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Summary

This thesis addresses the preparation artkpth characterization of new fullerene
based electron transport polymers and their integration intedeéhed donoiaceeptor
block copolymers. In particular for organic photovoltaic devices, these semiconducting
block copolymers hold great promise for improved loeign stabilitybased on a stable
nanoscale morphologyVhile theoretical studies predict their advantageouospimlogd-
cal and photophysical properties, the experimgntddservedsolar cellperformance B
ten remais below the expectations. This discrepancy can be understood and solved only
by unraveling the complexity of interdependencies between polymer designture

formation and electroniproperties.

First, a feasible method was developed to synthesize fullerene polymers m a co
trolled way which circumvents cro$isking and multiaddition of fullerenes. Controlled
polymerization techniques such as mxide-mediated radical polymerization (NMRP) or
reversible additioiragmentation chain transfer (RAFT) polymerization have been used
to synthesize the precursor polyfethoxystyrenetat4-hydroxystyrene). The monomer
ratio decides about the final grafjirdensity after the polyme&mnalogous esterification
with phenytCg;-butyric acid (PGBA) or its G analogue P&BA. This route yields
well-soluble fullerene polymers (PPCBMlenotes PP&EBM or PPG:BM in genera)
incorporating up to 6%t% PCBM with deined molecular weights and narrow
dispersitiesThe PPCBMs retain the optical and electrochemical properties of the inco
porated PCBM independent of the fullerene fractiéor PG;;:BM contentsbetween 30 to
50wt% the PP@BMs exhibit bulk electron mobililes up to 1x 10 “cn’*V*s! mes-
ured by spaceharge limited current (SCLC). The structural analysis confirmed ahe h
mogeneous and amorphous nature of PPCBM and revealed a glass trégsiperature

which is strongly increasing with the grafting density.

A modular stategy for donosacceptor block copolymers has been developed based on
a poly(3hexylthiophene) (P3HT) donor block and PPCBM as acceptor block. The co
bination of Kumada catalystansfer polycondensation (KCTP), NMRP or RAFT, azide
alkyne cycloadditon fo polymer coupling and fullerene grafting provides a versatile
toolbox for precisely tailored block copolymers. Specifically the grafting density and the
donoracceptor composition in P3HI-PPCBM has been systematically tuned to $crut

nize the consequens®n structure formation and charge transport. The block copolymers
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show a periodic doneacceptor nanostructure in the range of480vm following the
molecular weight trend. Interestingly, the observed nanostructures are identical in bulk
and in films ad even independent of the processing methedfrom solution or mek
crystallization. Small angle -Xay scattering indicatesraicrophase separatedorphob-

gy in the melt and upon cooling and crystallization of the P3HT. Though, the absence of
long-range ordered microdomains is attributed to the high glass transition temperature of
PPCBM which is likely pinning the structural evolution in an incompheiterophase gg
aratedstate. This constraint becomes even more critical when the-doneptor comp-

sition is shifted towardsigh contents ofPPCBM suppressing both crystallization of

P3HT and microphasseparation.

To identify theoptimumpolymer design for ambipolar and balanced charge transport,
the block copolymers have been studied in organic-géitect transistors (OFET). The
grafting density inP3HT-b-PPG;BM block copolymers turned out as a key factomte i
prove the electron mobility by orders of magnitude without sacrificing the hole transport.
Tuning the donoeacceptor composition ia series ofP3HT-b-PPG:BM revealedthe
significance of a roughly balanced composition which is required for bicontinuous perc
lation paths. Polymer design alone was not sufficient to realize balanced mobilities, ther
fore, blending with PCBM was investigated as #araative approach. Thddnd of d-
nor-acceptor block copolymeP3HT-b-PPG:BM and PG:BM (60:40, wt:wt) showed
enhanced electron mobilities pf=(3.2° 1.7)x 10*cm*V*s* and a hole mobility of
Hn=(1.8° 0.6)x 10°cm?V*s™. Thereby, the blockopolymerblend providessimilarly
high mobilities compared to a P3HT:RBM blend, but exhibits exceptionally stable
transport even for prolonged thermal anneaéihigh temperature3he operational at
bility in OFETSs originates from the loAgrm stake nanostructure comprising P3HT and
PCBM-enriched acceptor phases templated by the block copolymer structure.

In conclusion, this thesis comprises a novel route for the synthesis of fuligedted
donoracceptor block copolymers allowing the finming of composition, grafting ders
ty and molecular weights. The systematic investigation of polymer design, struature fo
mation and charge transport contributed significantly to resolve the fundanssots in
structureproperty relationships andl opensnew perspectives for future application in

optoelectronic devices.
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Zusammenfassung

Die vorliegende Dissertation beschéftigt sich dat Synthese und detaillierten Unte
suchung neuer Elektronentransp@dlymere auf der Basis von Fullerenen sowie deren
Verwendung in wohldefinierten Dondtkzeptor Blockcopolymeren. Fur die Anwendung
in der organischen Photovoltaik sind diese Blockcopolymere sehr vielversprechend im
Hinblick auf eine verbesserte Langzeitstabilitat aufgrund ihrer stabilen Nanostruktur.
Obwanl theoretische Untersuchungen eine vorteilhafte Morphologie und ginstige phot
physikalische Eigenschaften vorhersagen, erfullen die experimentellen Ergebnisse bei
Solarzellen die Erwartungen meistens nicht. Um die Kluft zwischen Theorie und-Exper
ment zuverstehen und Losungen entwickeln zu kénnen, ist es zwingend notwendig, die
vielschichtigen Wechselwirkungen zwischen Polymerdesign, Strukturbildung und elek

ronischen Eigenschaften dieser Blockpolymere systematisch aufzuklaren.

Zunachst wurde eine geeife Methode entwickelt, um fullerenhaltige Polymere auf
kontrollierte Weise herzustellen ohne dass Vernetzungsreaktionen stattfinden oder
Multiaddukte mit Fullerenen entstehen kdnnen. Kontrollierte radikalische Polynterisat
onsmethoden wie die Nitroxigermittelte Polymerisation (nitroxide mediated radical
polymerization, NMRP) oder die reversible AdditieragmentierungKettenliberta-
gungpolymerisation (reversible additidragmentation chain transfer, RAFT) wurden
zur Synthese des Precursors Poly(dthoxystyrolstat4-hydroxystyrol) verwendet. Das
eingebaute Monomerverhaltnis legt die spatere Funktionalisierungsdichte mit Fullerenen
nach der polymeanalogen Veresterung mit den FullerenderivatehenytCe;-
Buttersaure(phenytCgi-butyric acid, PG;1BA) oder dem Gg-Analogon PGBA fest.

Diese Syntheseroute erzeugt gut losliche Fullerenpolymere (PPCBM, allgemein fir
PPG:BM oder PP@,BM), die bis zu 64 Gew¥% PCBM enthalten kdnnen und dabetd
finierte Molmassen mit niedriger Dispersitat aufweisen. Die PPCB&halten die opt

schen und elektrochemischen Eigenschaften des eingebauten PCBM unabhangig vom
Massenanteil des Fullerens. Bei einemyBM-Gehalt zwischen 30 und $Bew-% za-

gen die PPGBMs eine Elektronenmobilitat im Bulk von bis Aux 10* cm?Vs? bei
SCLC-Messungen (spaegharge limited current, SCLC). Die Strukturuntersuchungen
belegen die homogenen und amorphen Eigenschaften der PPCBMs und zeigenteine deu

lich steigende Glasiibergangstemperatur mit wachsender Funktionalisierungsdichte.
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Basierendauf Poly(3hexylthiophen) (P3HT) als Donorblock und PPCBM als Akze
torblock wurde in dieser Arbeit eine modulare Synthesestrategie entwickelt. Diei-Komb
nation von "Kumada catalystansfer polycondensation” (KCTPNMRP oder RAFT,
Azid-Alkin-Cycloadditionzur Kopplung der Polymere sowie die polyraraloge Ful-
renFunktionalisierung bietet vielseitige Varianten zur Synthese mal3geschneiderter
Blockcopolymere. Insbesondere wurde in dieser Arbeit die Funktionalisierungsdichte mit
Fullerenen sowie das Don#kzeptorVerhaltnis in den P3HDB-PPCBM Blockcopo)-
meren systematisch variiemm deren Auswirkung auf Strukturbildung und Ladsig
transport zu untersuchen. Die Blockcopolymere zeigen eine periodische-Blaegptor
Nanostruktur in der Gro3e von 30 bis@@, wobei die DomanengrofRe mit dem Malek
largewicht wachst. Auffallend ist, dass die Nanostrukturen im Bulk und im Dunnfilm
identisch sind und sich zudem unabhangig von der Verarbeitungsmethode zeigen, d.h.
gleiche Strukturen in I6sungsprozessierten undnstrkristallisierten Proben. Die Rén
genkleinwinkelstreuung deutet auf eine Mikrophasenseparation in der Polymerschmelze
hin, die bei Abkuhlen und Kristallisation von P3HT erhalten bleibt. Als Ursache fir die
Abwesenheit von langreichweitig geordneten Mikomanen wird die hohe Glasiibe
gangstemperatur des PPCHBIbcks vermutet, die die Strukturbildung in einer urwol
standigen Mikrophasenseparation fixiert. Diese Einschrankung wird besonders kritisch,
wenn das DoneAkzeptorVerhéltnis im Blockcopolymer zugisten des PPCBMlocks
verandert wird und damit sowohl die Kristallisation des PB#dcks als auch eine Mi

rophasenseparation vollstandig unterdruckt wird.

Um das optimale Polymerdesign fir ambipolare und ausgewogene Ladungstrégerm
bilitaten zu finden, widen die Blockcopolymere in organischen Feldeffekttransistoren
(OFET) untersucht. Dabei zeigte sich die Funktionalisierungsdichte mit Fullerenen in
P3HT-b-PPG1BM als entscheidender Fakfasm die Elektronenmobilitat um mehrere
GrolRenordnungen zu verbessehne dabei die Lochmobilit@nzuschranken. Die Viar
ation des DoneAkzeptorVerhaltnisses in einer Serie von P3HIPPGBM unterstrich
die Bedeutung einer etwa gleichen Zusammensetzung zwischen- DiowoAkzeptob-
lock, um eine Morphologie mit bikomiuierlichen Ladungstransportwegen zu eefi.

Das Ziel eines ausgewogenen Ladungstransports liel3 sich allein durch Polymerdesign
nicht realisieren, deswegen wurde das Zumischen (Blending) von PCBM als alternativer
Ansatz untersucht. Der Blend aus P3bFPPCs;:BM und PG;BM (60:40, m:m) verfugt
tber eine deutlich hohere Elektronenmobilitat yar(3.2° 1.7)x 10*cm?V™*s? und
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eine  Lochmobilitit von py=(1.8° 0.6)x 10°cm?V™'s’. Damit bietet der
Blockcopolymerblend &hnlich hohe Ladungstragermolditawie ein P3HT:P§&BM

Blend, zeichnet sich aber durch seinen auf3ergewdhnlich stabilen Ladungstransport aus,
der selbst nach langem Tempern bei hohen Temperaturen erhalten bleibt. Die Bunktion
stabilitat der OFETs beruht dabei auf der stabilen Nanostrakisi P3HTDoméanen und
PCBM-angereicherten Akzept@omanen, die durch die Struktur des Blockcopolymers

vorgegeben ist.

Diese Dissertation umfasst eine neuartige Syntheseroute zur Herstellung vom{ullere
haltigen DonotAkzeptor Blockcopolymeren, die einggzise Einstellung von Donor
AkzeptorVerhaltnis, Funktionalisierungsdichte und Molekulargewichten ermdglicht. Die
systematische Untersuchung von Polymerdesign, Strukturbildung und Ladungstransport
ist ein wesentlicher Beitrag zum Verstandnis der grundigge StruktwEigenschafts
Beziehungen und eroffnet dieser Materialklasse neue Perspektiven fir optoelektronische

Anwendungen.
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1 Introduction

1.1 Semiconducting polymers in organighotovoltaic devices

The discovery of electrically conducting polymers in @&@70s initiated a rapidly
growing field of research dedicated to the development of solptiocessable, light
weight and mechanidgl flexible, carborbased semiconductors. Alan J. Heeger, Alan
MacDiarmid and Hideki Shirakawa observed that the conducivi -conjugated me:
romoleculesg.g.polyacetylene, can be tuned from a semiconductor to a highly cenduc
ing material by introducing permanent charge carriers (doffin§)nce that time nunte
ous conjugated polymers have been synthesized with manifold structural variations to
improve solubility, staflity, charge carrier transpoaind optical properti€d. This new
generation of polymer mateis is particularly attractive as it exhibits metallic or sem
conducting properties while retaining the mechanical properties and processing a
vantages of polymefd. Therefore, conjugated polymers gradually enter our daily live as
they are applied in antistatic coatifgscorrosion protectio?! chemical and biological
sensor$>” or in "plastic electronics" such as organic light emitting diodes (OLED),
organic fieldeffect transistors (OFE#} or organic photovoltaics (OPVA:? Due to the
impact of this fundamental discovery Heeger, MacDiarmid and Shirakawa were awarded
with the Nobel Prize in chemistry in 2068,

Since Ching W. Tang's initial work on multilayer organic solar cells in 19Bex-
tensive research activities have been devoted to conjugated pdigsest organic solar
celld®®2% reaching nowadays power conversion efficiencies of over 49%ne of the
best studied material systems in OPV is poly€Xylthiophene) (P3HT) as electron donor
and phenyiCe:-butyric acid methyl ester (PCB\Vas electron acceptor mateffdl. Or-
ganic semiconductors typidglexhibit low dielectric constants and inherent energetic and
structural disorder. In contrast to inorganic semiconductors, the absorption of light in the
photoactive layer generates localized excited states of tightly bound hole and electron
pairs. The s-called excitons have rather strong binding energies resulting in steort lif
time and short exciton diffusion length aroundntd. Therefore, the exciton dissociation
is a key issue for efficient photocurrent generation. The formation of a bulk
heterojundbn (BHJ) as photoactive laydre. the intimate mixture of donor and acceptor
phases on the nanoscale, has proven to facilitate exciton diffusion to theadoaptor

interface, dissociation and charge generatiorscAematic illustration of such a btén
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solar cell in conventional configuration is depictedrigure 1.1a. The acceptor material

can be distinguished from the donor by its higher electron affinity, leading to a highest
occupied molecular orbital (HO®I) and a lowest unoccupied molecular orbital (LUMO)
which are lower in energy compared to the dontiris further inevitable that theod
nor/acceptor phases form a bicontinuous morphology to enable charge transport through

the active layer to the corresmbng electrodes.

a ) Conventional geometry:
___—— metal electrode
T electron selective layer
—— photoactive layer
— hole selective layer
" ftransparent electrode
glass/plastic substrate
b) c)
LUMO
F N
b
72 Epx
Sy IAE( S
....................... - i -
=g IE:”.,. CSp.cn |AUCs
[q} >
o BPP
oI CSrr
HOMO HOMO So
donor acceptor

Figure 1.1. (a) Schematic illustration of a bulk heterojunction solar cell with a blend
bulk-heterojunction as photoactive lay€h) Electronic orbital energy diagram and (c)
state energyiagram for a donoiacceptor interface describing the energetics of charge
separation in organic solar cellddOMO is the highest occupied molecular orbital,
LUMO is the lowest unoccupied molecular orbitBPP is the bound polaron pair with a
binding enegy O ; the singlet exciton binding energy@ ; O and’O denote the
guastFermi levels of electrons and hole&S;is the singlet exciton energy level; iS the
ground stateYO is the enthalpy difference betwethe singlet exciton enerdy and

the energy of the charge separated statey . YO is the overall free energy diffe

ence after charge photogeneration between the singlet exciton e@ergyd the the-

m?ZIIX relaxed charg separated stat0 Y. Figures b and ¢ adapted from Durrant et
al.
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The working principle of organic solar cells ana tborresponding energetics have
been outlined by Brédaet al,’”® Dyakonovet al,”” Marks et al,””® Durrantet al,???
and Ratneet al’®® The basic operation principle of an organic solar cell is characterized
by a cascade of four subsequent processe&bdorption of an incident photon andfo
mation of an excitor?. Diffusion of the exciton to a don@cceptor interface, Bissoa-
ation of the exciton into free charge carriers anBetcolation of the charges and calle
tion at the electrodes. While the short circuit curdggin organic solar cells mainlyed
perds on light harvesting efficiency (band gap) and charge carrier mobility, the apen ci
cuit voltageVy is influenced by the difference between the HOMO of the donor and the
LUMO of the acceptor. One limiting factor for photocurrent generation is tmeafmn
of coulombically bound chargest the interfacereferred to abound polaon pair (BPP),
at the donosacceptor interface with binding energies far above the theactalation
energy. The rapid charge recombination of these BPP states is regardkeydsrata-
tion for charge separation and photocurrent generation in organic solar cells. The energy
level diagram of a donor/acceptor interface is illustrdgpire 1.1b as an electronicro
bital picture. Here, t driving force for charge separation is the energy off&t
which represents the difference of donor and acceptor LUMO levels. An empirical value
frequently reported i¥O > (0.3eV that is required to overcome the exciton binding
energy% . At the donofacceptor interface the formation oB&P state occurs with a
corresponding binding energf O . Figure 1.1c represents a state energy diagram to
describe the energetics of charge separation. Here, the measure for the energy offset is the
enhalpy difference/O ) 0 %! 'O between the donor exciton with and the
polaron energies IP and EA. Note that the blend band gap is5M) with the electron
donor ionization potential IP and the electron acceptor electron affinity/BA. is rela-
ed toYO  considering the exciton binding enerdd® YO % . The vot-
age output of the device is governed by the splitting of the dreasni levels¥% and%
upon light irradiation. The thermalisatioh @ectron and holes with the Fermi levels-co
responds to the energy lev#l3 and the corresponding overall energy loss during the

charge separation process into these thermalized polarons is expre¥3@d. by

Generally, the morphology of theta® layer of organic solar cells has to fultio
fundamental requirements) domain size in the range of the exciton diffusion length of
5-10nm andb) an interpenetrating network of percolation paths that enable charge

transport to the respective eledes. The thin active layer, typically smaller than 260
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is governed by the traetdf between optical density which is increasing with film kKaic

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

The fabrication ofa bilayer morphology comprising a simple do@agceptor stack is
the most simple realization of a doramceptoheterojunction Kigure1.2).?” This, hav-
ever, creates a relatively small interface available for exciton dissociation and allows only
very thin films with limited photon absorption. Increasing the film khiess in bilayer
solar cells would drastically reduce the quantum efficiency due to geminate reaembin
tion losses which originate from the short exciton diffusion length. Besides, the bilayer
morphology often requires a vacuum deposition of fullerene ail snolecules which is

not suited for cosgffective solutiorprocessing on an industrial scale.

aligned
block copolymer

bilayer blend

Figure 1.2. Active layer morphologies for organic solar celBilayer structure, doner
acceptor blend and vical lamellae of an aligned doneacceptor block copolymer.

Another approach is the physical mixture of a donor and acceptor blend generating a
bicontinuous morphology, also known as bhkterojunction (BHJFigure1.2), which is
the most common fabrication method to achieve high performamodtgmer solar
cells?®?% The blend morphalgy of conjugated polymerand fullerene derivativewas
extensively optimized by adequate procegstonditions, processing additives most
preparation thermal treatmef®®! However, such optimized, kinetically frozen
mesostructures are in a requilibrium statethus, 1 is a bigchallenge to control the size
and longterm stdility of such mesostructures. A frequent problem is to maintain the
scale of phase separatiarich suffers from coarsening processes with time, leading to
growing domain sizes due to continuous (macro) @reeparatioi’*® or unfavorable
phase segregation towards a specific electfdd.Controlling tre blend morphology is
in particular critical for transferring the small area,-$gale processing of OPV devices
to a large scale ratb-roll fabrication which requires totally different drying or annealing

procalures’ In consequence, several strategies have been developed to stabilize the
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blend nanomorphology towards enhanced {targn stability, e.g. by crosslinking of
either donor or acceptor materi&t** increasing the glass transition temperdftirer by

compatibilization of the blend usirsyitable block copolymef&™ !

