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Summary 

This thesis addresses the tailor-made synthesis of novel semiconducting 

materials via a combination of controlled polymerization techniques such as KCTP, 

RAFT etc. and azide-alkyne“click”-chemistry. In particular, we were interested in the 

study of influence of polymer architecture on the structure formation and thus the 

electronical properties of the novel materials. This concept of combination of different 

synthetic approaches benefits from its modularity and makes it possible to synthesize 

highly defined and comparable polymers. Consequently, the influence on the material 

properties can be identified by only changing one parameter for example the side-chain 

length.  

For the first part of this thesis, donor-acceptor diblock copolymers, P3HT-b-PPBI 

with poly(3-hexylthiophene) (P3HT) as donor block and a perylene bisimide sidechain 

polymer (PPBI) as acceptor block, were synthesized by a novel approach and 

characterized regarding their structure formation. P3HT was synthesized in a first step 

and is subsequently functionalized with a RAFT-agent to get a macroinitiator. Using 

this , in a sequential polymerization, poly(propargyloxystyrene) was synthesized as a 

second block. In a last step the second block was decorated with two differently 

substituted perylene bisimides (PBI). This can be achieved by the copper-catalyzed 

azide-alkyne cycloaddition (CuAAC) in a quantitative fashion. Therefore, two highly 

comparable diblock copolymers with different PBI sidechains were obtained. We 

showed that both polymers are microphase-separated with a cylindrical 

microstructure. The influences of the different PBIs were investigated in detail by 

temperature dependent XRD measurements, DSC, TEM and AFM. 

For the second part of the thesis, bottlebrushes of high molecular weight P3HT 

grafted-to a polystyrene backbone were synthesized as novel semiconducting materials 
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and the design principles for such materials were investigated and compared to linear 

P3HTs. These densely grafted brush copolymers, with semiconducting sidechain 

polymer segments, may be very interesting for organic electronics because new unique 

material properties arise from the brush architecture. The grafting-to method, that is 

the grafting of sidechains to a backbone polymer by polymer analogous reaction, 

makes it possible to synthesize defined polymers with far higher molecular weights 

reaching about 144000 g mol-1. The high molecular weight alone increases the stability 

of thin films of such polymers against delamination. As a perspective, these 

Bottlebrushes can also be one part of diblock copolymers. Improved microphase 

separation and changes in orientation are to be expected and may render a possible 

way towards preferentially vertically aligned donor-acceptor block copolymers in 

future works. For the first time, we report the influence of the P3HT sidechain lengths 

on the electronical properties of P3HT bottlebrushes. The grafting-to approach utilizing 

the copper-catalyzed azide-alkyne cycloaddition (CuAAC) proved to be highly reliable 

in terms of the grafting density, even for the sidechains with the highest molecular 

weight. The modularity made sure that only the sidechain length was changed within 

the series of four bottlebrushes. We identified the sidechain length as the crucial 

parameter for the performance of the bottlebrushes, measured in terms of the charge 

carrier mobility of organic field effect transistors (OFETs). The best material exhibits 

an equally high charge carrier mobility in comparison to its linear counterpart 

combined with a superior film stability at elevated temperatures.  

Our grafting strategy can be successfully applied for the synthesis of diblock and 

brush copolymers. In the third part of this thesis, I describe how the same grafting-to 

strategy is applied for the synthesis of a novel donor polymer (PCuPc). For this, a 

polystyrene backbone (polypropargyloxystyrrene) was decorated with a copper 

phthalocyanine (CuPc) derivate with three oligo ethylene swallow-tail solubilizing 

units. The hydrophilic nature of the resulting PCuPC makes the polymer a potential 

candidate for bio-electronics. We synthesized a polymer with a high molecular weight 

(Mn = 88000 g mol-1), a narrow distribution Đ = 1.20 and a high solubility in solvents 

such as acetone, ethyl acetate and THF. A MALDI-ToF spectrum with a resolution of the 
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repeating unit was obtained regardless of the high mass of the polymers. This was an 

important indicator for quantitative and, therefore, dense grafting. The obtained 

material was characterized as liquid crystalline by XRD and exhibits a very high 

melting temperature, well beyond 300 °C. Measurements of the space charge limited 

current (SCLC) in diode configuration revealed a bulk hole-mobility of 

5.3.10-6 cm2 V-1 s-1.  

In the fourth chapter of the thesis, we show that the grafting-to concept can be 

extended beyond sidechain and brush copolymers towards the modification of surfaces 

with semiconducting materials to get self-assembled monolayers of semiconductor 

polymers. We demonstrate the versatility of the CuAAC for surface grafting of 

electronically active materials. After functionalizing a substrate with an azido silane, 

P3HT can be coupled to the surface with high grafting density. Surface grafted brushes 

with high molecular weight P3HT were fabricated. We are the first to use P3HT with a 

very high molecular weight of about 11400 g mol-1 to get dense surface grafted 

systems. The successful grafting was verified by AFM and UV-Vis spectroscopy. The 

ultra-thin P3HT brush film (< 4nm thick) was characterized by measuring the charge 

carrier mobility in SAMFETs. The measured charge carrier mobility of 1.6.10-3 cm2 V s-1 

is the highest reported value for a polymeric SAMFET and is very high for such a thin 

film SAMFET and exceeds the value of previously reported P3HT brushes by nearly two 

orders of magnitude. 
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Zusammenfassung 

Diese Arbeit beschäftigt sich mit der maßgeschneiderten Synthese von neuartigen 

halbleitenden Materialien, die durch die Kombination von kontrollierten Polymer-

isationstechniken und „Click“-Chemie hergestellt werden. Im Besonderen interessierte 

uns der Einfluss der Polymerarchitektur auf die Strukturbildung und folglich auf die 

elektronischen Eigenschaften. Dieses Konzept, dass verschiedene synthetische Ansätze 

verbindet, zeichnet sich durch seine Modularität aus, die es ermöglicht definierte 

Polymere mit hoher Vergleichbarkeit zu synthetisieren. Daher kann der Einfluss auf die 

Materialeigenschaften bei Änderung eines Parameters, wie beispielsweise die Länge 

der Polymerseitenketten, untersucht werden. 

Für den ersten Teil dieser Arbeit wurden Donor-Akkzeptor Diblockcopolymere 

P3HT-b-PPBI, mit Poly(3-hexylthiophen) (P3HT) als Donorblock und einem Perylen-

bisimid Seitenkettenpolymer (PPBI) als Akzeptorblock, mittels einer neuartigen 

Strategie synthetisiert und hinsichtlich ihrer Strukturbildung charakterisiert. Als Erstes 

wurde P3HT synthetisiert und im Anschluss mit einem RAFT-Agens funktionalisiert. 

Von diesem Makroinitiator wurde Polypropargyloxy-styrol als zweiter Block poly-

merisiert. Im letzten Schritt wurden unterschiedliche Perylenbisimid (PBI) als 

Seitenketten an den zweiten Block angebracht. Dies ist mithilfe der 1,3-Dipolaren 

Cycloaddition von Aziden mit Alkinen quantitativ möglich. Wir konnten daher zwei 

Diblockcopolymere mit unterschiedlichen PBI-Seitenketten erhalten. Beide Polymere 

sind mikrophasen-separiert und bilden eine zylindrische Struktur aus. Der Einfluss der 

PBIs auf die Strukturbildung wurde im Detail mittels temperaturabhängiger 

Röntgenmessungen, DSC, TEM und AFM untersucht. 

Im zweiten Teil der Arbeit beschreibe ich wie Bürstenpolymere von an ein 

Polystyrolrückgrat gepfropften, hochmolekularem P3HT synthetisiert werden. Diese 

neuartigen, halbleitenden Materialien wurden untersucht und mit linearem P3HT 

verglichen. Derartige Bürstenpolymere mit halbleitenden Seitenketten-polymeren 

können für die organische Elektronik äußerst interessant sein, da die Architektur die 

Eigenschaften dieser Materialen entscheidend beeinflusst. In derartigen Pfropfco-
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polymeren, bei denen die Seitenketten durch eine polymeranaloge Reaktion mit dem 

Rückgrat verknüpft wurden, können deutlich höhere Molekulargewichte bis etwa 

144000 g mol-1 erreicht werden. Dies allein wirkt sich positiv auf die Stabilität dünner 

Filme dieser Materialien aus. Außerdem können Bürstenpolymere einen Teil eines 

Diblockcopolymers bilden und dadurch Einfluss auf die Mikrophasenseparation 

nehmen. Besonders die Möglichkeit die Orientierung zu beeinflussen könnte es in 

zukünftigen Arbeiten erlauben Donor-Akzeptor Blockcopolymere zu synthetisieren, die 

im dünnen Film eine hauptsächlich vertikal orientierte Mikrophasenstruktur 

ausbilden. Als Erste haben wir den Einfluss der P3HT Seitenkettenlängen auf die 

elektrischen Eigenschaften der P3HT Bürstenpolymere untersucht. Das grafting-to 

Konzept mittels CuAAC erwies sich als sehr zuverlässig. Dies zeigte sich durch die 

durchgehend hohen Pfropfdichten, die auch für die längsten P3HT Seitenketten 

erreicht werden konnten. Die Modularität dieses Konzeptes ermöglichte dabei die 

Synthese einer Reihe von vier Bürstenpolymeren, welche sich nur hinsichtlich der 

Länge ihrer P3HT Seitenketten unterscheiden. Es zeigte sich außerdem, dass die 

Seitenkettenlänge die Eigenschaften des Materials, beispielsweise die Ladungsträger-

mobilität, entscheidend beeinflusst. Die Ladungsträgermobilität wurde in organischen 

Feldeffekttransistoren (OFET) gemessen wobei das beste Bürstenmaterial mit linearem 

P3HT vergleichbare Ladungsträgermobilitäten erzielt bei überlegener thermischer 

Stabilität im dünnen Film. 

In den ersten beiden Kapiteln wird gezeigt, dass unsere Synthesestrategie sowohl 

für die Synthese von Diblockcopolymeren als auch Bürstenpolmyeren erfolgreich 

angewendet werden kann. Im dritten Teil dieser Arbeit wird eine ähnliche 

Synthesestrategie verwendet um ein neuartiges Donorpolymer (PCuPc) herzustellen. 

In diesem Fall wurde ein Kupferphthalocyanin Derivat (CuPc) mit löslichkeits-

vermittelnden Oligoethylenseitenketten mit einem Polystyrolrückgrat (Propargyloxy-

styrol) verknüpft. Die hydrophile Natur von PCuPC macht dieses Polymer interessant 

für Anwendungen in der Bioelektronik. Ein Polymer mit einem hohen 

Molekulargewicht (Mn = 88000 g mol-1), Verteilung Đ = 1,20 und hoher Löslichkeit in 

Lösungsmitteln wie Aceton, Essigester oder THF wurde synthetisiert. Trotz des hohen 
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Molekulargewichts konnte ein MALDI-ToF Spektrum, in welchem die Wiederholeinheit 

des Polymers aufgelöst ist, aufgenommen werden. Weitere Untersuchungen mittels 

Röntgenbeugung zeigten, dass das Material flüssigkristalline Eigenschaften besitzt und 

erst jenseits von 300 °C schmilzt. Durch die Messung des raumladungsbegrenzten 

Stroms (SCLC) in Dioden-Konfiguration konnte eine Ladungsträgermobilität von 

5,3.10-6 cm2 V-1 s-1 bestimmt werden. 

Im vierten Kapitel zeigen wir, dass das grafting-to Konzept nicht auf Seitenketten- 

und Bürstenpolymere beschränkt ist sondern auch angewendet werden kann um 

Oberflächen zu modifizieren. Damit können selbstassemblierte Monolagen von 

halbleitenden Polymeren realisiert werden. Wir weisen die Vielseitigkeit der CuAAC 

nach indem wir ein elektronisch aktives Material chemisch auf einer Oberfläche 

anbringen. Zuerst wird ein Substrat mit einem Azidosilan funktionalisiert worauf P3HT 

mit Alkin-Endgruppe mit dem Substrat bei hoher Pfropfdichte chemisch verknüpft 

werden kann. Derartige, mit auf einem Substrat geankerte, Bürsten wurden von 

hochmolekularem P3HT hergestellt. Dabei haben wir als Erste P3HT mit einem sehr 

hohen Molekulargewicht von 11400 g mol-1 verwendet um hohe Pfropfdichten zu 

erreichen. Die erfolgreiche Reaktion konnte mittels AFM und UV-Vis Spektroskopie 

nachgewiesen werden. Die ultradünnen P3HT-Bürsten (< 4 nm) wurden direkt in 

organischen Feldeffekttransistoren SAMFET eingesetzt, wobei eine Ladungsträger-

mobilität von 1,6.10-3 cm2 V s-1 gemessen wurde. Dieser Wert ist dabei der höchste, der 

bisher für Polymer-Bürsten gemessen wurde und ist zwei Größenordnungen größer als 

bisher publizierte Mobilitätswerte für P3HT-Bürsten. 
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Introduction 

1 Semiconducting Polymers  

1.1 Controlled Synthesis of Semiconducting Polymers 

The term controlled polymerization refers to several types of chain-growth 

polymerizations where the probability of termination reactions is reduced. In the case of 

reactions where the termination is almost absent, they are called living polymerization. The 

term controlled polymerization is most commonly associated with the controlled radical 

polymerization (CRP)1 techniques but also describes a number of controlled metal 

catalyzed polycondensation reactions, most prominently the Kumada catalyst transfer 

polymerization (KCTP).2 The growth of a polymer chain is either started by an initiator 

(CRP) or by a metal catalyst and each of these starting species starts a single polymer chain 

in an ideal case. The ratio of the initiator/catalyst to monomer is directly proportional to 

the achievable degree of polymerization. The degree of polymerization increases linearly 

with the monomer conversion, due to the chain growth mechanism. The polymerization 

may only be considered as controlled, if the molecular mass of the polymer is directly 

proportional to the conversion, as well as the initiator/catalyst concentration and the 

molecular weight distribution is narrow. This allows the control of molecular weight and 

any desired molecular weight can be exactly synthesized. Additionally, the active end 

groups allow the precise functionalization of end groups or synthesis of block copolymers. 

A (pseudo) 1st-order kinetic, on the other hand, is not a necessity for a controlled 

polymerization. Additionally, it has to be noted that controlled polymerizations are not 

necessarily living. The term living refers to the total absence of termination and transfer 

reactions and can be strictly speaking only be applied to the anionic polymerization.3  
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Kumada Catalyst Transfer Polymerization (KCTP) 

The controlled synthesis of conjugated polymers is challenging and only a few 

examples, most prominently the polymerization of poly(3-hexylthiophene) (P3HT) or other 

electron-rich derivatives by KCTP, have been reported.4 Polymers with defined molecular 

mass and narrow distribution can be used to study effects of the influence of the molecular 

mass on the material’s properties. More complex systems such as well-defined microphase-

separated donor-acceptor block copolymers (D-A BCPs) can also only be realized if the 

synthesis of each block can be controlled.5 The Kumada coupling reaction can be applied to 

control the polymerization of aryl monomers thereby giving access to well defined 

conjugated polymers. This KCTP method has been applied to synthesis of polythiophenes, 

polyfluorenes and phenylene-/pyrrole-based polymers.4 P3HT is not only the most studied 

conjugated polymer, but is also the most prominent representative of polymers synthesized 

via KTCP. The synthesis of polythiophenes was optimized over the course of time. In the 

beginning only irregular polythiophenes6 could be synthesized. The development of Ni-

catalyzed synthesis routes made it possible to obtain regioregular P3HT.7,8 Mc Cullough et 

al. and Yokozawa et al. independently showed that P3HT can be polymerized in a controlled 

manner (Fig. 1).9-12 The active monomer species 2a can be prepared either from 2-bromo-

3-hexyl-5-iodothiophene 1 or 2,5-dibromo-3-hexylthiophene 3. In case of 3, during 

Grignard metathesis, a second sterically hindered and therefore inactive species 2b is 

formed. The followings steps are identical for both routes. The Ni-catalyst is added and the 

inserted dimer 4 is formed, which then reacts to form the initiating species 5 via reductive 

elimination followed by intermolecular oxidative addition,. The nature of this first coupling 

step is the reason that at least one regiodefect is generated in every polymer chain. From 

here on the polymerization proceeds in a chain-growth fashion, in which the monomers are 

solely coupled head-to-tail, until the monomer is consumed or the polymerization is 

quenched. The polymer chains are active even after the monomer is consumed if no 

quenchers are added. This living character can be used to synthesize BCPs and other 

complex polymers with different architectures. Studying the reactions during the 

polymerization in detail has helped to optimize the synthetic procedure of P3HT. LiCl can 

be used as an additive to decrease the time of the consumption of t-BuMgCl as it is 
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important to have a complete formation of the active monomer.14 With LiCl as additive, the 

second sterically disfavored monomer species 2b is also incorporated which increases the 

molecular weight. One could expect, that this would lead to the formation of irregular 

polymers but Wu et al. found that the incorporation of the second monomer reduces the 

regioregularity only minimally.15 The sterically disfavored monomer species 2b is still less 

reactive and is only built into the polymer chain after the majority of the monomer 2a is 

consumed. Consequently, only one additional tail-to tail coupling defect is typically 

introduced to each chain. It is also possible to control the end-groups13 and to influence the 

final product by the choice of the quenching agent.16 End capping, thereby stopping the 

polymerization, with a functional Grignard reagent is a straightforward and elegant way to 

obtain different functional end-groups.17 Surprisingly, this method does not only lead to the 

formation of monocapped products as expected. A random walk of the catalyst along the 

polymer chain is the reason for formation of dicapped products unless the catalyst is bound 

Fig. 1 The polymerization of the active Grignard monomer 2a is characterized by a chain growth mechanism. 

The active Grignard monomer 2a can be obtained from the 2-bromo-3-hexyl-5-iodothiophene (1, Yokozawa 

route) or 2,5-dibromo-3-hexylthiophene (3, McCullough route). Adapted from Lohwasser et al.13 
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by a stable π-complex like in the case of alkynes.18 The mobility of the catalyst along the 

polymer chain also effects the polymerization itself. The chain can indeed grow in both 

directions. At the end of the polymerization the initial regiodefect from the initiating species 

5 will not be at chain end but anywhere in the chain. Even though the catalyst is mobile 

along the chain, it does not exist in a free dissociated state. This is most important for the 

control of the polymerization which can only be maintained if every catalyst molecule starts 

exactly one chain and sticks on to that chain.  

Nitroxide Mediated Radical Polymerization (NMRP) 

The nitroxide-mediated radical polymerization (NMRP)19,20 is the oldest of the three 

major techniques of CRP, the other two being atom transfer radical polymerization 

(ATRP)21,22 and reversible addition-fragmentation chain transfer (RAFT)23,24 polymer-

ization. In 1985 it was discovered that radical polymerizations can be controlled by 

decreasing the concentration of the active growing polymer radicals with the help of 

alkoxyamines.25 NMRP makes it possible to control the radical polymerization of standard 

monomers like, e.g., styrene in order to produce well-defined polymers. The identification 

of suitable alkoxyamines, which provides both the initiating and the persistent radical, was 

important for the implementation of NMRP. In 1999 Hawker et al. reported a universal 

alkoxyamine system which greatly increased the set of monomers that could be 

polymerized via NMRP in a controlled way.26 The newly introduced system is applicable for 

the NMRP of styrenes, acrylates, acrylonitriles and other functional vinyl monomers. The 

mechanism of NMRP relies on the equilibrium between an active species and a dormant 

species. Initially, the alkoxyamine decomposes thermally into a reactive radical and a not 

self-terminating persistent radical (Fig. 2). The persistent radical effect is the source of 

control of NMRP.27 At the beginning, the concentration of active radicals and the persistent 

one is equal. The concentration of the active radicals is reduced due to self-termination 

whereas the persistent radicals’ concentration stays constant. This drives the equilibrium 

towards the dormant species and the reduction of the overall radical concentration makes it 

possible to control the polymerization. For a high degree of control it is important to reach 

the equilibrium fast.28 The addition of excess persistent radical can increase the control of 

the polymerization while at the same time the reaction speed is further decreased.29,30 
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Fig. 2 Mechanism of NMRP. The initiating radical and the persistent radical are formed after thermal 

decomposition of the alkoxyamine. The initiating species starts the polymerization of the monomer. The 

control of the reaction is governed by the equilibrium between the active species and the dormant species. 

The persistent radical effect predicts a decreasing radical concentration during the 

course of the reaction. This drastically slows down the reaction and a 2/3-order kinetic is 

expected.28,31,32 This also poses a problem for reaching high conversions. To increase the 

reaction rate high temperatures above 100 °C are generally applied, temperatures at which 

monomers such as styrene already exhibit a significant amount of thermal initiation.33  

Reversible Addition-Fragmentation Chain Transfer Polymerization (RAFT) 

Aside from NMRP and ATRP which both rely on the persistent radical effect, a third 

major controlled polymerization technique with a fundamentally different mechanism was 

developed. The RAFT polymerization is a versatile tool for the synthesis of defined 

polymers due to its wide ranging applicability for many different monomers and a high 

tolerance to many different functional groups.23,34 Thang et al. were the first to report 

polymerizations controlled by different dithioesters.35 The chain transfer agent (CTA) 

reversibly terminates the propagating chains and provides control over the polymerization. 

Many different CTAs have been developed including dithiobenzoates, dithioesters, trithio-

carbonates, dithiocarbamates and xanthates.23,36,37 All CTAs (Fig. 3) generally have a 

reactive C=S double bond, the so-called Z-group and an R-group. The Z-group can be 

modified to optimize the addition and fragmentation rates and the R-group is the radical 

leaving group which has to be able to reinitiate the polymerization. The RAFT process 

differs from NMRP in the need of an external radical initiator. Azobis(isobutyronitrile) 

(AIBN), for example, is commonly used as thermal initiator. The initiating radical reacts with 

the monomer and forms the propagating radical Pn
● which will eventually react with the 

CTA. The intermediate radical will then fragment either releasing Pn
● or the radical R● which 

will start a new polymer chain.  
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Fig. 3 Mechanism of RAFT. The chain transfer agent (CTA) is highlighted in red (Adapted from Ref. 23). 

The equilibrium between the propagating chains and the intermediate radical species 

reduces the overall concentration of reactive radicals and the probability of termination 

reactions. It is crucial for good control that this equilibrium is reached rapidly. First order 

kinetics can be observed as the concentration is constant during the course of the 

polymerization. In the ideal case each polymer chain carries the R-group on the one side 

and a thiocarbonyl end group on the other side after the reaction is stopped. This allows 

post-polymerization reactions if R-groups with functional groups were used. This also 

makes it possible to combine RAFT with "click" chemistry by introducing functionalities 

such as azides or alkynes for the Cu(I) catalyzed azide/alkyne cycloaddition.38 Such a RAFT 

agent which can be used for the polymerization of styrene derivatives was published by 

Gondi et al.39 The thiocarbonyl group on the other hand can reinitiate the polymerization to 

form multiblock polymers. It was shown that the end group fidelity in α- and ω-position is 

strongly dependent on the amount of used initiator.40 The amount of chains that are started 

by an initiator radical instead of the R-Group is higher, if the concentration of the initiator is 

increased thus decreasing the number of functionalized chains. A similar effect can be 
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observed in the ω-position, which influences the livingness of the polymerization and 

consequently the ability to reinitiate the polymerization. All initiator derived chains will 

eventually terminate. The livingness is therefore also higher if a lower amount of initiator is 

used.41-43 

1.2 Copper-Catalyzed Azide-Alkyne Cycloaddition 

In order to modify polymer end groups, introduce side chains or couple two polymers 

in a post polymerization step highly efficient reactions are necessary. The reactions that are 

summarized by the term “click” chemistry in 2001 by Sharpless et al. are highly suitable for 

this task.44 The stimulus for the success of this definition was the development of the 

copper-catalyzed azide-alkyne cycloaddition (CuAAC).45,46 The thermal cycloaddition of 

azides alkynes had been known since 1963 when it was described by Huisgen.47,48 The 

development of the CuAAC greatly broadened the applicability of the reaction. Both the 

azide- and alkyne-functionality are fairly inert in the absence of a catalyst, but the reaction 

is very fast and quantitative, even at room temperature, in presence of a Cu(I) catalyst and 

can be conducted in a wide variety of solvents including water.  

 
 
Fig. 4 Mechanism of the copper-catalyzed azide-alkyne of organic azides and terminal alkynes generating the 

1,4-regiosiomer of the disubstituted triazoles compound. Adapted from Fokin et al.45 
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The proposed catalytic cycle is depicted in Fig. 4. In the first step the copper(I) acetylide is 

formed. Subsequently the organic azide is activated by a coordinating to copper followed by 

the formation of the C-N bond which leads to a strained metallacyle. The strained cycle 

rearranges to form the copper triazolide which in the last step releases 1,4-isomer of the 

triazole compound and sets the catalyst free to start the next cycle.45 

1.3  Donor Acceptor Block Copolymers  

Donor-acceptor block copolymers (D-A BCPs) consist of two different semi conducting 

blocks. One is the electron rich donor polymer, transporting the holes, whereas in the other, 

the acceptor block with a high electron affinity, the electrons are transported. BCPs are 

generally known for their ability to form a thermodynamically stable morphology with 

dimensions of tens of nanometers depending on the block lengths. This phenomenon is 

called microphase separation and it has been theoretically described by Bates et al. for 

amorphous coil-coil BCPs with two immiscible blocks.49,50 The segregation of the two blocks 

is described by the Flory-Hugins interaction parameter χ and the degree of polymerization 

N.51-53 Below a certain segregation strength (χN < 10) microphase separation is not 

Fig. 5. Most commonly observed equilibrium morphologies observed in microphase-separated coil-coil BCPs. 

Depending on the volume fraction of the block either a spherical, cylindrical or lamellar morphology with 

either Block A or Block B as matrix can be observed. (Adapted from Ref. 54) 
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observed. For χN > 10 the blocks will demix and form an ordered morphology due to the 

constraints imposed by the connection of the polymers which prevents macrophase 

separation. For diblock copolymers a few defined morphologies are expected in relation to 

the volume fraction composition of the polymers (Fig. 5). Spherical, cylindrical or lamellar 

morphologies are the most commonly observed morphologies in addition to the gyroid 

morphology present between cylindrical and lamellar structures. Conjugated 

semiconducting polymers often have a stiffer backbone (rod-like) and have a tendency to 

crystallize due to π-π interactions between the aromatic moieties.55 Diblock copolymers 

with a conjugated block, therefore, add a greater complexity to the system.56 Apart from the 

segregation strength χN and the copolymer’s composition the Maier-Saupe parameter µN 

may be necessary to describe the microphase separation in such a system.57 If at least one 

of the blocks is crystalline several different scenarios for crystallization influenced phase 

separation can be distinguished.55 Depending on the segregation strength the BCP will be 

either microphase-separated or disordered in the melt. For the first case the crystallization 

of a block can destroy the ordered structure; this is called break out crystallization. When 

the force to crystallize is weaker than the tendency to form a microphase-separated 

domain, the crystallization will occur within the confinement of the nano domains. This is 

called confined crystallization and it was reported for a D-A copolymer by our group, 

proving the possibility of ordered microphase separation in such systems.58 In the case of a 

disorderd melt, the crystallization of one block can induce the microphase separation.  

D-A copolymers are interesting materials for organic photovoltaics. The formation of 

ordered and thermodynamically stable morphologies on the nano scale was proposed to 

provide maximum D-A interface, domain sizes in the range of exciton diffusion length and 

excellent charge transport pathways for both holes and electrons and these materials can 

work as compatibilizers to stabilize a D-A blend of a bulk heterojunction solar cell.54,59,60 

This concept has a number of challenges as well.61 Firstly, new controlled synthesis routes 

had to be developed as ordered microphase separation is only observed in defined 

copolymers with narrow mass distribution. Secondly, the orientation of the morphology in 

thin films has to be controlled in order to provide charge transport pathways perpendicular 

to the substrate, a task which is still unsolved.  
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Fig. 6 Overview on donor-acceptor block copolymers with some examples: Chemical structures of side chain 

D-A BCPs with fullerene (a)70,77,78 and perylene bisimide (b)67,58 as acceptor. Chemical structures of all-

conjugated polymers (c).85,86,93,94  
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A brief selection of recent reports on D-A polymers will be given in following section, 

divided into three classes (see Fig. 6). A more comprehensive survey of the research can be 

found in a number of reviews on the topic.62-65 Several of the earliest studies focused on 

copolymers with fullerene side chains as acceptor units. A number of publications reporting 

studies on defined copolymers with perylene bisimide acceptors can also be found after the 

seminal work of Lindner and Sommer et al.66,67 Recently, some reports focused on all-

conjugated D-A copolymers have appeared.  

Fullerene grafted D-A copolymers comprised of a poly(p-phenylene vinylene) (PPV) 

block and polystyrene grafted with fullerene such as 1 were synthesized in the group of 

G. Hadziioannou.68-72 In 2006 Fréchet et al. made a BCP by polymerizing a fullerene-

derivatized norbornene and a P3HT norbornenyl macromonomer via ROMP.73 Advances in 

the synthesis of P3HT led to several reports on BCPs with P3HT as donor block.74,75 

Hashimoto et al. synthesized BCPs where the fullerene was grafted to the hexyl side chain of 

P3HT achieving an efficiency of 2.46 % in a single layer device of 2.76,77 Recently, Hufnagel 

et al. synthesized fullerene-grafted D-A BCPs with C60 and C70-units.78-80 The composition, 

grafting density and molecular weights were changed in order to systematically investigate 

the influence of polymer design on structure formation and charge transport. 

The second class of D-A polymers to be mentioned here have perylene bisimide 

(PBI) as acceptor. This strategy of using a controlled polymerization of a PBI containing 

acrylate was developed in our group by Lindner and Sommer et al.66,67 A number of coil-coil 

polymers comprised of different triphenylamine based donor blocks and a perylene 

bisimide acrylate acceptor block were obtained (4 a-c).67 Functional vinyl monomers 

carrying the donor and the acceptor were synthesized and polymerized sequentially. Due to 

the better opto-electronical properties, the donor was changed to P3HT.81-83 By a 

macroinitiator route starting from P3TH, Lohwasser et al. synthesized 5 with high 

molecular weight and narrow distribution.58 They could show for the first time that 

microphase separation into ordered lamellar or cylindrical morphologies is possible in D-A 

polymers with a crystalline P3HT block. 

Other acceptor polymers have been implemented aside from perylene bisimides or 

fullerenes. Several recent reviews61,62,84 can be found on this topic and a few examples will 
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be highlighted here. Scherf et al. reported one of the first fully conjugated D-A copolymers 

with a P3HT donor block and several different acceptor polymers (6), usually combining 

polycondensation and KCTP. One major drawback of this approach is that the final product 

is a mixture of block copolymer and homopolymers and the block obtained by 

polycondensation is ill-defined.85 In a two-step synthesis triblock copolymers were 

generated under Yamamoto conditions. Poly(3-hexylthiophene)-block-poly-((9,9-

dioctylfluorene)-2,7-diyl-alt-[4,7-bis-(thiophen-5-yl)-2,1,3 benzothiadiazo-le]-2′,2″-diyl) 

(P3HT-b-PFTBT)(7) has been reported by several groups86-88 and solar cells with this 

copolymer exhibited the best performance yet for a single component all-polymer solar 

cell.89 A recent study also examined the influence of hydrophilic side chains on the structure 

formation in a similar polymer.90 Hawker et al. synthesized poly(3-hexylthiophene)-block-

poly(diketopyrrolopyrrole-terthiophene) (P3HT-b-DPPT-T) and studied the influence of the 

copolymer’s structure in solution on the observed micro structure in the dried state. They 

could show that solvents can influence the nanoscale structure in thin films.91,92 The 

copolymer P3HT-b-PBIT (8) with a main chain perylene bisimide block was synthesized by 

Shifan Wang et al. via Stille coupling.93 In all-polymer solar cells with a simple active layer 

they achieved a power conversion efficiency of 1.0 %. P3HT-b-PNDIT2 (9) with P3HT as 

donor material and an alternating donor−acceptor naphthalenediimide bithiophene 

copolymer, poly{[N,N′-bis(2-octyldodecyl) naphthalene-1,4,5,8-bis(dicarboximide)-2,6-

diyl]-alt-5,5′-(2,2′-bithiophene)} (PNDIT2) as acceptor material were synthesized by 

Yamamoto94 and Stille95,96 coupling. In the group of M. Sommer P3HT-b-PNDIT2 was 

synthesized via direct C-H arylation condensation which is the first time a fully conjugated 

diblock copolymer was realized by this method.97 In the field of acceptor blocks, a strategy 

to obtain well-defined blocks with controlled molecular weight and high end group fidelity 

is still elusive. But first reports from Kiriy et al. (using Zn intermediates) and Seferos et al. 

(using new Ni-catalysts) have been published. 98,99 Further optimization if reaction control 

can finally result in well-defined donor-acceptor block copolymers with narrow dispersity. 

Even if the scientific challenges of synthesis of well-defined D-A block copoylmers are 

solved, a necessary and reliable vertical alignment of microdomains in microphase 
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separated block copolymer thin film remains as the holy grail of the research topic of block 

copolymers for solar cell applications.  

1.4. Bottlebrush Copolymers 

Bottlebrush copolymers are comb polymers consisting of backbones which have one 

or more side chains at every repeating unit.100,101 The densely packed side chains force the 

backbone into an extended chain through steric repulsion. This leads to a stiffening of the 

backbone and, therefore, an increased persistence length. Unique material properties that 

arise due to the architecture are higher polymer chain-mobilities compared to linear 

polymers and the absence of chain entanglements. Bottlebrushes may be especially 

interesting for organic photovoltaics (OPV). One of the major unsolved challenges for all-

polymer solar cells with an ordered morphology, as proposed by our group,59 is the vertical 

alignment of the nanostructure.61 S. W. Hong et al. showed that a vertical alignment might 

be the thermodynamically stable in brush diblock copolymers.102 In thin films of linear 

BCPs a parallel orientation of the morphology is usually observed due to the preferential 

wetting of the substrate by one of the blocks (see Fig. 7). In thin films of brush copolymers a 

parallel alignment of the rigid backbone is favored which leads to a vertical orientation of 

the side chain nano domains. There are also other beneficial properties of brush 

copolymers than merely the orientation in thin films. Generally, much higher molecular 

Fig. 7 Schematic of the parallel orientated lamellar microstructure in thin film of a linear BCP (left) in 

contrast to a perpendicular morphology in a thin film of a brush BCP (right). (Adapted from Ref. 102) 
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weights leading to better thermal stability of thin films can be obtained in brush 

copolymers than in linear polymers. Particularly the controlled polymerization of 

semiconductor polymers is limited to a relatively low degree of polymerization mainly due 

to solubility issues. Secondly, the domain size L of the microphase-separated structures 

depends on the degree of polymerization (or molecular weight) of the linear block (Fig. 7) 

whereas in brush BCPs the domain size can be tuned by the degree of polymerization of the 

extended backbone.103 In particular, very large domains are accessible which cannot be 

realized in linear BCPs.  
There are only very few examples of brush copolymers with P3HT as semiconducting 

side chains (Fig. 8). Synthetically these systems are available either by a grafting-through 

or grafting-to processes. Norbornenyl macromonomer of P3HT are synthesized to 

polymerizes poly(norbornene)-g-P3HT bottlebrushes 10 via grafting-through. Method S. 

Ahn et al. polymerized brushes with short side chains and observed the formation of 

irreversible aggregates in these systems.104 In another report, the side chain length was 

varied and the bottlebrushes were tested in solar cells.105 Bottlebrushes with short P3HT 

are also accessible by a modular grafting-to approach. Poly(chloromethylstyrene) can be 

quantitatively converted to poly(azidomethylstyrene) and grafted with P3HT alkyne via 

CuAAc to obtain the bottlebrushes (PS-g-P3HT) (11) with a styrenic backbone.106 

The first report of a P3HT grafted brush (12) by K. Sivula et al. also proved that D-A 

copolymer brushes can be realized via a sequential grafting-through polymer-ization.73 This 

year, new random bottlebrushes incorporating P3HT and polylactide (PLA) side chains with 

a statistical distribution along a polynorbornene backbone were reported (13).107 For 

bottlebrush copolymers with symmetric compositions, ordered lamellar structures were 

observed. The latest report on fully conjugated D-A copolymers is a grafted P3HT brush 

with a poly[[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-benzothiadi-

azole 4,7-diyl-2,5-thiophenediyl] backbone as acceptor polymer 14 (PCDTBT-g-P3HT).108 

Their synthetic approach allowed for an independent control over the grafting length, the 

grafting density and the backbone length. Additionally, the P3HT used in this study is a 

higher than previously reported which is important due to the optimum of the electronical 

properties for P3HT near a molecular weight of 12000 g mol-1. 
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Fig.8 Scheme of the synthesis of P3HT bottlebrushes via a grafting-through (a)104,105 and grafting-to (b)106 

method. c) Chemical structures of copolymers brushes containing P3HT.73,107,108  
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1.5. Surface Grafted Brushes 

Polymers that are tethered to a substrate or the surface of particles are often generally 

referred to by the term polymer brush. A brief introduction to the characteristics of this 

system is given in the following section and the recommendation to follow a more narrow 

definition of the term bottlebrush will be explained.109  

The first studies on polymer brushes in the 1950s focused on grafting polymers to 

colloidal particles.110-115 The fundamentals of the theory of polymer brushes were later 

published by Alexander116 and de Gennes.117,118 While the early work focused on the 

physisorption119-121 of polymers on a surface, end-chain grafted polymers with covalent 

attachment became increasingly interesting due to the higher stability of the films. Such 

layers are synthetically accessible either by grafting-from or grafting-to techniques. For the 

grafting-from method an initiator must be coupled to the surface and the polymer chain 

grows directly from the surface. Brushes with high density are accessible but the 

characterization of the formed polymers is not trivial. Brushes synthesized by different 

living and controlled techniques, were reported including P3HT brushes via surface 

initiated KCTP.122-124 Also, preformed polymers, which can be accurately characterized, can 

be bound covalently to the surface by the grafting-to method.125 The main challenge for this 

second method is the realization of a high density of the polymer at the surface. The 

achievable grafting-density for the grafting-to approach is governed by the reaction time, 

the polymer’s concentration and the molecular weight of the polymer.109  

The properties of such polymers tethered to a substrate are highly dependent on the 

density of polymer chains on the surface. At low grafting densities, the distance between 

two tethered polymers is higher than the gyration radius Rg of the polymer chains. This 

regime is usually called mushroom regime. When the density () increases the distance 

between the polymer chains will eventually be smaller than their size (Fig. 9). At this point 

the chain will overlap and a continuous film will form (transition to the brush regime). At 

even higher densities the polymer chains are forced into a chain extended conformation. 

This high stretching of the chains is the defining parameter of the true brush regime. 

W. J. Brittain and S. Minko,109 therefore, recommend to use the term polymer brush only for 

such densely grafted layers.  



