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Chapter One:

General introduction

Abstract: This chapter introduces the relation betweenctire
and materials properties for conjugated polymers rmore specifically for
poly(3-alkylthiophenes). Several synthetic routes these materials are
discussed, since these will determine the regidagityy affecting (supra)-
molecular structure and performance in bulk hetetapn solar cells.

In everyday life, the use of synthetic polymers #melr presence in society
increased exponentially since the first commerogali synthetic polymer
“Bakelite” was reported in 190%. More and more plastics and polymers
became available in different applications andueficed many aspects of
civilization in the 28' century. The evolution of this class of materiaks
driven by the development of science and technologhis field. Now, at
the beginning of the 21century, more recent materials and their possible
applications stimulate the development of new tetdgies. Some of these

new technological applications are based on coigalgaolymers.

1. Structure — properties relationship in conjugatel

polymers

Conjugated polymers were discovered to have sendwdive properties
by the end of the 1970'8. Whereas classical non-conjugated polymers are
known for their electrical insulating propertiespnfugated polymers
combine the desirable properties of the polymesschaaterials such as light

weight, low cost and high mechanical strength degibility with semi-
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conducting characteristics. The electronic propsrtf these materials are a
consequence of the molecular structure. The senutatiive properties
result from delocalization in the conjugated systé¢ine alternating single
and double bonds along the polymer backbone. Rwd{ykene) (PA) and
poly(thiophene) (PT) are well known examples of jugated polymers

(figure 1).

A S S
n

oAose AN s A\
* S S
\ / S \/ S S STO7
n
Figure 1. Poly(acetylene) and poly(thiophene)

Overlapping atomic orbitals (AO) combine into malkr orbitals (MO).
The single covalent bonds-pond) along the backbone of a polymer are
formed by overlap of $porbitals (figure 2a). In a conjugated polymer, a
second bond n( bond) is formed by sideway overlapping prbitals,
perpendicular to the planar polymer backbone, sglalyed in figure 1 for
PT.

T Emptyz* band
o or conduction band (CB)
Energy Atomic Molecular T
Orbitals Orbitals Eg
¥  LUMO & Eg f-ﬁ n
2xp, Filled = band
2xsp. " < HoMmO —H T or valence band (VB)
H_ T
a) o b) 7 NS NN .

Figure 2: a)Molecular orbital formation in ethylene, b) blagiap in poly(acetylene)
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The combination of several orbitals results in ggebands, that move
closer in energy as the size of the conjugatedesysncrease€ The
Highest Occupied Molecular Orbital (HOMO) or contlas band (CB) and
the Lowest Unoccupied Molecular Orbital (LUMO) oalence band (VB)
are separated by an energy difference: the bandEgpas displayed in
figure 2b. The band gap of materials determinespthesible applications.
Electrons in the HOMO may be excited into the LUM@en a sufficient
amount of energy is absorbed. According to equdtiaime energyH) of a
photon corresponds to a certain wavelengthWhen the values of Planck’s
constanth and the light velocity are filled in, the relation betwedn(eV)
andZ (nm) is written as equation (2).

hc 1240
E=— (1 E=— (2
; 1) y (2)

For conjugated polymers, the energy that is necgssaexcite an electron
corresponds to a part of the radiation that is tewhiby the sun. In solar
cells, the part of the energy that is absorbed loantransformed into
electricity. In the opposite situation, energy & &ee when electrons are
introduced in the LUMO, and fall back to the HOM@#I. This energy is
emitted as heat or radiation. If the wavelengthtited emitted radiation
corresponds to the wavelength of visible light, thaterial is useful for
display applications. Because thgof some conjugated polymers matches
with the energy of visible light, these materiate aseful in applications, a

few examples are shown in Figure 3.

1.1 Unique material properties lead to new applicabns

Due to the combination of desirable electronic ahgsical properties in

organic semi-conductors, new applications with e¢hewaterials were
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developed and conjugated polymers will enter tlugetp as active materials

in electronic devices. Together with other funcéibrpolymers, these

materials will influence again the daily routine ¢rgating new possibilities.

In the field of organic electronics, the developmehnew technological
applications has lead to the first commercially ilade items today, for
example in several display applications. Also tlwst fapplications of
polymer solar cells are being developed and will dmpearing on the

market.

LIGHT

Figure 3: Applications with organic light emitting matersalSONY XEL-1 OLED TV
(www.sony.com), Philips Lumiblade (www.lighting.fipis.com), a mobile phone: Nokia
N85 (www.nokia.com)

2. Poly(3-alkylthiophenes)

The class of conjugated polymers contains very psiog materials?!

More specifically, PTs are environmentally stalb@jagated polymers with
a high hole mobility. PT is an insoluble solid mak because the
delocalizedr system in one chain experiences a strong attraction with
the different neighbouring chains. The supramolacstructure in Poly(3-
Alkylthiophene)s (P3ATs) is governed by the selflenng of planar

conjugated backbones. The n stacking of the conjugated system is a
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driving force for crystallization of P3ATS. Insertion of an alkyl side chain
on the backbone of PT increases the distance betpagmer chains and
decreases the attraction between the chains, irgsuit a more soluble
polymer. Good solubility and processability of angmated polymer are
first demands to process the materials and to appliy in a device. Poly(3-
hexylthiophene) (P3HT, figure 4) is an example afcks a soluble
conjugated polymer and has been extensively iryegstil for application in

organic photovoltaics.

—3
/\
5Ng72

1N

Figure 4. Poly(3-hexylthiophene), an example of a poly(Bythiophene)

The position of the alkyl chains in several repggatinits of the conjugated
polymer determines the material properties. A coratoon of several diades
is possible: Head-Tail (H-T), Head-Head (H-H) orilT@il (T-T), as
displayed in figure 5a. In a 100% regioregular (RRycture, with only H-T
bonds, all chains are in the same position reldtivéhe connections with
other repeating units at the 2 and 5 positionse Tglanar polymer
backbones can self-assemble into a crystallinectstre. In a more
regiorandom or non-RR structure, the sterical lande of two side chains
causes two repeating units in the backbone to wusbf plane (figure 5b).
The supramolecular order in the system decreases the stacking of the
n systems is disturbed by the twisting backbones Tiso interrupts the
aromatic system and delocalization of electrons @dexteases the effective

conjugation length.
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Figure 5: a) H-T or 2-5’, T-T or 5-5’ and H-H or 2-2'couplj of 3-hexylthiophene; b)
Regioregular and non-regioregular P3ATs

2.1 Synthesis of Poly(3-alkylthiophenes)

The synthesis of P3ATs is a tool to control theréesmaterials properties.
The synthesis of both RR as non-RR P3ATs is weltudeented and
reviewed?® ° For several synthetic routes, polymers contairimgtional

groups in the side chains or functionalized encugsowere reported. In

this thesis, both the oxidative polymerization wkeCk and the Rieke
method are used for the synthesis of P3ATs. Thexefine introduction
focuses on these synthetic routes. The discussaithesic methods were
used to produce functionalized P3HT-based copolymély inserting

functional groups in the side chains, certain niateproperties were

6
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modified. By changing the percentage of functiaredi side chains and the
nature of the inserted functional groups, the pridge of the material were
varied. In addition, an overview is given of othemnthetic methods to
produce P3ATSs.

2.1.1 Oxidative polymerization with FeC}
The oxidative polymerization using FeGlields non-RR P3AT, containing

60 to 80% H-T bonds. The non-RR P3HT in a bulk tegtection solar cell
(BHJSC) is inferior to RR materials in absolutdaéicy!® but can lead to
more stable devicé8.

The mechanism is proposed to proceed at the sumceolid FeCl
particles™® A slurry in chloroformas a reaction medium was found to give
the best results. At the surface of FgGhe thiophene is oxidized while
FeCh is formed. Functional P3AT copolymers can be olgdiusing a
variety of synthetic procedures. Using oxidativéypeerization with FeGl

it is possible to incorporate a wide variety of dtianal groups in the side
chains of P3AT. P3AT copolymers including sevesikg alkoxy, alcohol,
bromine and other functionalities on side chaingehlaeen reported. In the
mechanism of the polymerization reaction (figure #®ere is no or little
control for bonds to be formed in a H-T fashiondawo or little steric
hindrance at the catalysts surface for a highlyoregular structure to be

formed preferably.
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Fig{;u]re 6: Mechanism of the oxidative polymerization usingCkeas proposed by Niersi
all®

2.1.2 Rieke method
Soon after publication of the McCullough method1i@92!*" the Rieke

method for production of highly RR P3ATs was repdr{figure 7, Table
1). Chen and Rieke showed that by using Nickellygsts instead of Pd
catalysts, a regioregular structure was obtaftfédTogether with the
evolution of synthetic methods and the ability toquce RR P3ATs, the
insight in the relationship between molecular andramolecular structure
developed® ** **'Because of the selective oxidative addition oivactinc

to the aromatic bromine, the Rieke method is coiblgatwith several
functional group$™ Therefore, this route was chosen to synthesize- sid

chain functionalized RR copolymers of P3HT.

8



Generallntroduction

XTNg7 Y M7 g7 Y  XTNg M s

Figure 7: Metal- or halogen substituted 3-HT as building kktor P3HT

Table 1: Synthetic methods for synthesis of poly(aikylthiophenes)®

Method H-T  Yield XY Reaction 1 Reaction 2 M
(%) (%)
Oxidative 60- 60-70 HH Fed - 30k-300k
polymerization 80
Rieke >90 ~75 Br,Br Zn*, THF Ni(dppp)&! 25k-35k
McCullough 95-  45-65 H,Br i)LDA/THF Ni(dppp)CL  20k-40k
99 ii)MgBr ,.EtL,O
GRIM >99 40-60 BrBr  RMgX Ni(dppp)Gl 20k-35k

2.1.3 McCullough method and Grignard metathesis (GR/)
The McCullough method produces P3ATs containinggh Ipercentage of

H-T bonds. It has been applied for synthesis of tyoolymers containing
alkoxy and ether-functionalized side-chdis.In 1999, the Grignard
metathesis (GRIM), a method to produce RR P3AT authcryogenic
reaction conditions was reported. Using this method, several end-group

functionalized RR P3ATE® or block copolymers have been synthesizéd.
20]

Several experimental studies were performed taddte the mechanism of
the Nickel catalyzed cross coupling reaction. Isyeoposed that a catalytic

cycle of three consecutive steps was involved i thechanism. The

9
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reaction is initiated by the oxidative addition afthiophene compound to
the catalyst. The polymerization proceeds by tratallation and reductive
elimination (figure 8), via a living chain-growtheohanism**! The quasi-

living nature of the GRIM method allows productiohwell defined block

copolymerd®® Recently, the GRIM route is often the polymeriaati

method of choice in literature, since this methegldg highly regioregular

P3ATs and there is no need for cryogenic reactonditions.

2.1.4 Suzuki and Stille coupling in polymerizatiorof 3-alkylthiophenes
Other synthetic methods for the production of reggolar poly(3-

alkylthiophenes) were also reported. In the Sunuéthod, an organoboron
compound is used, while for the Stille couplingibutylstannane is applied
to produce regioregular P3ATs. Phosphonic estectimmalized P3ATs
have been synthesized with the Stille couplifig.

10
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Sheina et df"!
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2.2 Application of P3ATs

As described before, conjugated polymers may absosdrgy which is
emitted by the sun (solar cells) or may emit enargthe form of visible
light (lighting or display applications).

Polythiophenes are conjugated polymers with goaatntilal stability. If a
sufficient regioregularity is reached, the mobilitf/charge carriers in these
materials is appropriate for application in polynsetar cells (PSEY or
organic field effect transistors (OFET&)?® Electroluminescence makes
these polymers a candidate for organic light emjttliodes (OLEDsY." 2!

In the following paragraph, a description of polyrhdlerene solar cells is
given.

Semi-conductors are substances where the condycinereases with
higher temperature. At the injection of charge iearin one of the energy
bands, these charges may be delocalized alongpthegated system. With
a directional movement of these charges along dwdsn polymer
backbone(s), an electrical current is created iro@anic material. When
electrons are moving in otherwise empty energybaihds ann-type semi-
conductor as for examples& In PTs, mostly electrons are brought into an
excited state, leaving holes in the LUMO, allowglgctrons to move. This

Is ap-type semiconductor.

12
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2.2.1 Polymer:fullerene solar cells

Figure 9: Phenyl G, Butyric acid Methyl ester, a soluble fullereneeaftused in
combination with a conjugated polymer, in a polyrselar cell

In a solar cell, several materials may be usedgs absorbing material.
Because of the great promise that solar energycappins hold, the search
for other materials and methods to produce organicybrid solar cells is
ongoing*3? Usually, a polymer acts as a p-type semiconduatadrserves
in a polymer solar cell as an electron donor in loim@&tion with an n-type
semiconductor, which acts as an electron acceptue. observed photo-
induced electron transfer between a conjugated npely and a
buckminsterfullerene initiated the search for higkefficiency
polymer:fullerene solar cell&’

For the mechanism of energy production in suchlar sell, the following
model was developéed! When energy is absorbed, an electron is brought in
an excited state (Figure 10, step 1). The reswdniglectron in the LUMO
and a hole in the HOMO. These separate oppositegetaare bound by

Coulomb attraction. This bound electron-hole paicalled arexciton.

13
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Figure 10: Scheme of the energy levels and model for energgyztion in a P3HT:PCBM
solar cell

The exciton can migrate, typically for a distanéel® nm in organic semi-
conductors, before the electron falls back to it®ugd state and
recombination occurs. If the exciton reaches aarfate surface of a donor
(D) and acceptor (A), the excited electron is tfammed to the LUMO of the
acceptor (step 2) if the energy difference betwledMO of the donor and
LUMO of the acceptor is sufficiently high. Still atectrically bound state,
the charge transfer complexmay be separated by the internal electric field
which is caused by the asymmetric work functiortred metal electrodes.
Then the separated charges can migrate to thgiectge electrodes (step
3). This model is applicable on several combinaiohmaterials in active
layer, electrodes and contact layers. For P3HTp#relgap is around 2 eV,
with the HOMO at 5.2 eV and the LUMO at 3.2 E¥Y.P3HT therefore
absorbs wavelengths of 600 nm and shorter. Therladdaenergy may be
transferred to several e-acceptors. In solar cBB${T has been combined
with Cso and derived molecules e.g. PCBRY) znQ, or TiO..and other$®
For this work, P3HT:PCBM was chosen as a referegystem. Several

groups have optimized the performance of this syst®y fine-tuning

14
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interface layer§&” blend morpholody® 3% and device architectuf®’
resulting in 4 to 5% power conversion efficiedty*® New materials with
tailored energy bands result in even higher efficies!** with the current
record certified efficiency of 6.77% produced byléBmer Energy, Inc.
Combined with the development of low-cost produttiechnique&™ this

brightens the future for polymer solar cells.

[ —— ITO/ PEDOT:PSS/ P3HT:PCBM (L/1)/ LiF/Al |

-40

-204

VMax Vo

max

Current density (mA/cm?)

I P,

20 T T T
-0.2 0.0 0.2 04 0.6 0.8

Voltage (V)

theoretical max

Figure 11 J-V curve of an illuminated P3HT:PCBM solar celith the corresponding
device parameters.

The efficiency of a solar cell is determined by #mount of energy that is
transferred into electrical energy. The electrateracteristics of a solar cell
are obtained by measuring the current over a cexeltage range. The
current density is calculated by dividing the meaducurrent with the
active area surface of the device. The obtainedentidensity — voltage
curve (-V curve) allows calculation of the device parametdisplayed in
figure 11. The point where the generated powerhreads maximumRay)

is called the maximum power point (Mppy.
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P V
F F — max = J max* " max (3)
P J SC '\/SC

theoreticd max

The Fill Factor EF) is the ratio oPnaxto the power at theoretical maximum
(equation 3). The short circuit curremd) is the external current that flows
when no external bias is applied. More often thartsturrent densityJ() is
used, since the latter is independent of the devgieface. The open circuit
voltage Voo is the voltage required so that no current flatwough the
device. In a polymer:fullerene BHJSC this parameégeattributed to the
difference in energy between the HOMO of the polyared the LUMO of
the fullerend?®*°! The efficiency of a device is calculated as th®raf the
power that is generatedP4,=Pmay t0 the power that is irradiated on the

device Pin=Pignt)-

P P J. .V
,7 - out — _max — max ~ max — ‘JSC'\/OC'FF (4)
Rn I:)Iight I:)Iight

To rule out the dependency on light intensity ghtisource, usually the
AM 1.5G spectrum at an intensity of 100 mW/cmz2 {(in&t a latitude of

45°N) is applied as the standard procedure to clterrae the solar cells.

Bulk heterojunction morphology
According to the device model in figure 10, onlycikans created near the

D/A surface can be dissociated. A network where domor-acceptor
heterojunction is found throughout the bulk of thaterial proved to be
more efficient as compared to a bilayer de¥iteln a network, the
probability of an exciton to reach a D/A surfacehigher. To control the
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morphology of this bulk heterojunction networksfithe processing solvent
B8 and then the thermal annealidd’ were identified as important
processing parameters for the P3HT:PCBM systemer@kstudies were
dedicated to different aspects of the morphologyagbolymer:fullerene
system, first for MDMO-PPV:PCBM-*®! and later in P3HT:PCBNt*®Y
A good morphology is obtained when the two matsriate sufficiently
phase-separated in a three-dimensional interpdimetraetwork to ensure
that there are percolation paths for both chargestheir respective
electrodes. Too close intermixing must be avoidegrevent fast charge
recombination or decreasing charge moblfity®? Ideally, each created
exciton reaches a D/A interface where the charges saparated and
transported to their respective electrodes, befecembination can occur.
To have an appropriate morphology, several parasétave to be taken
into account®

< Post production treatments and thermal annealimgral
annealing was discovered to drastically improve ¢ffeciency of P3HT:
PCBM solar cell$? It was found that a thermal treatment induces
crystallization of P3HT and phase demixing on aosaale level in the
P3HT:PCBM systerfr’!

X Blend ratio and concentration: The optimum blend
composition was observed to be about a 1:1 raticPBHT:PCBM!*? 59!
Lower PCBM contents result in too few electron $faort paths percolating
the active layer. Higher PCBM concentrations resultPCBM clusters,
which are no longer dispersed within the polymeitrmmaln addition, a
higher PCBM ratio leads during a thermal anneadireg to the formation of

clusters that can damage the cathode due to meschasties$® The
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blending ratio does not only have an influence loa éfficiency of the
blend, but also on blend stabillfy?

X Solvent and processing techniques: The solubilitybath
compounds in the processing solvent is a first aeimand best results are
obtained when the solubility of the compounds ie tthosen solvent is
comparablé‘?‘” The boiling point of the solvent determines whetkige
solvent will be evaporated faster or slower durihg spin-coating of the
blend. When the solvent evaporates slowly (higloginy point), the phase
segregation proceeds further and both compoundallarged to settle in a
more phase separated state. If the polymer chawes tmore time to settle in
an ordered fashion, P3HT will form crystalline flsrand organize in the
blend, so that higher hole mobility is achie¥@d>® Solvent-annealing or
processing blends for solvent mixtures are techesqio give time to the
molecules in the blend to self-organize and phapasrsite before the
solvent is evaporated completé&ly. %7 Using these techniques, blend
morphology is tuned without thermal treatmBf£*!

X Materials purity and characteristics will determine
morphology by affecting the crystallization behawiof P3HT and PCBM.
To self-organize, a certain regioreguldrit§?’, and molecular weigl? are

required.

Mophological stability
Recently, the focus in the field of polymer:fulleee solar cells was on

obtaining higher efficiech.O] Now the drive for commercialization of
plastic solar cells is increasing, also more aitbenhas gone to the stability
of the polymer:fullerene solar celld! The several layers of the polymer

solar cell are susceptible to both chemical andsighy degradation, but
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these phenomena may be solved by introducing bdayers between the
solar cells and the atmosphere. If a sufficieneeibf encapsulation can be
obtained, these mechanisms will not determine théceé lifetimel’> 3! A
problem that has been addressed recently condeenthérmal stability of

the blend morphology.

Ageing

Figure 12: Crosslinking concept to prevent thermal ageingtmfonged phase seperation
in a bulk heterojunction morphology

Since the BHJ morphology is a key point for a hedficiency, it needs to be
stable in time at varying temperatures. A contirsudemixing of the two
phases in the active layer results in a decreasedreéacceptor interface
surface (figure 12), so that fewer excitons aresatiated and theg
diminishes in time. During the last few years, arthal stable morphology
was achieved with crosslinkable materfal€® compatibilizing
compounds.” "® high T, material§® ! or materials with a lower tendency
to crystallizé” 8% 8 The crosslinking approach proved to be effective i
preventing large-scale phase separation in a P328MP BHJ
morphologyt™* ™! Although Accelerated Life Testing (ALT) based dret

Arrhenius model for first-order kinetic degradatiomas applied for
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polymer:fullerene BHJSCE 8 it remains unclear what the life time
expectations for the P3HT:PCBM solar cells in amgtibns could bE”

3. Aim and Outline

Every following chapter was written in the form afdraft for) manuscript
for publication. Therefore, monomers (M) and polynie) structures are
numbered again in each chapter, and the formatfingferences may differ
from chapter to chapter, depending on the requinésnef the journal to
which the chapter is to be submitted. The subjéetach chapter is shortly

described in this outline.

New and improved applications using conjugated pels require new
materials, with specific properties. The aim oftthesis is to investigate a
method that delivers materials with tailored projpst Therefore, the
synthesis of P3ATs in this work focuses on seveet of copolymers.
Copolymerization is a synthetic tool to control thelymer properties.

Copolymers of 3-hexylthiophene (3-HT) are synthedizo improve the

performance of the related electronic devices.

In chapter 2, the oxidative polymerization with Fe{dks used to synthesize
copolymers of P3HT. Copolymers of 3-HT with esiedf analogues of
thiophene monomers containing alcohol or acid gsanphe side chains are
prepared in several monomer molar ratios. The effgc the ester-

functionalized side chains on the solubility ané tompatibility of these

groups with performance in a light emitting deviaee discussed. The
introduction of an alcohol or acid group in the esidhain is desirable
because they can be readily functionalized. Sev@rattional groups

complementary to the acid or alcohol are useddactions on the polymer,
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thus providing the necessary tools to allow fortegsis of functionalized
polythiophenes with tailored properties. If the dtianal group that is
attached to a polymer side chain is chosen cayefillé material properties
can be adapted to the needs of possible applisation

As indicated in the introduction, the molecularusture and more
specifically the regioregularity of P3ATs determitiee properties of the
material. A method producing a non-RR polymer (tlgidative
polymerization with FeG) is reported in chapter 2. The conclusions from
this work are applied in the design and synthekith® RR functionalized
polythiophenes irchapter 3. The Rieke method is applied to synthesize
copolymers with high regioregularities and a vagyipercentage of
functionalized side chains. The UV-Vis absorptidrih@se polymers and of
polymer blends with PCBM and solar cell performantene copolymer
series are described in function of the percentagd nature of the
functional group that was introduced in the polymsiee chain.

The thermal characterization, charge mobility measents in OFETs, and
impact of the side chain functionalities on thestajline structure are given
in chapter 4, for two copolymer series with varying percentamjeester-
functionalized side chains. The application in saklls with PCBM as an
electron acceptor is discussed.

Post-polymerization functionalization is a powerfobl to synthesize from
one polymer a set of materials with different pmbs, this will be
illustrated in chapter 5 Here, a “click chemistry” reaction is used to
functionalize conjugated polymers with Phthalocyasi molecules that
absorb longer wavelengths, to broaden the absaorptindow of the active
layer in the solar cell. A first evaluation of tselar cell performance of
these materials is presented and discussed.
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The influence of the introduced functionalities thrermal stability of the
morphology in a polymer:PCBM (1:1) blend is disatschapter 6. The

crystallization of both compounds in the blendnsestigated with optical
microscopy, XRD and DSC. The performance of solallscat higher
temperature is measured as a function of time agldted with the

morphological stability of the blend.
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Chapter Two:
Processable and cross-linkable side-chain
functionalized poly(3-alkylthiophene)-based

copolymers for polymer electronics

Abstract: Poly(3-alkylthiophene)- based copolymers witheest
functionalized side chains were synthesized usidg toxidative
polymerization with FeGl The introduction of ester-functionalized side
chains in the copolymers poly[(3-hexylthiophene-@iyd)-co-(3-
[R]thiophene-2,5-diyl)] with R = 2-acetoxyethylP), 2-methoxy-2-
oxoethyl P3), 2-ethoxy-2-oxoethyl R4) or 6-ethoxy-6-oxohexyl R5)
affected the solubility of the copolymers. Gengradl decrease in molecular
weight and reaction yield was observed for copolgmeith an increasing
ratio of functionalized side chains. In a PolymeégHt Emitting Diode, the
ester-functionalized copolymeP5 performed comparable to P3HT
indicating that the charge transport is not affeédtg the functionalization.
The functional groups in the side chains were hiyzird post-
polymerization to alcohol and acid groups, befoheyt were further
functionalized with a variety of commercially awble molecules. The
facile decoration of the copolymers was illustrabgdreaction of an alcohol
function with butylisocyanato acetate, (meth)acrykcid chloride or
cinnamoylchloride and reaction of an acid grouphw(8-ethyl-oxetan-3-

“Submitted By Bert J. Campo, Henk J. Bolink, Krisiflladet, Wibren D. Oosterbaan,
Peter Adriaensens, Laurence Lutsen, Thomas J.&ldipirk Vanderzande
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y)methanol. This way, crosslinkable functionaktidollowing different

crosslink-initiating mechanisms were introduced.

1. Introduction

The use of conjugated polymers in plastic elect®shows great promise
due to the combination of their semi-conductingaswebur with beneficial
properties of polymers such as light weight, higlechmanical strength,
solution processability and flexibility. This enables the development of
new low cost technologies starting from solventdolprocessing or
printing of active layers in plastic electronic @ms® ! In polymer
electronics, solubility of the conjugated polymer a first demand for
solvent based processing. A highly succesfull clasks soluble
semiconducting polymers are poly(3-alkylthiopheng$)3ATs), with
poly(3-hexylthiophene) (P3HT) as the most prominexample?® P3ATs
have been applied in Field Effect Transistors (BEP®lymer Solar Cells
(PSCs) and Light Emitting Diodes (LED$J? Depending on the synthetic
route used for the conjugated polymer, the positibthe alkyl tails on the
backbone follows a pattern that defines the strectas more or less
regioregular or regiorandom. The extent of regiategty affects
substantially the electro-optical properties of {ha@ymer. Although for
FETs for example a high regioregularity (>95%) ésidablé!® it has been
shown that for P3HT:fullerene solar cells a regjoitarity as low as 86% is
still sufficient for obtaining high efficiencies wa it improves the thermal
stability of the devic& 2

Also the presence of functional groups in the pdyrstructure can affect
the material properties. Functionalization of tliéymer can be desirable as

a tool to modify or introduce new properties inte polymer. For example,
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crosslinkable conjugated polymers have been apjptiddEDs, FETs and
PSCs or photolithography applicatidhs'” After crosslinking, PSCs were
obtained which showed improved stability of devigerformance as a
function of time and temperatuf@.® Furthermore, introduction of specific
functionalities may be useful to obtain graftingesifor larger molecules
which are useful in biosensdtg. The oxidative polymerization using FeCl
is a straightforward method to obtain 70-90% reggoitar P3AT on a gram-
scale®® ¥ with this route, a wide range of functional grotipsthe side
chains of homopolymers and copolymers have beeaortezp for various

purposes. Among them are bromiff@%, ether [242°] [30-32]

, hydroxy
thioether and sulfanyf® 34, ester!” 18 354% gmino*Y and urethané?
functionalized polythiophenes. This variety of ftionalized P3ATs
demonstrates the compatibility of this polymeriaatimethod with many
functional groups. With the introduction of functadized alkyl side chains
however, not only the desired properties are intced, but also the
polymer solubility may be affected.

In this work, a route is explored that allows forversatile variation of
functional groups in the side chains, enabling tinéroduction of
crosslinkable groups with the aim to fundamentafhprove the device
operating lifetime of the PSCs. To control the patage of functionalized
side chains, copolymers of 3-HT with either an htdoor carboxylic acid
substituted 3-alkylthiophene comonomer were prepéBeheme 1). These
functional groups can be further modified by postymerization
derivatization. They were chosen because of theirsatility: further
functionalization is possible with several othendtionalities following
different synthetic procedur&g! To obtain a copolymer soluble in organic

solvents, rather the ester-analogues of the alcohdacid functionalized
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thiophenes were used. The oxidative polymerizatieethod was chosen
because it is a straightforward experimental methagich is well
documented and compatible with ester functionalizadnomers. By
varying the percentage of functionalized comonontiee, effect of ester-
functionalized side chains on the copolymer chara&tics was
investigated. Conversion of the ester groups tohaltor acid groups allows
reaction with complementary functional groups ttraduce a variety of
crosslinkable functions by several reaction types.all these copolymers
contain ester functionalities, the compatibilitytbé ester group with device
operation was tested for a copolymer in a LED devi€he presented
synthesis scheme enables the preparation of furattzed P3AT materials
for polymer electronics, where post-polymerizatidanctionalization
reactions allow tuning the chemical structure talvalesired materials

properties.

