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Molecules and polymers

APFO
Ar

Bu

Ceso
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CuPc
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DCB
DIO
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DMSO
Et
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n-
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Ots

p

P3HT
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PDMS
PEDOT:PSS
PEN

PET
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Ph
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PPV
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TFA
THF
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butyl group
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dimethylformamide
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poly(dimethylsiloxane)
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Physical quantities and units

M, number average molecular weight
M, weight average molecular weight
°C degree Celsius

Km micrometer

a.u. arbitrary units

c concentration

cm? reciprocal centimeter

cm? square centimeter

D diffusion coefficient

D polydispersity index

d day

Eg bandgap energy

Eopt optical gap

EQE external guantum efficiency

eV electron volt

FF fill factor

g gram

GWh gigawatt hour

h hour

IPCE incident photon-to-electron conversion efficiency
J current density

J joule

Jmax current density at maximum power
Jsc short circuit current

K Kelvin

Lp exciton diffusion length

m meter

mA milliampere

mg milligram

min minute

ml milliliter

mol mole

mmol mollimol

No initial number of monomers

nm nanometer

ns nanosecond

N: number of monomers at a given time t
P power

p conversion

PCE power conversion efficiency

PDI polydispersity index

Pin power of incident light

Pmax maximum power

Pn number average degree of polymerization
ppm parts per million

Rs series resistance
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Miscellaneous

alt.
AM
aq
BHJ
BIPV
BLA
cat
CROP

D-A
DSSC
e.g.
EBL
etal
ETL
HBL
HOMO
HTL
i.e.

shunt resistance

singlet electronic ground state
first excited singlet state
temperature

time

glass transition temperature
volt

voltage

voltage at maximum power
open circuit voltage

watt

weight percent

chemical shift

efficiency

wavelength

frequency

exciton lifetime

speed of light (299,792,458 ms™)
Plank’s constant (6.626 x 10734 Js)
elementary charge (1.602 x 10'*° C)

alternating

air mass

aqueous solution

bulk heterojunction

building integrated photovoltaics
bond length alternation
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cationic ring-opening polymerization
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donor-acceptor
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for example (exempli gratia)
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electron transporting layer
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1 Introduction

One major challenge of the 21st century is the transition from limited fossil to more
sustainable energy sources. Particularly in Germany this development was propelled by a
governmental decision from 2011, the so-called Energiewende. In this program the
prevalent sources of energy - oil, coal, gas, and nuclear energy — are set to be more and
more replaced in favor of what is now called renewable energies. The last of the German
nuclear power plants will be decommissioned by the year 2022, so alternative strategies
for the generation of electricity are of particular interest. Main focus is on wind and water
power, biogas plants, and photovoltaics. In 2014 about 18.9 billion euros were invested in
such projects, enabling Germany already to cover 27% of its gross electric power demand
via clean energies. Photovoltaics alone contributed 6%, more than 35,000 GWh, of all
electric power generated in this year.[!

1.1 Organic Photovoltaics

Photovoltaics are expected to play a major role in the future’s electricity supply: Utilizing
the ubiquitous energy provided by the sun for the generation of electricity is deemed
highly suitable.l?! Today, the vast majority of commercially available photovoltaic devices
is based on silicon. Devices made of monocrystalline silicon have record efficiencies of
over 25% in the lab and up to 22% in modules.®® Reportedly, they have lifespans of about
20 years.”! A less expensive alternative are polycrystalline cells. The efficiencies of
commercially available modules range from 12 to 17% with comparable lifetimes. Thin-
layer devices from amorphous silicon have the lowest price of this class. Their overall
efficiencies barely reach up to 10%.® Since the late 1990’s organic photovoltaics (OPV)
have attained much interest in academia, offering entirely new perspectives for
processing and application of photovoltaic devices.[”! Here, instead of silicon, organic
semiconductors, i.e., small molecules and polymers based on carbon, are utilized as
functional material.®! Properties, such as solubility, absorption, and charge carrier
transport, can be tuned by synthesis. With particular respect to OPV, these materials offer
the perspective for low-energy, low-cost manufacturing of large-area devices by solution
processing, for example roll-to-roll production./! The lower production costs result in
short energy payback times. Less than six months of operation are sufficient to harvest
the amount of energy invested in the fabrication process.”®) However, fabrication from
solution is not the only way for manufacturing commercial OPV devices. Heliatek GmbH is
among the leaders in the fabrication of OPV by physical vapor deposition.
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In 2012 they launched a pilot facility for the production of OPV films by a roll-to-roll
vacuum process at low temperatures.'®! Furthermore, semitransparent OPV devices can
be fabricated. They can be integrated into the (glass) facade of buildings (BIPV, building
integrated photovoltaics) and are considered for automotive applications.*¥ Figure 1
illustrates some applications of OPV. All projects shown are in the prototype stage.