An ideal soluton to obtain longerm stable twegphase morphologies is tlivelq-
ment of dualfunction nanostructuredsinglecomponentmaterials in thermodynamic
equilibrium. One approach is the use of a single polymeric material consisting of both
donor and acceptor functignenown as donoeacceptor block copolymewith the capa-
bility to selfassemble into the desired nanosiumues Microphaseseparationn block
copolymers generates a rich variety of equilibrium morphologies with domain sizes on
the nanoscale that are tunablgthin size and shape simply by variation oé tthegree of
polymerization, FloryHuggins interaction parameter and volume fractior? Donor
acceptor block copolymers as single material in OPV attract notable attention as the
microphase separat&dorphology provides a large doracceptor interface with domain
sizes in tle range of the diffusion lengths of the excitomkis seems beneficial for the
exciton dissociation andefficient charge generation. Furtheblock copolymer
microdomains providéong-range percolation pattisr charge carriers which is supposed
to improve charge collection and reduce recombination losses. Theoretical studies on
block copolymer systems comprising donor and acceptor blocks further predict an i
proved device performance for vertically aligned nanostructures as depicted in
Figure1.2.2*%% It must be emphasized that the orientation of block copolymer nacestru
tures with respect to the substrate/electrode is a fundamentalPfsatkile a vertical
alignment of nanostructure (drawn Hgure 1.2) provides perfect charge percolation
pathways, the horizontal alignment of lamellae completely blocks charge transport to the
electrodes causing a severe solar cell device failure. Nevertheless;agoaptor block
copolymers areattractive candidates for OPV application owing to their capability to
form seltassembled and lorgrm stable nanostructures with favorable photophysical
properties. Comprehensive reviews about daumeptor block copolymers for organic
phobvoltaics have been published by Darliagal.®” Thelakkatet al,®® Hiorns et

al.,® Horowitz et al®® and Moriet al’®¥ in recent years.

1.2 Seltassembly and morphology of block copolymers

Block copolymers are macromolecules comprising two or more homopolymer chains

that are covalently bound together at the chain ends. The most commois thesson-
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bination of two chemicdy different polymer blocks, known as diblock copolymers
(Figure1.3a). The bulk structure of these diblock copolymers is driven by the interaction
between the two blocks, thermadymically described by the product of the degree of
polymerizationN and the FloryHuggins interaction parametef®®®? Hence,oN repre-

sents the segregation strength of the two chemically different chains. Weakly segregating
block copolymers witleN < 10 favor an isotropic, disordered morphology since the-the
modynamic driving force is not sufficient to overcome the entropic chain stretching ene
gy required for demixing. A strong incompatibility between both blocks, typically for
6N > 10, will force the block copolymer to sedSsemble into nanoscopic domains since

a bulk (macro) phase separation is prevented by the covalent bond that keeps the polymer
blocks together. This se#fssembly process is referred tan@srophase separatipwhich

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

than micrometer@macrophasaeparation)

a) cylinders b) 120

100 |

spheres

lamellae 80 [

xN 6o |

increasing f,
40 |

20 [

ol

spheres

cylinders

Figure 1.3. (a) Equilibrium morphologies of ail-coil block copolymers formety
microphase separation in the bulk as a function of the volume fraction @f)fPhase
diagram for conformationally symmetric diblock copolymer melts. The phases are labeled
as L (lamellar), H (hexagonally packed cylinders)a38(bicontinuous cubicAgoid),

Qmam (body-centered cubic spheres), CPS (clpseked theres) and DIS (disordered).
Figures reproduced from Darling et &f! and Bates et df?

The type of nanoscale morphology depends on the ratio of volume fradtiof$ ¢f
the blocks A and B and the prodwtt (Figure1.3b). Frequently observed diblock cdpo
ymer morphologies are bogyenteredcubic spheres, hexagonally ordered cylinders,
gyroid, and lamellaeHigure 1.3a). Block copolymers with more than two polymer blocks
exhibit a variety of more complex morphologi& The size of the domains formed by

microphase separatiois dictated by the molecular weight of the respective polymer



Introduction 13

block, thus, providing a useful tool to the polymer chemist to precisely adjust the domains

size accordig to a specific demand.

The process omicrophase separatidrecomes more complicated considering aen;
gated polymer blocks. While the flexible chains ("coils") typically adopt an amorphous,
"randomwalk" conformation, the rigid and stiff conjugated polysé'rod") exhibit an
sotropic toricngserfarcamons whi ch [G%SBpECéi(mIIyr esul t
block copolymers for optoelectronic applications usuadtyorporate a conjugated pel
mer block as semiconduct8f:?*% Whereas the selissembly behavior of cedoil
block copolymers is well understood and mainly driven by the immiscibility between t
polymer segment@?‘ml conjugated roetoil block copolymes indicate more complex
phase diagrams which is attributed to additional driving forces influencing the structure
formation!™ Apart from the segregation strengii and the relative volumedctions of
the blocks f), the Maier-Saupe potentialdescribing the orientational ordering between
liquid crystalline rod moleculesis competing driving force for the selésembly of rod
coil block copolymers is currently under deb@teFurther, the anisotropic reike na-
ture of conjugated polymers is associated to form more planar domains. In general, the
crystallization of one (or nre) blocks in a block copolymer can occur in different modes:
1. In breakout crystallization the driving force for crystallization overwhelms the
microphase separatioand generates large crystalline microdomains that destroy the
nanoscale order from phaseparation. 2. Confined crystallization occurs when the dri
ing force formicrophase separatids stronger than the crystallization. This leads to a
crystallization confined to the microdomains which have been formenhibsophase
separatiorﬁm] 3. In some cases crystallization of one polymer block can also initiate the
formation of microdomain adisordered block copolymer méft! Recent reports also
denonstrate thatdoublecrystalline block copolymers such as P3Hbfpoly(perylene
acrylate) can adopt block copolymer nanostructures very similar to amorphogsitoil

systemd”!

1.3 Donor-acceptor block copolymers

Donoracceptor block copolymers are composed of twgrmel blocks with dferent
electronic functionalitieswhile the electron donor block with iksw ionization potential
acts as a hole transport material, the electron acceptor block has a high electron affinity

and acts as an electron transport material.
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Several concepts have been reported to realize this dual functionality in blodk copo
ymers andhe materials can beassified based on their structure: emil block copoy-
mers, roecoil block copolymers and reebd block copolymergFigure 1.4). While in
coil-coil block copolymers the donor and acceptor moieties are attached as pendant side
groups to the nowonjugatedflexible main chain, roetoil block copolymers contain one
“-conjugated main chain and a sicleain functionalized coil block. The redd block
copol ymers ar e c¢omgasgatdd naih chaing and dre dlsb knovenn t

as allconjugated block copolymers

- P
. . o =donor
coil-coil

D DIDNALRA A
D A °=acceptor
a®
rod-coil &l D D DDD F—__ flexible
ARA N A RA main chain

m-conjugated
rod-rod <« main chain
. ° 0. DD DgA A A A .-

Figure 1.4. Differenttypes of doneacceptor block copolymers classified as -auil,
rod-coil and rodrod (all-conjugated) block copolymer

Regarding the synthesis of such block copolymers, converuetgs for coHcoil sys-
tems are available from established preparative methods for classical block copolymers.
Introducing a conjugated polymer block, however, requires appropriate strategies-to co
bine polymer blocks synthesized by different routeg, polycondensation and ameo
ic/cationic/radical polymerization. An important milestone was the discovery of -chain
growth Kumada catalyst transfgrolycondensatiofKCTP) of P3HT which paved the
way for a large variety of wellefined rodcoil diblock copoymers containing P3HT as
conjugated donor block. The synthesis ofcalhjugated block copolymers has beeo-pr
gressively reported in recent yeatsowever, the synthesis of acceptor blocks using
KCTP is still a challenging issue. Therefore, many of theafjugated doneacceptor
block copolymers comprise acceptor blocks that were obtained from uncontrafied co
ventional polycondensation.He poor control over molecular weight, dispersity and end
groups inconventionalpolycondensations of conjugated pobws is an unsolved issue
and thus severely limits the availability of wellefined, allconjugated doneacceptor

block copolymers.
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Due to the large diversity of chemical structures and plenty of publications in this
field, the overview focuses on some the representative examples of deacceptor
block copolymers. In the following they are categorized with respect to the type pf acce
tor used that isa) nonfullerene acceptors such as perylene bisimides and conjugated
polymers Figure 1.5) or b) pendant fullerene polymergs-igure 1.8). While the non
fullerene block copolymers are only briefly introduced, the fulleignadted polymers are
discussed in detail covering dfesis, morphological aspects, charge transport and their

application in OPV.

1.3.1 Non-fullerene donor-acceptor block copolymers

A general trend in material science for OPV is the development of suitable non
fullerene acceptors as a c@dtective replacemenbf fullerenes and due to their finely
tunable electronic properties, optical properties and better availdBiligmother im-
portant advantage @cceptors like perylene bismides (PBI) is a facile graftiagpoly-
meranalogous reactiod3"® or the possibility to synthesize vingt acrylatemonomers
which can bepolymerized radicallyln our research groupindnerand Sommeet al.
utilized thisstrategy to build up the first cedloil type donoracceptor block copolymers
poly(bispheny4-vinylphenylamineolock-poly(perylene  bisnide  acrylate) P1,
poly(bis(4methoxyphenyb4 &inylphenylamine}block-poly(perylene bisnide acrylate)
P2 and poly(,NG&bis(4methoxyphenybDN-phenytNG4-vinylphenyk( 1 sbiph@&nyl)

4 , -dignine}block-poly(perylene  bignide acrylate) P3[7"®  The functional
triphenylamine and PBibased monomers were polymerized radicadig nitroxide-
mediated radical polymerizatiohliRP) in subsequent stepSommer and.ohwasseet
al. developed a macroinitiator route to combine the conjugated dongmenlpoly(3
hexylthiophene) with a poly(perylene bisde acrylatelock forming the roetoil block
copolymer P4 with outstanding control over molecular weight and narrow
polydispersity”>" A controlled microphase separation leading to lamellar and cidindr

cal structures were also demonstrated in these systems.

Apart from the perylene bismides as acceptors, maagtrelrdeficient conjugated
polymers have been designed to replace fullerenes as acceptor materials in OPV. Their
combination with donor polymers result in the class otafijugated block copolymers
shown inFigure 1.5b. This topic has been reviewed by Scherfl,®% Hawkeret al®”

and very recently by Gomez al®?
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a) Side-chain functionalized donor-acceptor block copolymers:

N (6]
. OO0
BB

: ‘ CeH13 (\)

CH
/©/N\©\ /\ (] 2)11

Br s z o) N

MeO OMe
P2

; S y
@é L. O O

C7His™ "CrHis 0~ 'N” ~o

OMe C7H15~ "CrHis

b) All-conjugated donor-acceptor block copolymers:

R = 4-octyloxyphenyl
CgH17 CgHa7 or 2-ethylhexyl

/S\ : O.Q /s\ /S\m
NN

CgHy7 CgHi7

P7

Figure 1.5. Overview on noifullerene donofacceptor block copolymers (a) carrying
pendant functional moieties in a caibil P1-3"® or rod-coil architectureP4"! and (b)
asall-conjugatecblock copolymep5-9.183:84:86.87.90]

One of he first reports was by Schesf al. showing a facile onpot synthesis of ao
jugated DA-D triblock copolymers based on P3HT as donor and various eyano
substituted poly(phenylene vinylene) acceptor bldeE$® Herein, the acceptor middle
block was prepared by Yamamoto coupling of dibremmrctionalized monomers with a
subsequent enrcapping of the polycondensation using bromimenoterminated P3HT.

A similar D-A-D triblock structure was achieved by Collatdal. with poly(quinoline) as
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acceptor and P3HT as donorf® using a combination of preformed P3HT and Yam
moto polycondensation for the acceptor blfiék Another example for this 4&-D
triblock copolymer architecture incorporating a conjugated poly(naphthalene bisimide
thiophene) as acceptor and P3PJwas presented Hyakabayashét al®® and Wancgt

al.l® A prominent alconjugated block copolymer is poly{@xylthiophene-poly-
((9,9dioctylfluorene)}2,7-diyl-alt-[4,7-bis(thiophen5-yl)-2,1,3benzothiadiazole? Nj; 2 nj
diyl) (P3HT-b-PFTBT) P7 which has been synthesized by several groups including

Verduzcoet al, Sommeeet al.and Scherét al#" &)

Another conjugated acceptor block wastroduced by Hawker et al. using a
poly(diketopyrolopyrrol-terthiopheng as acceptor in conjunction with P3HPB.Y De-
spite the large variety of chemical structures accessible -toajugated block copgi
mers the synthetichallenges remain a difficult issublsually the combination of Gr
gnard metathesis polymerization (GRIM) and sgepwth polycondensations like Suzuki
Miyaura, Stille or Yamamoto coupling result in relatively low molecular weight block
copolymers with brogé distribution and often generate a mixture of homopolymers,
diblock and triblock copolymers which require tedious purification procedures foasepar
tion 2”8 The limitations regarding the control over molecular \neiglispersity and yo
rity of the polymers are unfavorable to obtain sufficiently vaeifined diblock copot
mers which exhibit the desired bloatopolymer morphologies with nanoscatie-

nor/acceptor domain sige

1.3.2 Fullerene-grafted donor-acceptor block copoymers

The integration of fullerenes into (block) copolymattracts notable attention since
Ceo and its derivatives are the statkthe-art acceptor material ipolymer solar cells
(Figure1.8). Theunique elecn-accepting and transporting capablfityof fullerenes is
employed to create novel polymeric acceptors by covalent attachment of fullerase moi
ties to polymer chaindVhile the electronic properties of such side chain polymers can be
tuned by the typef attached fullerene derivative, thieermal and mechanical properties
are determined by the nature of the polymer backbone. Geneliffidyentroutes for the
preparation of pendant fullerene polymées/e beenmeported: Bher the polymerization
of fullerenederivatized monomersuch as ringppening metathesis polymerization
(ROMP) of norbornené¥ *! and copper(l}catalyzed azidalkyne click polymerization
of fullerene bisalkyné¥! or the polymeranalogous modificatiorof polymers with
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fullerenes These plymeranalogous synthesis routes rely on functional polymers, which
are decorated with fullerene derivatives in a further séepong the manifold reactions
applicable to fullerene molecul€4 only a fewtypes of reactions havbeenutilized to
attach G, covalently to functional polymers includirthe addition of amine’€®! atom
transfer radical addition (ATRAYY [3+2]-cycloaddition with azide$?Y [3+2]-
cycloaddition with tosylhydrazone¥®  Bingel reactiorf'®® FriedelCrafts type
reactiond!®® andnucleophilic addition ofithiated compound®¥ (Figure 1.6). Since all
these methods are based on the reaction with doubtishGp acts as an inherently fau
tifunctional reactant. In particular for high fullerene loads, this fact leads to multiple add
tions, polymer crosknking and in consequence to diminished solubitityeven insal-

ble productsMonofunctionakedfullerere derivatives have beeesignedo circumvent

the issue of multiadditiorand crosdinking and were grafted to the polymers by
(Steglich) esterification proceduré® " copper(l) catalyzed aziemkyne cycloadH
tion%¥ 2% or Williamson etherificatio (Figure1.7).

R
\\NH H
o +
N \\\ N \\\

n

V

H addition of amines atom transfer
= radical addition
N (ATRA) P
N N\ \ \ z NOR
NH CuBr, Cu, =
nucleophilic addition V& 2 bipyridine N\
n NI
1. Sec-BulLi VA NeTR
2. MeOH / [3+2]-cycloaddition
AT with azides
AICl; \
S
TosHNN R
o o
Risg I g Re NaOMe,
pyridine
AT
N\
i R

[3+2]-cycloaddition

Friedel-Craft reaction with tosylhydrazones

Bingel reaction

Figure 1.6. Reactions for polymeanalogous attalement ofCg fullerenes tofunctional
polymers*®98194The inherent multifunctional chacter of G can lead to multiple ade
tions and crosginking as side reaction.
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R
HO >
DCC, DMAP
_—

Steglich
esterification

R
N3/\/
CuBr, PMDETA
e

azide-alkyne
cycloaddition

R
HO™ >
C32C03
_—

Williamson
etherification

Figure 1.7. Reactions for polymeainalogous attachment ofg&derivatives to functional
polymers1951%The monofunctional charaatef the G derivatives facilitates exée
lent control of the grafting reaction without generating multiadducts or elia&sg.

A general issue in fullerengrafted polymers is the choice of suitable diluting mon
mers since a fully functionalized fullere polymer is insoluble. Substituted acrylates,
styrenes and norbornenkave been used as comonomers to keep the resulting fullerene
copolymers soluble allowing roughly &@% of attachedCsp at the polymer backbone

This implies that the acceptor blocktb be diluted in almost all cases.

Indeed, the fullerengrafted polymers adopt the electron transporting capability of the
fullerene molecules showingcarrelation of increasing electron mobility with increasing
Cso contentin the polymef**Y Detailed studies on pendangs®olystyrenes have been
presented by Alberola and Flandihal.to clarify the interplay between charge transport,
percolation threshold and aggregatiorttiese systent$?*** For a G, content of 2360
Wt%, a rather low electron mobility of 18to 10 ‘cm?® Vs’ was determined by the
space charge limited curre(@CLC) method Further, these fullerene polymers exhibit a
Cso aggregation starting at a thresholdooly 12-13 vol% of incorporated €. Confined
organization of fullerene moiesealong the polymer chain resulting in improved electron
mobility has been found by Baat al. for pendantCgo polynorbornenes in organic field

effect transistors (OFE]E)“] The application opendant fullerene polymeess plausible
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acceptor material in polymer solar cells was sgstully demonstrated by Do et al in a

polymerpolymer blend with P3HTielding a power conversion efficiency of 1.5%3.

The variety of roecoil block copolymers incorporating fullerenes is large since the
conugated polymer block, in most cases P3HT, can be combined witkestalllished
polymerization methods such as reversible additiagmentation chain transfer (RAFT),
nitroxide mediated radical polymerization (NMRP) or atom transfer radical polyaneriz
tion (ATRP, Figure 1.8). These methods are applicable to a broad range of monomers
with manifold options for polymeanalogous modificatioriThe very first reports ofull-
erenegrafted block copolymers such B&0carying a poly(p-phenylene vinylene(PPV)
conjugated block and a fullerene pendant blaekrelated to the work éfadziioannoiet
al. in 2000190114184 narallel development by Wudt al. and Frécheet al. was the
polymerization of fulleren&lerivatized norbornene monomers using ROMP which allows
the synthesis of copolyméts®® and block copolymer€> As shown forP12, the donor
polymer P3HT was introduced as side chains in the itk and a Bingetype Gyo

monomer in the acceptor bloR!