2. Experimental section

2.1 General experimental procedures

All chemicals were obtained from commercial souraed used as received
unless stated otherwise. Iron(lll)chloride was tedawith freshly distilled

thionylchloride and washed with dry pentane (dreer sodium wire and
distilled) before it was dried under vacuum andredfounder nitrogen.
Chloroform was refluxed overnight over, and distilled before use.
Diethylether and tetrahydrofurane were distilledlemN, atmosphere from
a blue mixture with sodium wire and benzophenongl anblue colour

appearedH-NMR spectra were recorded on a Varian Inova 308zM

spectrometer. Products were dissolved in 0.8 mLtedated CHG],
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obtained from Cambridge Isotope Laboratories. Chahshifts are reported
in ppm downfield from tetramethylsilane (TMS) usitige peak of residual
CHCI; as an internal standardd@t 7.24 ppm. The ratio between the hexyl
tails and the ester functionalized side chains eedsulated from the ratio of
the integration of a Ciproton in the hexyl side chairfat 6 = 0.89 ppm),
compared to the integration of a &8 proton of the functionalized side
chain. The regioregularity was calculated as thetion of the head-tail-
CH, aroundé = 2.79 ppm to the totat-CH, signal integration from the
hexyl side chain. Fourier-transform infrared spestopy (FT-IR) was
performed on a Perkin Elmer Spectrum One FT-IR tspe®ter using
pellets in KBr or films drop-cast on a quartz distm a CHC} solution.
Gas chromatography/mass spectrometry (GC-MS) waiedaout on TSQ-
70 and Voyager mass spectrometers. UV-Vis specéia wecorded on a
Varian CARY 500 UV-Vis-NIR spectrophotometer frofdi@to 800 nm at a
scan rate of 600 nm nifn Size exclusion chromatography (SEC) was done
with a 1 mg mC* polymer solution in THF, which was filtered withOa45
um pore PTFE syringe filter. A Spectra Physics pa@thp equipped with
two mixed-B columns (10 pm, 30 cm x 7.5 mm), Polyrhabs and a
Shodex refractive index detector at 40 °C in THFR dlow rate of 1.0 mL
min were used. Molecular weight distributions were suead relative to
polystyrene standards and toluene was used asvardle marker. OLEDs
were made on glass substrates with a pattern ofdleGtrodes. The glass
substrates were cleaned with soapy water, sonidatedetone, heated in
isopropanol and treated with UV{Qor 20 minutes. Typically, 30 nm
poly(ethylenedioxythiophene): poly(styrenesulfopat§ PEDOT: PSS)
(HCStark) was spin-coated at 3000 rpm on the gdabstrate before spin-
coating the polymer from a 10 mg fisolution in chlorobenzene at 300
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rpm. 20 nm of 1,3,5-tris-(N-phenyl-benzimidazolgdfsenzene TBPI, 5 nm
Ba and 80 nm Al were evaporated in high vacupm @ 10° mbar). The
ITO electrodes were cleared before measuring curdensity and
luminance versus voltage using a Keithley 2400 souneter, a Keithley
6485 picoampmeter and an integrating sphere. Thespgctrum was

measured using an Avantes luminance spectrometer.

2.2 Monomer synthesis

3-Hexylthiophene (3-HT)was obtained from reaction of 3-bromothiophene
(3-BT, Acros) and hexylmagnesium bromide (Aldricim)the presence of a
Ni catalyst. Synthesis and characterization were aotordance with
literature proceduré” In a dried three-necked flask, 100 mL (166.0 g,
1018 mmol) 3-BT was dissolved under nitrogen atrhesp with 0.01 eq. of
Ni(dppp)Ch (5.2 g, 10 mmol) in 300 mL dry diethylether. 1.4.E611 mL

of a 2.0 M solution in RO, 1220 mmol) of hexylmagnesiumbromide was
added dropwise at a temperature of 0°C. The reaetas stirred overnight
at room temperature before neutralization by additof a 1.0 M HCI
solution. After extraction with ED, washing with a saturated NaHgO
solution and drying over MgS©a brown liquid was obtained. This liquid
was purified by distillation to obtain 3-HT in aeyd of 96 % (163.7 g, 973
mmol) atp = 7.10° mbar andl = 81-84 °C*H NMR (300 MHz, CDC}) ¢
7.23 (s, 1H, Hom), 6.95 (M, 1 H, Hom), 6.92 (M, 1H, Hom), 2.63 (t, 2H -
CH,, J = 7.5 Hz), 1.63 (q, 2HB-CH,, J = 7.5 Hz), 1.32 (m, 6H, 3 Gl
0.90 (t, 3H,CH, J = 6.5 Hz);**C NMR (75 MHz, CDC}) § 142.8, 130.8,
110.2, 107.2, 31.5, 29.4, 29.3, 28.7, 22.5, 140:NES 98% purem/z 168
[M]*,153 [M - CHy", 139 [M — CHCH3]", 125 [M — (CH),CH3]", 111 [M

— (CH)sCHg]", 97 [M - (CH)4CH3]", 85 [M — (CH)sCHg]"; FT-IR (NaCl,
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cm?): 3104 (w), 3051 (w), 2956 (vs), 2929(vs), 285850 (w), 1537,
1466 (s), 1409, 1378, 1328 (w), 1234 (w), 1153@1@)79, 936 (w), 924 (w),
856, 834, 772 (vs), 713

3-(2-Acetoxyethyl)thiophene(M1) was obtained after stirring 10.8 g (84
mmol) 3-(2-hydroxyethyl)thiophene (Acros) undedugfwith 1.3 eq. acetic
anhydride and 40 mL of pyridine during five hollf5.The reaction was
allowed to cool down to room temperature beforeirsgl®0 ml of a 4 N
HCI solution. Extraction was done with 3 x 100 mt;& The extract was
washed with 3 x 100 mL ¥, dried over MgSQ filtrated and evaporated.
13.0 g (76 mmol, 91 %Y1 was isolated after Kugelrohr (fractionmt 2.5
10° mbar andT = 125 °C). Characterization is comparable to'¥8f 'H
NMR (300 MHz, CDC}) ¢ 1.99 (s, CH), 2.92 (t,a -CH,), 4.24 (t,3-CHy,),
6.93 (dd, Hwon), 6.98 (S, Hom), 7.21 (dd, Hom); °C NMR (75 MHz,
CDCls) 6 170.9, 137.8, 128.1, 125.5, 121.4, 64.1, 29.43;20T-IR (NaCl,
cm?): 3103, 2958, 1736, 1537, 1432, 1412, 1383, 13834, 1239, 1155,
1035, 979, 942, 900, 858, 832, 777, 690, 666, 628, 606; GC/MS: 98 %
pure,m/z 170[M] *, 127 [M — COCH] *, 110 [M — OCOCH] *, 97 [M —
CH,OCOCH3]"

3-(2-methoxy-2-oxoethyl)thiophene (M2) was prepared following a
modified literature procedufd by refluxing 10.0 g (70 mmol) thiophen-3-
yl-acetic acid (Acros) in 50 mL of MeOH with 2.5 ndoncentrated 50,
for 24 h. The mixture was neutralized by additioh Ne,COs;. After
evaporation of the solvent, the residue was exddaatith E;O. The extract
was washed with deionized water, dried over Mg®@d filtered. After
evaporation of the &b, 10.1 g (65 mmol, 92 %) dfl2 was obtained'H
NMR (300 MHz, CDCJ) ¢ 3.64 (s, CH), 3.68 (s, CH), 7.02 (dd, Hwom,
7.13 (S, Hiom), 7.26 (dd, Hom); *C NMR (75 MHz, CDCY) 6 171.4, 133.4,
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128.3, 125.6, 122.7, 51.9, 35.4; FT-IR (NaCl, $m3104, 2998, 2952,
2842, 1740 (s), 1436, 1336, 1268, 1231, 1201, 11623, 1013, 946, 857,
832, 765, 727, 675, 611 €mMGC/MS 99 % purem/z 156 [M]" 141[M —
CHz]" 125 [M — CHOJ" 97 [M — COOCH]*
3-(2-ethoxy-2-oxoethyl)thiopheng(M3) was prepared following a similar
procedure as was applied to obt®a. 10.0 g (70 mmol) of thiophen-3-yl-
acetic acid (Acros) was refluxed overnight in 50 ghIEtOH with 3 ml of
concentrated p80,. Short path distillation was used to obtain 10.%68
mmol, 89 %) of the purified compound@t 9.10° mbar andr = 50°C.'H
NMR (300 MHz, CDC}) 6 1.26 (t, CH), 3.63 (s, CH), 4.14 (q, CH-0O),
7.02 (dd, Hiom), 7.12 (S, Hom), 7.26 (dd, Hom); *C NMR (75 MHz,
CDCl3) 0 171.0, 133.6, 128.3 125.5 122.6 60.7 35.7 14.6tFFINaCl, cm

1) 3104, 2998, 2952, 2842, 1740 (s), 1436, 1336812831, 1201, 1152,
1083, 1013, 946, 857, 832, 765, 727, 675, 611;dBC/MS 99 % purem/z
170 [M]* 141 [M - CHCH,* 125 [M — CHCHO]", 97 [M -
CH3CH,OCOTJ'

3-(6-ethoxy-6-oxohexyl)thiophene (M4). 6-Bromo-hexanoic acid ethyl
ester (20 g, 89 mmol) was added to active zincsimced for 2 h at room
temperature under argon atmospH&eThe zinc particles were allowed to
settle overnight. The supernatant organozinc comgovas added dropwise
to a solution of 16.81 g 3-BT (103 mmol) and 0.G5 Ni(dppp)Ch in
THF M The reaction was stirred for 48h at room tempeeasnd quenched
with a saturated NKCI solution. After extraction with ED (3 x 200 mL),
the organic phase was dried over Mg&@d filtrated. 8.6 ¢4 (38 mmol,
42 %) was obtained with short path distillatioriTat 72 °C ancp = 1.10°
mbar.*H NMR (300 MHz, CDCJ) 6 7.20 (m, 1H, Hom), 6.90 (m, 2H,
Harom), 4.10 (g, 2H, O-Ch J = 7.5 Hz), 2.62 (t, 2Hg-CH,, J = 7.5 Hz),
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2.28 (t, 2H,B-CHy, J = 7.5 Hz), 1.63 (m, 4H, 2 G#f 1.38 (m, 2H, Ch),
1.23 (t, 3H, CH, J = 7.1 Hz):**C NMR (75 MHz, CDCJ) § 173.4, 142.4,
127.8, 124.8, 119.6, 59.8, 33.9, 29.8, 29.6, 28444, 13.8; GC/MS 95%
pure,m/z 226 [M]", 181 [M- OCHCHs]*, 153 [M — C(O)OCHCHs]*, 139
[M — CH,C(O)OCHCHs]*, 125 [M — (CH),C(O)OCHCHs]*, 111 [M-
(CH2)3C(O)OCHCH;]*, 97 [M- (CHy)4C(O)OCHCH,]*; FT-IR (NaCl, cm
1): 3104, 2980, 2934, 2858, 1733 (vs), 1537, 1483211299, 1252, 1181,
1130, 1096, 1032, 859, 833, 773

2.3 General polymerization procedure

The flasks and other glassware in which the reastigere performed were
dried in an oven at 110 °C, allowed to cool downl@mvacuum and kept
under N atmosphere. Fe€l(4 eq. with respect to the total amount of
monomers) was weighed in a dry three-necked flasleuN atmosphere
before addition of dry CHGI(20 ml g' FeCk).™® The monomer was
weighed in another dry three-necked flask andestiwhile evacuation and
flushing with N, three times. To obtain copolymers, a mixture ohoroers
was weighed. The monomer (mixture) was dissolvedirin CHCE and
stirred before it was added dropwise through a wlanto the vigorously
stirred Fed slurry. The reaction was stirred at room tempeeatinder a
continuous nitrogen flow for 18h. The polymer waeqipitated in 0.75 L
MeOH for each gram of polymer and stirred for onerh Then the polymer
was filtered off and stirred overnight in a 1 vol $6lution of hydrazine
monohydrate (NkNH2.H,O) in MeOH. The polymer was filtered off again
and purified with Soxhlet extraction using MeOH amadetone. The
polymers were isolated and dried after extractiothwCHCL and
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precipitation in MeOH. In Table 1 the amounts ofnomer are given for

each mixture with the corresponding copolymer.

2.3.1 Synthesis of P3HT
The described procedure was applied after 10.8@QJ;Reas weighed in a

dry three-necked flask. 1.6 g of polymer was oldiafter purification'H
NMR (300 MHz, CDC¥) ¢ 0.89 (CH), 1.33, 1.53 and 1.68&,(5, v, p-CHy),
2.54 and 2.780-CH,), 6.96-7.03 (Hom); FT-IR (NaCl, cm'): 2955, 2925,
2857, 1512, 1456, 1378, 823, 725.

2.3.2 Synthesis of copolymers P1 for several X/Y tias
For example, the X/Y 0.88/ 0.12 copolymer was pregpdy mixing 3-HT

and the functionalized monomer in this molar rdfer weights: see Table
1) before dissolving the mixture in dry CHChnd performing the
polymerization procedure as mentioned before. SEC WV Vis: in film:
Table 2,'"H NMR (300 MHz, CDCJ) 6 0.89 (CH, 3HT), 1.33 and 1.67%(
3, v, p-CHy, 3HT), 2.06 (CH), 2.56 and 2.780(CH,, 3HT), 3.15 ¢-CH,),
4.34 B-CHy), 6.98 (Hrom); FT-IR (NaCl, cni): 3056, 2960, 2928, 2856,
1745, 1511, 1463, 1454, 1377, 1261, 1236, 10947,1820, 801. Synthesis
and characterization of copolymers for other X/fasmwas done following
a similar procedure. The amount of monomers used éach

copolymerization reaction is given in Table 1.

2.3.3 The conversion of ester to alcohol functions
PolymerP1 was stirred under reflux in the dark for 18 h i6.2 M NaOH

solution in MeOH (50 mL ¢).'"! Then the mixture was poured out in
MeOH/2 N HCI (1/1, v/v) and stirred for 1 h befoitewas filtered off,
rinsed with MeOH and D and dried to obtain the copolymers in high yield
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(> 90%). Characterization of polymers which wergHar functionalized is
given here, the synthesis and characterizatioropblgmers for other X/Y
ratios was done according to the same proced®2e).95/0.05'H NMR
(300 MHz, CDC}) o6 0.89 (CH, 3HT), 1.32, 1.53 and 1.68,(, vy, p-CHa,
3HT), 2.55 and 2.78xCH,, 3HT), 3.15 ¢-CH,), 3.84 and 3.95 (CHOH),
6.96 (Huon); FT-IR (NaCl, cn): 2954, 2925, 2855, 1464, 1393, 1336,
1154, 1084, 985, 823 ¢mP2 0.88/0.12'H NMR (300 MHz, CDCJ) 6 0.89
(CHs, 3HT), 1.32 and 1.67¢(3, vy, B-CH,, 3HT), 2.55 and 2.78u{CH,,
3HT), 3.15 ¢-CH,), 3.84 and 3.95 (CHOH), 6.96 (Hrom); FT-IR (NaCl,
cml): 2954, 2925, 2855, 1464, 1394, 1337, 1154, 1088, 825 crit

2.3.4 Synthesis of P3, P4 and P5
Monomer amounts which were mixed are given in Tabland treated

according to the previously described proced®®.0.95/0.05'H NMR
(300 MHz, CDC}) ¢ 0.89 (CH, 3HT), 1.33 - 1.66¢ 3, vy, B-CH,, 3HT),
2.62 (-CH,, 3HT), 3.70 (CH), 3.70 (CH), 7.10 (Hyom); FT-IR (NaCl, cm
1): 2954, 2925, 2855, 1744, 1513, 1460, 1376, 12601, 1021, 825, 801,
725 cm®. P3 0.50/0.50'H NMR (300 MHz, CDC}) ¢ 0.88 (CH, 3HT),
1.26, 1.32, 1.66¢( 9, vy, B-CH,, 3HT), 2.53 and 2.78{CH,, 3HT), 3.60 —
3.81 (CH, CHy), 6.96- 7.19 (Hom):; FT-IR (NaCl, cnt): 2956, 2927, 2856,
1743, 1513, 1465, 1455, 1435, 1375, 1326, 12628,11968, 1093, 1020,
801 cm®. P30.10/0.90'H NMR (300 MHz, CDC}) ¢ 0.88 (CH, 3HT),
1.26, 1.32, 1.68¢( 3, vy, B-CH,, 3HT), 2.53 and 2.77a{CH,, 3HT), 3.60
(CHy), 3.75 (CH ), 6.96- 7.19 (Hom); FT-IR (NaCl, cn): 2961, 2926,
2856, 1739, 1435, 1326, 1260, 1200, 1170, 10920,1820 cni. P3
0.00/1.00'H NMR (CDCk): =3.6 (CH), 3.75 (CH), 7.2 (H); FT-IR
(NaCl, cm): 2963, 1739, 1436, 1267, 1090, 1020, 801'¢m 0.95/0.05
'H NMR (300 MHz, CDC}) § 0.89 (CH, 3HT), 1.32 and 1.67(3, v, p-
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CH,, 3HT, CHy), 2.55 and 2.780¢CH,, 3HT), 3.57 and 3.7%CH,), 4.18
(CH»-0), 6.96 (Hion); FT-IR (NaCl, cnt): 2955, 2928, 2855, 1741, 1514,
1465, 1395, 1311, 1261, 1152, 1083, 1019, 867,800 P4 0.85/0.15™H
NMR (300 MHz, CDC}) 6 0.89 (CH ,3HT), 1.32 and 1.6&(3, v, B-CHs,
3HT, CHp), 2.55 and 2.780(CH,, 3HT), 3.56 and 3.79CH,), 4.20 (CH-
0), 6.96 (Hiom); FT-IR (NaCl, cnt): 2956, 2928, 2855, 1739, 1512, 1457,
1377, 1317, 1260, 1230, 1154, 1025, 861, 825.d?d 0.50/0.50'H NMR
(300 MHz, CDC}) § 0.88 (CH ,3HT), 1.32 and 1.56¢(3, y, p-CHs,, 3HT,
CHs), 2.55 and 2.78a(CH,, 3HT), 3.57 and 3.78x{CH,), 4.18 (CH-O),
6.98 (Hyom); FT-IR (NaCl, cni): 2955, 2928, 2855, 1740, 1509, 1458,
1377, 1314, 1230, 1153, 1093, 1021, 801'cm

Table ' Amounts of monomers and FeCI3 used for the capehzation
reactions of 3-HT (X) withM1, M2, M3 and M4 (Y) together with the
resulting polymer yields

Polymer Molar ratio X/Y #g (mmol) X #g (mmol) Y Yield (g)

P3HT 100/0 2.80 (16.6) - 1.60

P1 0.97/0.03 3.03 (18.0) 0.08 (0.46) 2.68
P1 0.95/0.05 3.80 (22.4) 0.23 (1.17) 3.46
P1 0.88/0.12 1.68 (10.0) 0.19 (1.11) 2.17
P1 0.82/0.18 2.25 (13.4) 0.40 (2.37) 2.24
P1 0.50/0.50 0.79 (4.7) 0.80 (4.70) 1.00
P3 0.95/0.05 2.32 (14.0) 0.12 (0.70) 1.97
P3 0.50/0.50 2.90 (17.3) 2.70 (17.30) 1.63
P3 0.10/0.90 0.23 (0.6) 1.81 (5.30) 0.60
P3 0.00/1.00 - 0.50 (3.20) 0.12

P4 0.95/0.05 2.00 (11.0) 0.11 (0.60) 1.89
P4 0.85/0.15 9.35 (56.0) 1.67 (10.00) 5.73
P4 0.50/0.50 1.25 (7.4) 1.26 (7.40) 0.36
P5 0.88/0.12 2.75 (16.0) 0.51 (2.00) 1.80
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P5 0.88/0.12'H NMR (300 MHz, CDCJ) J 0.88 (CH, 3HT), 1.32, 1.57
and 1.67 £, 8, v, B-CHp, 3-HT), 2.36 (CHCOO), 2.54 and 2.78 (GHb),
6.96 ( Hon); FT-IR (NaCl, cni): 2956, 2925, 2856, 1735, 1638, 1508,
1454, 1384, 1260, 1161, 1032, 816, 801, 725.cm

2.3.5 The conversion of ester to acid functions
PolymerP5 (1.0 g) was dissolved in a minimal amount of Cgi&id added

slowly to 2 M NaOH in EtOH*®! When addition was complete, the reaction
was stirred in the dark for 48h under reflux. Thigtare was poured out in
a MeOH/2 N HCI mixture and stirred for 1 h, befargvas filtered off and
rinsed with MeOH and $D. The polymerP8 (0.95 g) was dried and
characterized"H NMR (300 MHz, CDCJ) § 0.88 (CH, 3HT), 1.32, 1.57
and 1.67 €, 9, y, p-CHy, 3-HT), 2.36 (E1,COOH), 2.54 and 2.7&{CHy,),
6.96 (Huon); FT-IR (NaCl, cnt): 3135, 2960, 2925, 2852, 1705, 1638,
1508, 1403, 1074, 821, 801 ¢V Vis in film Ama= 510 nm

2.3.6 Further post-polymerization reactions (Schemg)
Functionalization with butylisocyanate acetate velsie comparable to

literature procedurd®? PolymerP2 0.95/0.05 (250 mg) was dissolved in
dry THF before addition of 14 mg dibutyltindilaveatand 125 mg
butylisocyanatoacetate in excess amounts. Theioseastas stirred during
72h under M The solvent was evaporated, the polymer was seldisd in
CHCIs, precipitated in MeOH, filtered off, rinsed withd®H and HO and
dried to obtain 260 mg (99 %) of polymie®. 'H NMR (300 MHz, CDC))

0 0.89 (CH, 3HT), 1.32 and 1.67%(39, vy, B-CH,, 3HT), 2.05 {-CH,), 2.33
(e-CH,), 2.54 and 2.780£CH, 3-HT), 3.15 ¢-CH,), 3.94 { -CHy), 4.12 6-
CH,), 4.36 B-CH,), 5.15 (N-H), 6.96 (kom); FT-IR (NaCl, cn): 2957,
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2927, 2855, 1730, 1512, 1459, 1393, 1300, 12603,11952, 1080, 1020,
865, 800 crit

Polymer P2 0.88/0.12 was functionalized with acrylic derivasv by

reaction of the alcohol functionalities with an dacthloride®®® For
copolymersP10 P11, P12 a similar procedure was applied: 260, 200 and
210 mg of polymeiP2 0.88/0.12 were dissolved in 30 mL of THF, before
adding 2 mL EiN and addition of 10 equivalents of the acid cllerin 20
mL THF. After stirring for 18h in the dark at roai@mperature, the solvent
was evaporated. The polymer was redissolved in gHécipitated in a
0.5 N HCI/ MeOH mixture (1/1, v/v), filtered off vl rinsing with MeOH
and HO and dried to obtain 250, 190 and 220 mg respagtiv10 *H
NMR (300 MHz, CDC}) ¢ 0.88 (CH, 3HT), 1.32 and 1.6%(3, v, B-CH,
3HT), 2.54 and 2.780(CH,), 4.43 (CH-0), 5.81 (CH=C), 6.13 (C=CH\
6.37 (C=CH), 6.96 (Hyon); FT-IR (NaCl, cni): 2955, 2925, 2855, 1730,
1508, 1463, 1377, 1261, 1180, 1097, 1020, 80T &l ‘H NMR (300
MHz, CDCk) ¢ 0.89 (CH, 3HT), 1.32, 1.43 and 1.6%,(, vy, B-CH,, 3HT),
1.93 (CH-C=C), 2.53 and 2.770{CH,), 4.4 (CH-0O), 5.54 (CH=C), 6.09
(CH=C), 6.95 (Hrwon); FT-IR (NaCl, cn): 2955, 2925, 2855, 1730, 1508,
1463, 1377, 1261, 1180, 1097, 1020, 801'dM2 'H NMR (300 MHz,
CDCl;) 6 0.88 (CH ,3HT), 1.32, 1.54 and 1.6%,(3, v, B-CH,, 3HT), 2.54
and 2.78 ¢-CH, 3-HT), 3.22 (-CH,), 4.48 (CH-0), 6.44 (CH=C), 6.96
(Haron), 7.33 and 7.48 (beny), 7.76 (CH=C); FT-IR (NaCl, ci): 2956,
2926, 2856, 1780, 1712, 1683, 1612, 1578, 15135144950, 1422, 1380,
1315, 1288, 1261, 1163, 1108, 1025, 985, 936, 878, 765, 707, 677 cMh
Functionalization with oxetand®{3): The esterification of the acid groups
in the side chains dP8 was performed according to literature procedures
following the DCC/DMAP protocof” P8 (100 mg) was stirred at 60°C in

42



Processable side-chain functionalized P3HT-basqublyoners

25 mL chlorobenzene until it was dissolved. Theldt (3-ethyl-oxetan-3-
y)methanol (69 mg) was added before adding 15@QC and 1 eq.
DMAP. The reaction was kept stirring for 48 h. Tipelymer was
precipitated in MeOH, filtrated, rinsed with MeOMdH,O and dried to
obtain 96 mgP13'H NMR (300 MHz, CDCJ) § 0.89 (CH 3-HT), 1.23,
1.33, 1.54 and 1.6%;,(5, v, p-CHy, 3-HT), 2.36 (BH,COOR), 2.55 and 2.78
(a-CHy), 4.19 (CH-OCO), 4.36 and 4.43 (CGFDoxetand 6.96 (Hyrom); FT-IR
(NaCl, cm%): 2960, 2920, 2850, 1739, 1700, 1649, 1512, 14815, 1260,
1090, 1019, 865, 800 ¢

3. Results and discussion

As stated before, several side chain ester-funalimed poly(3-

hexylthiophene)-based copolymers were preparedetBetl) to investigate
to what extent certain side chain functionalitieaynie introduced in the
polymer structure without negatively affecting thelymer properties, e.g.

processability.

3.1 Monomer synthesis

3-HT was obtained according to literature procesliféEster analogues of
acid and alcohol functionalized thiophene compoundse used. 3-(2-
acetoxyethyl)thiopheneM1) was obtained after esterification of 3-(2-
hydroxyethyl)thiophene with acetic anhydride in igire!*” 3 3-(2-
Methoxy-2-oxoethyl)thiopheneV2) and 3-(2-ethoxy-2-oxoethyl)thiophene
(M3) were obtained via the acid catalyzed esteriticaif thiophen-3-yl-
acetic acid with MeOH and EtOH, respectively. 3HtBoxy-6-
oxohexyl)thiophene M4) was prepared analogues to 3-HT, according to
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literature procedured® "' All monomers were obtained in high yield and

purity.

3.2 Synthesis of ester-functionalized copolymers

The copolymers were synthesized using the oxidgiodgmerization with
anhydrous FeG) by bulk copolymerization of mixtures of 3-HT and
thiophene monomers containing functionalized sitiairss. A slurry of
anhydrous FeGlin CHCk was stirred vigorously, while a monomer
solution in dry CHG was added. Monomer mixtures of 3-HT with the
several functionalized monomers in varying X/Y niaiatios were used to
obtain copolymers with a varying percentage of fiomalized alkyl side
chains, as presented in Table 2. The reaction Wasdsfor 18 h at room
temperature before precipitation in MeOH, dedopivith hydrazine and
purification by Soxhlet extraction. The polymer waslated by extraction
with CHCL, precipitation in MeOH, filtration and drying. Theolymer
characterization was done By-NMR and FT-IR, forP1 and P3 displayed

in Figure 1. In Table 2, molecular weights, reattioelds and results of
UV-Vis spectroscopy of all copolymers are given.HF3was prepared
following the same procedure as for the copolymers.
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O

O OH
; 0.1M NaOH
X / \ v J \ FeCh, CHCh in MeOH 7 N\ () \
- —_ > _ =
S S 18h, rt, N 24h relfux S X S Y'n
3-HT M1 P2
\
O@"'z)b (CH2)b
(0]
(CHa)a 2.0M NaOH
X J\ v J \ FeCl, CHCh in EtOH
.oy L 5 _ e s I
S 18h, 1t, \b 48h Reflux
3-HT M2a=1,b=0 P6a=1
M3a=1,b=1 P7a=1
M4 a=5b=1 P8a=5

Scheme 1:Synthesis of side-chain ester-functionalized cgpelrs. Soluble alcohol and
acid functionalized copolymers P2 and P8 were abthafter hydrolysis of the ester
functions in the side chains.