Figure 1. Top: Building integrated OPV concepts from Heliatek GmbH: a) ultra-light OPV foil on a PVC air dome,[12]
b) concrete facades with solar films,[13! ¢) transparent solar films for windows (©AGC Glass Europe).[4] Bottom:
d) OPV park at the Technical University of Denmark.[15]

These photographs show the unique properties of OPV. Devices are very light and flexible.
This makes them suitable for installation on air domes (Figure 1a) or any other kind of
building, where no heavy Si-based devices could be mounted.? Also in the first OPV
based solar park (Figure 1d) the 100 m long and 2.5 m high panels are held by simple wood
constructions.™ Even though the overall efficiency is rather low (1.53%), the time it takes
to gain the energy consumed during fabrication — the energy payback time — is only six
months.[*> Another interesting aspect is the integration of OPV into buildings. In a
concrete facade (Figure 1b) OPV devices do not only generate clean energy but also serve
as design elements.[*3] Semitransparent OPV panels can also be installed on windows
(Figure 1c), utilizing the areas of glass facades for generating electricity.[*4

In this chapter, an overview of the device principles and fundamental processes in organic
photovoltaics will be given, alongside with device characterization. Also, materials for OPV
will be introduced with special attention to low bandgap polymers, their properties and
synthesis.

The term organic photovoltaics describes several types of solar cells containing at least
one organic semiconductor in the active area.[®! Devices whose active layers are made up
by both, organic and inorganic materials, are often referred to as hybrid solar cells. The
following section will describe the fundamental photophysical processes in an organic
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solar cell and address the methods for measuring overall efficiency as well as other
characteristic parameters.

A first report on an organic solar cell was published by Tang in 1986. Here, copper
phthalocyanine (CuPc) was used as a donor and a derivative of perylene tetracarboxylic
dianhydride (PV) was used as an acceptor.[*® Tang vacuum evaporated both materials into
two separate layers between a transparent, conducting substrate of indium tin oxide (ITO)
coated on glass and a metal cathode, here silver. Figure 2 shows the basic set-up of an
organic solar cell and the materials used in the first reported cell by Tang.

Q\ anode (ITO)
N=>7 "N
\

acceptor

Figure 2. Bilayer device by C. Tang.[16] Between a transparent electrode (ITO) and a metal cathode (silver) is the
active layer. The hole transporting copper phthalocyanine (CuPc) and an electron conducting perylene derivative
(PV) were used in the first bilayer device.

1.1.1 Fundamental processes in organic solar cells

Based on this, academia started revealing the fundamental processes in organic solar cells.
Several articles address these processes, the following section is mainly based on a review
by Deibel and Dyakonov.'”! Basically, the following six steps are required for the
generation of electrical power in an OSC:

i) Absorption of a photon and formation of an exciton

ii) Exciton migration towards an interface between donor and acceptor
material

iii) Exciton dissociation into free charge carriers

iv) Separation of the charge carriers

v) Transport of the free carriers towards the corresponding electrodes

vi) Extraction of the charges.

These fundamental processes in an organic solar cell are schematically drawn in Figure 3.
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Figure 3. Fundamental processes in an organic solar cell. i) Exciton formation from an absorbed photon, ii) diffusion
of the exciton towards the donor-acceptor interface, iii) excition dissociation, electron transfer from the donor to
the acceptor material, iv) separation of the free charge carriers, v) transport of electron and hole by hopping,
vi) extraction of charges through the electrodes. Adapted from referencelt7],

In organic semiconductors incident photons cause the formation of excited states. This
bound electron-hole pair is referred to as an exciton.*® The low dielectric constant of
organic semiconductors leads to high Coulomb forces between the hole and electron
formed.[*! In contrast to inorganic semiconductors in organic matter the binding energy
between an electron and a hole is much larger than the thermal energy at room
temperature.?” Thus, for charge separation an additional driving force has to be
implemented. This is achieved by the addition of an electronegative organic
semiconductor as an acceptor material. The driving force for the electron transfer from
the donor to the acceptor material is the energy difference of both materials’ LUMO
(lowest unoccupied molecular orbital).*® Thus, exciton dissociation is efficient only at an
interface between the electron donor and the electron acceptor material. This is the
reason why single layer devices, as they are standard for silicon based photovoltaic cells,
are not very efficient in organic solar cells.

Furthermore, lifetimes of excitons in organic semiconductors are distinctly short, below
1 ns. So, for charge separation to be efficient, an exciton has to reach a donor-acceptor
interface within its lifetime. The distance an exciton can migrate is expressed by the
exciton diffusion length Lj, as in equation 1, where D is the diffusion coefficient and tis
the exciton lifetime.

L, =+Dt Equation 1

Assuming a lifetime of less than 1 ns, the diffusion length is limited to 20 nm in conjugated
polymers. Consequently, only those excitons generated in immediate vicinity of an
interface between donor and acceptor material can dissociate and contribute to the
photocurrent.”l This explains why bilayer devices with their planar heterojunction
between donor and acceptor are limited in their efficiency. Most of the excitons generated
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will rather decompose — by photoluminescence or by radiationless decay — than reach an
interface.l'’’ When it comes to exciton harvesting the concept of the bulk heterojunction
(BHJ) proved to be much more effective. A scheme of a BHJ is shown in Figure 6. In a blend
of donor and acceptor materials a bicontinuous interpenetrating network is formed,
resulting in a huge interface and short exciton diffusion paths.'?>23 The BHJ is described in
detail in its own section below.