Recent advances in the synthesispedonjugaed polymers,e.g. Kumada catalyst
transfer polymerization (KCTPY® 2! considerably enhanced the ability to prepane-co
jugated polymers bghaingrowth type polycondensations with high end group fidelity
specifically for P3HT*?! This has opened new perspectives for the development -of rod
coil block copolymes comprising fullerengrafted acceptor blocks. A variety ok&
decorated block copolymersuch asP11 has beemreported?’ #3122 Holdcroft et al.
synthesized graftype polymersP13 with a P3HT main chain and poly(styrene) side
chains carrying or PCBM moietie$'*"*#'?*|Recent developments in the field af-d
nor-acceptor block copolymers are focussing on more controlled fullerene graftihg met
ods as shown in polymé14 by Joet al*® using a Steglich esterification procedure or
in P15by Hashimoteet al.using click chemistry*81%

An important question to be addressed is the structure formation of the synthesized
donoracceptor block copoiyiers.Unlike classical coicoil block copolymers, the afer
mentioned doneacceptor block copolymers typically have at least one crystallizable
block that can affect the block copolymer sed6embly. Generally, the crystallization in
rod-coil block copoymers depends ahe block copolymer composition and the interplay
between crystallization temperature, glass transition of the amorphous block amd the o

derdisorder transitioff”) Owing to this complexity and the difficulty to prepare these
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type of block copolymers with sufficiently narrow dispersity, the observation of highly
orderedmicrophase separatids rather rare. Reports for doracceptor dck copoy-
mers show either complete loss of the nanoscale structure as obse®&d'f8kor only
weak evidence for a segregated deacceptor nanostructure based on atomic force m

croscopy, electron microscopy ¥-ray scattering experimenfg>110.117.12527]

Figure 1.8. Overview on pendantulierene donotacceptor block(graft) copolymers
P10_15-[45,48,105,108,116,117]
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However, Lohwasseet al. haverecently r@orted microphase separatiosimilar to
classical coHcoil block copolymersin a doublecrystalline P3HTb-poly(perylene
bismide) donowacceptor block copolymevith lamellaror cylindrical morphology in the
range of tens of nanometéfd. The microstructure in attonjugated block copolymers
observed by Verduzcet al.is heavily dependent ohé¢ annealing conditions, thermal or
in solventv apour , i nt ersmalckd ggstallim&interactigns and can

reach a certain degree of lerange ordef?” 1261271

The aforemetioned block copolymers have been widely employed as compatibilizers
for donor:acceptor blends which was recently reviewed by @het*?® In general, the
block copolymer additives stabilize tloptimizedblend morphology and retard or even
suppress a macrophase separation of the blend upon agnertievice operatidn®! In
some cases, the addition of block copolymer compatibilizers to bulk heterojunction solar

cells increased the operational stabiffty***2**3!

The application of doneacceptor block copolymers in solar cells is of course the ce
tral target and has been elucidated since many years. After the first rather poor attempts
with power conversion efficiencies far below ¥36%*?lthe materials as well as unde
standing for appropriate postproduction treatments have notably improved the perfo
mance in recent years. Hashimatbd. could demonstrate in a valuable comparison of
the donoracceptor block copolymédp15 with its random copolymer analogue tha-i
portance of phasseparated donor/acceptor domains leading to a superior device perfo
mance up to 2.469%'% Further, such a block copolymer nanostructure exhibits excellent
long-term operation characteristics with only negligible performance loss compared to a
blend system evenftar 80hours of thermal annealirﬁ’gf?] Verduzcoet al. reported for
the allconjugated block copolymét7 a power conversion efficiency of ~3% which is so
far the record efficiency in the field of doracceptor block copolymels® The good
device performance was assigned to theasdbembly of the block copolymer intoa |
mellar microstucture of 1&m in a vertical orientation to the substrate, thus, providing a
domain size in the range of the exciton diffusion length and charge transport paths to the

respective electrodes.

Despite a few encouraging results the research on gmoepto block copolymers
containing fullerene moietiesften lacks an idepth analysis of structure formation,
charge transport and device application studies. The individual design of the functional

polymer blocks, the composition of the blocks, crystallizaaod glass transition aspects
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can be controlled in many cases by polymer synthesis. Understanding the basic principles
between polymer design and structure as well as the consequences on charge transport
and device operation is of fundamental importacachieve progress in this fiel@spe-

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

1.4 Controlled synthesis methods for functionalolymers

1.4.1 Kumada catalyst transfer polycondensation (KCTP)

The Kumada catalydtarsfer polycondensation (KCTP) is a rapidly developing
method with great potential for the synthesis of conjugated polyaretslock copagl-
mers The scope of monomers was steadily growing in recent years covering now
thiophene, fluorene, phenylene and pyrole-based conjugated polymét&’! Further,
low bandgap systemall-conjugated block copolymers, gradient polymers and bruksh po
ymer prepared by KCTP have been reported. The discovery of thegrbaith mech-
nism by Yokozawa and McCollough demonstrated the unique character of -Nickel
catalyzed KCTP among other transitimetal catalyzed polycondensatidh€:****3*The
preparation of poly(@exylthiophene) (P3HT) is the most prominent application for
KCTP since it allows excellent control over regioregularity, molecular weight, narrow

polydispersity and weldlefined chain end$?**"!

For KCTP the active Grignard monomer is formeditu from the dihalide monomer
1 via a Grignard metathesis reaction leading to the regioisoBseasid 2b (Figure 1.9).
The desired active Grignard monan2d is formed in large excess of roughly 75% due to
the steric hindrance by the-Hgxyl chain. After addition of the Nickel catalyst,g.
dichloro(1,3bis(diphenylphosphino)propane)nickel Ni(dppp)ChL), two subsequent
transmetallation steps generate thighiopheneNi complex 3 which instantaneously
forms the initiating specied via an intramolecular Ni transfer. The chain growtlo-pr
ceeds in a sequence of transmetallaboreductive eliminatio® and oxidative additiod
steps. Most importantly, the Miatalystshouldnot be released from the polymehain
endduring the chain growttOtherwise, the controlled growth is lost and the polynaeriz
tion follows a stegrowth polycondensatiorit is worth to note that KCTP follows not
only a chairgrowth mechaism but even exhibits the characteristics of a living polymer

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

terials for optoelectmic applications with superior material propertfé%*”
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Figure 1.9. Grignard metathesis reaction for the formatiof the aave Grignard mon-
merand proposed mechanism of the Kumada catditgsisfer pdycondensatiofKCTP).
Adapted from McCullough et &

1.4.2 Reversible additionfragmentation chain transfer (RAFT) polymerization

RAFT polymerization has emerged as a versatile toolctmtrolled/living radical
polymerization,providing excellentcontrol over molecular weightand narrow distrilu-
tion 8149 |n particular, the use of thiocasbylthio compounds as chain transfer agents
(CTA), first reported in 1998 by Thare al,**"! notably extended the poteritapplica-
tions for RAFT. It is compatible with the most monomer types sugmasgh)acrylates,
(meth)acrylamides, acrylonitrile, styrenes, dienes and vinyl monamersvide range of
reaction conditionsAnotherstriking advantage is the tolerance of uoigced function&
ities in the monomer andhe solvent €.9.0OH, NR,, COOH, CONR, SG;H). The living
character of the RAFT polymerization enables also the precise introduction of functional
end groups. Therefore, RAFT polymerization evolved into a powsyfuthesis method
to generate complex macromolecular architectureshi&ek, graft, comb and stqoly-

mers4?
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Basically, the control over chain growth in the RAFT process is gained by a reversible
termination of the propagating radical. Chain transfer agents (CTA) sutitheesters,
trithiocarbonates, dithi@bamates andithiocarbonategxanthatey act as transfer ee
gents by a twestep additioAragmentationmechanism. Thewll posses a C=S double
bond that is reactiveowards radical addition and a substituehthat determines the rea
tivity towards propgatingradicals.The Z group is responsible for addition and fragme
tations rates of the CTA. THe groupis a homolytic leaving group with a corresponding
radical RAwhich must be capable of efficienthg-initiating the polymerizationThe ge-
erally acceted mechanism of RAFT polymerizatisshown inFigure1.9 and includes

severalsteps of (re)initiation andddition-fragmentation equilibriél.‘”]

First, conventional radical initiators are used to createptheary radicaldA  whi ¢ h
form the polymer radicalB,A af t er ¢ cymenomepsAdditon of thipropa-
gating radicaP,Ato the CTA gives a polymeric RAFT agent thaleasesx new radical
RAafterthe homolytic dissociation of thereakS-R bond.The sibsequent rénitiation by
RAforms a new propagatingdical PmA The rapid equilibria between the active mop
gaing radicals PnA and PmA and theircorresponding dormant species guarantee equal
probability for all chains to grow. This is crucifdr narrow molecular weight distnib
tions. When the polymerization is stopped or complete, patmer chain willcarry a
thiocabonylthio end groupOn the one hand, the CTA exdpped polymers can then be
re-initiated to form more complex macromolecules and end functional poly®@arshe
other hand, th@resence of the thiocarbonylthio group can be detrimengafor elec-
tronic applicationsdue its colour and limited stability, hence, several procedures-to r
move the CTA after polymerization have been repd#&d** Similar to other controlled
radical polymerization techniques the RAFT process faces limitations by irreversible b
molecular reombination,specifically for high monomer conversion, high initiatoneo

centration and high molecular weights (>2@pmol™).
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Figure 1.10. Mechanism of RAFT polymerizatiohe chain transfer agent (CTA) is
commonly a dithioester carrying a leaving group R ansdtabilizing group Z. Adapted
from Moad et al**”

1.4.3 Nitroxide mediated radical polymerization (NMRP)

NMRP isanother controlled radical polymerizatiorethodwith the ability to produce
well-defined polymers in a facile, thermallyrmtrolled process. The identification of
alkoxyamines which are able to act as unimolecular agents was an important milestone
for the development of NMRP. Alkoxyamines provide both the reactive initiating radical
and the persistent nitroxide radic&igure 1.11a)™** In 1999, Hawkeret al. reported a
universal NMRP alkoxyamine initiator which permits the polymerization of a wide range
of monomers including acrylates, acrylamides, acrylonibdeed monomers, styrenes
and vinyl monomer&*® The living character of NMRP, the tolerance against various

functional groups and control over end groups allow the synthesisngblex macroro-
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lecular architectures such as block, cyclic, star, graft, comb and hyperbranched

polymerst*’!

The mechanism of NMRP is based on a reversible termination between the growing
propagating (macro)radical and the nitroxide. The nitroxide radical is a persistent radical
which does not sellerminate. The predominant espes after initiation is the dormant
(macro)alkoxyamine which is in equilibrium with the propagating radical and the
nitroxide by a simple homolytic cleavag€idure 1.11b). The activatiordeactivation
equilibriumis established only upon heating of the system which is necessary to break up
the alkoxyamine bond. Hence, the polymerization kinetics is governed by the equilibrium
constantK = ky/ks) and the persistent radical effect of the nitroxtdd.

R reactive persistent
radical radical

n- ky
o AN =00
(U4 R
n
Figure 1.11. Mechanism of nitroxide mediated radical polymerizati@). Formation of
radicals by thermal decomposition of an alkoxyamine into a reactive and a persistent
radical. (b) Activationdeactivation equilibrium: e reactive radical initiates the

polymerization and starts chain growth while the persistent radical mediates the reaction
by deactivation of the propagating radical into a dormant species.

1.4.4 Copper-catalyzed azidealkyne cycloaddition (CuAAC)

Coppercatalged azidealkyne cycloaddition (CuAAC), initially developed by
Sharpleset al,*****%has evolved into a powerful tool in polymer and materials chemi
try. 1511521 The coppe()-catalyzed Huisgen 1:@ipolar cycloaddition reaction between
azides and terminal alkynes exhibits outstanding advantages like high reactionx-ates, e
cellent regioselectivity, neajuantitative yield and a remarkable tolerance towards var

ous solventsifcluding water) and functional groups. These properties are in particular
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interestingfor the synthesis of novel polymer materials sirmmmventionalpolymer

analogous reactions are often confronted with insufficient reaction yields.

The proposed reactiomechanism of the CuAAC is depictedrigure1.12. The in-
tial steps of the catalytic cycle include the formation of a copper(l) acetylide between the
[CuLy] complex and the terminal alkyne and the subsequentic@tion of the organic
azide to the copper(l) acetylide. TheNCbond is formed based on the nucleophilic 1Any
idenel i k-aarbob of the copper(l) acetylide and the electrophilic terminal nitrogen of
the coordinated azide resulting in driazoyl copper intermediate. After regioselective
formation of the 1,4lisubstituted 1,2;&izole the copper(l) catalyst iecovered to start

a new reaction cycle.

R—=——H
[CuL,]
H+
H+
N”N‘N’RZ Ri—=—=—CuL,
VY—{ +
R1 CULX Né/N\ /R2
_N_ R _N R
N= \N Né ~n— T2
| /
&.&CULX R—=——CuL,
1
v

Figure 1.12. Proposed mechanism for the copper@talyzed azidalkynecycloaddition
generating the 14lisubstituted regioisomenf 1,2,3triazole at room temperature inxe
cellent yields. Adapted from Fokin et'gf!
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15 Charge transport in organic semiconductors

One of the key parameters driving the performance of optoelectronic devices such as
organic lightemitting diodes (OLED), organic photovoltaics (OPV) or organic field
effect transistors (OFET) is the charge carrier mobM#iaen charge carriers, electrons or
holes, are generated in a semiconductor by exciton dissociation or by injection from an
electrode they will move under the influence of an electrical fiEldThe charge carrier
mobility p indicates how fast the charge carrean travel throughhe semicondutor.

The mobilityu is defined as theffective drift velocitys of charge carrierper unitelec-
tric field E:1*>*

o ®

Further, the electrical currengtin a device is described in a simplified way by
0 Q¢ Q¢ ¢, Wdth nthe number of charge carriers amthe elementary charge. R-a
ing Ohm's law into account) ,, "Q the conductivity, of a semiconductor is expressed

by following equatior*>"
. Qe 2

In general, organic semiconductors exhibit relatively low charge carrier mobilities
compared tosinglecrystalline inorganic semiconductors such as silicon or galium
arsenide. The reason for this low mobilityassociated to the disordered nature of organic
materials (glasses or polymers), the amount and nature of charge traps, the emaugetic
structuraldisorder due to their inhomogeneity what makes charge transport different from
the bandike transport in morganic materials. The prevailing charge transport madel a
tributed to disordered organic semiconductors like polymers is the dismdeolled
transport or hopping transpdi!! Here, the charge transport is no longer described by
band motion but by localized chargargers at individual sites which can proceed by a
sequence of nenoherent transfer events (hopping). In other words, charges in organic
semiconductors can move from one molecule to another by a series of thermally activated
electron transfers. The corpeding charge carrier mobility depends on temperatufe

and the electrical fiel&, which is expressed by the Pdaienkel equatioH>"!

Y miYA@P YWo ©)
with the zerefield mobility * 'Y and the material parameter’Y describing the

field-dependence of the mobility.
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1.5.1 Spacecharge limited current (SCLC) method

To determine the charge carrier mobility of a semiconductor in bulk specge In-
ited current (SCLC) measuremeasta feasible method. The device setup is a simple diode
where the semiconductor neaial to be probed is placdzktween two electrode&iure
1.133). The choice of electrodes is important: First, the electhae which charges are
injectedmust form an Ohmic contact with the semiconductor allowing a sgaaee
limited current instead of an injgan-limited current. Second, the work function of the
electrodes must adopt the type of charge carrier transport either through the HOMO level
of a hole conductor or the LUMO level of an electron conductor. This is experimentally
realized by different dewe configurations, e.g.
glass/ITO/PEDOT:PSS/semiconductor/Au for hotdy devices or

glass/ITO/ZnO/semiconductor/Ca/fdr electroronly devices.

; scLe
Ohmic 1 regime
| eome J o1 scLe

log(J/)

®, trap-free
¢ regime

b xR

Figure 1.13. (a) Simplified SCLC device configuration aifio) schematic <)/ characte-
istics of an SCLC device in ldgg plot showing the different voltagkependent opeta
ing regimes. Figure (b) redrawn from Ostroverkhova ét°8l.

The currenvoltageJ-V characteristics are measured in dark and follow in the SCLC

regime the MotGurney law**"]

O T (4
with the dielectric constarg(~3 for organic semiconductors), the permittivity of free
space , thecharge carrier mobility, the dfective voltageV andthe active layer thic
nessL. It is important to verify the spaagharge limited character of the measured current
J, which has to obey the inverse cubic thickness dependeéhde and the quadratic

voltage dependencé® w . SCLC devices can be operated in different regimes,
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Ohmic regime, SCLC regime and tripe SCLC regimeHigure 1.13b), thus a careful

data analysis is indispensable.

Quite frequently organic semiconductorsiit a field-dependent mobility, described
by the PoolFrenkel equatiort5). For this case, th&V characteristics of a SCLC device
is better described by the empirical Murgatroyd equatiéh,

W — W
’ ___‘* 08 1n _—_
v U Q 0 ®)
with the zero field charge carrier mobility and theparametergthat represents the
field-dependence of the mobilityhe effective voltag®/ is obtainedoy corretion of the

applied voltagewy ~ with the builtin voltagew , originating from the differences in
work function of the two electrodeand the voltage drog from theinternal resistance
Y,ieewn @ . The contact resistandg is usuallydetermined from a

reference devicwithout semiconductor layer.

1.5.2 Organic field-effect transistor (OFET)

In contrast to the bulk mobility which can be determined with SCLC, the organic
field-effect transistor (OFE)Tdelivers a charge carrier mobilitizer that is measured in a
very thin sheet of a few nanometers at the semiconddattectric interface. Thus, the
extracted mobility is strongly dependent on the morphology at the intedagéateon
or edgeon oifientation of conjugated semiconductors), the properties of the diele@¥ic m
terial and the configuration of the OFET itsetf:*>°!

The general device geometry for an OFET in bottmntact, bottongate configua-
tion is depicted irFigure 1.14a. A thin semiconductor layer is depositedbetween to
coplanar electrodes, source and drain, and separated from the gate electrode bytan insula
ing dielectric layer. For instance, a highlydoped silicon substrate is used as substrate
and gate electrode with silicon oxide layer of about 200n as dielectric. Typically, the
silanol groups of the SiDlayer are passivated by a silanization treatment with alkyl
trichlorosilanes to avoid charge trapping at the surface. Gold electrodes are deposited on
the gateinsulating layer, the gap between the source and drain electrodes is the channel
lengthL (up to 100um), the contact zone between both electrodes is the channeMwidth

(=~ 1mm).
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Figure 1.14. (a) Schemad illustration of an organic fieleffect transistolOFET) in
bottomcontact, bottongate configuration.S denotes source electrode, D draincele
trode, G gate electrode, W channel width and L the channel length. (b) Representative
currentvoltage charactastics of a ptype OFET showing the output characteristics with
linear and saturation regime. (c) Corresponding transfer characteristics in the saturation
regime (black) and squaneot drain current § (red) with a linear fit (dashed).