Synthesis of poly[(3-hexylthiophene-2,5-diy)-(3-[2-
acetoxyethyl]thiophene-2,5-diyl)]PQ) has been reported previously via
several route®” ¥ |ntroduction of an increasing percentage of
acetoxyethyl functionalities in the side chain ypasved by the appearance
of an increasingly strong C=0 absorption at 1740 emFT-IR (Figure 1a).
In *H-NMR (Figure 1b), the signals of the — €8 protons at 4.3 ppm and
CH3;-CO protons at 2.05 ppm illustrated the increasidggree of
functionalization. For theP1 0.50/0.50 copolymer, the signal afCH,
protons originating from the acetoxyethyl functiboed repeating units was
clearly visible at 3.15 ppm. The x/y ratio of repieg units in the polymer
was calculated usintH-NMR (Table 2).
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Table 2 Molar ratios of monomers used for the copolynedran reactions
of 3-HT (X) with M1, M2, M3 and M4 (Y) together with the resulting
polymer characteristics of the several copolymers.

Monomer oy %RR e (M) M., Yield

Polymer molar ratio ) H- o (%)
XY) (*H-NMR) NMR) infim  (10% [a] [b]

P3HT 1.00/0.00 1.00/0.00 76 516 178 3.7 57
P1 0.97/0.03 0.94/0.06 71 513 113 34 86
P1 0.95/0.05 0.95/0.05 71 509 213 4.6 86
P1 0.88/0.12 0.87/0.13 72 480 344 51 86
P1 0.82/0.18 0.84/0.16 86 495 184 6.1 85
P1 0.50/0.50 0.51/0.49 72 469 180 3.9 63
P3 0.95/0.05 0.95/0.05 73 514 172 3.9 80
P3 0.50/0.50 0.64/0.36 65 453 184 6.1 32
P3 0.10/0.90 0.33/0.67 63 443 72 3.5 29
P3 0.00/1.00 0.00/1.00 59 420 20 21 24
P4 0.95/0.05 0.98/0.02 80 509 201 6.5 89
P4 0.85/0.15 0.97/0.03 76 509 252 4.2 52
P4 0.50/0.50 0.89/0.11 87 499 160 3.4 15
P5 0.88/0.12 0.87/0.13 80 518 374 4.1 55

[a] Weight average molecular weight in THF solutifil] Polydispersity = M/M,

In P1, the comonomer amount (or x/y ratio) present ia topolymers
remarkably correspond to the amount (or X/Y rapiggsent in the monomer
mixture. This is an indication that the rate of ypoérization is equal for
both monomers. The obtained copolymers were solabtemmon organic
solvents like CHG| chlorobenzene (CB) or tetrahydrofurane (THF). Wit
an increasing percentage of functionalized alkgdeschains, the weight
average molecular weight (M first increases from 112k in the 0.97/0.03
copolymer to 213k in the 0.95/0.05 copolymer arathes a maximum of
343k for the 0.88/0.12 copolymer. With a furthecreasing percentage of
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functionalized comonomer, MMdecreases to 180k for the 0.82/0.18 and
0.50/0.50 copolymer. Polydispersities between 3 éndere observed.
There is no clear relation between,Mnd degree of functionalization (i.e.
percentage of functionalized side chains). Theoregularities observed for
most of the copolymers ranged from 59 to 87%. InU¥, the absorption
of 76% RR P3HT was observed between 400 and 60@wtma maximum
at 516 nm. The wavelength of maximum absorptignR, of P1 copolymers
shifts towards shorter wavelengths with an increasatio of functionalized
side chains. This is probably due to the disruptibthen-n stacking by the
introduction of the functionalized side chains andlecrease in effective
conjugation length. An exception in this evoluties the P1 0.82/0.18
copolymer, indicating an increased structural oafeihe system due to the
higher regioregularity in this copolymer comparedtie regioregularity of
our P3HT sample (86 % vs. 76 %).
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Figure 1: a) FT-IR and bfH-NMR spectra oP1 with increasing percentage of
functionalized side chains compared to P3HT; c)REnd d)*H-NMR spectra of
copolymersP3 with increasing ratio ester functions in the sitlains, compared to P3HT

To be able to obtain acid functionalized copolymeas ester-protected
analogue of acetic acid thiophene-3-yl was usethé copolymerization
reaction. Copolymers poly[(3-hexylthiophene-2,5Kdiyo-(3-[2-methoxy-
2-oxoethyl]thiophene-2,5-diyl)] R3) were obtained in several x/y ratios
after copolymerization of 3-HT withM2. The resulting copolymers
characteristics are displayed in Table 2. The haityoper poly[3-(2-

methoxy-2-oxo)thiophene-2,5-diyl] was also prepak&then more than 5%
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of functionalized monomer was used, the percentge is actually
incorporated in the copolymer is significantly léksn what was present in
the feed ratio. With an increasing degree of fumwlization, there is also a
decrease in reaction yield and polymer, Mfter purification. These
observations indicate that polymer chains with ghbar percentage of
functionalized side chains are no longer soluble GRCL or THF.
Insolubility of the fraction of polymer chains witligher molecular weight
explains the decrease in,Mind reaction yield. Also in the3 copolymers,
an increasing percentage of functionalities in #i@e chains causes a
decrease iflmax FT-IR and'H-NMR spectra of copolymei®3 with several
x/ly ratio and P3HT are displayed in Figure 1c addThe x/y ratio in the
copolymer was determined by comparing the integnaof the 3 CH
protons of the hexyl side chain &t 0.89 ppm with the integration of the
signal atd = 3.7 ppm originating from the 5 protons in thd units. In
Figure 1d, the signal arourad= 3.7 ppm from the CK¥COOCH; protons in
the'H-NMR spectrum of copolymei83 increases because of the increasing
amount of functionalized side chains in the copaynThe peaks ai =
0.89 ppm, betweed = 1.3 and 1.7 ppm and betwegr 2.5 and 2.8 ppm,
originating from the hexyl side chain, decrease intensity with an
increasing ratio of functionalized side chainstHa FT-IR spectrum (Figure
1c), there are increasingly strong signals visthle to the ester function at
1740 cm' and between 1250 and 800 tnwhile the signals of the C-H
stretch of the alkyl side chains around 2900"afisappear. Conversion of
the ester functionalities in the side chains ofadgmers P3 towards acid
functionalities P6) was done according to literature procedi®ut no
complete conversion could be obtained: the estmorgbon in FT-IR
around 1740 cihremains visible.
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Since the solubility of the copolymeR3 decreases with an increasing
percentage of functional groups in the side chaiiseries of copolymers
poly[(3-hexylthiophene-2,5-diylgo-(3-[2-ethoxy-2-0xoethyl]thiophene-
2,5-diyl)] (P4) of 3-HT with M2 was prepared, as displayed in Table 2.
Also in copolymersP4, the percentage of functionalized side chaindhén t
copolymer does not correspond to the percentagen@fomers with
functionalized side chains in the monomer mixtik&th 5 or 15 mol % of
functionalized monomers in the monomer mixture,yo@ and 3 %
functionalized side chains were built in the rasglt copolymers as
determined by*H-NMR. These copolymers display a,Momparable to
P3HT, while the reaction yield decreases with iasheg percentage of
functionalized monomers in the monomer mixture.anl/1 monomer
mixture, only 11% of functionalized monomers aresent in the copolymer
and the reaction yield further decreases. InRtheopolymers, th@,.x does
not decrease significantly compared to P3HT becaokea higher
regioregularity. To improve the solubility of théhgl ester functionalized
product, copolymer poly[(3-hexylthiophene-2,5-digt-(3-[6-ethoxy-6-
oxohexyl]thiophene-2,5-diyl)| PS5 with a longer alkyl chain between
conjugated backbone and functional group was peepaCopolymerP5
was prepared from a 0.88/0.12 monomer mixture amtiains 13% of ester
functionalized units in the copolymer. This copobmhas high molecular

weight (323k) and was obtained in an acceptable pE55%.
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3.3 Application of the soluble functionalized P3HTbased
copolymer P5 in a PLED

To test the compatibility of ester functional grsup the copolymer with
electronic functionality, Polymer Light Emitting &de (P-LED) devices
were prepared. The P-LEDs were produced on ITCGepedtl surfaces, after
a standard cleaning procedure was applied to thstsite. PEDOT:PSS
was spincoated from a filtrated aqueous solutior83@G20 rpm for 60 s.
Polymers were spincoated at 300 rpm from a 1 wbldtion in CB. 20 nm
of the hole blocking material TBPI was evaporatatbahe polymer layer
to confine the holes to the polythiophene, befapasition of Ba and Ag in
high vacuum § < 3 10° mbar) as the cathode. At low voltages (2 - 6 V), a
slightly higher luminance was observed for the devcontainingP5
0.88/0.12 as compared to one containing P3HT. Af, ®oth the current
densities and the luminance are similar for thevabmentioned devices,
indicating that the presence of the functionaligeté chains in the polymer
structure does not affect the electronic or phat@moperties. (Figure 2b) It
must be stated that the absolute performance oPLiDs is rather poor,
due to the poor photoluminescence properties oftiophene$” Both
polymers emitted a bright red colour and no changehe emission
spectrum was observed when the active materidiardevice was changed
from P3HT toP5 (Figure 2 a), demonstrating that ester groupfiénaictive
material are compatible with their use in electcaevices.
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Figure 2 a) Absorption of polymer films drop-cast from CHGblution and emission
measured in PLEDs from P3HT (squares) BBdtriangles), b) PLED current density
(scatter) and luminance (line + scatter) in ITODRH :PSS/ Polymer/ TPBI/ Ba/ Ag

3.3 Conversion of side chain ester functionalitie®wards
alcohol or acid

The conversion of the acetoxy ester functionaliiireghe side chains of
copolymerP1 towards alcohol functions iRP2 was done by stirring the

finely grounded polymer in a 0.2M NaOH solutionMeOH for 18h under
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reflux in the dark!® The polymer was crushed into a fine powder, taens
a maximum contact surface during reaction. The detapconversion is
confirmed by the absence of the acetoxy;Glgnal in*H-NMR at$ = 2.05
ppm and the disappearance of the C=0 absorptid74@ cm' in FT-IR
(Figure 3). The signal of th&CH, protons inH-NMR shifts upfield fromd

= 4.3 ppm towards =3.9 ppm inP2 The conversion of the side chain
functionalities affects the polymer solubility. Tlacohol functionalized
copolymers are soluble in organic solvents as GH@A CB when the
amount of alcohol functionalized side chains is Ibrfizz. < 10%) and the
product is additionally stirred at higher temperatfor some time. With
higher degrees of functionalization, the solubilifiyalcohol functionalized
copolymers in CB or CHGlis lost. For example thdé*2 0.50/0.50
copolymer is not soluble in CHEbr CB, but it is still soluble in THF. |
recorded from solutions in THF (Table 3), shiftéidigly upon conversion
of P1 towardsP2. The hydrodynamic volume (related with the solitygilof
the polymer chains in solution is affected by chagghe nature of the
functionalized side chains. For lower degrees ofcfionalization (up to
10%), the molecular weight 2 increases slightly compared R1 with
the same x/y ratio iflH-NMR. In copolymers with around 20 or 50% of
functionalized side chains, the alcohol functionadi copolymers display

lower molecular weights, pointing to a lower hydyndmic volume.
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Figure 3: Conversion of ester side chain functionalitie®n0.50/0.50 towards alcohol
functions inP2 0.50/0.50. Inset: the conversion of ester funetiibies inP5 0.88/0.12
towards acid functions iR8 0.88/0.12

Conversion of the ester group in the side chaimstds an acid group was
done in a 2 M NaOH solution in EtOH, using a simimocedure as the
conversion towards alcohol. The conversion of estd?3 towards acid in
P6 was not complete and the resulting product iscoatpletely soluble. On
the other hand, the conversion towaRswas complete, but the resulting
acid functionalized product is not completely stdulither. Finally, the
conversion of the ester functions b towards acid functions P8 was
complete after 48h, as indicated by the disappearahthe CH-O signals
in '"H-NMR and the shift of the C=0 absorption from 140" to 1710 crh

! (Figure 3, inset). FurthermorBg dissolved in CB after stirring overnight
at 50°C.
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Table 3 Polymer characteristics of alcohol and acid fiorclized

copolymersP2 andP8.
Polymer XY M, (10°) [a] PD [b] Yield (%)
P2 0.97/0.03 154 4.9 98
P2 0.95/0.05 294 6.6 93
P2 0.88/0.12 353 5.3 96
P2 0.82/0.18 143 6.6 97
P2 0.50/0.50 51 2.2 99
P8 0.88/0.12 366 4.9 95

[a] Weight average molecular weight in THF solutiflb] Polydispersity = M/M,,

From copolymer composition, reaction yield ang M ester-functionalized
P3HT-based copolymers, it is clear that the egtég shain substantially
affects the solubility of th€3 andP4 polymers.

Acetoxyethyl side chains were introduced in sevpeatentages, without a
major effect on solubility oP1. The complete conversion of ester to alcohol
functionalities was obtained by reaction with NaGEbapolymersP2 with
between 20 and 50% of alcohol functionalized sideirts are not
completely soluble in CH@lor CB. Introduction of ester analogues of acid
functionalized thiophenes i3, P5 and P6 has a stronger effect on
molecular weight and reaction yield, and the copy x/y ratio does not
always correspond with the monomer ratios in theoneer feed. Whem?2

iIs copolymerized with 3-HT, a higher percentagettese functionalities
causes a decrease in solubility, indicated by aedstg M, and reaction
yield for P3 copolymers with higher degrees of functionalizatioNo
complete conversion towards acid functionalitiealdde obtained and the
resulting productsP6 are insoluble. A longer alkoxy chain in the ester
function inM2 compared tdM1 resulted in copolymerB4 with higher M,

compared tdP3. Complete conversion of the ester function$#to acid
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functionalities inP7 was achieved, but the resulting acid functionali2&

iIs not completely soluble and therefore could netcbmpletely analyzed.
Introducing a longer alkyl chain spacer between dbejugated backbone
and the functionality in copolymé?5 allows synthesis of a copolymer with
10% of acid functionalities in the side chaif8), still soluble in CB. The
molecular weight oP8, measured in a THF solution, is comparable to the
parentP5 copolymer, indicating that solubility in this selwt did not change

much upon conversion of the side chain functiopalit

3.4. Further functionalization of conjugated polymes with
crosslinkable side chains by diverse post-polymeiation
reactions

The obtained alcohol and acid functionalized copws P2 and P8 were
subjected to further functionalization reactionsch@mne 2). Post-
polymerization functionalization procedures haveesal advantages, one of
those being the easy work-up of the reacfidnThe conversion of the
alcohol or acid functionalities is driven to comtple by addition of an
excess of functionalized small molecules. The dised examples are
displayed in Scheme 2. The excess of non-reactadengs is easily
removed by precipitation of the polymer in MeOH,dasubsequent
filtration. Purification was done by rinsing theepipitated polymer with
MeOH and water, which are solvents for the smallemwes and non-
solvents for the copolymer. The complete removasrofll molecules was
indicated by the absence of any eluating products TeC. Soxhlet
extractions with MeOH did not affect thid-NMR integrations or the FT-IR
spectra, indicating that all small molecules weeenoved by extensive
rinsing of the precipitated polymer. The acid fuocélized copolymeP8
was functionalized towards the oxetane functioeai13 by reaction of
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the acid function in the side chain with an alcolamicording to the
DCC/DMAP proceduré“.gl The polymer characteristics are given in Table 3.
The 'H-NMR spectrum ofP13 s displayed in Figure 4a, together with the
spectra of the polymers where the polymer was ddrivom. The CHO
protons of the ester function and the oxetane fandh P13 were visible
arounds = 4.4 ppm, the CECOOR protons ad = 2.4 ppm. The acid C=0
absorption irP8 shifted towards the ester C=0 absorption arourdd i’

in P13

OH

é—\\ P10

2< P11
?x@ P12

P13
DCC/DMAP
THF

Scheme 2:Post-polymerization functionalization reactionsadecohol and acid
functionalized copolymerB2 andP8: decoration with several commercially available
molecules. Added reagents were i: dibutyltindila@@and butyl isocyanatoacetalR9y ii:
acrylic acid chloride and Bt (P10) iii: methacrylic acid chloride and £t (P11) iv:
cinnamoyl chloride and B (P12

The alcohol functions in the side chains of the otgmers were
functionalized using two different kinds of reagenffo test the post-
polymerization functionalization reactions, theatean of P2 0.95/0.05 with

butyl isocyanato acetate was performed comparabliéetature procedures
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and yielded a copolymer with 5% of urethanesP§, indicating that
functionalization was complet&' The N-H and the butyl CHO protons
are visible inH-NMR around$ = 4 ppm, as displayed in Figure 4b.
Crosslinkable functions other than the oxetanetfanowvere introduced by
functionalization of the alcohol functionalitiestiviacrylic, methacrylic and
cinnamoylchlorides. In copolymer®10, P11 and P12 10% of these
functional groups proved to be present in the sltns. The Chprotons
of the ester functions are visible arouhd 4 ppm for the three different
copolymers. InP10, the alkene protons appear arownd 6 ppm. Also in
P11,there are alkene protons visible in this regiohilevthe methacryl CE
protons are ab = 1.9 ppm. InP12, the alkene signals shifts to 6.5 and 7.8
ppm. The protons on the phenyl ring are visibl¢hi& region around = 7
ppm on*H-NMR. On FT-IR, the C=0 absorption of the acidA8 around
1710 cni shifts towards the C=0 ester absorption®18 around 1740 cin

! ForP12 the FT-IR absorptions of the ester C=0 is visiel 710 cr,

somewhat lower as compared to other C=0 absorptioeto conjugation.

—P5
-~ P8
P13

Chemical shift (ppm)
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—— P9 \
—— P10

P11
—— P12

Chemical shift
b)
Figure 4: a)'H NMR spectra oP5, P8 andP13b)*H-NMR spectra oP9, P10, P11, P12

Functionalization with different kinds of moleculeffects the copolymer
solubility and UV-Vis absorptions. The molecularigths andimax in UV-

Vis of films drop-cast from solution in CHCAare given in Table 3.

Table 3: Polymer characteristics of post-polymerization chiomalized

copolymers
Polymer xly Amax (NM) in film M, (10°) [a] PD [b]
P9 0.95/0.05 515 217 4.3
P10 0.90/0.10 509 290 4.8
P11 0.90/0.10 501 102 3.5
P12 0.90/0.10 480 238 5.5
P13 0.90/0.10 506 163 3.2

[a] Weight average molecular weight in THF solutiflb] Polydispersity = M/M,,

Thus we introduced several crosslinkable functionsing post-
polymerization functionalization procedures. Thisayw crosslinkable
functional groups following different initiator mleanisms for several

complimentary purposes were introduced. The oxetametion inP13is a
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crosslinkable moiety with low volume shrinkdd®, the crosslinking
reaction is based on acid catalyzed ring openidgnperization®® The use
of photo-acids as UV initiators was demonstrated tfas crosslinking
mechanisn®® The acrylic functions inP10 and P11 are susceptible to
thermal or radical initiatioR® The phenyl substituted double bonds (i.e.
cinnamoylfunctions) are known to undergo a cyd@ateaction according
to a [2+2] photo initiated cycloaddition mechaniSth.This could be
appropriate for systems where the addition of atator is not desirable.

Crosslinking experiments are subject of a forthcanpaper.

4. Conclusion

P3HT-based copolymers were prepared using the tbxédpolymerization
with FeCk. Acetoxyester functionalized copolymePd were soluble for
several percentages of functionalized side chdins.x/y molar ratio in the
copolymer was generally the same as the contemistar functionalized
comonomer in the monomer feed. The ester funciiiesiwere converted
post-polymerization to the corresponding alcoholugrs. Copolymer®3 of
3-HT with 2-methoxy-2-oxoethyl side chains were paneed. With
increasing ester ratio the molecular weight anddydecreased, since the
high molecular weight fraction of the polymer wasaluble in CHG. 2-
Ethoxy-2-oxoethyl as functionalized side chain opalymersP4 yielded
higher molecular weight, but the x/y molar ratier@ased only moderately
with increasing amounts of functionalized comonomdhe monomer feed.
Post-polymerization conversion towards the corredpw acid is easier for
the ethyl ester ifP4 as compared to the methyl estePi® CopolymerP5
with 6-ethoxy-6-oxohexyl as functionalized side ichaare copolymers
where the functional groups are separated frontomgugated backbone by
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a longer carbon tail. The x/y molar ratio in thgpalymer corresponds to the
X/Y molar ratio in the monomer feed. The ester fiors in P5 were
converted towards acid functional groups in copayr®8. The ester
functionalities in the side chain &5 do not influence the performance of
the thiophene copolymer in a P-LED device compated P3HT.
Crosslinkable functional groups susceptible to oasi initiating
mechanisms were introduced using post-polymerigafionctionalization

procedures on the alcohol and acid functionalitiehe side chain.
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Chapter Three:

Design and Synthesis of Side-chain Functionalized

Regioregular Poly(3-hexylthiophene)-based
Copolymers and Application in Polymer:Fullerene

Bulk Heterojunction Solar Cells

Abstract: A set of novel regioregular poly(3-hexylthiophgne
based random copolymers containing varying ratfosster functionalized
alkyl side chains were synthesized using the Rrekéhod. The percentage
of functionalized side chain varied between 10 &@d mol% for each
copolymer. Using post-polymerization reactions, #s¢er functions in the
alkyl side chain were hydrolyzed to yield an aldoboacid group. These
groups are available for further functionalizatreactions, so a wide variety
of secondary functionalities may be covalently cted to the conjugated
polymer. The copolymers were applied in polymerillefene bulk
heterojunction solar cells (BHJSCs) with [6,6]-pylerCs;:-butyric acid
methyl ester (PCBM) as electron acceptor. The amfae of side-chain
functionalities on absorption, device performancel dayer morphology
depends on the ratio and nature of the functioedlgide chains. For a 9/1
copolymer, containing 10% of functionalized sideaids, behaviour and
efficiency in BHJSCs comparable to P3HT:PCBM solalls were

observed.

"Published ifProceedings of SPIEol. 7416, 74161G (2009) by B. J. Campo, W. D.
Oosterbaan, J. Gilot, T. J. Cleij, L. Lutsen, RJAJanssen, D. Vanderzande
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1. Introduction

The observation of electron transfer between a ugatgd
polymer and a & moleculd! and the development of the bulk-
heterojunction concept in polymer:fullerene deviéed have lead together
with several developments in materials and deviesigh to polymer solar
cells nearing 6% efficiendy. A well-documented example of a
polymer:fullerene bulk heterojunction solar cellHBSC) is the poly(3-
hexylthiophene) (P3HT): [6,6]-phenyl sEbutyric acid methyl ester
(PCBM) solar cell, a material combination for whigeveral research
groups have reported efficiencies nearB%Further progress in efficiency
may be possible by further improving device ardiiee and/or by
designing suitable donor and/or acceptor matéftaisA careful design of
the materials molecular structure may deliver tailoelectronic properties
to enhance the performance in devices. Often, apommse between
several materials properties is necessary, withenldoundaries of what is
possible with the current tools in materials sysibeln the past years, the
main focus of device and material development legslon increasing the
efficiency by changing material properties, usingvesal material
combinations or improving processing conditionggeiface contacts and
device geometrif®*® Recently, increasing attention is going also talsar
improving life-time and stability of these solatisg'” since device stability
Is a necessity if the polymer solar cells are ey@ng to be economically
viable™® The stability of the BHJSC performance is, besiother
parameters, based on the stability of the actiyerlanorphology. The
optimum morphology of the blend as found for P3HIBR®/ consists of a
nanoscale interpenetrating network of crystalliob/mer rich and fullerene

rich areas'® This morphology is the result of phase separatibtained

66



Design and synthesis of regioregular P3HT-basedbopers

during active layer deposition. The specific chtgastics are determined
by the properties of the materials which are usedhe blend, by blend
composition® solvent or solvent mixturd®?? post-production heat
treatment and solvent annealifi)?” The morphology of the blend where
the polymer and fullerene phases are separateldlayg ssue for good solar
cell efficiency. When energy from the sun is absdiba bound electron
hole pair (exciton) is created in either the polyrae fullerene phase. The
phase-separated areas should not be too largbasthe created excitons
can reach the donor/acceptor interface, where ehsegaration can occur.
A certain extent of phase separation is requiredthat the generated
charges are able to reach their respective elextradd do not recombine.
Since the typical diffusion length of an excitonairganic semiconductors is
only several nanometers, the optimum domain sizthe@fphase-separated
compounds is at the nano-meter scale. The desisw-morphology
however, is thermodynamically not stable and thasphseparation will
progress in time, depending on temperaliiteThe continued phase
segregation of the blend materials is one of thbikty issues that need to
be addressed before a long term stable solar @altl e produced. In other
degradation mechanisms, chemical degradation oht¢hliee materials may
be caused by interface reactions between metapxalectrodes or
reactions with residual water or solvent molectteshe blend!” These
problems can be tackled by encapsulation or the ofseair-stable
materiald?® The thermal stabilization of the active layer nfmiogy has
been pursued using various strategies. It has beeronstrated that the
stability of film morphology may be improved by thise of crosslinkable
polymers or fullerenéd’=! the use of other materidfé/compatibilizers or
block copolymer$®® 34 decreasing the P3AT regioregulafity,® or by
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increasing the glass transition temperature of dhiejugated polyméer.”!
Recently, a thermal crosslinkable regioregular P3A3and a
photocrosslinkable P3HT-copolymer for applicatian thermally stable
morphology have been reportéd. *¥ Miyanishi et al. synthesized a
derivative of poly(3-hexylthiophene) (P3HT) coniam a double bond at
the end of the side chain. This polymer was evatlia devices showing
initial device performance comparable to that oHP3A reduction of the
degradation speed compared to P3HT:PCBM solar vells observed at
150°C, althoughls; decreased with more than 20% after 1 Kim et al.
presented a photocrosslinkable regioregular P3Adolgmer. With 10 %
photocrosslinkable groups, a 10% decrease in selhefficiency after 50h
at 150°C was demonstratgl. Our approach to stabilization of the blend
morphology encompasses the use of a photo-inducedcyplic
cycloaddition of a cinnamoyl functionality in spalty designed copolymers
of P3HT.

Metal electrode

P3HT:PCBM

PEDOT:PSS
ITO

Glass

Figure 1: Typical device structure of a P3HT:PCBM solat:cel
ITO/PEDOT:PSS/P3HT:PCBM blend/metal electrode hia paper, the metal electrode is
typically 100nm Al with a 1nm LiF intermediate laye

Previously, the synthesis of functionalized regyorar poly(3-
alkylthiophene)s (P3AT)s has been reported viars¢\synthetic route§?!
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Various functionalized homopolymers, end-group fiomalized polymers
or functionalized Dblock copolymers and  post-polyizetion
functionalization reactions for several applicatidrave been reported using
the McCullough or the Grignard metathesis methodRI{g.***"!
Phosphonic acid functionalized homopolymers hawnbeported using the
Stille coupling!*® With the Rieke method, synthesis of several P3Ads

149, %% The Rieke method is compatible with various

been reported.
functional groups, since the oxidative additionga@ds selectively to the
aromatic halide!®" Within one class of materials, the materials progs
may be adapted by introducing functional groupsthie case of P3HT, a
certain degree of functionalization may be necgssaimprove for example
the thermal stability of the BHJ morphology. Fuonotl groups may also be
useful to improve interface contacts between lgyarshey can be used to
covalently bind other molecules to the alkyl sideios, for example an
additional absorber.