An exciton that reaches an interface can transfer its electron to the acceptor very rapidly.
The rates for this charge transfer are in the range of hundreds of femtoseconds.!?%°]
However, both carriers, even though now on different materials, still remain bound by
Coulomb forces.!?®27) This so-called polaron pair has to be separated to finally generate
free carriers.?® For a description of the polaron pair dissociation the Onsager-Brown
model is most commonly used. It deals with the separation of Coulomb bound charges
under the assistance of an external electric field and describes the odds for charge carriers
to overcome the Coulomb attractive forces and move on as free charges.?*=! If electrons
and holes recombine at this stage, this is referred to as geminate recombination. This
recombination is a monomolecular process and thus proportional to the concentration of
polaron pairs.1'7]

After separation, the charges are transported towards the electrodes by hopping. The
holes are transported through the donor material, while the acceptor material functions
as the electron conductor. Hopping implies that the charges are transferred from one
localized state to another. In crystalline organic semiconductors, which provide more long-
range order, also band-like transport can be found.!*”! Still during transport recombination
of the charge carriers can occur. In this — now called non-geminate recombination — the
charge carriers recombine with their opposites. In bilayer OSCs the non-geminate
recombination is minimal.3?

In the final step towards the generation of a photocurrent the charge carriers are
extracted via the electrodes. Holes are extracted by the anode, while electrons are
extracted by the cathode. For this step the interface between the (metal) electrodes and
the organic layers is important. Also the mobilities of holes and electrons in the respective
transport materials have to be balanced for efficient photocurrent generation. 33!
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1.1.2 Characterization of organic solar cells

Organic solar cells are mainly characterized by two methods: the external quantum
efficiency (EQE) and the current density-voltage (J-V) characteristics. An exemplary J-V
curve is shown in Figure 4.

Vmax VOC
N 0
e ;
O (
<ét _ black area \
= ~ greyarea
[
]
\
e
\ 'ISC
voltage /V

Figure 4. lllustration of a generic J-V curve under illumination. Voc is the open circuit voltage, Jsc the short circuit
current density, Pmqx is the maximum power density, Vimaex and Jmax are the voltage and the current density at the
maximum power density, and FF is the fill factor. Series (Rs) and shunt resistance (Rsy) are calculated from the
inverse slopes of the J-V curve near Jsc and Vg, respectively.

An J-V curve is recorded in dark and under illumination. There are standard conditions for
the measurement under illumination: Measurements are conducted at 25 °C in a solar
simulator.’®¥ Here, a solar-like spectrum is generated. As a global reference an air mass
1.5 solar spectrum (1.5 AM) is used.®®! This simulates the yearly average spectrum of the
sun that reaches the mid-latitudes of northern hemisphere.l323%1 The standard intensity of
irradiation is set to 1000 W m2, known as 1 sun.34

From the J-V curve a number of characteristic device parameters can be determined.
Firstly, the short circuit current density Jsc, the open circuit voltage Voc, and the fill factor
FF. By the help of these parameters the power conversion efficiency (PCE, n) is calculated
according to equation 2.

P XV, X FF
max _ Jsc XVoc x 100%

n = Equation 2

Pin in
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The PCE is the quotient of the maximum power (Pmax) produced by the solar cell and the
power of the incident light (Pin). Jsc and Vo determine the power production of the solar
cell. However, the power delivered by the cell is zero at Jsc and it is also zero a Voc. The
maximum power of a device is determined by the product of Jmex and Vimax. Due to losses
to resistance and recombination as well as the diode behavior, the maxima of current
density and voltage is lower than the product of Jsc and Voc.3”! This relation is expressed
by the FF in equation 3.

FF = Pmax — Jmax X Vmax Equation 3

Jsc XVoc Jsc XVoc

In Figure 4 the FF is illustrated by the ratio of the areas of the black square (Jmax X Vimax)
and the grey square (Jsc x Voc). For an efficient solar cell a high FF is desired. Series
resistance (Rs) and shunt resistance (Rsy) have a strong impact on the FF. Both parameters
are calculated by the inverse slope of the J-V curve. From the slope near to Jsc the series
resistance is determined. The shunt resistance is derived from the slope around Voc. To
end up with a high fill factor, Rs should be close to zero, while Rsy is desired to be very
high.

The EQE, also referred to as incident photon-to-current conversion efficiency (IPCE), gives
another measure for the efficiency of photovoltaic devices. It is calculated according to
equation 4, where Jsc(A) is the short-circuit current density at a specific wavelength A, P(A)
is the monochromatic incident optical power, A is the wavelength, h is the Plank’s
constant, c is the speed of light, and g is the elementary charge.

charges generated 1 hXc .
EQE = =59%9 = Jsc@ o Equation 4
incident photons P(A) x A q

Here, the number of charge carriers generated at a specific wavelength is compared to the
number of incident photons of this specific wavelength. The EQE is closely connected to
the absorption behavior of the materials used in the active layer of the solar cell. An EQE
spectrum is illustrated in Figure 5. This example shows an almost ideal EQE spectrum. In
reality a much narrower absorption is achieved which is an issue for OSC efficiency.
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Figure 5. Idealized external quantum efficiency (EQE) spectrum with a very broad spectral coverage.