Introduction 

 

 
 

23 

 

The aforementioned regimes and their behavior were described theoretically and 

experimentally. Wu et al.126 synthesized surface anchored polyacrylamides with a density 

gradient and were able to observe the crossover between mushroom and brush regime by 

determining the thickness of the wet film. In the mushroom regime the thickness is 

independent of the low grafting density. Whereas in the brush regime the thickness h 

increases with the density σ according to:126,127 

ℎ~𝜎
1

3⁄                    (1) 

In order to determine the regime of a grafted polymer film, the reduced tethered density Σ 

can be used. This parameter indicates the number of polymer chains which are in an area 

that would otherwise be occupied by one non-interacting polymer chain in the respective 

solvent and at the specific temperature. It is defined as: 

 Σ =  σπ𝑅𝑔              (2) 

where Rg is the gyration radius of the polymer chains. The grafting density can be 

determined depending on the brush thickness h and the molecular weight Mn of the 

polymer: 

𝜎 =  
ℎ𝜌𝑁𝐴

𝑀𝑛
             (3) 

(NA = Avogadro’s number; ρ = bulk density of the polymer) 

Fig. 9 Dependence of the thickness of tethered polymer films on the grafting density. For low densities the 

thickness is constant (mushroom regime), whereas the stretching of the polymer chains leads to an increased 

thickness for higher grafting densities (brush regime). The brush regime can be observed if the reduced 

tethered density Σ is higher than 5. (Adapted from Ref. 109 and 126)  

Σ < 1 
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There are several reports on the transition from mushroom to brush regime and films of 

tethered polymers chains can thus be divided into three regimes. For Σ < 1 the films are in 

the mushroom regime, characterized by separated non-interacting chains on the surface. 

Between 1 < Σ < 5 the transition to the brush-regime is observed. Above Σ > 5 the “true” 

brush regime can be observed.  

In organic electronics self-assembled monolayer layers (SAMs) are used to 

functionalize surfaces,124 e.g. in organic photovoltaics (OPV) they function as charge 

extraction layers for holes or electrons.129,130 Chemical bound interlayers which are stable 

towards solution based processing may be beneficial in terms of performance and 

processing of the device.130 Additionally, several SAM based organic field effect conductors 

(SAMFETs) have been reported with small molecules.131-133 P-type SAMFETs based on 

oligothiophene derivatives with charge carrier mobilities up to 2.0.10-2 cm2 V-1 s-1 have been 

described.132,133 The best n-type SAMFETs, based on perylene bisimides (PBIs) were 

reported by Ringk et al. with a mobility of 1.5.10-3 cm2 V-1 s-1.134  

The synthesis of different surface tethered films of semiconducting polymers such as 

poly(triphenylamine),135 poly(fluorine)136, P3HT124 or poly(p-phenylene)137 has been 

reported. P3HT brushes on nano particles138,139 or on a substrate140,141 can be synthesized 

by the grafting-from approach via surface initiated KCTP. Polymer brushes of P3HT by the 

grafting-to approach were also realized on oxidic substrates,142,143 gold nanoparticles144 or 

graphene oxide sheets.145 P3HT brushes were grafted on an indium-tin oxide (ITO) 

electrode as interlayer by N. Doubina et al.146 and J. Alonzo et al.147 used such a brush as 

anode buffer layer in organic solar cells. Recently it was reported that the thermal 

conductance of poly(3-methylthiophene) brushes is 6 times better than spin-cast films of 

the same materials.148 There are still only few examples where the electronical properties 

in semiconducting polymer brushes has been studied. The only report on SAMFETs of P3HT 

brushes revealed a very low charge carrier mobility of 5.10-5 cm2 V-1 s-1.142   
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2  Characterization Methods 

2.1 Polymer Characterization Methods 

Molecular Weight Determination  

The properties of polymers are governed by their molecular weight and distribution. 

Characterizing polymers in order to determine these parameters is therefore quintessential 

for gaining insights into the material properties. The most important relative method for 

this is size exclusion chromatography (SEC).149 Similar to other chromatographic methods 

the analyte, i.e., the polymer sample is eluted by a solvent over a solid-state column. SEC is 

conducted in a regime were no enthalpy interactions between the analyte and the column 

take place and the sample is only separated by the difference in hydrodynamic radius of the 

polymer coil in solution. Smaller coils are held back in the porous column material while the 

biggest chains elute first (Fig. 10 a). After the column the fractions can be detected by 

concentration dependent (refractive index, UV-Vis) and molecular mass sensitive detectors 

(light scattering). Setups with multiple detectors provide even more information 

simultaneously, e.g., absorption measurements at different wavelengths can give additional 

information about the sample’s chemistry.150 SEC is a standard method for polymer 

Mmonomer  

Mmonomer  

Fig. 10 Principles of size exclusion chromatography (SEC) (left). Bigger molecules have the smallest elution 

time while smaller molecules are held back in the porous column and are eluted later. The graph on the right 

shows a MALDI-ToF spectrum of P3HT. Two peak series can be observed and assigned to polymer chains with 

different end groups. 
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characterization but more complex systems like BCPs or branched polymers have to be 

characterized with care. The elution time relies on the hydrodynamic radius of the polymer 

in the specific solvent under the assumption that the polymer does not interact with the 

column materials or eluent and the molecular weights are calibrated with a particular 

calibration material. This makes SEC a relative method and no absolute molecular weights 

can be accurately determined by this method 151,152 The molecular weight calibration is 

done by measuring the elution time of a series of well-defined polymers with known 

molecular weights. Polymer standards are only available for a small number of polymers 

such as polystyrene or polymethylmethacrylate. Thus even the relative molecular weight of 

novel polymers determined with SEC and some calibration polymer should be interpreted 

with care. The solution aggregation of the polymer and attractive or repulsive interactions 

between the polymer and the column or eluent may also impede the analysis.149 If possible 

a second method besides SEC should be employed. Matrix assisted desorption laser 

spectroscopy (MALDI) with time of flight (ToF) detector is a complementary measurement 

technique. MALDI-Tof allows non-destructive mass spectrometry of polymers and absolute 

molecular weights can be determined.154 For low molecular weights, it is also possible to 

obtain spectra with a resolution of repeating units and the polymer’s end groups can be 

exactly determined (Fig. 10 b). As a downside this technique is restricted to polymers with 

rather low molecular weight or only for those which fly as charged species in a field and 

reach the detector and which have very narrow distribution. The measurement conditions 

also have to be optimized for every unknown polymer. Additionally, polymers with labile 

end groups of complex architectures are difficult to measure.155  

Kinetics and Conversion of Polymerization Reactions 

Several methods for controlling polymerizations have been mentioned before. In 

order to obtain defined materials it is important to determine whether the polymerization 

was conducted in a controlled fashion. The most important feature of controlled 

polymerizations is the possibility to make polymers with predefined molecular weights. For 

a successful polymerization, the molecular weight can be predicted from the conversion 

and the ratio of the catalyst, initiator or transfer agent to the monomer. The molecular 

weight and the conversion must be monitored during the polymerization in order to 
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determine the controlled fashion of the reaction. By NMR-spectroscopy the conversion can 

be monitored and monomer ratios in case of copolymerizations can be monitored. In some 

cases it is even possible to determine the degree of polymerization by end group analysis. 

Other techniques like IR-spectroscopy, which can be used for insitu monitoring, or gas 

chromatography can also be used to determine the conversion. SEC can be used to 

determine the molecular weight evolution by analyzing samples at different time intervals 

and kinetics of polymerization can be studied. The shape of the molecular weight 

distribution in SEC can be indicative of side-reactions. A broad distribution is the result of 

bad control and low- or high-molecular weight shoulders have their origin in unwanted 

transfer and termination reactions. For polymerizations with macroinitiators SEC is a 

reliable technique that can discern between the growth of a second block and the formation 

of homopolymers. After the conversion and the molecular weight are determined a linear 

relationship between both parameters must be observed with a slope which is proportional 

to ratio of the catalyst, initiator or transfer agent to the monomer, otherwise side reactions 

occurred and the control was lost.3  

Complex polymer structures can be obtained by polymer analogous reactions of 

functionalized polymers. Here, the reactions of end and side groups have to be monitored. 

For small molecules IR-spectroscopy in combination with NMR can be easily applied for this 

task. This combination can also be used to quantify the grafting of small molecule side 

chains to a polymer backbone.156 End groups on the other hand can be more difficult to 

characterize quantitatively due to the high dilution. MALDI-ToF can be used to identify end 

groups more accurately by the appearance of different peak series. The assessment of click 

conjugations of polymers and the formation of block/brush copolymers is often not 

straightforward. SEC can provide important information but is often misinterpreted. After 

the conjugation of two polymers a new copolymer should be obtained. In SEC a new 

distribution at lower elution values can be observed and also unreacted fractions of the 

precursor polymers. Low/high molecular weight shoulders or multimodal distributions are 

signs of an incomplete reaction or unwanted side reactions. This is only true if both 

polymers have truly narrow distributions. Barner-Kowollik showed that the quantitative 
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conjugation of polymers with broad distributions can lead to products with bimodal 

distributions.157 

2.2 X-ray Diffraction  

Structure and structure formation has great influence on the electronical properties of 

organic semiconductors and the performance of devices made from these materials.158,159 A 

very versatile and reliable characterization technique for polymers is X-ray scattering.160 In 

contrast to microscopy techniques, which only give information about a small area at a 

surface (atomic force microscopy - AFM) or thin cut of a material (transmission electron 

microscopy - TEM), X-ray scattering can measure average bulk properties over a larger 

volume.  

X-rays interact with the electrons in a material. The excited electrons start to oscillate 

and scatter X-rays. If this scattering of X-rays occurs at multiple positions in an ordered 

lattice, the scattered wave will form constructive and destructive interferences depending 

on the distance of the lattice planes d, which results in distinct diffraction patterns. The 

Bragg equation161 gives the condition for constructive interference (Fig. 11 a): 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃                         (4)  

where  = 0.154 nm-1 (CuKα radiation) is the wave length of the X-ray and  is the angle of 

incidence. 

Depending on the incidence angle of the X-rays θ, different size ranges can be 

analyzed. In the wide-angle X-ray scattering range (WAXS) sizes smaller than 5 nm can be 

analyzed (Fig. 11 b). Therefore, the crystalline lattice and crystal sizes and π-π distances 

can be analyzed.162 Temperature-dependent measurements in this region allow the 

observation of phase transitions between crystalline phases, meso-phases and amorphous 

melts. At smaller angles (SAXS), structures with a size of up to 100 nm can be measured. 

This is especially useful to detect microphase separation in BCPs and the lamellar long 

period in crystallites 163  
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The characterization of thin films is possible by grazing incidence X-ray scattering at 

small (GISAXS) as well as wide angles (GIWAXS) and allows for the characterization of inner 

morphology of the film.164 By GISAXS/GIWAXS it is possible to measure the orientation of 

the nanostructure and crystals within the film. This information is crucial for understanding 

the performance of these polymers in organic electronics. The crystal orientation, for 

example, has a profound influence on the charge carrier transport in a device due to the 

high anisotropy of the charge carrier mobility in polymeric semiconductors.165 

GISAXS/GIWAXS has become an important method to understand the material properties of 

organic semiconductors in thin films.166,167 Only the necessity of a strong X-ray source such 

as a synchrotron due to the small measured volume and the low scattering contrast of 

organic materials prevents even wider application.166  

Fig. 11 a) Scheme of the diffraction of X-rays at a lattice. b) Accessible length scale in SAXS and WAXS. The X-

ray scattering of a microphase-separated diblock copolymer with a crystalline block is shown. In the SAXS 

region the microphase-separated domain can be observed. In the WAXS region the lamellar distance (a ~ 1.9 

nm) and the π-π-stacking of the crystalline block are visible. 

b) a) 
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2.3 Charge Transport in Organic Semiconductors 

The performance of devices incorporating organic semiconductors, such as organic 

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

transistors (OFETs), is coupled mainly to the efficiency of the charge transport. Organic 

semiconductors are disordered materials and, therefore, relatively low charge carrier 

mobilities are obtained in comparison to inorganic semiconductors.168 Several techniques 

are available for measuring this property. Two of them, space-charge limited current (SCLC) 

measurements and organic field-effect transistors (OFETs), were used in this thesis. Both 

methods will be discussed briefly.  

After the generation of charge carriers, either electrons or holes, their movement is 

either driven by an electric field F or a gradient of the charge concentration. The charge 

carrier mobility µ is the motion of the charge carriers and is defined as the charge’s effective 

drift velocity ν per unit electric field:169 

µ = 𝜈𝐹−1                (5) 

The drift velocity is often not proportional to the electric field leading to a field dependence 

of the mobility µ. By Ohm’s law the current j is given by the materials conductivity σc and 

the electrical field as j = σcF. The current can also be described by j = enν = enµF (n is the 

number of charge carriers and e is the elementary charge) and we can therefore, relate the 

mobility and conductivity by: 

 𝜎𝑐 = 𝑒𝑛µ                               (6) 

Organic semiconductors are predominantly disordered materials (amorphous glasses, or 

semi-crystalline materials). In contrast to inorganic semiconductors, where band-transport 

can be observed169, the transport in organic semiconductors is usually described by 

disorder-controlled transport or hopping transport. The disorder in form of chemical or 

structural defects is the reason for localized states in the organic semiconductor and the 

transport of charges can only occur by a non-coherent transfer of electrons. This hopping 

process is thermally activated and the mobility µ becomes depended on the temperature T 

and the electrical field F. Additionally, in each method, the charge carrier concentration 

varies and the charge density influences the charge carrier mobility.170 Therefore, the 

mobility values determined by two different methods can vary orders of magnitude. 
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Additional parameters that influence the measured charge carrier mobility are the 

preferential orientation of the polymer chains depending on molecular weight, processing 

conditions and nature of substrate. 

Space-Charge Limited Current Measurements 

The charge carrier mobility of organic semiconductors can be obtained by measuring 

the space-charge limited current (SCLC) in a diode configuration (Fig. 12).171,172 In this 

setup the material is sandwiched between specially selected electrodes, one of which allows 

only the injection of one kind of charges (holes or electrons) and the other allows the 

extraction of the same charges. In other words, the current flowing through the sample 

should not be injection limited. Charges are injected from an electrode into the 

semiconductor and the current-voltage characteristics are measured. Single carrier devices 

are usually fabricated in order to measure either the charge transport of holes or electrons. 

In hole-only devices the charges are injected and transported through the semiconductor’s 

HOMO while in electron-only devices the charge transport takes place in the LUMO. Typical 

device configurations can be glass/ITO/PEDOT:PSS/semiconductor/Au for hole only 

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

The choice of the electrodes is crucial for the characterization of the semiconductor’s 

mobility. For electrodes that can inject more charges than the semiconductor can transport, 

called ohmic electrodes, the measured current is limited by the material’s space-charge and, 

therefore, the bulk mobility of the semiconductor. The dependence of the space-charge 

limited current JSCL on the charge carrier mobility, in the absence of traps, is described by 

the Mott-Gurney equation:173 

 𝐽𝑆𝐶𝐿 =
9

8
ε0ε𝑟µ

𝑉2

𝐿3
                          (7) 
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where µ is the charge carrier mobility, ε0 the vacuum permittivity, εr the relative 

permittivity of the material, V the applied voltage and L the film thickness of the 

semiconductor. The material’s bulk mobility can only be determined if the SCLC regime is 

verified. This means that both a dependency of JSCL ~ V2 and JSCL ~ L-3 have to be observed. 

Deviations from these power laws can indicate an injection limited current, by a poor choice 

of the electrodes or the presence of traps. The obtained measurements have to be analyzed 

with care as the mobility cannot be accurately determined in these cases.  

If true SCLC behavior is observed, the values obtained by SCLC measurements in a 

diode configuration are the bulk mobilites of the organic semiconductors. In the diode 

configuration, the charge carrier transport is also measured perpendicular to the substrate 

i.e. the electrodes and realistic values of the charge transport can be obtained for devices 

with similar configuration such as OPVs. 

Organic Field-Effect Transistors  

The charge carrier mobility of an organic semiconductor can also be measured in 

organic field-effect transistors (OFETs).174-177 The obtained values by this method are not 

the bulk property of the material as in the case of the charge carrier mobility values 

obtained by the SCLC-method. In OFETs the charge transport is generally probed in a few 

nanometer thin layer at the interface of the dielectric and the semiconductor. The choice of 

the dielectric as well as the OFET configuration and the morphology of the semiconductor 

Fig. 12 a) Sketch of two simplified SCLC devices on a substrate. b) a typical theoretical SCLC curve can be 

plotted in which both linear regime and SCLC regime can be seen 

a) b) 
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at the interface have great influence on the obtained values.169,178 Additionally, the charge 

carrier concentration in an OFET is much higher than in a diode (SCLC) and therefore, the 

OFET mobility values are always higher than the respective bulk values. 

Organic field-effect transistors consist of three electrodes, a dielectric and, in case of 

OFETs, an organic semiconductor. Different transistor configurations are possible. In the 

following the so called bottom-contact, bottom-gate configuration will be discussed 

(Fig. 13). This configuration has the advantage that only the semiconductor has to be 

deposited on otherwise premanufactured devices. The transistor current flows between 

two gold electrodes, the source and the drain electrode. The semiconductor is also 

separated by a dielectric, such as SiO2, from the third electrode, called gate electrode 

(e.g n-doped Si). To prevent charge traps at the SiO2 surface, silanes are often used to 

passivate the interface.179 

The operating principle of an OFET is as follows.178 If a voltage is applied at the gate 

electrode, a layer of positive or negative charges accumulates at the semiconductor-

dielectric interface, depending on the sign of the gate voltage. This accumulation layers 

form the channel for the charge transport. The gate voltage Vg has to overcome a certain 

threshold voltage (Vth) to provide a layer of charges that can move freely. If a potential is 

applied at the drain electrode (Vd) at a constant Vg above the threshold, the charges move 

between the source- and drain-electrode and a drain current Id is measured. If Vd is 

increased the current Id will also increase linearly with Vd according to Ohm’s law (linear 

Fig. 13 Scheme of an organic field-effect transistor (OFET) in bottom-contact, bottom-gate configuration. W is 

the channel width and L is the channel length.  
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regime). The accumulation layer at the interface is depleted until the channel is pinched of 

at the drain electrode (pinch-off point). The depletion region will expand for even higher 

drain voltages but the current Id saturates as the potential drop between the pinch-off point 

and the source electrode is approximately constant (saturation regime) (Fig. 14 a).178 This 

sweep of Vd at a constant gate voltage Vg is called the output-characteristic of the transistor 

and it is usually conducted at several different gate voltages. The charge carrier mobility of 

the semiconductor can be obtained by measuring the drain current Id in dependence of the 

gate voltage at a fixed potential at the drain electrode Vd (transfer characteristic).  

 For a gate voltage sweep the drain current Id at a fixed drain voltage Vd is described 

by:  

𝐼d,sat =  
𝑊

𝐿
µ𝐶𝑖 [(V𝑔 − V𝑡ℎ)𝑉𝑑 −

1

2
𝑉𝑑

2]                         (8) 

where W is the channel width, L is the channel length and Ci the capacitance of the 

dielectric. The mobility values are usually obtained from the saturation regime and the 

equation then changes to: 

𝐼d,sat =  
1

2

𝑊

𝐿
µ𝑠𝑎𝑡𝐶𝑖(V𝑔 − V𝑡ℎ)

2
                                     (9) 

The saturation mobility µsat can be calculated by: 

µ𝑠𝑎𝑡 =  (
𝛿√𝐼𝑑

𝛿𝑉𝑔
)

2
2𝐿

𝑊𝐶𝑖
                 (10) 

As can be seen from Eq. 10, the charge carrier mobility can be extracted from the plot of √𝐼𝑑 

against the gate voltage Vg (Fig. 14 b). The OFET mobility in the saturation regime can be 

obtained from the slope of the curve using Eq. 10.   
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a) b) 

Fig. 14 a) Schematic illustration of the operation of an OFET at a gate voltage Vg above the threshold voltage 

Vth. (Adapted from Ref. 178) For low potentials at the drain electrode, a linear increase of the drain current Id 

with the drain voltage Vd is observed (linear regime). At the pinch-off point the start of the saturation regime 

can be observed. For even higher voltages Vd the accumulation layer is depleted depleted and the drain 

current saturates (saturation regime); b) Transfer curve of an OFET in the saturation regime (black) and the 

corresponding square-root drain current √𝑰𝒅 (red) as a function of the gate voltage. 
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Objective of the Thesis 

The aim of this thesis is, on the one hand, the further development of modular 

synthetic strategies towards highly defined, novel semiconducting materials with a 

focus on the polymer architecture. On the other hand, the structure formation and its 

influence on the electronic properties of the materials were to be investigated. For this 

purpose, semiconducting diblock-, sidechain-, surface-grafted and bottle brush-

copolymers were synthesized via a combination of different chain growth 

polymerization techniques and highly efficient polymer analogous click reactions. 

These novel polymers need to be tested for their efficiency in charge transport as well 

as structure formation with the help of various characterization methods and via 

application in devices. 

Most semiconducting polymers used in organic electronics are made by step-

growth polymerizations which allow only poor control over the molecular weight and 

dispersity of the material. Additionally, more complex architectures such as diblock 

copolymers are not accessible using polycondensation techniques. In order to 

understand the influences of the structure and structure formation, defined materials 

were designed and characterized in this thesis. Donor-acceptor diblock copolymers 

with defined structure and high comparability were to be synthesized and 

characterized. This was to be achieved by combining controlled chain growth 

polymerization techniques and polymer analogous reactions. Poly(3-hexylthiophene) 

shall be combined with a perylene bisimide sidechain polymer (PPBI) to obtain a block 

copolymer, P3HT-b-PPBI in order to study the influence of differently substituted PBI 

acceptor units on the structure formation. The molecular weights and volume fractions 

are so targeted to get microphase separated systems. Via this process, a defined 

morphology of the material can be achieved in addition to the defined molecular 

structure. A donor-acceptor material which forms a preferentially vertically aligned 
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ordered morphology in thin films is an interesting model material for organic 

photovoltaics (OPV). Diblock copolymers mostly align parallel to the substrate without 

post-processing. This may be overcome by synthesizing diblock brush copolymers. 

First, brush copolymers of P3HT shall be synthesized in order to test whether the 

electronical properties of the linear polymer can be retained and to establish design 

rules for the future better performing materials.  

Semiconducting materials which are hydrophilic but not soluble in water are 

interesting for applications in bioelectronics. A novel sidechain polymer with 

hydrophilic phthalocyanine (CuPc) units shall be polymerized and characterized. The 

material shall be characterized in terms of solubility, thermal, structural and 

electronical properties. Here also the modular approach of click chemistry will be 

utilized.  

Substrates with anchored semiconducting materials may be interesting interfacial 

materials due to their high stability and ultra-thin nature. Such substrate anchored 

brushes shall be synthesized by extending the aforementioned strategy from the post-

functionalization of polymers to substrates by grafting-to method. A characterization of 

the structure of P3HT monolayers shall be conducted. The grafting density can be 

investigated by looking into the nature and extent of aggregation. Finally, the 

electronical properties shall be investigated in organic field effect transistors (OFETs). 

In summary, a combination of controlled radical polymerization, KCTP and click 

reactions will be applied for the creation of a vast variety of complex semiconductor 

polymer architecture and their properties will be evaluated and compared. 
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Overview of the Thesis 

This thesis focuses on the synthesis of novel semiconducting polymers with 

complex architectures and the influence of the architecture on the structure formation 

and the electronical properties. I show that click chemistry by copper catalyzed azide-

alkyne cycloaddition (CuAAC) is a highly efficient way to synthesize novel semicon-

ducting polymers and obtain highly comparable materials through the modularity of 

the strategy. By this I could precisely change one parameter and study its influence on 

the structure formation and electronical properties. The structure formation of donor-

Fig. 1 Overview of the thesis including the four chapters: structure formation in donor-acceptor diblock 

copolymers with hydrophobic and hydrophilic group, synthesis and characterization of P3HT bottle-

brush copolymers, P3HT self-assembled monolayers (SAMs) and a novel densely grafted copper 

phthalocyanine side chain polymer. 
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acceptor diblock copolymers containing solubilizing chains with different polarity 

(Chapter 4) and of bottlebrush polymers with different poly(3-hexylthiophene) (P3HT) 

side chain lengths (Chapter 5) was investigated (Fig. 1). The electronical properties of 

the bottlebrushes were measured and the concept was expanded to the synthesis and 

characterization of surface grafted P3HT monolayers (Chapter 8). Additionally, a novel 

liquid crystalline polymer with phthalocyanine side chains and hydrophilic solubilizing 

groups was synthesized and characterized (Chapter7). 

In the first section, two poly(3-hexylthiophene)-block-polyperylene bisimide 

diblock copolymers (P3HT-b-PPBI) incorporating P3HT as an electron donor and a 

polystyrene block with two different pendant perylene bisimides as electron acceptor 

blocks were synthesized and the interplay between phase separation, crystallization 

and glass transition was investigated. The diblock copolymers were synthesized by 

combining Kumada catalyst transfer polymerizations (KCTP), reversible addition–

fragmentation chain transfer (RAFT) polymerization and CuAAC resulting in highly 

comparable polymers. I also synthesized low molecular weight model compounds and 

homopolymers with both PBIs to study the effect of the backbone glass transition on 

side chain crystallization in the acceptor block. The block copolymers were character-

ized by temperature dependent small- and wide-angle x-ray scattering (SAXS/WAXS) in 

combination with differential scanning calorimetry (DSC). The composition was 

selected to obtain P3HT cylinders in a PPBI matrix. Microphase separation in the liquid 

state led to a cylindrical morphology in both cases but the crystallization of the 

functional side chains depends strongly on the backbone transition. 

For the second part, a series of well-defined P3HT grafted bottlebrushes were 

synthesized by a grafting-to approach using nitroxide mediated controlled radical 

polymerization (NMRP). Different P3HT chain lengths were incorporated to study the 

influence of the side chain length on the optical, thermal and electronical properties. 

The obtained properties were compared with the corresponding linear P3HT polymers. 

The optical, structural and electronic properties of the brushes strongly depend on the 

side chain lengths. A different trend as compared to linear P3HT could be observed in 

terms of crystallinity. For low molecular weight P3HT side chains, the brushes are 
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amorphous and exhibit very poor electronic properties. Highly crystalline materials are 

only obtained for longer side chains. For these brushes crystalline lamellar structures 

and high charge charrier mobilities could be observed. We report values that match the 

excellent electronic properties of linear polymers in the range of 10-2 cm2 V-1 s-1 and 

show that films of our bottlebrushes exhibit superior thermal stability at elevated 

temperatures.  

Further, a new polymeric donor material with pendant copper phthalocyanine 

side chains (PCuPc) was synthesized by clicking CuPc-N3 to a poly(propargyloxy-

styrene). FTIR and MALDI-ToF MS of PCuPc points towards quantitative grafting and 

due to the hydrophilic oligoethylene glycol swallow tails in the CuPc moiety, the 

polymer is soluble in most of the commonly used solvents such as ethyl acetate, THF 

and acetone. The absorption behavior (UV-Vis) as well as the electronic structure 

(cyclic voltammetry) were investigated and the thermal behavior could be elucidated 

via Flash-DSC. Liquid crystalline behavior could be observed and confirmed via X-ray 

diffraction (XRD) and polarization microscopy. The bulk transport of the polymer was 

determined by measuring the space charge limited current (SCLC) in diode 

configuration and PCuPc exhibited a decent charge carrier mobility which makes it a 

potential candidate for an application in organic electrochemical transistors (OECTs). 

In the last part the concept of P3HT brushes is transferred from grafting to a 

polymeric backbone to the grafting onto a surface. Surface grafted P3HT monolayer 

brushes were prepared by CuAAC of alkyne-functionalized P3HT with a self-assembled 

monolayer (SAM) with azide functionality. I show the successful grafting of P3HT on the 

surface with AFM which makes it also possible to determine the film thickness of the 

layers. The grafting density, calculated from the thickness of the monolayer, is high 

enough that the monolayers are in the true brush regime and form aggregated films as 

evidenced by UV-Vis spectroscopy. The spectra are also compared to linear P3HT and 

the P3HT bottlebrush copolymer. SAM based organic field-effect transistors (SAMFETs) 

with a monolayer of grafted P3HT as active materials were tested. The measured field 

effect mobility of 1.6.10-3 cm2 V-1 s-1 is nearly two orders of magnitude higher than 

previously reported values on P3HT based SAMFETs.  
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In the following an overview of the main results is given. The detailed description of the 

results can be found in the individual chapters:  

Chapter 4:  Impact of Molecular Dynamics on Structure Formation of Donor-

Acceptor Block Copolymers 

This study focuses on donor-acceptor block copolymers, synthesized by a novel 

modular approach, carrying different acceptor units and their structure property 

relationship.  

Also the diblock copolymers are compared to respective homopolymers and their 

model compounds. Three alkynes (iPrPOB, PPOS and P3HT-b-PPOS) were grafted with 

two different azide functionalized perylene bisimide (PBI) molecules via a CuAAc click 

reaction (see Scheme 1). The influence of the complexity was gradually increased from 

small molecule model compounds (PBI 1 and 2) through the acceptor homopolymers 

(PPBI 1 and 2) to the donor-acceptor block copolymers (P3HT-b-PPBI 1 and 2). We 

could comparatively study the structure property relationship of these materials and 

obtain information about the influence of the complexity and the nature of acceptor 

units. This was possible only due to the applied modular synthetic approach, where the 

precursor polymers are identical. This ensured a high comparability of the materials. 

The model compounds are novel materials that were designed in order to resemble the 

repeating unit of both the acceptor homopolymers and the acceptor blocks of the 

diblock copolymers.  

  

Scheme 1. Synthesis of perylene bisimide functionalized model compounds, homopolymers and block 

copolymers via CuAAc click chemistry. Three different precursors (left) are coupled with two different 

perylene bisimides (right). 
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The homopolymer PPBI 1 was previously synthesized in our group. I additionally, 

synthesized the homopolymer PPBI 2. For both polymers PPBI 1 and 2, we measured 

the absolute molecular weights by MALDI ToF and confirmed quantitative grafting. We 

also employed this strategy to synthesize the donor-acceptor block copolymers. Our 

goal was to synthesize polymers with around 70 wt% acceptor block in order to obtain 

diblock copolymers with cylindrical microphase separation in which P3HT cylinders 

are embedded in a PPBI matrix. The value of 70% PPBI was obtained from previous 

studies in our group. A P3HT RAFT macroinitiator was synthesized which started the 

polymerization of a second functional polypropargyloxystyrene block. The second block 

was subsequently decorated with the PBI acceptor units by clicking PBI-azides, similar 

to the homopolymers. Two pure diblock copolymers could be retrieved after a column 

chromatography. By 1H-NMR the composition of the obtained materials was confirmed. 

The diblock copolmyers were characterized via temperature dependent X-ray 

scattering measurements in collaboration with University of Halle in order to 

understand the structure evolution and the influence of the substituents and Tg of the 

acceptor block. The findings were supported by DSC, TEM and AFM measurements 

(Fig. 2). For P3HT-b-PPBI 1 two crystallizations, first of the acceptor block and then of 

P3HT could be observed. In contrast, only a crystallization of the P3HT block is 

observable for P3HT-b-PPBI 2, since the PPBI 2 block is amorphous. In the small angle 

Fig. 2 Scattering intensity versus scattering vector q over full q-range of P3HT-b-PPBI 1 (left) and P3HT-

b-PPBI 2 (right) at different temperatures during cooling. Temperatures at which the block copolymers 

are in the molten state are marked in red and temperatures at which only the PPBI block shows 

molecular ordering are marked in orange. Data were joined together from measurements at three 

sample-to-detector distances (curves shifted for clarity). TEM (Top) and AFM phase image (Bottom) of 

P3HT-b-PPBI 1 (left) and P3HT-b-PPBI 2 (right) after cooling from the molten state. For TEM the 

samples were annealed subsequently for 50h in chloroform vapor at 40 C and stained with RuO4. 
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scattering region both block copolymers show signals corresponding to a microphase 

separated structure which is identified as hexagonal cylinders of P3HT. This morpho-

logy is further supported by TEM and AFM. In the thin films a preferential orientation 

parallel to the substrate is observed by AFM. Additional DSC measurements reveal a 

significant amount of cold crystallization for both materials. The significant under-

cooling of the crystallization and the glass transitions temperatures of the PPBI-blocks, 

which are in the same temperature region explain the observed behavior.  

Chapter 5: Poly(-3-hexylthiophene) Bottlebrush Copolymers with Tailored 

Side-Chain Lengths and High Charge Carrier Mobilities 

In this chapter, the influence of the P3HT side chain lengths on the optical and 

electronical properties of P3HT bottlebrushes with polystyrene backbone is addressed. Four 

conjugated bottlebrush polymers with different P3HT side chain lengths were synthesized. 

Poly-(4-chloromethylstyrene) was synthesized and converted to poly-(4-azidomethyl-

styrene) upon substitution with sodium azide. Additionally, four alkyne end functionalized 

P3HT polymers P3HT-Alkyne 1–4 and four reference polymers P3HT 1–4 with molecular 

weights up to 11500 g mol-1 were synthesized. The bottlebrushes were obtained by CuAAC 

of the P3HT-Alkynes with the backbone. The SEC traces of Brush 3 and the corresponding 

precursor polymers are shown in Fig. 3 a. The SEC trace of the bottlebrush polymer is 

markedly shifted to high molecular weights and exhibits a rather narrow distribution. SEC 

curves of the series of purified bottlebrush polymers are shown in Fig. 3 b. The brush 

polymer with highest molecular weight (Brush 4) has side chains with a molecular weight 

of 11400 g mol−1 (MALDI-ToF) resulting in very high molecular weight semiconductor poly-

mers (144 000 g/mol in SEC). This is the P3HT bottlebrush with the longest side chains 

reported. 1H-NMR spectroscopy provided information about the conversion in the case of 

the two smallest brushes. The estimated grafting density of these polymers is above 85 %. 

The high dilution of the backbone made it impossible to determine the grafting density for 

the two biggest brushes. I investigated the thermal and optical properties of the materials 

and found that a similar aggregation behavior in solution can be observed for the brushes 

compared to their linear counterparts. Unlike for the linear P3HTs, the crystallization is fully 
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suppressed for the two smallest brushes and kinetically hindered, due to the constraints 

imposed by the backbone, for the bigger brushes.  

Organic field effect transistors (OFETs) were characterized with the P3HT brush 

polymers as active material in order to investigate the influence of the side chain length on 

the charge carrier mobility. For the OFET device of the melt crystallized Brush 4, a very high 

hole carrier mobility of μh = 4.95 × 10−2 cm2 V−1 s−1, comparable to the highest values 

obtained for linear P3HT, was obtained. For both the brushes and the linear polymers 

higher charge carrier mobilities were obtained if the length of P3HT increased (Fig. 3 c and 

d). The films of the polymers, Brush 3 and 4, could be melt crystallized without dewetting. 

This makes these brushes also thermally more stable than films of the linear counterparts 

which can be of advantage for thin film applications.  

Fig. 3 a) Evolution of the SEC traces for Brush 3 synthesized by the CuAAc of PS-N3 and P3HT 3 as 

typical example; the raw product is purified from excess linear P3HT 3 via preparative SEC; b) SEC traces 

of the four purified bottlebrush copolymers Brush 1-4; c) OFET hole mobilities µ plotted against the 

molecular weight Mn,MALDI of the linear P3TH respectively the molecular weight Mn,MALDI of the P3HT side-

chain d) schematic diagram highlighting the dependency of µOFET on P3HT chain length. 
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Chapter 6:  Densely Grafted Liquid Crystalline Copper Phthalocyanine Side 

Chain Polymer: Synthesis and Characterization 

 In this chapter, the bulky copper phthalocyanine azide (CuPc-N3) was grafted to a 

poly-(4-propargyloxystyrene) (PPOS) backbone with high yields via CuAAC to obtain a 

donor semiconductor polymer. The solubility of the educts is crucial for quantitative 

grafting. Therefore, the CuPc-N3 with three swallow-tail oligo ethylene side chains was a 

promising candidate for the study as it is soluble in most solvents including water. SEC 

proved the successful grafting as the PPOS disappeared and the observed distribution was 

shifted to considerably higher molecular weights (Fig. 4 a) and the distribution was narrow 

and monomodal.  The polymer had a good solubility (> 1 wt %) in technologically relevant 

solvents for environmentally benign processing (e. g. ethyl acetate). MALDI-ToF-MS of 

Fig. 4 a) SEC curves of the precursor polymer PPOS and the grafted polymer PCuPc after purification, b) 

MALDI-Tof MS of PCuPc with repeating units (inlet); c) Diffraction pattern of the hexagonal mesophase 

(Colh) of PCuPc measured at room temperature with the calculated reflection positions indicated by the 

red bars; d) I-V characteristics of as-cast films of PCuPc measured at room temperature. The I-V 

characteristics were corrected for the built in voltage (Vbi) and the voltage drop (IR) over the contacts. 

d) 



Overview of the Thesis 

 

 
53 

 

PCuPc was possible with a resolution of the repeating units (Fig. 4 b). A single peak series 

is a strong indicator of quantitative grafting which is supported by the absence of the 

vibrational bands of both azide and alkyne functionality in IR spectroscopy.  

Optical and electrochemical characterization via UV-Vis spectroscopy and cyclic 

voltammetry were conducted as well as thermal characterization via DSC and TGA. 

First, no phase transitions could be measured in DSC below the degradation 

temperature, a finding that seemed to contradict the observed birefringence in 

polarization microscopy. With ultrafast DSC (Flash-DSC) a melting above the 

degradation temperature was observed. The ordered phase at room temperature 

was investigated via wide angle X-ray scattering (WAXS) and determined to be 

columnar hexagonal (Fig. 4 c). Due to the high transition temperature the phase 

transition was not accessible. Additionally, the charge transport was measured in 

diode configuration. In contrast to other reports on phthalocyanines true SCLC 

behavior was observed. The semi-log plots of J vs. V indicate a V2 dependency and 

for different thicknesses a L-3 dependence of J was observed (Fig. 4 d). A charge 

carrier mobility of 5.3.10-6 cm2 V-1 s-1 was determined for PCuPc. 

Chapter 7:  Monolayer Brushes for Highly Efficient Polymeric SAMFETS  

P3HT monolayers were obtained by grafting P3HT-Alkyne to an azide 

functionalized surface. The azide functionalized surface was prepared by silanization of 

a silicon oxide surface. Subsequently, the functional P3HT monolayers were synthesized 

by CuAAC click chemistry (see Scheme 2). By drying the monolayers from solvents with 

different boiling points the influence on the aggregation of the films was tested. AFM 

was used to follow the grafting process and determine the thicknesses of the grafted 

layers. Ultra-thin films with thicknesses between h = 2.9-3.5 nm were obtained. From 

the thicknesses, the grafting density values were obtained which proved the formation 

of continuous films in the true brush regime. UV-Vis spectroscopy was applied to gain 

insight in the aggregation of the grafted brushes and to compare them to thin spin-cast 

films of P3HT and P3HT bottlebrush copolymers (Fig. 5 a). The monolayers exhibit the 

aggregated spectra well known for P3HT. The monolayer dried from chloroform 

exhibited the highest aggregation strength as compared to the monolayers dried from 
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the other solvents (chlorobenzene and o-dichlorobenzene). In comparison to spin-cast 

films, the monolayers generally exhibited lower aggregation strengths. 

To test electronical properties of the monolayers self-assembled-monolayer field-

effect transistors (SAMFETS) were prepared. A very high charge carrier mobility of 

1.6.10-3 cm2 V s-1 and an On/Off-Ratio of 8.9.104 for the grafted brushes dried from 

chloroform (see Fig. 5 b) were obtained. This is the highest mobility observed for 

surface grafted P3HT up to now and it represents the highest ever reported value for 

polymeric SAMFETs. The increased performance is attributed to the high molecular 

weight of the P3HT-Alkyne. In good agreement with the lower aggregation observed 

for the monolayers dried from chlorobenzene or dichlorobenzene a lower charge 

carrier mobilities in the SAMFETs dried from these solvents was observed. Thermal 

annealing revealed no improvement of the devices. By increasing the grafting density, 

the charge carrier mobility can be further improved in polymeric SAMFET devices.  