In this work, the influence of alkyl side-chain fitionalization
on the optical absorption and performance in BHE@@esented. First, the
synthesis of regioregular side-chain ester-funetiged P3HT-based
random copolymers is presented. We aimed for copefization, so that
the desired properties of P3HT, like good procealsaland high hole
mobility would be maintained. After synthesis ottrandom copolymers,
photo-crosslinkable groups were introduced intortieecular structure of
the conjugated polymer using straightforward padysmerization
procedure$? These copolymers were evaluated in BHISC with PGBM
the electron acceptor. This study aims to evalubee initial effect of
functionalized side chains, e.g. cinnamoyl funaiiorgroup, on the
properties of the polymer and in the blend of a 88J
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2. Experimental details

Synthesis

The synthetic routes are depicted in Figure 2. DdlFomo-3-hexyl
thiophene 1) was obtained by bromination of 3-hexylthiopheBeH(T)
with N-bromosuccinimid®® 3-HT was obtained by reacting 3-
bromothiophene (3-BT) withn-hexylmagnesium bromide according to
literature procedurdd” The functionalities in the side chains of the
functionalized monomers were chosen to be estdogues of alcohol or
acids groups, which are tolerated by active Zfic2,5-dibromo-3-(2-
acetoxyethyl)thiophene M) was obtained by dibromination of 2-(3-
thienyl)ethanol followed by esterification of therfned 2,5-dibromo-3-(2-
hydroxyethyl)thiophene with acetic anhydride andigige®® %! M3 was
obtained using a similar procedure as was utilimedbtainM, starting
from 6-bromoethylhexanoate and 3-BY.>® CopolymersP1 andP4 were
synthesized following the Rieke method using activie (Zn) and a nickel
catalyst according to literature proceduf@sThe monomer solution in THF
was added to Znat -78°C to obtain an organozinc compound. This
compound was added to a solution of 0.002 mol %ehicatalyst in THF
and stirred at 60°C for 18 h under inert atmosph&he polymers were
precipitated in a 2/1 (v/v) mixture of methanol a2l HCI and purified
using a Soxhlet extraction with methanol, pentarmacetone. The polymer
was isolated by extraction with chloroform, pretaped in MeOH, filtered
and dried. To obtain copolymers with different oatiof hexyl (x) and
functionalized (y) side chains, monomer mixtures \@rious molar
compositions were used. The various x/y ratioherrnonomer feed before
reaction with Zn allowed to obtain copolymers with different x/ytios of
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functional groups. As a reference compound for gligm measurements,
P3HT was synthesized following the same literatupescedure&'® °°

Hydrolysis of the ester functionalities in the sidgain was performed by
refluxing the polymer in a NaOH solutii¥’ Functionalization reactions of

copolymerP2 were performed following literature procedufs.

Polymer characterization

All copolymers were characterized Hy-NMR and FT-IR. These data will
be reported elsewhere. Size exclusion chromatogrélEC) was done with
a lweight-% polymer solution in THF, which wasdied with a 0.45um
pore PTFE syringe filter. A Spectra Physics P10pwequipped with two
mixed-B columns (10um, 2x30cm, Polymer Labs) ar8hadex refractive
index detector at 40°C in THF at a flow rate of m@'min were used.
Molecular weight distributions were measured regtito polystyrene
standards. Toluene was used as a flow rate matRé+Vis absorption

spectra of the polymer compounds and blends asepred. UV-Vis spectra
were recorded on a Varian CARY 500 UV-Vis-NIR spephotometer
from 200 to 800 nm at a scan rate of 600 nm/ mirfilrA of the polymer

compounds was drop casted from a 0.1% solution HICIg on a quartz
substrate. The absorption was normalized to 1 at wlavelength of
maximum absorptionif,.) between 300 and 800 nm. For polymer: PCBM
(1:1) blends, the absorption was measured of fépia coated from a 10
mg mL* polymer solution in CB, mixed with PCBM in a 1:/(v) ratio,

before and after a thermal annealing step of 15uteshat 100°C. The
absorption of polymer: PCBM (1:1) blends, spin edafrom 1 wt %

polymer solution in CB with 2.5 mg dibromooctaneB@) per ml CB

added, was also recorded. The absorption of thelpmer blends was
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scaled to the absorption of the P3HT:PCBM blend=at335 nm to equalize
the contribution of PCBM in the absorption.

Device structure, preparation and characterization

To measure the influence of the introduction ofclionalized side-chains
on solar cell performance, a typical device strieetas displayed in figure 1
was used for the polymer: PCBM solar cells. ITOiraied glass substrates
were sonicated in acetone, soapy water and isopob@nd treated with
UV/ozone for 15 minutes. Typically, 50nm
poly(ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT PSS)
(Clevios™ P VP Al 4083, HC Starck) was spin coaae@000 rpm on the
glass substrate. A 1.5 wt % solution of PCBM intaa@mooctane (DBO, 24
mg/ml)/chlorobenzene solution was added to therpetyin a (1:1) (w/w)
ratio and stirred at 50°C until the polymer dissal\completely. The blend
solution was spin coated at several spinning speedmvestigate the
influence of active layer thickness. The preparaidd P3HT:PCBM solar
cells was done with P3HT obtained from Rieke Metalsm of LiF and
100nm of Al were evaporated on the active layehigh vacuum (10
mbar).J-V curves were measured measured under simulatedigbka(100
mW/ cnf) from a tungsten-halogen lamp filtered by a Sci@®&385 UV
filter and a Hoya LB120 daylight filter using a Kdey 2400 source meter.
Spectral response was measured with monochromgltit from a 50 W
tungsten halogen lamp (Philips focusline) in combon with a
monochromator (Oriel, Cornerstone 130) and a locksnplifier (Stanford
research Systems SR830). A calibrated Si cell vgasl @as reference. The
device was kept behind a quartz window in a nitrofjged container. To
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measure the cell under appropriate operating dondit the cell was

illuminated by a bias light from a 532 nm solidtstiaser (Edmund Optics).

3. Results and discussion

Two series of ester-functionalized copolymBiksandP4 were synthesized
using the Rieke method for production of regioraguP3ATs. The
percentage of functionalized side chains was vaftedeach copolymer
from 10 mol%, over 30 mol% to 50 mol%. The produofsthe bulk
copolymerization are random copolymers, based csemhtions in'H-
NMR. The M1/M2 or M1/M3 (Figure 2: X/Y) ratio in the monomer
solution corresponded to the x/y ratio in the cgpwrs. The solubility of
functionalized copolymer®1 and P4 was comparable to the solubility of
P3HT in organic solvents like chlorobenzene (CB)pmform (CHC}) or
tetrahydrofurane (THF). The hydrolysis of the es$tgrctions to alcohol or
acid groups reduced the copolymer solubility. Faareple,P2 andP5 1/1
copolymers were soluble in THF, but insoluble in @Bd CHC4. The
obtained regioregularities of the copolymers weaghér then 93% for the
P1 series, with a decrease of molecular weight as degree of
functionalization (i.e. the percentage of functied alkyl side chains)
increased. The weight average molecular weight (Mwéasured foiP1
copolymers dissolved in THF were 47.8 k, 45.0 k &8 k with
polydispersity (D) of 1.9, 2.1 and 1.5 for the 9713 and 1/1 copolymers,
respectively. For theP2 series, the 9/1 copolymer displayed a
regioregularity of 93%. For the 7/3 and 1/1, regguiarities of about 90%
were obtained. TheP2 copolymer MW increased with an increasing
percentage of functionalized side chains: from ¥6with D=1.9 for the 9/1
copolymer to 90.5 k , D=2.3 and 199.5 k , D=2.7 foe 7/3 and 1/1
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copolymers, respectively. The ester functionaliireshe side chains were

converted with sodiumhydroxide as a base to obtaen corresponding
alcohol or acid functionalities. A sample was taker analyzed with FT-

IR. The reaction was stopped when hydrolysis wasptete.

~

1) zn' THF
X /A iy I\ 2) Ni(dppp)Ch, THF
Br Br BN e T

5y

0.1 M NaOH
in MeOH

24h reflux

M1 M2 P1

{
O
[é\ 1) Zn THF
2) Ni(dppp)Ch, THF
o /s\ P /s\ B~
M1 M3

Figure 2: Copolymerization oM1/M2 to acetoxyester-functionalized copolymBtksand
M1/M3 ethyl ester-functionalized copolymd?2. The copolymerization was done in
several ratios for both series: X/Y=9/1, 7/3 avtl All copolymers were hydrolyzed with
NaOH until conversion towards alcoholgroups foragmersP2 or acid functionalities for
copolymersP5 was complete. ThB2 series was functionalized post-polymerization with
an acidchloride in the presence ofNEto obtain cinnamoyl-functionalized copolym&s.

2.5M NaOH
in EtOH

48h reflux

For P2, this was typically after stirring 24h under reflin a 0.1 M NaOH
solution in methanol, while usually at least 48laiA.5 M NaOH solution in
ethanol was necessary to obtain complete conversiaardsP5. Post-
polymerization reactions for several purposes assiple on alcohol and
acid-functions in the polymer side chalt®. The example of
functionalization that we show here is the postypwrization reaction of
the alcohol groups inP2 with cinnamoylchloride in the presence of
triethylamine. After 18 h of reaction at room temrgiare in the presence of

an excess of reagentia, the functionalization meacis complete, as

74



Design and synthesis of regioregular P3HT-basedbopers
determined byH-NMR and FT-IR. This reaction was performed foe B2
9/1, 7/3 and 1/1 copolymers, to obtain the corredpw cinnamoyl

functionalized copolymerB3.

The UV-Vis absorption spectra of drop-casted filoishe copolymers and
P3HT are compared in Fig 3a. For P3HT an absorgigord between 400
and 600 nm is observed that has a distinct vibmatiprogression and peaks
around 550 nm. The intensity of the maximum at 600 relative to the
intensity at the maximum absorption at 550 nm dsdative for the order in
the system. In a more regioregular structure, ttteroincreases and the
absorption at 600 nm will be higher than in a gyswghere there is less

%8 %9 The polymer films were drop casted on quartz sates from

orde
CHCI; and the spectra were normalized to 1. The interdithe peak at
600 nm relative to the absorption maximum at 555isii@ measure for the
structural order in the polymer film. In the abdeyp spectra ofP1

copolymer films, for the several ratios of functtimed side chains, the
effect of functionalization is visible mainly byraduction in intensity of the
shoulder ai=600 nm. This indicated that the introduction afidtionalized

side chains decreased the order in copolyREmwith respect to that of
P3HT, but only noticeably for the 1/1 copolymerr EopolymerP3, 10%

side-chain functionalities slightly increased tleéative absorption intensity
at 600 nm, which in general is indicative for morder. On the other hand,
the absorption band has become broader and thatieial structure is less
pronounced than for P3HT. Increasing percentages siofe-chain

functionality (30 and 50 mol %) cause a furtheructtbn in the absorption
intensity at 600 nm. Most likely, the polymer stk is disturbed by
introducing the side-chain functionality. The shigh reduced

regioregularity of 90 % vs 93% for 1/1 and 7/3 v& @nd the slightly
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reduced molecular weight of 9/1 as compared toa81/1 may also have
contributed to the observed effect. In the absorpsipectra of copolymers
P3, the increasing amount of functionalized side mbavas illustrated by
the increase of the cinnamoyl absorption arokm#75 nm. The effect of
the presence of the larger functionalities wasblésias a general shift to
shorter wavelengths and a decrease of the shoal@de600 nm for 7/3 and
1/1 copolymers. Sinc®3 was obtained fronP1 by post-polymerization
reactions, bulk properties of the conjugated polybexkbone as molecular
weight distribution and regioregularity should haeenained the same for
the both copolymer series. Therefore, the diffeeeimcbehaviour between
the two materials can only be caused by the natum@ size of the
functionalized side chains. Consequently, the bolkpamoyl functions are
responsible for the decrease in structural ordecabse the functionalized
groups are too big to fit in the P3HT lattice. e tabsorption of copolymers
P4, the presence of 10% side-chain functionalitieso aincreased the
absorption intensity at 600 nm. A higher percentafy&unctionalized side
chains caused a decrease of the shoulder in tloepdios spectra, indicating
a loss of order. This is, similarly to tiR8 copolymers, probably due to a
disturbance of the polymer crystalline structure.

UV-Vis absorption spectra of (1:1) (w/w) blendstwRCBM spin-coated at
1000 rpm from a 1 wt % polymer solution in chlorobene and thermally
annealed for 15 minutes at 100°C are displayedign3b. Generally, the
same trends as observed for the pure polymer fdnesobserved for the
blends. The absorption d®1 copolymer blends changes little with an
increasing amount of functionalized side chainscepx for the 1/1
copolymer. The functional groups in the side ch&m$?1 are rather small,
so the effect of the presence of a lower percentdgenctionalized side
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chains on the self organization of the polymernby stacking and on the
crystallinity of the polymer is limited. Since tloeystallinity of the polymer
in the blend is proportional to the absorption rsiey®” the change in
absorption oP1 films can be related to the effect of the estercfionalized
side-chains on the crystallinity, compared to P3WH®r P3 and P4, the
functionalized side chains are larger and theretloeeeffect on the polymer
stacking is larger and absorption is lower. Theogitton of the P3
copolymer blends decreases with an increasing amofinthe bulky
cinnamoyl functionalities. In thé3 7/3 and 1/1 copolymer blends, the
absorption shifts to lower wavelengths, with onlyeay slight inflection at
A = 600nm, indicating that most of the structuralesrof the polymer phase
in the blend is gone, even for 30% of functionalizéde chains. Also in
thermally annealedP4:PCBM blends, the absorption intensity and
wavelength of maximum absorption decreases. Gépethe influence of
functionalized side chains in the polymers on thesogption of
copolymer:PCBM blends is dependent on the percentdghe side chain
and its nature. Enhanced crystallinity and phagars¢éion can be obtained
by spincoating the blend from a solution which eams a high boiling co-
solvent like octanedithiol or dibromooctane (DB8)?% In the absorption
spectra, displayed in Fig 3c, the absorption marimaf the blends has
shifted from around 500 nm for thermally annealthtls to about 550 nm
for blends spin coated with DBO. This indicatesedtdr stacking of the
polymer conjugated backbones in the blend, whichlte in better phase-
separated morphologies in blends prepared from BB solution. The
wavelength of maximum absorption increased in dgmdbcessed from CB
solutions with DBO compared to thermally annealbhtds for most of the
copolymers. For thd®3 and P4 1/1 copolymers however, a more blue
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shifted absorption was observed compared to thadblewhich were
prepared by thermal annealing. For the organizatiomthese copolymer
blends, the spin coating with a co-solvent seerassl favourable.
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Figure 3: Absorption of copolymerB1, P3, P4 with several ratios of functionalized side
chains. a) polymer films drop-cast from solution€CiHCk on a quartz substrate,
absorptions were normalized to 1; b) polymer:PCHMY blend spin-coated on a quartz
substrate at 1000 rpm from 10 mg frolymer solution in CB and thermally annealed at
100°C; c) polymer:PCBM (1:1) blend spin-coated ajuartz substrate at 1000 rpm fom a
10 mg mL* solution in CB with 25 mg mt dibromooctane as high boiling co-solvent. The
legend in the figures indicate the ratio of theyteide chain to the functionalized side
chains for each series, i.e. 9/1 (triangles), @iiles) or 1/1 (squares)
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The effect of the presence of the relatively lacggmnamoyl ester groups in
copolymersP3 on the optical absorption spectra (Fig 3) wasngfeo as
compared to the effect of the presence of smallectionalized side chains
in copolymers P1 and P4. To evaluate the effect of the present
functionalities on the performance in BHJSC, copwy. PCBM solar cells
were made with th&3 9/1, 7/3 and 1/1 copolymers. Solar cells with the
copolymers and PCBM in a (1:1) blend, typically wied low fill factors
after thermal annealing at several temperaturesh Withermal annealing
step, no sufficient phase-separated morphologydcbelobtained, inducing
increased charge recombination. With the additibBBO as a co-solvent,
a better phase separation and better fill fact@sevobtained. Blends were
spin coated from solutions in CB with 25 mg/ ml DBOseveral spinning
speeds to obtain a variation of layer thicknesse $blubility of the 1/1
copolymer in CB was not very good, which led toantogeneous spin
coated layers. In Figure 4, the solar cell charazgon is displayed as a
function of layer thickness. With an increasing amoof functionalized
side chains, a decrease was observed in the shawit current {57, Fill
Factor FF) and open circuit voltagev{,), and therefore also in tHdPP.
The copolymer with the lowest percentage of fumdlzed side chains
generated solar cells with the best performancee Bl copolymer
performed comparable to P3HT:PCBM solar cells wile same layer
thickness. Thé/,. observed in the copolymer: PCBM solar cells preduc
with DBO was lower compared the P3HT:PCBM solarl.c&his is
probably due to the extensive stacking of the pelyahains by spin coating
with DBO. The increased crystallinity influences tenergy levels of the

material and therefore also thg. in the solar cell.
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Figure 4: J, Vo, FF and MPP in ITO/PEDOT:PSS~50m8/PCBM/LiF~1nm /AI~100
nm solar cells for blends with varying thicknessdmavith theP3 9/1 (triangles), 7/3
(circles) and 1/1 (squares) copolymers.

The J-V curves of the best solar cells are displayed &h®3 copolymer in
figure 5. The characteristics of the solar celisgiven in table 1. For the3
9/1 and 7/3 copolymer solar cells, the externahtua efficiencies EQE)
were measured. A correction & was performed to obtain an estimated
efficiency, which is displayed in table 1. The jpemfiance of theP3 9/1
copolymer with 10% of side chains remains comparablthe performance
of pristine commercially available P3HT in a polym@eCBM BHJSC. With

a further increasing degree of functionalizatiodearease idsc, Voc andFF

was observed.

80



Design and synthesis of regioregular P3HT-basedbopers
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Figure 5. EQE and J-V curves of solar cells with the stwetdTO/ PEDOT:PSS/
polymer:PCBM/ 1nm LiF/100 nm Al made with P3HT (flihe) and theP3 9/1(triangles),
713 (circles) and 1/1 (squares) copolymer

Table 1 Characteristics of th3 solar cells displayed in figure 4.

xly Jsc * Voe (V) FF n Layer thickness
(mA/cm?) (nm)
P3HT 7.44 0.52 0.579 2.48 82
9/1 7.17 0.50 0.57 2.04 74
7/3 5.01 0.47 0.44 1.14 73
1/1 3.43 0.44 0.30 0.47 104

* Jscunder AM 1.5 conditions was obtained from the sgécesponse and convolution
with the solar spectrum and, except for the 1/lobpper, thisJs. was used to calculate the
estimated efficiency

4. Conclusion

Processable regioregular P3HT-based random copadymere
obtained with 10, 30 and 50 % of ester functiomalizside chains. Post
polymerization reactions were used to convert wteregroups in the side
chains to alcohol and acid functionalities. Phatasslinkable cinnamoyl
groups were covalently attached to the functioealialkyl side chains by
esterification of the alcohol groups with the cepending acidchloride. The

introduction of the side chain functionalities udhced the UV-Vis
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absorption in copolymer: PCBM blends. For 9/1 cgpurs, containing
10% functionalized side chains, the absorption wamparable to the
absorption of P3HT. The absorption decreased fuithe€opolymer films
and copolymer blends with an increasing percentdganctionalized side
chains, probably due to the disturbance of themelyself-organization by
n- © Stacking. The effect of the presence of the laigramoyl functions in
P3 and the ester functionalized side chainB4rwas stronger in the 7/3 and
1/1 copolymers, containing 30 and 50 % of functimeal side chains
respectively, compared to the effect of the smadkder functionalized side
chains inP1 In blends withP3 and P4 also the wavelength of maximum
absorption decreased for higher degrees of furaliation. For most of the
copolymers, the introduction of 25 mg tLDBO in the spin-coating
solution resulted in better organized polymer phasethe blend. This
caused an increase in wavelength of maximum abearpind solar cells
with better phase separated morphologies and hifjiefactors were
obtained. From copolymer:PBCM (1:1) blends in chbmnzene with DBO,
BHJSCs were made with several active layer thicke®es TheP3 9/1
copolymer, containing 10 % of functionalized sideins, was applied to
obtain BHJSCs with initial power efficiency compaleato that of P3HT.
Therefore, it is possible to introduce a certairoant of functionalized side
chains into the polymer molecular structure and nwa@m solar cell
performance comparable to the pristine P3HT, ewenldrger side chain
functionalities as for example the photo-crosslblgacinnamoyl function.
The functionalization of conjugated copolymers wBomodified material
properties, for example the crosslinking of thevactayer and potentially

an improved stability of the blend morphology irethctive layer of a
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BHJSC can be obtained. Future work aims to invasighis approach in

detail, using the photoinitiated [2+2] cycloadditiof the cinnamoyl group.
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Chapter Four:
Effect of ester-functionalized side chains in
Poly(3-hexylthiophene) on performance in

polymer:fullerene bulk heterojunction solar cells

Abstract: The synthesis and characterization of two types o
poly(3-hexylthiophene) (P3HT) -based random cop@snwith ester
functionalized alkyl side chains is presented. pb/mers are of the type
poly([3-hexylthiophene-2,5-diylgo-[3-(R)thiophene-2,5-diyl]) with R
being 2-acetoxyethylR1) or 6-ethoxy-6-oxohexylR2) and the percentage
of functionalized side chain is varied between @ &0 mol%. The
polymers are synthesized using the Rieke methodefgioregular poly(3-
alkylthiophene)s, characterized and evaluated ik beterojunction solar
cells (BHJSC) using [6,6]-phenyls&butyric acid methyl ester (PCBM) as
an electron acceptor. Power conversion efficienalesrease with an
increasing percentage of side chain functionaliflé® decrease depends on
the percentage and nature of the introduced fumalities and is related to
the effect of the functionalities on the crystadlistructure of the polymer
phase, as indicated by Differential Scanning Caletry, Transmission
Electron Microscopy and X-Ray Diffraction. A limddoss in short circuit

current and efficiency was observed for copolynoerstaining up to 10% of
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Bolsée Wibren D. Oosterbaasabine BerthoBart RuttensJan D’HaenThomas J. Clejj
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Chapter 4

functionalized side chains. The introduction of dtionalities offers a
pathway to future improvements via the demonstrgtessibility of fine-
tuning the chemical composition of the polymer mghasn bulk

heterojunction solar cells.

1. Introduction

The device efficiency of polymer:fullerene solar li€e improved
significantly since the electron transfer phenonmehetween a conjugated
polymer and a g molecule was observed, and the development duhe
heterojunction solar cell (BHJSC) concept was thiced™ 2 Both in
design of devices and in materials development podt-production
treatment, consecutive improvements were respangibla progress in the
performance of BHISCS” The past few years, poly-(3-hexylthiophene)
(P3HT), a stable processable conjugated polymdr high charge carrier
mobility, attracted considerable attention. P3H@ isole conductor and was
used in BHIJSCs mixed with PCBM which acts as antela acceptor. In
the optimum device geometry, power conversion iefficies near 5% were
reported using a combination of these matelfaik.

A variety of synthetic procedures has been repoftad synthesis of
P3AT!® ™ The nature of the synthetic route determines thetsire and
degree of regioregularity of the produced polynaerd therefore also the
material properties. It was shown that P3ATs witfhbr regioregularity led
to more homogeneous structures and performed hLiat®HJISCS!24 A
high percentage of head-to-tail (H-T) couplings fogh regioregularity)
was required to obtain a polymer that tends to-mjanizé*¥ Because of

the higher H-T ratio in the polymer, the structuoatler in the molecular
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structure increased and crystalline polymer domaese formed in thin
blend films with PCBM*®! The tendency of the polymer to self-organize is
important to reach a high hole mobility in the pabr phase, and to have
sufficient phase separation between the p- ange-tyaterials in the blend
which is necessary for device performalel” A sufficient phase
separation with good stacking of polymer chains angstalline PCBM
regions can be obtained by thermal or solvent dmugeaf the active layer,
or by spin-coating the blend from high boiling saits or from solvent
mixtures.[® 9 1821

Several polythiophenes with functionalized sideicfidave been reported
for a variety of synthetic procedures. The oxidagpolymerization method
with FeCL,”? proved to be compatible with a wide variety of ftiocal
groups in the side chains, for example severabginers with esté’2%
alcohol?”, brominé® %! or other functionalitid®> ! in the side chains
were synthesized. Several functional (co)polymessevgsubjected to further
post-polymerization treatments towards several iegipbns grafting or
photolithography application&" *>3% This method, however, gives non-
regular polymers. Regioregular poly(3-alkylthiophenRR P3AT) were
obtained via reductive coupling methods, such as McCullougft”,
Grignard metathesis (GRIM§, or Rieke metho#® FunctionalizedRR
P3ATs were reported for several homopolymers or essl-group
functionalized polythiophene&® 4°“® The synthesis of copolymers BIR
P3AT was also demonstratéd?® Here, a series of novel alkyl side-chain
ester-functionalized P3HT-based copolymers is ptese The Rieke
method allowed for the synthesis of side-chain fiomalized RR P3ATS,
since it tolerates functional groups because of $kkctive oxidative
addition of zinc to the aromatic halif€. A copolymerization reaction
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allows control of the percentage of functionalizedle chains in the
polymer. The ester functionalities in the copolynsde chains were
hydrolyzed post-polymerization to obtain alcohatdaacid functionalized
RR P3ATs. This opens the way for a wide scale ofssjibe
functionalization reactions to tune the materialmperties® These
possibilities may answer some of the limitations tbé P3HT:PCBM
system, for example, by adding additional chromeesdo broaden the
absorption window of the polymer. Other side-chhinctionalities were
added to improve the morphological stability of BieJ solar cells®* 53!

The polar functionalized side chains may influersteface interactions
between the polymer and metal oxides which arenofiged as electrode
materials. To evaluate the influence of the presesfca certain amount of
functional groups in the side chains of P3HT, twdes of ester side-chain
functionalizedRR P3HT copolymers were synthesized and characterized
The performance of the functionalized copolymerdutk heterojunction
solar cells using PCBM as electron acceptor isgmesi and compared to
the pristine P3HT:PCBM.

2. Results and discussion

2.1 Synthesis of functionalized RR P3AT copolymers

Starting from the commercially available productb®r8mothiophene (3-
BT) and hexylmagnesiumbromide, 3-hexylthiophendH{3-was obtained
following literature procedurés” 2, 5-Dibromo-3-hexyl thiopheneM(l)
was prepared by bromination of 3-HT in presencé&ldifromosuccinimide
(NBS) 6-(2,5-dibromo-thiophen-3-yl)-hexanoic acid ethgster (13)
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was synthesized using similar procedures as waigedtito obtainM1,
starting from  6-bromoethylhexanoate and 3BT. *® 2-(2,5-
dibromothiophen-3-yl)ethyl acetat®®) was acquired after dibromination
of 2-(3-thienyl)ethanol and esterification of tHeadol.

o~
OH o]
2.2 eq.NBS Ac,0
J \ DMF /\ Pyridine /\ —
Br~>g” "Br Br— g~ "Br
M2

S

1) Zn', THF
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Ni(dppp)Cl, 2.2 eq. NBS
7\ Et,0 DMF

g * BMg [ [\
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¢ ;
o o o
Br 1) Zn*, THF 2.2 eq. NBS
/\—/</ { B/ | 2niepcr {  OMF 7\
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_
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Scheme 1: Synthesis of ester-functionalized P3AdolyonersP1 andP2.

The copolymers were synthesized via the Rieke pefization method
using active zinc (Z) and a nickel catalyst according to literature
procedure§® *" For synthesis of P3HT, a monomer solutionMf was
used. To obtain copolymers with a varying contenfunctionalized side
chains Gcheme ], monomer mixtures with various molar compositions
were added to Znprior to the polymerization reactionTgble 1) The
resulting ester copolymers were still soluble irgamic solvents like
chlorobenzene (CB), chloroform (CHEbr tetrahydrofurane (THF). The
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yield of the polymerization for P3HT with respead the monomer
compound, as obtained after purification by meainSaxhlet extraction,
was 67%, somewhat lower compared to literatureegft! The copolymer
yield decreases with increasing percentage of iomalized side chains for
bothP1 andP2, to around 50% for the 1/1 copolymers.

2.2 Physical characterization of copolymer compoursi

2.2.1 Gel permeation chromatography
Gel Permeation Chromatography (GPC) was used w&rrdate molecular

weight distributions, relative to polystyrene stards. Since the introduced
functionalized side chains may influence the hyginasic volume of the
polymer chain in solution it could be that the alied decrease (increase) in
M, values in P1 (P2 with increasing percentage of side-chain
functionalized monomer is - in part - due to theallen (larger) volume
occupied by the functionalized side-chain as coexbéw a hexyl side chain.
A decreased (enhanced) polymer solubility due te imtroduction of
functionalized side chains fétl (P2) may also be the cause of the lower
(higher) M, values for that polymer.