The following section will summarize the most prominent classes of OPV devices and
describe the concept of the bulk heterojunction, the most relevant type of OPV devices
for this work.
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1.2 Organic photovoltaic devices and materials

Bilayer OSCs are still interesting for researchers. Due to their simple architecture and well-
defined interfaces they are very helpful for gaining deeper insight into the fundamental

phenomena, such as exciton diffusion.383°

Gratzel et al. reported the dye-sensitized solar cell (DSSC), a first hybrid solar cell, in 1991.
The active layer comprised a porous network of titanium dioxide, an inorganic
semiconductor. As absorbing material a ruthenium dye was chemisorbed to the TiO; and
the pores of the dye-sensitized TiO2 network were filled with a hole conducting material.
Initially, a liquid electrolyte (I7/I5 in acetonitrile) was used as hole conductor.!*” These
so-called Gritzel cells reached remarkably high efficiencies of up to 12.3%.*Y The
drawback of this concept is the liquid electrolyte that limits the long term stability.
Bringing in solid hole conductors helps fixing this stability issue, but only on expense of
efficiency.!*?! The best solid state dye-sensitized solar cells reach efficiencies of 7.2%.1%*]

In this decade another class of hybrid solar cells emerged as one of the hottest
developments in recent OPV research: Perovskite solar cells were first reported by
Miyasaka et al. in 2009.*Y Here, the light harvesting material is an inorganic-organic
hybrid material with the generic structure CH3sNHsPbXs, where X stands for either |, Cl,
Br.*5l These compounds crystallize in a cubic ABX; lattice, known as perovskite
structure.*® As hole-transporting material organic semiconductors, such as
spirobifluorene derivatives are commonly used.*! Since the report by Miyasaka, this field
has taken an unprecedented development. Between 2009 and 2015 the PCE of perovskite

solar cells of several architectures rose from 3.8%*% to over 20%.47-49]

1.2.1 Bulk heterojunction OSCs

The bulk heterojunction (BHJ) is probably the most popular concept for the active layer of
an all-organic solar cell. In contrast to the planar heterojunction set-up, the donor and
acceptor material are mixed rather than in two discrete layers. This results in an increased
interface area between donor and acceptor. ldeally, both materials form an
interpenetrating, bicontinuous network with domain sizes in the range of 20 to 30 nm,
roughly twice the exciton diffusion length. Thus, most of the excitons are able to reach a
donor-acceptor interface within their lifetime. The incident photon to electron conversion
efficiency of a BHJ exceeds that of a bilayer by a factor of 10.1*!
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Figure 6. a) Schematic drawing of an idealized bicontinuous interpenetrating network formed by blending a
conjugated polymer (donor, blue) with a low-molecular weight fullerene derivative (acceptor, red) in a BHJ device.
Between the transparent anode and the BHJ material an electron-blocking layer (EBL) and between the metal
cathode and the BHJ material a hole-blocking layer (HBL) is introduced. b) Materials of the first BHJ solar cell by
Heeger et al., poly(2-methoxy-5-(2’-ethyl-hexyloxy)-1,4-phenylene vinylene) (MEH-PPV) as donor and phenyl-Cg;-
butyric acid methyl ester (PCBM) as acceptor.[22] ¢) Poly(3-hexyl-thiophene) (P3HT), the combination with PCBM is
one of the most studied BHJ systems.

The fundamental idea for this concept was the discovery of the ultrafast electron transfer
from a conjugated polymer to a fullerene.?*°% |n 1995 Heeger et al. reported the first
“pbulk donor-acceptor heterojunction material”.l??! This consisted of the polymer poly(2-
methoxy-5-(2’-ethyl-hexyloxy)-1,4-phenylene vinylene) (MEH-PPV) and the soluble
fullerene derivative phenyl-Cs:-butyric acid methyl ester (PCBM).152 An illustration of a
donor-acceptor blend and the chemical structures are shown in Figure 6a and b. Typically,
these blends are achieved by mixing solutions of both components and subsequent spin
coating.

Basically, these types of materials are still chosen for contemporary BHJ devices. Only
instead of MEH-PPV novel conjugated polymers are commonly used. The combination of
poly-(3-hexylthiophene) (Figure 6¢) and PCBM became one of the most intensely studied
BHJ materials.®3 Conjugated polymers with enhanced absorption properties, so-called
low bandgap polymers are also very popular donor materials.® They will be addressed in
detail in chapter 1.4.

The key point of the bulk heterojunction concept is the nature of the donor acceptor
blend.®! In a review article the inventor Alan Heeger summarizes the requirements: “A
bulk heterojunction (BHJ) material is a solid state mixture of two components (donor and
acceptor) with nanostructured morphology formed by spontaneous phase separation:
these donor and acceptor components self-assemble to form bicontinuous

interpenetrating networks.” >

Phase separation is triggered by an intrinsic tendency of polymers: Their low entropy of
mixing favors the formation of pure domains. This effect can be enhanced if one or both
components tend to crystallize.®” In the literature there are two mechanisms for phase