Fig. 5 a) UV-Vis spectra of the P3HT monolayer (dried from CHCl3) and thin films of linear P3HT (as-

cast) and PS-g-P3HT (MC at 240°C); b) Transfer characteristics of the monolayer dried from CHCl3 in 

saturation regime (Vd = -80V) at the bottom (d-f). The channel length was 20 µm in all cases. 

Scheme 2 Principle of the surface functionalization with P3HT. A substrate with hydroxy groups at the 

surface is functionalized with the azido silane. Subsequently the azido SAM reacts with P3HT-Alkyne to 

form the P3HT monolayer on the surface. 
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The following section specifies the individual contributions of the authors: 

Chapter 4 

“Impact of Molecular Dynamics on Structure Formation of Donor-Acceptor Block 

Copolymers” 

by Matthias Fischer, Christian David Heinrich, Mukundan Thelakkat and Thomas 

Thurn-Albrecht. 

This work is prepared for submission.  

Matthias Fischer and I both contributed equally to this work. I designed and 

synthesized the diblock copolymers during my master thesis. The polymers were fully 

purified during the PhD thesis, characterized regarding their polymer properties using 

SEC, NMR etc. and AFM, TEM and DSC were also measured during my doctoral work. 

Matthias Fischer conducted the XRD measurements, interpreted the data and wrote the 

corresponding part and corrected the manuscript. I wrote the corresponding part and 

corrected the manuscript. Mukundan Thelakkat and Thomas Thurn-Albrecht 

supervised the project and corrected the final manuscript. 

Chapter 5 

“Poly(-3-hexylthiophene) Bottlebrush Copolymers with Tailored Side-Chain Lengths and 

High Charge Carrier Mobilities” 

by Christian David Heinrich and Mukundan Thelakkat. 

This work is published in the Journal of Material Chemistry: C, 2016, 4, 5370-5378, doi: 

10.1039/c6tc01029f.  
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I designed, synthesized and characterized the bottlebrush polymers and I wrote 

and corrected the manuscript. Mukundan Thelakkat supervised the project and 

corrected the manuscript. 

Chapter 6 

“Densely Grafted Liquid Crystalline Copper Phthalocyanine Side Chain Polymer: Synthesis 

and Characterization” 

by Christian David Heinrich, Sinem Tuncel Kostakoğlu and Mukundan Thelakkat. 

This work is published in the Journal of Material Chemistry: C, 2017, 5, 6259-6268, doi: 

10.1039/C7TC01234A. 

I designed, synthesized and characterized the polymer and I wrote and corrected 

the manuscript. Sinem Tuncel Kostakoğlu synthesized the copper phthalocyanine 

monomer (CuPc-N3) and corrected the manuscript. Mukundan Thelakkat supervised 

the project and corrected the final manuscript. 

Chapter 7 

“Monolayer Brushes for Highly Efficient Polymeric SAMFETs” 

by Christian David Heinrich, Paul Max Reichstein and Mukundan Thelakkat. 

This work is prepared for submission. 

I synthesized the surface-grafted brushes and conducted the characterization in 

terms of AFM, UV-Vis and charge carrier transport. I wrote and corrected the 

manuscript. Paul Max Reichstein synthesized the P3HT-Alkyne, conducted preliminary 

tests to optimize the grafting procedure, measured the contact angle and corrected the 

manuscript. Mukundan Thelakkat supervised the project and corrected the final 

manuscript. 
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Abstract 

Donor-acceptor block copolymers (BCPs) are attractive model materials for 

studying morphology-dependent processes in organic photovoltaics due to their 

intrinsic property to form an equilibrium nanostructure on the length scale of the 

excition diffusion length. As usually semiconductor polymers are crystalline or liquid 

crystalline and structure formation processes are complex in these BCPs. We here 

present a study of the interplay between phase separation, crystallization and glass 

transition of two poly(3-hexylthiophene)-b-polyperylene bisimide (P3HT-b-PPBI 1 and 

2) diblock copolymers incorporation P3HT as a donor and a polystyrene with two 

different pendant perylene bisimides (PBI-N3 1 and 2) as acceptor blocks. These 

materials were synthesized by a modular approach, combining KCTP, controlled RAFT 

polymerization and click chemistry in order to obtain highly comparable polymers. We 

synthesized poly(3-hexylthiophene) (P3HT) with a high molecular weight (Mn,SEC = 

18300 g mol-1), in a controlled manner, introduced a RAFT end group by click chemistry 

to form a macro initiator and subsequently polymerized propargyloxystyrene by 

sequential polymerization. In a post-polymerization step using click reaction, the 

polystyrene block was grafted with the PBI acceptor units. We obtained diblock 

copolymers with 70 wt% of the PBI block and 30 wt% P3HT. In order to study the effect 

of the backbone glass transition on side chain crystallization in the acceptor block, low 

molecular weight model compounds and homopolymers with both PBIs were also 

synthesized. The BCPs were characterized by temperature dependent small- and wide 

angle x-ray scattering (SAXS/WAXS) in combination with differential scanning 

microscopy (DSC) While microphase separation in the liquid state led to a cylindrical 

morphology in both cases, the crystallization of the functional side chains depend 

strongly on the backbone glass transition temperature as compared to the ordering 

temperature of the PBI unit. 
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Introduction 

The combination of the controlled Kumada catalyst transfer polymerization 

(KTCP) of 3-hexylthiophene, controlled radical polymerization (CRP) of easily available 

monomers such as propargyloxystyrol and click chemistry of suitable semiconductor 

functionalities via copper-catalyzed azide-alkyne cycloaddition (CuAAc) opens a new 

versatile pathway towards defined donor-acceptor block copolymers (BCPs).1-3 P3HT is 

one of the most studied conjugated polymers that can be polymerized in a controlled 

manner by the KTCP. McCullough et al.4,5 and Yokozawa et al.6,7 independently reported 

the controlled synthesis of P3HT. This method allows the synthesis of polymers with 

controlled end groups aside from being able to adjust the appropriate molecular weight 

for the intended application.8,9 In the field of organic electronics and organic solar cells 

absolute molecular weights of P3HT in the range of around Mn,MALDI = 12000 gmol-1 

exhibit optimum material properties in terms of a high charge carrier mobility in 

organic field transistors (OFET)10 as well as in space charge limited current (SCLC) 

devices.11 The first synthesis of acceptor polymers with pendant perylene bisimide side 

chains (PPBI) by a direct CRP of acrylate functionalized PBI monomer were reported in 

2004 by Linder et al.12 Bringing P3HT and the PPBI polymers in one block copolymer 

gives access to fully functionalized donor-acceptor BCPs. The equilibrium micro-

structure of nanoscale phase separated donor-acceptor BCPs with perpendicular 

alignment with respect to a substrate has been proposed to be a very interesting model 

system for organic photovoltaics (OPV).13 Such a structured material should in principle 

provide enough donor-acceptor interfaces, due to the small structure size, for charge 

separation as well as optimal pathways for charge carrier transport. Block copolymer 

microphase separation is well understood for amorphous blocks. The corresponding 

phase diagram in general depends on the incompatibility χN and the volume fraction.14 

If crystalline or liquid crystalline blocks are involved, the self-assembly behavior 

becomes more complex since there is an additional competition between classical 

microphase separation and crystallization. Depending on the relative positions of the 

order-disorder transition temperature (TODT) and the crystallization temperature (Tc), 
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structure formation can either be induced by microphase separation or by crystall-

ization. If crystallization starts from a microphase separated structure, the existing 

nanostructure can either remain intact (confined crystallization) or be destroyed 

(breakout crystallization).15  

While the microphase separation in numerous BCPs of conjugated 

poly(alkylthiophene)s with an electronically inactive second block were reported,16-20 

reports on donor-acceptor polymers with well-ordered microphase separated 

structures are rare.21-25 In previous publications we explored microstructure formation 

for several donor-acceptor BCPs containing a crystallizable donor block and a liquid 

crystalline acceptor block. Lohwasser et al. reported the synthesis of donor-acceptor 

BCPs, P3HT-b-PPBIs, which showed well-ordered lamellar and cylindrical 

microstructures as expected for the respective volume fractions.3 Lohwasser et al. 

pointed out the importance of the incompatibility factor χN for these systems.3 If χN, 

resp. the molecular weight, was high enough, microphase separation in the melt with 

subsequent confined crystallization during cooling was observed for a series of donor-

acceptor BCPs consisting of P3HT and pendant PBIs attached to a polyacrylate back-

bone (cf. Fig. 1 a). In a later study the additional importance of chain mobility became 

clear.24 In this case the acceptor block consisted of pendant phenyl-C61-butyric acid 

methyl ester (PCBM) attached to a polystyrene backbone. This combination led to a 

strong increase of the glass transition temperature (Tg) of the acceptor block, which 

limited the microphase separation and formation of long-range order (cf. Fig. 1 b).24,26 

In our earlier report, for the synthesis of P3HT-b-PPBI, high molecular weight 

P3HT with alkyne end group was converted to a macro initiator for NMRP via CuAAc 

click chemistry. This initiator was used to directly synthesize the second block using 

PBI-acrylate monomers. The direct polymerization of this monomer is not trivial and 

the introduction of CuAAc in combination with a controlled radical polymerization gave 

easier access to defined PBI-pendant homopolymers.2 This concept was first attempted 

by Tao et al. in 2009.28 Lang et al. investigated this concept in detail by synthesizing 

poly(propargyloxystyrene) via nitroxide mediated radical polymerization (NMRP) and 

grafting this precursor polymer with different perylene bisimides with azide 
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functionality.2 A second study was concerned with the influence of the spacer length 

between the perylene bisimide core and the polymeric backbone and the influence of 

hydrophilic swallow tails on the thermal properties of the grafted polymers.29 The 

hydrophilic PPBIs were amorphous materials and exhibited surprisingly high electron 

mobilities in SCLC devices.30 Therefore, it is very interesting to incorporate such 

hydrophilic pendant blocks into BCPs and to study their microphase separation.  

In the current study, based on the above facts, we have synthesized two 

comparable donor-acceptor BCPs with differently substituted PBI acceptor units by a 

modular approach. The PBIs are selected in such a manner that one carries the 

conventional hydrophobic alkyl swallow tail substituents, whereas the second one has 

flexible oligoethylene glycol (OEG) substituents. In addition, comparable sets of 

pendant PBI homopolymers and PBI model compounds were synthesized to study the 

structure formation in these respective systems and to understand the structure 

formation in BCPs, which may be complex. We use a combination of temperature 

dependent small- and wide-angle X-ray scattering (SAXS/WAXS), atomic force micros-

copy and transmission electron microscopy (AFM, TEM) to investigate the structure 

formation in BCPs with pendant PBIs attached to a polystyrene backbone. We expect 

that due to the lower Tg of the acceptor block microphase separation will again take 

place unhindered by molecular mobility.29 Furthermore, the effect of different 

solubilizing group attached to the PBI unit is investigated.  

Fig. 1 Schematic illustration of the effect of the glass transition 

temperature on self-assembly and crystallization of a block 

copolymer with high Tg in one block. The gray color 

schematically indicates the temperature range with low 

molecular mobility of the acceptor block. (i) Above the order-

disorder transition temperature (TODT), the BCP forms a 

disordered melt. (ii) While in case (a) the chain mobility is high 

in the relevant temperature range, so that a well ordered 

microphase separated state forms below TODT, microphase 

separation and the formation of long range order is limited by 

the high Tg in case (b). (iii) Below Tc crystallization takes place. 

It is confined for large segregation strengths. (For simplicity, it 

is assumed here that the crystallization temperature is the same 

for both blocks).  
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Results and Discussion 

Synthesis 

The study focuses on the structure property relationship of donor-acceptor BCPs 

carrying different acceptor units and these are synthesized by a novel modular 

approach. Three alkynes (iPrPOB, PPOS and P3HT-b-PPOS) were grafted with two 

different azide functionalized PBI molecules via a CuAAc click reaction (see Scheme 1). 

The perylene bisimides were chosen due to the very promising electronic/ electrical 

properties of PBI homopolymers with these side chains.30 The influence of the 

complexity on structure formation increasing from the small molecule model 

compounds (PBI 1 and 2) through the acceptor homopolymers (PPBI 1 and 2) and the 

donor-acceptor BCPs (P3HT-b-PPBI 1 and 2) can be studied. Due to the high 

comparability of the motive of the acceptor units as well as similar molecular weights 

obtained in the acceptor blocks and homo-polymers the system can be understood. 

Likewise, it is possible to investigate the influence of the different acceptor units PBI-N3 

1 and 2 on the grafting-to approach, as well as on structure formation. Two novel model 

compounds (PBI 1 and 2) were synthesized by CuAAc click reactions of the acceptor 

units PBI-N3 1 and 2 with 1-isopropyl-4-propargyloxy-benzene.  

 

Scheme 1. Synthesis of perylene bisimide functionalized model compounds, homopolymers and BCPs via 

CuAAc click chemistry. Three different precursors (left) are coupled with two different perylene 

bisimides (right). 
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Two novel model compounds (PBI 1 and 2) were synthesized by CuAAc click 

reactions of the acceptor units PBI-N3 1 and 2 with 1-isopropyl-4-propargyloxy-

benzene. These compounds were designed to resemble the repeating unit of the 

acceptor polymers. The synthesis of similar homopolymers was first published by Lang 

and Thelakkat.29 Very defined acceptor polymers with different PBI derivatives and 

excellent grafting densities can be synthesized with this strategy. Two clickable 

precursors, PPOS 1 and 2, were synthesized and converted into pendant PBI 

homopolymers, PPBI 1 and PPBI 2. The first PBI homopolymer and its precursor 

(PPB 1 and PPOS 1) were published by Lang and Thelakkat.29 A comparable PPBI 2 

was synthesized by us form a new batch of precursor polymer PPOS 2. PBI 1-2 and 

PPBI1-2 serve as simple constituting moieties or blocks for the complex BCPs and help 

in elucidating the structure formation of the BCPs. 

The efficiency of the grafting step via CuAAc click chemistry is crucial to obtain 

comparable materials. NMR and IR spectroscopy indicate a quantitative conversion of 

the alkynes. SEC measurement on the other hand cannot be readily used to make 

statements about the success of the grafting step. 

Table 1 Overview of the synthesized polymers  

 Mn,SEC  

(g mol-1) 

Mp, SEC  

(g mol-1) 

Đ Mn, NMR
  

(g mol-1) 

Mp,MALDI  

(g mol-1) 

wt% 

(PPBI) 

PPOS 1 7300 7800 1.11    

PPBI 1 59200 69900 1.09 41100a 40800  

PPOS 2 7500 9100  1.20    

PPBI 2 79800 87500 1.14 53600b 53800  

P3HT-Alkyne 18300 23000 1.19  13300  

P3HT-RAFT 18400 23600 1.18  13300  

P3HT-b-PTMSPOS 21900 29200  1.40 20500c   

P3HT-b-PPOS 22300 28300 1.42 18000c   

P3HT-b-PPBI 1 69500 87300 1.25 48100c  72d 

P3HT-b-PPBI 2 77700 101200 1.23 49700c  73d 

a) Calculated from Mp (PPOS 1) = 7800 g mol-1 (~ DP = 44 ); b) Calculated from Mp (PPOS 2) = 9100 g 

mol-1 (~ DP = 55 ); c) Calculated from and Mn,Maldi (P3HT-RAFT) = 13300 g mol-1 (~ DP = 80) and ratio of 

P3HT:PPOS (80:29) from NMR; d) Calculated from and Mn,Maldi (P3HT-RAFT) = 13300 g mol-1 (~ DP = 80) 

and ratio of P3HT:PPBI (80:37) from NMR.  
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In SEC a big shift of the apparent molecular weight combined with the absence of 

any signal at the position of the precursor indicates an efficient synthesis, but the 

significance of this measurement is reduced by the lack of a proper calibration (in this 

case a polystyrene standard was used). We additionally, measured MALDI-ToF mass 

spectrometry to obtain the absolute molecular weights of the grafted homopolymers 

and compared the absolute values with the expected molecular weights. The molecular 

weight of a densely grafted polymer can be calculated as the degree of polymerization 

(N) of the precursor polymers PPOS 1 and 2 can be accurately determined by SEC. The 

molecular weight Mn,MALDI = 40800 g mol-1 obtained from the MALDI-ToF spectrum of 

PPBI 1 (Fig. 2) is in very good agreement with the expected value (Mn,calc = 41100 

g mol-1 from N taken from SEC)(see Table 1). The resolution of the MALDI spectrum is 

also still high enough to extract the repeating units of the polymer. Similarly, the 

molecular weight of PPBI 2 (Mn,MALDI = 53800 g mol-1) obtained by MALDI (Fig. S 1 a) is 

also in very good agreement with the calculated molecular weight of Mn,calc = 53600 g 

mol-1. These measured absolute molecular weights are thus an additional strong 

support for the claim of quantitative grafting for both PPBI 1 and 2. 

The click-reaction strategy employed for the homopolymer synthesis was adopted 

for the donor-acceptor BCPs as well. The objective was to obtain fully functionalized 

BCPs with a weight content of the acceptor block of around 70 wt% in order to obtain a 

diblock copolymer with cylindrical microphase separation. At first, an alkyne 

Fig. 2 MALDI-ToF spectrum of PPBI 1 in linear positive mode with indol-3-acetic acid as matrix. The 

enlarged part in the inlet shows the molecular mass of the repeating unit which is in very good 

agreement with the expected value of PBI 1. 
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functionalized P3HT polymer was synthesized via Kumada catalyst-transfer 

polymerization (KCTP) and it was converted to a macroinitiator by attaching a chain 

transfer agent suitable for the RAFT polymerization of the TMS-protected POS. This 

protected precursor block copolymer P3HT-b-PTMSPOS was subsequently 

deprotected to get P3HT-b-PPOS and grafted with the two different acceptor units, 

PBI-N3 1 and PBI-N3 2. The synthesis of the precursor BCPs are shown schematically in 

a three step synthesis in Scheme 2.  

Alkyne functionalized P3HT (P3HT-Alkyne) with high molecular weight was 

synthesized according to a published procedure.9 The absolute molecular weight of 

P3HT-Alkyne was determined by MALDI-ToF to be 13300 g mol-1 which corresponds 

to a degree of polymerization N of 80 (Fig. S 2 b). P3HT-Alkyne was then converted to 

the macro initiator (P3HT-RAFT) for RAFT polymerization via CuAAc with an azide 

functionalized RAFT-agent. The successful functionalization with the RAFT end group 

can be detected by 1H-NMR (Fig. 3 a). The signal of the alkyne proton at 3.50 ppm (2) 

cannot be detected any more after the click reaction and new signals which can be 

assigned to the RAFT end group (a-d) appear instead. We therefore assume that 

conversion from alkyne to RAFT end group was nearly quantitative. 

 
Scheme 2. Synthesis of the precursor block copolymer P3HT-b-PPOS. P3HT-Alkyne, synthesized by 

Kumada catalyst-transfer polymerization (KCTP), is converted into the macro RAFT-agent P3HT-RAFT 

via CuAAC click chemistry. The PPOS block can be sequentially polymerized from P3HT-RAFT via a RAFT 

polymerization of trimethylsily protected 4-(propargyloxy)styrene. A deprotection of the alkyne group 

with TBAF results in the precursor polymer P3HT-b-PPOS. 
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The third step towards the fully functionalized BCPs was the polymerization of the 

second block. The second block was aimed to have about 30 repeating units in order to 

synthesize donor-acceptor BCPs with approximately 70 wt% non P3HT block. The 

RAFT polymerization leading to the block copolymer P3HT-b-PTMSPOS was optimized 

to achieve control of the N of the second block. At a [Monomer]:[P3HT-RAFT] ratio of 

440:1 the polymerization gave reproducible results. The propargyloxy styrene 

monomer was polymerized with P3HT-RAFT initiator until a conversion of 6.7 % was 

reached. With the knowledge of the [Monomer]:[P3HT-RAFT] ratio and the conversion, 

a N of 30 was expected. This value is in excellent agreement with the one that can be 

obtained by calculating the PTMSPOS content via NMR. The molar ratio of 

P3HT:PTMSPOS is 2.8:1 and the N of the second block should therefore be 29. This 

calculation is only correct under the assumption that every single P3HT chain was 

bearing an alkyne end group that was also quantitatively converted to the RAFT group 

and started a new block. Also the small fraction of coupled P3HT (see Fig. S 2a) is 

neglected in this calculation. These points explain why the SEC curve of P3HT-b-

PTMSPOS is not only shifted to higher molecular weights in comparison to the macro 

initiator P3HT-RAFT, but also shows a significant broadening of the distribution 

Fig. 3 a) Details of the 1H-NMR spectral region of P3HT-Alkyne and the macroinitiator P3HT-RAFT. 

The Signal of the alkyne proton (2) disappears after the click reaction with the RAFT-agent and new 

signals (a-d) can be assigned to the new end group; b) 1H-NMR spectra of P3HT-b-PPOS, and the donor-

acceptor BCPs P3HT-b-PPBI 1 and 2. The position of the alkyne proton in P3HT-b-PPOS (grey), and 

the signals of the protons of the CH2 groups adjacent to the triazole ring (blue and red) are highlighted.  
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(Fig. 4 a). The block copolymer P3HT-b-PTMSPOS had to be deprotected before the 

final grafting step. The trimethylsilyl group could be quantitatively cleaved at mild 

conditions with TBAF. The successful reaction could be monitored by 1H-NMR (Fig. S3 

a) and SEC (Fig. 4 a). This polymer was the precursor polymer (P3HT-b-PPOS) for the 

grafting with the acceptor PBI units. 

In the final step, two fractions of the same precursor block copolymer were 

grafted with two different PBI-N3 acceptors via CuAAc click reactions. These reactions 

were conducted at room temperature and resulted in a quantitative grafting of the 

second block. The complete conversion of the alkynes of the second block can be 

monitored via 1H-NMR by the disappearance of the alkyne proton signal at 2.52 ppm 

(see Fig. 3 b). A new proton signal at 5.09 ppm is observed which is assigned to the CH2 

on the acceptor side adjacent to the triazoles ring. The strongest indicator for 

quantitative grafting is the shift of signal of the methylene protons directly adjacent to 

the oxygen atom of the propargyloxystyrene. This O-CH2 proton signal appears at 4.62 

ppm in case of the precursor P3HT-b-PPOS and is shifted markedly to lower field (5.09 

ppm) for both donor-acceptor BCPs (P3HT-b-PPBI 1 and 2).  

The SEC curves of the grafted material before final purification (Fig. S3 b) exhibit 

a clear low molecular weight peak even though the grafting of the second block was 

highly efficient. This peak appears at the exact position of the precursor polymer. Its 

presence stems from one of the aforementioned non-quantitative reactions during the 

Fig. 4 SEC traces of P3HT-RAFT and the BCPs P3HT-b-PTMSPOS and P3HT-b-PPOS (a) and the two 

purified donor-acceptor BCPs P3HT-b-PPBI 1 and 2 after CuAAc click reaction of P3HT-b-PPOS with 

the PBI-Azides 1 and 2 (b). 
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previous steps e.g. that not all P3HT chains were functionalized with an alkyne end 

group. These side products could be efficiently separated from the final BCPs via a silica 

gel column. The strong interaction of the perylene bisimide containing polymers with 

the stationary phase was successfully utilized for this. Any residual P3HT polymers 

could be selectively washed from the column with toluene while residual PBI-N3 1 and 

2 could be washed down with chloroform. The pure BCPs could finally be retrieved 

from the column by a 95:5 (v:v) mixture of chloroform: methanol with high yield. The 

SEC curves of the purified polymers (Fig. 4 b) are monomodal with no sign of residual 

P3HT or precursor block copolymer. The molar composition of the BCPs can be 

extracted from 1H-NMR analysis of P3HT-b-PPBI 1 and 2 with a value of 2.16:1 for both 

polymers. This means that the second block constitutes 72 wt% (P3HT-b-PPBI 1) and 

73 wt% (P3HT-b-PPBI 2) of the overall mass of the block copolymer. The N for the 

acceptor block was calculated as 37. The overall efficiency of the end group 

modification of P3HT and the initiation of the second block can be determined by 

comparing this value with the calculated DP of the precursor P3HT-b-PTMSPOS (DP = 

29). The increased DP after purification therefore means that about 80 % of the P3HT 

chains, formed during the initial P3HT polymerization, were functionalized with an 

alkyne, transformed to a macro initiator and subsequently started the polymerization of 

the styrene monomer. Altogether the described synthetic strategy gave access to highly 

comparable donor-acceptor BCPs with precise control over the composition. Especially 

the highly efficient quantitative grafting with different acceptor units and the lack of 

unreacted precursors or P3HT homopolymers ensures the structural purity and high 

comparability of the final BCPs. 
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Structure Formation in P3HT-b-PPBI 1 and 2 

The diblock copolymers P3HT-b-PPBI 1 and 2 are characterized via temperature 

dependent X-ray scattering measurements in order to understand the structure 

formation of the polymers. Additionally, the findings will also be supported by DSC, 

TEM and AFM measurements. Fig.5 depicts temperature dependent X-ray scattering 

measurements. The scattering curves can be divided into two regions: At larger 

scattering vectors (q>1nm-1) the Bragg reflections of the individual phases can be 

studied, while at small scattering vectors (q<1nm-1) the signals of the BCP 

nanostructure can be found. Two separate crystallization events take place in P3HT-b-

PPBI 1 during cooling. First, at 180°C two scattering peaks form at 1.07 nm-1 and 2.14 

nm-1. These peak positions are in agreement with a lamellar liquid crystalline 

morphology as proposed for the corresponding PPBI homopolymer.29 Additionally, a 

second crystallization event takes place at 150°C. At this temperature, the typical 

scattering pattern of P3HT with the (100)-reflection at 3.7 nm-1 together with its higher 

order signals and the π-π-stacking signal at ≈16.6 nm-1 appears.31,32 In contrast, only 

one crystallization event is observed in P3HT-b-PPBI 2. Here only P3HT crystallizes at 

150 °C, and the PPBI block stays in an amorphous state. While the behavior of the PPBI 

block is in agreement with the corresponding homopolymer,29 the reason for its 

amorphous state is still topic of further investigation. In the region of small scattering 

Fig. 5: Scattering intensity versus scattering vector q over full q-range of P3HT-b-PPBI 1 (left) and 

P3HT-b-PPBI 2 (right) at different temperatures during cooling. Temperatures at which the BCPs are in 

the molten state are marked in red and temperatures at which only the PPBI block shows molecular 

ordering are marked in orange. Data were joined together from measurements at three sample-to-

detector distances (curves shifted for clarity). 
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vectors (q < 1 nm-1) both BCPs show scattering signals corresponding to the BCP 

microstructure. The signals consist of a strong scattering peak at around 0.2 nm-1 

accompanied by higher order signals which are a clear indication for a microphase 

separated structure. It is worth to point out that the BCP nanostructure (SAXS peak 

shape and position) keeps unchanged over the whole temperature range studied from 

270 °C to 20 °C (except for a minor shift due to thermal expansion). This observation 

carries two implications: (i) The order disorder transition temperature is higher than 

270 °C and (ii) confined crystallization without breakout takes place within the 

morphology of the BCP nanostructures. 

In order to determine the BCP morphology, we performed a closer analysis of the 

SAXS patterns of both samples at 20 °C after cooling from the molten state. Based on the 

chemical composition of 72 and 73 wt.% PPBI for P3HT-b-PPBI 1 and 2 respectively, a 

cylindrical morphology would be expected (hexagonally ordered P3HT cylinders in 

PPBI matrices) according to the classical phase diagram of coil-coil BCPs assuming that 

P3HT and the PPBIs have a similar density. Fig. 6 shows the small angle X-ray 

scattering data together with an empirical model function consisting of a power law 

background and three Gaussians with a common FWHM to describe the peaks up to the 

third order. Even though the higher order peaks are too close to be well separated the 

peak positions fit to a ratio of 1:√3:2 consistent with the expected lattice of hexagonal 

cylinders. From the position of the first order reflections the distance between the 

(100)-planes can be calculated to be 28 nm and 31 nm (i.e. a cylinder-to-cylinder 

Fig. 6 Small angle X-ray scattering intensity versus scattering vector q of P3HT-b-PPBI 1 (blue) and 
P3HT-b-PPBI 2 (red) at 20 °C with a model function consisting of a power law background intensity and 
three Gaussians to describe the peaks. Curves of P3HT-b-PPBI 2 are shifted by a factor of 10 for clarity. 
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distance of 32.5 nm and 36 nm) for P3HT-b-PPBI 1 and 2 respectively. The FWHM of 

the SAXS peaks is a factor of 1.9 and 2.3 above the resolution limit of the instrument for 

P3HT-b-PPBI 1 and 2 respectively, indicating that the long range order is limited 

within the samples. While usually the peak width is given by the resolution of the 

instrument for a microphase separated sample, the existence of higher order SAXS 

signals are a clear indication for an ordered microphase separated structure. 

The cylindrical BCP morphology is further supported by TEM and AFM 

measurements as shown in Fig. 7. In the TEM images of both BCPs an arrangement of 

cylinders can be observed. The samples are stained with RuO4, which is known to 

selectively stain P3HT.28 In agreement with the chemical composition with P3HT as 

minority component of the BCP, the P3HT-cylinders appear in dark in the bright matrix 

of PPBI. While in the TEM images most of the cylinders are cross-cut (except of a few 

lying cylinders in P3HT-b-PPBI 1) the AFM images of both materials show the common 

orientation of flat lying cylinders caused by interaction with the surface.33  

In agreement with the temperature dependent X-ray experiments, the DSC 

measurements also show melting and crystallization in both BCPs (Fig. 8). One melting 

and one crystallization peak can be observed within the DSC traces of each sample. The 

Fig. 7 TEM (Top) and AFM phase image (Bottom) of P3HT-b-PPBI 1 (left) and P3HT-b-PPBI 2 (right) 

after cooling from the molten state. For TEM the samples were annealed subsequently for 50h in 

chloroform vapor at 40 C and stained with RuO4 
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peak temperatures of melting/crystallization are 228 °C/146 °C and 222 °C/140 °C for 

P3HT-b-PPBI 1 and 2 respectively. Taking differences in the thermal program between 

the X-ray and the DSC measurements into account (stepwise vs. direct cooling), the 

crystallization temperatures are in good agreement with the crystallization of P3HT as 

observed in the temperature dependent X-ray measurements. It is unclear why no 

separate crystallization/melting of the PPBI-block can be observed in the DSC traces of 

P3HT-b-PPBI 1. Possible explanations are that either the transition enthalpy of the 

liquid-crystalline ordering is too weak to be detected, or that within the thermal 

program of the DSC the PPBI block crystallizes together with the P3HT.  

The difference of around 80 °C between the melting and crystallization peak also 

shows that a considerable amount of undercooling is necessary in order to induce 

crystallization in the BCPs, which is in agreement to previous similar examples.24,25,26 

Additionally, to the melting and crystallization peaks, both BCPs show a significant 

amount of cold crystallization between 60 °C and 170 °C, most likely due to the 

significant undercooling needed to induce crystallization. According to Lang et al., the 

glass transitions temperatures of the PPBI-blocks are with 166 °C and 142 °C 

(applicable for P3HT-b-PPBI 1 and P3HT-b-PPBI 2) respectively in the temperature 

window of cold crystallization.29 Since both phenomena are superimposing each other, 

the glass transition of the acceptor block is not visible in the DSC measurements of the 

BCPs.  

Fig. 8 DSC traces of P3HT-b-PPBI 1 and 2 measured with a heating/cooling rate of 10 K min-1. Curves of 

P3HT-b-PPBI 1 are shifted by 1 J g-1 °C-1 for clarity. 



Impact of Molecular Dynamics on Structure Formation of Donor-Acceptor Block Copolymers  

 

 
73 

 

Conclusion 

We synthesized two donor-acceptor BCPs P3HT-b-PPBI 1 and 2, the 

corresponding side chain perylene bisimide homopolymers (PPBI 1 and 2) and PBI 

model compounds by a modular approach. We could show that the side chain grafting 

with different perylene bisimides is quantitative for the homopolymers as well as the 

diblock copolymers. The critical step is therefore, the end functionalization of P3HT and 

the sequential polymerization of the second block. We could show that about 80 % of 

the P3HT started a second block and we found a convenient way to separate the 

homopolymers from the P3HT-b-PPBI 1 and 2. We explored the interplay between 

microphase separation and molecular dynamics in two donor-acceptor BCPs consisting 

of P3HT-b-PPBI and confirmed the expectation that the decrease of the glass transition 

temperature as compared with a previously examined sample containing PCBM in the 

acceptor block facilitates the formation of a well-defined microphase separated 

structure. Inside the existing block copolymer nanostructure confined crystallization 

without alteration of the cylindrical morphology occurred. The morphology of the 

individual blocks was found to be the same as in the corresponding homopolymers. The 

results demonstrate that for efficient material design of phase separated donor-

acceptor BCPs, a number of different criteria have to be considered ranging from the 

optoelectronic function and thermodynamics of self-assembly up to the molecular 

mobility.  
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Associated Content 

Supporting Information: Experimental details, additional MALDI-ToF MS 

spectra, 1H-NMR spectra and SEC curves. 
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Supporting Information 

Materials  

EthinylMgCl (0.6 M in THF/Toluene) and t-BuMgCl (1.7 M in THF) were 

purchased from Acros and titrated according to Krasovskiy and Knochel.1 Azobisiso-

butyronitrile (AIBN, > 98%), CuBr (> 98 %), CuI (> 98 %), N,N,N′,N′′,N′′-pentamethyldi-

ethylenetriamine (PMDETA, 99 %), tetrabutylammonium fluoride trihydrate (TBAF, 

> 98 %), 4-isopropylphenol (98%) and 18-crown-6 (> 99 %) were purchased from 

Fluka. N,N-Diisopropyl-ethylamine (DIPEA, > 99 %) and propargylbromide (80 % in 

toluene) were purchased from Sigma-Aldrich. [1,3-Bis(diphenylphosphino)propane]-

dichloronickel(II) (Ni(dppp)Cl2),2 N-(1,3-Bis(2-(2-(2-methoxyl)ethoxyl)ethoxyl)-

propyl),N’-(hexyl-6’-azido)perylene-3,4,9,10-tetracaboxylic acid bisimide (PBI-N3 2),6 

2,5-dibromo-3-hex-ylthiophene,3,4 2-dodecylsulfanylthiocarbonylsulfanyl-2-methyl-

propionicacid-3-azido-propylester,5 N-(1-heptyloctyl),N’-(octyl-8’-azido)-perylene-

3,4,9,10-tetracaboxylic acid bisimide (PBI-N3 1),6 4-(3`-trimethylsilylpropargyloxy)-

styrene,6,7 N-t-butyl-O-[1-[4-(chloro-methyl)-phenyl]ethyl]-N-(2-methyl-1-phenyl-

propyl)hydroxylamine8 and 2,2,5-trimethyl-4-phen-yl-3-azahexane-3-nitroxide8 were 

synthesized according to published procedures. AIBN was recrystallized from ethanol 

and DIPEA and PMDETA were distilled prior to use. All other reagents were used 

without further purification. A CuBr/PMDETA stock solution was prepared for all 

CuAAc reactions. For this a dry Schlenk flask was charged with CuBr (50 mg, 0.035 

mmol) and 5 mL 1,2,4-trichlorobenzene and the solution was degassed with N2 for 20 

min and degassed PMDETA (180 mg, 1.05 mmol) was added. 

Methods  

1H-NMR (300 MHz) spectra were recorded on a Bruker AC 300 spectrometer and 

calibrated to the solvent peak (CDCl3 δ = 7.26 ppm). Fourier transform infrared (FTIR) 

spectra were recorded on a Perkin Elmer Spectrum 100 FTIR spectrometer in 

attenuated total reflection (ATR) mode. Size exclusion chromatography (SEC) 
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measurements were carried out in THF with two Varian MIXED-C columns (300 x 7.5 

mm) at room temperature and at a flow rate of 0.5 mL min-1 using a UV (Waters model 

468) detector with 254 nm wavelength. The SEC was calibrated with polystyrene as 

external standard and 1,2-dichlorobenzene as internal standard. MALDI-TOF mass 

spectra were recorded in linear positive mode on a Bruker Reflex III with dithranol or 

indol-3-acetic acid as matrix. Differential scanning calorimetry measurements were 

prepared on a Mettler Toledo DSC 2, calibrated with indium and zinc at a heating rate of 

10 Kmin-1 under continuous nitrogen flow. Thermogravimetric measurements were 

performed on a Mettler Toledo TGA/SDTA 851 at heating rates of 10 K min-1 under 

nitrogen. X-ray scattering experiments were performed in transmission using a 

SAXSLAB laboratory setup (Retro-F) equipped an AXO microfocus X-ray source with an 

AXO multilayer X-ray optic (ASTIX) as monocromator for Cu Kα radiation (λ= 0.154 nm). 

A DECTRIS PILTUS3 R 300K detector was used to record the 2D scattering patterns. As 

sample holders two millimeter thick aluminum discs with a central hole were used. The 

measurements were performed in vacuum at and fitted together from three sample to 

detector distances to cover a wider q-range (q= 0.05-1 nm-1; q= 0.65-5.2 nm-1 and 

q=4.3-29 nm-1). For temperature control, a LINKAM hotstage was used with a common 

heating/cooling rate of 10 K min-1. Atomic force microscopy (AFM) images were 

recorded in intermittent contact mode on a Dimension 3100 Nanoscope V a hybrid 

closed loop XYZ tip scanner (5120 x 5120 pixels). The measured films were prepared by 

spin casting at 2000 rpm on silicon substrates from a 1 wt% chloroform solution (14.8 

mg mL-1), heated to 270 °C and cooled ripidley to room temperature. For transmission 

electron microscopy (TEM) the P3HT-b-PPBI 1 sample was annealed in chloroform 

vapor for 50 h at 40 °C and the P3HT-b-PPBI 2 sample was annealed at 260 °C for 15 

min and cooled down to room temperature at 1 °C min-1. Both samples were cut with an 

ultramicrotome and stained with RuO4 for 10 min. The samples were measured at a 

Zeiss 9220 mega TEM.  
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Synthesis 

Diblock copolymers  

Alkyne Functionalized P3HT (P3HT-Alkyne): P3HT-Alkyne was synthesized 

according to a reported procedure.9 A 0.5 M LiCl solution was prepared by weighing 

1.06 g LiCl into a Schlenk flask and subsequently drying for 4 h in vacuo at 140 °C. 