2.2.2'H-NMR
'H-NMR was used to determine the ratio between #eylhtails and the

ester functionalized side chains in the copolymérse ratio x/y was
determined on the basis of the integral ratio & #+H; and —CH,-O-
(C=0)- signals of the different monomer units &0ppm and either 2.05
ppm P1) or 4.1 ppm IP2), respectively (Table 1). It was found that the
ratios of monomer units present in the copolymersespond to the ratios

present in the monomer mixture. Therefore it issgae to easily control the
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desired content of ester-functionalized alkyl salf@ins in the copolymer.
Furthermore, it indicates that the reactivity of fimnctional monomers2
andM3 is very similar to that oM1. The degree of regioregularity is the
ratio of the area that is originating from the Hzduplings § 2.8 ppm) to
the area from the other couplings4.5 ppm) in the polymer backbone. For
P3HT, a regioregularity higher than 96% was obthirfdne introduction of
increasing percentages of ester-functionalized mm@mo units in the
copolymers increasingly lowered tR#s to values of 93 and 89 % fBril

andP2, respectively. (Table 1)

Table 1 PolymerP1 andP2 characterization

Polymer  X/Y xly Yield RR M, (10 M, (10 DIf]
molar (] (%]  [%][c] [d] e]
ratio[a]
P3HT 1/0 100/0 67 96 27.8 53.5 1.9
P1 9/1 90.7/9.3 61 94 24.7 47.7 1.9
P1 713 67.1/329 52 93 21.6 45.0 2.1
P1 11 53.0/47.0 51 93 17.3 26.8 1.5
P2 9/1 90.3/9.7 74 93 30.0 56.7 1.9
P2 713 69.8/30.2 62 90 39.3 90.5 2.3
P2 11 489/51.2 53 89 44.5 119.5 2.7

[a] monomer ratio in reaction feed [b] ratio of egping units in copolymer, determined by
'H-NMR [c] regio regularity determined dfi-NMR [d] number average molecular weight
in THF [e] weight average molecular weight in THFdolydispersity in THF

The nature of the obtained copolymer (block, aliéng or statistical) was

observed byH-NMR. The aromatic proton signal aroufic= 6.9 ppm is
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visible as three peaks originating from four diffier dyads, as displayed for
the P1 7/3 copolymer inFigure 1. Due to the proximity of the polar ester
groups to the aromatic protons on the polymer bawckpthe chemical shift
of the aromatic proton changed. The ratio of thegration areas from these
signals indicated that the ratio of functionalizadonomer units
neighbouring each other or a 3-hexylthiophene imjproportional to the
percentage of the monomer units in the copolymer. the 9/1 and 1/1
copolymers, the results were similarly to what xpexted for a random
copolymer. In a monomer mixture, no preference Bonding with an

identical or a different monomer existed, leadio@tandom copolymer.

o~ o

o) o)

H H
N PN
s S S S

T T T T T T
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Chemical shift (ppm)

Figure 1: Three aromatic signals in thid-NMR spectrum of th€1 7/3 copolymer in

CDCI; due to the four different dyads with indicated ewllar structures. Integration of the
indicated regions gives an integral ratio that weefl corresponds to that for a random
copolymer (0.09/0.42/0.49)

2.2.3 UV-Vis absorption spectroscopy
The UV-Vis absorption spectra of the polymers web¢ained from thin

films drop-cast from a CHgIsolution on a quartz diskigure 2). ForP1,
no major change in absorption was observed, theMagth of maximum
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absorption was maintainedlat 555 nm. Except for thel 1/1 copolymer,
the shoulder at = 605 nm was less pronounced compared to P3HT. The
intensity of the absorption at 600 nm relative he tintensity at the
maximum absorption at 550 nm is indicative for orde the systent®
Here, the relative decrease of absorption at 600inditates a loss of
structural order. This can be explained if the @neg of ester functionalized
alkyl side chains prevent partially tler stacking of the conjugated back-
bone, this leads to less crystalline order in thlesstate. FoiP2, the effect
of the presence of the ester functionalized alky¢ shains on crystalline
order is stronger, because the functionalized cdéns have a larger molar
volume as compared to the functionalized side chenfl For theP2 9/1
copolymer however, a stronger absorption. a 605 nm was observed as
compared to P3HT, while for tHe2 7/3 andP2 1/1 copolymer, the shoulder
is less pronounced. The same trends were observedpolymer:PCBM
(1:1) blendg>
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Figure 2: UV-Vis absorption of polymer compounds in filmsgdrcast from solution in
CHCls. Absorption is normalized at wavelength of maximlasorption Xmax)
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2.2.4 Thermal characterization
For both copolymers, the melting temperaturg) @nd the melting enthalpy

(4Hm) were measured with Differential Scanning CalotimgDSC), while
glass transition temperaturesTgl were measured with Modulated
Temperature DSC (MTDSC). FoPl1, the introduction of side-chain
functionalization causes an increaseTgf for P1 1/1 Ty is almost 50°C
higher than for P3HT Table 2

Table 2 PolymerP1 and P2 thermal characterization and hole mobility
measured in organic field effect transistors, s8e2&% (OFET)

Polymer Ty[°Cl [a] Tm[°C] [b] AHm[J g% [c] g [m2vist
P3HT -15+6 2311 22.9+1.0 1.3 10° +3 10*
P19/1 -10 £ 10 2331 18.5+1.0 4.410'+2 10"
P17/3 21+6 2381 17.5+0.5 2.510°+1.5 10
P11/1 33zx1 224 2 14.8 1.0 2.0 10°+1 10*
P2 9/1 20£6 2201 20.5+1.0 1.4 10°£310°
P2 7/3 4+6 189 +1 10.6 £ 0.5 1.0 10*+1 10°
P2 1/1 -4 £2 179 £1 9.1+0.5 1.310°+2. 10°

[a] Glass transition temperature Tg measured by BT@nd DSC and estimated error; [b]
melting temperature Tm and [c] melting enthalpym measured by DSC and estimated
errors

For P2, T4 also shows an overall increasing trend with a éigimount of
functionalized side chains, but the total changkess than 20°C. Also the
melting behavior was affected by the introductidnfunctionalized side
chains. ForP2, the introduction of functionalized side chainused a

marked decrease i, (more than 50°C lower foP2 1/1 compared to
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P3HT). In contrast, folP1l, much smaller changes if, were observed:
compared to P3HT,, augmented ca. 7°C fdé?1 7/3 and dropped ca. 7°C
for P1 1/1. In general, also the melting enthahit,, was lower for both
copolymersP1 and P2. The effect of introduction of functionalized side
chains was stronger iB2. The effect of the larger ester functionalizedesid
chain on the polymer crystallinity was higher wigh higher degree of
functionalization. The decrease in melting temperatand enthalpy are

indicative for a less perfect (less stable) cryistalordering.

2.2.5 X Ray Diffraction (XRD) and Selected Area Eletron Diffraction
(SAED)

Thermal characterization and UV-Vis absorption #s@emdicate that the
crystalline fraction of the polymer decreased drat trystal formation was
disturbed by introduction of functionalized sideatts. To verify the impact
of ester functionalized side chains on polymercitme, X Ray Diffraction
(XRD) en Selected Area Electron Diffraction (SAEPptterns were
recorded for thd®1 andP2 1/1 copolymer films Eigure 3), and compared
with those of a P3HT film. All films were spin-ceat from solutions in CB
and annealed for 15 minutes at 125 °C. The Milledides (kl) are
correlated with the parametemsb€) of the unity cell and correspond in a
P3HT lattice to the dimensions of stacking of tlwymer chains. In the
setup which was used for XRD, thE0Q) diffraction peak was detected at 2
0 = 5.36°, corresponding to an interlamellar diseaofd = 16.5 A, which is
comparable to the values found in literature foHP3? No diffractions of
other lattice planes were observed in XRD, X-rays scattered only at
planes parallel to the substrate surface, thisesponds to the lamellar
polymer stacking in the-direction. The interlamellar distance increased to
d = 19.0 A by the introduction of the larger funcialized side chains in
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copolymerP2. For copolymerP1, containing smaller functionalized side
chains, this distance decreased to d = 15.4 A. Wigmsmission Electron
Microscopy (TEM), a SAED pattern was recorded. Frora SAED an
averager-n stacking distance of 3.8 A was observed. In th¥ &etup, the
diffraction originates from planes stacked in tB2( direction along théo
axis, perpendicular to the substrate surfiezor both 1/1 copolymers it
was visible in the SAED that ther stacking distance remains at 3.8 A,
similar to P3HT. The peak at 3.8 A is still wellsidle for P1 but is less
intense for &2 film. The effect of the larger functionalized sideains in
P2 on the crystalliner-n stacking in théb direction is stronger. For thHel
andP2 1/1 copolymers, containing 50 % of functionalizéde chains, XRD
and TEM measurements confirmed that the crystallsteicture was
influenced by the introduction of functionalizeddei chains. The
observations in UV-Vis, DSC, XRD and TEM all poitt a relation
between the size of the introduced side chain fanatity and the effect on

the crystallization behavior and crystalline stunetin the copolymers.
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Figure 3: TEM (left) and XRD (right) diffraction patternd 83HT (squares11/1
(circles) and”2 1/1 (triangles) polymer films, spin-coated fromiarbbenzene solution on
Si(100)/SiO2 substrates
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2.2.6 Preparation of Organic Field Effect Transistos (OFETSs) and hole
mobility measurements

Organic Field Effect Transistors (OFET)s were mamte bottom gate,
bottom contact FET structures built on a highlyaped Si wafer with a
bare, untreated Sidielectric (204 nm thick). Gold (100 nm) on top of
titanium (10 nm) electrodes were used for source drain electrodes.
Polymer layers were spincoated from solution inoddthenzene and
annealed for 15 minutes at 125°C. For each polyrier, mobility was
measured for at least 4 different channels witbngth varying from 20 pm
to 40 pum, the channel width was 10 mm or 20 mm. éw@ary measured
channel, from the saturation and linear regimesadigut characteristics
were determined.Supporting Figure 5 The obtained curves were typical
for a p-channel in accumulation mode. Mobility measnents were
performed in the linear regime. The source draimrecu is given by
equation 1, wherd&V is the channel width, L the channel lengt, the
capacitance per unit area of the dielectric lagr= 16.9 nF crif), Rseria
the serial resistance including needle gold eléetrcontact resistance and
gold polymer contact resistance avigl Vr, Vp are the gate, threshold and

drain voltages respectively.
W
R VA A VA )

The field-effect hole mobilityl(;) of regioregular P3HT measured in these
devices from films spincoated from solutions inacthbenzene was around
1.3 10° cm2V's?, comparable to literature valu€¥.For the copolymers,
lower mobilities than for P3HT were measured (TaB)e For theP1
copolymers with different x/y ratio, the observedbitity was in the same
order of magnitude. For the copolymers with thré&eient percentages of

functionalized side chains;,was in the order of Tbcm2v's*. Compared
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to P3HT, 1, decreased also B2 with an order of magnitude to 2@m2v
s for the 9/1 and 7/3 copolymers and even t& th2V's® in the 1/1
copolymer. Comparing the mobility &f1 to P2 (Figure 4), the influence of

the introduced side chains on pgepends on the ratio and nature of the
introduced functional groups. Generally, the presernof 10% of
functionalized alkyl side chains causes an ordenafnitude decrease jip
compared to P3HT. A higher percentage of smallede sichain
functionalities inP1 proves to have limited impact, while the influerafe
higher ratios of functionalities on larger side iclsain copolymeP2 1/1 is

quite strong and decreaggadurther.
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Figure 4: FET hole mobility of copolymeB1 andP2 as a function of the percentage of
functionalized side chains (left) and transfer c¢teds of P3HT andP2 (right).

2.3 Application in organic photovoltaic devices

The various copolymers were evaluated in BHJSCeguai (1:1) (w/w)
blend with the copolymer as electron donor and]{pl&nyl-Gs;-butyric

acid methyl ester (PCBM) as an electron accept8HTPobtained from
Rieke metals was used to prepare a P3HT:PCBM selawhich served as

a reference. All devices were made by spin-coatimgt a 50 nm
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poly(ethylenedioxythiophene): poly(styrenesulfofpate (PEDOT:PSS)
solution on ITO-patterned glass substrates. Thebledd was spin-coated
from a solution of 15 mg ritl polymer in chlorobenzene that contained 25
mg mi* 1,8-dibromooctane (DBO). Several spinning speedeewused to
investigate the influence of layer thickness orasakll performance. The
procedure with DBO was adopted, since thermal dmgeaf copolymer
devices resulted in low fill factors. Annealing tife copolymer blends
caused an intimately mixed morphology which is ffisiently phase-
separated, triggering charge recombination. By-spating the blends from
solutions with DBO, it was possible to obtain thesided morphology with
sufficient phase separation and good fill factongh@ut post-production
thermal annealing.

For the best devices based on each copolymer, tkernal quantum
efficiency EQE) was measured to estimate the short circuit ctiraéer
convolution with the AM1.5G spectrum. Together withe open-circuit
voltage Voo and fill factor FF) determined by the J-V curve, the overall
efficiency was assessed. (TaldgJ-V curves andEQE of the solar cells
with highest performance are displayed-igure 5 andFigure 6 for theP1
andP2 copolymers respectively. The layer thickness eflibst devices was
usually around 80 nm. The evolution of short citauirrent (s with layer
thickness was comparable to how thgin P3HT:PCBM devices evolves
with layer thicknes&Y (Supporting Figure 1 and 2) THeL:PCBM solar
cells had &F of 0.62 and higher. With copolym?2, fill factors of 0.55

and higher were observed.
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Figure 5: J-V curves and EQE of solar cells with copolyrR@PCBM (1:1) blends spin-
coated from 15 mg nitpolymer solution in CB with 25 mg mLDBO
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Figure 6: J-V curves and EQE of solar cells made with copalrsP2PCBM (1:1) blends
spin-coated from 15 mg mitpolymer solution in CB with 25 mg mL.DBO

The V. of the solar cells produced with DBO as co-solvesais lower
compared to the devices produced by thermal amgeéii minutes at 140
°C), as illustrated for the P3HT:PCBM solar cellliable 3. The difference
in Vo caused lower device efficiencies compared to tB&lTPPCBM
devices produced with thermal annealing. The pisei the co-solvent in
the spin-coating solution allows the polymers tdf-seganize before
evaporation of the co-solvent takes pl&&e®! This results in increased
order from blends spin-coated with DBO, as was alsgerved in UV-Vis
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absorption spectra of copolymer:PCBM (1:1) blefitsA higher degree of
crystallinity raises the HOMO of the polymer, tHosvering V.., since the
latter is determined by the difference betweenH@MO of the donor and
the LUMO of the acceptdt” A lower V,. has been reported previously for
devices with an increasingly organized polymer pif&sThe V. increases
moderately with a higher mole percentage of fumetized side chains,
since the presence of the functionalized side shmterferes with the-n

stacking.

Table 3 Device characteristics of ITO/PEDOT:PSS/polymEBR/

(1:1)/LiF/Al solar cells. Blends were spin-coatedm 1.5 wt % solution in
chlorobenzene that contained 2.5 wt % 1,8-dibrortayex The Js¢

displayed here was corrected to AM 1.5 conditior@mnf the spectral
response and convolution with the solar spectrum.

Polymer (xly) e Voc[V]  FF PCE Léyer
[mA/cm?] [%0] thickness [nm]
P3HT* 7.49 0.65 0.62 3.00 81
P3HT 7.44 0.52 0.58 2.24 82
P1 9/1 7.43 0.54 0.62 2.49 74
P1 7/3 6.40 0.56 0.55 1.98 90
P1 1/1 6.25 0.56 0.57 1.97 71
P2 9/1 7.85 0.50 0.62 2.43 71
P2 7/3 6.60 0.52 0.62 2.13 82
P2 1/1 511 0.50 0.63 1.61 78

*: blend processed without DBO, annealed 5 mind&°C.
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Solar cells made with copolymers are less effictaah P3HT:PCBM solar
cells produced with thermal annealing. (Table 3yeer, when comparing
devices produced in an identical manner, with DBDaaco-solvent, the
solar cell efficiencies for thB1l andP2 9/1 copolymers are better than for
P3HT. The increased performance, despite the Iyecould be due to a
slightly more beneficial morphology. THel and P2 9/1 maximumEQE
and Jsc are comparable to the reference P3HT:PCBM cell.higher
percentage of functionalized side chains decresisedEQE and Jsc and
therefore also the efficiency, but the performamegs not as strongly
influenced inP1 as the performance of solar cells in th2 copolymer
series was affected. It is noteworthy that the e@se inJs; from theP1 7/3
to the 1/1 copolymer is quite small and therefdre éfficiency was not
influenced strongly, either. Then stacking of the polymer is influenced
moderately in th&1 series, as was visible in UV-Vis, thermal and cueal
analysis, and mobility measurements. TRg series exhibited a higher
efficiency for higher functionalization ratios coarpd to P2, with
efficiencies of 2 % for copolymers containing 500%ester functionalized
side chains. Devices withP2 9/1 show a remarkable increase Jg
compared to the P3HT:PCBM reference cell processedhe same
conditions. However, for solar cells made frét8 the Jsc decreased more
strongly with increasing functionalization ratiagEre 6), resulting in lower
device performance. At higher functionalizationast the hole mobility of
P2 copolymers is low because of a decreasing straictonder andr-n
stacking of the copolymer conjugated backbonesctiamal side chains
with a larger molar volume have a stronger disngbeffect on polymer
structure, causing a larger effect in device penorce for higher degrees of
functionalization, as was observed for 2 copolymers compared 1©1.
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The EQE and Js;. decrease when copolymers with a higher ratio tdres
groups in the side chains are used, due to thegagrompact on the polymer
organization with an increasing percentage of fionetized side chains.
This observation was also made in UV-Vis spectrpgqoelative decrease
at 600 nm), thermal characterization (lowgr and4Hy), XRD and TEM
(impact on polymer crystalline structure) and waflected in lower field
effect mobilies and now in the performance of tH¢JBC. The observed
decrease iEQE andJsc with an increasing percentage of functionalizekk si
chain is due to a hindering of tmer stacking of the conjugated polymer
backbone caused by the presence of the esterduatitied side chains.

In general, an increasing ratio of ester functionthe polymer side chains
caused a decreasedyn, and had little effect on thé,. andFF. The effect of
a functional group in the side chain of the polynstructure on the
electronic properties originates mainly from thdeef on the polymer
stacking. A planar conjugated backbone of a regidee polymer allows
the crystalline stacking along this plane. Thi$-eejjanizedn—n stacking is
very important for the properties of conjugatedypwérs. In one chain
(intrachain) a more planar backbone extends thenaio system and
between different polymer chains (interchain) tfasilitates the hopping
mechanism of charges, hence the relation with tie mobility. From the
optical and thermal characterization comes forwhed then-n stacking is
not only important for the electronic properties s also determining for
the optical absorption and the thermal propertiésti® conjugated
polymers. As was visible in the UV-Vis spectra opolymersP1 andP2,
the shoulder ak = 600 nm decreased more for tA2 copolymer series,
where the disturbance of ter stacking increased for a higher degree of
functionalization. Although the effect of a diffeg molecular weight and
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regioregularity cannot be ruled out in this consaien, we also observed a
stronger decrease i, and 4AH, with an increasing percentage of
functionalized side chains for tlR2 copolymers, compared to tRd series.

In a BHJSC device, a relatively high amount of d$msile chain
functionalities disturbs the-n stacking minimally: the efficiency of thHel
1/1 copolymer was about 2.0% for a 80 nm thick laffeom this we derive
that a functional group that does not interferenviite n-n stacking in the
conjugated backbone, may be introduced in the petyside chains in
relatively high amounts with a limited influence dmwle mobility and

performance in the BHJSC using the right processamglitions.

3. Conclusion

The synthesis of regioregular ester-functionaliB&HT-based copolymers
P1 andP2 succeeded using the Rieke method. Copolymers Mitt80 and
50 mol% of ester-functionalized side chains weré¢aioled. The ratio of
ester-functionalized units in the copolymers cqrogsls to the ratio of ester
monomers present in the starting monomer mixtued thas used for
copolymerization. The overall yield of the polynzation reaction
decreases with an increasing content of esterifumadized monomer in the
monomer mixture. With a higher percentage of fuordiized side chains
the regioregularity decreases in the two types agotymers, while the
molecular weight decreases f&xl and increases foP2. When smaller
functionalized side chains were introduced, thé@gjanisation and the-n
stacking of the conjugated backbones was distudsesd Therefore, thermal
properties, the hole mobility, absorption charastes and also thés. and
efficiency in solar cells depend less on the pdegm of side chains in
acetoxyester-functionalized copolymdé?l as they do for ethylester-
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functionalized side chains 2. In bulk heterojunction solar cells, both the
P1 and P2 9/1 copolymers show better power efficiency coradato a
P3HT:PCBM solar cell produced in the same condstidfor copolymers
with more than 10% of functionalized side chaingjezrease in external
quantum efficiency and short circuit current wasesled. This is because
of the less perfect crystalline structure and aelowontent of crystalline
regions in the polymer phase and the resultingedser in hole mobility,
since the stacking of the conjugated polymer backls influenced by the
presence of the functionalized side chains. Thegmted method allows the
introduction of functionalized alkyl side chainsR3HT copolymers in low
percentages (up to 10%) without significantly dibitng the efficiency of

these materials in bulk heterojunction solar cells.

4. Experimental

Experimental details: All chemicals were used as obtained from
commercial sources (Aldrich or Acros), unless stattherwise. THF and
diethylether were dried by refluxing with sodiumrgviand benzophenone
until a blue colour appeared and freshly distillégfore use. 3-
Bromothiophene was distilledH-NMR spectra were recorded on a Varian
Inova 300 spectrometer at 300MHz using a 5 mm prDieeterated CHGI
was obtained from Cambridge Isotope Laboratoridsendcal shifts are
reported in ppm downfield from tetramethylsilan@AS) using the peak of
residual CHQ as an internal standardd&t7.24 ppm. Methylene protons in
the side chains are assigned a symbol starting avifftom the polymer
backbone. If resolution was insufficient to deterenthe multiplicity of a
signal, it was assigned as a multiplet (m). Fotr@nsform infrared
spectroscopy (FT-IR) was performed on a Perkin ElSpgectrum One FT-
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IR spectrometer using KBr pellets or films droptaas a quartz disk from a
CHCI; solution. Gas chromatography/mass spectrometry-NISE was
carried out on TSQ-70 and Voyager mass spectrometér-Vis spectra
were recorded on a Varian CARY 500 UV-Vis-NIR spephotometer
from 200 to 800 nm at a scan rate of 600 nm ‘miBize exclusion
chromatography (SEC) was done with a 1 mg ngolymer solution in
THF, which was filtered with a 0.45 um pore PTFEraye filter. A Spectra
Physics P100 pump equipped with two mixed-B colurfiflspm, 30 cm X
7.5 mm), Polymer Labs and a Shodex refractive indiebector at 40°C in
THF at a flow rate of 1.0 mL mih were used. Molecular weight
distributions were measured relative to polystyrstadards. Toluene was
used as a flow rate marker.

Differential scanning calorimetry (DSC) was donenmeasure the melting
temperatureT,) and melting enthalpy1H,) on a TA Instruments Q2000
(Tzero™) with Refrigerator Cooling System (RCS) and nigng50 mL
min, aluminum Tzero crucible at a scan rate of 10.ni™. The glass
transition temperatureT§) was determined with modulated temperature
differential scanning calorimetry (MTDSC). Samplesre quenched at 100
K min™ from an upper limit temperature of 275.0 °C. Thieey were heated
at a rate of 2.5 K mihwith a modulation of + 0.5 K per 60 s. For DSCe th
1st cooling and 2nd heating run were used, andiobSC, the heating
after quenching was used for discussion.

Polymer layers for XRD and TEM were spin-coatednfr@olution in
chlorobenzene on a Silicon substrate, which waanelé by rubbing and
sonicating for 30 minutes in soapy water, rinsing aonicating in acetone
for 10 minutes and heating in isopropanol. ForTeE®M measurements, the
film was isolated by etching with 40 % hydrofluoacid (HF) to remove
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the silicon substrate and then put on a copper TEM-(caution HF is
highly toxic!). TEM-measurements were performed arEl Tecnai G2
Spirit Twin operating at 120 kV. The SAED pattermscorded through
TEM, originally suffered from a large backgroundittimesembled inelastic
scattering. To improve the signal-to-noise ratintegration across the
complete diffraction ring was done, from which @efdl background due to
inelastic scattering was subtracted (with the aggiom that the film in
between the crystalline P3HT is quasi-amorphoug [6BD measurements
were done on a Siemens D5000 diffractometer-29 mode. The incident
beam used is the CuH line of a Ge(111) monochromator, withia=
0.154056 nm.

Substrate for Organic Field Effect Transistors (@yEwere cleaned (20
minutes ultrasonic bath in soap, 10 minutes ultresbath in acetone, 10
minutes in hot isopropanol), then 15 minutes of U"/O3; treatment
removed the hexamethylenedisilane (HMDS) monolé&yen the substrate.
The polymer layers were spin-coated for 60 s at01@®n from a 10 mg
mL™ solution in CB. The samples were annealed for i5an125 °C on a
hotplate and allowed to cool down to room tempeegatiuring 5 minutes.
The current-voltage characteristics were measusgag2 Keithley 2400
source meters. All FET preparation and measuremeete performed
under N atmosphere.

Solar cells were made on glass slides with a patieiTO electrodes. The
glass substrates were sonicated in acetone, clearledoapy water and
isopropanol and treated with UV4OTypically, 50 nm PEDOT: PSS
(Clevios™ P VP Al 4083, HC Starck) was spin-coaa@B000rpm on the
glass substrate. A 15 mg fisolution of PCBM in a dibromooctane (DBO,
25 mg mLY)/chlorobenzene solution was added to the polymea {1:1)
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ratio and stirred at 50 °C until the polymer dissol completely. The blend
solution was spin-coated at several spinning spdedsvestigate the
influence of active layer thickness. The preparatd P3HT:PCBM solar
cells was done with P3HT obtained from Rieke Metalsm of LiF and 100
nm of Al were thermally evaporated in high vacuum £ 10" mbar). J-V
curves were measured under simulated solar ligh (bW cn¥) from a
tungsten-halogen lamp filtered by a Schott GG385 fillér and a Hoya
LB120 daylight filter using a Keithley 2400 sounteter. Spectral response
was measured with monochromatic light from a 50 Wgsten halogen
lamp (Philips focusline) in combination with a mahoomator (Oriel,
Cornerstone 130) and a lock-in amplifier (Stanfaekearch Systems
SR830). A calibrated Si cell was used as referembe. device was kept
behind a quartz window in a nitrogen filled con&inTo measure the cell
under appropriate operation conditions, the cels Waminated by a bias
light from a 532 nm solid state laser (Edmund Gptic

Monomer synthesis: 3-Hexylthiophene (3-HT) was obtained from
reaction of 100 mL (166.0 g, 1.018 mol) 3-bromogtiene (3-BT) and 1.2
Equivalent (0.611 L of a 2.0M solution in Bt 1.22 mol)
hexylmagnesiumbromide, in the presence 0.01 equNi@ppp)Ck (5.19
g, 0.010 mol) in dry diethylether (300 mL). The aean was performed
according to literature procedures [54]. The peadficompound was
obtained by short path distillation in a yield &.6 % (163.73 g, 0.973 mol)
at p= 7.1¢ mbar and T= 81-84 °C.