The operation pnciple of an OFET is simply by measuring the sotdcan currenty
as a function of the gate volta¥g which is applied perpendicularly to the soudrain
voltageVy. The gate voltage generates an unipolar capacitor charge at the semicenductor
dieledric interface that moves along the interface due to the applied soraicevoltage
V4. However, the presence of charge traps in the semiconductor cause a threshold voltage
Vi, for the gate which must be exceeded to generate an accumulation layer t& mobi
charges. The transistor obeys Ohm's law as longoak @ @ leading to a linearly
increasing drain currert with the sourcealrain voltageVy, the secalled linear regime
(Figure 1.14b). WhenVy is equal to w the concentration of mobile charges at the
drain electrode becomes zero, this point is known as fffghoint. Further increase of
Vg, i.e.@ @  , results in a saturation of the drain currénsince thepinch-off
point gradually moves towards the source electrode. This operation mode is referred to as
saturation regime. The curreviltage characteristics of an OFET can be described for

the different operation regimes. An important assumption is thatléutrical field pe-
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pendicular to the transistor plane (gate field) is much larger than the sbvamdield
(gradual channel approximatiojhis condition is experimentally realized with a channel
lengthL that is at least 10 fold larger than the kimess of the dielectric layer. The drain
currently can be described by following equation:

Q@ ' 0q Wo WoWp c (6)
Ci is the capacitance of the dielectric. In the saturation regivhereVy must be e-

placed by the potential of the pindiff pointcd @ , the saturation drain curreltis

G oo o Oa%a G ©)

In the saturation regime, the square root of samiration current is directly propo
tional to the gate voltage. Hence, the charge carrier mobility can be extracted from the

transfer characteristics by plotting the squaret drain currents?

versus gate voltage
Vq (Figure1.14c). By determination of the slope of the linear fit the OFET saturatmn m

bility psatcan be calculated using following expression:

= C .
, 19 «qu
60 Tog 06g 8
1.6 Structural elucidation using X-ray scattering techniques

X-ray scattering is a technique for studying the structural features of materials based
on the interaction of ectromagnetic radiation with condensed matter. The elasticrscatte
ing is following a reciprocity law which causes an inverse relationship between tte stru
ture size and the scattering angle. While colloidal or nanoscale dimensions arertge co
pared to theX-ray wavelength€.g. CuKy = 0.154nm), the corresponding angular range
of the observed scattering pattern is very small and therefore known asaeglalbray
scattering (SAXS). Vice versa, periodic structures on the atomic or intermolecular scale
generate a scattering pattennthe wideangle range, known as widegle Xray scatte
ing (WAXS). Unlike transmission/scanning electron microscopy (TEM/SEM) or atomic
force microscopy (AFM), which provide a rather localized structural information, the X
ray scattering techniques delr a statistically averaged information of the morphology in
bulk. SAXS is in particular helpful to investigate the structure of block copolymers in
solid state or in solution. The morphologies of block copolymers, typically induced by

microphase separah and/or crystallization, usually show dimensions in the range of 1
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100nm. SAXS analysis provides a detailed insight into the type of periodic microdomain
structure with longange order, the size of microdomains and the kinetics of structure
formation and phase transitions. Further, colloideded supramolecular structures of
block copolymers can be studied to understand theassémbly in solutioH®” Going

down the length scale towards (subanometer structures requires the application of
WAXS experiments. Specifically for polymers, the WAXS technique reve&tsmation

on the crystalline arrangement of chain segmemtdattice type and lattice constants, the
degree of crystallinity and an estimation of the crystal $t284n-between both angular
regions, SAXS and WAXS, distinct scattering patterns of liguidtalline materials or
rigid-rod polymers can be found. Hendbe combination of Xay scattering methods
covering different angular regions allow a systematic investigation of the structure over a
broad range of length scales from nanostructures down to the intermolecular or atomic
level (Figure1.15).1%%

structure size [nm]
100 10

SAXS
100 -5 nm

intensity

donor-acceptor
nanostructure

0.1 1 1
scattering vector [nm’ ]

Figure 1.15. Length scales accessible byra§ scattering experiments in different ang
lar regions. Smalangle Xray-scattering (SAXS) for periodic structures on the nanoscale
and wideangle Xray scattering (WAXS) to unravel crystalline features of semicdénduc
ing polymers.

Grazing incidence smadingle Xray scattering (GISAXS) and wielngle Xray sc#
tering (GIWAXS) are advanced scattering techniques based on synchrotron radiation for
the analysis of thin film structuré§>%¥In contrast to surfacsensitive methods such as
AFM or SEM, GISAXS/GIWAXS provide an insight into the inner masfdgy of thin
films which is particularly interesting for the characterization of active layer materials for
OPV[®®! Owing to the large surface area probed by GISAXS/GIWAXS, the results have

much larger statistical significance compared to AFM. An additional informatibn a
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dressable by graziAgcidence scattering is the orientation of structures relative to the
substrate or filrair interface,e.g.the orientation of nanoscale microdomains in block
copolymers films by GISAXS or crystalline regions by GIWAXS. Both methods have
emerged as indispeable tools to develop a general understanding of material properties
like charge transport or the performance of OPV devices and the orientation of structures

in thin films 1266 168]
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Objective

The aim of this thesis was the synthesis of new fullebers®l electron transport po
ymers and their integration into walefined donosacceptor block copolymers. Unrdve
ing the complexity of interdependencies between polymer design, structure formation and

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

A fundamental requirement was to develop controlled synthesis methods to prepare
polymers with high loads of fullerenes, botky@nd G, while maintaining their solubl
ty and processability. Moreover, suitable wadifined polymeriation methods such as
KCTP, RAFT, NMRP and click chemistry for block copolymer formation shouldhbe i
vestigated in order to create finely tailored deaoceptor block copolymers with desired

molecular weights, doneacceptor composition, copolymer ratiodegrafting density.

Incorporating the highly crystalline fullerenes into an amorphous polymer anviro
ment raises a couple of intriguing questions regarding the aggregation of fullerenes, the
morphology of the polymers, their glass transition temperatudett?e consequences on
charge transport. These fundamental properties strongly depend on the individual design

of the fullereneggrafted polymers and therefore demand for a systematic investigation.

Donoracceptor block copolymers comprising a fullereneypar and a conjugated
polymer block such as P3HT are attractive materials due to their dual functionality and
selfassembly properties for optoelectronic devices. Understanding the basic design pri
ciples and the corresponding influence on structure feomas of fundamentalnn-
portance. This thesis should address in particular the effects of polymer design on
nanoscale structures and microphase separation, film and bulk morphology ancuthe infl

ence of the processing method.

The charge transport propertiesthese block copolymers cannot be viewed sirrgula
ly from design and structural features. This fact is reflected by the close interdependency
between crystallization of the conjugated block and the dynamics of the block copolymer
which is mostly governedly the high glass transition temperature of the fullereng- pol
mers. Thus, an important target is to assess different approaches to tune the charge carrier

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

Donoraccepto block copolymers represent a complex class of semiconductireg mat
rials and it is inevitable to resolve the fundamental strugtuoperty relationships for

future application in optoelectronic devices.
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2 Overview of the thesis

This thesis focuses on tkeentrolled synthesis and understanding of strugpuoperty
relationships in polymers carrying pendant fullerenes. The basic principle relies on the
functionalization of a polymer backbone with fullerene molecules (PCBM) which possess
electron acceptingnd electron transportingroperties Figure 2.1). The resulting acqe
tor polymer PPCBM represents a new semiconductor material based on fullerenes and
opens new perspectives in materials chemistry. Further, tindination with a second
polymer block with electron donating properties (donor) such as P3HT results in block
copolymers, which are potentially attractive as an active layer material in organee phot

voltaic devices.

Synthesis & Polymer Design Structure Formation Charge Transport

intensity [a.u.]

30 35 40 45 50 55 60
Total PCBM content [wt%]

* Fullerene grafting (3) * Electron transport in PPCBM (3,7)
* Amorphous nature of PPCBM (3,5,7)

* Variation of fullerene Cg, (5),C5 (4) * Balancing charge transport in block
) * Block copolymer nanostructure (4,5,6)
* Tailoring grafting density (5) copolymers by grafting density (5),
« Crystallization & glass transition (5)
* Tailoring composition (6) composition (6) or blending (7)

Figure 2.1. Overview of the thesis including the main topics i) synthesis and polyner d
sign, ii) structure formation and iii) charge transport studies (chapters are given in
brackets).

The donofacceptor block copolymers P3HBFPPCBM are desigmkto selfassemble
into temporally and thermodynamically stable, nanoscale equilibrium structures which are
promising for improved charge generation and and fast charge transport through the b
continuous network of acceptor and donor domains. Howeverdimplex cascade of
photophysical and electronic processes during device operation places high demands on
functionality of the active layer material. Specifically, a single material such as a donor
acceptor block copolymer has to comply with efficient lightvesting, a suitable nan
morphology enabling charge separation and high charge carrier mobility for both ele

trons and holes. In view of the complexity of material properties required for theaapplic



44 Overview of the thesit

tion in electronic devices, the thesis focuses omddmental understanding of structure
property relationships between polymer design, the consequences on structure formation

and chargéransport Figure2.1).

The first part of the thesis covers the synthesis asigd of fullerenggrafted poy-
mers: It is of fundamental importance to develop a preparative method for the controlled
functionalization of polymers with fullerenes which avoids cilodeng and mult
addition of fullerenes. Additionally, polymers withgh fullerene contents are targeted
while maintaining the solubility of the synthesized materials. For this, a synthesis route
based on weltlefined statistical precursor copolymers polgiéthoxystyrenetat4-
hydroxystyrene) obtained by controlled radiipalymerization (CRP) methods has been
developed. Either reversible additinagmentation chain transfer (RAFT) polymeriz
tion or nitroxidemediated radical polymerization (NMRP) were used to synthesize the
statistical polystyrene copolymer with a taddrmonomer ratio, molecular weight and a
suitable end group for block copolymer preparation. Decoration with pipdutyric
acid (PGiBA) is performed in an efficient polymemnalogous esterification to yield
highly soluble, fullerengrafted copolymesr (PPG.:BM, Chapter 3). Furthermore, St
able analytical methods for the determination of the exact fullerene weight fraction in the
polymers were evaluated as the fullerene load is one of the key parameters driving the

material properties in PPCBMs.

The precise control over end group fidelity paves the way towards integration of the
acceptor polymer PPCBM into a block copolymer architectéig this, an ethynyl
endcapped P3HT using Kumada catalyst transfer polycondensation (KCTP) and a ¢
polymer of styree with an azide end group were synthesiZdok donofacceptor block
copolymers P3HI-PPCBM are then obtained by coupling of the polystyrene copolymer
precursor carrying hydroxy groups with the donor polymer P3HT using polgoigmer
click chemistry andsubsequent esterification of the polystyrene block with fullerenes.
This novel synthesis route was applied to block copolymers wgliulerenes PGBA
(Chapter 5) as well as the g analogue PGBA (Chapter 4) attached to the polymer
backbone. The modrity of this synthetic approach allows the combination of well
defined, preformed polymer blocks with tailored molecular weights, backbone dempos
tion and PCBM content. Based on this synthesis toolbox a variety of -doneptor

block copolymers can bergrisely designed to elucidate the fundamental structure
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property relationships between polymer design, structure formation and charge transport
(Chapter 5, 6.

The second part of the thesis elucidates the consequences of fullerene grafting on the
structue formation of the polymers. On the one hand, the fundamental morphological
effects are examined that arise from the covalent bonding of the highly crystalline
fullerene molecules to the polymer backbone in the PPCBM copoly@kepter 3). On
the other land, the structure formation in doraecceptor block copolymers carryingrpe
dant fullerenes is more complex. Although a {@tase nanostructure can be observed
which is induced by the incompatibility of P3HT and PPCBM,itherophase separation
seems incmplete due to restrictions in polymer dynami€hdépter 4, 5. A central a-
pect regarding structure formation in crystaltam@orphous block copolymers is the i
terplay between crystallization of P3HT and the glass transition in the amorphous
PPCBM polymemlock (Chapter 5). The SAXS, WAXS and GIXRD measurements and
analysis were done in collaboration with the group of Prof. THAllbnecht at the Unive

sity of Halle Wittenberg.

The third part of the thesis deals with charge transport properties of thesyeth
semiconducting polymers. PPCBM is a polymeric electron transporting material where
we have studied the bulk mobility in a series of polymers in deZaidpter 3). Regad-
ing the donofacceptor block copolymers there is a great interest for bothnhadgilities
and balanced charge transport of holes and electrons which is favourable for thee applic
tion in devices. To address the issue of balanced charge carrier mobilities three different
approaches have been developed in this thesis: Tailoring thmerotesign either by
variation of fullerene grafting densitZbapter 5), by changing the composition of donor
and acceptor moietie€hapter 6) or by blending molecular PCBM with high mobility
into the block copolymerGhapter 7).

This thesis includesao published manuscriptEhapter 3, 4)iwo submitted man-
scrips (Chapters, 7) and one which isinterded for submission (Chapté). A re-
view/featurearticle submitted tcAdvances in Polymer Sciensammarizeghe current
state of research in the fielsf donoracceptor block copolymensith emphasis on the

work done in our research group and &dled to the appendix (Chap&r



46 Overview of the thesit

Fullerene-grafted copolymers exhibiting high electron mobility without nanocrystal

formation (Chapter 3)

This fundamentalvork shows a feasible synthetic path towards a seriéglefene
grafted copolymers (PR@M) which incorporate high contents between 30 and 64 wt%
of pendaniphenytCs;-butyric acid methyl ester (R@BM) while maintaining the solubi
ity of the polymers For this, tailormade precursor copolymers polyffethoxystyrene
stat4-hydroxystyrene) obtained by RAFT polymerization were functionalizedan d-
ficient polymeranalogous Steglich esterification with the carboxylic acid derivative
PGs:BA (Figure 2.2a). This controlled grafting method yields wetiluble PPEBM
polymers with narrow molecular weight distributiofSgure 2.2b). An important aspect
is the absence of amyrosslinking which was the main problem in obtaining soluble

fullerenegrafted polymers earlier.

a) b)

- --PS-Az3
——PPCBM 3
- - -PS-Az2
——PPCBM 2
- - -PS-Az 1
——PPCBM 1

g
e ——
Steglich

OH OMe esterification

PS-OH 1-3

1 10 100
molar mass [kg/mol]
PPCBM 1-3

€) d) Blend PCBM:PS-OH 1 PPCBM 3
T 1E-4 ® IR
2 %o

g 1E5; 'S

;0 1E-6+ T

%

g 1E-74

é T @ PPCBM1-3

g B0y @ Blends PCBM:PS-OH 1

[}

25 30 35 40 45 50 55
PCBM content [wt%]

Figure 2.2. (a) Key step towards fullerergrafted polystyrene copolymers: Polymer
analogous esterificatiowith monofunctional phem@s;-butyric acid (PGiBA). (b) SEC
traces of a series of PR@BM 1-3 in comparison to the corresponding precursor cgpol
mers PSAz1-3. (c) SCLC electron mobility in dependence of the;BK2 weight fraction
of PPG:BM (red) and kends PGBM:PSOH 1 (black). (d) TEM images showing thin
films of a PGBM:PSOH 1 blend with 5vt% PG;:BM (left) and a PP&BM polymer
with 51wt% of covalently attached RBM (right).
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The synthesized acceptor copolymers retain the optical and elsmtnacal properties
of the incorporated P&EBM independent of the fullerene weight fraction. The bulk-ele
tron transport properties of the Pi2BMs were studied by the spackarge limited cu
rent (SCLC) method. The maximum electron mobility gf 1x 10 ‘cnm?*V*s® was
achieved for only 37 wt% of incorporated £8M. In the range of 30 to 5@t% of
PG1BM, the acceptor polymers exhibit exceptional high charge carrier mobility co
pared to corresponding blends of moleculag;B®! and polystyrene copolyméraving
the same compositiorFigure 2.2c). In contrast to the spinodal demixing of poyyst
rene:PG:BM blends, the PP&BM polymers show a fully homogenous morphology in
the TEMimages Figure2.2d). Ourdetailed structural analysis of PEBM using AFM,
TEM, XRD and DSC confirms the amorphous nature of the polymer in thin films and in
bulk without the formation of any REM nanocrystals. Thus, an efficient charge carrier
percolation is facilitated by the homogeneous distribution of;BX2 in the copolymer.
The crystallization of the RGBM pendants is suppressed even upon thermal annealing of

the PPG:BM samples, whereas blends undergo a macrophase separation.

Donor-accepta block copolymers carrying pendant PC;;.BM fullerenes with or-

dered nanoscale morphology (Chapter 4)

This work demonstrates an elegant synthetic approach to integrate the acceptor pol
mers PPCBM from the previous chapter into block copolymers. Here, tharatien of a
novel donoracceptor block copolymer based on phe@ytbutyric methyl ester
(PC1BM) and a regioregular poly{Bexylthiophene) (P3HT) as donor is presented in
detal (Figure2.3a). First, a hydroxyfunctionalized polystyrene copolymer with an azide
end group was synthesizeth nitroxidemediated radical polymerization (NMRP) and
coupled with ethynyterminated P3HT using copper(l) catalyzed aztlgne cycloadd
tion (CuAAC). The polymeanalogousgrafting reaction of phemC;;-butyric acid
(PC1BA) to the hydroxyl groups of the polystyrene precursor was optimized to yield
nearquantitative conversion which is further demonstrated for aBNL-grafted accp-
tor copolymer in detail using MALBTOF mas spectrometry, thermogravimetric anal
sis (TGA) and'H-NMR spectroscopy. Owing to the incorporation af (Bstead of G,
the donoracceptor block copolymer exhibits enhanced absorption from the UV range up
to 600 nm.To illustrate the improved optic@roperties, the same block copolymee-{r
cursor has been grafted either with ;EBA or PG:BA fullerenes yielding P3HDb-
PPG:BM and P3HTFb-PPG;BM, respectively. Despite similar compositions of P3HT
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and PGiBM or PG;:BM in both polymers, the absorpti@pectra clearly show the nat
bly increased optical density for thes@endant block polymeiHgure2.3b).

a) b) 1:2
\ A ——PC,BM
Br 104 ’ ——PC,BM
(= al0
\ )
0.8 . 05
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Figure 2.3. a) Chemical structure of the doracceptor bbck copolymer P3HDB-
PPC;:BM and P3HTh-PPGs:BM. (b) Absorption spectra in chloroform solution compa

ing P3HTFb-PPG:BM (black), P3HTh-PPC;1BM (red) and the small molecule refe
ences P@BM (inset, black) and P&GBM (inset, red). (c) SAXS curves for P3BIT
PPGC;:BM indicating a periodic nanostructure in the melt at 2d0and after cooling to

room temperature. The inset shows the same data with a Lorentz corrected intensity
scale. (d) SEM surface image of P3B-PPC;1:BM prepared by drojcasting.

The thin fim absorption spectra clearly indicate that crystallization of P3HT isreccu
ring both in the P3HM-PSy precursor as well as in the fulleregeafted P3HTh-
PPG1BM block copolymer and can be improved by suitable thermal annealing-proc
dures. The structat elucidation of the block copolymer P3HIPPG:BM based on
smallangle Xray scattering in transmission (SAXS) and in grazing incidence geometry
(GISAXS) gives clear evidence for the formation of a periodic daeceptor nanostod
ture of 37 nm in bulland in thin films(Figure2.3c). The SAXS analysis both in the melt

and at room temperature after crystallization of the P3HT component suggest that the
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nanostructure is already caused by a ligiqdid phase sepation in the melt. Further,
scanning electron microscopy (SEM) of P3BPPG:BM films preparedby drop
casting supports the existence of a periodic daeoeptomanostructureRigure2.3d).