50 mL anhydrous THF was added and the solution was stirred overnight to assure a 

complete dissolution of the LiCl. A dry Schlenk flask was charged with 6.15 g 

(18.86 mmol) 2,5-dibromo-3-hexyl-thiophene under N2 atmosphere. 37.8 mL of the 

0.5 M LiCl solution in THF were added. 14.8 mL (18.10 mmol) of a 1.25 M solution of t-

BuMgCl in THF were added and the reaction mixture was stirred for 24 h to ensure the 

complete formation of the active Grignard species. The solution was diluted with 136 

mL THF and the polymerization was started by adding 98.8 mg (118.60 µmol) 

Ni(dppp)Cl2 suspended in 2 mL THF. The polymerization was terminated by adding 

8 mL (3.77 mmol) of a 0.5 M solution of EthynylMgCl in THF/Toluene after 33 min. The 

solution was stirred for further 15 min and the polymer was subsequently precipitated 

in methanol. The polymer was dried and redissolved in CHCl3. The solution was filtered 

over a short aluminum oxide column to remove residual LiCl and Ni(dppp)Cl2, 

evaporated with the rotary evaporator to get a concentrated solution, and precipitated 

again in methanol. m =2.18 g, Mn,SEC = 18300 g mol-1, PDI = 1.19. 1H NMR (300 MHz, 

CHCl3): δ (ppm) 6.98 (s, 1H), 3.52 (s, 1H), 2.81 (t, 2H, J = 7.7 Hz), 1.80-1.60 (m, 2H), 

1.50-1.25 (m, 6H), 0.98-0.83 (m, 3H); IR (ATR): ν(cm-1) 3310 (C≡C-H2), 2095 (C≡C)  

P3HT-Macro RAFT-agent (P3HT-RAFT): A dry flask was charged with 1.6 g 

(133.0 µmol) P3HT-Alkyne and 596.4 mg (1.33 mmol) 2-Dodecylsulfanyl-

thiocarbonylsulfanyl-2-methylpropionicacid-3-azido-propylester. The reagents were 

dissolved in 400 mL THF and the solution was degassed with N2 for 20 min. 8 mL 

(47.04 mmol) DIPEA and 190.6 mg (1.33 mmol) equivalents CuI were added. The 

mixture was stirred at 40 °C for 6 days. The solution was filtered over a short aluminum 

oxide column to remove the catalyst and dried in vacuo. The polymer was precipitated 
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from concentrated chloroform solutions in methanol (twice) and hexanes. m = 1.40 g, 

Mn,SEC = 18400 g mol-1, PDI = 1.18. 1H NMR (300 MHz, CHCl3): δ (ppm) 6.98 (s, 1H), 2.81 

(t, 2H, J = 7.7 Hz), 1.80-1.60 (m, 2H), 1.50-1.25 (m, 6H), 0.98-0.83 (m, 3H); IR (ATR): 

ν(cm-1) 1738 (C=O). 

P3HT-b-poly(4-(3`-trimethylsilylpropargyloxystyrene) (P3HT-b-PTMSPOS): 

A dry Schlenk flask was charged with 675 mg (56.23 µmol) P3HT-RAFT agent, 5.18 g 

(22.5 mmol) (3`-trimethylsilylpropargyloxy)-styrene and 3.69 mg (22.5 µmol) AIBN. 

The reagents were dissolved in 23 mL 1,2,4-Trichlorobenzene and the solution was 

degassed with N2 for 20 min. The polymerization was started by immersing the Schlenk 

flask into an 80 °C warm oil bath. The conversion was controlled via NMR. After the 

projected conversion was achieved the polymerization was terminated by immersing 

the flask into liquid nitrogen. The resulting polymers were precipitated in methanol, 

redissolved in the smallest possible amount of chloroform and precipitated in hexane. 

m =950 mg, Mn,SEC = 22200 g mol-1, PDI = 1.37, Conversion = 6.7 %. 1H NMR (300 MHz, 

CHCl3): δ (ppm) 6.98 (s, 1H), 6.8-6.15 (br, 4H), 4.70-4.50 (br, 2H), 2.81 (t, 2H, J = 7.7 Hz), 

1.78-1.60 (m, 2H), 1.50-1.20 (m, 9H), 0.97-0.83 (m, 3H), 0.18 (s, 9H); IR(ATR): ν(cm-1) 

2180 (C≡C), 1731 (C=O). 

Synthesis of P3HT-b-poly(4-propargyloxystyrene) (P3HT-b-PPOS): 1.36 g 

P3HT-b-TMSPPOS was dissolved in 175 mL THF and the solution was degassed with 

N2 for 20 min. 245 mg acetic acid and 12.9 mL of a degassed 0.5 M TBAF solution in THF 

was added with a syringe. The solution was stirred at room temperature for 48 h. The 

polymer was precipitated in methanol. m= 822 mg, Mn,SEC = 21900 g mol-1, PDI = 1.42. 

1H NMR (300 MHz, CHCl3): δ (ppm) 6.98 (s, 1H), 6.8-6.15 (br, 4H), 4.72-4.52 (br, 2H), 

2.80 (t, 2H, J = 7.7 Hz), 2.58- 2.45 (br, 1H), 1.80-1.60 (m, 2H), 1.50-1.20 (m, 9H), 0.99-

0.79 (m, 3H); IR (ATR): ν(cm-1) 2180 (C≡C), 1731 (C=O). 
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P3HT-b-PPBI 1: A dry Schlenk flask was charged with 200 mg P3HT-b-PPOS and 

257 mg (343 µmol, 1.1 eq.) PBI-N3 1. The reagents were dissolved in 60 mL 

1,2-dichlorobenzene and the solution was degassed for 20 min with N2. 15 drops of the 

CuBr/PMDETA stock solution were added and the mixture was stirred at rt for 72 h. 

The polymer was filtered over aluminum oxide, precipitated in ethyl acetate and dried. 

The polymer was purified by column chromatography (toluene, ethylacetate, CHCl3, 

CHCl3: methanol 98:2) and subsequently precipitated in methanol from a concentrated 

CHCl3 solution. m =372 mg, Mn,SEC = 69500 g mol-1, PDI = 1.25. 1H NMR (300 MHz, 

CHCl3): δ (ppm) 8.54-7.41 (br, 9H), 6.98 (s, 1H), 6.91-6.21 (br, 4H), 5.37-4.82 (br, 3H), 

4.51-4.24 (br, 2H), 4.15-3.82 (br, 2H), 2.80 (t, 2H, J = 7.7 Hz), 2.35-1.07 (m, 47H), 0.99-

0.75 (m, 9H,); IR (ATR): ν(cm-1) 3058, 2953, 2923, 2854, 2166, 1695, 1654, 1594, 1579, 

1508, 1456, 1437, 1404, 1377, 1340, 1244, 1215, 1174, 1125, 1109, 1087, 1047, 1008, 

962, 851, 825, 810, 795, 746, 722.  

P3HT-b-PPBI 2: A dry Schlenk flask was charged with 150 mg P3HT-b-PPOS and 

211 mg (257 µmol, 1.1 eq.) PBI-N3 2. The reagents were dissolved in 22.5 mL 1,3,5-

trichlorobenzene and the solution was degassed for 20 min with N2. 8 drops of the 

CuBr/PMDETA stock solution were added and the mixture was stirred at rt for 72 h. 

The polymer was filtered over aluminum oxide, precipitated in ethyl acetate and dried. 

The polymer was purified by column chromatography (toluene, ethylacetate, CHCl3, 

CHCl3: methanol 98:2) and subsequently precipitated in methanol from a concentrated 

CHCl3 solution. m =254 mg, Mn,SEC = 77700 g mol-1, PDI = 1.23. 1H NMR (300 MHz, 

CHCl3): δ (ppm) 8.30-7.32 (br, 9H), 6.98 (s, 1H), 7.00-6.31 (br, 4H), 5.74-5.46 (br, 1H), 

5.33-4.96 (br, 2H), 4.56-4.31 (br, 2H), 4.31-3.86 (br, 6H), 3.86-3.38 (m, 16H), 3.38-3.19 

(br, 6H), 2.80 (t, 2H, J = 7.7 Hz), 2.16-1.06 (m, 19H), 0.99-0.77 (m, 3H); IR (ATR): ν(cm-1) 

3056, 2953, 2923, 2856, 2167, 2051, 1694, 1654, 1593, 1578, 1508, 1437, 1404, 1341, 

1302, 1245, 1200, 1178, 1100, 1049, 851, 825, 810, 793, 745. 
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Homopolymers 

Synthesis of PTMSPOS: 4-(3`-trimethylsilylpropargyloxy)styrene (TMSPOS) 

(75 eq), N-t-butyl-O-[1-[4-(chloromethyl)-phen-yl]ethyl]-N-(2-methyl-1-phenylpropyl)-

hydroxylamine (1 eq, Hawker-Initiator) and 2,2,5-trimeth-yl-4-phenyl-3-azahexane-3-

nitroxide (0.1 eq, free nitroxide) were dissolved in 1.6 mL o-DCB per 1 g monomer and 

degassed by three freeze–pump–thaw cycles. The polymerization was started by the 

immersion of the reaction vessel in a 125 °C warm oil bath. The reaction was quenched 

by cooling in liquid nitrogen and precipitated into cold methanol twice from a 

concentrated THF solution. PTMSPOS 1: 654 mg, Mn,SEC = 9100 g mol-1, PDI = 1.32; 1H 

NMR (300 MHz, CHCl3): δ (ppm) 6.9–6.18 (br, 4H), 4.63 (s, 2H), 1.79–0.92 (br, 2H), 0.23 

(s, 9H). PTMSPOS 2: 1.2 g, Mn,SEC = 9300 g mol-1, PDI = 1.11; 1H NMR (300 MHz, CHCl3): 

δ (ppm) 6.9–6.18 (br, 4H), 4.63 (s, 2H), 1.79–0.92 (br, 2H), 0.23 (s, 9H) 

Synthesis of PPOS: PTMSPOS 1/ PTMSPOS 2 was dissolved in THF, cooled to 

0 °C and degassed by purging with nitrogen. 3 eq. of a degassed 0.5 M solution of 

tetrabutylammonium fluoride trihydrate in THF and 3 eq. of acetic acid were added via 

syringe. The mixture was stirred overnight and the polymer was precipitated in 

methanol twice from a concentrated THF solution. PPOS 1: 330 mg, Mn,SEC = 

7400 g mol-1, PDI = 1.11; 1H NMR (300 MHz, CHCl3): δ (ppm) 6.9–6.18 (br, 4H), 4.63 (s, 

2H), 2.52 (br, 1H), 1.79–0.92 (br, 2H); IR (ATR): ν(cm-1) 3286 (C≡C–H), 2120 (C≡C). 

PPOS 2: 500 mg, Mn,SEC = 7500 g mol-1, PDI = 1.21; 1H NMR (300 MHz, CHCl3): δ (ppm) 

6.9–6.18 (br, 4H), 4.63 (s, 2H), 2.52 (br, 1H), 1.79–0.92 (br, 2H); IR (ATR): ν(cm-1) 3286 

(C≡C–H), 2120 (C≡C). 
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PPBI 1: The synthesis of PPBI 1 was published by Lang and Thelakkat.6 The 

polymer was synthesized according to the general method above and extracted with 

methyl ethyl ketone. 50 mg, Mn,SEC = 59200 g mol-1, PDI = 1.09; 1H NMR (300 MHz, 

CHCl3): δ (ppm) 8.45–7.40 (br, 9H), 7.00–6.10 (br, 4H), 5.35–4.86 (br, 3H), 4.50–4.24 

(br, 2H), 4.18–3.80 (br, 2H), 2.40–1.00 (m, 39H), 0.83 (br, 6H).  

PPBI 2: A dry Schlenk flask was charged with 49.8 mg PPOS 2 and 287.7 mg (362 

µmol, 1.5 eq.) PBI-N3 2. The reagents were dissolved in 20 mL 1,2-tdichlorobenzene 

and the solution was degassed for 20 min with N2. 10 drops of the CuBr/PMDETA stock 

solution were added and the mixture was stirred at 40 °C for 5 days. The polymer was 

filtered over aluminum oxide, precipitated in methanol. The polymer was purified via 

extraction with a soxleth apparatus with methyl ethyl ketone. 254 mg, Mn,SEC = 43500 

g mol-1, PDI = 1.14; 1H NMR (300 MHz, CHCl3): δ (ppm) 8.30–7.32 (br, 9H), 7.05–6.20 

(br s, 4H), 5.72–5.40 (br, 1H), 5.30–4.95 (br, 2H), 4.54–4.25 (br, 2H), 4.25–4.10 (br, 2H), 

4.10–3.85 (br, 4H), 3.85–3.40 (m, 16H), 3.30 (m, 6H) 2.39–1.40 (m, 11H). 

 

Model Compounds 

1-Isopropyl-4-propargyloxybenzene: 5.00 g (36.71 mmol) p-isopropylphenole 

and 50 mL acetone were added to a 250 mL Schlenk flask. 9.56g (73.42 mmol) KCO3 

and 1.94 g (7.34 mmol) 18-Crown-6 were added and the mixture was refluxed. 8.19 g 

(55.07 mmol) of a 80 wt% solution of propargylbromide in toluene was added and the 

mixture was stirred at 60 °C for 20 h. 200 mL water and 80 mL chloroform were added 

and the organic phase was separated. The aqueous phase was extracted 3 more times 

with 80 mL chloroform each. The combined organic phases were washed 3 times with 

water and subsequently dried over Na2SO4 and the solvent wash evaporated in vacuo. 

The crude product was purified by distillation in vacuo. Yield = 5.8 g (33.29 mmol, 

91 %); 1H NMR (300 MHz, CHCl3): δ (ppm) 7.23-7.12 (m, 2H), 6.98–6.87 (m, 2H), 4.68 

(d, J = 2.4 Hz, 2H), 2.98 (dq, J = 7.0 Hz, 1H), 2.53 (t, J = 2.4 Hz, 1H), 1.25 (d, J = 7.0 Hz, 

6H). 
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PBI 1: A dry Schlenk flask was charged with 63.9 mg (398 µmol, 1.5 eq) 

1-isopropyl-4-propargyloxybenzene and 200.0 mg (265 µmol) PBI-N3 1 and 15 mL 

THF. The solution was degassed for 20 min with N2 and 6 drops of the CuBr/PMDETA 

stock solution were added. The mixture was stirred at 40 °C for 24 h. The mixture was 

filtered over aluminum oxide and the product was precipitated in methanol. The 

product was freeze dried from benzene and dried in vacuo at 80 °C. The product was 

obtained as red solid. m =204 mg; 1H NMR (300 MHz, CHCl3): δ (ppm) 8.76–8.51 (m, 

8H), 7.60 (s, 1H), 7.18-7.09 (m, 2H), 6.98–6.84 (m, 2H), 5.29-5.09 (s, 3H), 4.35 (t, J = 7.2 

Hz, 2H), 4.19 (t, J = 7.5 Hz, 4H), 2.85 (dq, J = 7.0 Hz, 1H), 2.34-2.14 (m, 2H), 2.00-1.80 (m, 

4H), 1.80-1.67 (m, 2H), 1.52-1.08 (m, 28H), 1.21 (d, J =7.0 Hz, 6H), 0.87-0.78 (m, 6H). 

PBI 2: A dry Schlenk flask was charged with 95.0 mg (546 µmol, 2.9 eq) 

1-isopropyl-4-propargyloxybenzene and 150.0 mg (189 µmol) PBI-N3 2 and 20 mL 

THF. The solution was degassed for 20 min with N2 and 6 drops of the CuBr/PMDETA 

stock solution were added. The mixture was stirred at 40 °C for 24 h. The mixture was 

filtered over aluminum oxide and the solvent was removed with the rotary evaporator. 

The excess 1-isopropyl-4-propargyloxybenzene was removed in vacuo at 80°C for 12 h. 

The product was obtained as dark red solid after freeze drying from benzene. m =137 

mg; 1H NMR (300 MHz, CHCl3): δ (ppm) 8.63–8.36 (m, 8H), 7.63 (s, 1H), 7.23-7.12 (m, 

2H), 6.98–6.87 (m, 2H), 5.78–5.63 (m, 1H), 5.18 (s, 2H), 4.43–4.33 (t, J = 7.2 Hz, 2H), 

4.27-4.14 (m, 4H), 4.04-3.95 (m, 2H), 3.80-3.52 (m, 12H), 3.30-3.24 (m, 4H), 3.32-3.25 

(s, 6H), 2.94-2.75 (dq, J = 7.0 Hz, 1H), 2.05-1.88 (m, 2H), 1.87-1.70 (m, 2H), 1.58-1.37 

(m, 4H), 1.20 (d, J = 7.0 Hz, 6H). 
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Additional Figures 

  

 

 

Fig. S 1. MALDI-ToF spectrum in linear positive mode with indol-3-acetic acid as matrix. of PPBI 2. The 

enlarged part in the inlet shows the molecular mass of the repeating unit which is in very good 

agreement with the expected value (a) and SEC of the PPBI homopolymers PPBI 1 and 2 and the 

corresponding precursor polymers PPOS 1 and 2 (b). c) 1H-NMR spectra of PPOS 1, PPBI 1 and PPBI 2. 

  
Fig. S 2 SEC traces (a) and MALDI-Tof Spectra in linear positive mode with dithranol as matrix (b) of 

P3HT-Alkyne and P3HT-RAFT. 
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Fig. S 3 a) 1H-NMR spectra of P3HT-RAFT and the BCPs P3HT-b-PPTMSPOS and P3HT-b-PPOS, b) SEC 

traces of the two unpurified donor-acceptor BCPs P3HT-b-PPBI 1 and 2 after CuAAc click reaction of 

P3HT-b-PPOS with the PBI-Azides 1 and 2. 
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Abstract 

A series of well-defined Poly(3-hexylthiophene) (P3HT) grafted bottlebrushes 

PS-g-P3HT with different P3HT chain lengths were synthesized by a grafting to 

approach using nitroxide mediated controlled radical polymerization. The influence of 

the side-chain length on the optical, thermal and electronical properties in these 

polymers are systematically studied and compared with the corresponding linear 

P3HTs. It can be shown that the optical, structural and electronic properties of the 

brushes depend heavily on the side chain lengths. The results of DSC, UV-Vis and AFM 

measurements reveal two important things. The brush polymers with low molecular 

weight P3HT side-chains do not crystallize and therefore exhibit very poor electronic 

properties. With an increase of the side-chain length, highly crystalline materials are 

obtained and a brush with a high molecular weight (144 kg/mol) carrying long P3HT 

side chains (17000 g mol-1) is necessary to obtain crystalline lamellar structures and 

the best charge transport properties. For the first time P3HT brush polymers are 

reported that can match the excellent electronic properties of its linear counterparts in 

the range of 10-2 cm2 V-1 s-1. Additionally, the brush polymers exhibit better thin film 

stability at elevated temperatures compared to linear P3HTs. 

 

Introduction 

Bottlebrush polymers consist of polymeric backbones which are densely grafted 

with regularly spaced side-chains. A high grafting density forces the backbone into an 

extended chain through steric repulsion.1,2 Moreover, the densely packed side chains 

causes the polymer backbones to be stiffened and the persistence length of the brush 

chain increases with increasing side chain density. Therefore this architecture leads to 

unique material properties. Thus, bottlebrush polymers have far higher polymer chain 

mobilities than linear polymers with comparable molecular weights due the absence of 

chain entanglements.3 Therefore, bottlebrush polymers with conjugated, electronically 
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active poly(3-hexylthiophene) (P3HT), which can add up the benefits of the brush 

architecture and the good electronic properties of linear P3HT, should be interesting 

materials for organic electronics. Surprisingly, there are no reports on charge carrier 

mobilities in semiconductor polymer brushes. 

In contrast to most other polymeric organic semiconductors, the synthesis of 

linear P3HT can be conducted in a highly controlled manner. The Kumada catalyst 

transfer polymerization which was independently reported byMcCullough et al.4,5 and 

Yokozawa et al.6,7 allows the synthesis of polymers with defined molecular weight and 

controlled end groups.8,9 In addition, very high molecular weights can be easily 

achieved in bottlebrushes which may have advantages in terms of mechanical 

properties, especially in thin film applications. The correlation of molecular weight and 

mechanical properties is well-studied in linear semiconductor polymers, whereas very 

little is known in semiconductor bottlebrushes.10 Thus the brush architecture can 

improve the film stability even at high temperatures against delamination simply by the 

inherent increase in molecular weight in these systems. Another interesting and 

important property of chain orientation/alignment might also be positively influenced 

by this architecture. It was proposed that in organic photovoltaics (OPV), a nanoscale 

phase-separated donor-acceptor diblock copolymer could have ideal microstructures 

that could provide optimal pathways for charge collection.11 Such a microphase 

separated system must be preferentially vertically aligned to the substrate; otherwise 

the structure would consist of effective charge blocking layers. As a first breakthrough 

the synthesis of micro phase separated fully conjugated polymers could be reported12 

but the alignment of such a system is not yet accomplished. However, thin films of 

diblock copolymer bottlebrushes were found to form vertical aligned micro structures 

without the need of difficult post processing and alignment procedures.13 Therefore, 

donor-acceptor brush block copolymers may be possible candidates to solve this issue. 

This motivated us to investigate in details opto-electronic properties concerning P3HT 

bottle brushes. At first, it is of course imperative to synthesize P3TH brushes in a well-

controlled way and to study those alone in order to investigate what design rules are 

necessary to retain or improve the electronic properties in the donor component. There 
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are several examples of surface grafted P3HT brushes synthesized either by grafting-

from14,15 or grafting-to16,17 processes but the synthesis of P3HT bottlebrushes was only 

reported a few times up to now. In 2013 Lin et al.18 reported the synthesis of PS-g-P3HT 

by grafting P3HT onto a polystyrene backbone by CuAAc click chemistry. P3HT 

bottlebrushes were also reported by a grafting-from19 and a grafting-through 

polymerization.20,21 For the grafting-through route exo-norbornenyl-functionalized 

P3HT macromonomers were poly-merized by a controlled ring opening metathesis 

polymerization (ROMP). The molecular weights of these P3HT side-chains were 

relatively low, in the range of only 2,000 to 11,000 g mol-1 (as measured by SEC). 

Moreover, up to now, no comparative study was conducted to understand the structure 

property relationship, which correlates the length of P3HT side chains and charge 

carrier mobility in these systems and compares them with those in linear polymers. 

Even though OFET devices with linear P3HT as semiconductor have already delivered 

charge carrier mobilities of up to 0.1 cm2 V-1 s-1, no hole mobility data is available for 

P3HT brushes at all.22-26 We hypothesized that in order to obtain bottlebrush polymers 

containing P3HT, with properties that meet the requirements for applications in OFET 

or OPV devices, we would need a higher molecular weight of the P3HT side-chains than 

previously reported. 

Several groups reported a correlation between the molecular weight of linear 

P3HT and the charger carrier mobility in OFET devices.26-28 Generally, the measured 

charge carrier mobilities increased by several orders of magnitude when the molecular 

weight P3HT was increased. Zhang et al. reported a distinct correlation between the 

molecular weight the nanostructure of P3HT and the charge carrier mobility in OFET 

devices.29 A similar correlation was observed by Singh et al. in SCLC devices.30 Both 

reports give indications for an optimum absolute molecular weight of P3HT, in terms of 

charge carrier mobility, between 10,000 and 15,000 g mol-1. The electrical properties of 

P3HT are dependent on the polymer’s ability to crystalize and the size of the crystalline 

nanofibrills. AFM and XRD measurements show that the long period of P3HT nanofibers 

increases as P3HT becomes longer. The long period and simultaneously the charge 

carrier mobility reach a plateau when the P3HT chains are so long that chain-folding 

occurs.30 If a similar dependence of charge transport on molecular weight exists in the 
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case of bottlebrush polymers as well, then previously reported studies were ignoring 

this important point of having polymers with sufficient molecular weight of the side-

chains. A previous study by Wong et al.,21 varied the side-chain length, but also changed 

the molecular weight of the backbone making an investigation regarding the influence 

of the length of P3HT side-chains for a given backbone length difficult. 

The aim of our study was therefore to elucidate the influence of the chain lengths 

of P3HT in brush polymers on charge carrier mobility without varying the molecular 

weight of the backbone. This is highly required to understand the correlations of optical 

and electronic properties with the molecular weight in P3HT brushes. We demonstrate 

that brush polymers can have comparable optical and electronic properties and 

superior film stability as compared to linear P3HT, if higher molecular weight P3HT is 

grafted. 
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Experimental Section 

Materials and Methods 

All commercial reagents were, unless otherwise noted, used without further 

purification. The linear polymers P3HT 1-4,8 N-t-Butyl-O-[1-[4-(chloromethyl)-

phenyl]ethyl]-N-(2-methyl-1-phenylpropyl)hydroxylamine,31 2,2,5-Trimethyl-4-phenyl-

3-aza-hexane-3-nitroxide31 were synthesized in our group according to a published 

procedure. The synthesis of other polymers reported is outlined in the ESI. 1H-NMR 

(300 MHz) spectra were recorded on a Bruker AC 300 spectrometer and calibrated to 

the solvent peak (CDCl3 δ = 7.26 ppm). Fourier transform infrared (FTIR) spectra were 

recorded on a Perkin Elmer Spectrum 100 FTIR spectrometer in attenuated total 

reflection (ATR) mode. Size exclusion chromatography (SEC) measurements were 

carried out in THF with two Varian MIXED-C columns (300 x 7.5 mm) at room 

temperature and at a flow rate of 0.5 mL min-1 using a UV (Waters model 468) detector 

with 254 nm wavelength. The SEC was calibrated with polystyrene as external standard 

and 1,2-dichlorobenzene as internal standard. MALDI-TOF mass spectra were recorded 

on a Bruker Reflex III with dithranol as matrix. Differential scanning calorimetry 

measurements were prepared on a Mettler Toledo DSC 2, calibrated with indium and 

zinc at a heating rate of 10 Kmin-1 under continuous nitrogen flow. 

Absorption measurements were carried out on a JASCO V-670. Solutions 

containing CHCl3/EtOAc mixtures were used at concentrations of 0.02 mg/mL-1. 

Different solutions were prepared by adding CHCl3 and EtOAc to a polymer stock 

solution in CHCl3 with a concentration of 0.2 mg mL-1. Polymer films for optical 

characterization were prepared by spin casting on ODTS treated glass substrates (the 

substrates were prepared in an identical procedure as the OFET devices) from 

6 mg mL-1 chloroform solutions. Atomic force microscopy images were recorded in 

intermittent contact mode on a Dimension 3100 Nanoscope V with a Nanoscope V 

controller and a hybrid closed loop XYZ tip scanner (5120 x 5120 pixels). 
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Device Preparation and Characterization 

Bottom gate / bottom contact organic field effect transistors (OFET Gen4) were 

purchased from Fraunhofer IPMS. N-doped silicon (doping at the surface 

n ≈ 3.1017 cm-3) was used as surface and gate electrode. The dielectric consists of a 230 

± 10 nm layer of silicon oxide. Each substrate consisted of 16 devices with a constant 

channel width of 10 mm and a varying channel length of 2.5-20 µm. The source and 

drain electrodes were 30 nm thick gold on a 10 nm ITO adhesion layer. The devices 

were prepared by cleaning in acetone and subsequently iso-propanol in an ultrasonic 

bath for 10 min, followed by a 15 min treatment in an ozone oven at 50°C and 

subsequent silanization by a 45 min treatment in a bath of 1 wt% 

octadecyltrichlorsilane (ODTS) in toluene at 60°C. The devices were rinsed with toluene 

and iso-propanol and dried. Thin polymer films were spin cast from 6 mg mL-1 

chloroform solutions at a spinning speed of 4,000 rpm under ambient conditions. All 

devices were stored and measured under nitrogen atmosphere. The IV-characteristics 

were measured using an Agilent B1500 Semiconductor Parameter Analyzer. The devices 

were annealed at 10 K above the melting temperature and slowly cooled down 

(~ 1 K min-1) to room temperature. All annealing experiments were conducted under 

nitrogen atmosphere. Using Equation (1) the charge carrier mobilities were calculated 

from the slope of the (Id)0.5-Vg plots. 

2)(
2

Tgid VVC
L

W
I                     (1) 

 

  



Poly-(3-hexylthiophene) Bottlebrush Copolymers  

 

94 
 

Results and Discussion 

Synthesis  

Our study focuses on the influence of the length of the P3HT side-chains on optical and 

electronic properties while keeping the polystyrene backbone identical. This was done in 

order to see if a similar trend of the optical, thermal and electronic properties as for linear 

P3HTs could also be observed for brush polymers. Four conjugated bottlebrush polymers 

with different P3HT side-chain lengths and having an identical polystyrene backbone were 

synthesized in a procedure similar to the one published by Lin et al.18 We identified the 

grafting-to process as the ideal synthesis method to obtain highly comparable polymers as 

one backbone polymer can be used for the whole series of brush polymers. 

As shown in Scheme 1 the polymeric backbone of the brush is synthesized first. Poly-

(4-chloromethylstyrene) (PS-Cl) is synthesized by nitroxide mediated radical 

polymerization (NMRP) utilizing a chlorine functionalized derivative of the well-known 

Hawker initiator.31 PS-Cl can be easily converted to poly-(4-azidomethylstyrene) PS-N3 

Scheme 1 Scheme of synthesis of Poly-4-chloromethylstyrene (PS-Cl) via NMP followed by the polymer 

analogous substitution of chlorine with sodium azide in order to obtain Poly-4-azidomethylstyrene 

(PS-N3). The conjugated P3HT bottlebrush polymers, Brush 1-4 were obtained by linking up PS-N3 and 

four alkyne terminated P3HT polymers (P3HT-Alkyne 1-4) with different chain lengths via CuAAc 

reaction. 
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upon substitution with sodium azide. The quantitative conversion can be observed 

in 1H-NMR by the shift of the methyl protons adjacent to the chlorine in PS-Cl versus the 

azide group in PS-N3 (see Fig. S1, ESI). First PS-N3 with a molecular weight of Mn,SEC = 3600 

g mol−1 and low Đ = 1.20 (Table 1) is obtained and is utilized as the precursor polymer for 

all click reactions to synthesize the bottlebrush polymers PS-g-P3HT. Additionally, four 

alkyne end functionalized P3HT polymers P3HT-Alkyne 1–4 were synthesized according to 

an optimized procedure.32 Functionalization with the alkyne end groups was analytically 

proven by MALDI-ToF mass spectrometry (see Fig. S2, ESI) MALDI-ToF mass spectrometry 

is also the most reliable measurement to obtain the absolute molecular weights of P3HT. 

Molecular weights Mn,MALDI between 1600 g mol−1 for P3HT-Alkyne 1 and 11400 g mol−1 for 

P3HT-Alkyne 4 were obtained. SEC on the other hand is a relative method and it was 

already reported that the SEC values, when calibrated against polystyrene, are always 

overestimated for P3HT.33 Table 1 gives a comparison of the Mn values obtained by SEC and 

MALDI-ToF for the alkyne functionalized polymers P3HT-Alkyne 1–4 and a series of 

unfunctionalized P3HT polymers P3HT 1-4 used in this study.  

Table 1 Summary of the synthesized Polystyrene derivatives PS-Cl and PS-N3, the four different alkyne-

functionalized P3HT polymers P3HT-Alkyne 1-4, the resulting bottlebrush polymers Brush 1-4 and the 

unfunctionalized linear polymers P3HT 1-4. 

 Mn,SEC
a 

(g mol-1) 

Đ 

 

Mn, MALDI 

(g mol-1) 

µmax 

(cm2 V-1 s-1) 

IOn/IOff 

ratio 

Tm,peak
b 

(°C) 

ΔHm
b 

(J g-1) 

Tc,peak
b 

(°C) 

Tg
b 

(°C) 

          

PS-Cl 3200 1.21       77 

PS-N3 3600 1.21       35 

          

P3HT-Alkyne 1 2000 1.57 1600      -15 

P3HT-Alkyne 2 3800 1.36 2000      1 

P3HT-Alkyne 3 9300 1.13 6650   210 18.8 176  

P3HT-Alkyne 4 17400 1.15 11400   225 19.3 189  

          

Brush 1 21000 1.21  1.88x10-6 4.21x102    -5 

Brush 2 36500 1.22  1.58x10-3 2.69x103    3 

Brush 3 97000 1.09  1.13x10-2 3.37x105 205 15.3 165  

Brush 4 144000 1.37  4.95x10-2 1.45x105 219 14.9 173  

          

P3HT 1c 1400 1.18 1430 4.42x10-7 3.31x102 22.3 18.7 -10  

P3HT 2c 4100 1.16 2000 3.62x10-3 5.28x104 156 7.2 137  

P3HT 3c 10300 1.09 7100 4.69x10-2 8.36x104 221/227 26.4 198  

P3HT 4c 

 

15900 1.11 11600 4.88x10-2 4.75x105 229/238/247 22.3 203  

a Measured in THF with a polystyrene calibration and o-dichlorobenzene as internal standard; b measured via DSC with a 
heating/cooling rate of 10 K min-1; c linear P3HT reference polymers 
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The linear polymers P3HT 1–4 without an active alkyne end group were later used for 

comparison with the brush polymers. They were synthesized according to a reported 

procedure in ref. 8 and are highly comparable to their functionalized counterparts 

P3HT-Alkyne 1–4 as can be seen from their properties given in Table 1. The bottlebrushes 

PS-g-P3HT were obtained by a grafting-to process. For this, the alkyne end groups of 

P3HT-Alkyne 1–4 reacted in a copper catalyzed reaction with the azide groups of PS-N3. 

The copper catalyzed azide–alkyne reaction (CuAAc) is highly efficient, which is usually 

conducted at low temperature and is well known as the workhorse of “click-chemistry”.34 It 

was nevertheless necessary to conduct the reaction at elevated temperatures of 90 °C to 

obtain high conversions. The success of grafting can easily be monitored by SEC. The SEC 

traces of Brush 3, as one typical example, and the corresponding precursor polymers are 

shown in Fig. 1 a. After the synthesis of the bottlebrush polymer the SEC trace is markedly 

shifted to high molecular weights. A rather narrow distribution is also an indicator of 

excellent conversion i.e. high grafting density. A tailing in the low molecular weight region 

would be otherwise expected if the reaction were incomplete. But this is not observed. A 

second peak from the P3HT precursor can be observed. This is the case for all synthesized 

brush polymers because P3HT-Alkyne is always added to the reaction in an excess of 1.1-1.5 

equivalents (see Fig. S3 a, ESI). The raw products could be purified by preparative SEC in 

the case of Brushes 1–3. The solubility of Brush 4 in THF was found to be too low for 

preparative SEC but most of the residual P3HT-Alkyne could be removed by washing the 

Fig. 1 a) Evolution of the SEC traces for Brush 3 which is synthesized by the CuAAc of PS-N3 and P3HT 3 

as a typical example; the raw product is purified from the excess of the linear P3HT 3 via preparative 

SEC; b) SEC traces of the four purified bottlebrush copolymers Brush 1-4. 
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polymer with THF, which predominantly dissolves the linear polymer. The SEC series of the 

series of purified bottlebrush polymers are shown in Fig. 1 b. Brush 4 with an Mn,SEC of 

144000 g mol−1 having side-chains of 11400 g mol−1 in absolute terms (MALDI) is thus the 

conjugated P3HT bottlebrush polymer with the longest side-chain reported until now. In 

comparison Wong et al. reported bottlebrushes of P3HT synthesized by ROMP from a P3HT 

macromonomer with molecular weights of up to only Mn,SEC = 11 200 g mol−1, which may 

correspond to approximately 8000 g mol−1 in absolute terms.21 

The SEC measurements alone are not sufficient to make a statement about the grafting 

density in the final polymers. In the case of Brushes 1 and 2, 1H-NMR spectroscopy can 

provide this missing information and make it possible to estimate the conversion. By 

examining the 1H-NMR of Brush 1 (see Fig. S3 b, ESI), we find that the peak of the methyl 

protons adjacent to the azide in PS-N3 is shifted from 4.4 ppm to 5.4 ppm due to the 

formation of triazole after the click reaction. Additionally, a new peak emerges at around 7.6 

ppm. This peak can be assigned to the only proton of the triazole ring itself. The grafting 

density can be estimated by comparing the integrals at 4.4 ppm and 5.4 ppm. We estimate 

the grafting density of the polymers, Brushes 1 and 2, where this calculation is possible, to 

be 85% for Brush 1 and 90% for Brush 2. Lin et al18. claimed nearly quantitative grafting of 

different poly(4-azidomethylstyrene) backbones with a relatively short P3HT-Alkyne 

(Mn,SEC = 4100 g mol−1) without being able to observe the peak at 5.4 ppm or at 7.6 ppm in 

1H-NMR. The assignment of the peak at 4.4 ppm to the proton at the triazole ring is 

questionable and is not in agreement with findings in low molecular weight model 

compounds with a similar chemical structure at the triazole ring.35 The polystyrene 

backbone in the bigger brush polymers, Brushes 3 and 4, on the other hand is already so 

diluted in relation to P3HT that a quantitative statement about the grafting density is not 

possible. 
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Thermal Properties 

The thermal properties were examined via DSC measurements. The linear reference 

polymers are all semicrystalline and the melting and crystallization temperatures increase 

considerably for higher molecular weights. The dependency of the melting temperature on 

the length of the backbone has been described theoretically for polyolefins36,37 and it was 

shown that P3HT follows the same trend.38,39 The small brush polymers on the other hand 

exhibit a different thermal behavior. The two brushes with very short P3HT chains 

(Brushes 1 and 2) do not crystallize at all. Both polymers are apparently amorphous and 

only glass transitions below room temperature are observed (Tg of −5 °C for Brush 1 and 

3 °C for Brush 2 respectively; see also Fig. S4 a and b, ESI). We suggest that this is due to the 

influence of the polystyrene backbone, which in the case of the short brushes makes up for 

about 8 wt% of the overall brush polymer, and the very low Tm expected for low molecular 

weight P3HT.40 The connection to the polystyrene backbone greatly reduces the mobility of 

the P3HT chains. An additional higher glass transition that could be assigned to the 

polystyrene backbone cannot be observed and it is unclear if the backbone in such a high 

dilution can vitrify separately. The difference in the glass transition temperatures of the 

precursor polymers PS-Cl (77 °C) and PS-N3 (35 °C) also shows that even a relatively small 

change of the substituents of the polystyrene has a pronounced effect on the thermal 

properties. A comparison of the P3HT precursors P3HT-Alkyne 1 and 2 with linear P3HT 1 

and 2 can help understand the system more. Even the influence of the end groups in very 

Fig. 2 DSC measurements of Brush 4 and the linear equivalent P3HT 4 as example at a heating/cooling 

rate of 10 K min-1. 
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short polymers can be very big. P3HT-Alkyne 1 and 2 for instance are amorphous with a Tg 

of −15 °C and −1 °C whereas P3HT 1 and 2 are crystalline. A different behavior can be 

observed for longer brush polymers, Brushes 3 and 4. In both cases, melting and 

crystallization of the P3HT side-chains can be clearly observed. In Fig. 2 Brush 4 and the 

linear reference polymer P3HT 4 are compared as an example. It can be clearly seen that 

the melting temperature Tm and the enthalpy ΔHm as well as the kinetics of crystallization 

are different for the brushes. The Tc (173 °C) of Brush 4 is about 30 K lower than that for the 

linear counterpart P3HT 4 (203 °C) which is an indication for a kinetically hindered 

crystallization due to the reduced mobility of the polymer side-chains. Additionally, the 

enthalpy of phase transition ΔHm is reduced from 22.3 J g−1 in P3HT 4 to 14.9 J g−1 in 

Brush 4. This corresponds to a reduction of enthalpy by 40 % and therefore cannot be 

explained by the diluting effect of the backbone alone which only makes up 1.5 % of the 

overall mass of the bottlebrush. This means, that the steric hindrance which is induced 

through the change in the polymer architecture must be the cause for a reduced overall 

crystallinity. If the published ΔH∞m = 33 J g−1 value for linear P3HT is taken into account, then 

Brush 4can be considered to be 45% crystalline.41 The behavior of Brush 3 is comparable 

to Brush 4. The only difference is a lower Tc and Tm for both linear and brush polymers due 

to shorter side-chains. Brush 3 also has a very similar degree of crystallinity of 46%. 

Optical spectroscopy in solutions and films 

Further information about the aggregation properties of the bottlebrush polymers can 

be extracted from UV-spectroscopy. UV-Vis spectra of either thin films or solutions of linear 

P3HT can easily be qualitatively analyzed for a possible aggregation of the polymer. 

According to Spano et al.42 P3HT forms weak H-aggregates in thin films or in bad solvents. 