2,5-dibromo-3-hexylthiopheneM(l) was obtained from reaction of NBS
(2.2 equiv, 23.26 g, 130 mmol) and 3-HT (10g, 59af)m a yield of 81%
(15.50 g, 48 mmol) following literature procedufBs].
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2,5-dibromo-3-(2-hydroxyethyl)thiophene was obtditg dibromination of
3-(2-hydroxyethyl)thiophene using NBS. A similaropedure as for the
bromination of 3-HT was applied.[55] The resultihguid was purified
using a short path distillation to a yellow oil gi€18.66 g, 73.5 mmol, 95%
yield) (fraction at p = 4.I&mbar, T = 107°C)*H NMR (300 MHz, CDC},
d): 6.85 (s, 1H, Ar H), 3.78 (m, 2 H, GHD), 2.78 (m, 2Hp. CHy), 1.65 pr

s, 1 H, OH)**C NMR (75 MHz, CDC}, 5): 139.0 131.2 110.7 109.3 61.5
32.2 8 GC/MS (99%)n/z288, 286, 284 [M]257, 255, 253 [M - CkOH]"
207, 205 [M - Brf 175, 177 [M — Br, CEOH]" 125 [M — 2Br] 95 [M —
2Br, CHOH]" . FT-IR (film, v, cm®): 3325br, 2951, 2926, 2879, 1668,
1542, 1470, 1417, 1348, 1244, 1196, 1044, 1002, YK 892, 824
2-(2,5-dibromothiophen-3-yl)ethyl acetatd) was obtained by reaction of
2-(2,5-dibromothiophen-3-yl)ethanol (36.2 g, 42.6nah) with 1.3 equiv
acetic anhydride (185 mmol, 18.93 g) and an exoéggyridine [24]. The
acquired product was purified with short path dation to isolateM2
(36.2g, 113 mmol, 78%) at p = 1:i6nbar and T = 95°C*H NMR (300
MHz, CDCB, 8): 6.79 (s, 1H, Ar H), 4.17 (t, 2 H, GHD, J = 6.7 Hz), 2.82
(t, 2H, 0-CH,, J = 6.7 Hz), 2.02 (s, 3 H, G} *C NMR (75 MHz, CDC},
d): 170.7, 138.1, 130.8, 110.7, 109.6, 62.8, 2808 2GC/MS 97%m/z
330,328,326 [M] 271, 269, 267 [M - OCOCHf 257, 255, 253 [M —
CH,OC(O)CHy]" 205, 207 [M — Br] 187,189 [M — Br, OCOCHK" 176, 174
[M- Br, CH,OC(O)CH]" 108 [M- 2Br, CHOC(O)CH)]", 95 [M — 2Br,
CH,CH,OC(O)CH*. FT-IR (film, v, cm®): 3093, 2957, 1740 (vs), 1543,
1421, 1385, 1364, 1236 (vs), 1040, 1004, 936, 823, 828
6-(thiophene-3-yl)hexanoic acid ethyl ester wasmlgid from addition of 6-
bromo-hexanoic acid ethyl ester (20 g, 89.6 mmol)attive zinc and
reaction with 3-BT (16.81 g, 103.1 mm&1.°® 6-(thiophene-3-yl)hexanoic
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acid ethyl ester was obtained with short path ligtn at 72 °C and 1.1
mbar’H NMR (300 MHz, CDC}, 8): 7.20(m, 1H, Ar H), 6.90 (m, 2H, Ar
H), 4.10 (q, 2H, O-CK J = 7.5 Hz), 2.62 (t, 2Hy CH,, J = 7.5 Hz), 2.28 (t,
2H, B-CH,, J = 7.5 Hz), 1.63 (m, 4H, 2 G} 1.38 (m, 2H, Ch), 1.23 (t,
3H, CHs, J = 7.1 Hz);"*C NMR (75 MHz, CDC}, 8): 173.4, 142.4, 127.8,
124.8, 119.6, 59.8, 33.9, 29.8, 29.6, 28.4, 24348;1GC/MS (95%) m/z:
226 [M]", 181 [M- OCHCH,]", 153 [M — C(O)OCHCH,]", 139 [M —
CH,C(O)OCHCHs]*, 125 [M — (CH),C(O)OCHCH,", 111 [M-
(CH2)3sC(O)OCHCH;Z]", 97 [M- (CH)4C(O)OCHCHs]*. FT-IR (film, v,
cmb): 3104, 2980, 2934, 2858, 1733 (vs), 1537, 146321 1299, 1252,
1181, 1130, 1096, 1032, 859, 833, 773
6-(2-5-dibromothiophene-3-yl)hexanoic acid ethyleeqM3) was isolated
after bromination with NBS [55] and distillation<p.10-3 mbar, 126°C).
'H NMR (300 MHz, CDC}, 8): 6.78 (s, 1 H, Ar H), 4.08 (m, 2H, O-GH
2.48 (t, 2H,e-CH,, J = 7.7 Hz), 2.26 (t, 2Hg-CH,, J = 7.4 Hz), 1.62 (m,
2H, 3-CHy), 1.53 (m, 2HB-CHy), 1.32 (m, 2Hy-CHy), 1.22 (t, 3H,CH, J =
7.1 Hz)*C NMR (75 MHz, CDC}, 8): 173.5, 142.4, 130.7, 110.3, 107.9,
60.1, 34.0, 29.0, 28.3, 24.5, 14.1; GC/MS (98%)r8&6, 384, 382 [M]
341, 339, 337 [M- OCHKCHZ]"; 306, 304 [M — Br]; 257 [M -
(CH2)3s0CH,CHz]"; 231 [M - Br,C(O)OCHCHs"; 215 [M- Br,
CH,C(O)OCHCHs]"; 177 [M - Br, (CH)sC(O)OCHCH3]", 149 [M- 2Br,
(CH)4C(O)OCHCHjs]", 135 [M- 2Br, CHC(O)OCHCHz]*, 122 [M- 2Br,
(CH,)>,C(O)OCHCHg]", 95 [M- 2Br, (CH)4C(O)OCHCHs]". FT-IR (film,
v, cmiY): 3090, 2979, 2937, 2858, 1733 (vs), 1542, 1462011372, 1301,
1248, 1180, 1132, 1096, 1032, 1005, 921, 857, B28,
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Polymer synthesis: The copolymerization reaction was performed
according to literature procedures [39]. Mixturdsboominated monomers
were made in several molar ratios (9/1, 7/3, REspectively 29, 25 and 20
mmol (9.41, 8.12 and 6.49 g) &1 and 3, 11, 20 mmol (1.05, 3.49 and
6.50 g) of M2 were dissolved in dry THF under Ar atmosphere. €hes
solutions were added to active Zinc at -78 °C. tahs of 0.002 equiv
Ni(dppp)ChL in THF were added to the obtained organozinc swiaf and
stirred under inert atmosphere at 60 °C for 18e Erude polymers were
precipitated in a MeOH/ 2 M HCI (2/1, v/v) mixtuaed purified by Soxhlet
extractions with methanol, hexane and acetone,esuiesitly. The purified
polymers were extracted with chloroform and preated in MeOH before
filtration and isolation of copolymeRR1.

P1 9/1(3.18 g, 60%) UV-Vis (filmAmax Nm) 551, 600sh; FT-IR (KBH,
cm?): 2954, 2930 and 2853 (s, C-H ), 1744 (C=0), 1808 1456 (C=C),
1378 (CH), 1236, 1035 and 820 (C-H), 723 (§HH NMR (300 MHz,
CDClg, 8): 7.00 and 6.96 (1H, s, Ar H), 4.36 (2¥2, t, B-CHy), 3.14 (2H
M2, t, a-CHyp), 2.79 (2H, t, H-Ta-CHy), 2.58 (2H, H-Ha-CH,), 2.05 (3H
M2, s, CH), 1.70 (2 H, m, Ch), 1.45 — 1.34 (6 H, my, 3, e-CH,), 0.90 (3
H, t, CHs). P1 7/3(3.0 g, 52%) UV-Vis (filmAmax NM) 547, 595sh; FT-IR
(KBr, v, cmi®): 2953, 2925 and 2855 (C-H ), 1743 (C=0), 1509 4486
(C=C), 1376 (CH), 1363, 1234, 1037, 821 (C-HH NMR (300 MHz,
CDClg, 6): 7.05, 7.0 and 6.96 (1H, m, Th), 4.35 (B42, br s,p-CH,), 3.10
(2H M2, br s,0-CHy), 2.78 (2H, t, H-Ta-CHy), 2.54 (2H, br s, H-Hi-CH,),
2.06 (3HM2, s, CH), 1.69 — 1.23 (8 H, nf}, v, 6 ande-CHy), 0.89 (3 H, s,
CHg). P1 1/1(2.98 g, 51%Mmax (film)/nm 547, 595sh; FT-IR (KBry, cm

1: 3431 pr, H,0),2956, 2923 and 2853 (C-H ), 1733 (C=0), 1635514,
C=C), 1376 (CH), 1259, 1123, 1002, 86'H NMR (300 MHz, CDC}, 8):
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7.11, 7.06, 7.01 and 6.96 (1H, m, Th), 4.35 (@& br s,-CH,), 3.10 (2H
M2, br s,a-CHy), 2.79 (2H, t, H-Ta-CH,), 2.56 (2H, br s, H-H-CH,), 2.06
(3H M2, s, CH), 1.70 — 1.23 (8 H, mB, v, 6 ande-CH,), 0.89 (3 H, m,
CHy)

P2 was prepared using an analogue procedure aslfofhe dibrominated
monomersM1 and M3 were mixed in several molar ratios. Respectively
26.8, 28 and 20.1 mméAl (8.73, 9.13 and 6.55 g) were mixed with 3, 12
and 20.1 mmol oM3 (1.14, 4.61 and 7.74 g) in a THF solution before
applying the polymerization procedure.

P2 9/1(3.77 g, 74%W\max (film)/nm 555, 602sh; FT-IR (filmy, cmi*):3053,
2953, 2928 and 2854 (C-H ), 1738 (C=0), 1563, 1808 1455 (C=C),
1376 (CH), 1260 (w), 1179 and 820 (C-H), 726 (§FH NMR (300 MHz,
CDCl;, 6): 6.96 (1H, s, Th), 4.10 (23, g, OCH,), 2.79 (2H, t, H-Ta-
CHy), 2.56 (2H, s, H-Hi-CHy), 2.31 (2HM3, t, CH,COOEL), 1.69 (2 H, br
s, B-CH; andM3), 1.48 — 1.20 (10 H, ny, d, e-CH, andy, 6 CH, M3), 0.90

(6 H, t, CHk M1 andM3). P2 7/3(4.51 g, 61.5%)max (film)/nm 550, 600sh;
FT-IR (film, v, cmi%): 2926 and 2855 (C-H ), 1736 (C=0), 1508 and 1458
(C=C), 1375 (CH), 1227, 1178 and 824 (C-H), 760 (§HH NMR (300
MHz, CDCB, d): 6.96 (1H, s, Th), 4.10 (2M3, q, OCH), 2.79 (2H, br s,
H-T a-CHy), 2.56 (2H, s, H-H-CHy), 2.31 (2HM3, t, CHLCOOEL), 1.69 (4

H, m, B-CH, M1 andM3), 1.54 — 1.20 (10 H, my, 3, e-CH, andy, 3-CH,
M3), 0.89 (6 H, t, CH M1 andM3). P2 1/1(4.14 ¢, 53%hmax (film)/nm
550, 604sh; FT-IR (KBry, cmi'):3432 (br, COOH), 2956 (C-H ), 1733
(C=0), 1631 and 1454 (C=C), 1259, 1129, 1002 ard &&" (C-H), 'H
NMR (300 MHz, CDC}4, 3): 6.96 (1H, s, Ar H), 4.10 (2H13, q, OCH),
2.79 (2H, t, H-T a-CH,), 2.54 (2H, H-H a-CH,), 2.31 (2H M3, t,
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CH,COOE), 1.69 (4 H, m-CH, M1 andM3), 1.50 — 1.20 (10 H, my, 5,
&-CH, M1 andy, 5-CH, M3), 0.87 (6 H, t, CHM1 andM3)
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Supporting information

Supporting figure 1: Solar cell characteristics &1 as a function of layer
thickness
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Supporting figure 2: Solar cell characteristics 82 as a function of layer

thickness
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Supporting figure 3: OFET measurements: output current with varying
applied voltages at gate (VG) and drain (VD). Hieeoutput is shown for
P3HT and thé>1 9/1 sample. The measured channel width and |length

20 mm and 40 um; respectively.
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Supporting figure 5: DSC and MTDSC curves of copolymieg
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Chapter Five:
Broadening the Absorption Window in Polymer:
Fullerene Solar Cells: “Click” Functionalization of

Conjugated Polymers with Phthalocyanihes

Abstract: The absorption range of the active layer in
polymer:fullerene solar cells was expanded by clmanthe polymer side
chains, to increase the device efficiency. Copohgnaé poly[2-methoxy-5-
(3, 7-dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-PP¥nd poly(3-
hexylthiophene) (P3HT) containing functionalizedesichains, synthesized
following the sulphinyl precursor route and the Kiemethod respectively,
were covalently bonded to a Phthalocyanine (Pc)aBpst-polymerization
click chemistry reaction between alkyne functiotiedi in the side chains of
the MDMO-PPV- and P3HT- based copolymers and atteaizinctionalized
Pc, conjugated polymers with Pc in the side chawese obtained. The
resulting polyp-phenylenevinylene)-Pc (PPV-Pc) were obtained @8thPc
and Polythiophene-Pc (PT-Pc) with 4% or 8% of Pthmside chains. The
presence of the Pc contributes to the extensiadheofibsorption up to 700
nm. Although the polymer-Pc is very well solublet@irahydrofurane, the
materials solubility in the processing solvent istwtbed. Therefore, the
application of the PPV-Pc and PT-Pc in bulk hetarofion solar cells with
PCBM results in decreased device conversion effacgiecompared to

8 To be submitted by B. J. Campo, J. Duchateauildt, B. Ballesteros, W. D. Oosterbaan,
L. Lutsen, T. J. Cleij, G. De la Torre, R. A. J Ssen, D. Vanderzande and T. Torres
J.D. performed all PPV-related synthesis
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P3HT:PCBM (1:1) and MDMO-PPV:PCBM (1:4) solar cellhe spectral
response however, shows that the Pc absorptionrilvatets to the
generation of the photocurrent.

1. Introduction

Polymer:fullerene bulk heterojunction solar celBHJSC) are promising
candidates for sources of renewable enéfgyA continuous improvement
in material properties and device processing haks tte devices with
efficiencies over 6% in polymer:fullerene solarlsabday.* ! Increasing
the efficiency and lifetime is a challenge that km$e met to increase the
hopes for successful commercialization for thisetgb solar cell§! Often
cited examples of polymer:fullerene bulk heterojiorc solar cells are the
poly[2-methoxy-5-(37'-dimethyloctyloxy)-1,4-phenylenevinylene]
(MDMO-PPV):Phenyl-G;-Butyric acid Methyl ester (PCBM) and poly(3-
hexylthiophene) (P3HT):PCBM BHJSC, with the polyraeting as electron
donor and the fullerene as the electron acceptomeSintrinsic material
properties are limiting the device efficiency, xample the poor overlap
between the absorption spectrum of the blend amenhission spectrum of
the sun.

Several strategies have been applied to increaseffltiency in BHISC
devices. The open circuit voltag¥,{) and short circuit current densities
(Js9 may be improved by tailoring the donor and acmeginergy levels.
Because the narrow absorption window of the congaypolymer limits the
efficiency in polymer solar cells, extending thesatption of the organic
material will enhance the absorption of the actayer in the device. The

increased energy absorption could lead to a highert circuit current and
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efficiency. As mentioned before, other studies ante fine-tune the
molecular energy levels or to synthesize a low bgayol polymer. Another
approach to absorb more energy is to design dewiats several active
layers on top of each other, the tandem solar.€efls

Here, we aim to broaden the absorption of the petymaterial. A molecule
that absorbs longer wavelengths compared to thgugated polymer is
covalently attached to functionalized side chamghe conjugated polymer.
MDMO-PPV and P3HT absorb light with wavelengthsgiag from 400 to
600 nm (figure 1), therefore the addition of a Rldhyanine (Pc) absorbing
from 600 to 700 nm will cause a broadening of theoaption range and an
increased energy absorption. Pc’s are highly candrcphotoactive
materials and display promising properties in caorabon with fullerene
molecule$® and polythiophen&d!. They have been applied as photo
active materials in bulk heterojunction solar ceigh fullerene8? and

14 as well as in dye sensitized solar cBffs.The

metal oxide%®
combination of conjugated polymers and Pc’s in BEIdSa possible route
to a higher photocurrent and increased device powversion efficiency.
MDMO-PPV is an amorphous conjugated polymer thatssally used in
polymer: PCBM (1:4) blends to obtain sufficient paaseparatiof® The
synthesis of PPVs has been reported by severalego(it” Ester-
functionalized PPV-copolymers appropriate for fertipost-polymerization
functionalization procedures were obtained usimgsilphinyl route (Figure
1) Also the synthesis of Poly(3-alkylthiophenes) (F3A has been
achieved using various synthetic rout8s?!! Functionalized P3HT-based
copolymers with 10, 30 and 50% of ester-functiareadi alkyl side chains,
produced using the Rieke method, were reported iqusely?? The

copolymers have a regio-regularity of 90% or higloemparable to P3HT
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homo polymers prepared according to the same metRedjioregular
P3ATs have a tendency to self-organize upon (therora solvent)
annealing, leading to a phase separated blend mwiogh favouring high
energy conversion efficiency in solar céff$.Post-polymerization reactions
allow synthesis of acid functionalized copolymefgyre 1), which may be
further functionalized with a variety of moleculeBy introduction of
functional groups on the polymer side chains, tbespbilities of several
secondary functionalities on this material are esgd. To achieve the goal
of extending the polymer absorption, Pc’'s were teshcwith the
functionalized side chains. MDMO-PPV and P3HT-basepolymers were
prepared and further functionalized with an alkyroad (G=C). While Pc
with solubilising tertiary butyl groups have beeported?” a Pc derivative
containing three tertiary butyl groups and an afigietionality was used in
this work. The reaction between an azide and alkynetionality is known
as the 1,3 Huisgen cycloaddition and proceeds wittigh yield??® This
“click chemistry” reaction was applied before tondwne Pc’s with carbon
nanotube&® 2! Using this reaction, the alkyne functionalities tme
polymer side chains were reacted with azide funefiaged Pc, and
polythiophene-Pc (PT-Pc) and PPV-Pc coupled produth a broader
absorption range compared to P3HT or MDMO-PPV warained. The
polymer-Pc were applied in polymer:PCBM BHJSC wstveral ratios of
PCBM.
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2. Results and discussion
2.1 Polymer synthesis and characterization

Ny
\
\
o
o
N
i) toluene (reflux) NS
i) KOtBu, H,0, 1,4-dioxane + A r\ N
o

1) NaOtBu, 2-8UOH, 30°C 3 o \§%<
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c + c B — OR O > ZQ N
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Figure 1: Synthesis of alkyne functionalized conjugatedypars, available for click
chemistry reaction with the azide functionalizedHalocyanine (Pc) and the UV-Vis
absorption ranges of a polythiophene (PT), polytipfrylenevinylene) (PPV) and a Pc.

Normalized absorption

i) 2.5M NaOH
in EOH
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propargylalconol
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2.1.1 Polyp-phenylenevinylene) (PPV) synthesis
A detailed report on the synthesis of (alkyne-)tioralized PPV’s will be

published elsewhef® The copolymerization reaction of the MDMO
monomer and an ester functionalized molecule wae dsing the sulphinyl
precursor routé? Although both monomers are a mixture of regio-isosn
for reasons of simplicity only one isomer is degittin Figure 1. Post-
polymerization conversion reactions transformed ébter functionality in
the side chains of the copolymer to an acid ancdh ttee an alkyne. A
copolymer containing 9% of triple bonds in the sith@ins was obtained, as
determined byH-NMR.
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2.1.2 Polythiophene (PT) synthesis
The synthesis of ester functionalized P3ATSs, diggdlain figure 1, was done

using the Rieke method, as reported previolisly?® The ester
functionalities in the alkyl side chains were comed after polymerization
to the corresponding acid functions in a 2 M NaQ@iuson in EtOH. The
conversion of ester-functionalized copolymer to ddcinctionalized
copolymer was complete after stirring for 48 h unaglux. The complete
conversion is evidenced itH-NMR by the disappearance of the signal
originating from the O-CH methylene protons in the ester functionality.
Additional proof is the shift of the C=0 absorptionFT-IR from 1740 cri

to 1710 crit. A part of the acid functionalized copolymer wagracted
with CHCk in a Soxhlet setup to obtain in the extract a @y with 4%
acid functionalities {H-NMR). This way, the original copolymer with 10%
and a batch with 4% of acid functional groups wavailable for further
functionalization with propargyl alcohol using tBe&C/DMAP protocol in
an esterification reactiofi” The presence of the triple bond at the end of the
alkyl side chains is visible itH-NMR by the signal originating from the O-
CH2-C=CH methylene protons. Also the acetylene protowmisiéle até =
2.42 ppm. The C=0 stretch on FT-IR shifts from 1%&0" in the acid
group to 1740 ciin the ester group. The percentage of functioedligide
chains in this copolymer was calculated as theorati the signals
integration on 'H-NMR from the O-CH peak (4.7 ppm) for the
functionalized side chains and glgroups (0.89 ppm) for the hexyl side
chains. The ratios indicate that the acetylene tfonalized copolymers

contain 8 and 4% €C triple bonds in the side chains.
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2.1.3 Polymer-Phthalocyanine coupling by click cheistry
The reaction conditions for the Polymer-Pc coupling click chemistry

were adapted from literature proceduf®sThe reaction conditions of two
procedures are presented in the experimental seclite polymer and Pc
were dissolved in degassed THF. The copper contaicompound (Cul or
CuBr) and a N-ligand: 2,6-lutidine or N,N,N,N’,NN,N"”
pentamethyldiethylenetriamine (PMDETA) were addedder nitrogen
flow. After work up and purification, the presemmeabsence of non reacted
Pc molecules was verified with thin layer chromaapipy (TLC). The
reaction mixture in tetrahydrofurane (THF) was sgbion a TLC plate and
eluted in a THF: hexane (1:2) mixture. Since thiymper does not eluate on
the TLC plate, the visible spots with retentiontéedR;) > O are due to the
smaller molecules present in the reaction mixtBreght blue Pc spots were
visible for both experiments before purification.ftex work up and
purification by rinsing with acetone, no Pc spotsrevvisible in TLC, a
positive verification of removal of all non- readt®c molecules. UV-Vis
absorption in solution displayed the polymer absormpwith a maximum
around 450 nm for PT and 500 nm for PPV, and tlsembion at 675 nm of
the covalently bonded Pc (Figure 2). The proof ttmatversion of the €C
bonds towards the 1,4-disubstituted -1,2,3-triaz@l@s complete is
delivered by"H-NMR spectrum of the PT-Pc and PPV-Pc. The sigh#he
CH, protons next to the alkyne function at= 4.7 ppm completely
disappears, indicating that all present alkyne sare functionalized with a
Pc molecule. New signals, originating from the paty-Pc units, are visible

in the aromatic region.
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2.1.4 UV-Vis absorption characteristics of polymeiPc
The UV-Vis absorption spectra of PPV-Pc solutions THF and

chlorobenzene (CB) are displayed in figure 2a. dbsorption between 400
and 550 nm with wavelength of maximum absorptigg,d around 510 nm
is due to the conjugated backbone of the PPV, whéeabsorption between
600 and 700 nm is due to the Pc molecules covsglatthched to the side
chains. In THF and CB, thgnax0f the Pc absorption is at 676 nm and 691
nm respectively. The absorption of longer waveleagby the Pc in a
solution of CB points to a certain extent of agagtesn of the PcC’s,
indicating that THF is a better solvent for the PP&/ system.

In figure 2b, the UV-Vis absorptions of alkyne-faoalized PPV and
PPV-Pc (with 9% Pc) in film are given. The absaptiof the alkyne-
functionalized PPV is - comparable to the absorptidd MDMO-PPV —
between 400 and 550 nm withx at 512 nm. In the PPV-Pc film, the Pc
absorption is visible withhyax at 692 nm, while thén.x of the PPV
decreases to 494 nm. The shift to lower wavelengtiise PPV absorption
in PPV-Pc as compared to PPV-alkyne indicatesttiepresence of the Pc
in the side chains disturbs the polymer organipadod lowers effective
conjugation length. The shift of the Rgax to longer wavelengths in PPV-
Pc film (692 nm) compared to the PPV-Pc in solut{6@6 nm) is an
indication of stacking of the Pc in the PPV-Pc filirhe presence of this
organized Pc in the PPV-side chain can twist thejugated backbone,
explaining the decreasell,ox of the PPV contribution in the UV-Vis
absorption spectrum.
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Figure 2: UV-Vis absorption of a) PPV-Pc solutions in THig(ares) and CB (triangles);
b) PPV-alkyne film drop-cast from solution in TH&q(ares), PPV-Pc film drop-cast from
solution in CB (circles) and THF (triangles); ¢)4PT 4% and PT-Pc 8% in solutions of CB
and THF; d) polythiophene films drop-cast from sl in CB (P3HT: squares and PT-Pc
8%: circles) and THF (PT-Pc 8%: triangles)

The UV-Vis absorption spectra of PT-Pc solutionsTiHF and CB are
displayed in Figure 2c. The polythiophene absorplias d.nax around 450
nm. The contribution of the Pc in the absorptiowisble atA = 350 nm,
and between 600 and 700 nm wiithx around 675 nm. In THF solution, the
Pc absorption was athax 677 nm while in CB solution thinax of the Pc
was at 685 nm and 691 nm for the PT-Pc 4% and P8%crespectively.
The Amax Of the Pc absorption was higher in CB, indicatihgt also in the
PT-Pc the Pc units were more aggregated in CB,ntigians that THF is a

better solvent for the PT-Pc.
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The UV-Vis absorption of PT-Pc 8% films drop-casinfi solution in CB

and THF are displayed in Figure 2b, together with &bsorption of 96%
regio-regular P3HT. Compared to the absorptionointsn, the absorption
of the polymer increased relative to the Pc absmrptue tar-n stacking of
the conjugated polymer backbone. The polythiopterserption red-shifted
compared to the solution to wavelengths between & 600 nm with
maximum absorptions at 523 nm for the film droptéesm CB and 564 nm
for the film drop-cast from THF. The contributiofh the absorption of the
Pc moiety was visible around 690 nm. The highgs in films drop-cast
from THF compared to th&yax in films drop-cast from CB indicates that
then-nt stacking is better in films drop-cast from THFo#Rr the absorption
in solution it is known that THF is the better sait. Films with more
organized polymer chains were obtained from sahgtim a better solvent.
The impact of the large Pc molecules in the alkge schains on the
structural order in a polymer was limited when adysolvent was used.
The maximum in the polymer absorption spectrum,H8HT at 555 nm,
decreased in PT-Pc 8% films drop-cast from CB t8 B&, indicating that
the PTn-n stacking was disturbed by the presence of Pcarsitie chains.
In films drop-cast from THF, however, the absomtf the PT increased
even to 564 nm, evidence for a better organizatiditlms drop-cast from a

good solvent.

2.1.5 Cyclic voltammetry
Electrochemical data (mVs. Ag/ AgCl) of the redox process of tetiet-

butyl)phthalocyaninato zinc(ll) in-DCB solution (0.005moldi TBAPR;)
were obtained from cyclic voltammetry. The firstidetion and reduction

potential of the two electron process are usedstionate the energy of the
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HOMO and LUMO levels. The estimations were dondwlation (1) with

respect to the vacuum level, defined as Z&fb.

EHOMO/LUMO = _(¢Ox/Red +/- 4.72)(eV) (1)

The first reduction potential was -1.08 V, the tfiesxidation potential was
0.61 V. Filling in these values into equation 1 gahe energy levels
displayed in figure 3. The HOMO and LUMO energydbsvof the fert-
butyl)phthalocyaninato zinc(ll) were found to be4 %V and 3.7 eV,
respectively. The Pc molecules could, apart frofingcas an absorber,
therefore act as electron acceptor relative to Pa3Hd as electron donor
relative to PCBM. In combination with MDMO-PPV howve, there is no
energetic driving force for the holes in the Pdéotransported towards the

conjugated polymer.

ol
AN

5.4

e

D

P3HT MDMO
-PPV PCBM

o
O

Figure 3: Energy scheme of the absorbing materials in PP€BM and PPV-Pc:PCBM
solar cells. Arrows indicate the possible energgoaptions and charge transfers
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2.2 Application in photovoltaic devices

The PT-Pc copolymers were mixed in polymer:PCBM antl 1:2 (w/w)
blends, the PPV-Pc in 1.4 blends and applied in a
ITO/PEDOT:PSS/polymer:PCBM/LiF/Al BHJSC. Blend siduns were
made in CB and spincoated at several spinning speeabtain varying
layer thicknesses.

2.2.1 Photocurrent generation from a broader absorfpon window
In the spectral response of a BHIJSC with PPV-PcRCB4) active layer

in Figure 4a, there is a clear contribution of ttwvalently bonded Pc
molecules in the the external quantum efficien¢iE&RE). The contribution
of PPV is visible around 500 nm, the Pc around @qprately 700 nm.
Comparing theEQE with the UV-Vis absorption spectrum of a PPV-Pc
film, the absorption peaks of the PPV backbone thiedPc remain at the
same wavelengths. The height of the Pc peak relatvthe PPV signal
differs. In the spectral response the relativensity of the Pc absorption is
higher, possibly because of the supramolecularnizgtion. This indicates
that the Pc’s have a certain structural orderinthenblend, but this disturbs
the polymer organization in the solar cell actieger, as was discussed
before when the UV-Vis absorption spectra of a FRVHIM and a PPV
film were compared.