Influence of fullerene grafting density on structure, dynamics and charge transport
in P3HT-b-PPCs:BM block copolymers (Chapter 5)

The block copolymer P3HB-PPG:BM structure offers a couple of tunable design
parameters to the polymer chemist: These are the molecular vedigi#ich polymer
block, the weight ratio between both blocks, the monomer ratio in the polystyrede copo
ymer and the corresponding fullerene grafting density ing/ BN We define the graf
ing density as the weight content of fullerenes in the B block, i.e. this parameter
is a measure for the dilution of fullerene moieties along the polystyrene backbone. To
study the impact of the grafting density on structure formation, dynamics and charge
transport, a series of P3HFPPG;BM block copolymers has beesynthesized witha
curately tuned grafting density between 26, 47 anavi80. The chain length of the
PPG:BM block was reduced at the same time to kdep overall ratio of P3HT and
PGs:BM moieties roughly constant between 1:0.70 and 1:(F8fu(e2.4).

a)

P3HT-b-PPCBM 1: a:b=0.10:0.90, n=98, m=75
P3HT-b-PPCBM 2: a:b=0.17:0.83, n=70, m=75
P3HT-b-PPCBM 3: a:b=0.26:0.74, n=46, m=75

Figure 2.4. (a) Schematic illustration of the P3HFPPCs;:BM block copolymer series
with variation of the fullerene grafting density and chain length. (b) Chérsiicecture of
P3HT-b-PPGs;BM 1-3 consisting of the same P3HT block withkgdnol* and a tailored
PPGs:BM block with an increasing grafting density of 27, 47 tav%, respectively.

The dual function block copolymer is designed to exhibit hole trangpogh P3HT
and electron transport through the RfBB polymer phase. Thereby, the crystallization
of the P3HT block is of fundamental interest, since it notably improves the hole mobility
in P3HT. Detailed DSC studies confirm the crystallization of P3HThe block copal-
mers P3HTh-PPG1BM, however, the crystallization is likely restricted by tflass tra-
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sition temperature of th@morphous PP&BM block (Figure2.5a). The investigation of a
series of PPEBM homopolymers revealed that thkass transition temperatuirecreases
considerably with increasingrafting density Figure 2.5b). Thus, the restricted dynass

of PPG;1BM seemto impose significant constraints forystallization and structure rfo
mation in the block copolymers. Both SAXS and GISAXS measurements of-B3HT
PPG:BM 1-3 revealed a donacceptor nanostructure of roughly 30 to 40 nm in bulk
andin thin films (Figure2.5c). Thistwo-phase nanoscale morphology is further supported
by transmission electron microscopy (TEM) and scanning electron microscopy (SEM).
However, the higiTy of the amorphous PR@M block is suggested to trap the structural
evolution in an mcompletemicrophase separatesiate impeding a longange and well

ordered morphology of the block copolymer.
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Figure 2.5. (a) DSC traces of P3H®B-PPG;;:BM 1-3 showing the melting/crystallization

of the P3H block and a § for P3HT-b-PPGs;BM 1. (b) Correlation between grafting
density and glass transition temperature in REBM homopolymers and a polystyrene
precursor. (c) SAXS curves of the block copolymers in bulk indicating a periodic
nanostructure of 3¥2nm. (d) Hole (ptype) and electron mobility {type) in fieldeffect
transistors of P3HI-PPCG;:BM 1 (blue), 2 (red) and 3 (black) demonstrating the i
portance of grafting density for electron transport in the block copolymers.
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Further, it is demonstratl that the fullerene grafting density is a key parameter in
P3HT-b-PPG1BM block copolymers to improve the electron mobility by two orders of
magnitude without sacrificing the hole transport. In organic f&ffdct transistors, the
block copolymers exhib ambipolar charge transport in particular for P3BIT
PPG:BM 2 and 3 with high fullerene grafting densiigure2.5d).

Influence of composition on structure formation and charge transport in P3HTb-
PPC;:BM block copolymers(Chapter 6)

While the fullerene grafting density is a crucial factor to control charge carrier
transport in the donesicceptor block copolymers, the previous chapter has shown that
tuning the grafting density is not sufficient to balance tlubitities. The variation of the
donoracceptor ratio by synthesis represents anatipgroach towards balanced charge
transport between holes and electrons in daaoeptor block copolymers. By tailoring
the molecular weights of thetgpe P3HT block anthe ntype PPCBM block, the donor
acceptor composition of the block copolymer can betiimed. To study the composition
dependence of charge transport and structure formation, a series ofbHEME,BM
block copolymers has been prepared with a highigaflensity between 51 and 88%.

The composition of P3HT:PR@M in the block copolymers is varied betwe#10.43,
1:1.70 and 1:3.55(wt:wt) by increasing the polymer chain length of the acceptor block
PPG:BM (Figure2.6).

growing PPC;,BM
acceptor block

Figure 2.6. Schematic illustration of the P3HFPPC;;BM series with varied doner
acceptor ratio P3HT:PP&BM=1:0.43, 1:1.70 and 1:3.5@6vt:wt).

This study reveals the consequences of th@daoceptor composition on the cryista
lization of P3HT in bulk as well as in thin films and the structure formation using-diffe
ential scanning calorimetry (DSC), absorption and photoluminescence (PL) spectroscopy

and small angle Xay scattering (SAXS)To find ideal conditions for crystallization of
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the hole transporting P3HT block, various thermal annealing procedures have been
screened in thin films. The thermally induced crystallization of one component further
improves phase purity and phase sepamnadiothe donor and acceptor domains which is
indicated in the photoluminescence quenching reskitgufe 2.7). However, when the
PPG1BM block becomes too large, the dynamics is frozen due to the expectetizhigh
This results in an almost complete suppression of P3HT crystallization. Additionally, the
structural investigation of the P3HFPPG1BM series using SAXS clearly reveals the
impact of chain length omicrophase separatioWhile P3HT-b-PPG;BM 1 with a \ery

short acceptor chain is most likely in the weak segregation regime and does not exhibit a
clearmicrophase separatipR3HT-b-PPG.BM 2 with a medium sized acceptor block is
microphase separateshder the constraints of the highof the PPCBM blockP3HT-b-
PPG:BM 3 with the largest PPEBM block, however, does not develop a periodic
nanostructure which is associated to the dynamic restrictions arising from th&ghigh
majority phase of PPGBM.

The composition dependence of charge transport in RBAPG1BM block copoy-
mers wasstudied using OFETs. With increasing RPHEM chain length the P3HT weight
fraction is reduced and, consequently, the hole mobility is decre&smgé2.7b).

a) b) P3HT weight fraction [wt%]
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Figure 2.7. (a8) Thin film absorption (solid lines) and photoluminescence spectra (dashed
lines) for P3HFb-PPC;:BM 2 in ascast and annealed samples at &0 (120min),
200°C (30min) and 24CC (5min). (b) OFET hole (blue)ral electron mobilities (red)
of the block copolymers series P3H-PPC;;BM 1-3. The dashed lines are a guide to the
eye.

P3HT-b-PPG1BM 1 with only 30wt% of PPG:BM apparently does not offer ne
nected percolatiopaths for electrons and therefore doessiatw any electron mobility.
Despite the increasing PPBM fraction in the block copolymers 2 and 3, the electron

mobility saturates at aroundx7L0° cn? V' s Interestingly, the electron mobility of the
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Cro-grafted block copolymers is notably lowesmpared to the 4g-grafted block cople

ymers.

This chapter is unraveling the significance of a roughly balanced composition of the
P3HT-b-PPG1BM block copolymer in order to achieve the desired periodic donor
acceptor nanostructure inducedricrophase eparation The corresponding network of
donor/acceptor domains with rather high phase purity is crucial for any optoelectronic
application. The charge transport, however, could not be balanced only by varying the
composition. On the one hand, theyGrafted block copolymers show in general low
electron mobilities compared to P3HT. On the other hand, the correlation of composition
and charge transport is strongly influenced by the structure formation in these @ock c
polymers. With increasing PRBM contert the morphology is first weakly segregated
with rather isolated PRGBM domains, themmicrophase separatedth a donoracceptor
nanostructure and finally reaches a dynamically frozen state without nanoscale order.
This work clearly shows the limitatior@sd complexity of polymer design to tailor aesp
cific material property. In particular, the high glass transition temperature of the
PPG:BM block is a recurring issue that reinforces the need for tailoring the polymer

backbone towards lowW, systems.

Simultaneous morphological stability and high charge carrier mobilities in donor

acceptor block copolymer/PG:BM blends (Chapter 7)

The active layer in organic photovoltaics in particular requires a-temg stable
morphology with nanoscale donor/acceptor dom and a balanced charge carrier
transport for holes and electrons. The previous chapters have demonstrated thal-both ful
erene grafting density and donor:acceptor composition are important parameter to control
the charge carrier transport and struciar¢he donoracceptor block copolymers. Me
ever, despite the enhancement of electron mobility through tailoring fullerene grafting
density, the charge transport is not yet balanced. Thereforelegant approach has been
developed to match hole and elecirtransport in P3HDB-PPG:BM by blending no-
lecular PG;;BM into the block copolymewithout causing any macrophase separatibn
could be demonstrated that an insufficient electron mobility in the homopolymer
PPG:BM (Figure 2.8a) can be compensated by blending with moleculapBM. The
SCLC electron mobility in bulk is improved by two orders of magnitude to
1.8x 10* cnm?V s for a blend ratio of PPEBM:PCsBM=60:40 (Figure 2.8b). Using a
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combination of XRD, AFM and DSChe large miscibility of the PRGBM:PCs:BM
blend up to 6Avt% PG.BM load could be verified(Figure 2.8c). The blendbetween
PPG:BM homopolymer and P&BM formsan amorphous, molecularly mixed fullerene
phasewithout crystallization of the molecular fullerene component.

PCBM| ©) PPCBM:PCBM
0:100 pure PPCBM (whwt)
. N 100:0
60:40
=
n @
c
]
80:20 £ 4
100:0
4 1 PPCBM:PCBM (wt:wt) pure PCEM
T T T T T T T T n
T T T T T T T T T
PPCBM 30 40 50 60 70 80 90 100 4 6 8 10 12 14 16 18 20
a:b=0.10:0.90 o . El
total PCBM content [wt%] scattering vector [nm]

Figure 2.8. (a) PPG:BM polymer with 3@vt% pendant PgBM. (b) SCLCelectron no-
bility 1e in dependence of the total BBM content. (C(MWAXS scattering curves of pure
PPG:BM, the PPGBM:PCs;.BM blends 80:20, 60:40, 40:60 and 20:80 and pure
PCs1BM as powder samples measuredpaspared (dotted lines) and after thermai-a
nealing (solid lines).

The blending strategy is applicable to block copolymers as well: Blends of-donor
acceptor blockcopolymer (BCPFigure 2.9a) and PgBM show substantially enhanced
electron mobilities of pe=(3.2° 1.7)x 10*cm?V's! and a hole mobility of
Hn=(1.8° 0.6)x 103cm?V's™ for BCP:PG:BM=60:40 in fieldeffect transistorsRigure
2.9b). Thereby, the BCP:REBM blend provides a similarly high ambipolar charge
transport compad to the established P3HT:£BM blend and exhibits exceptionally
stable hole and electron mobilities even for prolonged theamataling The operational
stability of the OFETSs is attributed to the letegm stable doneacceptor nanostructure
of the Bock copolymer consisting of a network of seonystalline P3HT and amorphous
PCBM-enriched acceptor phases without macrophase sepafgitone 2.9¢). This work
demonstrates the feasibility of high charge transpnd stable morphology in a donor

acceptor block copolymer by a blend approach.

An application and optimization of the dormcceptor block copolymers or their
blends in organic photovoltaics is not yet attempted due to the lack of vertical orientation
of the nanostructures in thin films. Otherwise a thermal annealing usually leads to a non
desired alignment of the nanostructures parallel to the substrate, which does not favor

charge carrier transport towards the electrodes in a sandwich geometry.
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Figure 2.9. (a) Chemical structure of the P3HFPPCBM block copolymer (BCP) used
for the blend studies. (b) OFET hole (blue) and electron mobilities ¢E8CP:PCBM
blends given in wt:wt ratio in asast (opensymbols) and annealed devices (fillednsy
bols).(c) (ptical microscopy imagesof P3HT:PG;BM=1.0:0.8 (wt:wt) and
BCP:PG.BM=60:40 (wt:wt) blend filmsshowing a section dhe interdigitating 2Qum
channel gold electrodes of the OFET devicHse images wer taken in asast state,
0 min, and after 12@nin of annealing at 16€C.

Appendix: Nanoscale morphology from donoracceptor block copolymers: Fo-

mation and functions (Chapter 8)

This chapter gives a comprehensive overview on general design princigleaas
acceptor block copolymers with a specific focus on block copolymers carrying a P3HT
donor block and acceptor blocks with pendant perylene bisimides (PPerAcr) or fullerene
derivatives (PPCBM). The article was written based on results from a joiarchgeo-
ject between the groups of Prof. Mukundan Thelakkat, Prof. Thomas-Afunecht and
Dr. Harald Hoppe.

Molecular design  Self-assembly Nanostructures Device

m n
Donor Acceptor
block block

molecular mesoSCOof

le—sl
I
o

Figure 2.10. Concept for doneacceptor block copolymers in photovoltaic devices: From
molecuér design of functional semiconducting block copolymers with the ability to self
assemble into a don@cceptor nanostructure towards aligned functional structures on
the mesoscale and their integration into macroscopic devices.
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The review/feature articladdresses the main issues from an interdisciplinary perspe
tive including the synthetic challenges of the building blocks P3HT, PPerAcr and
PPCBM used for the synthesis of the corresponding block copolymetepth studies
on structure formation and tle®nsequences for charge transport and applicationan ph
tovoltaic devices. In particular, we elaborate the implications of the dowséalline or
crystallineliquid crystalline nature of the block copolymer P3HPPerAcr on structure
in comparison to a&rystallineamorphous system such as P3b{PPCBM. The review
article highlights the considerable progress in the field of RBHPPerAcr block cope
ymers which exhibitmicrophase separatian the melt and confined crystallization of
P3HT during coolingo room temperature. Similarly to classical emll block copoy-
mers, the type of morphology is determined by the respective volume fractions of P3HT
and PPerAcr in the block copolymer and show loaigge ordered lamellar or cylindrical

microdomains.
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Individual contributions to joint publications

CHAPTER 3
This manuscript is published Macromolecule$2014 47, 23242332) with the title:

"Fullerenegrafted copolymers exhibiting high electron mobility without nanocrystal fo

mation"

by Martin Hufnagel, MathisAndreas Muth, Johannes C. Brendel and Mukundan
Thelakkat

During the master thesis | synthesized the polymers and did the basic polymer dharacter
zation. Indepth analysis of the polymers and blends using transmission electros-micro
copy (TEM), Xray diffraction (XRD), differentialscanning calorimetry (DSC) ang-c

clic voltametry (CV) and the preparation of the manuscript was done during my BhD th
Sis.

MathisAndreas Muth performed the SCLC charge transport measurements, characterized
the thin films byAFM, carried out the SEC measurements and was involved in thre scie

tific discussions.
Johannes C. Brendel was involved in the scientific discussion.

Mukundan Thelakkat supervised the project, was involved in the scientific discussion and

corrected the marscript.

CHAPTER 4

This manuscript is published Polymer Chemistry2015 6, 813826) with the title:

"Donor-acceptor block copolymers carrying pendant:B® fullerenes with ordered

nanoscale morphology"

by Martin Hufnagel , Matthias Fischer, Thomas ThuAlbrecht and Mukundan
Thelakkat

| synthesized and characterized all the polymer materials including optical chagacteriz
tion in solution/films and thermal analysis and | wrote the manuscript. Further; | pe
formed initial SAXS experiments using the XRIxildgies in the group of Prof. Thufn

Albrecht and prepared the thin films for GISAXS experiments at the European &ynchr

tron Radiation Facility in Grenoble.
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Matthias Fischer characterized in detail the polymers using SAXS and GISAXS.

Thomas ThurrAlbrechtwas involved in the scientific discussion and corrected the ma

uscript.

Mukundan Thelakkat supervised the project, was involved in the scientific discussion and

corrected the manuscript.

CHAPTER 5
This manuscript is under revisionacromoleculesvith the title:

Al nfluence of fullerene grafting density on
P3HT-b-PPG:BM bl ock copol ymer so

by Martin Hufnagel, Matthias Fischer, Thomas Thuflbrecht and Mukundan
Thelakkat

Two block copolymers have been synthesidadng my master thesis. During my PhD
thesis | developed a new synthetic route and prepared the third block copolymerci chara
terized all the polymers and analyzed the material properties using DSC, opticaband ph
toluminescence spectroscopy in soluftfibtms, electron microscopy (TEM, SEM) and
OFET. Additionally, | performed initial SAXS and WAXS experiments using the XRD
facilities in the group of Prof. ThurAlbrecht and prepared the thin films for GISAXS
experiments at the European Synchrotron Ramfidtacility in Grenoble. Further, | wrote

the manuscript.

Matthias Fischer characterized in detail the block polymers using SAXS, WAXS and
GISAXS and measured DSC for some of the polymers.

Thomas ThurrAlbrecht was involved in the scientific discussiordaiorrected the nm

uscript.

Mukundan Thelakkat supervised the project, was involved in the scientific discussion and

corrected the manuscript.
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CHAPTER 6
This manuscript is intended for submission with the title:

"Influence of composition on structure moation and charge transport in P3HT
PPG1BM block copolymers

by Martin Hufnagel, Matthias Fischer, Anne Browa, Thomas Théthrecht and
Mukundan Thelakkat

| synthesized and characterized all the polymer materials and performed the DSC, spe

troscopy andDFET charge transport studies. Further, | wrote the manuscript.

Under my supervision, Anne Browa (practical student) did the spectroscopic cha@acteriz
tion of the polymers and performed the preparation and characterization of the OFET

devices.

Matthias Fscher contributed to the SAXS measurements and their analysis and-was i

volved in the scientific discussion.

Thomas ThurrAlbrecht was involved in the scientific discussion and correction of the

SAXS part of the manuscript.

Mukundan Thelakkat supervisecetproject, was involved in the scientific discussion and
corrected the manuscript.

CHAPTER 7

This manuscript is submitted tiournal of Polymer Science, Part B: Polymer Physics
with the title:

"Simultaneous morphological stability and high charge carriebilities in donor
acceptor block copolymer/RBM blends

by Martin Hufnagel and Mukundan Thelakkat

| performed all the experiments including the structural investigation (XRD, AFM and
optical microscopy), thermal analysis (DSC), optical and photolumgnescspectrose
py, SCLC and OFET device preparation and their analysis. Further, | wrote the fiall ma

uscript.

Mukundan Thelakkat supervised the project, was involved in the scientific discussion and

corrected the manuscript.
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CHAPTER 8

This review/feature réicle is submitted tedAdvances in Polymer Scientie be published

as book chapter with the title:

"Nanoscale morphology from donacceptor block copolymers: Formation anddun

tions"

by David Heinrich, Martin Hufnagel, Chetan Raj Singh, Matthias Fisch&hahidul
Alam, Harald Hoppe, Thomas ThuAibrecht and Mukundan Thelakkat

| have written the sections "Acceptor building block: Poly(fullerenes)/PPCBM" and "D
nor-acceptor block copolymer: P3Hilock-PPCBM" focusing on synthesis, structure
formation and carge transport in these materials. Apart from highlighting the relevant
results of my PhD, the article also provides a current overview on general synthétic stra
egies for fullerengrafted polymers and corresponding material properties reported in

this field of research.

