mL of a 

toluene:methanol mixture (1:1 for PPCBM 1, 2:1 for PPCBM 2, 3:1 for PPCBM 3). Puri-

ty of the obtained polymer was monitored by TLC (SiO2, toluene), where the polymer 

remains on the start line and the impurities show distinct spots. The product was once 

more precipitated form chloroform into 800 mL methanol and dried under high vacuum.  
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Synthesis of PPCBM 1 

Mn = 17.2 kg mol
-1
, Mw/Mn = 1.27 (CB), Mn = 35.1 kg mol

-1
, Mp,1 = 22.9 kg mol

-1
, 

Mp,2 = 45.2 kg mol
-1
 (MALDI -TOF MS). 

1
H-NMR (300 MHz, CDCl3, d): 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 = 180ī190 ÁC, 

Tdec,2 = 395 °C. 

Synthesis of PPCBM 2 

Mn=11.6 kg mol
-1
, Mw/Mn=1.21, Mn=25.8 kg mol

-1
, Mp,1=16.1 kg mol

-1
 (MALDI -TOF 

MS). 
1
H-NMR (300 MHz, CDCl3, d): 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
-1
, Mw/Mn = 1.21 (CB), Mn = 19.6 kg mol

-1
, Mp,1 = 13.0 kg mol

-1
, 

Mp,2 = 26.6 kg mol
-1
 (MALDI -TOF MS ). 

1
H-NMR (300 MHz, oDCB-D4, d): 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 DCB. 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
-1
, 

Mp,1 = 17.8 kg mol
-1
, Mp,2 = 35.0 kg mol

-1
 (MALDI -TOF MS). 

1
H-NMR (300 MHz, 

oDCB-D4, d): 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, 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-
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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 = 180ī190 ÁC, Tdec,2 = 386 °C. 

 

Kinetics of the copolymerization of 4-tert -butoxystyrene and 4-methoxystyrene 

 

Figure S1: Monitoring of the kinetics of 4-tert-butoxystyrene (BS) and 4-methoxystyrene 

(MS) copolymerization by 1H-NMR. The NMR spectra of samples taken periodically dur-

ing RAFT copolymerization of PS-Az 3 are shown in (a). The integral ratio of the vinyl 

proton resonances a and b of the unreacted monomers represent the molar ratio of both 

monomers in solution. It remains almost constant and was BS:MS=73:27, 75:25 and 

75:25 after 2, 3.5 and 5 hours. Thus, the consumption of both monomer species can be 

assumed to be equally fast. The monomer conversion was also estimated from the 1H-

NMR spectra. The time-conversion plot (b) nicely shows a perfect linear correlation fol-

lowing first order kinetics. 

 

Table S1: Molar feed ratio and molar built-in ratio of 4-tert-butoxystyrene (BS) and 4-

methoxystyrene (MS) for the copolymers PS-Az 1-3. 

Polymer Feed ratio BS:MS Built -in ratio BS:MS 

PS-Az 1 8:92 10:90 

PS-Az 2 15:85 17:83 

PS-Az 3 23:77 26:74 
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Fourier -transform infrared spectra of PS-Az 1-3 and PS-Oct 1-3 

 

Figure S2: Magnified detail 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 n = 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. The 

intensity of the end group dependent 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 spectra to the polymer backbone signals. 

1
H-NMR spectra of copolymers PS-OH 1-3 after tert-butyl ether cleavage 
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Figure S3: 
1
H-NMR spectra of the copolymers PS-OH 1-3. The proton resonances 

around d = 9.05 ppm and d = 6.55 ppm can be assigned to the hydroxyl group of 4-
hydroxystyrene and to the phenyl protons of 4-methoxystyrene and 4-hydroxystyrene re-

spectively. The integral of the phenyl protons was calibrated to 4.0, therefore the integral 

of the hydroxyl group corresponds to the molar ratio of 4-hydroxystyrene in the copoly-

mers.  The 
1
H-NMR spectra confirm a full conversion of 4-tert-butoxystyrene to 4-

hydroxystyrene as the integral analysis give 10 mol% HS in PS-OH 1, 17 mol% HS in PS-

OH 2 and 26 mol% in PS-OH 3 (values rounded off). 
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1
H-NMR spectra of PPCBM 2  

 

Figure S4: 
1
H-NMR spectra of PPCBM 2 in comparison to pure PC61BM. While the low-

molecular weight PCBM shows throughout clear multiplets for all proton resonances, 

these multiplets appear as broad signals in the PCBM-grafted copolymer as the fullerene 

moiety is covalently attached to the polymer backbone. Note also the significant shift of 

the methylene protons 6 for PPCBM 2 at d = 2.73 ppm, which is adjacent to the ester 

bond, compared to the triplet proton signal at d = 2.53 for pure PCBM. This further indi-
cates the successful ester formation in the PCBM-grafted copolymer.  
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MALDI -TOF mass spectra of PS-OH 1-3 and PPCBM 1-4 

 

Figure S5: MALDI-TOF mass spectra of PCBM-grafted copolymers PPCBM 1-4 (red) 

and their corresponding precursor copolymers PS-OH 1-3 (black). As depicted for 

PPCBM 4, the PCBM content fPCBM was determined from the mass difference DM of the 

peak maxima. All mass spectra were smoothed for clarity due to the low signal-to-noise 

ratio. Some polymer-polymer coupling was observed leading to an additional peak at 

double molecular weight (see PPCBM 3). 
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Quantitative UV-Vis of the dilution series of PPCBM 1-4 and PCBM 

 

Figure S6: Quantitative UV-vis measurements for the determination of extinction coeffi-

cient e. Left: PCBM (black), PPCBM 1 (red), PPCBM 2 (blue) and PPCBM 3 (green) in 
chloroform. Right: PCBM (black) and PPCBM 4 (magenta) measured in DCB. According 

to the law of Lambert-Beer, the extinction coefficient e can be extracted from the slope of 

the linear fits. The ratio ePolymer/ePCBM gives the PCBM weight content of the PCBM-
grafted copolymers, but is usually underestimated for high contents. 

 

 

Representative UV-Vis spectra of PPCBM 3, PCBM and PS-OH 3 

 

Figure S7: 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 (e258 nm = 

0.0703 mL mg
ī1

 cm
ī1

) and 328 nm. Hence, the optical properties of PCBM are not af-

fected by the covalent attachment to the polymer backbone. 
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