Also in the spectral response of the PT-Pc:PCBMrsalls (figure 4b), the
Pc absorptions are clearly present around 700 ndicating that the light
absorbed by the Pc moiety leads to charge tramsfdrthese charges are
extracted. With a higher content of Pc (8% companetPt) the EQE at 700
nm increases. The EQE between 550 and 600 nm howbeerange where

usually only the polythiophene is absorbing, is @tnabsent, indicating a
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lack of polythiophene stacking in the blend witmsequently a low hole
mobility in the polymer phase. The low values o tBQE between 350 -
550 nm, due to polythiophene:PCBM also indicatdack of crystalline
ordering which is important for higher conversiorfficeencies in
P3HT:PCBM solar cells.
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Figure 4: EQE of solar cells with a) PPV-Pc:PCBM (1:4) aetlayer or b) PT-Pc 4% and
PT-Pc 8% in blends with PCBM in a (1:1) and (1:8jght ratio; and J-V curve of ITO
/[PEDOT:PSS (~50nm) /polymer:PCBM /LiF /Al with cP®-alkyne:PCBM (1:4)
(squares) and PPV-Pc:PCBM (triangles); d) estetionalized PT:PCBM (1:1) (squares)
and PT-Pc 8%:PCBM (1:2)

2.2.2 Polymer-Pc:PCBM in BHJSC
The J-V curves of the best PPV=C:PCBM and PPV-Pc:PCBM solar cells

are displayed in figure 4c. The device characiessif the best solar cells

of each copolymer are given in 84.6. The perforreant devices with
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alkyne-functionalized PPV is quite comparable toatvis reported for
MDMO-PPV:PCBM (1:4) BHJSCE® The presence of 10% of alkyne
functionalized side chains has little or no effiecthe device, an efficiency
of 2.2% was achieved. In solar cells with PPV-P®BRIC(1:4) blends
however, there is a decrease in short circuit otr(@), open circuit
voltage Voo and fill factor £F). The detrimental effect of the Pc molecule
on solubility in CB could be largely responsibler fthe poor device
performance. The presence of the Pc moleculesensitle chains of the
copolymer and a limited solubility in CB causes aomp polymer
organization, as was evidenced in the UV-Vis spectihis will cause an
unfavourable morphology and lower hole mobility the blend, with

consequently a lowsc andFF. The origin of the decreaseWg. is unclear.

The J-V curves of the best PT:PCBM and PT-Pc:PCRMrscells are
shown in Figure 4d. The performance in organicrsoédls of copolymers
containing 10% functionalized side chains was caoaiga to the
performance of P3HT:PCBM solar cells prepared filg the same
procedure€” The best PT-Pc:PCBM solar cell was obtained fdegice

with a relatively thin layer (42 nm). Better curterand efficiencies were
obtained with higher amounts of PCBM. The lal compared to
P3HT:PCBM solar cells, together with the fact that very thin layers
(thickness < 50 nm) the best currents were obtaimedicated that the
charge transport properties in the blend were unfeable. The lowF, and

the need of more PCBM to extract the charges itelicéhat the blend
morphology was not favourable. Thermal treatmenP8HT:PCBM solar
cells have been reported to result in better h@asport in the polymer

phase because of closer stacking of the conjugaibthers backbones and
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a phase separated morpholo§§. However, annealing treatments of the
PT-Pc devices did not lead to better results. ThieanBlecules in the side
chains may prevent the PT chains from self-orgagizexplaining why no
better results were obtained after annealing. Aebetn stacking would be
obtained by processing from THF, but the solubilitfy PCBM in this
solvent was too low for device preparation. A hetselubility in the
processing solvent might lead to a polymer orgdinan the blend and a

blend morphology that is favorable for high effiody power conversion.

3. Conclusion

Conjugated polymers decorated with Pc moleculesRPTand PPV-Pc)
were obtained by post-polymerization functional@atreactions using click
chemistry to couple an azide functionalized Pc RVRnd PT containing
alkyne functions in the side chains. Relative te ttumber of alkyl side
chains in the PT, integration 0H-NMR indicated that copolymers with 4%
and 8% of covalently bonded Pc were obtained, PEW#&s obtained with
9% Pc’s. These products were applied in bulk hataobion solar cells
(BHJSC) with PCBM in 1:4 blends for PPV and 1:1 dn# blends for PT.
The spectral response showed the contribution @Rt around 700 nm.
Thus, the Pc in the alkyl side chains absorbed kgitd contributed to the
generation of photocurrent. A broader absorptionth& active layer in
polymer solar cells was achieved, but material lsbty in chlorobenzene
(the processing solvent) and therefore also thetredal properties of the
processed materials in the device were affectesliolh a way that device
efficiency decreased. However, continued effortamaterials design can

lead to more processable polymer-Pc materials, whktfacilitate the
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device preparation, improve electrical properti€ésmgincoated layers and

this can result in more efficient devices.

4. Materials and methods

4.1 General experimental procedures

'H-NMR spectra were recorded on a Varian Inova 30zMpectrometer in

a 5 mm probe using deuterated chloroform or tettedfurane, obtained
from Cambridge Isotope Laboratories. Chemical shafie reported in ppm
downfield from tetramethylsilane (TMS) using theagpeof residual CHGI

as an internal standardat 7.24 ppm in chloroform, or the polythiophene
aromatic proton peak at= 6.96 ppm in tetrahydrofurane. Fourier transform
infrared spectroscopy (FT-IR) was performed on e&iReEImer Spectrum
One FT-IR spectrometer using pellets in KBr or §lirop-cast on a NacCl
disk from solution in chlorobenzene or tetrahydrahe. Gas
chromatography/mass spectrometry (GC-MS) was choig on TSQ-70
and Voyager mass spectrometers. UV-Vis spectra wecerded on a
Varian CARY 500 UV-Vis-NIR spectrophotometer frofi®to 800 nm at a
scan rate of 600 nm nifn Size exclusion chromatography (SEC) was done
with a 1 mg mC* polymer solution in THF, which was filtered withOa45
um pore PTFE syringe filter. A Spectra Physics PAOMp equipped with
two mixed-B columns (10 pm, 30 cm x 7.5 mm) Polynha@abs and a
Shodex refractive index detector at 40°C in THRadtow rate of 1.0 ml
min were used. Molecular weight distributions were suead relative to
polystyrene standards and toluene was used asnardite marker. Solar
cells were made on glass substrates (3 x 3 cm) wétierned ITO

electrodes. The substrates were sonicated in agetbganed with soapy

136



Broadening the absorption window in polymer:fulleeesolar cells

water and isopropanol and treated with UYi@ 15 minutes. Typically, 50
nm poly(ethylenedioxythiophene): poly(styrenesudita) (PEDOT: PSS)
(Clevios™ P VP Al 4083, HC Starck) was spin-coaed000 rpm. 7.5, 10
and 15 mg mt solutions of PCBM in chlorobenzene were addecht® t
polymer in (1:1), (1:2), (1:4) (w/w) ratios respgety. The solutions were
stirred at 50 °C before they were spin-coated a¢rsé spinning speeds to
investigate the influence of active layer thickne$®ie preparation of
P3HT:PCBM solar cells was done with P3HT obtaineunf Rieke Metals.
1 nm of LiF and 100 nm of Al were evaporated inthigacuum i = 107
mbar). J-V curves were measured under simulatead 8ght (100 mW cm
%) from a tungsten-halogen lamp filtered by a ScB#385 UV filter and a
Hoya LB120 daylight filter using a Keithley 2400usoe meter. Spectral
response was measured with monochromatic light feoB0 W tungsten
halogen lamp (Philips focusline) in combination twid monochromator
(Oriel, Cornerstone 130) and a lock-in amplifietaf8ord research Systems
SR830). A calibrated Si cell was used as referembe. device was kept
behind a quartz window in a nitrogen filled con&inTo measure the cell
under appropriate operation conditions, the cels Waminated by a bias
light from a 532 nm solid state laser (Edmund Gptic

4.2 Polythiophene synthesis

The preparation of monomers and the copolymeriaagaction are
reported elsewhere. The copolymer poly([3-hexyljthiene-2,5-diylleo-[3-
(6-ethoxy-6-oxohexyl)thiophene-2,5-diyl]) contaigit0% of
functionalized side chains was obtained and chamaed. (3.77 g, 74%)
GPC My: 76 700, M/M,: 1.9; FT-IR (KBr, cn'): 3053, 2954 (s), 2925
(vs), 2855 (s), 1738, 1562, 1509, 1455, 1377, 12680 1094, 1030, 821,
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725;'H NMR (300 MHz, CDCY): 6.96 (1H, s, Th), 4.10 (2H, OGH 2.79
(2H, H-T a-CHy), 2.56 (2H, s, H-Ri-CHy), 2.31 (2H CH,COOEY), 1.69 (2
H, B-CHy), 1.48 — 1.20 (10 H, ny, 8, &-CH, 3-HT andy, 3-CH,), 0.90 (6 H,
CHa); UV-Vis (Amay) 555, 602 nm

To hydrolyze the ester functions in the side chath®0 g of the 9/1
copolymer was stirred for 48 h in 200 mL of a 2 MOH solution in EtOH
under reflux. The mixture was poured out in a Me®M HCI mixture and
filtrated. The isolated copolymer was dried to obt@.95 g (96 %) of
poly([3-hexylthiophene-2,5-diylgo-[3-(6-carboxyhexyl)thiophene-2,5-
diyl]) and characterized. GPC M51 00, D: 1.7; FT-IR (KBr, cif): 2954,
2924 and 2853, 1710, 1635, 1507, 1457, 1377, 1247, 820, 803, 725;
'H NMR (300 MHz, CDCY): 6.96 (1H, s, Th), 2.79 (2H, t, H-G-CHy),
2.56 (H-Ho-CHy), 2.37 (2H, m, CHCOOH), 1.70, 1.42, 1.34 and 1.25§,
€-CHyp), 0.90 (3 H, CH) A part of the acid functionalized copolymer was
extracted with CHGl After precipitation of the extract, a lower malésr
weight fraction was filtered off. A copolymer wi#¥ (on*H-NMR) of acid

functionalized side chains was obtained. Mw = 38,88,/M,: 2.1

The acid functionalized copolymer (100 mg of théy)»0.90/0.10 and 150
mg of the (x/y) (0.96/0.04)) was dissolved in cbleenzene before addition
of the alcohol, DCC and DMAP (respectively 90 m@,r8g and 4 mg for
the 0.90/0.10 and 135 mg, 120 mg and 6 mg for t86/0.04 copolymer).
The reaction was stirred for 48 h at 50 °C. Thetunexwas precipitated in
MeOH, stirred for 1 h and filtrated to obtain 60 ragd 135 mg of the
alkyne-functionalized copolymers poly([3-hexylthieme-2,5-diylleo-[3-
(6-(prop-2-yn-oxyl)-6-oxohexyl)thiophene-2,5-diyl])GPC Mw: 31 800,
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Mw/Mp: 1.9; FT-IR (KBr, cni): 3055, 2956 (s), 2926 (vs), 2855 (s), 1746,
1656, 1562, 1509, 1455, 1377, 1261, 1156, 10921,1820, 801, 725'H
NMR (300 MHz, CDCY): (x/y) = 0.92/0.08p = 6.96 (1H, s, Th), 4.65 (2H,
OCHy), 2.78 (2H, H-Ta-CHy), 2.54 (2H, H-Ho-CHy), 2.42 (1H, s,
CHC=C), 2.37 (2H, t, CHCOOR), 1.69, 1.42 and 1.3®, ¢, 5, £-CH,), 0.89
(3H, CH)

GPC Mw: 38 600, M/Mp: 2.1; FT-IR (KBr, cni): 2956 , 2926, 2855, 1739,
1656, 1597, 1509, 1455, 1377, 1260, , 1092, 1020; 34 NMR (300
MHz, CDCE): (x/y) = 0.96/0.045 = 6.96 (1H, s, Th), 4.65 (2H, OGH
2.78 (2H, H-Ta-CH,), 2.54 (2H, H-Ho-CH,), 2.42 (1H, s, CHEC), 2.37
(2H, t, CHCOOR), 1.88, 1.66, 1.42 and 1.3 ¢, &, &-CH,), 0.89 (3H,
CHa)

4.3 PPV synthesis

The synthesis of monomers, the copolymerizationpast-polymerization
reactions are reported elsewhere. Characterizafiatkyn functionalized
copolymer which was used to react with Pc is gitceanable interpretation
of results: poly([2-methoxy-5-(3'-dimethyloctyloxy)-1,4-
phenylenevinylenego-[ 2-methoxy-5-(6-0x0-6-(prop-2-yn-oxyl)hexyloxy)-
1,4-phenylenevinylene]) GPC (THF) M= 380 000, M/M, =5.2; FT-IR
(KBr, Cm'l): 3058, 2954, 2927, 2868, 1745, 1505, 1464, 14384, 1352,
1258, 1158, 1092, 1037, 969, 868;NMR (300 MHz, CDCJ): 7.6-7.4,
7.2-7.1,4.65, 4.1-3.8, 2.43, 2.4-2.3, 1.8-0.6; U&-(Amay in THF solution
=507 nm
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4.4 Phthalocyanine synthesis and characterization

The measured potentials mDCB solution (0.005 mol dih TBAPR):
Ered: -1084 mV, B -1376 mV, E,': 609 mV, E,%: 1261 mV

4.5 Polymer-Pc coupling: click chemistry reactions

Dry THF was degassed by sonicating while an Arglmw fwas sent
continuously through the solvent. The polymer wasalved in THF by
stirring at 50 °C, before adding the azide-functimed Pc and other
reagents. Two methods were used, both giving camlanctionalization.
Equivalents were calculated relative to the numdbieralkyne functions
present in the copolymer. The reactions were stimethe dark under reflux
and inert atmosphere.

Method 1: Cul (2.5 eq.) and 0.2 eq. 2,6-lutidinegevadded to the dissolved
polymer and 2.5 eq. Pc in a total volume of 5 mLFTHo stop the reaction,
THF was evaporated, the mixture was dissolved irClgldnd extracted
with a saturated NMDH solution. The product was precipitated in MeOH,

stirred and washed with 3x 100 mL acetone befdtration and drying.

Method 2: CuBr (0.1 eq) and PMDETA (0.1 eq.) wallded to the polymer
with 2 eq. Pc in 10 mL THF. The work-up was dondilbgring the reaction
over ALO3; and washing with THF and GBI, (PPV-Pc) or CHGI(PT-Pc).
Subsequently, the total volume was reduced to 1%gnkvaporation under
reduced pressure and the resulting solution wasitated drop wise in
MeOH. The resulting copolymer was filtered off, washedeasively with

MeOH and acetone and dried at room temperaturerwadeced pressure.
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PT-Pc 4% (Method 1) 50 mg copolymer and 22 mg of Pc-azidgew
dissolved with 0.2 mg 2,6-lutidine and 5 mg Culotatain 48 mg of PT-Pc
after purification. GPC (THF): Mw: 40 200, WM. 2.2; FT-IR (KBr, cm

1): 2956 (s), 2926 (vs), 2857 (s), 1739, 1645 (bB)L.3 (W), 1487 (w), 1455,
1391(w), 1376 (w), 1363 (w), 1331 (w), 1261, 1284),(1186 (w), 1154
(w), 1092, 1046, 1020, 920 (w), 816, 800, 748 (#);:NMR (300 MHz,

CDCly): 8.18, 7.58, 6.97, 6.89, 6.83, 6.79, 5.60, 53086, 3.70, 3.64, 3.47,
2.80, 2.56, 2.40, 2.02, 1.67, 1.53, 1.32 and 0BR; UV-Vis Qimay in THF

solution 355, 443, 677 nm, in CB solution 360, 4625 nm, in film drop-
cast from THF: 348, 555, 692 nm, in film drop-cletn CB: 361, 515, 692

nm

PT-Pc 8% (Method 2) 60 mg copolymer was dissolved with 64 of Pc-
azide, 0.6 mg PMDETA and 0.2 mg CuBr. After puafion, 36m g of PT-
Pc was obtained. GPC (THF): Mw: 58 600,/M: 1.8; FT-IR (NaCl, cm
1): 2957 (s), 2927 (vs), 2856 (s), 1739, 1644 (bB)L1 (W), 1487 (w), 1456,
1390 (w), 1363 (w), 1331 (w), 1261, 1231 (w), 1186, 1152 (w), 1092,
1048, 1024, 920, 820, 800, 748/ NMR (300 MHz, THFdg): 8.14, 7.97,
7.76, 7.44, 7.35, 6.96, 6.89 6.83, 6.79, 5.60, ,52080), 2.67, 2.40, 2.04,
1.91, 1.77, 1.34 and 1.27, 0.91; UV-Visn{) in THF solution 352, 459,
677 nm, in CB solution 358, 458, 691 nm, in filnopkcast from THF: 564,
694 nm, in film drop-cast from CB: 523, 692 nm

PPV-Pc(Method 1) 50 mg copolymer, Pc-azide (38 mg, 0.9430l), 2,6-
lutidine (0.3 mg, 0.0036 mmol) and Cu(l)I (8 mg)48 mmol) were stirred
42 h at reflux temperature. After purification 5% PV-Pc was isolated
(82 % yield). GPC (THF) Nj: 217 000, M/M,: 3.2; FT-IR (NaCl, crif):
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3059, 2959, 2927, 2870, 1736, 1504, 1464, 14145,18B852, 1260, 1206,
1027, 971, 863, 800H-NMR (300 MHz, THFdg): 6 = 9.58-9.38, 8.30,
8.11, 7.90, 7.55-7.4, 7.3-7.1,5.70, 5.21, 4.1-3.8;2.3, 1.8-0.4JV-Vis
(Amay IN THF solution 509m

PPV-Pc(Method 2)50 mg copolymer was dissolved before addgy
azide (31 mg, 0.036 mmol), distilled PMDETA (0.3,g0018 mmol) and
Cu(l)Br (0.3 mg, 0.0018 mmol). 60 mg PPV-Pc wasatsml (89 % yield).
GPC (THF) My: 302 000, M/M: 4.0; FT-IR (NaCl, crit): 3058, 2959,
2927, 2869, 1737, 1504, 1464, 1414, 1385, 13510,1P%05, 1027, 970,
862, 800;"H-NMR (300 MHz, THFdg): & = 9.58-9.38, 8.30, 8.11, 7.90,
7.55-7.4,7.3-7.1,5.70, 5.21, 4.1-3.8, 2.4-2.8;7;UV-Vis (Amay in THF
solution 509m

4.6 Solar cell characteristics of best devices adi@h polymer:
PCBM combination

Jsc Voc Layer thickness
Polymer:PCBM FF  MPP
(mA/cm?) (V) (nm)

PT-COOEt 10%

5.81 065 049 1.86 73

(1:1)
PT-Pc 8% (1:2) 1.79 067 034 041 42
PT-Pc 8% (1:1) 1.46 068 0.33 0.32 33
PT-Pc 4% (1:2) 1.52 070 031 0.33 45
PT-Pc 4% (1:1) 0.75 070 028 0.15 22
PPV-C=C (1:4) 4.25 085 0.62 2.22 80
PPV-Pc (1:4) 3.36 066 035 0.77 100

142



Broadening the absorption window in polymer:fulleeesolar cells

Acknowledgements

The authors gratefully acknowledge the fundinghef®Ph.D. grant of B. J.C.
by the Institute for the Promotion of Innovatiomahgh Science and
Technology in Flanders (IWT-VIaanderen), as wellresreceived support
from the European Science Foundation (ESF) foathiwity entitled ‘New

Generation of Organic based Photovoltaic Devices'.

5. References

[1] G. Dennler, M. C. Scharber, C. J. Brab&dy. Mater.2009 21, 1323.

[2] B. C. Thompson, J. M. J. FrechAngew. Chem. Int. Edi2008 47, 58.

[3] M. C. Scharber, D. Wuhlbacher, M. Koppe, P. ReB. Waldauf, A. J. Heeger, C.
L. Brabec,Adv. Mater.2006 18, 789.

[4] M. A. Green, K. Emery, Y. Hishikawa, W. Warfrogr. Photovoltaic2009 17,
320.

[5] Y. Y. Liang, D. Q. Feng, Y. Wu, S. T. Tsai, G, C. Ray, L. P. YuJ. Am. Chem.
S0c.2009 131, 7792.

[6] A. Hadipour, B. de Boer, P. W. M. BlorAdv. Funct. Mater2008 18, 169.

[7] J. Y. Kim, K. Lee, N. E. Coates, D. Moses, T.Nguyen, M. Dante, A. J. Heeger,
Science007, 317, 222.

[8] A. de la Escosura, M. V. Martinez-Diaz, D. Mul@i, T. Torres,J. Am. Chem.
So0c.2006 128 4112.

[9] G. Bottari, D. Olea, C. Gomez-Navarro, F. Zamal. Gomez-Herrero, T. Torres,
Angew. Chem. Int. EQ008 47, 2026.

[10] M. Quintiliani, A. Kahnt, T. Wolfle, W. Hieriger, P. Vazquez, A. Gorling, D. M.
Guldi, T. TorresChem. - Eur. J2008 14, 3765.

[171] M. V. Martinez-Diaz, S. Esperanza, A. De lac&sura, M. Catellani, S. Yunus, S.
Luzzati, T. TorresTetrahedron Lett2003 44, 8475.

[12] M. K. R. Fischer, I. Lopez-Duarte, M. M. Wienl. V. Martinez-Diaz, R. A. J.
Janssen, P. Bauerle, T. TorrésAm. Chem. So2009 131, 8669.

[13] D. Placencia, W. N. Wang, R. C. ShallcrossYK.Nebesny, M. Brumbach, N. R.
Armstrong,Adv. Funct. Mater2009 19, 1913.

[14] Y.Y.Lin, T. H. Chu, S. S. Li, C. H. Chuang@, H. Chang, W. F. Su, C. P. Chang,
M. W. Chu, C. W. Chen]. Am. Chem. So2009 131, 3644.

[15] B. C. O'Regan, |. Lopez-Duarte, M. V. MartinBmaz, A. Forneli, J. Albero, A.
Morandeira, E. Palomares, T. Torres, J. R. DurcarAm. Chem. So2008 130, 2906.

[16] J. K. J. Van Duren, X. Yang, J. Loos, C. WBLlle-Lieuwma, A. B. Sieval, J. C.
Hummelen, R. A. J. Janssékgv. Funct. Mater2004 14, 425.

[17] H. G. Gilch, W. L. Wheelwright]. Polym. Sci.: A966 4, 1337.

[18] R. A. Wessling,). Polym. Sci. Pol. Syrh985 72, 55.

[19] L. Lutsen, P. Adriaensens, H. Becker, A. Jn\Baeemen, D. Vanderzande, J.
Gelan,Macromoleculed4999 32, 6517.

[20] I. Osaka, R. D. McCullougtcc. Chem. Re2008 41, 1202.

143



Chapter 5

[21] R. D. McCulloughAdv. Mater.1998 10, 93.

[22] B. J. Campo, W. D. Oosterbaan, J. Gilot, TCI&ij, L. Lutsen, R. A. J. Janssen, D.
Vanderzande, iRProceedings of SPIR20097416-53.

[23] Y. Kim, S. Cook, S. M. Tuladhar, S. A. Choulis Nelson, J. R. Durrant, D. D. C.
Bradley, M. Giles, I. McCulloch, C. Ha, M. Regat. Mater.2006 5, 197.

[24] B. Ballesteros, G. de la Torre, T. Torres GHug, G. M. A. Rahman, D. M.
Guldi, Tetrahedror2006 62, 2097.

[25] V. V. Rostovtsev, L. G. Green, V. V. Fokin, B. SharplessiAngew. Chem. Int.
Ed.2002 41, 2596.

[26] B. Ballesteros, G. de la Torre, C. Ehli, G. M.Rahman, F. Agullo-Rueda, D. M.
Guldi, T. Torres,J. Am. Chem. So2007, 129, 5061.

[27] S. Campidelli, B. Ballesteros, A. Filoramo, D. Diaz, G. de la Torre, T. Torres,
G. M. A. Rahman, C. Ehli, D. Kiessling, F. Wern€r,Sgobba, D. M. Guldi, C. Cioffi, M.
Prato, J. P. Bourgoid, Am. Chem. So2008 130, 11503.

[28] J. Duchateau, L. Lutsen, D. Vanderzande, Tldij, 2009

[29] B. J. Campo, J. Gilot, H. J. Bolink, J. ZhdoC. Bolsée, W. D. Oosterbaan, S.
Bertho, B. Ruttens, J. D'Haen, T. J. Cleij, J. Marc Lutsen, G. Van Assche, R. A. J.
Janssen, D. Vanderzan@®09 as in chapter 4

[30] B. Neises, W. StegliclAngew. Chem. Int. EA973 17, 522.

[31] T. L. Benanti, A. Kalaydjian, D. Venkataramanacromolecule2008 41, 8312.
[32] J. Hou, L. Hou, C. He, C. Yang, Y. lMacromolecule2005 39, 594.

[33] S. E. Shaheen, C. J. Brabec, N. S. Sarici#tcRadinger, T. Fromherz, J. C.
HummelenAppl. Phys. Lett2001, 78, 841.

[34] F. Padinger, R. S. Rittberger, N. S. Sariciftdv. Funct. Mater2003 13, 85.

144



Chapter Six:
Increased morphological stability in side-chain
functionalized poly(3-alkylthiophene):fullerene

bulk heterojunction solar cells

Abstract: In P3HT:PCBM solar cells, the BHJ morphology of
the interpenetrating network in the active layerigical for high device
efficiency. Here, an increased thermal stabilitynadrphology is presented
in blends of PCBM with side chain functionalizedHI3based random
copolymers. The increased thermal morphologicdliléiais visualized in
optical micrographs of the blend and results in arenstableJs. and
efficiency when devices are kept at 100 or 125 &€ dt least 100 h.
Decreased crystalline order in the copolymer:PCBIghtts compared to
P3HT:PCBM is visible in XRD. The crystallizationnigtics in the blend are
affected, as illustrated by DSC measurements, slpwilown phase

separation and resulting in thermally more stabteva layers in solar cells.

1. Introduction

Recently, solar cells with a polymer:fullerene llan the active layer and
power conversion efficiencies (PCE) above 6% hagenbreported: %

Design and synthesis of materials, combined with device architectures
and processing techniques are responsible fordhgecutive improvements

that pave the way towards commercializatith.Because of the limited

® To be submitted by B. J. Campo, J. Zhao, S. BeBh&uttens, W. D. Oosterbaan, G.
Van Assche, J. Manca, J. D'Haen, T. J. Cleij, Ltsem, B. Van Mele and D. Vanderzande



Chapter 6

exciton diffusion length in organic semi conductiggpically ~10 nm), the
nano-scale interpenetrating bulk heterojunction JBHhetwork of the
polymer (electron donor) and fullerene (electroegtor) is essential to
dissociate created excitons and to collect chaagetbe electrodg: 1! A
blend for which the morphology has been thorougmestigated is poly(3-
hexylthiophene) (P3HT): [6,6]-phenylsEbutyric acid methyl ester
(PCBM) P 2 Regioregular P3HT tends to self-organize, favodrghase
separated morphology and stacking of the polymeainsh resulting in
efficient exciton dissociation, high charge mokitind PCE* ** pCBM,

a soluble Gyderivative, forms crystalline needles in the P3HIB®M blend
upon prolonged heating, indicating the intrinsierthal instability of the
blend morphology that endangers the long term @estability™* ** The
tendency for the P3HT and PCBM to crystallize amtemsive phase
separation to occur, depends on polymer charaitsrissuch as
regioregularity, the weight fraction of PCBM anc ttemperature to which
the device is exposétf: * ***8IThe ongoing phase separation decreases the
surface of the donor/acceptor interface, so thezdess excitons separated
and therefore the current and efficiency in thesokll decrease in tine”

It has been reported that the morphological stghitiay be increased by the
use of non crystalline fullerene derivatiV&, compatibilizing
compound$! ? materials with highty™* ? or by crosslinking the material
in the active laye*?® In this communication, solar cells with blends of
side chain functionalized P3HT-based copolymers B@BM with an

increased thermal morphological stability are réguhr

146



Increased morphological stability in copolymer:PCB#lar cells

2. Experimental part

Monomer and polymer synthesis is reported elsewh@i®ynthesis that has
not been described before and characterizationPfdris added to the
supporting information (Supporting figure 1). Alebds of polymer:PCBM
were made in a 1/1 ratio (w/w). Optical micrograplese taken from blends
spin-coated on silicon substrates. Solar cells wasgle on glass ITO-
patterned substrates. All substrates were cleantdswmnicating in soapy
water, Mili-Q water, acetone and heated in isopnopaollowed by a
UV/O3 treatment. To prepare solar cells, a PEDOT:PS$t(@a P) layer
was spincoated from aqueous solution on the ITCctrelde. The
polymer:PCBM (1:1) blend was spincoated from a 1§ mi_* polymer
solution in chlorobenzene and annealed for 15 magwt 100 °C on a
hotplate. As a cathode, typically 20 nm Ca and 80At were deposited in
high vacuum (p = 1.10 mbar).1-V measurements were performed ip N
atmosphere under AM 1.5G simulation, using an Fiklulator equipped
with a 150 W Xenon short arc lamp.