10
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separation reported: nucleation and growth or spinodal demixing.*®! However, phase
separation alone is not sufficient for an efficiently working BHJ material. It is important to
be aware of the domain sizes and the degree of interpenetration between the donor and
acceptor phases. On the one hand, the formation of an interpenetrating network is
required. This guarantees that the surface area between donor and acceptor material is
as large as possible. Also, percolated, continuous paths for charge transport to the
electrodes are necessary. This means that the amount of domains of electron and hole
transporting material, which are not connected to their respective electrode, has to be
kept to a minimum. Otherwise charges generated on one of these “island” have no chance
of being extracted and increase the probability for non-geminate recombination, resulting
in lower device efficiency. On the other side, the size of the domains in the donor acceptor
blend is another important aspect. Ideally, lateral domain sizes should be in the range of
twice the exciton diffusion length. In this case all excitons could reach a donor-acceptor
interface and be dissociated during their lifetime. Thus, domain sizes below 20 nm are
desired. However, arbitrarily small domains are not favorable, either. In this case the
transport of the free charge carriers towards the electrodes is hampered, with non-
geminate recombination becoming more dominant. Thus, control over the blend
morphology is utterly important. An idealized schematic drawing of a donor acceptor
blend morphology is shown in Figure 6a. Several factors play an important role in the
formation of efficient bulk heterojunctions: choice of solvent, solvent vapor annealing,
thermal annealing, and solvent additives."!

The solvent from which a BHJ film is cast has significant influence on the morphology. The
prerequisite for any solvent is to provide good solubility for the polymer as well as the
fullerene derivative. By tendency solvents with high boiling points, such as chlorobenzene
(CB) and dichlorobenzene (DCB) lead to a better PCE than low boiling solvents.’®® High
boiling solvents lead to the formation of considerably smaller domains and influence the
degree of crystallinity.®>%% The choice of solvent can also influence the vertical
distribution of the materials.>®! By the concept of vertical phase separation ideally donor
material is accumulated at the anode, while acceptor material is accumulated around the
cathode.l®!l In between interpenetrating domains of both materials are formed with
lateral dimensions of around 20 nm.®2 An illustration of a vertically phase separated blend
is shown in Figure 7. Vertical phase separation is deemed beneficial for charge

transport.[®3]
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Figure 7. Schematic illustration of a vertically phase separated BHJ blend (not to the scale).

Solvent vapor annealing is another strategy for the control of the BHJ morphology. Here,
the drying process of cast films is slowed down. Storing the films right after coating in a
sealed case with solvent or solvent vapor reduces the evaporation rate of the solvent.?>

Thermal annealing is widely applied in the field of organic electronics. In the literature
thermal treatment of cast BHJ films is considered to enhance crystallinity, leading to an
improved charge carrier transport.>®®4 |n several works also a shift of absorption to longer
wavelengths is observed.®® This is explained by enhanced interchain interactions in the
more ordered structures.?® The effect of thermal annealing on the morphology of
P3HT/PCBM blends is very well known. Upon annealing the photocurrent can be
increased. This is explained by two aspects: a red shift in the absorption spectrum caused
by diffusion of PCBM out of the P3HT matrix allowing for enhanced interaction between
the polymer chains and the growth of PCBM crystals leading to the formation of
percolation paths for charge transport.[®®]

The use of solvent additives became a very popular approach for controlling the blend
morphology.’® Common additives are 1,8-octanedithiol (ODT) and 1,8-diiodooctane
(DIO). The impact of both additives on the morphology is similar. Both selectively dissolve
the PCBM and break up aggregates of the fullerenes in solution.®”! In combination with
their high boiling points (ODT 269 °C, DIO 170 °C) compared to the main solvent
(chlorobenzene 131 °C), this causes the PCBM to remain in solution longer than the
polymer.[%8 The results are higher crystallinity of the donor polymer, smaller domains, and
enhanced interpenetration of the donor and acceptor phases.?>*¢

The effect of any of these concepts on the morphology cannot be predicted in general for
a given polymer-PCBM combination. However, a trend toward smaller domain sizes is
observed when using solvent additives.

Furthermore, the model of entirely phase-separated systems with only pure domains of
donor or acceptor material has been extended.’” There are indications that also kind of
a third phase is present. This is regarded as an amorphous mixture of both materials, also
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in some studies the “pure” phases are denoted as donor-rich and acceptor-rich
domains.’Y In these phases where fullerenes are intercalated between polymer chains
excitons are formed within angstroms of donor-acceptor interfaces.l’? Instead of having
to diffuse, these excitons can be separated directly. Additionally, it was also found that
free charges can be transported through these molecularly mixed domains.”!

1.2.2 Materials for bulk heterojunction solar cells

So far mainly polymer:fullerene BHJs were discussed. Besides them all-polymer bulk
heterojunction cells were reported shortly after Heeger’s first publication.[?3! Until now
the efficiencies of these devices are still behind the efficiencies of the best
polymer:fullerene blend devices.l”> However, they are attractive because of their superior
film forming properties compared to fullerene based blends.”3! Furthermore, polymer
acceptors show better absorption in the visible range of the solar spectrum compared to
fullerenes.!”3! Figure 8a shows two examples for acceptor polymers: P(NDI20D-T2),’4 a
copolymer based on naphthalene bisimide and thiophene, and the poly(p-phenylene
vinylene) derivative MEH-CN-PPV.I31 On the other hand, there is also some effort in
molecular bulk heterojunctions, consisting of low-molar mass donor and acceptor
materials.”>7® A record efficiency for a solution processed small-molecule BHJ of 7.9%
was reported by Heeger and Bazan et al. ! The donor and acceptor materials from this
work are illustrated in Figure 8b. They used PC70BM as an acceptor, which shows enhanced
absorption compared with PCsoBM.8 In contrast to polymers small molecules can also be
processed by thermal evaporation techniques.l” Solar cells with up to 5.2% efficiency
fabricated by co-evaporation of the donor and acceptor materials are known.®% As
examples an oligo-thiophene (DCV5T, donor) and Ceo are shown in Figure 8c.