David Heinrich, Chetan Raj Singh, Matthias Fischer, Shahidul Adantributed to the
other sections of the article. Harald Hoppe, Thomas TFAllbrecht and Mukundan

Thelakkat corrected the manuscript.
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ABSTRACT

Well-soluble fullereneagrafted copolymers PPCBMswith high corients of pendant
phenytCs:-butyric acid methyl ester (PCBMyetween 30 and 64 wt% are reported.
Herein, the tailoimade precursor copolymers palyhethoxystyrenetat4-tert-
butoxystyrene) obtained by reversible addition fragmentation chain transfefTjRaF
lymerization are functionalizedia an efficient polyme@analogousesterification The
synthesized acceptor copolymers retain the optical and electrochemical properties of the
incorporated PCBM independent of their fullerene weight fraction. Theitrefetrars-
port propertiesare studied by spaceharge limited current (SCLC) method. The frax
mum electron mobilityle of 1x 10° ‘cm?v's™ is achieved for 37 wt% of incorporated
PCBM. Below 50 wt% of PCBM, the acceptor polymers exhibit exceptional grge
carrier mobility compared to the corresponding blends of molecular PCBM and precursor
copolymer.Detailed structural studies using AFM, TEM, and XRD are perforriéel.
confirm amorphous morphology both in thin films and in btdk the PPCBMswhich
clearly indicates the absence of PCBIsinocrystalsThus an efficient charge carrier pe
colation is facilitated by the homogeneous distribution of PGBMopolymer Addition-

ally, the absence of nanocrystal formation was demonstrated during thermalranneali

INTRODUCTION

Buckminsterfullerene and its derivativesexhibit a unique electren
accepting/transporting capabilyand their application as-type semiconductors for
organic photovoltaic (OPV) cells has been extensively studiBthysically mixed blends
of phenytCg;-butyric acid methyl ester (PCBM) and polyigxylthiophene) (P3HT) as
donor material for bulk heterojunction (BHJ) solar cells have achieved power conversion
efficiencies (PCEs) up to 5%3.This benchmark value was outperfed by the applia-
tion of low-bandgap donor materials, yielding PCEs of more than 8% in single junction
deviced”

A crucial requirement for high solar cell performance is an efficient but balanced
charge transport of electrons and holes through the active layer of organic solarezells. R
garding the morphology inblend devices based on P3HT:PCBM or poly(p
phenylenevinylene):PCBM, it was found that PCBM forms a crystallizatidnced né
work of PCBMrich domains, which consist of PCBM nanocrystafsin these blend

systems the bulk electron mobility improved with an increasiagtifon of crystalline
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PCBM. With a sufficiently large content of PCBM, roughly-B0 wt% in the blend, a
dense network of percolation pathways is opened up which enables charge cagder tran
port over macroscopic distandés” Pure PCBM is a crystallinetype semiconductér”

and forms different crystal structures depending on the crystadlizativent'?

However, new concepts to overcome the inherent problem of limited thermodynamic
stability of nanostructured blends direotvards a replacement of easiliffusing small
molecule acceptors by polymeric electron transport materials. We recently could show
high bulk electron mobility in pendant perylene polyni&fsStudies on side chain pel
mers carrying pendantesg&show a correlation of increasing electron mobility with i
creaing Cso content™*® In these systems, for@s, contentof 23-60 wt%, electron -
bility of 10 °%to 10 ‘cn?Vs! was reported® Further a threshold fdEe aggregation
was found for 1213 vol% of incorporated &.**! Fanget al. recently reported improved
charge transport of pendangs@olynorbornene in organic field effect transistors bitri
uted to the confined organization along the polymeirch¥ Such detailed studidsave
not been reported in pendant PCBM polymers. However, the syntid3&BM pendant
polymersand their potential applicationa polymer solar cellsvere demonstratede-
cently” Therefore, we were motivateto synthesize wetlefined pendant PCBMoe
polymers in order to study the correlation of aggregate formation, morphology &nd ele

tron transport in these systems.

While the electronic properties of side chain polymers can be tuned by the type of a
tached @llerene derivative, the physicochemical parameters are determined by the nature
of the polymer backbone. Their preparation is achiesgder by polyme&analogous
modification or directly by polymerization of fulleremerivatized monomers using-o
ganomedllic catalysis*®*® Polymeranalogous synthetic routes rely éumctionalized
polymers, which are decorated with fullerene derivatives in a further step. Various types
of reactions were reported to attacky €ovalently to functional polymers including atom
transfer radical addition (ATRA}” [3+2]-cycloaddition with azide$'?? Friede}Crafts
type reaction&® tosylhydrazone additioi”! lithiation,”” Bingel reactior?® and azide
alkyne Huisgen cycloadditioi”*® Sinceall these methods are based on the reaction with
double bonds, § acts as an inherently multifunctional reactant. In particular for high
fullerene loads, this fact leads to multiple additions, polymer dnokisig and dimn-
ished solubility. Therefore, etive grafting reactions with moranctionalized G, de-

rivatives are highly preferred. J al. have presented such a wedintrolled method to
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prepare fullerengrafted block copolymers by an efficient Steglich esterification with
phenytCer-butyric aid (PCBA)?%

In this work we present a tailemade synthesis for highly soluble PCBivafted ©-
polymers without crosknking. Further, the impact of covalent fullerene attachment to
the polymer backbone is investigatedh regard to morphology and fullerene nansery
tal formation and compared to blend systems. Here, we can demonstrate that efficient
electron transport can be achieved, even if the pendant PCBM polymers do not show any

indication for fullerene nanocrystarmation.
RESULTS AND DISCUSSION

Synthesis

The key aspect of our approach, depicted in Scheme 1, relies on the synthesis of a st
tistical precursor copolymer consisting oimethoxystyrene (MS) and-Butoxystyrene
(BS). The monomer BS can easily be degpectad to yield hydroxyl groups. In a sebs
guent step, the resultingh/droxystyrene (HS) units were covalently linked to thg C
fullerene derivative, phemyls:-butyric acid (PCBA). The proposed strategy provides
both a precise tailoring of the overalimber and density of the pendant fullerenes.
Hence, there are two ways to tune the PCBM content in the copolymers: First, controlling
the amount of grafted PCBM while the copolymer composition is kept the same. Second,
varying the copolymer composition, or other words changing the dilution of the HS
monomer, followed by a complete grafting with PCBM.this work, we followed the

second route.

We applied a reversible addition fragmentation chain transfer (RAFT) polymerization
for the synthesis of the @cursor copolymer using an azderivatized trithiocarbonate
chain transfer agefif (CTA). Thereby, an azide morterminated polymer is obtained
that is giving access to a wide range of synthetic opportunitiesick chemistry. Here,
the RAFT polymerization was carried out with varying feed ratiohhe monomers MS
and BS in presence of -bzbbesisobulylnitrden(diBNjihe i ni ti
toluene at 80 °C. Samples fii-NMR spectroscopy were periodically taken to monitor
the progress of polymerization. We found first order polymeomnakinetics and could

prove that the consumption of both monomercggeis equally fast (Fig. S1).
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Scheme 1.Synthesis route towards PCB@dafted copolymers. i) -8zidopropyi2-
(((dodecylthio)carbonothioyl)thie2-methylpropanoate, AIBN, toluene, 80 °@) 1-
octyne, Cul/PMDETA, THF, room temperature, 24 h; iii) concentrated HCI, THF, 35 °C,
22h; iv) PCBA,DCCDMA P, DMAP A HLACN=3:DIS\WCV:v)C4 °C, 791 h.
Therefore, we obtain statistical copolymers with a huailtatio of BS:MS= 10:9Q
17:83 and 26:74, respectiveljhe polymerization was stopped at around 50% total-mo
omer conversion to ensurermav molecular weight distributions. The synthesized-pr
cursor copolymers R8z 1, PSAz 2 and PSAz 3 differ both in monomer ratio and chain
length (see Table 1). With increasing mole fraction of BS in the precursor copolymer,
here 10 (PAz 1), 17 (PSAz 2) and 26 mol% (P®z 3), the overall chain length was
reduced from 117, 73 to 45 repeating units, respectively. Note that the number of BS units
per chain is then 12 in all the copolymers according to our calculation based on-the m
lecular weight which was determined by matrassisted laser desorption/ionization mass
spectrometry with time of flight detection (MALBIOF MS). This number was selected
to give appreciable amounts of fullerene in the final copolymer. The molecular weight
distribution of theobtained copolymers measured by size exclusion chromatography
(SEC) in THF is narrow, ranging from 1.09 to 1.11 (Table 1 and Fig. 1). Despite ithe cal
bration with polystyrene as standard, the apparent number average molecular Mgights
of 12.7 (PSAz 1),10.0 (PSAz 2) and 6.9 kgnol™* (PS-Az 3) do not represent the the
retically expected values, which are considerably highbkis deviation is attributed to
the increased polarity of the copolymer which influences the interactions with column

material andhe eluent.
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The azide end group is relevant only for clicking functional moieties or a secénd po
ymer block.A further aim of this synthetic route with an azide end group is to attach a
donor polymer with an alkyne end group. But this is not the subjettémtd this man-
script. Therefore, we have deactivated it to avoid [32]Joaddition between the fulle
enes and the azide end gr6tipwhich may lead to crodiking of the PCBMgrafted
copolymers. The Huisgen ZXdBpolar cycloaddition (click chemistr%] is an elegant
method to couple thezale end group with an alkyne reagent. Therefore, the precursor
polymers PSAz 1-3 were reacted with a tdnld excess of Dbctyne in presence of
23 mol% Cul/PMDETA catalyst at room temperature. The success of this reaction was
proved by Fourietransforminfrared (IR) spectroscopy, which is very sensitive towards
azides due to its strong asymmetric vibrdffdnThe azide vibration at 2098 ¢nulisap-
pears completely in the IR spectra of®6&t 1-3, indicating a quantitative erghpping of
the azideend groups upon formation of a 1&zole ring (Fig. S2). Thernalysis by
SEC in THF shows only a negligible shift i, butexhibit a very weak shoulder ap-a
proximately double weightN, (Fig. 1a) This polymer coupling is attributed to a tsan
formation of the trithiocarbonate to a thiol end group by nucleophilic reagents, which can

result in polymespolymer disulfide formatioff*!

Table 1.Experimentally determined data of the synthesized copolymers.

Molar Mn N M. 0 M. M, PCBM
. RUY )

Polymer ratio SECY SECY MALDI 9 content’
ab  [kgmol] [kgmolY]  [kg molY] ' [Wi%]

PSAz1 1090 123 111 127 1.37

PSOH1 1090 9.3 1.29 16.0 16.0 12:105

PPCBM1 10:90 172 127 351 22.9 30

PSAz2 1783 90 111 100 118

PSOH2  17:83 7.9 117 102 101 12:61

PPCBM2 17:83 116 121 258 16.1 37

PSAz3 2674 57 109 69 1.14

PSOH3 2674 53 1.10 63 64 12:33

PPCBM3 2674 76 121 196 13.0 51

PPCBM 4  26:74 25.2 17.8 64
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% SEC in THFas eluent? SEC in chlorobenzene as elueheak maximunM, determined by MALDA
TOF mass spectrometr§). Repeating units etermined by'H-NMR spectrometry anl/ALDI -TOF mass
spectrometry® Determined by MALD{TOF mass spectrometry

a) b)
——PS-Az3
——PS-Oct 3
——PS-OH3
1 2 3 4567890 20 3040 1 10 100
molar mass [kg/mol] molar mass [kg/mol]

Figure 1. SECtraces (a) after each step during the postpolymerization modification of
precursor copolymer R8z 3 (UV 254 nm, eluent THF) and (b) of the PC@gdfted
copolymers PPCBM-B in comparison to their respective precursor copolymerf\P &

3 (RI detector, elent chlorobenzene).

The polymeranalogous cleavage oért-butyl ether groups was carried out atyer
mild thermal conditions of 35C with an excess of hydrochloric aciQuantitative cao-
version oftert-butyl eter to hydroxyl groups in ROH 1-3 was acleved after 22h rea-
tion time, which was evidenced Bi-NMR (Fig. S3). Exemplarily shown for R®H 2,
the full conversion of BS to-Ayroxystyrene is indicated by the integral ratio of tlye h
droxyl proton signal at’'=9 . 2 3 ip@m addBthe phenyl proteratd= 6. 851 6. 15 p
which matches perfectly the expected content of 17 mol% of HS (Fig. 2). FOHPE
and PSOH 3 the integral ratio corresponds to a HS content of 10 amdo2, respe-
tively. Accordingly, the strong singlet dt= 1.29 ppm associalewith thetert-butyl pro-
tons, is significantly decreased. The residual signal belongs to the remaining alkyl chains
and methyl groups of the CTA. The SEC trace is shifted to loma&ecular weight,
which is in accordance with the expected weight loss {sd®e 1) and can be seen in
Fig.1 for PSOH 3. Note that also the increased polarity of the polymer©RSI-3 sig-
nificantly affects the elution time, which is dependent on interactions between polymer

and solvent or column material.

For the final step fofullerene attachment, we favored an efficient Steglich estarific

tion procedure, which was reported recently for polyar@logous functionalization with
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PCBA by Russeét al®® PCBA can easily be prepared in high yeelsly ester hydrolysis

from the commercially available PCBFf!

PPCBM 2 o 142
N/~
017 H,O DMSO polymer
backbone
alkyl chains
PS-OH 2 OH
e OtBu
0.17
PS-Oct 2 L .
) I 1 ' 1 L} )
10 9 8 3 2 1

5("H) [ppm]

Figure 2. 'H-NMR spectra of the octgndcapped copolymer FGct 2, deprotectedos
polymer PSOH 2 and the PCBMrafted copolymer PPCBM 2.

Steglich esterification of ROH 1-3 with PCBA was performed at 4C for 7291 h
in a solvent mixture of carbon disulfide (§S1,2dichlorobenzene (DCB) and aceton
trile (AcN) in the ratio 3:3:1 (w:v). Additional toN,N&dicyclohexylcarbodiimide (DCC)
and N,N-dimethyt4-aminopyridine (DMAP), we further added the hydrochloride of
DMAP, abbreviated as DMABICI. This reagent can act as a proton source, which is
supposed to enhance the yield of eftaiion by suppression of the side produat-fo
mation of theN-acylured® An important aspect for fullerene grafting is the monomer
ratio in the copolymers, since this parameter determines the maximum PCBM content of
the copolymersWith increasing molar fraction of HS, the solubility of the obtained
PCBM-grafted copolymers is diminished. While polymers with 30 (PPCBM 1) and 37
wt% PCBM (PPCBM 2) are well soluble in chloroform, 51 wt% PCBM (PPCBM 3)
shows only limited solubility irchloroform, but good solubility in chlorobenzene (CB)
and DCB. The copolymer with 6£4t% PCBM (PPCBM 4) already precipitated during
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the esterification due to its high PCBM load. PPCBM 4 then could only be redissolved in
DCB at 100 °C. In consequence, theximum content of PCBM for solution processable
copolymers was determined to be 64 wt%. The cpmeding monomer ratio was
HS:MS=26:74 and the number of repeating units HS:MS=11:34.

We applied an extensive purification for PPCBM 10 guarantee that ontpvalently
attached PCBM remains in the product. After precipitation twice into methanol, tde resi
ual lowrmolecular weight fullerene derivatives.§.the N-acylurea derivative of PCBA
from Steglich esterification) were removed by precipitation the ymbohto a mixture of
toluene and methanol. The ratio of both solvents was adapted to the solubility of the
PCBM-grafted copolymeri.e. toluene:methanol 1:1 for PPCBM 1, 2:1 for PPCBM 2, 3:1
for PPCBM 3. While the lownolecular weight fullerene side prorta were efficiently
dissolved, the PPCBMs precipitated. The absence ofntolecular weight impurities
was carefully controlled by thin layer chromatography. Besides, any fullerene impurities
would be easily visible in the NMR spectra due the sharp resesdrom low molecular

weight compounds.

According to théH-NMR spectrum in Fig. 2, all relevant proton signals which belong
to the polymer backbone and the pendant PCBM are clearly evidérdreas pure
PCBM shows a distinct fine structure of the nplét signals arising from the methylene
protons, these proton resonances are strongly broadened in the-gr@B&di copof-
mers. This is exemplarily shown for PPCBM 2 in Fig. 2. Here, the broad proton signals 4,
5 and 6 give clear evidence for the covalattiachment to the polymer backbone. The
successful ester bond formation is further supported by the significant shift of tloe broa
ened proton signal 6 at=2.73 ppm, which is adjacent to the ester bond, compared to the
triplet proton signal at/= 2.53 or pure PCBM (FigS4). We calculated the efficiency of
the Steglich esterification frofH-NMR spectroscopy and MALBTOF MS. According
to this, the grafting process was incomplete for the copolymers PPCBMchieving 56
to 67% esterification of the aitable HS units. In contrast, PPCBMwas fully
derivatized with PCBA. In the series of PPCBM lthe concentration of PCBM increa
es considerably while the overall molecular weight of the polymer backbone decreases.
As a result, there is statisticallpe PCBM molecule for every 15, 10, 6 and 4 repeating
units of the PCBMgrafted copolymers PPCBMA. Apparently, steric hindrance redar
ing the bulky fullerene molecules is not the only limiting factor for polyarealogous

grafting. The difference in grufg yield can also be attributed to the differences in-dil
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tion of HS units (different monomer ratios) as well as the used solvent mixture, which
may not be ideal for the desired high fullerene grafting. The SEC traces of the-PCBM
grafted copolymers PPCBNI-3 in CB (Fig. 1b) shift only marginally to higher molar
masses compared to the precursor polymerdP $3. This finding seems contradictory
to the significant mass increase, which was evidenced by the MAOM mass spectra
shown in Fig.S5. Howeverthis observation is mostly attributed to a contractile effect of
intrachain interaction of fullerenes, leading to a reduced hydrodynamic v&fime.
PPCBM 4 is not soluble in chlorobenzene and could not be characterized binQ6e.
clusion, we confirm the successful covalent linkage of the PCBA moieties to the-precu
sor copolymewia esterification.As we applied an extensive purification of the PPCBMs
to remove lowmolecular weight fullerenes, we get a clear picture about the cHemica
composition of the PCBMrafted copolymers. The covalent attachment of PCBA was
evidenced by NMR (Fig. 2 and Fig. S4) and further supported by MALDF mass
spectrometry (Fig. 3 and Fig. S5). Particularly, the distinct mass increase of the-PCBM
graftedcopolymer compared to the precursor in the expected range rules out any other

possibilities than a grafted copolymer.

Characterization

One of the most important parameters to be determined regarding fullerene polymers
is the exact amount of covalently atted PCBM molecules. We have employed several
complementary methods such as MAEDDF MS, 'H-NMR spectroscopy,
thermogravimetric analysis (TGA) and quantitative-\i¥ spectroscopy to determine the
PCBM content (Table 2)Analysis of the MALDITOF mass spdra give the mass fdi
ferencedDM betweerPPCBM1-4 and their corresponding precursors®8 1-3 that are
6.9, 6.0, 6.6 and 11kDa, respectively (FigS5). This approximately equals to 8, 7, 7 and
13 grafted PCBA molecules per chain. Accordingly, theteainof pendant PCBMni
creases considerably as the molecular weight of the precursor copolymer is steangly r
duced. As an example, the mass spectra eOAS3 and PPCBM 3 are shown in Fig. 3.
The mass differencBM between the peak maxim, of the molecudr weight distriloi-
tions represent the amount of covalently attached PCBM. Then the PCBM dppggnt
was calculated afpcgm = DM /M, with M, as peak maximum of the molecular weight
distribution of the PCBMyrafted copolymers PPCBM4 obtained by MALDITOF MS.

These results are in good agreement with the values calculatedHtbiMR data.
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Table 2.PCBM weight content of PPCBM4ldetermined by various methods. Caltula
ed values refer to a degree of 100% grafting of the availatfigdtoxystyrene repeat
units and represent the maximum theoretical PCBM weight content possible.

PCBM content [wt%]

Polymer
theor. MALDI 'H-NMR TGA UV-Vis
PPCBM 1 40 30 27 44 32
PPCBM 2 52 37 38 52 42
PPCBM 3 63 51 51 56 45
PPCBM 4 63 64 64 63 53
PS-OH 3 PPCBM 3
M

—~ 1.01
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Figure 3. MALDI-TOF mass spectra of precursor copolymer-®3 3 (black) and
PPCBM 3 (red) for the determination of the PCBM content. For better clarity, the mass
spectra were smoothed and plotted as thick solid lines. The mass diffétdnieapre-
sents the amount of PCBMhich was covalently attached by the esterification reaction.