The aggregates have a distinctly different absorption spectrum in comparison to non-

aggregated P3HT coils giving rise to the possibility of deconvoluting the spectra and even 

estimating the fraction of aggregates.43 The solution spectra of P3TH exhibit one broad peak 

which shows a bathochromic shift when the polymer mass increases, indicating that the 

conjugated system grows. This saturates at a certain molecular weight i.e. a further increase 

of the molecular weight of the polymer will not induce additional changes to the spectra. 

The saturation value can be observed at around 450 nm (Fig. S5 a, ESI). If aggregates are 
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present a bathochromic shift of nearly 100 nm occurs and three distinct peaks can be 

observed. 

The solution behavior of the bottlebrush polymers was characterized first. The first 

question was if Brushes 1 to 4 would form non-aggregated solutions or if the large 

molecular weight and the different architectures of brushes would lead to irreversible 

aggregates as it was observed in brushes with a polynorbornene backbone.20 UV-Vis spectra 

of the chloroform solutions of all four brush polymers were measured (see Fig. S5 a, ESI). 

All four spectra resemble the spectra of coiled P3HT in solution and aggregation was not 

observed. The peak maximum shifts as expected with the increase of the P3HT side-chain 

length from Brushes 1 to 4 from 432 nm to 454 nm. 

We also investigated the influence of the solvent nature in a similar manner as 

reported for linear P3HT44 by using mixtures of a good solvent (chloroform) and a bad 

solvent (ethyl acetate) without changing the overall polymer concentration. As an example 

the aggregation of Brush 4 in solution is shown in Fig. 3 a for increasing amounts of non-

solvent ethyl acetate. The P3HT side-chains in pure chloroform solution are in a non-

aggregated state. Adding 15 vol% EtOAc already induces a big change. Here the spectrum is 

a superposition of a fraction of coiled P3HT and of the aggregated species. The spectra of the 

aggregates are characterized by the three peaks at 524 nm, 560 nm and 608 nm which can 

be identified as the 0–2, 0–1 and the 0–0 transition. According to Spano et al. the ratio of the 

absorbance of the 0–0 peak and the 0–1 peak can be used to determine the quality or the 

degree of aggregation. A high 0–0 to 0–1 ratio is an indicator of a higher order.43 A 

qualitative examination of the spectra of Brush 4 for increasing amounts of non-solvent 

shows that while the fraction of aggregates increases (as evidenced by the decrease of the 

peak from the coiled P3HT at 454 nm), the aggregates must be less ordered as the relative 

intensity of the 0–0 absorption decreases with respect to the 0–1 transition. The ratio of 0–0 

to the 0–1 absorption decreases from A0–0 : A0–1 = 0.78 for 15 vol% of the nonsolvent ethyl 

acetate to A0–0 : A0–1 = 0.59 when the ethyl acetate amount is increased to 80 vol% (see 

Fig. 3 a). Brush 3 also forms aggregates in solution and an increase of the fraction of 

aggregates can be observed with increasing content of the non-solvent ethyl acetate. We 

cannot observe a distinct change in the shape of the spectra in this case (see Fig. S5 b, ESI). 

The ratio of 0–0 to the 0–1 absorption increases only slightly from A0–0 : A0–1 = 0.55 for 
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20 vol% of the nonsolvent ethyl acetate to A0–0 : A0–1 = 0.55 with an ethyl acetate content of 

80 vol%. That means, that in contrast to Brush 4 the quality of the aggregates in Brush 3 

does not change with the solvent quality. A similar investigation of the short brushes, 

Brushes 1 and 2, was conducted but no spectral changes for the different solvent mixtures 

Fig. 3 a) UV-Vis spectra of Brush 4 in a mixture of good solvent (CHCl3) and bad solvent (EtOAc) 

exhibiting pronounced aggregation with increasing EtOAc content; b) UV-Vis spectra of the brush 

polymers Brush 1-4 in as cast films  and c) of Brush 3 and 4 after melt crystallization. 
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were detected. Brushes 1 and 2 can therefore not aggregate at all even in 90 vol% ethyl 

acetate solution. This result is also in agreement with bulk DSC measurements, which 

showed that these polymers could not crystallize.  

We were further interested in the thin film properties of brush polymers. To be able to 

compare the results with the OFET measurements later, we conducted the following 

experiments on comparable films. We ensured that the substrate had the same properties as 

in the OFET devices by the hydrophobization of the surface with octadecyltrimethoxysilane 

(ODTS) and prepared the films by spin casting chloroform solutions. In Fig. 3 b, the UV-Vis 

spectra of all four brushes are shown directly after spin casting. The spectra of the films of 

Brushes 1–4 are unstructured but a bathochromic shift can be observed in comparison to 

the corresponding spectra of the chloroform solutions of these polymers. The peak maxima 

of the small brushes, Brushes 1 and 2, are red-shifted by 32 nm and 45 nm in thin films. The 

shift of the maxima of Brushes 3 and 4 in thin films is larger with approximately 80 nm for 

both polymers. The onset of absorption at around 650 nm for Brushes 3 and 4 is the same 

as expected for aggregated linear P3HTs. The films of these two brush polymers (Brushes 3 

and 4) are therefore to some extent aggregated. If compared to linear P3HT 1-4 a different 

behavior can be observed (Fig. S5 c, ESI). While the spectrum of the as-cast film of P3HT 1 

resembles the non-aggregated solution spectrum in chloroform, the as-cast films of 

P3HT 2–4 with higher molecular weights exhibit structured spectra in which three 

vibrational bands can be observed. 

Spin casting polymer films from low boiling solvents such as chloroform leads to films 

with low crystallinity as the film solidifies very fast. All polymer films were therefore also 

melt-crystallized in order to have maximum aggregation due to improved crystallization. 

However, the films of the linear polymers P3HT 1–4 and the small brush polymers, 

Brushes 1 and 2, were not stable on the highly hydrophobic surface and showed dewetting 

behavior. Brushes 3 and 4 on the other hand, formed high quality films due to their high 

molecular weight that showed no signs of dewetting. The spectra of the melt crystallized 

films of Brushes 3 and 4 (Fig. 3 c) do now show structured curves expected for well-

aggregated P3HT. While the as-cast films of Brushes 3 and 4 were nearly identical to their 

order of aggregation, the ratio of the 0–0 band at around 605 nm to the 0–1 band at 560 nm 

for the melt crystallized film of Brush 4 is higher (A0–0 : A0–1 = 0.70) as compared to Brush 3 
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(A0–0 : A0–1 = 0.62). This is, as mentioned before, an indicator of a higher order of the melt-

cast film of high molecular weight Brush 4. 

Atomic Force Microscopy 

A linear P3HT is known to form lamellar crystallites which can be observed by either 

atomic force microscopy (AFM)30,45 or transmission electron microscopy (TEM).46 For 

grafted P3HT bottlebrush polymers, no optical characterization has been reported in the 

literature. We therefore investigated Brushes 3 and 4, where we already observed 

crystallization in DSC and UV-Vis, by AFM. Fig. 4 shows the observed structures for the 

linear P3HT (P3HT 4) in comparison to the brush polymers with similar side-chains 

(Brush 4). A highly ordered lamellar structure is observed for the linear polymer. 

Interestingly, the brush polymer forms very similar structural features, but with less order. 

The long period, that means the thickness of the crystalline lamellae (bright color) and the 

amorphous part (dark color) combined, can be roughly estimated to be 25 nm for both 

polymers. This is in the range of the contour length of stretched P3HT chains with a 

molecular weight of around 12 000 g mol−1 (MALDI). This is in good agreement with the 

reported values of Singh et al., where extended P3HT chains were observed in melt-

crystallized samples up to molecular weights of 12 000 g mol−1 (MALDI).30 This is the first 

report on the brush polymer that crystallizes in a similar manner to its linear counterpart in 

the high molecular weight range. Though the AFM picture of the brush shows a lower order 

as well as a smaller length of the crystalline lamellae. This is consistent with the already 

Fig. 4 AMF phase image of P3HT4 (left) and Brush 4 (right) after melt crystallization. 
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observed differences between the linear and the brush polymers that we discussed in DSC 

and UV-Vis measurements and is yet another indication of a hindered crystallization due to 

mobility restrictions induced by the immobilization of one chain end on the polystyrene 

backbone. In the investigation of Brush 3 and its linear counterpart P3HT 3, on the other 

hand, we could not observe a clear structure for the brush (see Fig. S6, ESI). This is 

unexpected due to the otherwise similar characteristics of aggregation (UV-Vis, DSC) in 

comparison to Brush 4. 

Charge carrier mobilities 

The influence of the side-chain length on the charge carrier mobilities of P3HT brush 

polymers was investigated in organic field effect transistors (OFETs). We prepared devices 

in a bottom gate/bottom contact configuration. The detailed description of the preparation 

and device structure is given in the Experimental section. Herein we compare the charge 

carrier mobilities of Brushes 1–4 with those of the linear counterparts P3HT 1–4. We show 

the p-type output curves and the p-type transfer curves of melt crystallized Brush 4 

(Fig. 5 a and b) as a sample with the highest measured mobility within the series of tested 

polymers. The OFET device with the melt crystallized Brush 4 as an active material reached 

a hole carrier mobility of μh = 4.95 × 10−2 cm2V−1 s−1. This value is comparable to the highest 

values that we could achieve for the linear polymers and it is also in the range of the best 

reported mobilities for P3HT.25 The measurements of the hole mobilities of P3HT 1–4 show 

a high dependency of the hole mobility on the molecular weight.30 An increase of the 

molecular weight from 1400 g mol−1 to 11 600 g mol−1 (MALDI) increases the hole mobility 

by five orders of magnitude. Earlier reports suggest that a further increase of the molecular 

weight above approximately 12 000 g mol−1 (MALDI) will not increase the charge carrier 

mobility, measured by SCLC, in the film.30 Attempts to further improve the OFET device with 

linear P3HT by thermal annealing were not successful. The thin films of the linear P3HT 

polymers were not stable on the hydrophobic surface and showed dewetting behavior. The 

PS-g-P3HT bottlebrushes under investigation also showed a similar dependency of the hole 

mobilities on the molecular weights of the conjugated P3HT side-chains (see Fig. 5 c). The 

measured mobilities of as-cast films of Brushes 1–4 were lower than the as-cast films of the 

corresponding linear polymers. Thus the decrease in order/crystallinity in brush polymers 
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discussed above negatively influences the charge carrier mobility in the brush polymers to a 

certain extent. The devices with brush polymers were also thermally annealed above the 

melting temperature. The polymers, Brushes 3 and 4, were stable even after melt 

crystallization and a marked increase in the charge carrier mobilities could be measured for 

both polymers after annealing. Brush 4 thus exhibited the best mobility compared to 

excellent film stability. These results are in accordance with the UV-Vis measurements 

which show an increase of the crystallinity after melt crystallization. These results clearly 

show that PS-g-P3HT bottlebrushes with high molecular weight side-chains are necessary if 

the excellent electronic properties comparable to the linear systems are to be obtained. 

Moreover, the improved wetting behavior and higher thermal stability of the high molecular 

weight brushes are of advantage for thin film applications. 

Fig. 5 a) p-output curves and b) p-transfer curves of the melt crystallized Brush 4 and c) measured 

OFET hole mobilities µ plotted against the molecular weight Mn,MALDI of the linear P3TH respectively the 

molecular weight Mn,MALDI of the P3HT side-chain in case of the bottlebrush polymers d) schematic 

diagram highlighting the dependency of µOFET on P3HT chain length. 
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Conclusions 

We have demonstrated that there is a strong correlation between the charge carrier 

mobility of PS-g-P3HT bottlebrushes and their side-chain lengths. In order to investigate the 

influence of the side-chains on the optical and electronic properties we synthesized a series 

of PS-g-P3HT bottlebrushes via a grafting-to approach using nitroxide mediated controlled 

radical polymerization, where only the length of the side-chains was varied. Synthetically we 

could achieve brushes from 21 000 to 144 000 g mol−1 (SEC), with the highest molecular 

weight P3HT side-chains being 17 400 g mol−1 (SEC), which is equivalent to 11400 g mol−1 

in MALDI-TOF analysis. Charge carrier mobility measurements demonstrated that high 

molecular weight is necessary to obtain a high charge carrier mobility of 

5.0 × 10−2 cm2 V−1 s−1 that is competitive with linear P3HTs. We also investigated the 

structure formation of the grafted polymers in bulk, solution and thin film. The results of 

DSC, UV-Vis and AFM measurements reveal two important things. The brush polymers with 

low molecular weight P3HT side-chains do not crystallize and therefore exhibit very poor 

electronic properties. With an increase of the side-chain length, highly crystalline materials 

are obtained. These investigations indicate crystallization and aggregation behavior in 

brushes, which is similar to the linear P3HTs. Lamellar crystallites are for example observed 

in AFM for the first time for brushes. The excellent thermal stability of the brushes in thin 

films can be an additional advantage for applications. 
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Supporting Information (ESI) 

1. Synthesis  

1.1. Synthesis of P3HT-Alkyne:  

General procedure for the synthesis of alkyne functionalized P3HT (P3HT-Alkyne 1-4): 

 

The alkyne functionalized P3HT polymers were synthesized according to a 

reported procedure.1 A 0.5 M LiCl solution was prepared first by weighing LiCl into a 

Schlenk flask and subsequently drying for 4 h in vacuo at 140 °C. Anhydrous THF was 

added and the solution was stirred overnight to assure a complete dissolution of the 

LiCl. The Grignard reagents t-BuMgCl and EthynylMgCl were titrated prior to their use 

according to a published procedure.2 A dry Schlenk flask was charged with one 

equivalent 2,5-dibromo-3-hexyl-thiophene under N2 atmosphere. 2 mL of the 0.5 M LiCl 

solution in THF were added for every mmol 2,5-dibromo-3-hexylthiophene. 0.96 

equivalents t-BuMgCl were added and the solution was stirred for 24 h to ensure the 

complete formation of the active Grignard species. The solution was diluted with 7.2 mL 

THF for every mmol 2,5-dibromo-3-hexylthiophene and the polymerization was started 

by adding Ni(dppp)Cl2 (suspension in THF). It is possible to adjust the molecular weight 

of the polymer by changing the ratio of monomer:Ni(dppp)Cl2 due to the controlled 

nature of the polymerization. The polymerization was terminated by adding 0.2 

equivalents EthynylMgCl after 30 min. The solution was stirred for further 15 min and 

the polymer was subsequently precipitated in methanol. The polymer was dried and 

redissolved in CHCl3. The solution was filtered over a short aluminum oxide column to 

remove residual LiCl and Ni(dppp)Cl2, evaporated with the rotary evaporator to get a 

concentrated solution, and precipitated again in methanol. 

Synthesis of P3HT-Akyne 1 and 2: The polymerization was carried out at a 

monomer:Ni(dppp)Cl2 ratio of 1: 0.06. The major part of obtained P3HT-Alkyne coupled 
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after precipitation as observed by SEC. The raw product was fractioned to recover the 

uncoupled product. Two fractions P3HT-Alkyne 1 and 2 were obtained. P3HT-Alkyne 

1 with a lower molecular weight was soluble in Acetone and P3HT-Alkyne 2 was 

soluble in a 1:1 mixture of Acetone:Hexane. Both fractions were freeze dried from 

benzene and obtained as red sticky solids. The residual polymer contained mainly 

coupled species and was discarded.  

P3HT-Alkyne 1: m = 589 mg, Mn,SEC = 2000 g mol-1, Mn,MALDI = 1600 g mol-1, Đ = 

1.57; 1H NMR (300 MHz, CHCl3): δ (ppm) 6.97 (s, 1H, H-1), 3.53 (s, 1H, H-8), 2.85-2.4 (t, 

2H, H-2), 1.80-1.60 (m, 2H, H-3), 1.50-1.25 (m, 6H, H-4 H-5 H-6), 0.98-0.83 (m, 3H, H-7); 

IR(ATR): ν(cm-1) 3310 (C≡C-H2), 2095 (C≡C)  

P3HT-Alkyne 2 m = 450 mg, Mn,SEC = 3,800 g/mol, Mn,MALDI = 2,000 g/mol, Đ = 

1.36; 1H NMR (300 MHz, CHCl3): δ (ppm) 6.98 (s, 1H, H-1), 3.52 (s, 1H, H-8), 2.85-2.4 (m, 

2H, H-2), 1.80-1.60 (m, 2H, H-3), 1.50-1.25 (m, 6H, H-4 H-5 H-6), 0.98-0.83 (m, 3H, H-7); 

IR(ATR): ν(cm-1) 3311 (C≡C-H), 2096 (C≡C) 

Synthesis of P3HT-Alkyne 3: The polymerization was carried out at a 

monomer:Ni(dppp)Cl2 ratio of 1: 0.02. The polymer was obtained as a dark solid after 

one additional precipitation in hexane. m = 695 mg, Mn,SEC = 9300 g mol-1, Mn,MALDI = 

6650 g mol-1, Đ = 1.13; 1H NMR (300 MHz, CHCl3): δ (ppm) 6.98 (s, 1H, H-1), 3.52 (s, 1H, 

H-8), 2.85-2.4 (m, 2H, H-2), 1.80-1.60 (m, 2H, H-3), 1.50-1.25 (m, 6H, H-4 H-5 H-6), 

0.98-0.83 (m, 3H, H-7); IR(ATR): ν(cm-1) 3313 (C≡C-H), 2096 (C≡C) 

Synthesis of P3HT-Alkyne 4: The polymerization was carried out at a 

monomer:Ni(dppp)Cl2 ratio of 1: 0.0125. 2.75 g, Mn,SEC = 17400, Mn,MALDI = 11400 g/mol; 

Đ = 1.15; 1H NMR (300 MHz, CHCl3): δ (ppm) 6.98 (s, 1H, H-1), 3.53 (s, 1H, H-8), 2.85-2.4 

(m, 2H, H-2), 1.80-1.60 (m, 2H, H-3), 1.50-1.25 (m, 6H, H-4 H-5 H-6), 0.98-0.83 (m, 3H, 

H-7); IR(ATR): ν(cm-1) 3312 (C≡C-H), 2096 (C≡C).  
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1.2. Synthesis of Poly(4-chloromethylstyrene) (PS-Cl) 

 

A dry 10 mL Schlenk flask was charged with 123.4 mg (0.33 mmol) N-t-Butyl-O-

[1-[4-(chloromethyl)phenyl]ethyl]-N-(2-methyl-1-phenylpropyl)hydroxylamine (2), 

726.1 µg (3.3 µmol) 2,2,5-Trimethyl-4-phenyl-3-azahexane-3-nitroxide (3) and 1,445.6 

mg 4-chloromethyl-styrene (1). 1.3 mL anisole were added and the solution was 

degassed by four freeze-pump-thaw cycles. The polymerization was initiated by 

immersion into an oil bath at 125 °C. The conversion was monitored via NMR and the 

reaction was terminated after 180 min (Conversion = 85 %) by the immersion of the 

reaction vessel into liquid nitrogen. The polymer was obtained by precipitation into 

methanol. m = 1.1 g, Mn,SEC = 3100 g mol-1; Đ = 1.25; 1H NMR (300 MHz, CHCl3): δ (ppm) 

7.2-6.2 (b, 4H, H-3,H-4), 4.6-4.2 (b, 2H, H-5), 2.6-0.4 (m, 3H, H-1, H-2). 

1.3. Synthesis of Poly(4-azidomethylstyrene) (PS-N3) 

 

In a dry 25 ml Schlenk flask 400 mg (2.62 mmol chlorine groups) of polymer 4 

was dissolved in 10 mL dimethylformamide and 1.7 g (26.2 mmol) sodium azide was 

added. The reaction was stirred at room temperature for 24 h. After that 15 mL pentane 

was added and the mixture was washed twice with distilled water. Dichloromethane 

was added to the turbid organic layer and the mixture was filtered. The polymer was 

obtained after precipitation from methanol. 183.7 mg, Mn,SEC =3600 Đ = 1.21; 1H NMR 

(300 MHz, CHCl3): δ (ppm) 7.2-6.2 (b, 4H, H-3,H-4), 4.4-4.0 (b, 2H, H-5), 2.6-0.4 (m, 3H, 

H-1, H-2); IR(ATR): ν(cm-1) 2086 (N3).  
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1.4. Synthesis of Poly(4-methylstyrene)-g-P3HT (Brush 1-4) 

General procedure for Brush 1-4: 

 

A dry roundbottom flask was charged with poly(4-azidomethylstyrene) (5) and 

with 1.1–1.5 equivalents of an alkyne functionalized P3HT (P3HT-Alkyne 1-4). The 

polymers were dissolved in o-dichlorobenzene. The solution was degassed by purging 

with nitrogen for 20 min and was heated to 90 °C. After that a degassed stock solution 

of CuBr/PMDETA was added and the reaction was stirred for 24 h. The reaction 

mixture was filtered over a short aluminum oxide column and the raw polymers were 

obtained after precipitation in methanol.  

Synthesis of Brush 1: 375 mg (3.1.10-1 mmol) P3HT-Alkyne 1 and 42.0 mg 

(2.6.10-1 mmol azide groups) poly(4-azidomethyl-styrene) (5) were dissolved in 15 mL 

o-dichlorobenzene. 0.25 mL of the catalyst stock solution were added. The raw product 

could be purified from the excess of linear P3HT by preparative SEC. m = 68 mg, Mn,SEC = 

21000 g mol-1, Đ = 1.21; 1H NMR (300 MHz, CHCl3): δ (ppm) 8.4-7.4 (b, 1H; H-6), 7.2-6.0 

(4H, H-1, H-2), 6.96 (s, 1H, H-7), 6.0-5.0 (b, 2H,H-5), 2.85-2.4 (t, 2H, H-8), 1.80-1.60 (m, 

2H, H-9), 1.50-1.25 (m, 6H, H-10 H-11 H-12), 0.98-0.83 (m, 3H, H-13); IR(ATR): ν(cm-1) 

2095 (C≡C). 

Synthesis of Brush 2: 270 mg (1.1.10-1 mmol) P3HT-Alkyne 2 and 14.7 mg 

(9.3.10-2 mmol azide groups) poly(4-azidomethyl-styrene) (5) were dissolved in 10 mL 

o-dichlorobenzene. 0.25 mL of the catalyst stock solution were added. The raw product 

could be purified from the excess of linear P3HT by preparative SEC. m = 108 mg, Mn,SEC 

= 36500 g mol-1, Đ = 1.22; 1H NMR (300 MHz, CHCl3): δ (ppm) 8.4-7.4 (b, 1H; H-6), 7.2-
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6.0 (4H, H-1, H-2), 6.96 (s, 1H, H-7), 6.0-5.0 (b, 2H,H-5), 2.85-2.4 (t, 2H, H-8), 1.80-1.60 

(m, 2H, H-9), 1.50-1.25 (m, 6H, H-10 H-11 H-12), 0.98-0.83 (m, 3H, H-13); IR(ATR): 

ν(cm-1) 2096 (C≡C). 

Synthesis of Brush 3: 110 mg (1.5.10-2 mmol) P3HT-Alkyne 3 and 2679 µg 

(1.6.10-2 mmol azide groups) poly(4-azidomethyl-styrene) (5) were dissolved in 10.2 

mL o-dichlorobenzene. 1 mL of the catalyst stock solution was added. The raw product 

could be purified from the excess of linear P3HT by preparative SEC. m = 90 mg, Mn,SEC = 

97000 g mol-1, Đ = 1.09; 1H NMR (300 MHz, CHCl3): δ (ppm) 8.0-7.6 (b, 1H; H-6), 7.2-6.0 

(4H, H-1, H-2), 6.98 (s, 1H, H-7), 6.0-5.0 (b, 2H,H-5), 2.85-2.4 (t, 2H, H-8), 1.80-1.60 (m, 

2H, H-9), 1.50-1.25 (m, 6H, H-10 H-11 H-12), 0.98-0.83 (m, 3H, H-13).  

Synthesis of Brush 4: 500 mg (4.3.10-2 mmol) P3HT-Alkyne 4 and 5282 µg 

(2.4.10-2 mmol azide groups) poly(4-azidomethyl-styrene) (5) were dissolved in 20.4 

mL o-dichlorobenzene. 2 mL of the catalyst stock solution were added. The raw product 

could be purified from the excess of linear P3HT by washing the polymer with THF at 

room temperature. m = 139.2 mg, Mn,SEC = 144000 g mol-1, Đ = 1.37; 1H NMR (300 MHz, 

CHCl3): δ (ppm) 6.98 (s, 1H, H-7), 2.85-2.4 (t, 2H, H-8), 1.80-1.60 (m, 2H, H-9), 1.50-1.25 

(m, 6H, H-10 H-11 H-12), 0.98-0.83 (m, 3H, H-13).  

2. Additional Measurments  

  

Fig. S 1 a) 1H-NMR spectra of PS-Cl and PS-N3, the shift of the peak at around 4.4 ppm (a) in PS-N3 to 4.2 

ppm (a’) in PS-Cl is a strong indicator for a quantitative substitution of chlorine with azide; b) SEC traces 

of PS-Cl and PS-N3. 



Poly-(3-hexylthiophene) Bottlebrush Copolymers  

 

 
115 

 

  

  
Fig. S 2 Maldi-Tof MS of P3HT-Alkyne 1-4 (a) and P3HT 1-4 (c) and SEC traces of P3HT-Alkyne 1-4 (b) 

and P3HT 1-4 (d). 

  
Fig. S 3 a) SEC traces of the raw brush polymers Brush 1-4. All unpurified brush polymers still contain 

P3HT-Alkyne. b) Detail of the 1H-NMR spectra of P3HT-Alkyne 1 and Brush 1 between 3.5 and 8.5 ppm. 

Two new peaks emerge in the brush polymer. The peak at 5.4 ppm (a’) belongs to the methyl group next 

to the triazole and the peak at above 7.5 ppm (b’) is assigned to the triazole itself. The peak at 4.4 ppm (a) 

is an indicator for a non-quantitative reaction as it can be found in the same position in PS-N3. 
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Fig. S 4 DSC measurements of Brush 1-4, P3HT-Alkyne 1-4 and P3HT 1-4 (a-d) and PS-Cl and PS-N3 (e) 

at a heating/cooling rate of 10 K min-1 
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Fig. S 5 a) normalized UV-Vis spectra of Brushes 1-4 in chloroform solutions; b) UV-Vis spectra of 
Brush 3 in a mixture of good solvent (CHCl3) and a bad solvent (EtOAc); c) as-cast films of P3HT 1-4 on 
ODTS treated glass substrates 

a) 

 

b) 

 
Fig. S 6 AMF phase image of P3HT 3 (a) and Brush 3 (b) after melt crystallization 
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Fig. S 7 p-output curves (left) and  p-transfer curves  (right) of the as-cast P3HT 1-4 
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Fig. S 8 p-output curves (left) and  p-transfer curves  (right) of the as-cast Brush 1-4 
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Fig. S 9 p-output curve (left) and p-transfer curve (right) of the melt crystallized Brush 3 
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Abstract 

A new polymeric donor material with pendant copper phthalocyanine side chains 

(PCuPc) was synthesized. The excellent suitability of a grafting-to approach, combining 

the controlled radical polymerization of propargyloxystyrene followed by “click” 

chemistry, was demonstrated. A polymer with a high molecular weight (Mn = 88000 g 

mol-1) and a narrow distribution Đ = 1.20 was synthesized. FTIR and high resolution 

MALDI-ToF MS of PCuPc points towards quantitative grafting. The PCuPC is soluble in 

most of the commonly used solvents such as ethyl acetate, THF and acetone. The 

absorption behavior and electronic structure was investigated via UV-Vis spectroscopy 

and cyclic voltammetry. The thermal behavior could be elucidated via Flash-DSC and 

liquid crystalline behavior could be observed and confirmed via XRD and polarization 

microscopy. The bulk transport was determined by the SCLC method. 

 

Introduction 

The combination of controlled radical polymerization (CRP) and “click”-chemistry 

has been proved to be a highly versatile and robust way for the synthesis of novel 

highly defined polymeric materials.1 Our group successfully applied this strategy in the 

synthesis of electronically active materials designed for applications in organic 

electronics and organic solar cells. We reported pendant side chain polymers,2 block-

copolymers3 and defined brush polymers.4 During our work we came to appreciate the 

comparability and versatility that arises from the modularity and high yield of grafting 

of this concept.4-6 The first step for the design of those materials is the synthesis of 

backbone polymers. These can be derivatives of standard thermoplastic polymers like 

polystyrene (PS) or polymethylmethacrylate (PMMA) which are accessible for the well-

established types of CRP. Three methods, namely atom transfer radical polymerization 

(ATRP),7 reversible addition fragmentation chain transfer polymerization (RAFT)8 and 

nitroxide mediated radical polymerization (NMRP)9 are commonly used to control 

radical polymerizations. All three have in common that narrow distributions and a 

control over the molecular weight can be obtained by reducing the concentration of 
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active radical species during the poly-merization.10 By this, the amount of termination 

reactions, which would otherwise lead to ill-defined polymers with broad distributions, 

is drastically reduced. We chose NMRP for our study as it is well established for styrene 

derivatives and the synthesis of propargyloxystyrene has been previously opti-mized.5 

Propargyloxystyrene, a styrene derivative with alkyne functionality in para-position of 

the styrene, can be coupled to organic azides via the copper-catalyzed azide-alkyne 

cyclo-addition (CuAAC). Since the concept “click-chemistry” was proposed in 200211 it 

has been widely used not only in biochemistry but also materials science.12 The CuAAC, 

the copper catalyzed version13 of the Huisgen-reaction,14 is its most common 

representative and was instrumental in the recognition and spreading of the “click” 

concept. The extra-ordinary efficiency of this reaction, even at low temperature, makes 

it an excellent choice for polymer analogous reactions with high sterical demand.4,12  

Phthalocyanines (Pcs) are a long known class of macrocyclic compounds.15 Metal 

complexes of Pcs like the insoluble CuPc, also known as phthalocyanine blue, are widely 

used as blue or green pigments.16 The first reports on the synthesis of Pcs were 

published in the early 20th century15 and the semiconducting behavior has been known 

since 1948.17 In 1996 Pcs were used for the first time in organic photovoltaics (OPV) as 

the donor material in combination with fullerene as acceptor.18 Pcs were first used in 

vacuum deposited devices and optimized systems have reached power conversion 

efficiencies (PCEs) higher than 4 %.19 With solution-processible Pcs, which are desirable 

due the lower costs in device preparation by coating and printing methods, comparable 

PCEs could be achieved.20 Very recently, de Oliveira et al. reported on water-gated 

phthalocyanine transitors showing that Pcs may also be interesting materials in bio 

electronics.21  

One great benefit of using a polymeric semiconductor material is the superior film 

forming ability of polymers in comparison to small molecules. The synthesis of Pc 

semiconductor polymers carrying Pc as side chains via a grafting-to process utilizing 

CuAAC is therefore an attractive way to obtain such materials. Earlier, two materials 

synthesized in this way were reported, but only low grafting densities were targeted 

and thus obtained.22 A third report by López-Duarte et al. is the only one that claims a 
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densely grafted polymer.23 There are indications of the successful grafting (IR- and UV-

Vis spectroscopy) but neither the polymer characteristic (degree of polymerization and 

distribution) nor the structure formation were investigated. The ring opening 

metathesis polymerization (ROMP) of norbornene is a competing strategy towards 

defined functional polymers. The ROMP of functional norbornene monomers is a 

representative for a grafting-through process which inherently leads to densely grafted 

polymers.24 A first report by Kimura et al. showed the shortcomings of this method 

though, as only oligomers could be synthesized.25 Escoursa et al. could achieve higher 

molecular weights but were limited by the low solubility of the resulting polymers and 

similar to the first report only poor control was achieved which resulted in a rather 

high dispersity of the polymers (Đ > 2).26 The solubility of Pcs can be tuned by the 

substitution of the PC-core with different side-groups. Both symmetrical and 

asymmetrical PCs, substituted with oligo ethylene glycol substituents, were reported.27 

Our goal therefore was to establish a way to synthesize Pc side chain polymers with 

high grafting density, high solubility as well as a defined molecular weight. 

Here we report the synthesis and characterization of a highly soluble, hydrophilic 

semiconductor using grafting-to of an unsymmetrical copper phthalocyanine derivative 

with azide functionality (CuPc-N3) to a styrene backbone. The hydrophilic swallow tail 

oligo ethylene glycol substituents allow the processing of the material from eco-friendly 

solvents such as THF, ethyl acetate etc. Additionally, this material is an interesting 

candidate for applications in bioelectronics. 
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Experimental Section 

Materials and Methods 

CuBr (> 98%), CuCl2 (99%), mesyl chloride (> 99.7%), N,N,N′, N′′,N′′-

pentamethyldiethylenetriamine (PMDTA, 99%), sodium azide and trimethylamine (> 

99%) were purchased from Sigma-Aldrich, N,N-dimethylaminoethanol (DMAE, > 98%) 

and tetra-butylammonium fluoride trihydrate (TBAF, > 98%) were pur-chased from 

Fluka. 4-(6-hydroxyhexylsulfanyl)-1,2-dicyanoben-zene28 and 4-{2-[2-(2-ethoxyethoxy)-

ethoxy]-1-[2-((2-ethoxy-ethoxy)ethoxy)ethoxymethyl]ethyloxy}-1,2-dicyanobenzene),29 

4-(3`-trimethylsilylpropargyloxy)styrene,30,5 N-t-butyl-O-[1-[4-(chloromethyl)phenyl]-

ethyl]-N-(2-methyl-1-phenylpropyl)-hydroxylamine31 and 2,2,5-trimethyl-4-phenyl-3-

azahexane-3-nitroxide31 were synthesized according to published procedures. A 

CuBr/PMDETA stock solution was prepared for the CuAAc reaction. For this a dry 

Schlenk flask was charged with CuBr (50 mg, 0.35 mmol) and 5 mL 1,2-dichlorobenzene 

and the solution was degassed with N2 for 20 min and degassed PMDTA (60 mg, 

0.35 mmol) was added. 1H-NMR (300 MHz) spectra were recorded on a Bruker AC 300 

spectrometer and calibrated to the solvent peak (CDCl3, δ = 7.26 ppm). Fourier 

transform infrared (FTIR) spectra were recorded on a Perkin Elmer Spectrum 100 FTIR 

spectrometer in attenuated total reflection (ATR) mode. Differential scanning 

calorimetry measurements were prepared on a Mettler Toledo Flash 1 under 

continuous nitrogen low. Thermogravimetric measure-ments were performed on a 

Netzsch STA 409 C at a heating rate of 10 K min-1 under nitrogen. Absorption 

measurements were carried out on a JASCO V-670 spectro-photometer. Optical 

properties in solution were measured in DCM at a path length of 10 mm; films were 

spin-coated onto glass slides from a 7.4 mg mL-1 chloroform solution at 1500 rpm. Size 

exclusion chromatography (SEC) measurements were carried out in THF with two 

Varian MIXED-C columns (300 x 7.5 mm) at room temperature and at a flow rate of 

0.5 mL min-1 using a UV (Waters model 468) detector with 254 nm wavelength. The SEC 

was calibrated with polystyrene as external standard and 1,2-dichlorobenzene as 

internal standard. MALDI-ToF mass spectra were recorded on a Bruker Reflex III with 
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dithranol as matrix. All WAXS data reported here were measured using the x-ray system 

“Double Ganesha AIR” (SAXSLAB, Denmark). The x-ray source of this laboratory-based 

system is a rotating anode (copper, MicoMax 007HF, Rigaku Corporation, Japan) 

providing a micro-focused beam at l = 0.154 nm. The data are recorded by a position 

sensitive detector (PILATUS 300K, Dectris). To cover the range of scattering vectors 

between 0.05-22.5 nm-1 different detector positions were used. Cyclic voltammetry was 

carried out under moisture- and oxygen-free conditions using a standard three-

electrode assembly connected to a potentiostat and a PC at a scanning rate of 

100 mV s-1. The working electrode was a solid Pt electrode (cross-section area 0.0314 

cm², AMETEK Advanced Measurement Technology). A platinum wire in DCM with 

conducting salt was used as counter electrode and the quasi-reference electrode 

consisted of a silver wire and AgNO3 in acetonitrile (0.1 M). 

Tertbutylammoniumhexafluorophos-phate (Bu4NPF6) was used as conducting salt (0.1 

M) and DCM as solvent. Each measurement was calibrated against the internal standard 

ferrocene/ferrocenium. The values of the ionization potential and the electron affinity 

are calculated from the half wave potential of the first oxidation or the first reduction 

respectively according to Gra f et al.: 32 

EIP(X)= [-e (Eox1
1 2⁄ (X vs. Ag AgNO3⁄ ) -Eox1

1 2⁄ (Fc Fc+⁄ vs. Ag AgNO3⁄ ))] 

              +EIP(Fc Fc+⁄ vs. zero vacuum level)                                      (1) 

EEA(X)= [-e (Ered1
1 2⁄ (X vs. Ag AgNO3⁄ )- Eox1

1 2⁄ (Fc Fc+⁄ vs. Ag AgNO3⁄ ))] 

               +EIP(Fc Fc+⁄ vs. zero vacuum level)                            (2) 

X: measured compound; Eox1
1 2⁄

Ered1
1 2⁄

⁄ : half-wave potential of the 1st oxidation/reduction potential; 

EIP(Fc Fc+⁄ vs. zero vacuum level)= -5.16 eV : value of the ionization potential of ferrocene vs. vacuum 

level in DCM. 

Device Preparation and Characterization 

Single carrier space-charge-limited-current (SCLC) devices in diode configuration 

were prepared for charge carrier mobility determination of holes within the layer stack 

of glass/ITO/PEDOT:PSS/Polymer/Mo/Au. A hole-injecting layer of PEDOT:PSS (HTL 

solar (38 nm) from Clevios) was spin coated onto cleaned patterned ITO glass 
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substrates. The polymer solution (3.25 mg mL−1 in chloroform) was doctor bladed on 

top, with different blade speeds (A higher blade speed will result in a thicker film.), 

under inert conditions resulting in film thicknesses in the range of 150 – 500 nm. The 

thickness was measured after the measurements of the I–V characteristics with a Veeco 

Dektak 150 profilometer. Subsequently, MoO3 and the top Au electrodes were thermally 

evaporated onto the polymer layer under high vacuum. The devices had an active area 

of 9 mm² which is determined by the overlap of the ITO and the evaporated top 

electrode. Dark current–voltage I–V measurements were made under inert environment 

at room temperature with a Keithley 2400 source measure unit. For mobility evaluation, 

forward bias voltages, that is, hole injection from PEDOT:PSS were considered. The 

charge carrier mobilities were evaluated by fitting measured I–V characteristics in a 

voltage range from 2 to 8 V using the Murgatroyd formula.33 Prior to fitting, the 

measured I–V characteristics were corrected for the built in voltage (Vbi) and the voltage 

drop (IR) across contacts.  

Synthesis 

CuPc-OH A mixture of 4-{2-[2-(2-ethoxyethoxy)ethoxy]-1-[2-((2-

ethoxyethoxy)ethoxy)ethoxymethyl] ethyloxy}-1,2-dicyano-benzene (2.35 g, 5.2 mmol), 

4-(6-hydroxyhexyl-sulfanyl)-1,2-dicyanobenzene (153 mg, 0.58 mmol) and anhydrous 

CuCl2 (522 mg, 3.9 mmol) were refluxed in anhydrous N,N-dimethylaminoethanol (10 

mL) for 24 h under argon atmosphere. N,N-dimethylaminoethanol was removed by 

adding hexane to the reaction mixture, the crude product was precipitated. The solid 

was dissolved in dichloromethane, filtered to remove inorganic impurities, and then 

concentrated. The crude product was purified by column chromatography over silica gel 

using dichloromethane:ethanol 25:1 and then dichloromethane:ethanol 10:1 as eluent. 