Furthermore, tandem OSCs have been proposed.® Here, two or more BHJ cells are
stacked above each other, which greatly increases the absorption efficiency. Devices made
up by several layers of organic and inorganic low-molar mass compounds are fabricated
with a world record efficiency of 12% by Heliatek GmbH. 2!
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a) Acceptor polymers c) Co-evaporated small molecule BHJ

CN NC
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P(NDI20D-T2) MEH-CN-PPV Ceo

b) Solution processed small molecule BHJ d) Hole conducting layer

K0,

PCPDTBT-SO;-K

Figure 8. Materials for bulk heterojunction solar cells. a) Acceptor polymers P(NDI20D-T2)[74l and MEH-CN-PPV.[73]
b) Solution processable small molecules P-DTs(FBPTTh,); and PC70BM.[77] ¢) Small molecules for co-evaporation
DCV5T and Ceo.18% d) Conjugated polyelectrolyte PCPDTBT-SO3-K as hole transporting interlayer.[83!

Despite the still lower efficiencies, small molecule BHJ surpass the polymer based BHIJ
concept at one certain point: Batch-to-batch variation is basically not a factor when
working with small molecules. The chemical structure of small molecules is perfectly
defined whereas polymers always show molecular weight distributions. An important
issue is the purity of organic semiconductors. Small molecules can be obtained in excellent
purity by train sublimation.®¥ In the case of polymers it is difficult to obtain highly pure
materials. From a rather limited pool of methods precipitation is the commonly used
technique. However, the potential of this method is not even close to the purities achieved
from sublimation. All of this can have implications on the solubility, and thus
processability, of polymers and on their performance. Molecular weight, polydispersity,
conjugation length, and impurities have been demonstrated to significantly influence the
performance of polymer solar cells.[®!

Besides the steady improvement of active layer materials and morphology, also advances
concerning device set-up lead to significant improvements in BHJ solar cell performance,
pushing the PCE of the best devices up to 10%.!%¢]
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One important step was the introduction of additional functional layers between the
electrodes and the BHJ material (Figure 6a).®”! This is required because of the blend
morphology. Commonly donor and acceptor material are randomly mixed and thus
contact both electrodes. To prevent short-circuit, an electron transporting layer (ETL),
which is also referred to as hole-blocking layer (HBL), is inserted between the metal
cathode and the active organic layer.!®3 Analogously, a hole transporting layer (HTL),
which is also electron-blocking (EBL), is added between the BHJ layer and the transparent
anode. Electron- and hole transporting layers also enhance the selectivity of charge
collection at the electrodes and reduce the energy barrier for charge extraction.!®® As an
interlayer material between the ITO anode and the active layer PEDOT:PSS is commonly
used.® However, it has been shown that the acidic PEDOT:PSS might etch the ITO and
cause instabilities over the lifetime of a device.®® Alternatives for PEDOT:PSS are, for
instance, transition metal oxides, such as MoOs, V,0s, and WO3®! or conjugated
polyelectrolytes.®?l As an example for a conjugated polyelectrolyte as hole transporting
interlayer PCPDTBT-S0s3-K is shown in Figure 8d.1®3 The metal oxides mentioned are highly
transparent and conductive.!®?! An interlayer of MoOs was reported to improve the device
performance of BHJ solar cells.®3! In this work MoOs was chosen as material for the anodic
interlayer.

Standard cathode materials are thermally deposited low-work function metals, for
instance aluminium or calcium.¥ A first interlayer material facilitating the electron
collection was LiF.®>! Besides, water/alcohol soluble conjugated polymers known as
electron injection layers in OLEDs can be used for better electron transport at the cathode
interface.®®%7] A new strategy was the formation of buffer layers by self-organisation:[°®!
Small amounts of a fluorinated fullerene derivative are mixed into the BHJ blend. The
fluorocarbon spontaneously migrates to the film surface during spin coating and provides
better alignment between the Al cathode and the energy level of the acceptor
material.’®%8 Introducing an cathodic interlayer of titanium oxide (TiOx) turned out as a
very successful concept. In addition to its electron transporting properties, this material
also serves as an oxygen barrier, improving the device stability.®® Furthermore, TiOx
serves as an optical spacer: The effect of an optical spacer is a spatial redistribution of the
light intensity in a device.®® As a consequence, a larger area of the active layer can be
used for the generation of charges.'® This leads to an increase of power conversion
efficiency of up to 50% compared to devices without an optical spacer.®? Apart from TiOx
also zinc oxide (ZnO) is used with similar success.[%!
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1.3 Low bandgap materials

The early success of bulk heterojunction organic solar cells propelled the development of
organic semiconducting materials with improved absorption and transport properties.
While fullerene derivatives are still the materials of choice as electron acceptors, the field
of donor materials remains a work in progress. Since this thesis focusses on donor
polymers, the development of these materials will be central in the following section.
Appropriate donor polymers are expected to fulfill certain criteria: First, and most
important, such materials should absorb in a broad range of the solar spectrum for an
efficient collection of photons. Furthermore, the hole mobility should be similar to the
electron mobility of the acceptor material to allow a balanced charge carrier transport.
Finally, compatibility of the energy states of the donor material and the acceptor and
electrode materials is required to reduce energy barriers within the device and provide
efficient charge transport.[*02

In the first works on BHJ devices poly(p-phenylenevinylene) (PPV) derivatives were used
as donor materials. Later, poly-(3-hexylthiophene) (P3HT) emerged to become one of the
most commonly used donor polymers. Besides them, low bandgap polymers have become
more and more important.[%3!