A wide-spread method to determifie:sy is TGA.?? Since the thermal decompes
tion of PCBM under nitrogen atmosphere is restricted to the loss of the tethered phenyl
butyric acid at about 395 °C, the remaining char is roughly 90 wWi%as, the PCBM
content of PPCBM-4 can be estimated from the char, as the polystyrene backbone is
expected to decompose almost completely above 395 °C (Fig. 4). However, the precision
of this method is restricted, because the residual char content is often too high. This effect
is attributed to crosbnking during heating which hinders a neat thermal
decompositio?” Consequently, the calculated values are generally overestimated. The

TGA traces in Fig. 4 show two decomposition processes: The fifstéat85°C is pe-
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sumably related to the trithiocarbonate decomposition, the second®90°C can be

attributed to the polystyrene backbone decomposition.

-

——PCBM _
i BPCBMIA b e s e D e
404 ---ppcBm3
——PS-OH3
- - -PPCBM 2
204 ——pPs-0oH2
- - -PPCBM 1
——PS-OH1

100 200 300 400 500 600 700 800
temperature [°C]

Figure 4. TGA weight loss curves (for heating under dtimosphere) of PCBMrafted
copolymers PEBM 1-4, their corresponding precursor copolymers-88 1-3 and prs-

tine PCBM as reference. The copolymers show two decomposition process€485 T

°C, which is related to the trithiocarbonate decomposition, anél390°C, which arises
from the polyner backbone decomposition. Since degradation of PCBM is only marginal
above 400 °C, the residual char of the PCigkafted copolymers indicates the PCBM

weight content.

As an alternative method, quantitative W$ spectroscopy in solution is weled
scribel in literature for the precise determination of the molar or weight content wf pol
merbound chromophor€€ and fullerene&® The PCBM content is calculated by the
ratio of the extinction coefficients of PPCBM4land pristine PCBM a$ecem= &oy-
med@cem X 100 wt% at the absorption maximufpax (Fig. S6). The obtained values
frcem deviate from MALDFTOF MS and NMR values in particular for high fullerene
loading. This might be due to interaction of the fulleremaeties in the polymer and in
consequence a change in the molar extinction coefficients compared to pure PCBM. To
conclude, the PCBM content was most accurately determined by MAOB mass
spectra, which are consistent with NMR analy$ise other methds show partially -

nificant deviations and thus are neglected for any further considerations.

To determine whether the properties of PCBM are affected by the incorporation into
the precursor polymer we conducted W6 measurements of PPCBM4l Their &-
soption spectrum is dominated by the prominent fullerene absorption bands at 258 nm

(&s8nm = 0.0703 mL mg'cm' § and 328 nm (Fig. S7)Bince pristine PCBM exhibits
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exactly the same absorption bands, the optical properties were not influenced byathe cov

lent attachment to the copolymers.

Further, we studied the electrochemical characteristics by cyclic voltammetry (CV)
measurements of PPCBM3L(Fig. S8). PPCBM 13 undergo three reversible reductions
up to-2.0 V, very similar to pure PCBM. The loweshoccupied molecular orbital
(LUMO) levels were calculated based on the onset reduction potEptjaising the fb
lowing equationE umo = -€ Ereq + 4.71 V)E While the LUMO level of PCBM was
determined as3.82 eV, it is-3.79 eV for PPCBM 1 ane3.80 eV for PPCBM 2 and
PPCBM 3.The negligible deviations lie within the range of measurement error, thus, the

attachment of PCBM to the polymer backbowoesinot influence the LUMO level.

The thermal behavior of the synthesized polymers was investigated using differential
scanning calorimetry (DSC, Fig9). Here, P®H 1-3 revealed a glass transitionrte
peraturely in the range of 985 °C, which is similato poly(styrene). The grafting of 30,

37 and 5wt% of PCBM onto the polymers leads both to a strong signal broadening and
a temperature shift ofy up to 144, 167 and 189 °C for PPCBMS, respectively. This
considerable decrease of molecular mobiktyaitributed to the sterical hindrance by the
attached fullerene moieties and to the strong intermolecular interaction between-the ful

erenedt®>?l

Bulk electron mobility

We investigated the bulk electron mobiljty of PPCBM 13 in comparison to blends
of precursor polymePSOH 1 and PCBM. PPCBM 4 was not included in this study,
since the degree of grafting deviates significantly from the other polymers, making the
comparability difficult. We used the spackarge limited current (SCLC) method, as it
enables the study of ahge carrier mobility across the bulk in thin filff8. The ele-
trodes ITO/PEDOT:PSS and Ca/Al igeselected to avoid any injection limited current.
The active layer of the SCLC devices was prepared by {daang from DCB at 70°C
of either PCBMgrafted copolymers PPCBM-3 or blends of P®H 1 and PCBM. The
blend composition is 30 wt% PCBM for bied, 40 wt% PCBM for blend 2 and 50 wt%
PCBM for blend 3. Finally, the electron mobiliiix can be extracted from the obtained
currentvoltage (-V) curves and the MotBurney equation (see experimental part for
details). Thel-V characteristics of PPCBM-3 and the corresponding blendS hre @-
picted in Fig. 5a.
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PPCBM3 51 4x10°  PCBM:PS-OH1 50 6x10°

Figure 5. SCLC measurements of the PCkfted copolymers PPCBM-3 in can-
parison to the blends of PCBM:F3H 1 showing (a) the-¥ curves with active layer
thickness given in brackets anddqpthe average electron mobility.rhe error bars for

the electron mobility correspond to the standard deviation from three measurements. The
average electron mobility of pure PCBM was determined #b#0° cnf V's™,

To check the thickness scalingthe SCLC, thel-V curves of each material with ra
ied active layer thickness were measured (Fig. S10, 8ithin the experimental error,

the electron mobility is found to be constant for each thickness (B2ple

In general, the PCBMrafted copolyners PPCBM 13 and the blends exhibit diffe
ent electron transport values depending on the PCBM content (Fig-t&bhlend dew-
es show an exponential increase in electron mobility with increasing PCBM content.
However, even blend 3 with 50 wt% of PCBMhibits a low mobility (1. =
6 x 10°cm?V*s?) compared to pristine PCBMu{= 4 x 10° cm?V's?) that is two o
ders of magnitude higher (Fig. 5dh contrast, the PCBMrafted copolymers show a
different trend in mobilityHere, the mobility remas rather constant and varies between
1 x 10°and 1 x 1d cnm?V*s* for a PCBM content in the range between 30 and 51 wt%.
The maximum electron mobility of 1 x T&m?V™*s* was achieved for 37 wt% of inco
porated PCBM.Remarkably, the pendant fulene polymers show considerable better
electron mobility compared to the blends for a PCBM content below 50 wt%. For exa
ple, PPCBM 1 with 30 wt% of incorporated PCBM exhibits three orders of magnitude
higher mobility than the respective blend. PPCBM il wt% PCBM possess a $im
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lar electron mobility compared to its corresponding blend. The mobility dependence on
the fullerene content in agggrafted polystyrene was investigated by Peetiml!*®! and
described using the statistical percolation théSi’ Typically, a percolation threshold

is observed for low amounts of theoTeading to a sharp increase in mobility, then the
further increase in mobility with & content is only marginal. If we apply this modine
weight fractions of PPCBM-B between 30 and 51 wt% lie rather in the regime af co
stant mobility. Thus the improved performance of PPCBMs compared to the respective
blends can be understood in terms of an enhanced percolation network in pemelant ful
enes than in blend systems. Apart from the PCBM content, the copolymers PRGBM 1
exhibit different chain length and copolymer composition. So far, the influence of these

parameters on mobility remains an open question.

Film morphology

Here, we invesgate any possible influence of morphology on charge carrier mobility.
The film morphology of the SCLC devices was investigated after the initial SCLE cha
acterization. Here, we present topographic AFM images as they provide a precise insight
into the surfae morphology of polymer films. The corresponding AFM phase images did
not show any additional information. As depicted in Fig. 6, the films of PPCEB\Varke
throughout smooth and featureless independent of the PCBM content. This indicates an
effective supression of fullerene aggregation realized by covalent attachment tolthe po
ymer backbone as well as the utilized dilution in the copolymers. At the same time, the
blend films of PCBM and R®H 1 are heterogeneous and strongly dominated by PCBM
clusters egept the blend containing 30 wt% PCBM (Fig. 6). With increasing weigbt fra
tion of PCBM both number and size of the clusters is growing. The fullerene cluster size
is estimated to be in the range of BD nm for blend 2 and 16010 nm for blend 3Loos
etal. have studied the phase separation and crystallization of PCBM in polymer blends in
detail®* The formation of PCBM nanocrystals in polymer blends is thermodynamically
favored but strongly depends on the solvent, the polymer and the preparation technique.
Due to the spherical shape of the PCBM domairthénblends which we have observed
in AFM (Fig. 6) and TEM (Fig7a), we suggest a spinodide phase separatidif! The
resulting PCBM clusters are-aast in a glassy state (see XRD, Fig. 7c).

The observed charge transport in blends is strongly dependent on fullerene content.

High electrmm mobility requires sufficient percolation pathways, therefore high PCBM
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contents facilitate electron transport by an increasing number of PCBM clusters which are
in close proximity.Conversely, the mobility is very low for a small PCBM content, when

the phase separated fullerene clusters are isolated from each other.

In strong contrast to that, the PCBiafted copolymers PPCB3 do not show any
visible PCBM clusters and hence, enable charge percohatomomogeneously distrt
uted fullerene moleculeg&ven for a low PCBM content of 30 wt%, the distance between
the fullerene molecules is apparently close enough to allow efficient electron transport
through the bulk (1®cm?V™*s?!). For the corresponding blend 1 with the same PCBM
content, the electromobility is three orders of magnitude worse {zé’* v

PPCBM 1 PPCBM2 |l PPCBM3 ohm
1pm ‘
' : Tl o ol oy R 8 -3nm

Figure 6. AFM topography images showing films of PPCBM land blends of
PCBM:PSOH 1 in varying composition prepared for the SCLC measurements.

Clear evidence for the morphological di#ece between the blend system and the
PCBM-grafted copolymers was obtained by transmission electron microscopy (TEM) of
thin films. In case of blend 3 with 50 wt% of PCBM (Fig. 7a), a phase separated film with
numerous PCBM clusters with a diameter in taege of 50 to 350m is observed. In
contrast, the film of PPCBN with 51 wt% of grafted PCBM is fully homogeneous
without any visible nanocrystal or cluster formation (Fig. 7b). This obviously supports the
observations in AFM regarding the absence atgehseparation and PCBM clustering in
PCBM-grafted copolymers. These findings are fully consistent with the poweay X
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diffraction (PXRD) results shown in Fig. 7c. For this, we have collected the material as
powder from films which were cast from DCB &) °C and investigated the structure
with a Guinier diffraction system. The blend 3 shows a characteristic reflection at 9.62°
additional to the amorphous scattering (Fig. 7c). This weak reflection indicates the exis
ence of some PCBM nanocrystals in tmeoaphous polymer matrix, but the majority of
PCBM seems to be in a glassy state. Upon annealing of the sampleTghod0 °C for

3 hours, the intensity of the crystalline reflections increased significantly. Since the diff
sion of PCBM molecules is pmooted during the annealing process, the crystallinity and
size of the clusters can grow and yield a significant fraction of PCBM nanocrystals. Co
sequently, both the overall crystalline fraction in the blend is increasing and the refle
tions get sharpernlcontrast, the PCBMrafted copolymer PPCBR remains complet

ly amorphous, even after annealing for 3 hours at 140 °C. These results clearty demo
strate that the covalent attachment of PCBM to the polymer entirely suppresses the phase

separation and cltering of the fullerenes leading to morphological stability.

—— Blend 50 wt% PCBM
—— PPCBM3

12345678 9101112131415
theta [°]

Figure 7. Transmission electron microscopy images of thin films made of (a) Blett
50wt% PCBM content and (b) PCBNtfafted copolymer PPCBM 3 with 51 wt% of i
corporated PCBM(c) Powder X-ray diffractograms of both samples before and after
annealing at 140 °C for 3 hours.

CONCLUSIONS

We have presented a successful synthesis strategy towaresoiuéle fullerene side
chain copolymers with high PCBM contents between 30 and 64 wt%. Baiting den-
sity and PCBM content could easily be tuned by the monomer ratio in the preaasor ¢
polymers. The resulting PCBlgrafted copolymers exhibit low moleculeeight
dispersity and no crodmking owing to the controlled PCBM grafting by Steglichiesis
fication. The PCBMgrafted copolymers retain the optical and electrochemical properties
of the incorporated PCBM independently of their fullerene weight fraction. Electron
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transport characteristics derived from SCLC show a maximum electron mqhildf
1x 10 “em? Vv s? for 37 wt% of incorporated PCBM. Despite their low fullerena@-co
tent, the PCBMgrafted copolymers exhibit exceptional high charge transport in reference
to blend systems. For 30 wt% PCBM content, the grafted copolymer exhibitotbere
of magnitude better mobility than the corresponding blend. Charge transport in the blends
relies on nanocrystal formation and is improved with an increasing PCBM content. On
the other hand, the PCBHhtafted copolymers exhibit excellent mobility amb
nanocrystal formation even after thermal annealing. This can be of great advansage if i
sues of long term stability in devices have to be addressed using fullerene mdteeals.

modular synthetic approach presented here can be extended to othendutlerivatives.
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SUPPORTING |NFORMATION
Experimental Section

Materials and Characterization

Chemicals:The reagents for the following synthetic procedures were purchased from
different suppliers and used as received, if not stated otherwise. -8ignch: 3-

Chloropropanal, sodium azide, -dmethylamhn opyr i di ne-, N,
dicyclohexylcarbodiimide, 4nethoxystyrene, dert-butoxystyrene, 20
azobisisobutyronitrile, bctyne, copper (1) i-odi de,

pentamethyldiethylenetriamine, anhydrous sodium sulfate, sodium hydrogencarbonate,
basic and neutral @mina. abcr: Z((Dodecylthio)carbonothioyl)thie2-methylpropanoic

acid. Solenne BV (Groningen, Netherlands): Phd&yitbutyric acid methyl ester
(PCBM, purity 99 %). Solvents were either distilled at atmospheric pressure utilpEng a
propriate desiccantsr purchased in p.a. (pro analysi) grade. Commercially available a
hydrous solvents were purchased from Sigma Aldrich and Acros in sealed bottles with
mole sieve. Prior to polymerization;methoxystyrene (MS) and-tért-butoxystyrene

(BS) were passed tmgh a column of basic alumina to remove the inhibitor and stored at
-18°C. DMAP-HCI was prepared by addition of 37 wt% HCI dropwise to a solution of
DMAP in THF. The precipitated solid was collected by filtration, washed with THF and
dried under vacuum &T. The stock solution of 0.07 M Cul/PMDETA in THF wagpr
pared according to a literature procedtitend stored at 5C under argon. The chain
transfer agent (CTA) -azidopropy2-(((dodecylthio)carbonothioyl)thie2-
methylpropanoate was prepared followinguablished synthesis rout® PhenytC61-
butyric acid (PCBA) was also prepared according to a published synthesis pFﬁ‘iocoI.

Instrumentation:All *H-NMR spectra were measured with a Bruker As@iC250
spectrometer at 300 MHz. The obtained spectra were calibrated to the correspending r
sidual solvent peak (CDgU=7.26 ppm, DMSEDs U=2.50 ppm). Chemical shifts are
given in ppm, coupling constants in Hertz. Ultravieleible (UV-Vis) spectra were =
orded on a Hitachi £B000 spectrophotometer using quartz cuvettes with a path length of
1 cm. Fourier transform im&red (FTIR) spectra were recorded from solids on a Perkin
Elmer Spectrum 100 FTIR spectrometer in attenuated total reflection (ATR) mode.
Thermal gravimetry analysis (TGA) experiments were performed under continuous N2

stream using a Mettler Toledo TGA/3B 851. The measurement range was&iD °C
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with a heating rate of 10 Kin™. The determined decomposition temperatures Tdec are

onset temperatureBifferential scanning calorimetry (DSC) experiments were carried out

on a Perkin Elmer Diamond DSC witthaating rate of 10 Knin* under N atmosphere.

From each sample three cycles were measured. Glass tranggiane(given as half step

temperatureSize exclusion chromatography (SEC) with stabilized THF as eluent was

performed using a Waters 5HPLC pump at a flow rate of 0.B1L min™. A guard cé-

umn (Varian, 50x0.75 cm, ResiPore, particle size 3 um) and two separation columns

(Varian, 300x0.75 cm, ResiPore, particle size 3 um) are connected in series with a Waters

UV detector at 254 nm and 486 nm badited in relation to polystyrene standards- 1,2

dichlorobenzene (DCB) was used as an internal standard. SEC with chlorobenzene (CB)

as eluent were carried out at 60 °C on an Agilent 1100 using two Polymer Laboratories

mixed B columns in series. The refti@e index detector was calibrated in relation td- po

ystyrene standards. Matrix assisted laser desorption ionization mass spectroscopy with

time of flight detection (MALDITOF MS) was performed on a Bruker Reflex Ill using

trans2-(3-(4-tert-butylphenyl}2-methyt2-propenylidene)malononitrile (DCTB) asam

trix and silver trifluoroacetate as cationizing s&blutions in either THF or oDCB of

polymer (0.01 mgiL™), matrix (0.02 mgiL™) and salt (0.01 mgL™) were mixed in the

ratio 5:20:1 (v:viv) and sptad onto the MALDI target plate. In case of DCB, the

MALDI target plate was dried at 40 °C for B4orior to the measurement.

Electrononly devices for spaeeharge limited current (SCLC) measurements were
fabricated using the following device structurgtass/ITO/PEDOT:PSS/active yla
er/Ca/Al.Commercial ITO coated glass substrates with a sheet resistance of 13 Ohms per
sqg (Lumtec) were cleaned using the following sequence in an ultrasonic bath: detergent,
water, acetone and-@@ropanol. After ozone treatme of the substrates for 10 min,
PEDOT:PSS was spitoated on the ITO surface and dried at 130 °C for 30 Adirfo |-
lowing steps were carried out under Htmosphere wit water and oxygen levels
QD.1ppm. After cooling the substrate, the polymer layer was blade coated from oDCB
solutions at 70 °C. The substrates were then put in a thermal evaporation chamber to
evaporate the top electrode (30 nm Ca/ 100 nm Al) under \righum (1-10 ®mbar)
through a shadow mask (active area 49nmhe currenwoltage characteristics of the
devices were measured using a Keithley 2420)(Digital SourceMeter at 25 °C. The
electron mobility pe was extracted from the obtained durves sing the following

equatiof,
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l:)___l

P

whereld is the current densityg the dielectric constanf 8 for organic semicondu

W W
0

tors*™)), g the permittivity of free spacg the charge carrier mobility/ the voltage and

L the active layer thickness.oltageV is a corrected valu¥ =Vapp T Vp ui 1, f@SUling

from the differences in work function of the Calcium and ITO/PEDOT:PSS contacts
(°2.2 eV). Film thicknesses were determined on a Dektak ST surface profilometar. Ato
ic force microscopy (AFM) waapplied on the SCLC devices using a Veeco Dimension
Icon with Nanoscope V controller, in tapping mode. The used cantilevers were
NSC15/AIBS from Mikromasch.