Accelerated life testing was done in a heating diamwhich was
developed for this purpose. The solar cells werg ke the dark, lighting
only for I-V characterization every 30 minutes, while the expents’
temperature was kept constant. Solar cell chaiiatitarare given relative to
their initial value at timet, at the experiments’ temperature. XRD
measurements were done on a Siemens D5000 diffnatéo in6-2 6 mode.
The incident beam used is the GuKline of a Ge(111) monochromator,
with ai = 0.154056 nm. Differential scanning calorimetpSC) was done
to measure the melting temperatufg)(and melting enthalpy4H,,) on a
TA Instruments Q2000 (Tzel¥) with Refrigerator Cooling System (RCS)
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and nitrogen 50 mL mih aluminum Tzero crucible at a scan rate of 10.0 K

min’. The first cooling and second heating run wereldsediscussion.

3. Results and discussion

The synthesis and application in BHJ solar cellthefP3HT-based random
copolymers poly[(3-hexylthiophene-2,5-diyd-(3-[R]thiophene-2,5-diyl)]
with R = 2-acetoxyetheyl R1), 2-hydroxyethyl) P2) and 2-

cinnamoyloxyethyl ©3) (Figure 2) is reported elsewhéfe. 2®

Figure 1. Structures of the side chain functionalized P34i5ed random copolymers and
the soluble C60 derivative PCBM

The thermal stability of the side-chain functiomatli copolymers as
measured with TGA is somewhat lower compared to TP3Supporting
figure 2), but thermal degradation starts only wabove the testing
temperatures used for BHJSC. The performance e&tbepolymers in BHJ
solar cells depends on the percentage of the fumadized side chains in the
copolymer. The short circuit currenitsd and PCE decrease with a higher
percentage of functionalized side chains, due eodikturbing effect of the
functionalized side chains on polymer organizabenause they - partially -
prevent the stacking of the conjugated backb&fedower melting
enthalpies of the copolymers compared to P3HT, oredswith Differential

Scanning Calorimetry (DSC), indicate a lower petaga of crystalline
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material with higher percentages of functionalizedie chains. The
decreased crystallinity in copolymers causes aighetocurrent and solar

cell power conversion efficiend/. 2%

3.2 Decreased PCBM crystallization upon annealingfo
copolymer:PCBM blends

In optical microscopy pictures of polymer:PCBM (1wl/w) blends (figure
2), it is observed that after 15 minutes at 123%€d are plenty of pum-scale
PCBM crystals visible for the P3HT:PCBM blend. Taereedle-like
crystals are created when PCBM diffuses out of thlend and
crystallizes® In blends of the copolymers with PCBM however, tieedle
formation is suppressed. After 15 minutes at 1250102 9/1 there are no

needles visible at all, fd?3 9/1 occasionally a PCBM needle can be found.

a b C

P3HT

Figure 2. Needle-like PCBM crystals in optical microgragigpolymer:PCBM (1:1)
blends annealed at 125°C for a) 15 minutes b) 2shand c) 24 hours. The scale bar is 50
pm.
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With longer annealing times, the number of PCBMstais increases
strongly in the P3HT:PCBM blend but only slightlyn ithe
copolymer:PCBM blends, indicating a thermally mstable morphology in
the copolymer blends. It is clear that the decreasgstalline behaviour of
the copolymers also decreases the PCBM crystatiizavhen the blends
are annealed for a longer time at 125 °C. The lowe&dency of the
copolymers, compared to P3HT, to self-organize eflected in an
augmented thermal stability of the polythiophené@RIChblend morphology.
That polymer crystallization affects the PCBM caydiormation has been
shown before for P3HT in a series with differing;imegularity[.”] Here,
when copolymers with a higher percentage of fumetized side chains are
used, the polymer stacking is disturbed more styongyith an increasing
degree of functionalization, less PCBM crystalsevebserved (supporting

figure 3).

3.3 Decreased crystallization rate in copolymer:PCH blends

X Ray Diffraction (XRD) and Differential Scanningalorimetry (DSC)
were performed on copolymer:PCBM blends to colieote information on
the crystallization phenomena. In P3HT:PCBM blemsgin-coated from
chlorobenzene, the lamellar stacking in P3HT wipecing around 17.0 A
is in accordance with literature valu&$.Upon annealing, the diffraction
peak narrows, caused by a directional alignmergodymer chains. IP3
9/1:PCBM blends, no crystalline signal is visibtefilms spincoated from
PCBM. Upon annealing 15 minutes at 125°C, the aflyseé diffraction
signal was detected but this was broader compar@&8BHT, indicating that
the orientation of the formed crystallites is ldsfined.
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Figure 3: a) DSC curves of P3HP29/1 andP39/1 and PCBM, and their respective 1:1
(w/w) blends, b) d-values obtained from XRD difftiaa patterns of P3HT:PCBM (1:1)
blends before and after annealing

The heating and cooling curves for P3HT, tR€ 9/1 and P3 9/1
copolymers and their (1/1) blends with PCBM areldiged in Figure 3 a, b
and c, respectively. For P3HT:PCBM blends thera single crystallization
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peak visible in the first cooling curve, comparabbewhat was reported
beforet®® At the same scan rate of 10 K mihowever, no crystallization
can be measured for the copolymer:PCBM blends. oéigh the
crystallization of PCBM is visible in optical micgoopy and the crystalline
stacking in the copolymer was clear in XRD, thespree of functionalized
side chains affected the crystallization kineti€sh® two materials in the
blend in such a way that no melting or crystaliatcould be detected with
DSC.

3.4 Increased thermal stability in copolymer:PCBM slar
cells

To verify if the increased thermal morphologicaltslity in the blend was
also reflected on the thermal stability of the BBJSseveral
ITO/PEDOT:PSS/polymer:PCBM(1:1)/Ca/Al devices wesabjected to
higher temperatures for a specific time. The efficies, relative to the first
measurement at the experiments’ temperature, amdaged in Figure 4.
The relative efficiency of P3HT:PCBM solar celle atisplayed in Figure
4a as a function of time for several temperaturds80 °C, the device
efficiency is fairly constant for at least 100 ht 200 °C and 125 °C, the
efficiency of the P3HT:PCBM device decreases imrggy fast. When
looking at the device parameters (supporting intdrom), the degradation
of Jsc is largely responsible for the decreasing efficienAs the phase
separation continues in the blend morphology, aratgeds increasingly
fast with higher temperatures within a certain Bnigss excitons are
dissociated and less current is generated, theredgy is the most
appropriate parameter to correlate with morphokigistability!*® The
decrease irF andV,: may also be related to reorganization effectdhen t
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blend, but other ageing mechanisms can not be d@edluat these

temperatures and in this time interval.
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Figure 4. Efficiency as a function of time for ITO/PEDOTIpmer:PCBM (1:1)/Ca/Al
solar cells with a) P3HT at 80°C (squares), 10afi@r(gles) and 125°C (stars) B3 9/1 at
80°C (squares), 100°C (triangles) and 125°C (srBBHT (squaresR2 9/1 (triangles)
andP39/1 (stars) at 125°C.

In Figure 3b, the evolution d?3 9/1 copolymer solar cells efficiency is
given at several temperatures. Here, the efficieiscless dependent on
temperature, and is quite stable even at 125 °A%0rh. From the device
parameters (supporting figure 5), the consiagnpoints to a thermally more
stable morphology in thé?3 9/1:PCBM solar cells: after 150 h no
degradation of the photocurrent could be obserVed FF andV,. showed

fluctuations of about 10% relative to the initi@lwe throughout the testing

period. In Figure 3c, the device efficiency of P3kdlar cells at 125 °C is
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compared to that of devices made Ww#th9/1 andP3 9/1 copolymer blends.
The Jsc and efficiency of the P3HT solar cells decreasasimmore rapidly
compared to the copolymer solar cells. The morgholoin a
copolymer:PCBM blend is much less sensitive toganization compared
to P3HT, resulting in the increased thermal stabiif copolymer:PCBM
solar cells. Introducing 10% of functionalized saekains does not affect the
PCE significantly when compared to P3HT:PCBM dewvigarocessed

according to the same procedure, but increasesdnghological stability.

4. Conclusion

Although there is some crystallization in a copotytRCBM blends
(PCBM crystallization visible with optical microgep, crystalline P3AT
stacking in XRD), the presence of the functionalizzgde chains slows
down the crystallization rate (not visible with DSE 10 K min') which
stabilizes the blend morphology. The stable blemdpmology in the device
leads to a more stable photocurrent in solar @ll$25 °C. The increased
thermal morphological stability for the 9/1 copolgra presents a
compromise between high efficiency and increasesinhl stability in
polythiophene:fullerene bulk heterojunction solelis
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Chapter 6

Supporting information

Synthesis and characterizationR#

Hydrolysis of the ester functions is done post-pwyization by refluxing
1.04, 1.00 and 1.00 g of finely grounded copoly®&®/1, 7/3 and 1/1
respectively in 100 mL 0.2 M NaOH solution in Me@t 24h. The
mixture is poured out in 600 mL of a MeOH/2 M HCixtare and stirred,
copolymers P2 are filtered off and rinsed witfCHand MeOH.

P2 9/1(1.00g, 98%) UV-VisXmax,film) 520, 550infl, 600sh GPC (THF):
M,= 31 100 , M= 68 100, D= 2.2; FT-IR (KBr, ci): 2953 and 2853 (C-H
), 1640, 1508 and 1455 (C=C), 1376 (EH292- 1046 and 821 ¢h{C-H),
723 (CHy) *H-NMR (300 MHz, CDC4, 8): 7.03, 7.01, 6.96 (1H, m, Th),
3.95 (2H, t, CH-OH), 3.09 (2H, tp-CH,CH,-OH), 2.79 (2H, t, H-Ta-

CH,), 2.56 (2Ha-CH,, 1.70 (2 H, mp-CH,3-HT), 1.45 — 1.25 (6 H, ny,
3,e-CHp), 0.90 (3H,t, ChH)

P2 7/3(0.99, 95%) GPC (THF): M 21 500, M= 42 100 , D= 2.0;
vmaKBr)/cm™ FT-IR (KBr, cm'): 2951, 2923 and 2853 (C-H ), 1639, 1509
and 1455 (C=C), 1376 (GM 1290, 1132, 1042 and 821 ¢r(C-H) 722
(CHs) *H-NMR (300 MHz, CDGC}, 8): 7.05, 7.02 and 6.96 (1H, m, Th), 3.96
(2H, t, CH-OH), 3.10 (2H, t,a-CH,CH,-OH), 2.78 (2H, t, H-Ta-CH,),
2.56 (2H,br s, H-H1-CH,), 1.69 — 1.23 (8 H, nB, v, 3, e-CHy), 0.90 (3 H, t,
CHs)

P2 1/1(1.0g, 100%) GPC (THF): M 9 500, M,= 17 700, D= 1.9; FT-IR
(KBr, cmi!): 2920 and 2850 (C-H ), 1639, 1508 and 1455 (C1BJ6
(CHs), 1298, 1230, 1142, 1038 and 823 (@-H); *H-NMR (300 MHz,
CDClg, 8): 7.02 and 6.96 (1H, m, Th), 3.96 (2H, t, £8H), 3.09 (2H, to-
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CH,CH,-OH), 2.78 (2H, t, H-To-CH;), 1.68 — 1.23 (8 H, n, v, 5, &-CHb),
0.90 (3 H, t, CH)

Esterification of the alcohol iR2 was done by dissolving 600, 500 and 300
mg of the 9/1, 7/3 and 1/1 copolymer in THF, resipety. Triethylamine

(15 mL) and 10 eq. of cinnamoylchloride were addéde reaction was
stirred at room temperature overnight. After preaipon and filtration 610,
600 and 370 mg of the resulting copolymeBwere obtained after
purification with Soxhlet extraction using acetone.

P3 9/1UV-Vis (Amax.film) 553, 600sh; GPC (THF): M 33 100, M= 74
500, D= 2.2; FT-IR (KBr, ci):2956, 2923, 2853, 1711, 1635, 1505, 1449,
1375, 1306, 1259, 1158, 1075, 848;NMR (300 MHz, CDC}, §): 7.70

and 7.65 (d, 1H, C=CH-Ph), 7.47 (m, 2H, &K7.32 (m, 2H, CiH), 7.06 -
6.96 (m, Hy and Hy), 6.44 and 6.39 (d, 1H, COCH=C), 4.49 (t, 2H,,Ol
3.23 (t, 2H0-CHy), 2.79 (t, 2H, H-Ta-CH, 3-HT) and 2.56(-CH, 3-HT),
1.70 (m, 2HB-CH, 3-HT), 1.46 — 1.25 (m, 6H, 3, e-CH, 3-HT), 0.90 (t,
3H, CHy)

P3 7/3UV-Vis (Amax.film) 549 nm, sh 599 nm; GPC (THF):,M25 300,
Mu= 47 500, D= 1.9; FT-IR (KB, Cﬁ):2956, 2924, 2853, 1712, 1635,
1510, 1449, 1377, 1307, 1262, 1201, 1161, 10901, 1824;"H NMR (300
MHz, CDC, 8): 7.70 and 7.64 (d, 1H, C=CH-Ph), 7.46 (m, 2H,QH7.33
(m, 2H, CHby), 7.12- 6.96 (M, kh and Hy,), 6.44 and 6.39 (d, 1H,
COCH=C), 4.48 (t, 2H, C§D), 3.21 (t, 2Hp-CH,), 2.77 (t, 2H, H-Ta-CH,
3-HT) and 2.56¢-CH, 3-HT), 1.67 - 1.31 (m, 6Hy, 3, e-CH,3-HT), 0.88

(t, 3H, CH)

P3 1/2UV-Vis (Amax ,film) 521; GPC (THF): M= 19 800, M,= 40 300, D=
2.0; FT-IR (KBr, le): 3060, 2954, 2926, 2855, 1714, 1637, 1511, 1495,
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1450, 1378, 1327, 1309, 1282, 1202, 1162, 1071,8623823, 766'H

NMR (300 MHz, CDC}, §): 7.68 and 7.63 (d, 1H, C=CH-Ph), 7.46 (m, 2H,
CHpr), 7.32 (m, 2H, Clg), 7.12- 6.96 (m, h and Hy,), 6.43 and 6.38 (d,
1H, COCH=C), 4.47 (t, 2H, Ci®), 3.21 (t, 2Hp-CHy), 2.76 (t, 2H, H-To-
CH, 3-HT) and 2.56-CH, 3-HT), 1.67 — 1.23 (m, 2H3-CH, 3-HT), 1.30-
1.23 (m, 6Hy, 3, e-CH,3-HT), 0.88 (t, 3H, Ch)

Supporting Figure 1 a)*H-NMR spectra, b) DSC cooling and heating curvg$I€DSC
measurements &3 9/1, 7/3 and 1/1 copolymers with respectively3®and 50 mol % of
functionalized side chains
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Supporting Figure 2: Thermal Gravimetrical Analysis of copolymersk), b) P2, and c)
P3
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Chapter 6

Supporting Figure 3: Optical micrographs of co-polymer:PCBM (1:1, w/slgnds forP1
(top) andP3 (bottom) annealed at 125 °C for a) 15 minutes bd&rs c) 24 hours

P1

9/1 7/3 1/1

P3
9/1 7/3 1/1
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Supporting Figure 4: Characteristics of ITO/PEDOT/P3HT:PCBM (1:1)/Casélar cells
at higher temperature as a function of time
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Supporting Figure 5: Characteristics of ITO/PEDOWFB 9/1:PCBM (1:1)/Ca/Al solar cells
at higher temperature as a function of time
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Summary

Conjugated polymers combine semi-conductive eledtrproperties with
desirable mechanical properties such as light weagld high mechanical
strength and flexibility. This enables the devel@mmof new technologies
and applications based on these materials. Polx$Hiiophene) is a
conjugated polymer that has been extensively iigesd in
polymer:fullerene bulk heterojunction solar cells. chapter 1, several
synthetic routes and the regioregularity of theultesy polymer structure
are discussed. As the most important applicationP8HT, the bulk
heterojunction solar cell with PCBM is introduc&8HT-based copolymers
are presented as a possible route to further ingptbe performance of
P3HT:PCBM solar cells. Every following chapter igdaaft for) manuscript
for publication.

The oxidative polymerization with FeCis used to synthesize copolymers
based on P3HT, as reporteddimapter 2 Non-regioregular copolymers of
3-HT with thiophenes containing the ester analoglian alcohol or acid
groups in the side-chain are synthesized. Generidléy molecular weight
and reaction yield lowers with an increasing petage of functionalized
side chains because of a decreasing solubility. cpmlymers of the type
Poly([3-hexylthiophene-2,5-diyl¢o-[3-(R)thiophene-2,5-diyl]) are used as
a template for further reactions on the R groum thnctionalized side
chains. After hydrolysis of the ester groups, teesatile alcohol and acid
functions are subjected to functionalization withey molecules. This way,
a variety of crosslinkable functional groups isrdaciuced into the polymer
side chain. The compatibility of an ester groupthe side chain with

electronic performance is shown in a polymer LED.



Summary

In chapter 3, the design and synthesis of the same type of H3$€d
copolymers as in chapter 2 is presented using tieeRmethod. This
method gives a more regioregular polymer. A preiemy study of the
impact of the functionalized side chains on polympeperties is done. The
UV-Vis absorption of the polymer and the polymeeras with PCBM is
correlated with the performance of these blendsuik heterojunction solar
cells. It is observed that an increasing percentafgéunctionalized side
chains disturb the polymer organization in a polyrfien and blend. A
larger side chain functional group has a strondfeceon then-n stacking
of the conjugated polymer backbones.

The effect of the introduced side chains is ingzgéd in more detail for
two regioregular copolymer series ichapter 4 That the produced
copolymers are in fact random copolymers is obskine'H-NMR. The
percentage of functionalized co-monomers in theaonmar feed varies from
10 to 30 and 50%, corresponding to the percent&denationalized side
chains in the copolymer. Thermal characterizatibaws that copolymers
with a higher percentage of functionalized sideith&ave a lower melting
temperature and enthalpy, an indication of lesgepecrystalline ordering.
The solid phase-structure of copolymers contairiigo of functionalized
side chains is studied with XRD and TEM. A largandtionalized side
chain increases the lamellar stacking distancedistdrbs ther-n stacking
more strongly. The decreasing crystalline ordearasffect of the side chain
functionalities causes a decrease in hole mob#isymeasured in OFETSs.
With appropriate processing conditions however,dberease in solar cell
performance is limited for smaller side chain fumacalities. The
copolymers containing 10% of side chains performenevetter as compared
to devices with P3HT, processed in the same camditi
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A strategy to increase device efficiency is probedhapter 5. Using post-

polymerization functionalization, an alkyne funciadized copolymer is
synthesized. A Phthalocyanine (Pc) with an azideigrallows to use click
chemistry so that conversion of triple bonds is plate. The polymer- Pc
system absorbs a broader range of wavelengthyjdeneed in the UV-Vis

absorption. A broader absorption window allows #utive layer in solar
cells to absorb more energy. The spectral respshssvs that the Pc
absorption contributes to photocurrent generafidre device performance
in polymer-Pc:PCBM solar cells however, is lower asnpared to the
original polymer:PCBM devices, due to the low sditpof the polymer-Pc

in the processing solvent.

Finally, in chapter 6, the impact of the functionalized side chains on
thermal morphological stability of a polymer:PCBMillb heterojunction
blend is discussed. In optical micrographs, a lowerount of PCBM
crystals is visible after thermal annealing in dgpeer:PCBM blends as
compared to P3HT:PCBM blends. Even for 9/1 copohgneontaining

10% of functionalized side chains, the differenathW3HT is remarkable.
In solar cells with copolymer:PCBM blends, the eutris stable for a
longer time at higher temperatures. DSC and XRE& daticate that 10% of
functionalized side chains interfere with polymeystallization, disturb and
thus slow down the reorganization by crystallizatidsing 9/1 copolymers
of P3HT, a thermally more stable blend morphologyobtained, while
comparable efficiencies were reached in chapter 4.
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Samenvatting

Geconjugeerde polymeren combineren halfgeleidendiektrische
eigenschappen met gewenste mechanische eigensohampezijn licht,
sterk en plooibaar. Dit laat toe om nieuwe techgieén en toepassingen te
ontwikkelen, gebaseerd op deze materialen. Polg{®4thiofeen) (P3HT)
is een geconjugeerd polymeer dat uitgebreid werde@ocht voor
toepassing in polymeer:fullereen bulk heterojunczennecellen. In
hoofdstuk 1 worden verschillende syntheseroutes en de regitaetpit
van de resulterende polymeren besproken, evenalsbalangrijkste
toepassing van P3HT: de bulk heterojunctie zonneoett PCBM.
Copolymeren gebaseerd op P3HT worden voorgestsiceeh mogelijke
route om de prestaties van P3HT:PCBM zonnecelleerteeteren.

De oxidatieve polymerisatie met FgGhordt gebruikt om copolymeren
gebaseerd op P3HT te synthetiseren, zoals voolgestehoofdstuk 2
Niet-regioregulaire copoymeren worden gesynthetiseean 3-HT met
thiofenen die de ester-analogen van een zuur ohalegroep in de zijketen
bevatten. Algemeen liggen het moleculair gewichiderreactie opbrengst
lager met een toenemend percentage gefunctiomaleseeijketens,
veroorzaakt door een dalende oplosbaarheid. Delysopoen van het type
type Poly([3-hexylthiofeen-2,5-diylgo-[3-(R)thiofeen-2,5-diyl]) worden
gebruikt als template voor verdere reacties opRhgroep. Na hydrolyse
van de esterfuncties, wordt de chemische veelnigldyvan de zuur- en
alcoholgroep geillustreerd door verdere reactievaeschillende moleculen.
Alzo wordt een verscheidenheid aan vernetbare ifumele groepen in de
zijketen gebouwd. De compatibiliteit van een estggpep met een

elektronische toepassing wordt aangetoond voopeBmnere LED.



Summary

In hoofdstuk 3 wordt het ontwerp van hetzelfde type copolymernim
hoofdstuk 2 voorgesteld, samen met de synthese dimdRieke methode.
Deze methode leidt tot een meer regioregulair pemEen studie van de
impact van de gefunctionalizeerde zijketens op idenschappen van het
polymeer wordt gedaan door correlatie van de UV-afisorptie van het
polymeer en de polymeer blends met PCBM enerzijdsda prestatie van
deze blends in bulk heterojunctie zonnecellen amder Een hoger
percentage functionele groepen verstoort de orghaigan het polymeer in
film en in blend. Een grotere gefunctionaliseerileeten heeft een sterkere
invloed op dert-n ordening van de geconjugeerde polymeerketen.

Het effect van de ingevoerde zijketens wordt meeletpilleerd onderzocht
in hoofdstuk 4 voor twee reeksen regioregulaire copolymeren. Deze
copolymeren zijn random copolymeren, zoals geolksed in *H-NMR.
Het percentage aan gefunctionaliseerde co-monomardret monomeer
mengsel komt overeen met het percentage functiogedepen in het
copolymeer en wordt gevarieerd van 10 naar 30 €e¥.50hermische
karakterisatie toont dat copolymeren met een hogercentage aan
gefunctionaliseerde zijketens een lagere smelttesiyner en enthalpie
hebben in vergelijking met P3HT, een indicie vam eeinder perfecte
kristallijne ordening. De structuur in vaste fasa\copolymeren met 50%
functionele groepen wordt bestudeerd met X-straatlecrond diffractie.
Een grotere gefunctionaliseerde zijketen veroorzaak toename van de
afstand tussen twee lagen en verstoortt-geordening. De dalende orde
heeft een lagere gaten mobiliteit als gevolg, gemenh OFETs. Met
aangepaste omstandigheden tijdens de verwerkingamhecellen is het

effect op de prestatie van de zonnecelen eerdearkteCopolymeren met
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10% functionele groepen presteren zelfs beter rgelgking met P3HT in
zonnecellen, als deze gemaakt worden volgens zpttazedure.

Een strategie om de efficientie in zonnecelleneghogen wordt aangereikt
en uitgediept inhoofdstuk 5 Door middel van post-polymerisatie
functionalisatie wordt een alkyn-gefunctionaliseeapolymeer verkregen.
In cominatie met een azide bevattend Phthalocya(®@ wordt “click
chemie” toegepast om volledige reactie van de dhbdle binding te
verkrijgen. Het polymeer-Pc gekoppelde systeem thesin bredere
absorptie, hetgeen wordt aangetoond met UV-Vistepsmopie. Omdat er
meerdere golflengtes geabsorbeerd worden, kan uleezel meer energie
opnemen. De spectrale respons toont dat de Pcptilesook daadwerkelijk
in elektrische energie wordt omgezet. De efficenttan polymeer-
Pc:PCBM ligt echter lager dan de efficientie vanlypwer:PCBM in
zonnecellen omwille van de lagere oplosbaarhelteirgebruikte solvent.
Tenslotte wordt in hoofdstuk 6 het effect van ddugetionaliseerde
Zijketens op de thermische stabiliteit van de pagmPCBM morfologie
besproken. Na annealing zijn met optische micrascegn lager aantal
PCBM kristallen zichtbaar in copolymeer:PCBM blemisergelijking met
P3HT:PCBM blends. Zelfs voor 9/1 copolymeren, mé®olfunctionele
groepen, is het verschil met P3HT opmerkelijk. lanzecellen met
copolymeer:PCBM blends is de stroom gedurende aegele tijd stabiel
op hogere temperatuur. DSC en X-straal diffractizem erop dat 10%
gefunctionaliseerde zijketens interfereren met dkeming in het polymeer,
en de reorganisatie in blends vertragen door hestaren van de
krisatllisatie. Gebruik makend van een 9/1 copolgm&orden efficienties
bereikt vergelijkbaar met P3HT, gecombineerd matveghoogde stabiliteit
van de morfologie in de blend.
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aan jou mogen ontfutselen, tussen de grappige edspr door. Jean-
Christophe, merci beaucoup pour l'atmosphere atgéaiendant la
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préparation des OFETS. Bart Ruttens dank ik vookatakterisatie dmv
XRD, Geert Lekens voor de raadgevingen wat betrafe
verouderingsexperimenten. Dr. Jan D’Haen, Profn Jdanca, Dr. Abay
Gadisa en Koen Vandewal waren ook steeds te vindem leerrijke
discussies. Verder was de sfeer in het IMO-gebaudaarrond aangenaam,
waarvoor dank aan Rob,Ronald, llse, Ann, Bert, WQuEvi, Lars en Jan.
Dan resteren nog de belangrijkste mensen in myanemijn vrienden en
familie. De vrienden uit Brussel, die zich langzaaam het verspreiden zijn
over Belgié en daar stilaan vervallen in volwassaken zoals samenwonen,
trouwen en kinderen krijgen. Jullie zijn steeds geweldige motivatie om
waar dan ook samen te komen om - al dan niet aanabg — het nodige
plezier te beleven. Gedurende het doctoreren waoknsteeds de WK-
activeiten memorabele hoogtepunten en momenten nedlectie en
ontspanning. lemand die tijdens de eerste jaren dexe periode een
speciale plaats heeft ingenomen is Katleen. Denhering aan die tijd en
aan de vele verblijven in hotel Hens zijn mij dieab. Camille, de voorbije
jaren waren een droom voor mij, het sprookje datakht. Onze ervaring
samen in Spanje, de wederzijdse liefde, het vesteouen respect, de spirit
die er was in onze relatie, zijn dingen waar ikrgieezal blijven uithalen.
Mijn familie, P Jef, Bomma en Bobonne, Ma en ArndRh en Anneke.
Peter, Ward en Mie. De weekends thuis of familadé&viteiten in Hasselt
of elders— ook al vallen die verdacht veel samenaaiachtige bezigheden
- zijn momenten waar ik veel plezier en voldoeninighaal en zaken die ik

koester. Ik ben steeds trots en blij als ik alleels en zusje samenzie.

Dank u!
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ANOVA ANALYS'S O F VA;LUE The test invales computation of the Fid rafio;

IS YOUR RESEARCH WORTH ANYTHING?

Developed i 1042 by
enelicest FLA. Fischer, the
nalysis of Value is a

powerful staistical tool

designed to lesl the
sgnificance of one's wark.

Significance & determined by comparl
ome's research with the Dull Hy 5.

Ho! = Hg 7

Hyg . tha Dull Hypothesis
§y ¢ significance of your research
By 1 significance of a monkey typing

rand o0 @ typewribar in a
forest wi o one hears 2.

Wi, PHDCOMICS. cOM
ORISR CHAM B R0ST

sumipeople who care
aboul your ressarch)

world population

This ratio & compared fa the F distiibution
with I-1, M- degrees of freedom to determine a
piin youwr pantst valee. A high pdin your pants)
value means you're on o something

{though stabslically improbable}

Type 1l Efrges

The Analysis of Value must be ysed carefully
to avoid the foliowing two types of errors:

Type | You incorrectly believe your
P research is nol Dull, ¥

Type I Mo conclusions can be made
Good ok gradusting.

Of course, this test assumes beth Independence
and Nomality on your pan, nedher of which is
likdy tru, w means it's nof your probiam