The desired phthalocyanine was obtained as green solid. 120 mg (12%). 

C83H118N8O22SCu, MW = 1675.48 g mol-1. MALDI-ToF-MS (matrix DHB): m/z 1675.6 [M]+, 

1698.6 [M+Na]+. IR (ATR): ν (cm-1) 3400 (OH), 3040 (ArCH), 2985-2860 (CH2, CH3), 

1654 (C=N), 1608 (ArC=C), 1507, 1472, 1400, 1345, 1278, 1233, 1120-1085 (C-O-C). 
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CuPc-Mes CuPc-OH (230 mg, 0.14 mmol) and triethylamine (2 mL, 14.4 

mmol) were stirred in dichloromethane (10 mL) in an ice bath, then mesyl chloride (1 

mL, 12.9 mmol) was added dropwise over 10 min. The stirring continues overnight at 

room temperature. The reaction mixture was washed by a dilute solution of potassium 

carbonate and subsequently with water. The organic phase was dried on sodium sulfate, 

concentrated and loaded on a silica gel column for chromatography (eluent: 

dichloromethane then dichloro-methane/ethanol with increasing polarity). The desired 

phthalocyanine was obtained as green solid. 210 mg (87%). C84H120N8O24S2Cu, MW = 

1753.57 g mol-1. MALDI-ToF-MS (matrix DHB): m/z 1753.85 [M]+. IR (ATR): ν (cm-1) 

3070 (ArCH), 2974-2864 (CH2, CH3), 1608 (C=N), 1507 (ArC=C), 1481, 1398, 1344, 

1231, 1174 (S=O), 1098 (C-O-C).  

CuPc-N3  CuPc-Mes (210 mg, 0.12 mmol) and NaN3 (31 mg, 0.48 mmol) 

were stirred in 10 mL DMF at 80 °C overnight. Water was added to the cooled reaction 

mixture and the resulting precipitate was filtrated, recovered in dichloromethane and 

purified by a silica gel column chromatography (eluent: dichloromethane then 

dichloromethane/ethanol with increasing polarity). The desired phthalocyanine was 

obtained as green solid. 195 mg (96%). C83H117N11O21SCu, MW = 1700.49 g mol-1. 

MALDI-ToF-MS (matrix DHB): m/z 1700.48 [M]+. IR (ATR): ν (cm-1) 3072 (ArCH), 2966-

2862 (CH2, CH3), 2094 (N=N), 1606 (C=N), 1510 (ArC=C), 1477, 1398, 1344, 1261, 

1240, 1099 (C-O-C). 

PPOS  2.75 g 4-(3`-trimethylsilylpropargyloxy)styrene (11.9 mmol), 51.8 mg N-

t-butyl-O-[1-[4-(chloromethyl)-phenyl]-ethyl]-N-(2-methyl-1-phenylpropyl)hydroxyl-

amine (159.0 µmol) and 5.2 mg 2,2,5-trimeth-yl-4-phenyl-3-azahexane-3-nitroxide 

(15.9 µmol) were dissolved in 1.5 mL o-DCB monomer and degassed by three freeze–

pump–thaw cycles. The polymerization was started by the immersion of the reaction 

vessel in a 125 °C warm oil bath. The reaction was quenched by cooling in liquid 

nitrogen after 326 min and precipitated into cold methanol twice from a concentrated 

THF solution. The protected polymer was dissolved in 5mL THF, cooled to 0 °C and 

degassed by purging with nitrogen. 5ml of a degassed solution of 2.1 g 

tetrabutylammonium fluoride trihydrate (6.5 mmol) and 0.4 mg of acetic acid 

(6.5 mmol) in THF were added via syringe. The mixture was stirred overnight and the 
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polymer was precipitated in methanol twice from a concentrated THF solution. 500 mg, 

Mn,SEC = 7500 g mol-1, Mp,SEC = 9100 g mol-1, PDI = 1.21. 1H NMR (300 MHz, CHCl3): δ 

(ppm) 6.9–6.18 (br, 4H), 4.63 (s, 2H), 2.52 (br, 1H), 1.79–0.92 (br, 3H). IR (ATR): ν(cm-1) 

3286 (C≡C–H), 2120 (C≡C). 

PCuPc A dry round bottom flask was charged with 18.5 mg (117.6 µmol alkyne 

groups) propargyloxystyrene (PPOS), 230 mg (135.3 µmol) CuPc-N3 and 5 mL DCM. The 

solution was degassed by four freeze-pump-thaw cycles and 0.1 mL of the CuBr/PMDTA 

stock solution were added. The reaction vessel was immerged into a 35 °C warm oil 

bath. The mixture was filtered over a short aluminum oxide column to remove the 

catalyst and dialyzed against methanol for 11 days. The polymer was precipitated from 

a concentrated solution into diethyl ether. The precipitate was obtained by 

centrifugation and washed several times with diethyl ether. The purified product was 

dissolved in benzene, after a second precipitation, centrifugation and washing step, and 

obtained as green solid after freeze drying. 128 mg (58%) of the pure product were 

obtained. Mn,SEC = 56800 g mol-1; Đ = 1.26; Mn,MALDI = 88000 g mol-1; IR (ATR): ν (cm-1) 

2862, 1607,1508, 1231, 1099. 
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Results and Discussion 

Synthesis  

With the powerful tool of “click”-chemistry in hand, we were able to synthesize a new 

grafted donor polymer with copper phthalocyanine as donor units. Synthetically we were 

interested whether the extraordinarily bulky copper phthalocyanine azide (CuPc-N3) could 

be grafted to a polymer backbone with sufficient yields via CuAAC. Poly(4-propargyl-

oxystyrene) (PPOS) was chosen as a suitable backbone polymer comparable to the one of 

the grafted poly perylene bisimides synthesized in our group.5 The solubility of the educts 

and the product plays a crucial role for the grafting to be successful and quantitative. The 

CuPc-N3 with three swallow-tail oligo ethylene side chains is therefore an excellent 

candidate for our study. This compound is soluble in most solvents including water. We 

were confident that this would be the basis for a high solubility of the grafted polymer and 

that this would ensure a good solubility and accessibility of the active sites throughout the 

grafting-to “click” reaction. The CuAAC was conducted under very mild conditions in DCM at 

35 °C with CuBr/PMDTA used as catalyst system (Scheme 1). The success of the reaction 

was proven with SEC after a reaction time of 24 h. The peak at 9000 g mol-1 (PPOS) 

disappeared and was shifted to considerably higher molecular weights. The narrow 

monomodal distribution was first an indicator of the successful grafting. The raw product 

was still contaminated with CuPc-N3 which was used in slight excess, but the extraordinary 

solubility of the CuPC units resulted in a grafted polymer which is soluble in solvents such as 

acetone, chloroform, DCM, DMF, ethyl acetate and THF. Thus, unlike many reported 

semiconductor polymers, this polymer is soluble in a number of non-halogenated solvents. 

Additionally, its solubility (> 1 wt %) in technologically relevant processing solvents such as 

ethyl acetate and THF allows environmentally benign processing conditions. First attempts 

to purify the polymer via dialysis proved to be ineffective. Among the common solvents only 

water and diethyl ether were found to be only solvents in which the polymer could be 

precipitated from a concentrated solution. Precipitation in diethyl ether was not optimal as 

the polymer precipitated as an extremely fine powder which could not be filtrated. Only by a 

combination of several precipitations in diethyl ether in combination with centrifugation, 
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the monomer could be nearly completely removed. The SEC curves of the precursor PPOS 

and the purified PCuPC are shown in Fig. 1a. The shift to higher molecular weights can be 

seen at first sight and the narrow distribution of the grafted polymer (Đ = 1.20) in 

combination with the absence of low- or high-molecular weight shoulders indicates a 

complete conversion. SEC is a relative method though and no assertion regarding the 

absolute molecular weight can be made for the grafted polymer through this method. A 

better, though slightly limited method to determine absolute molecular weights of polymers 

is MALDI-ToF-MS. This measurement technique is usually restricted to polymers with 

rather low molecular weight for typical measurements and even more so for measurements 

in the reflectance mode which enhances the resolution so that the repeating units can be 

resolved. The MALDI-ToF-MS measurement of PCuPc gave a peak molecular weight of 

88000 g mol-1 (Fig. 1b). This value is about 15 % lower than we would have expected for a 

fully grafted polymer. The molecular weight of the precursor PPOS can be determined via 

SEC since a very similar solution behaviour in comparison to the PS-standard used for 

calibration can be assumed.5 From this the expected molecular weight of a fully grafted 

PCuPc can be calculated for a DP of 55 to be 102000 g mol-1 (Table 1).  

Scheme 1 a) Synthesis of the grafted polymer PCuPC by grafting ofCuPc-N3 to PPOS via copper catalyzed 

azide-alkyne cycloaddition (CuAAC), b) sketch of the grafted polymer PCuPc.
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Table 1 Molecular weight, thermal, optical and electrochemical properties of PPOS and PCuPc 

a Theoretical molecular weight calculated with a degree of polymerization of PPOS of 55 under the 

assumption of a quantitative grafting. b Decomposition onset measured via thermogravimetric analysis 

under N2 atmosphere. c Measured by differential scanning calorimetry at 10 Kmin-1 under N2 atmosphere. 
d Measured by differential scanning calorimetry at 1000 Ks-1 under N2 atmosphere. e Calculated with 

equation (1) and (2) from the half-wave potential of the first oxidation/reduction 

We believe that the discrepancy between the calculated value and the 

experimentally obtained one is not an effect of non-quantitative grafting but rather an 

artifact from the mass spectrometry itself. Even though the dispersity of the polymer is 

fairly low it is close to what is considered a broad distribution for MALDI-ToF (Đ > 1.2). 

MALDI-ToF measurements of polymers with higher dispersities exhibit underestimated 

molecular weights as the low molecular weight fractions are preferentially ionized.34 

Additionally, the expected molecular weight of PCuPc is already at the upper limit of 

this technique but the resolution of the mass spectrum is still high enough to detect the 

repeating units of the polymer. By measuring the difference between two peaks a value 

of 1859 g mol-1 is obtained which is almost exactly the expected value for the Pc 

repeating unit. This observation of a single peak series is only possible in case of a 

nearly quantitative grafting leading to each repeat unit carrying a Pc unit. If the grafting 

was lower the difference between the two peaks would not only be lower but the 

 Mp,SEC  

[g mol-1] 

Đ Mn,calca  

[g mol-1] 

Mn,MALDI  

[g mol-1] 

Tdecb 

[°C] 

Tgc 

[°C] 

Tmd 

[°C] 

Tcd 

[°C] 

Eg,funde 

[eV] 

IPe 

[eV] 

EAe 

[eV] 

PPOS 9100 1.20   416 55     - 

PCuPc 56800 1.20 102000 88000 315  314 270 1.66 -5.40 3.74 

Fig.1 a) SEC curves of the precursor polymer PPOS and the grafted polymer PCuPc after purification, b) 

MALDI-Tof MS of PCuPc with observable repeating units (inlet). 



Densely Grafted Liquid Crystalline Copper Phthalocyanine Side Chain Polymer 

 

 
133 

 

repeating units would certainly not be observable anymore. A grafting of 85 %, as 

indicated by the peak molecular weight, would not result in phthalocyanine groups 

being attached to 85 % of the active sites in every chain but rather to a distribution of 

chains with higher and lower grafting densities. In effect this would blur the peaks of 

the repeating units and only the overall weight distribution would be observable.  

The strong line broadening impedes a reasonable characterization via 1H-NMR 

(Fig. S1, ESI). IR-spectroscopy on the other hand can be applied to monitor the 

presence of alkyne and azide groups. The absence of the vibrational bands of both 

functionalities (N3 at 2095 cm-1 and alkyne at 3290 cm-1) in the spectrum of PCuPC 

(Fig. 2) is another evidence for the purity of the polymer (absence of N3) as well as the 

successful quantitative grafting (absence of alkyne).  

Optical and Electrochemical Characterization 

The UV-Vis spectra of porphyrins - phthalocyanines are nitrogen-

substituted derivatives of this class of macrocycles - consist of two distinct sets of 

peaks. In the region between 300-500 nm the Soret- or B-bands can be observed 

which are ascribed to the S0S2 transition.35 The Q-bands which are ascribed to 

the S0S2 transition are shifted to considerably higher wavelengths. The 

position, quantity and relative intensities of the Q-bands are strongly influenced 

Fig. 1 IR spectra of the precursors PPOS (black) and CuPc-N3 (red) and the grafted polymer PCuPC 

(blue). The band at 3290 cm-1 which is present in PPOS and is assigned to the alkyne (gray elipse) cannot 

be detected in PCuPc. Similarly, the band at 2095 cm-1 which is present in CuPc-N3 and is assigned to the 

azide (red elipse) can also not be detected in PCuPc.
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by the symmetry of the molecule, whether or not the macrocycle is complexed by 

a metal cation, and by the nature of the complexing metal.36 The solution 

spectrum in DCM of the CuPc derivative CuPc-N3 used in this study has two 

Soret-bands at 339 nm and 394 nm. The Q-bands can be observed at 615 nm and 

685 nm with the lower energy transition showing a considerably higher 

absorption (Fig. 3a). This is the expected spectrum for a CuPc in a good solvent 

i.e. the molecules are fully dissolved and in their non-aggregated state.37  

The solution spectrum of PCuPc is very similar compared to CuPc-N3 in the Soret-

band region (334 nm and 394 nm) but shows a distinctly different behavior in the Q-

band region. The position of the peak maxima is shifted slightly (629 nm and 680 nm) 

but even more noticeable is the change in peak intensities. Whereas the lower energy 

transition in CuPc-N3 has a nearly 4 times stronger absorption than the higher energy 

Q-band, the ratio in PCuPC is nearly 1:1 with the lower energy transition being the one 

with the smaller absorption. This behavior can be explained by the formation of H-

aggregates formed by π-π-stacking of the phthalocyanine side chain units.38 We 

propose that this aggregation is observed due to the forced proximity of the 

phthalocyanine units which are densely grafted to the polymer backbone. This 

assertion can be validated by measuring the polymer at different concentrations 

(Fig. S2, ESI). We observed no concentration dependence of the PCuPc spectra in DCM 

which is indicative of intra-molecular aggregation unlike CuPc-N3. Additionally, PCuPc 

was measured in thin film in order to get first indications whether any additional 

Fig. 2 a) UV-Vis Spectra of PCuPc in solution (DCM) and in thin film in comparison to the phthalocyanine 

monomer CuPc-N3, b) cyclic voltammetry of PCuPC in DCM. 
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aggregation can be observed in the solid state. Again the only changes were observed 

for the Q-bands. The peak maxima are observed at 618 nm and 680 nm and the lower 

energy peak is further reduced in intensity in comparison to the spectrum in solution. 

The aggregation in thin films is therefore increased in relation to the solution and it can 

be expected that at least some kind of order is present in the solid state. We will 

address this question further in the next part after we have a look at the electronic 

structure of PCuPc. Cyclic voltammetry was performed to study the redox process of 

PCuPc and to approximate the fundamental gap Eg,fund which relates to the energy 

difference between the ionization potential IP and the electron affinity EA.39 We could 

observe both the first oxidation and the first reduction of PCuPc in DCM solution. The 

first oxidation was observed at a half wave potential of E0x

1
2⁄
(PCuPc vs. Ag AgNO3⁄ ) = 240 mV 

and the first reduction was observed at a half wave potential of 

E
Red

1
2⁄
(PCuPc vs. Ag AgNO3⁄ ) = -1420 mV. With equation (1) and (2) in the methods section we 

can calculate the ionization potential IP and the electron affinity EA in relation to the 

vacuum level. IP was determined to be -5.40 eV and EA -3.70 eV, respectively. The 

difference between these two represents the fundamental gap Eg,fund = 1.66 eV. The 

value of the fundamental gap is very good agreement with reported values on no 

polymer bound CuPcs.40 

Structure and Thermal Properties 

The high complexity of the grafted polymer on the one hand with its very 

bulky and sterically demanding side groups and on the other hand dense grafting 

of discotic-type units as side chains offer an interesting system in terms of 

structural order/disorder. Therefore, we were interested in the question 

whether some kind of order/periodicity in structure could be observed. We also 

had first indications of a stacking of the side chain units in solid state. 

Thermogravimetric analysis (TGA) was conducted first to probe the thermal 

stability of the system. We could determine the onset of degradation at a heating 

rate of 10 K min-1 under inert atmosphere to be 315 °C (Fig. 4a). The weight loss 

in the first step (40 wt % at about 300°C) corresponds to the same weight 



Densely Grafted Liquid Crystalline Copper Phthalocyanine Side Chain Polymer 

 

136 
 

percentage as of OEG side chains and therefore, is most likely due to the 

decomposition of the OEG side chains. This is also supported by the fact that 

polyethylene glycol decomposes at about 300 °C with a mass loss of 100%. The 

second major step of decomposition happens above 450 °C with a mass loss of 40 

wt%. This can be attributed to decomposition of the CuPc pendant groups. 

Secondly, we tried to access the phase transition temperatures with a standard 

DSC measurement at a 10 K min-1 heating rate. Within the accessible range below 

the degradation temperature no transitions could be observed even though 

birefringence was found with polarization microscopy (Fig. S3, ESI), which 

indicated the existence of an ordered phase at room temperature. Hence we were 

certain that some kind of phase transition should be observable. We therefore 

switched to a Flash-DSC which allows measurements with extremely high 

Fig. 3 a) Thermal stability of PCuPC obtained via TGA at 10 K min-1 under N2 atmosphere. b) DSC 

curves of PCuPC at K s-1 measured via Flash-DSC. (c) Diffraction pattern of the hexagonal mesophase 

(Colh) of PCuPc measured at room temperature with the calculated reflection positions indicated by the 

red bars. (d) Illustration of the lattice and the main parameters.
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heating rates up to several thousand K s-1.41 These heating rates can be realized 

by reducing the sample size to just a few nanograms. While this technique was 

developed to probe the kinetics of phase transitions, we use the fact that stress 

on the material is very low due to the very short time that the sample is subject 

to high temperatures. This makes it possible to even measure phase transitions 

that are above the decomposition temperature at normal conditions. The 

measured DSC curves at heating rates from 50 – 1000 K s-1 are plotted in Fig 4b. 

We were now able to detect first order phase transitions above 300 °C. The 

melting transition at a heating rate of 1000 K s-1 is as high as 314 °C and 

crystallization is observed during cooling at 270 °C. The nature of the ordered 

phase at room temperature was investigated via wide angle X-ray scattering 

(WAXS) with a q range of about q ≈ 1-22 nm-1. The structure above the transition 

temperature was not accessible due to the same reasons as for the standard DSC 

measurements. However, the diffraction pattern of the PCuPc at room 

temperature (Fig. 4c) clearly exhibits three peaks in the low q region till 10 nm-1, 

one very broad peak in the range of 10 – 20 nm-1 and an additional peak at 18.50 

nm-1. A structure model was obtained by the following considerations. The 

presence of a low number of broad peaks and absence of further peaks is 

indicative of a liquid crystalline mesophase. As the formation of columnar π-π-

stacking is commonly observed for disc-like mesogenes, such as phthalocyanines, 

we investigated if such a structure could explain the observed pattern. 

Additionally, the fact that the order is mainly expected in the lateral direction, 

with a more liquid-like packing along the stacking direction, makes it possible to 

describe the system by a 2D model.  

We started with the system showing the highest symmetry, which is the 

hexagonal one. The unit cell of a hexagonal 2D lattice is defined by the lattice 

constant a and the angle γ = 120 °C. The q-values qhk0 for different miller indices 

can be calculated as follows: 

    q
hk0

 =2π√
4

3
 (

h2+k2+hk

a2
)       (3) 
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The lattice constant a was determined from the first peak 𝑞1 under the 

assumption that it represented the (100) reflection of the hexagonal unit cell. The 

lattice constant was calculated for a value of a = 2.823 nm. The higher reflections 

in a hexagonal system are expected at √3q1, √4q1 and √7q1.42 All calculated 

reflexes are indicated in Fig. 4d by red bars. It can be seen that there is a very 

good agreement of calculated positions and the observed pattern. The 

appearance of the (110) and the (200)/(020) reflexes as only one is most likely 

due to overlap as result of the peak broadening. The broad peak at 10 – 20 nm-1 

represents the amorphous parts of the polymer. The reflex with the highest q-

value can be assigned to the π-π-stacking and the position relates to a stacking 

distance of 0.34 nm. The validity of our model is ultimately determined by 

calculation of the crystallographic density: 

     ρ= 
nM

NAa2c sinγ
      (4) 

In our case the molar weight M is the molecular mass of the repeating unit 

(M = 1858.69 g mol-1), NA is the Avogadro’s constant and n = 1 is the number of 

molecules within the unit cell. A reasonable density value of ρ = 1.32 g cm-3 was 

obtained. The room temperature mesophase of PCuPc is therefore determined to 

be columnar hexagonal Colh although the strong broadening of the reflexes 

indicates lack of perfect order. The existence of the Colh mesophase is also in 

good agreement with the structure of the CuPc moiety itself. XRD and 

polarization microscopy reveal the existence of a room temperature Colh 

mesophase for CuPc-OH (Fig. S4, ESI). 

Space Charge Limited Current Mobility (SCLC) 

We measured the I-V characteristics of hole-only devices with different 

thicknesses to extract the mobility in bulk in the space charge limited current 

regime. The determination of the mobility values requires the fitting of the 

measured curves. We used the empirical Murgatroyd (Equation 5) formula, 

which considers a field dependence of the mobility in the SCLC regime.  

     J=
9

8
εrε0μ

0
e0.89γ

V

L
V2

L3
     (5) 
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The current density J is measured against the voltage V. The semi-log plots 

of J vs. V indicate a V2 dependency regime and for different thicknesses a L-3 

dependence of J is observed (Fig. 5). The relative permittivity εr (~ 3.5), the 

vacuum permittivity ε0 and the thickness of the polymer film L are fixed 

parameters. The I-V curves are fitted with the zero field mobility µ0 and the 

empirical parameter γ in the range of space charge limited transport which is 

characterized by J~V2. The log-log plot of the I-V shows that no slopes greater 2 

are observed which are indicative of trap limited transport (Fig. S5a, ESI).43 In 

contrast to other reports on the mobility of PCs measured in diode configuration 

we only observed true SCLC behavior for PCuPc.44 This was validated by the 

aforementioned quadratic dependency of the current density on the voltage but 

also cubic on the inverse active layer thickness (J~
1

L3
.) (Fig. S5b, ESI). We 

therefore assured the reproducibility and validity of the calculated mobility 

values for three devices with a different active layer thickness (Table S1, ESI). 

For reporting the bulk mobility of PCuPc in a consistent way, we determine an 

effective mobility µ at the same electric field (F= 
V

L
=1.5∙107Vm-1) as given by the 

Poole-Frenkel relationship (Equation 6). 

      µ=µ
0
eγ

V

L       (6) 

Fig. 4 I-V characteristics of as-cast films of PCuPc measured at room temperature. The I-V characteristics 

were corrected for the built in voltage (Vbi) and the voltage drop (IR) over the contacts.
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The relative mobility for PCuPc was determined to be 5.3.10-6 cm2 V-1 s-1. 

This value is lower than reported values on low molecular liquid crystalline CuPc 

and ZnPc, but no true SCLC behavior was observed in those cases.44 Many of the 

reported SCLC values do not verify the presence of SCLC regime or L-3 

dependence. The main charge transport channel in such a material will occur 

along the π-π stacking direction. A columnar liquid crystal provides an efficient 

and flexible conduction pathway along the column. Even though the hydrophilic 

swallow tails improve the solubility and is required for processing the materials, 

it does not contribute towards electronic charge transport. Thus OEG 

substituents and main chain polystyrene which are insulating materials dilute 

the amount of the electronically active Pc core. This can lower the charge carrier 

mobility.45 

 

Conclusions 

We have synthesized a new phthalocyanine donor polymer in which Pc moieties are 

densely grafted to a polystyrene backbone and observed the high efficiency of the grafting 

process via CuAAC. We were therefore able to synthesize a defined functional polymer (Đ = 

1.20) with high molecular weight (88000 g mol-1). The high solubility of both the azide and 

the polymer was essential for the almost quantitative grafting which in turn is responsible 

for the observed structure formation. Surprisingly, we could obtain a good quality MALDI-

ToF spectrum with a resolution of the repeating units. We found that PCuPc forms 

intramolecular aggregates in solution due to the forced proximity of the phthalocyanine side 

chains. Bulk studies revealed the liquid crystalline nature of the polymer which forms a Colh 

phase. A phase transition could be observed only at high temperatures, with Flash-DSC at 

ultra-fast heating rates. Measurements of the space charge limited current of the material in 

a diode setup exhibited rather low bulk hole-mobilities of 5.3.10-6 cm2V-1s-1. We believe that 

this material is an interesting candidate for applications in bioelectronics and currently we 

are testing its applicability for organic electrochemical transistors (OECTs). 
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Scheme S 1  Synthesis of CuPc-N3.  

 



Densely Grafted Liquid Crystalline Copper Phthalocyanine Side Chain Polymer 

 

146 
 

 
Fig. S 1 1H-NMR spectrum of PCuPc. 

 
Fig. S 2  Normalized UV-Vis spectra of solutions of PCuPc in DCM in a concentration range from 
2.10-1-5.10-3 mg mL-1. No difference of the spectra at different concentrations can be detected.  

 

 
 
Fig. S 3 Polarization microscopy picture of PCuPc at room temperature.  
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Fig. S 4  (left) Diffraction pattern of the hexagonal mesophase (Colhex) of CuPc-OH measured at room 
temperature with the calculated reflection positions indicated by the red bars (measuresd at a Bruker 
Advanced D8 diffractometer). (right) Polarization microscopy picture of CuPc-OH at room temperature. 
The phase transition behavior of CuPc-OH was observed by means of a polarizing optical microscope 
(Leitz Wetzler Orthoplan-pol.) equipped with a hot stage (Linkam TMS 93) and a temperature controller 
(Linkam LNP). 

 

   

Fig. S 5 a) Log-log plot of I-V characteristics of as-cast films of PCuPc measured at room temperature. 
The I-V characteristics were corrected for the built-in voltage (Vbi) and the voltage drop (IR) over the 
contacts. The fits are calculated with equation (5) and the parameters given in Table S 1. b) Dependency 
of the current at a fixed voltage (6 V) on the film thickness L. The fit corresponds to L3. 

Table S 1 Active layer film thicknesses and fitting parameter for the SCLC devices. 

 Thickness 
[nm] 

Fitted mobility 
[cm2 V-1 s-1] 

Fitted γ 
[V-0.5 m-0.5] 

Mobility at F = 1.5.107 V m-1 

[cm2 V-1 s-1] 

     
Device 1 154 4.1.10-5 -4.7.10-5 4.9.10-6 
Device 2 224 5.0.10-6 0 5.0.10-6 
Device 3 468 2.3.10-5 -3.4.10-4 6.2.10-6 
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Abstract 

Densely surface grafted poly(3-hexylthiophene) (P3HT) monolayer brushes were 

prepared by click-chemistry. For this, alkyne-functionalized P3HT was coupled to a 

surface immobilized self-assembled monolayer (SAM) with azide functionality. The 

grafted P3HT-Alkyne with a molecular weight of Mn,MALDI = 11400 g mol-1 (SEC: 

17400 g mol-1) and a narrow distribution of Đ = 1.15, has the highest reported 

molecular weight for surface immobilized P3HT brushes. We show the successful 

grafting of P3HT on the substrate surface with AFM. From the film thickness, we could 

calculate a grafting density that is high enough to form a monolayer in the true brush 

regime. The aggregation behavior of the films is characterized by UV-Vis spectroscopy 

and compared to linear P3HT and the bottlebrush copolymer PS-g-P3HT. SAM based 

organic field-effect transistors (SAMFETs) with P3HT as active materials were 

optimized, and characterized. A high field effect mobility of 1.6.10-3 cm2 V-1 s-1 was 

achieved, which is nearly two orders of magnitude higher than reported values on 

polymer based SAMFETs. 

 

Introduction 

The spontaneous organization of molecules on a surface –self-assembly- is widely 

used for creating functional surfaces. For example, self-assembled monolayers (SAMs) 

are used in organic electronics to functionalize surfaces with materials of minimal 

thickness.1 In the field of organic photovoltaics, these self-assembled layer function as 

charge extraction layers for holes or electrons.2,3 In organic field effect transistors 

(OFETs) SAMS are routinely used to treat the oxidic dielectric in order to tune the 

wettability of the substrate and to reduce the amount of redox active reactive sites at 

the interface between the dielectric and the active semiconductor material.4 Materials 

for SAMs consist of an anchoring group which chemisorbs on the surface and a linker 

for example an aliphatic chain.5 Established anchoring groups for oxide substrates are 
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chlorosilanes, methoxysilanes and ethoxysilanes for SiO2, phosphonic acids for Al2O3 

and thiols for gold.6,7 Backbones with functional end groups can be used instead of a 

hydrophobic aliphatic chain in order to tune the wettability.7 Paoprasert et al.8 

developed an azide functionalized silane, thereby introducing a reactive functional 

group, which can be used to fabricate active surfaces which can be further modified by 

copper-catalyzed alkyne-azide cycloaddition (CuAAC).9 

While SAMs are predominantly used to tune the interface between the substrate 

and the semiconductor material,10 it is also possible for SAMs to act as the active 

material in the organic semiconductor devices themselves. Several SAM based organic 

field effect conductors (SAMFETs) have been reported.11,12 Different kinds of SAMs (p- 

or n-type) can be used according to the desired type of charge transport. Highly 

efficient p-type SAMFETs and integrated circuits based on small molecule 

oligothiophene derivatives with charge carrier mobilities up to 2.0.10-2 cm2 V-1 s-1 have 

been reported by Blom & de Leeuw et al.12 However, the highest charge carrier 

mobilities of a SAMFET based on poly(3-hexylthiophene) (P3HT)8 was reported to be 

5.10-5 cm2 V-1 s-1 which is several orders of magnitude lower than the reported values of 

thicker spin-cast films.13 This is mainly due to low degree of grafting in self-assembled 

mono-layers and lack of enough pi-pi stacking in such ultra-thin layers. The best n-type 

SAMFETs on the other hand were reported by Ringk et al. with a mobility of 

1.5.10-3 cm2 V-1 s-1.14 The inherent advantage of an end-on aligned polymeric 

semiconductor for charge transport is realizable in a SAM only with a high degree of 

grafting as in the brush regime.  

Aside from applications as transistors, SAMs of organic semiconductors may also 

be used as charge extraction layers for organic photovoltaics (OPV).2,3or to modify the 

work function of metals in order to minimize the energy barriers for injection or 

ectraction of charges.15 Such interlayers are used to improve the wettability and the 

contact with the active material and introduce a selectivity of the electrode towards 

positive or negative charges. Chemical bound interlayers which are inherently very thin 

and stable towards a solution based processing of the active layer may be beneficial in 

terms of performance and processing of the device.3  
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The click chemistry concept proposed by Paoprasert et al. can be used to 

introduce any kind of acceptor or donor material with an alkyne functionality.8 P3HT 

was chosen as we could report high charge carrier mobilities in molecular bottle-brush 

type polymers.16 For this, P3HT with a high molecular weight (11400 g mol-1) was 

chosen. In this molecular weight range P3HT shows the best electronical properties in 

linear polymers17,18 as well as brush systems.16 We characterized the absorption of the 

grafted films to gain information about the success of the grafting process. The 

occurrence of aggregation in these thin films can indicate a dense grafting and can be 

crucial for a lateral charge transport along the π-π stacked molecules. Record charge 

carrier mobility was obtained for SAMFETs using surface-grafted conjugated polymer, 

P3HT. 

 

  



Monolayer Brushes for Highly Efficient Polymeric SAMFETs  

 

 
153 

 

Experimental Section 

Materials  

All commercial reagents were, unless otherwise noted, used without further 

purification. (3-Chloropropyl)triethoxysilane (> 95%), CuBr (>98%), 6-iodo-1-hexyne 

(97%), sodium azide, N,N,N′,N′′,N′′-pentamethyl-diethylene-triamine (PMDETA, 99%), 

were purchased from Sigma-Aldrich. A CuBr/PMDETA stock solution was prepared for 

all CuAAc reactions. For this a dry Schlenk flask was charged with CuBr (150 mg, 0.105 

mmol) and 15 mL 1,2-dichlorobenzene and the solution was degassed with N2 for 20 

min and degassed PMDETA (540 mg, 3.15 mmol) was added. The polymers P3HT and 

PS-g-P3HT were published by our group as P3HT 4 and Brush 4 respectively.16 

Methods  

1H-NMR (300 MHz) spectra were recorded on a Bruker AC 300 spectrometer and 

calibrated to the solvent peak (CDCl3 δ = 7.26 ppm). Fourier transform infrared (FTIR) 

spectra were recorded on a Perkin Elmer Spectrum 100 FTIR spectrometer in 

attenuated total reflection (ATR) mode. Differential scanning calorimetry 

measurements were prepared on a Mettler Toledo DSC 2, calibrated with indium and 

zinc at a heating rate of 10 K min-1 under continuous nitrogen flow. Thermogravimetric 

measurements were performed on a Mettler Toledo TGA/SDTA 851 at heating rates of 

10 Kmin-1 under nitrogen. Absorption measurements were carried out on a JASCO V-

670. The reflection and transmission measurements were conducted with a 60 mm 

integrating sphere (ISN-723 UV-Visible-NIR). Bottom gate / bottom contact organic 

field effect transistors (OFET Gen4) were purchased from Fraunhofer IPMS. N-doped 

silicon (doping at the surface n ≈ 3.1017 cm-3) was used as surface and gate electrode. 

The dielectric consists of a 230 ± 10 nm layer of silicon oxide. Each substrate consisted 

of 16 devices with a constant channel width of 10 mm and a varying channel length of 

2.5-20 µm. The source and drain electrodes were 30 nm thick gold on a 10 nm ITO 

adhesion layer. The charge carrier mobilities were calculated from the slope of the  

(Id)0.5-Vg plots:    𝐼𝑑 ≈  
𝑊

2𝐿
𝐶𝑖µ(𝑉𝑔 − 𝑉𝑇)2

        (1) 
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Atomic force microscopy (AFM) images were recorded in intermittent contact mode on 

a Dimension 3100 Nanoscope V with a Nanoscope V controller and a hybrid closed loop 

XYZ tip scanner (5120 x 5120 pixels). Si cantilever tips from Bruker (Model OTESPA-

R3) with a resonant frequency of 300 kHz with a force constant of 26 N/m were used.  

Synthesis 

3-(Azidopropyl)triethoxysilane:8  20 g (83.3 mmol) (3-chloropropyl)triethoxy-

silane was dissolved in 200 mL DMF and 10.9 g (167.2 mmol) sodium azide was added 

and the mixture was heated to 60°C for 12 h. After cooling to rt 200 mL diethyl ether 

was added and the organic phase was washed with 200 mL water. The water phase was 

extracted two times with 50 mL diethyl ether. The combined organic phase was washed 

3 times with water. The solvents were removed at the rotary evaporator and the 

obtained product was used without further purification. m = 17.25 g (84%) 1H NMR 

(300 MHz, CHCl3): δ (ppm) 3.82 (q, 6H, J = 7.9 Hz), 3.26 (t, 2H, J = 7.0 Hz), 1.71 (m, 2H), 

1.23 (t, 9H, J = 7.0 Hz), 0.67 (m, 2H). IR (ATR): ν(cm-1) 2094 (N3). 

Preparation of substrates with Azide functionality:  The glass or OFET 

substrates were cleaned twice in an ultrasonic bath in acetone and subsequently 

cleaned with oxygen plasma for 10 min. The cleaned substrates were functionalized by 

immersion in a 1 vol% 3-(azido-propyl)triethoxysilane solution in toluene at 100 °C for 

2 h. The substrates were washed with toluene and cleaned three times, 5 min each, in 

an ultrasonic bath in toluene to remove any unbound silane. The dried substrates were 

stored in the dark.  

P3HT-Alkyne: The alkyne functionalized P3HT polymers were synthesized 

according to a reported procedure.19 A 0.5 M LiCl solution was prepared first by 

weighing LiCl into a Schlenk flask and subsequently drying for 4 h in vacuo at 140 °C. 

Anhydrous THF was added and the solution was stirred overnight to assure a complete 

dissolution of the LiCl. The Grignard reagents t-BuMgCl and EthynylMgCl were titrated 

prior to their use according to a published procedure.20 A dry Schlenk flask was charged 

with 7.86 g (24.10 mmol) 2,5-dibromo-3-hexyl-thiophene under N2 atmosphere. 48 mL 

of the 0.5 M LiCl solution in THF were added. 17.9 mL (1.3 M in THF, 23.14 mmol) 

t-BuMgCl were added and the solution was stirred for 24 h. The solution was diluted 
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with 175 mL THF and the polymerization was started by adding 159.3 mg (0.289 mmol) 

Ni(dppp)Cl2 (suspension in 2 mL THF). The polymerization was terminated after 25:30 

min by adding 12.3 mL (0.47 M in THF, 5.82 mmol) EthynylMgCl. The solution was 

stirred for further 11 min and the polymer was subsequently precipitated in methanol. 

The polymer was dried and redissolved in CHCl3. The solution was filtered over a short 

aluminum oxide column to remove residual LiCl and Ni(dppp)Cl2, evaporated with the 

rotary evaporator to get a concentrated solution, and precipitated again in hexanes. 

m = 2.75 g, Mn,SEC = 17400 g mol-1, Mn,MALDI = 11400 g mol-1; Đ = 1.15; 1H NMR (300 MHz, 

CHCl3): δ (ppm) 6.98 (s, 1H), 3.53 (s, 1H), 2.85-2.4 (m, 2H), 1.80-1.60 (m, 2H), 1.50-1.25 

(m, 6H), 0.98-0.83 (m, 3H); IR(ATR): ν(cm-1) 3312 (C≡C-H), 2096 (C≡C).  

Grafting with P3HT-Alkyne: A custom made flat bottom Schlenk flask was 

charged with the azido functionalized substrates and 28.5 mg (2.5.10-3 mmol) P3HT-

Alkyne. The flask was degassed and 40 mL dry o-dichlorobenzene were added. 0.5 mL 

of a 0.07 mol L-1 solution of CuBr/PMDETA in o-dichlorobenzene was added and the 

solution was stirred for 48 h at 90 °C. The substrates were washed with chloroform and 

cleaned three times, 5 min each, in an ultrasonic bath in chloroform to remove any 

unbound alkyne compound. Subsequently the substrates were immerged in chloroform, 

chlorobenzene or o-dichlorobenzene and dried after removal from the solvent. 
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Results and Discussion 

Synthesis of P3HT-Alkyne and Surface Grafting  

P3HT-Alkyne was synthesized according to a reported procedure.19 We used the 

identical material, named P3HT-Alkyne, to form P3HT monolayers grafted on a surface. 

The monolayers are compared to linear P3HT and a P3HT bottlebrush (PS-g-P3HT) 

having the same length and dispersity for P3HT.16 The P3HT-Alkyne and P3HT 

possess a narrow distribution (Đ < 1.15) and have a comparable, high molecular weight 

of Mn,MALDI ~ 11500 g mol-1. PS-g-P3HT was synthesized by grafting P3HT-Alkyne to a 

polystyrene backbone according to published procedures.16,21 All the SEC and MALDI-

TOF data of all the polymers are given in Table 1.  