1.3.1 Concepts for lowering the bandgap

The term band gap originates from the band structure model established for inorganic
solids. By this theory materials are classified as conductors, semiconductors, and
insulators.'% |n the early years of organic semiconductor research concepts and
terminology from solid state physics were adapted (Figure 9a). As a consequence, the
energy difference between HOMO (highest occupied molecular orbital) and LUMO (lowest
unoccupied molecular orbital) levels of organic semiconductors became known as
bandgap. However, this should be regarded as a simplification and the term bandgap has

to be used cautiously in context with conjugated polymers. [
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a) Band structures of solids b) Organic semiconducting polymers
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Figure 9. a) Band structures of a solid: The valence band (blue) is filled with electrons, the conduction band (red) is
empty. Valence and conduction band overlap in a conductor. In a semiconductor a small bandgap between valence
and conduction band exists. The energy of the bandgap can be overcome by thermal or optical excitation. In an
insulator the bandgap is that large so it cannot be overcome. Adapted from referencell%4, b) Bandgap in a
semiconducting polymer in the ground state. HOMO and LUMO levels are broadened to a Gaussian distribution.
The ground state bandgap £, is the energy difference of the HOMO and LUMO level. Adapted from referencelt06l,

In an organic semiconducting polymer the molecular energy levels are present as Gaussian
distributions.!*%®! They are not sharply defined as known from inorganic materials due to
energetic and structural disorder as well as intermolecular interactions. Figure 9b shows
a scheme of the energy levels in a ground state polymer. In addition, the ground state
bandgap and the ground state HOMO and LUMO levels cannot be measured directly.[10¢!
From optical absorption measurements the optical gap (Eopt) can be obtained. This is the
energy difference between the electronic ground state (Sp) and the lowest excited state
(51).12971 Within this work the experimentally accessible E,p is used as a rough estimation
for the bandgap of the polymers synthesized. A measure for the HOMO energies of the
polymers was obtained from photoelectron spectroscopy.

Within the field of low bandgap polymers the versatility of organic semiconductors
becomes obvious. By smart synthesis the optical and electronic properties can be tuned.
Key parameters for donor polymers for organic solar cells are the energy levels of their
HOMO and LUMO (lowest unoccupied molecular orbital) and the optical gap Eopt.!*%®
Several strategies for achieving a lower bandgap are known, and controlling the polymer
structure turned out to be the key.'® Figure 10 summarizes the main parameters for a
low bandgap energy.
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Figure 10. Strategies for a lower bandgap.[109-111]

The bond length alternation (BLA) was described as one factor for lowering the
bandgap.*® It is a geometric parameter representing the average length difference of
neighboring carbon-carbon bonds in a polyene chain. In a conjugated polyaromatic system
two resonance forms exist: the aromatic and the quinoid form. The BLA can be regarded
as the ratio of both forms.!!%! With an increased occurrence of the quinoid form the
double bond character of the carbon-carbon bonds between two rings increases and the
BLA decreases simultaneously.[*%! Due to the loss of aromaticity the quinoid form is less
stable, which leads to a lower bandgap.[*%!

Another approach is the extension of the conjugated system. Introducing rigidity and
planarity helps increasing the delocalization of mn-electrons along the polymer
backbone.% Furthermore, the inductive and mesomeric effects of substituents and
intermolecular as well as intramolecular interactions influence the bandgap energy.*'%
The concept most often used in practice is the alignment of electron-rich (referred to as
donor) and electron-poor (referred to as acceptor) units in the polymer backbone in an
alternating fashion.[**? This leads to strong push-pull forces within the molecule resulting
in enhanced electron delocalization. In this donor-acceptor (D-A) approach the interaction
between donor and acceptor units leads to a lowered optical gap. A schematic drawing of
this D-A concept is illustrated in Figure 11a.
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Figure 11. a) Lowered bandgap by interaction of donor and acceptor units.[193] b) Selected examples of donor and
acceptor building blocks for low bandgap polymers.[107]

On the basis of the D-A concept a vast variety of low bandgap materials have emerged in
the last years. This approach is very versatile, leaving plenty of choice of donor and
acceptor building blocks. Examples for moieties frequently used in low bandgap materials
are shown in Figure 11b. The synthesis of donor-acceptor polymers is presented in the

following section.
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1.3.2 Synthesis of low bandgap polymers

The established methods for the synthesis of low bandgap polymers following the donor-
acceptor concept, and conjugated polymers in general, are metal-catalyzed carbon-
carbon coupling reactions. Very popular are palladium-catalyzed cross-coupling reactions
between an organic electrophile and an organometallic nucleophile.**3 Among them are,
for instance, Negishi, Sonogashira, Stille, and Suzuki reactions. Another important
approach for Pd-catalyzed C-C cross-coupling is the Heck reaction. Some selected
reactions from this class commonly used for the formation of aryl-aryl bonds are
summarized in Figure 12.