Cyclic voltamnetry experiments were carried out at 25 °C in a mixture -of o
dichlorobenzene and daomitrile 5:1 (v:v) containing 0.1 M tetrabutylammonium
hexafluorophosphate (TBARfas the conducting electrolytReduction potentials were
measured with a glassy carbon disk electrode as the working electrode versus Ag/AgCl as

the reference electrode.

Samples for transmission electron spectroscopy were prepared on mica substrates by
spirncoating (1000 rpm, 30% acceleration, 120 s) of a 2 wt% solution in chloroform
(PSOH 1:PCBM=50:50, wt:wt) or by dropasting from a 2 wt% solution in dichtmr
benzene (PCBM 3) with subsequent drying at 70 °C for 10 min on a precision hot stage.
The thin films were floated on water, carefully collected on top of a TEM copper grid and
dried under vacuum at room temperature. The measurement was carried out on a Zeiss
EM922 Omega. Powder Xay analysis (PXRD) was carried out with a Huber/Seifer Iso
Debyeflex 3003, using a Guinier diffractometer system KGul.5418 A) with a sealed

tube for temperature dependent measurements.

General synthetic procedure for PSAz 1-3

4-Methoxystyrene (MS) and-tert-butoxystyrene (BS) were added to a 10 mL schlenk
tube under argon. The chain transfer agent (CTA)azidopropy2-
(((dodecylthio)carbonothioyl)thie2-methytpropaneate and 2 -@zobisisobutyronitrile
(AIBN) were each separateljissolved in 500 uL of dry toluene. To guarantee exact
equivalents of both reagents, the recalculated amounts of these solutions were added to
the reaction flask. The overall volume of dry toluene was filled up to the given amount.

Then the reaction mixte was degassed by four freeze, pump and thaw cycles and
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polymerization was started in a preheated oil bath at 80 °C. Samples were taken period

cally by syringe to monitor the monomer conversiom *H-NMR spectroscopyWhen

the desired monomer conversiamas reached, the polymerization was quenched bly coo

ing the solution rapidly to 0 °C in an ice bath and exposition to air. The resulting polymer

was isolated by precipitation twice into 300 mL methanol and drying under vacuum.

Synthesis of PSAz 1

MS (4.377 g, 32.62 mmol, 253 equ.), BS (0.500 g, 2.84 mmol, 22 equ.), CTA (57.8
mg, 0.129 mmol, 1 equ.) and AIBN (4.2 mg, 0.026 mmol, 0.2 equ.) were used for
polymerization in 3 mL toluene. After 27.5 h the monomer conversion was 48 % and the
polymerization was sepped. Yield:1.876 g of a pale yellow solid. The monomer ratio
MS:BS was 90:10 in mol%'-NMR). M,=12.3 kgmol*, My/M,=1.11 (THF),

Mn= 12.7kg mol™, M,,/M, = 1.37 (CB).*H-NMR (300 MHz, CDC}, dj: 6.856.15 (br m,
4(a+b)-H, Hy), 3.853.62 (br s, B-H, Home), 2.201.10 (br m, Hackbone Hisus Heta)-

Synthesis of PSAz 2

MS (4.314 g, 32.15 mmol, 149 equ.), BS (1.000 g, 5.67 mmol, 26 equ.), CTA (96.4
mg, 0.215 mmol, 1 equ.) and AIBN (7.1 mg, 0.043 mmol, 0.2 equ.) were used for
polymerization in 4 mlioluene. After 8.5 h the monomer conversion was 46 % and the
polymerization was stopped. Yield: 2.114 g of a pale yellow solid. Monomer ratio MS:BS
was 83:17 in mol% 'H-NMR). M,=9.0 kgmol*, M,/M,=1.11 (THF),

M,= 10.0kg mol™*, My/M,=1.18. *H-NMR (300 MHz, CDC}, dj: 6.856.15 (br m,
4(a+b)-H, Hy), 3.853.62 (br s, 3b-H, Bue), 2.201.10 (br m, Hackbone Hotsu HeTa)-

Synthesis of PSAz 3

MS (3.823 g, 28.49 mmol, 88 equ.), BS (1.500 g, 8.51 mmol, 26 equ.), CTA (144.6
mg, 0.323 mmol, 1 equ.) andIBN (10.6 mg, 0.065 mmol, 0.2 equ.) were used for
polymerization in 2 mL toluenéfter 5.0 h the monomer conversion was 46 % and the
polymerization was stopped. Yield: 2.090 g of a pale yellow solid. Monomer ratio MS:BS
was 7426 in mol% 'H-NMR). M,=90 kgmol*, M,/M,=1.11 (THF),
Mn=6.9kg mol*, My/M,=1.14. '"H-NMR (300 MHz, CDC}, d): 6.856.15 (br m,
4(a+b)-H, Hy), 3.853.62 (br s, 3b-H, Bue), 2.201.10 (br m, Hackbone Hotsu HeTa)-
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General synthetic procedure for PSOct 1-3

A dry Schlenkflask was charged with 1.20(1equ.) of PSAz under argon atnms
phere and dissolved in 70 mL of dry THKter 10 equ. of loctyne was added, the ea
tion mixture was purged with argon for 25 mihen, 0.23 equ. of a O0.0M
Cul/PMDETA stock solution wer addedvia a syringe and stirred for 24 h at RThe
reaction mixture was passed through a column of neutral aluminium oxide to remove the
catalyst. The obtained polymer was isolated by precipitation twice into 500 mL methanol

and drying under vacuum.

Synthesis of PSOct 1

The reaction vielded 1.284 g of a pale yellow solld-NMR (300 MHz, CDC}, d):
6.856.15 (br m, 4(a+b)-H, &), 3.853.62 (br s, 3b-H, B, 2.261.10 (br m, Hackbone

Hotsu, Hera, Hocty)-

Synthesis of PSOct 2

The reaction yielded.034 g of a pale yellow solid,= 9.1 kgmol™, My/M,=1.10
(THF), *H-NMR (300 MHz, CDC}, d): 6.856.15 (br m, 4(a+b)-H, &), 3.853.62 (br s,
3b'H, H)Me), 2.261.10 (bl’ m, I'Eiackbone HOtBu, HCTA, HOctyI)-

Synthesis of PSOct 3:

The reaction yielded.10 g of a pale yellow solidv,= 6.0 kgmol™*, M,,/M, = 1.08
(THF), *H-NMR (300 MHz, CDC}, d): 6.856.15 (br m, 4(a+b)-H, K, 3.853.62 (br s,
3b'H, l'bMe), 2.201.10 (bl’ m, I'dackbone HOtBu, HCTAy HOct)-

General synthetic procedure for PSOH 1-3

A round bottom flask was charged with2@8t and dissolved in 100 mL THF foresv
ry 1.0 g of polymerl2 mL of concentrated hydrochloric acid (37 wt%) for every 1.0 g of
polymer was added dropwiséa a syringe After purging the reaction mixture withr-a
gon fa 20 min, it was stirred at 35 °C for 22 h. All volatile components were removed
under reduced pressure. The hydrolized polymer was isolated by precipitation twice into

500 mL water and freezdrying from 1,4dioxane.
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Synthesis of PSOH 1

n=9.3 kgmol™, My/M,=1.29, M,=16.0 kgmol™, M,= 16.6kgmol* (MALDI -
TOF MS), H-NMR (300 MHz, DMSQDs, dj: 9.20-8.90 (br, a-H, OH), 6.95.10 (br m,
4(a+b)-H, Hy), 3.803.50 (br s, 3b-H, be), 2.261.10 (br m, Hackbone Heta, Hocty)-
Taec1= 204 °C,Tuecp = 388 °C,Ty= 95 °C.

Synthesis of PSOH 2

Mn=7.9 kgmol™, My/M,=1.17, M,=10.2 kgmol™*, M,=10.1kgmol* (MALDI -
TOF MS).'"H-NMR (300 MHz, DMSQD, dj: 9.238.88 (br, a-H, OH), 6.85.15 (br m,
4(a+b)-H, Hy), 3.853.42 (br s, 3b-H, be), 2.261.05 (br m, Hackbone Heta, Hocty)-
Taec1= 191 °C, Tyec 2= 385 °C,Ty= 95 °C.

Synthesis of PSOH 3:

Mn=5.3 kgmol™, My/M,=1.10,M,= 6.3 kgmol™, M,= 6.4 kgmol™* (MALDI -TOF
MS). 'H-NMR (300 MHz, DMSGDs, d): 9.208.90 (br, a-H, OH), 6.86.15 (br m,
4(a+b)-H, Hy), 3.803.53 (br s, 3b-H, Bue), 2.261.00 (br m, Hackbone Hera, Hoctyl)-
Taec1= 191°C, Tyec 2= 384 °C,Ty= 95 °C.

General synthetic procedure of PPCBM 14

A 500 ml schlenk flask was charged with-B8&l (1 equ. of ydroxystyree), PCBA
(1.15 equ.), DMAP (3 equ.) and DMAP-HCI (2 equ.). The flask was degassed under high
vacuum and backfilled with argon twice. 100 mL of dry oDCB:B8N (3:3:1/v:v:v)
was added and stirred vigorously for 45 min at RT. In a separate 50mL schignknfla
der argon, DCC (7 equ.) was dissolved in 16.5 mL of the same solvent mixture. Then the
DCC solution was added dropwise to the reaction mixture, which was stirred at 40 °C for
3-4 days. After removal of the solvents under reduced pressure, the codietpvas
redissolved in DCB and filtered. For polymer purification the filtrate was precipitated
twice into 800 ml methanol from first DCB and second chloroform. To remove soluble
fullerene derivatives, the polymer was precipitated from chloroform in@ 8D of a
toluene:methanol mixture (1:1 for PPCBM 1, 2:1 for PPCBM 2, 3:1 for PPCBM 3). Pur
ty of the obtained polymer was monitored by TLC (SiO2, toluene), where the polymer
remains on the start line and the impurities show distinct spots. The producne&s
more precipitated form chlorofm into 800 mL methanol ardtied under high vacuum.
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Synthesis of PPCBM 1

Mn=17.2kgmol™®, M,/M,=1.27 (CB), M,=35.1kgmol™, M= 22.9kgmol?,
M,.2= 45.2 kgmol™ (MALDI -TOF MS).'H-NMR (300MHz, CDCk, dj: 8.007.87 (br
m, 2a-H,Ph-(CH,)3-COOR), 7.767.30 (br m, 3a-HPh-(CH,)s-COOR), 6.966.10 (br m,
A(a+b)-H, H,), 3.903.55 (br s, 3b-H, by, 3.062.92 (br m, 2a-H, RICH,-CH,-CH,-
COOR), 2.812.66 (br m, 2a-H, PICH,-CH,-CH,-COOR), 2.322.20 (br m, 2a-HPh
CHy-CH,-CH-COOR), 2.280.8 (br m, Hackbone Heta, Hoey)- Taecs=18 0T 190 AC,
Taec.2= 395 °C.

Synthesis of PPCBM 2

M,=11.6kg mol’*, My,/M=1.21,M,=25.8 kgmol™, M, ;=16.1 kgmol™ (MALDI -TOF
MS). *H-NMR (300 MHz, CDC}, g): 8.007.87 (br m, 2aH, Ph-(CH,)s;-COOR), 7.70
7.30 (br m, 3a-HPh(CH,);-COOR), 6.966.10 (br m, 4(a+b)-H, k), 3.903.55 (br s,
3b-H, Home), 3.062.90 (br m, 2a-H, RICH,-CH,-CH,-COOR), 2.812.63 (br m, 2a-H,
Ph-CH,-CH,-CH,-COOR), 2.372.18 (br m, 2a-H, PCH,-CH,-CH,-COOR) 2.160.8
(br m, Hyackbone Hera, Hoctyl): Taec.1= 184 °C, Tyec 2= 391 °C.

Synthesis of PPCBM 3 and PPCBM 4

Mn=7.6kgmol*, My/M,=1.21 (CB), M,=19.6 kgmol*, M,;=13.0 kgmol®,
Mp2= 26.6 kgmol* (MALDI -TOF MS ).'H-NMR (300 MHz, oDCBD,, d: 7.807.67
(br m, 2a-H,Ph-C-(CH,)s-COOR), 7.327.05 (br m, 3a-HPh-C-(CH,);-COOR), 6.65
6.00 (br m, 4(a+b)-H, K, 3.553.27 (br s, 3b-H, bue), 2.842.68 (br m, 2a-H, Rk-
CH,-CH,-CH,-COOR), 2.562.38 (br m, 2a-H, PIE-CH,-CH,-CH,-COOR), 2.192.01
(br m, 2a-H, PHC-CH,-CH»-CH,-COOR), 1.980.55 (br m, Hackbone Hcta, Hocty)-
Taec1= 180 °C,Tyec 2= 382 °C.

The large amount of solid residues in the reaction flask after synthesis of PPCBM 3
was collected (198 mg) and dissolved by stirring for 3 h0&x °C in DCB. The polymer
PPCBM4 was isolated by precipitation into 400 mL toluene:methanol (5:2/v:v) and then
400ml methanol. Yield: 78 mg of a deep brown solitll,=25.2kgmol?,
Mp1=17.8kg mol*, M,,=35.0 kgmol* (MALDI-TOF MS). 'H-NMR (300 MHz,
oDCB-Dy, g): 7.827.65 (br m, 2a-HPh-C-(CH,);-COOR), 7.377.04 (br m, 3a-HPh-C-
(CH,)3-COOR), 6.656.00 (br m, 4(a+b)-H, k), 3.583.23 (br s, 3b-H, be), 2.852.70
(br m, 2a-H, PHC-CH,-CH,-CH,-COOR), 2.572.38 (br m, 2a-H, R&-CH,-CH,-CH,-
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COOR), 2.192.01 (br m, 2a-H, PIE-CH,-CH,-CH,-COOR), 1.950.55 (br m, Hackbone
Hcra, Hocty): Tdeca=1 8 0 T 1 9TQ.,~885,°C.

Kinetics of the copolymerization of 4tert-butoxystyrene and 4methoxystyrene

a) OCH, b)
H
. a s Poly-OCH, 1.0
b b /
5h b~ 0.8

linear fit

In([M]y/[M])
o
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7 "Hy 002 0307 o £ R? = 0.99999
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Figure S1: Monitoring of the kinetics of-fert-butoxystyrene (BS) andmethoxystyrene

(MS) copolymerization by ENMR.The NMR spectra of samples taken periodically du

ing RAFT copolymerization of P& 3 are shown in (a). The integral ratio of the vinyl
proton resonances a and b of the unreastezhomers represent the molar ratio of both
monomers in solution. It remains almost constant and was BS:MS=73:27, 75:25 and
75:25 after 2, 3.5 and 5 hours. Thus, the consumption of both monomer species can be
assumed to be equally fast. The monomer coioremsas also estimated from the -1H

NMR spectra. The timeonversion plot (b) nicely shows a perfect linear correlatidn fo
lowing first order kinetics.

Table S1:Molar feed ratio and molar buHin ratio of 4tert-butoxystyrene (BS) and 4
methoxystyrene (8) for the copolymers P&z 13.

Polymer Feed ratio BS:MS  Built-in ratio BS:MS

PSAz 1 8:92 10:90
PSAz 2 15:85 17:83
PSAz 3 2377 26:74
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Fourier-transform infrared spectra of PS/Az 1-3 and PSOct 1-3

PS.0ct 1 2098 1728

azide
vibration

normalized transmission [%]
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3200 2800 2400 2000 1600
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Figure S2: Magnified detailof the FTIR spec#r of octyl enecapped polymerBSOct 1,
PSOct 2 and PSDct 3 (solid lines) and their respective precursor copolymerdAP 3,
PSAz2 and PSAz 3 (dotted lines) with terminal azide groups. The azide vibration band
at n= 2098 cni of the copolymers R8z1, PSAz 2 and P9\z 3 disappears cortgtely
after the 1,3dipolar cycloaddition (click reaction) with-&ctyne, since a triazole ring is
formed. This gives evidence for a quantitative conversiothe azide end groupshé&
intensity of the ied group deendentands at 2098 cthand 1728 crit (C=0 stretching
band of carboxyt acid ester) correlatewith the chain length in the expected indirect
proportional mannedue to normalization of alipectra to the polymer backbone signals.

'H-NMR spectra of coplymers PSOH 1-3 after tert-butyl ether cleavage

PS-OH 1 H,0 DMSO

r //

e

PPM 8.8 84 8.0 76 7.2 6.8 6.4 6.0 58 5.2 4.8 44 40 36 32 238 24 2.0 16 12 08
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PS-OH 2 H,0 DMSO
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Figure S3: 'H-NMR spectra of the copolymers @51 1-3. The proton resonances
around d= 9.05 ppm andd = 6.55 ppm can be assigned to the hydroxyl group-of 4
hydroxystyrene and to the phenyl protaigl-methoxystyrene andiydroxystyreneea-
spectively. The integral of the phenyl protons was calibrated to 4.0, therefore the integral
of the hydroxyl group corresponds to the molar ratio dfydroxystyrene in the copel

mers.

The'H-NMR spectra confirma full conversion of 4ert-butoxystyrene to -4

hydroxystyrene as the integral analysis give 10 mol% HSi®RS3, 17 mol% HS in RS
OH 2 and 26 mol% in ROH 3 (values rounded off).
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'H-NMR spectra of PPCBM 2

— PPCBM 2
Pure PCEM

OMe
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8 7 6 5 4 3 2 1
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Figure S4 'H-NMR spectra of PPCBM 2 in ogparison to pure PEBM. While the low
molecular weight PCBM shows throughout clear multiplets for all proton resonances,
these multiplets appear as broad signals in the P@Bdted copolymer as the fullerene
moiety is covalently attached to the polymackbone. Note also the significant shift of
the methylene protons 6 for PPCBMaR d= 2.73 ppm, which is adjacent to the ester
bond, compared to the triplet proton signaléat 2.53 for pure PCBMThis further ind

cates the successful ester formatiothe PCBMgrafted copolymer.




92 Fullerenegrafted opolymers exhibiting high electron mobility witho
nanocrystal formatior

MALDI -TOF mass spectra of PSOH 1-3 and PPCBM 14
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Figure S5: MALDI-TOF mass spectra of PCBitafted copolymers PPCBMA (red)

and their corresponding precursor copolymers-®8 1-3 (black. As depicted for
PPCBM4, the PCBMcontent fcgm Was determined from the madisferenceM of the
peak maxima. All mass spectra were smoothed for clarity due to the low-sigase
ratio. Some polymepolymer coupling was observed leading to an additional peak at
double molecular weigh{see PPCBM 3).
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Quantitative UV-Vis of the dilution series of PPCBM 14 and PCBM
2.0 chloroform DCB
o > =
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Figure S6 Quantitative UWvis measurements for the determination of extinction ieoeff
ciente Left: PCBM (black), PPCBM 1 (red), PPCBM 2 (blue) and PPCBM 3 (green) in
chloroform. Right: PCBM (black) and PPCBM 4 (magenta) measured in DCB. According
to the law of LambeiBeer, the extinction coefficiestcan be extracted from the slope of
the linear fits. The ratiogoyme/@cem gives the PCBM weight content of the PGBM
grafted copolymers, but is usually underestimated for high contents.

Representative U\AVis spectra of PPCBM 3, PCBM and PSOH 3

Figure S7 UV-Vis absorption spectra of PCBM (9.04 pg/mB5OH 3 (62.88 pug/mL)
and PPCBM 3 (22.79 ug/mL). The PCRBivaftedcopolymer PPCBM &xhibits the same

optical

features as PCBM, i.e.

two absorption bands at 88 (©ssm =

0.0703mLmd ‘cnt ) and 3281m. Hence, the optical properties of PCBM are nbt a
fected by the covalent attachment to the polymer backbone.
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