The grafted P3HT monolayers were obtained after a two-step process. First, an 

azide functionalized surface was made by silanization and subsequently functional 

P3HT monolayers were synthesized by CuAAC click chemistry using P3HT-Alkyne (see 

Scheme 1). Ethoxysilane can form SAMs on a number of substrates, with 

hydroxygroups at the surface. We functionalized glass substrates for the UV-Vis 

measurements and SiO2 surfaces in a similar way for the OFET fabrication. To remove 

any organic impurities from the pristine substrate surface and to obtain a hydrophilic 

surface the substrates were cleaned twice in an ultrasonic bath with acetone and 

subsequently cleaned for 10 min with oxygen plasma. The cleaned substrates were 

functionalized directly afterwards by immersion in a 100 °C warm 1 wt% solution of 3-

(azidopropyl)triethoxysilane in toluene.  

Scheme 1 Principle of the surface functionalization with P3HT. A substrate with hydroxy groups at the 

surface is functionalized with the azido silane. Subsequently the azido SAM reacts with P3HT-Alkyne to 

form the P3HT monolayer on the surface. 
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Table 1 SEC – and MALDI-TOF data and thermal properties of P3HT-Alkyne, linear P3HT and the bottle 
brush PS-g-P3HT. 

 Mn,SEC 

[g mol-1] 

Đ Mn,Maldi 

[g mol-1] 

Tm,peak 

[°C] 

ΔHm 

[J g-1] 

Tc,peak 

[°C] 

P3HT-Alkyne 17400 1.15 11400 225 19.3 189 

P3HT 15900 1.11 11600 229/238/247 22.3 203 

PS-g-P3HT 144000 1.37  219 14.9 173  

 

After 2 h the substrates were removed from the solution, washed with toluene 

and cleaned three times, 10 min each, in an ultrasonic bath with toluene to remove any 

silane molecule which was not chemically bound to the surface. The azide-

functionalized substrates were stored in the dark before the next synthetic step was 

initiated. For the CuAAC reaction of P3HT-Alkyne, we applied the optimized procedure 

which was also used for the synthesis of molecular P3HT brushes.16 We conducted the 

reaction at an elevated temperature of 90 °C to ensure a dense grafting of the high 

molecular weight P3HT-Alkyne. After the reaction, the surface grafted brushes and the 

blank substrate were washed with chloroform and cleaned three times, 10 min each, in 

an ultrasonic bath with chloroform to remove any unreacted P3HT-Alkyne, copper 

catalyst and ligand. The crystallinity of P3HT bulk and thin films has a pronounced 

effect on its optical and electronic properties. We dipped the substrates in chloroform 

(bp = 61°C), chlorobenzene (bp = 132 °C) or o-dichlorobenzene (bp = 179 °C), removed 

them from the solvent and let them dry. All three solvent are good solvent for P3HT but 

have different boiling points therefore, possibly influencing the time of drying and 

giving the monolayer more or less time to crystallize. The functionalization of the glass 

substrates was followed by AFM. In Fig. 1 a) the height image of a cleaned glass 

substrate is shown. A smooth surface with a roughness of RRMS = 1.21 nm is observed. 

After the silanization the roughness slightly increases (RRMS = 1.64 nm) and structures 

with a height of 10-25 nm appear. These are most likely cross-linked aggregates formed 

by the azidosilane which could not be washed from the substrates. The roughness 

increases further after the grafting with P3HT (RRMS = 1.84 nm) and the structures are 

still present. AFM was also used to measure the film thickness of the monolayers 

grafted onto the OFET devices by scratching the film and measuring the step height. The 
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average measured thicknesses for the grafted monolayers are between h = 2.9-3.5 nm 

(see Table 2). With the obtained values of the thickness, the grafting density can be 

calculated from σ = hρNA/Mn, where h is the film thickness, ρ the density of P3HT (ρ = 

1.11 g cm-3),22 NA the Avogadro’s number and Mn = 11500 g mol-1 the molecular weight 

of the polymer. The grafting density of the monolayers in the range of σ = 0.17-0.2 

chains / nm² is high enough for the monolayers to be in the true brush regime. This can 

be quantified by the reduced tethered density Σ = σπRg2 which corresponds to the 

number of chains present in an area that would be occupied by one non overlapping 

polymer chain at the same conditions (solvent, temperature). At low grafting densities 

(Σ < 1) the grafted layer is in the mushroom regime which is characterized by single 

chains that do not from a continuous film. For higher values (1 < Σ < 5) a transition from 

the mushroom- to the brush-regime occurs and at Σ > 5 the density is high enough to 

from a true densely packed brush, where the polymers are forced into a chain extended 

configuration.23 In order to calculate Σ, the gyration radius Rg in o-dichlorobenzene (o-

DCB) has to be obtained. McCulloch et al. reported that P3HT in o-DCB can be described 

as a wormlike chain and Rg can be therefore be calculated from Rg2 = 1/3 Llp where lp is 

500 nm 

a) 

500 nm 

b) c) 

Fig. 1 Atomic force microscopy pictures (height image) of the glass substrate (a) the azido silane surface 

(b) and the P3HT monolayer (c). 
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the persistence length and L the contour length.24 The contour length L is the length of 

the stretched polymer and for P3HT-Alkyne with Mn = 11400 g mol-1 (N= 68) 

L = NLmonomer = 26.2 nm (with Lmonomer = 0.385 nm) is obtained.25 The value for lp = 

2.2 nm was measured by McCulloch et al. in o-DCB at 90 °C and the gyration Radius is 

subsequently calculated to be Rg = 4.4 nm.24 from these values, we obtain values for the 

reduced tethered density of Σ = 10.3-12.1, which is indicative of the monolayer being 

within the true brush regime and form a continuous film. On grafting the substrates 

with P3HT, the hydrophobicity of the surface increases drastically. This was monitored 

by contact angle measurements (see Fig. S 1). For example, the clean ITO surface has a 

contact angle around 50-60°, whereas after the azide modification and cleaning, it 

changes to 75-80° and after grafting a monolayer of P3HT, it increases almost to 100°. 

This clearly indicates the increase in hydrophobicity of the surface after grating P3HT. 

We also did not observe any influence of chain length on the contact angle. Additionally, 

the P3HT grafted substrates are visibly colored purple which is a second indicator of 

the successful reaction and UV-Vis spectroscopy was preformed to quantify the 

absorption.  

UV-Vis Spectroscopy  

For the accurate measurement of very thin films by UV-Vis spectroscopy possible 

errors have to be considered. In a standard setup only the transmission is measured, 

neglecting the different reflection of the substance film and the substrate. In very thin 

films interference patterns, which overlay the absorption of the measured film, are also 

frequently observed. Additionally, scattered light at a rough surface may also be falsely 

interpreted as the materials’ absorption. These effects have about the same magnitude 

as the absorption for films with a thickness of only a few nm. We, therefore, calculated 

the absorption of the thin grafted monolayers of P3HT-Alkyne from the transmission 

and the reflection, which were measured with an integrating sphere. By this, we 

obtained accurate values for the optical density without any of the aforementioned 

errors. In Fig. 2 a the absorption spectra of P3HT-Alkyne grafted onto glass substrates 

and dried from different solvents are shown. In all three cases structured spectra with 

an onset of absorption of around 650 nm can be observed. This observation 
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corresponds to a spectrum which would be expected for aggregated linear P3HT. The 

aggregation is characterized by the peaks for the 0-2, 0-1 and 0-0 transition at 524 nm, 

560 nm and 605 nm, respectively. In order, to compare the aggregation of the three 

grafted monolayers the spectra were normalized to the 0-1 transition. The aggregation 

can be described by the theory of Spano et al. which describes the aggregation of P3HT 

as weakly bound H-aggregates where the aggregation strength can be determined by 

the relative intensity of the 0-0 and the 0-1 transition.26 For a stronger aggregated 

sample the ratio A0-0:A0-1 is expected to be higher. The strongest aggregation can be 

observed for the monolayer which was dried from chloroform (A0-0:A0-1 = 0.62). The 

quality of the aggregates decreases when the films were dried from the solvents with 

higher boiling points. The lowest value was observed for chlorobenzene (A0-0:A0-1 = 

0.50) and a slightly higher value was observed for o-dichlorobenzene (A0-0:A0-1 = 0.55). 

No strong correlation of the solvents boiling point and the drying time was observed. 

On the contrary, aggregation is strongest for monolayer dried from chloroform.  

The monolayer dried from chloroform was also compared with the spectra of 

spin-cast films of linear P3HT and PS-g-P3HT. For the comparison, films were 

prepared in the same way as the respective OFET devices for which we observed the 

best performances.16 For P3HT this was an as-cast film spin coated from chloroform 

and for the PS-g-P3HT, the film was additionally melt crystallized at 240 °C. The 

spectra of the cast films have a comparable onset of absorption at 650 nm just as the 

Fig. 2 a) Normalized UV-Vis spectra of P3HT monolayers on glass substrates dried from different 

solvents (inlet: the same spectra are shown without normalization). b) Comparison of the UV-Vis 

spectra of the P3HT monolayer (dried from chlorofrom) with thin films of linear P3HT (as-cast) and  

PS-g-P3HT (MC at 240°C). 
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monolayer but for both materials higher aggregation strengths can be observed. We 

calculate a ratio off A0-0:A0-1 = 0.67 for the linear P3HT and A0-0:A0-1 = 0.70 for PS-g-

P3HT which is higher than the 0.62 obtained for the monolayer dried form chloroform.  

Organic Field Effect Transistors (OFETs) 

The electrical properties of the monolayers were investigated in p-type SAMFETS. 

We used commercial bottom-gate (Si), bottom-contact (Au) devices with a silicon oxide 

layer as dielectric. The P3HT monolayers were directly prepared on the oxide layer as 

described before. The output and transfer characteristics of the monolayer dried from 

chloroform are shown in Fig. 1 a and d. By plotting the gate voltage of the transfer 

curve against the square root of the drain current, the mobility can be extracted (see 

Equation (1)). We achieved a mobility of 1.6.10-3 cm2 V s-1 and an On/Off-Ratio of 

8.9.104 (see Table 2), which are remarkable values for a thin film < 4 nm. The mobility 

is nearly two orders of magnitude higher in comparison to previously reported surface 

immobilized P3HT brushes and in general any polymeric SAMFET.8 In comparison 

lower mobility values were obtained when the monolayers were dried from 

chlorobenzene or o-DCB (see Fig. S 2). This finding is in good agreement with the lower 

aggregation which can be observed for these monolayers in absorption studies. In order 

to understand the influence of thermal annealing on device characteristics, they were 

annealed for 10 min at 100 °C in the glove box and measured. Unfortunately, currents 

decreased and the threshold voltage strongly shifted from VG,Th ~ 10 V for the 

monolayer dried from CHCl3 to VG,Th ~ -20 V for the annealed device. Additional 

annealing of the same device at 150 °C lead to a further decrease in current (see 

Fig. S 3). Thus the best devices are, obtained by drying the monolayers from 

chloroform. UV-Vis spectroscopy revealed a lower aggregation for the other tested 

solvents (chlorobenzene and o-DCB) which can explain the lower performances of these 

SAMFET devices. The considerably higher molecular weight that we used, in 

comparison to previous a report,8 is most likely the reason for the high mobility of 

1.6.10-3 cm2 V s-1 which was observed for the monolayer dried from chloroform. For 

linear P3HT17,18 as well as PS-g-P3HT16 the very high mobilities are only observed for 

high molecular weight P3HT. The long period or lamellar width of the crystallites and 
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correspondingly the charge carrier mobility in P3HT were found to increase 

continuously with molecular weight and at about 12000 g mol-1 absolute molecular 

weight (~20000 g mol-1 in GPC with PS calibration), the chains start folding resulting in 

saturation of both long period and charge carrier mobility.18,27 Thus P3HT samples with 

sufficient molecular weights in the above-mentioned ranges are required for high 

mobility applications. We demonstrate that P3HT grafted monolayers can be produced 

with excellent electronical properties if the molecular weight is high enough and the 

grafting density is sufficient. But the device performance of the monolayer SAMFETs is 

still lower than those compared to the OFETs made from spin coated thin layers of 

similar polymers (see Fig. 3). For example, the hole mobilities for linear P3HT and a 

bottle-brush polymer, PS-g-P3HT having a similar molecular weight of P3HT are 4.9 x 

10-2 and 5.0 x 10-2 cm2 V-1 s-1 respectively.  

The most distinct difference between the monolayer OFETs and the devices prepared 

via spin casting is the thickness of the active layer and possible differences in the 

alignment of polymeric chain on the substrate. Even though a direct comparison of the 

device performance does not deliver any conclusive inference, we like to elaborate the 

Linear P3HT Monolayer (CHCl3) PS-g-P3HT 

Fig. 3 Representative OFET I-V-curves of the monolayer dried from chloroform, linear P3HT and PS-g-
P3HT. The p-output characteristics are shown at the top (a-c) and the transfer characteristics in 
saturation regime (Vd = -80V) at the bottom (d-f). The channel length was 20 µm in all cases.  
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peculiarities and differences in both cases. The spin cast layers have a thickness of 

about 25 nm while the SAMs have a thickness of only up to 3.5 nm. Joshi et al. showed 

for very thin films (thickness > 10 nm), the OFET mobility for P3HT is constant (µh ~ 

10-6 cm2 V-1 s-1).28 In a recent study the dependence of the charge carrier mobility of 

OFETs with different layer thicknesses was reported for a range of high molecular 

weight P3HTs (Mn = 34-170 kDa).29 It was shown that OFETs with a thickness of the 

P3HT layer < 8 nm have dramatically lower charge carrier mobilities, µ being in the 

range of 1 x10-3 cm2 V-1 s-1 - 3 x10-3 cm2 V-1 s-1. For such thin layers only 2D transport is 

possible and any defects or trapping sites at the interface are detrimental for the device 

performance. The reported mobility 2.0 x 10-3 cm2 V-1 s-1 for sub 8 nm layers is in good 

agreement with the mobility of the monolayer dried from chloroform. The device 

performance of the monolayers could not be improved by post processing annealing 

steps Improving the devices further depends on the possibility to increase the grafting 

density by adopting other surface chemistry of suitable spacers. 

Table 2 Average charge carrier mobility values, ION/IOFF for channel lengths 5-20 µm and layer thickness 

h for the monolayers after different solvent/thermal treatments and best values obtained for linear P3HT 

and Ps-g-P3HT.  

 µ [cm2 V-1 s-1] ION/IOFF h [nm] 
    

Monolayer (CHCl3) 1.6 x 10-3 8.9 x 104 3.5 

Monolayer (CB) 6.9 x 10-4 1.9 x 105 2.9 

Monolayer (o-DCB) 5.6 x 10-4 1.2 x 105 3.3 
    

Monolayer (100°C) 4.0 x 10-4 1.7 x 105  

Monolayer (150°C) 5.7 x 10-5 2.6 x 103  
    

Linear P3HT 4.9 x 10-2 4.8 x 105 25 

PS-g-P3HT 5.0 x 10-2 1.5 x 105 23 
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Conclusions 

We have demonstrated dense surface grafting of P3HT-Alkyne with a high 

molecular weight of about Mn,MALDI = 11400 g mol-1 via CuAAC click reaction on surface 

anchored azide groups. By measuring the film thickness with AFM we can show that the 

grafting density is high enough that the P3HT layer is in the true brush regime. By 

measuring the reflection and transmission of the grafted films with an integrating 

sphere, we were able to accurately measure the absorption in ultra-thin films and 

compare the spectra with linear P3HT and PS-g-P3HT. The spectra of the grafted SAM 

strongly resemble those of the spin cast films. The strongest aggregation was observed 

when the films were rinsed and dried from chloroform. Accordingly, SAMFETs with 

monolayers dried from chloroform exhibited the highest charge carrier mobilities 

(1.6.10-3 cm2 V s-1). This is the highest value reported for surface grafted P3HT brushes 

and polymeric SAMFET in general. The charge carrier mobility cannot be further 

improved by thermal annealing. However, further improvements are possible if the 

grafting density can be drastically increased by tuning the surface anchoring chemistry 

and using the optimum spacer length. 
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Supporting Information 

 

 

Fig. S 1 Top: The clean ITO surface has a contact angle around 50-60°. Middle row: After the 

azide modification and cleaning, it changes to 75-80°. Bottom: after grafting a monolayer of 

P3HT, it increases almost to 100°. This clearly indicates the increase in hydrophobicity of the 

surface after grating P3HT. We also did not observe any influence of chain length on the 

contact angle 
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Table S 1 Charge carrier mobility values, ION/IOFF for for the monolayers after different solvent/thermal 

treatments and best values obtained for linear P3HT and Ps-g-P3HT. 

 µ [cm2 V-1 s-1] ION/IOFF Channel [µm] 
    

Monolayer (CHCl3) 1.82 x 10-3 9.30 x 104 5 

 1.52 x 10-3 7.98 x 104 5 

 8.78 x 10-4 2.15 x 104 10 

 1.45 x 10-3 4.31 x 104 10 

 1.18 x 10-3 3.26 x 104 10 
    

Monolayer (CB) 2.04 x 10-4 1.76 x 104 20 

 2.28 x 10-4 1.68 x 104 20 

 5.99 x 10-4 1.08 x 105 10 

 3.36 x 10-4 5.56 x 104 10 

 1.08 x 10-3 3.44 x 105 5 
    

Monolayer (o-DCB) 2.04 x 10-4 1.19 x 104 20 

 1.30 x 10-4 7. 33 103 20 

 5.42 x 10-4 7.47 x 104 10 

 4.23 x 10-4 5.73 x 104 10 

 1.01 x 10-3 2.81 x 105 5 

 1.04 x 10-3 2.81 x 105 5 
    

Monolayer (100°C) 2.04 x 10-4 1.30 x 104 20 

 1.51 x 10-4 2.00 x 104 20 

 3.63 x 10-4 8.80 x 104 10 

 3.63 x 10-4 8.00 x 104 10 

 5.53 x 10-4 3.20 x 105 5 
    

Monolayer (150°C) 2.09 x 10-5 2.0 x 102 20 

 4.35 x 10-5 2.0 x 102 20 

 3.11 x 10-5 1.0 x 103 10 

 8.50 x 10-5 3.0 x 103 10 

 9.02 x 10-5 1.0 x 103 5 

 6.94 x 10-5 1.0 x 104 5 
    

Linear P3HT 4.64 x 10-2 7.26 x 105 20 

 4.57 x 10-2 7.08 x 105 20 

 5.64 x 10-2 3.02 x 105 10 

 4.67 x 10-2 1.63 x 105 10 
    

PS-g-P3HT 4.47 x 10-2 5.69 x 104 20 

 3.86 x 10-2 5.41 x 104 20 

 3.87 x 10-2 6.20 x 104 20 

 3.91 x 10-2 6.33 x 104 20 

 5.87 x 10-2 1.60 x 105 10 

 5.95 x 10-2 2.09 x 105 10 

 5.80 x 10-2 2.18 x 105 10 

 5.87 x 10-2 3.36 x 105 10 
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Fig. S 3 Representative OFET I-V-curves of the monolayer dried from chlorobenzene (CB) and o-

dichlorobenzene (o-DCB). The p-output characteristics are shown at the top (a-b) and the transfer 

characteristics in saturation regime (Vd = -80V) are the bottom (c-d). The channel length was 20 µm in 

all cases. 

Monolayer (CB) Monolayer (o-DCB) 

Fig. S 2 Representative OFET I-V-curves of the monolayer dried from chloroform annealed at 100 ° C for 

10 min (left) and after additional annealing of the same device at 150°C for 10 min (right). The p-output 

characteristics are shown at the top (a-b) and the transfer characteristics in saturation regime (Vd = -

80V) are the bottom (c-d). The channel length was 20 µm in all cases. 

10 min @ 100 °C + 10 min @ 150 °C 



Monolayer Brushes for Highly Efficient Polymeric SAMFETs  

 

170 
 

 



 
Chapter 8 

 

 
171 

 

 

Appendix:  
Nanoscale Morphology from Donor–Acceptor 

Block Copolymers: Formation and Functions 
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Abstract  

General design principles of donor–acceptor block copolymers are reviewed and 

specific results arising from block copolymers consisting of semicrystalline poly(3-

hexylthiophene-2,5-diyl) (P3HT) blocks of appreciably high molecular weight and 

acceptor blocks carrying pendant perylene bisimides or fullerene derivatives are 

summarized. The chapter is structured according to the building blocks P3HT, 

poly(perylene bisimide acrylate), and a polystyrene copolymer grafted with phenyl-C61-

butyric acid methyl ester used for the synthesis of the corresponding block copolymers, 

and in each part the synthetic challenges, structure formation, and consequences for 

charge transport, and in some cases photovoltaic properties, are addressed. 

Keywords Crystallization • Donor-acceptor block copolymers • Microphase separation 

• Poly(3-hexylthiophene-2,5-diyl) • Scattering techniques • Self-assembly 

 

1 Introduction 

Conjugated polymer–based organic solar cells have been successfully developed 

over the past 20 years,1–7 reaching current power conversion efficiencies (PCEs) over 

10 %.8–15 One major requirement, which arises from the fact that organic 

semiconductors generally exhibit strong exciton binding energies one order of 

magnitude above the thermal energy (kBT) and only small exciton diffusion lengths (a 

few nanometers), constitutes the existence of a so-called donor–acceptor (D–A) 

interface to facilitate exciton dissociation and thus charge generation at this 

heterojunction interface. Thus, only an intimate blend of donor and acceptor phases 

enables efficient charge generation throughout the bulk of the photoactive layer. Here 

the acceptor can be distinguished from the donor simply by having a larger electron 

affinity, thus forming a type II heterojunction. In other words, both the lowest 

unoccupied molecular orbital (LUMO) as well as the highest occupied molecular orbital 

(HOMO) of the acceptor need to have lower energy than the donor. In addition to 
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charge generation, their efficient extraction at the two opposing selective electrodes 

displays a second requirement for successful photovoltaic operation. Hence, donor and 

acceptor phases need to form a bicontinuous interpenetrating network of a certain 

coarse-grained lateral extension, providing percolation paths for both types of charge 

carriers (i.e., holes and electrons). To minimize charge recombination events, these 

phases need to be well separated at a length scale roughly corresponding to the exciton 

diffusion length,16 and both the charge generation and extraction benefit from the 

existence of semicrystalline phases. This three-dimensional mixing of donor and 

acceptor phases on the nanoscale is called the bulk heterojunction morphology.17,18 

Commonly, the formation of such bulk heterojunctions is practically obtained from 

blending the two molecular or polymeric components in a common organic solvent and 

casting a film from it, resulting in a morphology governed by a kinetically locked 

nonequilibrium distribution of those two phases. The disadvantage of this approach lies 

in the fact that the scale of phase separation can be subject to coarsening processes with 

time, resulting in an increase of domain sizes as a result of phase separation19,20 or 

unfavorable phase segregation toward an electrode,21–23 reducing the amount of charge 

generation and extraction over time. These processes are generally termed 

morphological degradation and need to be prevented to ensure long-term efficient 

device operation. Hence several approaches have been developed to lock the scale of 

phase separation within the bulk heterojunction, among which (1) cross linking of 

single phases by, for example, epoxy-based agents,19,24 (2) increasing the glass 

transition temperature of the blend,22,25–28 (3) compatibilization of the donor and 

acceptor phases via bifunctional surfactants,29,30 and finally, (4) the use of microphase-

separated D–A diblock copolymers as a single component with microstructures at 

thermodynamic equilibrium31,32 have been pursued. In the last approach, in addition to 

the viability of stable morphology, the scale of phase separation can be finely adjusted 

via precise control of the individual donor and acceptor blocks lengths to meet the 

restrictions of the exciton diffusion lengths. Furthermore, by definition of the respective 

volume fraction via the individual block lengths, certain phase distributions can be 

readily obtained, as predicted by the phase diagram of block copolymers. As an 
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illustration, Fig. 1 summarizes various resulting phase distributions dependent on the 

relative volume fractions of phases A and B.  

In this chapter, this approach toward creating microstructures in D–A block 

copolymers is reviewed. So far, polymer physics has described mostly the phase 

behavior of coil-coil (amorphous or liquid-like) block copolymers, that is, where both 

blocks exhibit a rather small persistence length (or Kuhn segment length), making them 

rather flexible. However, as already pointed out above, semicrystalline phases inhere 

the advantage of improved charge-transport and -generation capabilities, which 

triggered many authors to choose the so-called semicrystalline block copolymers (often 

referred to as rod–coil or rod–rod) to aim for well-defined phase separation in 

conjunction with crystallinity within the individual hole- and/or electron-transporting 

domains. With that approach, the goal of the majority of the studies was to obtain a 

controlled self-assembly of the donor and acceptor phases via molecular design of the 

functional blocks, yielding nanostructures suitable for photovoltaics and enabling 

efficient charge generation and transport over the whole lateral area of photovoltaic 

devices (compare with Fig. 2). 

 

Fig. 1 Schematic representation of most commonly observed morphologies of coil-coil block copolymers 

dictated by relative volume fractions. Typical range of percent volume fractions for the morphologies is 

also shown. Left to right: spherical, cylindrical, lamellar, inverse-cylindrical, inverse spherical phases. The 

red phase represents polymer block A and the blue phase represents polymer block B. (Reproduced with 

permission from 33) 
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Fig. 2 The schematic shows the goal pursued: via control of molecular structure by design leading to 

morphological control through self-assembly of nanostructures, yielding functional control in devices 

spanning all length scales from molecular (nanoscopic) over mesoscopic nanostructures to macroscopic 

device levels. 

Several attempts for reaching this goal were followed and have been described in 

the literature so far, from realizing first functional block copolymers with a dual 

function of electron- and hole-transporting phases,34–43 to using oligomers with a rather 

small scale of phase separation,44 up to the current rather successful approaches based 

on diblock copolymers exhibiting a poly(3-hexylthiophene-2,5-diyl) (P3HT)–based 

donor block combined with a fullerene-based acceptor block.45,46 Because of the large 

diversity of chemical structures and the huge number of publications in this field, we 

limit our discussions to P3HT systems in which the acceptor block carries either 

perylene bisimides (PBIs) or fullerene derivatives (C60, C70) as pendant groups (see 

Fig. 3). For reviews of different kinds of semiconductor block copolymers, we draw 

attention to published work by Mori et al.,43 Horowitz et al.,34 Thelakkat et al.,39,40 and 

Scherf et al..47 The chemical structures of some of the reported D–A block architectures 

are given in Fig. 4. Hashimoto et al.48 developed the most successful P3HTb-poly(C60) 

systems in which the fullerenes were grafted to a P3HT copolymer backbone, delivering 

PCEs of 2.46% in single-layer devices using polymer 4 (Fig. 4).  
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Fig. 3 Schematics of P3HT containing block copolymers carrying either perylene bisimides (PBI) or 

fullerene derivatives as pendant groups in the acceptor block. The double-headed red arrows indicate the 

−  interaction of the thiophene units leading to crystallinity and improved charge transport in these 

systems.  

The best-performing device so far was indeed obtained using a non–fullerene-

based acceptor block using a poly(9,9-dioctylfluorene)-co-(4,7-di-2- thienyl-2,1,3-

benzothiadiazole) copolymer approaching 3% PCE.51 This success was largely the result 

of a considerably high open-circuit voltage of more than 1.2 V.  

In this chapter, studies are reviewed which focus on an improved understanding 

of the self-assembling process by bringing the block copolymers first into the melt, 

accompanied by the formation of a microphase separation, and followed by a controlled 

crystallization upon slow cooling. A major challenge that still remains to be solved 

consists of obtaining the desired vertical phase orientation within the photoactive layer.  

To understand and control the D–A nanostructure in block copolymer systems as 

introduced above, it is important to identify the driving forces responsible for structure 

formation. The classical microphase separation refers to systems with two amorphous 

blocks and is driven by their incompatibility, quantified by the product N χ (N is the 

degree of polymerization, and is the χ Flory–Huggins interaction parameter). In 

addition, the phase diagram depends on the volume fraction; cf. Fig. 1. The situation 

becomes more complex if additional ordering processes take place within the individual 

blocks, which can also lead to a separation of the components. Crystallization is such an 

ordering process, but the formation of liquid-crystalline phases can also influence 

microphase separation.53 The complexity of microphase separation in crystalline–

amorphous systems as well as in double-crystalline block copolymers has, been studied 
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in detail by, for instance, Register et al. using polyethylene as a model block.54,55 In 

general, it is useful to first study the individual components of such a complex block 

copolymer system by themselves before studying structure formation in the fully 

functionalized block copolymers. As P3HT can crystallize and as most D–A block 

copolymers synthesized until now contain P3HT as the donor block, the case of 

crystallization is most important. Schematically, this situation is illustrated in Fig. 5.  

 

Fig. 4 Chemical structures of some of the selected P3HT-b-Poly(C60) systems (polymers 1-4),28,48-50 all 

conjugated polymers (polymers 5,6),51,52 and a P3HT-b-PPerAcr system 7,40 which were tested in polymer 

solar cells. 
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Fig. 5 Schematic illustration of possible ordering scenarios for block copolymers upon cooling (top to 

bottom): (a) A block copolymer with two noncrystallizable blocks forms a disordered melt at 

temperatures above the order−disorder temperature TODT (i), while for T < TODT (ii) in the ordered 

melt the well-known microphase separated morphologies develop. For block copolymers with one or two 

crystallizable blocks, the crystallization of the individual blocks either occurs from an ordered melt (b) or 

directly from the disordered melt (c) depending on the relative locations of TODT and Tc. Here, for 

simplicity, only one melting/crystallization temperature Tc was assumed. For case (b) very often 

crystallization overrides the existing microphase structure leading to a nanostructure consisting of 

lamellar crystals as in case (c). The case where for (b) the microphase structure stays intact upon 

crystallization, is called confined crystallization. (Reproduced with permission from 56) 

An additional aspect to be taken into account when considering structure 

formation in D–A block copolymers is the dependence on processing pathways. Drying 

from solution and cooling from the melt might not necessarily lead to the same 

nanostructure. Nevertheless it makes sense to first attempt to determine the 

equilibrium structure and to study deviations from it in a second step. To get 

information about phase diagrams, temperature-dependent in situ techniques are 

necessary, such as scattering techniques, complemented by imaging techniques used 

mostly at room temperature. To understand the structure formation in D–A block 

copolymers, in the following we first detail the controlled synthesis leading to structure 

formation in individual blocks. 
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2 Donor Building Block: P3HT 

2.1 Controlled Synthesis as a Key for Structure Formation 

Polythiophene, one of the most commonly used and most studied conjugated 

polymers, was earlier synthesized as an unsubstituted and insoluble derivative.57,58 

Later irregular alkyl-substituted polythiophene59 and in recent years regioregular 

poly(3-hexylthiophene-2,5-diyl), P3HT was prepared by Ni-catalyzed syntheses.60,61 A 

further development was the synthesis of the active Grignard monomer species through 

a Grignard metathesis reaction.62 This route, which starts from 2,5-dibromo-3-

hexylthiophene, will be referred to as the McCullough route, whereas the Yokozawa 

route uses 2-bromo-3-hexyl-5-iodothiophene as the starting component (Fig. 6). 

Yokozawa et al.64,66 and McCullough et al.65,67 were able to show that the Ni-catalyzed 

polymerization of 2a follows a chain growth mechanism and gives increased control 

over the properties of the targeted polymer.  

 

Fig. 6 Formation of the active Grignard monomer 2a by Yokozawa and McCullough route, and chain 

growth mechanism of the Kumada catalyst transfer polymerization. (Reproduced with permission from 

63) 
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Fig. 7 a) Size exclusion chromatography (SEC) curves of a series of P3HTs with different molecular 

weights and narrow distributions. The SEC was calibrated against polystyrene standards. b) Formation of 

P3HT-Alkyne via endcapping with ethynyl magnesium chloride and quenching in methanol. 

With this method it was possible to synthesize regioregular P3HT with narrow 

distributions and predictable molecular weights, which can be seen from the size 

exclusion chromatography (SEC) curves of a series of P3HTs with different molecular 

weights (Fig. 7a). The method is generally termed Kumada catalyst transfer 

polymerization (KCTP). Upon addition of the nickel catalyst, the active species 2a forms 

the nickel inserted dimer 4; species 2b does not take part in the polymerization 

because of the sterical hindrance of the hexyl chain. One regio defect is always 

generated at the initial step from the inserted dimer 4 to the initiating species 5. In the 

additional chain growth step, only head-to-tail couplings occur. After the monomer is 

consumed, the living chain remains active until the reaction is quenched with a suitable 

reagent. If P3HT is intended to be used in block copolymer systems or other, more 

complex architectures, it is important to control the end groups of the obtained 

polymers. Lohwasser et al.63 showed that a detailed understanding of the mechanism 

involved makes it possible to perfectly control the end groups of P3HT. It has been 

shown that the quenching agent has a great effect on the final product.68 Methanol as 

quenching agent was shown to lead to chain– chain coupling via disproportionation, 

which has a detrimental effect that cannot be observed after quenching the 

polymerization in dilute HCl. It has also been shown that a complete Grignard monomer 

formation was crucial to achieve almost 100% H/Br end groups. When LiCl was used as 

an additive, the complete consumption of t-BuMgCl and the complete formation of the 
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active species could be assured.69 LiCl accelerates the active monomer formation and 

increases the molecular weight of the final polymer by also incorporating the second 

sterically disfavored monomer species 2b. Wu et al.70 found that the detrimental effect 

of the incorporation of the second monomer on the regioregularity is minimal. This is 

because of the lower reactivity of the sterically hindered monomer 2b, which is only 

incorporated into the polymer chain once most of the majority species 2a is consumed. 

A simple way to obtain functional end groups is highly advantageous when P3HT is 

intended to be part of a block copolymer or more complex polymer architectures. 

Jeffries et al.71 reported a straightforward method to obtain a series of end groups 

simply by adding a functional Grignard reagent in order to end cap the polymer. While 

this method proved to be highly versatile and efficient, it did lead only to monocapped 

products for a variety of end-capping agents. Only end groups like vinyl or alkyne, 

which form stable -complexes with the nickel catalyst, did not lead to dicapped 

products. The formation of dicapped products in cases where the catalyst was not 

bound to the end group can be explained by the effect of a random catalyst walking 

along the polymer chain, which was observed by Tkachov et al.72  

The authors were able to show that the catalyst is not bound to one chain end but 

can move along the chain and initiate the polymerization at the other end of the 

polymer. This process, aside from having possibly negative effects on end capping, also 

leads to a change of position of regiodefects, which will not stay at one chain end but 

may rather be in the middle of the chain at the end of the polymerization. Especially 

alkyne-functionalized P3HT can be an interesting starting material for the synthesis of 

block copolymers containing P3HT. To obtain such polymers in high yield, it is again 

crucial to quench the polymerization in the appropriate media. Lohwasser et al.73 

showed that, in the case of alkyne functionalization, dilute HCl leads to a hydration and 

hydrohalogenation of the end group. Methanol, on the other hand, appeared to be a 

good choice in this particular case. The nickel is now in the Ni(0) state and no 

disproportionation reaction with the methanol is therefore possible (see Fig. 7b). 
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2.2 Structure Elucidation in Bulk and Thin Films of P3HT 

2.2.1 Temperature-Dependent Phase Diagram 

The structure of P3HT has been studied in detail by many authors, for 

instance.74-76 Depending on the conditions of sample preparation such as solvent, 

temperature, and molecular weight, it can exist in an amorphous phase with coiled 

chain conformations or in an aggregate phase containing planarized chains with a 

tendency to form semicrystalline domains. It has also now been well established that 

P3HT can adopt different morphologies.76 Using selected samples of P3HT with well-

defined molecular weight and high regioregularity from the series of materials 

mentioned above, Wu et al.77 performed temperature-dependent in situ small- and 

wide-angle X-ray scattering experiments complemented by differential scanning 

calorimetry (DSC) and atomic force microscopy (AFM) experiments. Fig. 8 shows the 

results of DSC measurements on a series of P3HTs with varying molecular weights.  

 

Fig. 8 Differential scanning calorimetry thermograms of samples of P3HT with a well-defined molecular 

weight. The sample names indicate the molecular weight Mn as obtained by matrix assisted laser 

desorption/ionization time-of-flight mass spectrometry; polydispersities are about 1.15. C.S. is a 

commercial sample with a broader molecular weight distribution. All data were obtained during a second 

heating run with a rate of 20 K/min. Other than with P3HT 24, all curves are shifted vertically for clarity. 

Straight lines below the melting peaks are used as a background signal subtracted for integrations to 

determine the melting enthalpy ΔHm. Note the transition around 60 °C for P3HT 3 caused by side chain 

melting. (Reproduced with permission from 78) 
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Excluding the sample with the lowest molecular weight, all samples melt in a 

similar temperature range around 220 °C. P3HT 3 shows an additional peak around 60 

°C, whose structural origin becomes clear when considering the temperature-

dependent wide-angle X-ray scattering (WAXS) patterns shown in Fig. 9 together with a 

sketch of the microstructure of P3HT. As described in the figure caption, the reflections 

indicating order in the crystal across the layers separated by side chains disappear 

around 60 °C, in line with the observed transition in the DSC. The samples with higher 

molecular weight do not show this transition, most likely because the corresponding 

ordering process at low temperatures is kinetically suppressed. This interpretation of 

the phase transition was later confirmed by nuclear magnetic resonance (NMR) 

experiments in which a structural disordering process of the alkyl side chains, not 

affecting the rigidity and conformation of the backbones, could also be observed.79 

 

 

Fig. 9 Top: temperature-dependent wide-

angle X ray powder scattering diagrams of 

P3HT 3 reflecting the crystal structure. All 

data were taken during heating. Bragg 

reflections are numbered from low to high 

scattering vector. Peaks 1–3 are caused by 

alternating layers of main and side chains 

in the a-direction, while peak 4 reflects 

the stacking. Peaks 5 and 6 carry mixed 

indices (hk0) and can only exist if crystal 

packing in different layers of main chains 

is in register. This kind of order is lost at 

the phase transition at 60 °C, which can 

therefore be attributed to side chain 

disordering. Peak 7 contains a 

contribution from the substrate and 

remains therefore visible up to the highest 

temperatures.  

Bottom: scheme of the typical 

microstructure of regioregular P3HT. a, b, 

c, crystal lattice parameters; dc, thickness 

of lamellar crystals; da, thickness of 

amorphous layers, dl, long period (scheme 

not to scale: the long period is about one 

order of magnitude larger than the lattice 

parameters a, b, c). (Reproduced with 

permission from 77) 
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2.2.2 Semicrystalline Morphology of P3HT 

That P3HT is semicrystalline is confirmed by the observation of a diffuse 

scattering signal in the X-ray diffraction pattern appearing underneath the Bragg 

reflections reflecting the crystalline fraction of the sample (Fig. 9). The corresponding 

morphology can be visualized by AFM. In the lower row of Fig. 10, a well-developed 

semicrystalline morphology, consisting of lamellar or fibrous crystals separated by 

amorphous domains on a scale of some 10 nm, is visible. These samples were 

crystallized by cooling from the melt. Directly after spin coating, crystallization is 

largely suppressed, as the images in the upper row show. A more quantitative analysis 

of the semicrystalline morphology is possible with SAXS, which allows a measurement 

of the long period of the semicrystalline structure. The result is shown in Fig. 11 

together with the contour length of the corresponding molecular weight. The results 

show that for low molecular weight the polymer crystallizes as extended chain crystals 

but starts to form folded chain crystals around a molecular weight of 12 kg/mol [matrix 

assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF 

MS)]. 

 

Fig. 10 Atomic force microscopy phase images of spin-cast (top) and melt-crystallized (bottom) films of 

P3HT with different molecular weights. The scan area for each sample is 500 x 500 nm2. (Reproduced 

with permission from 80) 
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Fig. 11 Left axis: long period (circles) as measured by small-angle X-ray scattering in bulk samples and 

calculated contour lengths (black bars) vs. molecular weight of P3HT (matrix assisted laser 

desorption/ionization time-of-flight mass spectrometry). Right axis: volume fraction (triangle) of more 

ordered P3HT domains in melt-crystallized films determined by analysis of ellipsometric data. 

(Reproduced with permission from 80) 

2.2.3 Quantitative Determination of Crystallinity 

A common method to determine the crystallinity of a semicrystalline polymer is 

based on comparing the melting enthalpy as determined by DSC to the melting enthalpy 

of a 100 % crystalline sample. The latter value has to be determined independently by 

an absolute method such as X-ray diffraction of NMR. We therefore attempted a 

quantitative determination of the crystallinity based on temperature-dependent 

SAXS/WAXS measurements on the above-mentioned series of P3HT with different 

molecular weights. The analysis is based on the evaluation of the scattered intensity 

from the amorphous regions as shown in Fig. 12, providing an easy and fast method to 

determine the crystallinity in the class of side chain–substituted polymers. The 

resulting values for the crystallinity of our P3HTs are in the range of 68-80 % at room 

temperature depending on the molecular weight. Based on these values, an 

extrapolated reference melting enthalpy of a 100 % crystalline material was 
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determined (ΔHm,∞ = ± 33.3 J/g) for use in DSC measurements. This value is consistent 

with a previous estimation based on NMR measurements79 and includes a substantial 

correction to previously used values.81 For higher molecular weights a decrease of the 

crystallinity was observed that can be explained by the onset of chain folding as 

deduced from the analysis of the SAXS patterns. An in-depth analysis of the scattering 

patterns indicated that the crystalline regions of P3HT exhibit a large amount of 

internal disorder, considerably larger than typically found in other synthetic polymers. 

The results are described in detail in.78 

 
 

Fig. 12 Left: X-ray diffraction pattern of P3HT 18 in the semicrystalline state at 40 °C (solid line) after 

cooling from the melt and in the melt (dashed line). The vertical dot-dashed line indicates the range in 

which the intensities were compared to determine the crystallinity. Right: crystallinities determined by 

wide-angle X-ray scattering (squares) and differential scanning calorimetry melting enthalpies (gray 

circles) of P3HT showing the same trend with molecular weight. The broken horizontal line indicates the 

extrapolated melting enthalpy of a 100% crystalline sample. (Reproduced with permission from 78) 

 

2.3 Structural Correlation with Charge Transport in Bulk and Thin Films 

Based on the results described above, the effect of crystallinity and molecular 

weight on the hole mobility in P3HT was investigated in single-carrier devices using the 

space charge limited current (SCLC) method.80 To vary the crystallinity in otherwise 

identical materials, we prepared two samples; one remained in the disordered state 

after spin coating, while the other was crystallized from the melt. As Fig. 10 shows and 

as confirmed by X-ray scattering, crystallization is largely suppressed after spin coating 

because of the fast drying process. The results of the charge-transport investigation in 

Fig. 13 show that there is a strong increase of up to one order of magnitude in hole 
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mobility upon crystallization. Even stronger was the effect of molecular weight, 

displaying a strong rise over nearly three orders of magnitude from the lowest to 

intermediate molecular weights. Beyond 12 kg/mol, the hole mobility decreased again 

and leveled off for highest molecular weights. This reduction thus occurred at a 

molecular weight, where chain folding sets in, resulting in a decrease in the overall 

crystallinity and an increase in the amorphous volume fraction. This result is in good 

agreement with the general model of chain organization, leading to predicted changes 

in certain material properties according to Vikar et al..82 In this case, however, the 

dependency is exponential, whereas the crystallinity itself displays the same behavior 

on a linear scale (compare with Fig. 11).It should be noted that the charge carrier 

mobility obtained for the melt-crystallized P3HT sample with MD12 kg/mol is one of 

the highest reported values for bulk charge transport through a film, thus reflecting the 

extraordinary quality of the material synthesized as described above. Based on these 

charge carrier mobility studies, the intermediate molecular weight sample could be 

identified as an ideal building block for the donor within block copolymers. 

 

Fig. 13 Space charge limited current charge carrier mobility of holes in as-cast (square) and melt-

crystallized (circle) P3HT films of different molecular weights (matrix assisted laser desorption/ 

ionization time-of-flight mass spectrometry). Each data point represents the average of three to four sets 

of devices produced for varying film thicknesses in the range of 250–350 nm. Dashed lines are shown as a 

visual guide for the observed trend of charge carrier mobility. (Reproduced with permission from 80) 
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3 Acceptor Building Block: 

Poly(Perylene Bisimide Acrylate) /Poly(PBI) 

3.1 Controlled Synthesis 

Polymers with pendant perylene bisimide side chains (PPBI) were first reported 

by Lindner et al.83 in 2004. The authors synthesized an asymmetrical PBI monomer 

with a solubilizing swallow-tail substituent and an acrylate group for polymerization. 

This acrylate monomer was polymerized with nitroxide-mediated radical 

polymerization (NMRP).84 It was possible to obtain moderate molecular weights by this 

method, and even block copolymers were obtained via sequential polymerization.40 The 

homo-polymerization of this high-molecular-weight PBI monomer is not optimal. 

Narrow distributions, which are characteristic for controlled radical polymerizations, 

could not be obtained. In addition, the polymerization has to be performed at high 

monomer concentrations and the resulting polymer shows a limited solubility. This 

makes it difficult to achieve high molecular weights and also limits the choice of side 

chains that can be introduced. These synthetic restrictions were overcome by 

introducing the Copper-catalyzed azide-alkyne cycloaddition (CuAAC) “click” chemistry 

concept85 and combining it with controlled radical polymerization. The first attempt to 

obtain PPBI polymer using this concept was reported by Tao et al.86 in 2009.  

Lang et al.87 investigated this concept in detail and compared it to the 

conventional synthesis approach. The polymer backbone is synthesized independently 

and afterward decorated with the PBI moieties. The authors synthesized 

poly(propargyloxystyrene) via NMRP with alkyne functionality at each monomer unit 

and also PBIs with azide functionality. Alkynes can undergo a very efficient reaction at 

room temperature with azides in the presence of a Cu(I) catalyst and form stable 1,4-

substituted triazoles.86 It was reported that the polymer backbone can be almost 

quantitatively decorated with the PBI moieties as proven by Fourier transform infrared 

and proton NMR spectroscopy. These polymers had very narrow distributions as good 

as 1.16 and molecular weights of up to 15.000 g/mol. 
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Fig. 14 Left: Pendant perylene side chains synthesized via “click chemistry” and right: a) Schematic of an 

electron-only device and (b) J–V characteristics for electron-only devices of compounds PPBI 1, PPBI 2, 

PPDB, and PPDI with active layer thickness L. (Reproduced with permission from 89) 

The “clicked” polymers were compared with poly(PBI acrylates) (synthesized 

directly via NMRP) with different alkyl spacers. The comparison of the phase behavior 

showed a strong dependence on spacer lengths. In a further study, Lang et al.88 

investigated the effect of the spacer length and different phase behavior of PPBI 

polymers with hydrophilic side chains. Two sets of polymers were synthesized as 

shown in Fig. 14: PPBI 1 - polymers with PPBIs with hydrophobic alky swallow tails; 

and PPBI 2 - a set with hydrophilic oligo ethylene glycol swallow tails. In both cases 

three polymers were synthesized, using three different spacers [(CH2)6, (CH2)8, and 

(CH2)11]. Systematically investigating the influence of the PBI substitutions could be 

done because the approach of a polymer-analogous introduction of different pendant 

groups to a single precursor polymer made it possible to obtain a set of highly 

comparable polymers. All polymers had molecular weights up to 60.000 g/mol (SEC) 

and narrow distributions below 1.09. This also showed that this modular synthesis 

method is reliable even for higher molecular weights. A marked difference between 

hydrophilic PPBIs with OEG- and hydrophobic PPBIs with alkyl swallow tails was 

reported. The hydrophilic PPBIs were all found to be amorphous with the spacer length 

influencing the glass transition temperature, Tg, of the polymers. An increase in spacer 

length reduced Tg. A similar trend was observed for the Tg of the hydrophobic polymers 

with generally higher transition temperatures. If the spacer length did not exceed 
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(CH2)8, the polymers were not amorphous but liquid crystalline. The introduction of the 

new hydrophilic side chains claimed to increase the χ-parameter through a polar-apolar 

driving force and could be interesting for a supposed block copolymer implementation. 

Two other new perylene derivatives were introduced utilizing this reliable concept.89 In 

this case, the electronically active perylene core was modified itself, tuning the 

absorption properties of the polymers. A poly(perylene diester benzimidazole) (PPDB) 

and poly(perylene diesterimide) (PPDI) with a blue - respectively, redshifted - 

absorption with respect to PBIs were successfully synthesized (see Fig. 14). 

3.2 Charge Carrier Transport in Polymeric PBIs 

As the same parent scaffold polymer was used for “clicking” the different perylene 

derivatives, the influence on charge-transport properties by modifying the pendant 

perylene core and the substituents on PBI could be well compared.89 In organic field-

effect transistor (OFET) devices, poor performance with high threshold voltages, 

hysteresis, and low on/off ratios were reported for each material. Electron mobility 

values of the OFET measurements are summarized in Table 1. Since the charge 

transport in OFET geometry is determined by a thin channel of charge at the gate–

dielectric interface, the results can be heavily influenced by the interface effects, 

wetting/dewetting issues, and unfavorable alignment of the polymers within the 

channel. Thus, the SCLC method is better suited to compare the bulk charge transport 

properties of these polymers. The SCLC electron mobilities are usually determined by 

fitting measured J–V characteristics using the Mott–Gurney equation in electron-only 

SCLC devices.90 The mobility values obtained from the SCLC devices are also mentioned 

in Table 1. 

Table 1 Organic field-effect transistor (OFET) and space charge limited current (SCLC) (obtained from 

single-carrier devices with an active layer thickness of ca. 350 nm) mobility values for PDEB, PDEI, 

PPBI 1, and PPBI 2.80,90 

Polymer OFET electron mobility (µe) (cm2Vs) SCLC electron mobility (µe)(cm2/Vs) 

PPDB - 6 x 10-4 
PPDI - 5 x 10-6 
PPBI 1 2 x 10-6 1 x 10-3 
PPBI 2 1 x 10-6 1 x 10-2 
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The typical J–V curves of electron-only devices for the four polymers mentioned 

above are depicted in Fig. 14 together with a schematic of an electron only device. A 

comparison of the mobilities shows that except for PPDI, all other polymers are good 

electron-transport materials. The electron mobility in PPDI, 5 x 10-6 cm2/Vs, was two 

orders of magnitude lower than that of in PPDB, 6 x 10-4 cm2/Vs. Nevertheless, in 

comparison to PPDB, better electron transport was reported for both PPBI polymers, 

that is, PPBI 1 and PPBI 2. A direct comparison of PPBI 1 and PPBI 2 showed that not 

only the core of the π-conjugation system, but also the substituent have an impact on 

the charge-transport properties of the material. PPBIs with hydrophilic OEG, PPBI 2, 

showed a major increase of one order of magnitude in electron mobility over PPBI 1 

with hydrophobic alky tails. The reported electron mobility in PPBI 2 was 

1 x 10-2 cm2/Vs, which is among the highest bulk electron mobility values ever reported 

for polymers.91,92 However, the X-ray diffraction data suggested a liquid crystalline SmC 

structure for PPBI 1, whereas it suggested an amorphous phase for PPBI 2.88,89 Thus, the 

less-ordered PPBI 2 was surprisingly superior in terms of electron mobility. 

3.3 Effect of Polymer Architecture on the Structure of PBIs 

From the different types of acceptor polymers introduced above, one, namely an 

acrylate with PPBIs with hydrophobic alkyl swallow tails, was selected for detailed 

structural investigations. This type of polymer was used later in the D–A block 

copolymers. To study the effect of the polymer architecture on structure, we included a 

low-molecular-weight model compound, PBI, as a reference material (cf. Fig. 15).93 The 

results of polarized light microscopy had already suggested that there are structural 

differences between the low-molecular-weight model compound PBI and the 

corresponding polymer poly(perylene bisimide acrylate) (PPerAcr) (cf. Fig. 15, right). 

Through a combination of DSC, optical microscopy, and temperature dependent 

SAXS/WAXS, it was shown that both compounds display a lamello-columnar packing. 

While the PBI crystallizes, the PPerAcr suppresses order, leading to only a 2D lamello-

columnar liquid-crystalline phase as schematically shown in Fig. 15. Most likely the 

reduced order in the polymeric compound is because of the quenched chemical 

disorder in the atactic polymer. 
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Fig.15 left: Chemical structures of the investigated materials: (a) Perylenebisimide side-chain polymer with 

polyacrylate backbone (PPerAcr); (b) asymmetrically substituted low molecular weight perylenebisimide 

(PBI); right top: Polarized light optical microscopy: PPerAcr (a) and PBI (b) at room temperature after 

cooling from the melt. Scale bar represents 200 μm in both cases; right bottom: Proposed lamella-columnar 

liquid crystalline structure for the polymer PPerAcr at T = 20°C. Packing in the a-b-plane is not correlated 

with stacking in c-direction. (Reproduced with permission from 94) 

In thin films, the a-axis is oriented perpendicularly to the substrate. Similarly as 

for P3HT, the ordering is suppressed directly after spin coating and a higher order is 

beneficial for charge transport, here electron transport. 

 

4 Acceptor Building Block: Poly(fullerenes)/PPCBM 

4.1 Controlled Synthesis 

Basically, the preparation of pendant fullerene polymers can be achieved either by 

polymer-analogous modification of a preformed polymer46,94–98 or directly by 

polymerization of fullerene-derivatized monomers using organometallic catalysis.100–103 

While many polymer-analogous approaches involve C60 as reagent, which often leads to 

polymer cross linking and multiaddition, we applied a well-controlled fullerene-grafting 

method using Steglich esterification.50 A series of well-soluble fullerene-grafted 
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copolymer PPCBMs with high contents of pendant phenyl-C61-butyric acid methyl ester 

(PCBM) between 30–64 wt% were synthesized (Fig. 16).104 The tailor-made precursor 

copolymers poly(4-methoxystyrene-stat-4-tert-butoxystyrene) obtained here by 

reversible addition fragmentation chain transfer (RAFT) polymerization were 

functionalized via an efficient polymer-analogous esterification. Both the grafting 

density and the PCBM content could easily be tuned by the monomer ratio in the 

precursor copolymers. The resulting PCBM-grafted copolymers exhibit low-molecular-

weight dispersity and no cross linking as a result of the controlled monofunctional 

grafting reaction, that is, Steglich esterification50 of phenyl-C61-butyric acid with the 

hydroxyl moieties of the precursor copolymer. The synthesized acceptor copolymers 

retain the optical and electrochemical properties of the incorporated PCBM 

independent of their fullerene weight fraction. 

 

Fig. 16 (a) Synthesis route towards PPCBM acceptor polymers starting from a poly(4-tert-butoxystyrene-

stat-4-methoxystyrene) copolymer with subsequent tert-butylether deprotection. The hydroxyl-

functionalized precursor copolymer is grafted with phenyl-C61-butyric acid (PC61BA) using an optimized 

Steglich esterification protocol. (b) Characteristic size-exclusion chromatography (SEC) traces in 

chlorobenzene at 50 °C of a PPCBM polymer (solid line) with a monomer ratio of a:b=0.23:0.77 and 

46 wt% PCBM in comparison to the corresponding precursor copolymer (dashed line). (c) Matrix assisted 

laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF) mass spectra confirming the 

molar mass growth after successful grafting of the precursor (dashed line) with PC61BA moieties yielding 

PPCBM (solid line).  
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4.2 Structure Formation and Charge Transport 

Earlier studies on side chain polymers carrying pendant C60 have shown a 

correlation of increasing electron mobility with increasing C60 content.105 In these 

systems, for a C60 content of 23–60 wt%, a rather low electron mobility of 10-9 to 10-

7cm2/Vs was determined by the SCLC method.14,106 Further, these fullerene polymers 

exhibit a C60 aggregation starting at a threshold of 12–13 vol% of incorporated C60. The 

improved charge transport reported by Fang et al.103 of pendant C60 polynorbornenes in 

OFET was attributed to the confined organization of fullerenes along the polymer chain. 

The potential for the application of pendant fullerene polymers as a suitable acceptor 

material in polymer solar cells was successfully demonstrated by Eo et al..102 Our 

structural studies using AFM, transmission electron microscopy, and X-ray diffraction 

reveal a homogeneous and amorphous morphology of the PPCBMs both in thin films 

and in bulk phase. In contrast to pristine PCBM or blends of polystyrene and PCBM, the 

strong tendency for nanocrystal formation of PCBM is fully suppressed in the PCBM-

grafted copolymers. Additionally, the absence of nanocrystal formation in PPCBM was 

maintained even after prolonged thermal annealing (Fig. 17). 

 

Fig. 17 Transmission electron microscopy images representing thin films made of (a) a blend consisting 

of 50 wt% PCBM content and 50 wt% polystyrene precursor and (b) a PPCBM acceptor polymer with 

51 wt% of incorporated PC61BM. By the covalent attachment of the PC61BM moieties to the polymer 

backbone, the demixing of the fullerenes and polymer is fully restrained leading to a homogenous 

morphology. (c) Powder X-ray diffractograms of the blend sample and PPCBM before and after annealing 

at 140 °C for 3 hours indicating a suppression of nanocrystal formation in the PPCBM acceptor polymer. 

(Reproduce with permission from 104) 
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The electron-transport properties were studied using the SCLC method. The 

maximum electron mobility µe of 1 x 10-4 cm2/Vs was achieved for 37 wt% of 

incorporated phenyl-C61-butyric methyl ester (PC61BM). Despite the dilution of the 

electronically active fullerene moieties with the insulating polymer backbone, the 

PC61BM-grafted copolymers exhibited exceptionally high charge transport compared to 

blend systems between polystyrene copolymers and PC61BM. For 30 wt% PC61BM 

content, the grafted copolymer exhibited three orders of magnitude better mobility 

than the corresponding blend. Thus, an efficient charge carrier percolation is facilitated 

by the homogeneous distribution of PC61BM in the copolymer. Charge transport in the 

blends relies on nanocrystal formation and is improved by increasing the PC61BM 

content. On the other hand, the PC61BM-grafted copolymers exhibit excellent mobility 

and no nanocrystal formation even after thermal annealing. This can be of great 

advantage if issues of long-term stability in devices have to be addressed using 

fullerene materials. The modular synthetic approach presented here can also be 

transferred to other fullerene derivatives. 

 

5 Donor–Acceptor Block Copolymers: P3HT-b-PPerAcr 

5.1 Synthesis of P3HT-b-PPerAcr 

P3HT-b-PPerAcr copolymers constitute one of the fully functionalized block 

copolymers carrying both donor and acceptor moieties obtained by controlled 

synthesis of the individual blocks, maintaining appreciable solubility in common 

solvents.37,86,107,108 The synthetic strategy of this system can be taken as a general 

criterion for the design of D–A block copolymer systems. P3HT-b-PPerAcr polymers 

were first synthesized by Sommer et al.107 from a P3HT macroinitiator. For this, P3HT 

with a molecular weight of 8900 g/mol (SEC) and a narrow PDI was first synthesized by 

a modified version of the aforementioned Yokozawa route and in situ functionalized to 

obtain a macroinitiator suitable for NMRP. This macroinitiator was then used to 

polymerize a PBI acrylate. A set of block copolymers with small polydispersities and 

different PBI contents was obtained. The low degree of polymerization of these block 
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copolymers prevented them from phase separating into well-defined and ordered 

structures in the melt. By a modified synthetic strategy, Lohwasser et al.56 obtained 

higher molecular weights, which led to a sufficient increase of the χN-parameter. P3HT 

with a high molecular weight (19.7 kg/mol in SEC, equivalent to a MALDI-TOF MS 

molecular weight of 12.4 kg/mol) and an alkyne end group was synthesized and 

converted into a macroinitiator suitable for NMRP via CuACC “click” chemistry. This 

macroinitiator was then used to polymerize the PBI acrylate monomer. This new 

method also prevented the formation of triblocks, which can occur when the 

macroinitiator is synthesized in situ as reported before. In this way, the synthesis of a 

series of D–A block copolymers P3HT-b-PPerAcr with sufficient purity, a narrow 

distribution (PDI < 1.20), and a high molecular weights was realized (see Fig. 18). The 

structure formation and microphase separation in two selected block copolymers with 

47 and 64 wt% of PPerAcr are discussed in detail in the following. 

 

Fig. 18 Synthetic scheme for P3HT-b-PPerAcr blockcopolymers starting from P3HT-alkyne and its 

conversion to a macroinitiator suitable for nitroxide-mediated radical polymerization NMRP of PerAcr 

monomer. The listed samples BCP 1-3 are used for further investigations described ahead. 
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5.2 Structural Elucidation of P3HT-b-PPerAcr 

Transmission electron microscopy images of two exemplary block copolymers of 

the type introduced above are shown in Fig. 19. The patterns are very similar to 

classical microphase structures as they had not been observed before on D–A block 

copolymers. Combined SAXS/WAXS measurements showed that indeed these samples 

microphase separate at elevated temperatures, where both components are in the 

molten state. The data in Fig. 20 demonstrate that subsequent cooling leads to 

crystallization but leaves the microphase structure intact, as it becomes obvious from 

the unchanged position of the peak in the SAXS pattern reflecting the nanostructure. 

These results show that to achieve well-defined classical microphase structures, the key 

is high molecular weight leading to a large enough incompatibility χN, as it induces 

microphase separation at high temperatures with subsequent confined crystallization. 

The observed microstructures fitted the respective volume fractions well, and the 

crystalline packing within the individual blocks was analogous to those in the 

respective homopolymers. For the first time, typical lamellar or cylindrical phase–

separated structures as known for amorphous coil-coil systems were realized for a 

crystalline-liquid crystalline, D–A block copolymer.56 A similar block copolymer 

synthesized with the above-mentioned method exhibited only crystallization-induced 

microphase separation (cf. Fig. 5). 

 

Fig. 19 Illustration of the microphase separation in donor-acceptor block copolymers, P3HT-b-PPerAcr 

with different volume fractions of PPerAcr and transmission electron micrographs of the two 

exemplary block copolymers exhibiting lamellar (BCP 2) and cylindrical (BCP 3) microphase structures. 
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Fig. 20 Combined small-angle and wide-angle X-ray diffraction pattern of the asymmetric 

P3HT-b-PPerAcr (BCP 3) (cylindrical microstructures) recorded during cooling from the melt. 

Temperatures at which the block copolymer is in the molten state are marked in orange. Note that the 

position of the small angle peak reflecting the nanostructure remains unchanged upon crystallization 

(Bragg peaks at high scattering vector) indicating confined crystallization. (Reproduces with permission 

from 56) 

Next, structural and electronic properties of thin films prepared from these block 

copolymers using a combination of X-ray scattering, AFM, and vertical charge transport 

measurements in diode devices were studied.109 Exemplary results are shown in 

Fig. 21. Generally, the well-defined microphase structures found in bulk could also be 

prepared in thin films, but block copolymer self-assembly and crystallization of the 

individual components are interrelated, and well-developed microdomains form only 

after an annealing step above the melting temperature of both components. In addition, 

alignment parallel to the substrate induced by interfacial interactions was observed. 

The copolymers sustain ambipolar charge transport, but experiments on samples 

prepared with different thermal treatment show that the exact values of electron and 

hole mobilities depend strongly on orientation and connectivity of the microdomains as 

well as the molecular order within the domains. Generally, the measured mobilities 

were lower than in pure homopolymers, similarly as in blend morphologies, as they are 

used for organic solar cells. Apart from optimization of domain sizes, an important 

further step toward usage of the investigated materials in solar cell devices will be to 

achieve vertical alignment of the microphase structure. 
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Fig. 21. a) Atomic force microscopy height image of an annealed film of the same P3HT-b-PPerAcr with 

cylindrical microdomains (BCP 3) measured with a Bruker MultiMode 8 using PeakForce TapingTM mode 

(nanoscope 5 controller) and showing cylindrical microstructures lying flat on the substrate. We 

attribute the small-scale structure within the cylinders to P3TH crystals. b) Two dimensional grazing-

incidence small-angle X-ray scattering image of a similarly prepared film. The specular reflection is 

masked by the beam stop. The red line indicates Yoneda’s position. The two peaks around qy=0.14nm-1 

reflect the lateral arrangement of cylindrical microdomains. (Reproduced with permission from 109)  

5.3 Solar Cell Devices Based on P3HT-b-PPerAcr 

In general, the photovoltaic performance of the P3HT-b-PPerAcr systems 

investigated up to now was weak for a variety of reasons, as discussed below. First, 

photovoltaic devices based on the P3HT-b-PPerAcr diblock copolymers110 were realized 

with a PPerAcr weight fraction of 55 wt% and two different block lengths of the P3HT 

block of 8.9 and 17.0 kg/mol. Here a strong dependence on the block length was found: 

Whereas the smaller-molecular-weight block copolymer yielded only about 3% 

maximum external quantum efficiency (EQE), the larger resulted in a maximum of 31% 

EQE and thus produced one order of magnitude larger photocurrent. However, overall 

device efficiencies remained low at 0.007 and 0.17% PCE as a result of the small open-

circuit voltages and small fill factors. Nevertheless, an important lesson has been 

learned: For efficient charge transport, a certain scale of coarse graining in the donor 

and acceptor domains is required. The next step of improvement was reported about 2 

years later with the same kind of block copolymer, exhibiting a PPerAcr weight fraction 

of 45% and a higher total molecular weight of about 27 kg/mol.111  
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a) 

 

b) 

 

Fig. 22 a) Current-voltage characteristics of photovoltaic devices based on pristine P3HT-b-PPerAcr 

(BCP1) (black squares), those with additional PPerAcr (PA) homopolymers (red circles) and finally the 

device with an additional perylene bisimide (PBI) interface layer. b) Dependence of the short-circuit 

photocurrent, open circuit voltage, and photoluminescence intensity of P3HT-b-PPerAcr:PPerAcr block-

copolymer:homopolymer blends. (Reproduced with permission from 111) 

The corresponding results are shown in Fig. 22. While the pristine block 

copolymer delivered a PCE of 0.1% only, the addition of PPerAcr homopolymer yielded 

a threefold improvement, yielding an overall PCE of about 0.34%. This improvement 

was largely based on doubling the photocurrent to 2 mA/cm2 and a relative increase of 

the open-circuit voltage by another 60%. Using steady-state photoluminescence 

measurements, this increase could be partially assigned to a statistically increased 

PPerAcr domain size, as the strong rise in the corresponding luminescence signal 

shows. A surprising result was the steady increase of the open-circuit voltage with 

increasing PPerAcr fraction, reaching a maximum of 575 mV for the largest weight 

fraction (90 wt%) investigated. The key for understanding the rise in the opencircuit 

voltage was provided by X-ray photoelectron spectroscopy measurements on 

identically processed films, by which it was found that the PPerAcr surface fraction was 

increasing over-stoichiometrically compared to the bulk fraction. Since the electron-

extracting electrode of the photovoltaic devices was situated at this interface with the 

photoactive layer, an enrichment of the electron-transporting PPerAcr phase could be 

related to the formation of a hole-blocking layer, thus preventing charge recombination 

at the electron-extracting electrode and improving the open-circuit voltage by a higher 

maintained quasi-Fermi level of the electrons. 
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Table 2 Summary of the photovoltaic parameters obtained for the P3HT-b-PPerAcr system (BCP 1), upon 

domain coarsening via homopolymer blending and blocking layer insertion using the PBI interlayer.111 

Active layer Jsc (mA/cm2) Voc (V) FF (%) Η (%) RS (Ω) RSH (Ω) 

BCP 1 0.84 0.23 41 0.08 12.1 1277 
BCP 1+PA 2.00 0.41 45 0.34 18.5 1851 

BCP 1+PA+IL 1.96 0.61 47 0.56 26.7 3002 

 

To prove this hypothesis, an alcohol-soluble perylene derivative, PBI, was 

deposited as an extra layer to function as a hole-blocking electron-transporting layer on 

top of the photoactive layer. At the optimum blend ratio yielding the maximum 

photocurrent, the application of this PBI interlayer resulted in an increase of the open-

circuit voltage yielding reasonable 610mV and a PCE of 0.56 %.111 Table 2 collects the 

device parameters from these experiments. 

The block copolymers BCP 2 (lamellar morphology, 47 wt% PPerAcr) and BCP 3 

(cylindrical morphology, 64 wt% PPerAcr) were used to undertake a first study of the 

interrelation between morphology and solar cell performance. Different thermal 

treatments were applied to vary the morphology: In the film obtained after spin coating, 

microphase separation as well as crystallization of the components are largely 

suppressed by the fast drying process. One film was annealed above the melting 

temperature of PPerAcr but below the melting temperature of P3HT. In this film both 

components crystallize, but there is no time for the development of a well-defined and 

ordered microphase structure because of the fast crystallization of the P3HT 

component. A third film was first annealed at a high temperature where both 

components are molten, leading to the development of a well-defined microphase 

structure with subsequent crystallization during cooling. Of course, this latter 

treatment also leads to an orientation of the microdomains parallel to the substrate, 

preventing a good charge transport to the electrodes; a high-performance photovoltaic 

device is not yet produced in this way. As an example, the results of the photovoltaic 

characterization of BCP 3, for which the structural analysis is shown above, are shown 

in Fig. 23. Clearly, the increase in crystallinity induced by the thermal treatment at the 

intermediate temperature led to a considerable increase in the photocurrent, whereas 

the unfavorable orientation of the microdomains induced by annealing in the melt state 
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again suppressed charge transport, leading to a very low short-circuit current and an 

even worse photovoltaic performance than in the “as-cast” case. These results 

demonstrate the combined influence of crystallinity and block copolymer morphology 

upon photovoltaic parameters. 

As an outlook for further studies, therefore either a more favorable vertical 

microphase orientation or a bicontinuous phase like the gyroid structure may be most 

beneficial for obtaining high-performance organic photovoltaic devices based on self-

assembling single-component block copolymers. 

 

6 Donor–Acceptor Block Copolymer: P3HT-b-PPCBM 

6.1 Controlled Synthesis Without Cross Linking 

The very first reports on block copolymers carrying a poly(p-phenylene vinylene) 

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

et al..94 Then the development of controlled P3HT polymerization and the capability of 

specific end functionalization of P3HT opened new perspectives for the synthesis of D–

Fig. 23 Current-voltage characteristics (I-V, left) and external quantum efficiency (EQE, right) obtained 

from BCP 3 prepared in the following way: (i) as-cast (black squares), (ii) annealing at an intermediate 

temperature (215 °C) leading to crystallisation without well-ordered microphase separation (red circles), 

and (iii) annealing at high temperatures (250 °C) leading to the formation of well-defined microdomains 

oriented parallel to the substrate (blue triangles). Clearly, the unfavorable orientation of the lying 

cylinders results in the worst photovoltaic performance of all cases. (Reproduced with permission 

from 33) 
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A block copolymers comprising fullerene-grafted acceptor blocks. A variety of C60-

decorated block copolymers was reported.31,35,38,97,112 However, an elegant method for a 

controlled fullerene attachment without multiaddition or cross linking was first shown 

by Russel et al. using Steglich esterification50 and Hashimoto et al. using alkyne-azide 

click chemistry.48 

 

Fig. 24 a) Azide-terminated poly(4-hydroxystyrene-stat-4-methoxystyrene) copolymers obtained either 

by reversible addition-fragmentation chain transfer polymerization (RAFT) or nitroxide-mediated radical 

polymerization (NMRP) of 4-methoxystyrene and 4-tert-butoxystyrene with subsequent polymer-

analogous deprotection of the tert-butyl ether group. b) Synthesis rout of the donor–acceptor block 

copolymer P3HT-b-PPC71BM via copper(I)-catalyzed alkyne-azide cycloaddition and Steglich 

esterification with PC71BA. 
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We present a straightforward method for the preparation of novel D–A block 

copolymers based on an acceptor block with pendant PC61BM or its C70 analogue [6,6]-

phenyl-C71-butyric acid methyl ester (PC71BM) and a regioregular P3HT as donor.41 Our 

strategy is based on a modular combination of azide-terminated polystyrene 

copolymers with alkyne-terminated P3HT using CuAAc to form the block copolymer. 

The polystyrene precursor poly(4-tert-butoxystyrene-stat-4-methoxystyrene) can be 

tailored precisely using controlled radical polymerization methods such as RAFT 

polymerization or NMRP. Subsequent acidic hydrolysis was used to deprotect the tert-

butylether group, yielding a hydroxyl-functionalized copolymer. Polymer coupling with 

ethynyl-terminated regioregular P3HT73 using CuAAC proceeds equally well for both 

RAFT and NMRP precursor copolymers. 

Because of the modularity of the P3HT-b-PSOH block copolymer synthesis, a wide 

range of individual polymer designs can be realized in terms of the block lengths, 

grafting density with fullerene moieties, and the final D–A composition after PCBM 

grafting. Lastly, the fullerene acceptors are covalently attached to the preformed block 

copolymer to give the P3HT-b-PPCBM D–A block copolymers. To enhance the optical 

properties of the block copolymers, PC71BM as the state-of-the-art acceptor in organic 

photovoltaics was introduced to these polymer systems. The esterification reaction of 

phenyl-C71-butyric acid (PC71BA) to the hydroxyl groups of the polystyrene precursor 

was first optimized in homopolymers and yielded near-quantitative conversion. An 

analogous grafting reaction with P3HT-b-PSOH yielded the fully functionalized D–A 

block copolymer P3HT-b-PPC71BM (Fig. 24). As a result of incorporating C70, the D–A 

block copolymer exhibits enhanced absorption in the whole visible range of 300–600 

nm. 
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Fig. 25 a) GISAXS data of P3HT-b-PPC71BM showing horizontal intensity profiles around Yoneda’s position 

at room temperature of films prepared by drop-casting and spin-coating with subsequent annealing in the melt at 

240 °C. The peaks indicate a periodic nanostructure which is consistent with bulk data from small-angle X-ray 

scattering measurements. b) Scanning electron microscope image of P3HT-b-PPC71BM prepared by drop-

casting of a 2 wt% dichlorobenzene solution. The inset shows a magnified section of the film. (Reproduced with 

permission from 41) 

6.2 Structure Formation 

Even though different synthetic approaches to realize fullerene-containing block 

copolymers have been reported, no microphase separation with ordered D–A domains 

was observed for C60-grafted D–A block copolymers up to now. Structural investigations 

on these block copolymers are rare and show either a loss of nanoscale structure 

because of fullerene aggregation49 or a disordered phase-separated morphology.48,50 In 

contrast, our structural analysis of the P3HT-b-PPC71BM block copolymer based on 

SAXS in transmission and in grazing-incidence geometry (GISAXS) as well as scanning 

electron microscopy (SEM) gave clear evidence for the formation of a periodic 

nanostructure of 37 nm in bulk and in thin films (Fig. 25). Temperature dependent 

SAXS measurements both in the melt at 240 °C and in solid state at room temperature 

show the same periodic nanostructure. The fact that the SAXS peak is almost unchanged 

after cooling to room temperature, that is, after crystallization of the P3HT component, 

suggests that the nanostructure is already caused by a liquid–liquid phase separation in 

the melt.56 Compared to the block copolymers described above, the high Tg in the 

acceptor block here seems to be a hurdle for the formation of equally well-developed 

microdomains on cooling from melt. Remarkably, the observed nanoscale morphology 

is nearly independent of the processing method, that is, from solution or by melt 
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crystallization above the melting point of P3HT at 240 °C. SAXS and GISAXS structural 

analysis correlates with the domain size observed in SEM. 

 

Conclusion and Outlook 

The biggest challenges in designing and synthesizing block copolymers carrying 

semicrystalline P3HT segments of appreciably high molecular weight and acceptor 

blocks carrying PPBIs or fullerene derivatives have been successfully accomplished. 

Some of the initial problems such as end-group fidelity of the first block are no longer 

issues, and the problems of subsequent polymerization using P3HT macroinitiator have 

been resolved by making use of the modular approach provided by click chemistry. This 

has led to well-defined P3HT-b-PPerAcr block polymers with required volume fractions 

and low polydispersity. One of the biggest tasks in the synthesis of pendant fullerene 

polymers is the attainment of sufficient fullerene content without compromising on 

solubility. Additionally, the multivalent attachment of fullerene to polymer backbone 

leading to cross linking and insoluble materials reported earlier could be avoided by 

adopting a polymer-analogous esterification. Thus, a combination of all these synthetic 

techniques involving NMRP, KCTP, and click chemistry has facilitated the tailored 

synthesis of such complex D–A structures exhibiting microphase separation and thus 

suitable for structure–property correlation studies. Note that using two P3HT-b-

PPerAcr block copolymers of sufficient molecular weight and either 47 or 64 wt% 

PPerAcr in the acceptor block allows one to obtain microphase separation and 

subsequent confined crystallization via cooling from the melt, yielding lamellar in the 

former case and cylindrical microdomains in the latter case. In the synthesis, further 

efforts are needed to obtain controlled lengths of novel low-bandgap donor segments 

with low polydispersity and to integrate them into block copolymers. 

In terms of the microscopic structure, the basic result of our investigations is that 

the crystalline–liquid crystalline D–A block copolymers, P3HT-b-PPerAcr, under study 

are in fact very complex systems, but the driving forces and principles underlying the 

structure formation are very similar to more conventional materials. There is generally 

a competition between liquid–liquid microphase separation and the formation of order 
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on a molecular scale via crystallization or the formation of a liquid-crystalline phase. 

P3HT shows the typical features of semicrystalline polymers, and PPerAcr forms a side 

chain liquid crystal. The morphology of block copolymers from such materials depends 

on the relative values of the different transition temperatures and on the mobility of the 

materials involved. In addition, there is not necessarily one well-defined equilibrium 

structure; the structure may depend on the processing conditions (thermal history, 

melt, or solvent processing). Also, the effect of the thin-film geometry on self-assembly 

is rather similar to simpler systems studied in the past. Because of interfacial 

interactions, microdomains tend to align parallel to the plane of the film. Moreover, 

crystallization under the constraints set by the microphase structure can lead to 

orientation of the crystals. It is important to note that for the systems studied, the 

crystallization of the individual components did not destroy the microdomains; that is, 

the crystallization was confined. 

With respect to the application of diblock copolymers in photovoltaic devices, 

substantial progress in understanding the underlying principles has been made. At first, 

a certain scale of phase separation appeared to be required in order to allow efficient 

charge extraction. This has been shown by comparing D–A block copolymers bearing 

different molecular weights and via blending in a PPerAcr homopolymer, where the 

original block composition included only 45 wt% of PPerAcr before and 70 wt% after 

homopolymer addition. With microphase-separated block copolymers, the preferential 

alignment of the microdomains parallel to the electrode surface unfortunately 

constitutes a major hindrance for efficient charge extraction. However, as desired, the 

block copolymers exhibit ambipolar charge transport, but as the transport and 

structure are coupled, further optimization is necessary and probably also possible. An 

important further step toward the materials investigated here being used in solar cell 

devices will be to achieve vertical alignment of the microphase structure. This task is 

not trivial, as the two most established methods to orient thin-film block copolymers 

cannot be applied without difficulty. Electric field induced alignment is not efficient 

most likely because of the residual conductivity of the materials, and solvent annealing 

is difficult in crystalline systems, as it requires compatibilization of the components as 

well as dissolution of the crystals. Nevertheless, at this point it has already become clear 
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that the block copolymer architecture allows the preparation of well-defined and stable 

D–A nanostructures with the shape and size of the domains determined by the 

architecture and molecular weight of the polymer. 
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