In a Heck reaction an alkenyl or aryl halide or triflate is coupled with an alkene. Conjugated
acetylenic materials can be synthesized by a Sonogashira reaction. Here, vinyl or aryl
halides are coupled with terminal alkynes. A copper(l) salt is employed as co-catalyst. In a
Negishi reaction organozinc compounds act as the nucleophile. These are highly reactive
in Pd-catalyzed cross-coupling reactions and at the same time exhibit low toxicity.
However, the most commonly used techniques for the synthesis of low bandgap polymers
are Stille and Suzuki reactions. Stille reactions are known as mild and versatile with
tolerance to a variety of functional groups. The drawback, however, are the highly toxic
organotin compounds used as nucleophiles. In Suzuki reactions the nucleophiles are
organoborane derivatives.**¥ The Suzuki cross-coupling was chosen for the synthesis of
all low bandgap polymers within this thesis. The following section will give more details
about this reaction.
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Negishi reaction

cat. [PdOL ]
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R= alkyl, aryl, vinyl; X =Cl, Br, I, OTf
R2= aryl, benzyl, vinyl
Stille reaction
cat. [Pd°L,]

RL —X + Rssn —{) _— > il R |

R1=alkyl, alkynyl, aryl, vinyl; X = Br, Cl, I, OAc, OP(=0)(OR),, OTf
R2= acyl, alkynyl, allyl, aryl, benzyl, vinyl

Suzuki reaction

cat. [PdOL,]

RO\
R! —X + B—|
m cat. CuX, base

RO

o

R1=alkyl, alkynyl, aryl, vinyl; X = Br, Cl, I, OP(=0)(OR),, OTf, OTs
R2= alkyl, alkynyl, aryl, benzyl, vinyl

Figure 12. Reaction schemes of selected palladium-catalyzed carbon-carbon cross-coupling reactions.[115]

1.3.3  Suzuki cross-coupling

Palladium-catalyzed cross-coupling of alkenyl and aryl halides with organoborane
derivatives was first described by Suzuki and coworkers in the late 1970’s.[12! In Suzuki
reactions carbon-carbon bonds are formed under mild conditions with regiospecificity and
stereoselectivity.[''”) One major advantage of the Suzuki reaction is the stability of the
monomers concerning air and moisture as well as their low toxicity, especially when
compared with the organotin compounds for Stille coupling.**® Figure 13 shows a
schematic drawing of the mechanism of a Suzuki reaction.[*°! As an example the coupling
reaction between two aryl building blocks is illustrated.

21



Introduction

L
I
—_ Apf X— Ar
Ar Ar PO
L7 >
3) L 1) \> 2t
L L
I I
Ar — Pd" — Ar* Ar — Pd" —X
I I
L L
2)
©/OR ©/0R  oro _OR
X=—B —OR’ Arf — B —OR' «<— Ar’—B\
OR OR OR

Figure 13. Scheme of the catalytic cycle of a Suzuki coupling reaction. The steps are 1) oxidative addition,
2) transmetalation, and 3) reductive elimination. Ar and Ar’ represent aryl compounds, L represents a ligand, X a
halide (1, Br, Cl).[119]

The catalytic cycle of a Suzuki cross-coupling is made up by three fundamental steps:
oxidative addition, transmetalation, and reductive elimination. Initially, the palladium
inserts into the aryl-halide bond to form a palladium(ll) complex. This step is reported to
be rate-limiting.[*2®! A weaker, and thus more reactive, aryl-halide bond accelerates this
step. The reactivity of the halides in the oxidative addition decreases from iodide to
bromide, chloride is by far the least reactive in this sequence. Also, strong electron-
donating ligands are assigned to assist this step, as they stabilize higher oxidation states
of the palladium.?! Prior to the transmetalation step, the boron reactant undergoes a
reaction with the base to form a much more nucleophilic tetravalent borate. This
significantly facilitates the transmetalation. In the final step, the reductive elimination, the
aryl-aryl bond is formed to yield the coupled product, and the Pd(0) complex is
regenerated.

A reaction system for Suzuki couplings typically consists of a biphasic solvent mixture.
Within the organic phase (commonly toluene, DMF, dioxane) the reactants, the catalyst
and optional ligands are dissolved. The second phase is an aqueous solution of a base.
Commonly applied bases are EtsN, K;COs, and Na;COs. In some cases a phase-transfer
catalyst is added. An example is Aliquat 336 (N-methyl-N,N,N-trioctylammonium
chloride). Two strategies for the palladium catalyst are known. The catalyst can be added
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as a complex, such as Pd(PPhs)s or Pdy(dba)s, with the palladium already in the active
zerovalent state.l’??! |n the alternative approach a Pd(ll) precatalyst is used. Compounds
such as PdCl; or Pd(OAc); are easier to store and less sensitive to oxygen than the Pd(0)
species.['??] The active catalyst is formed in situ upon reaction with a reducing agent.['?3
Commonly phosphines are used as reducing agents, with triphenylphosphine (PPhs) as one
of the most frequently applied*??!. Triphenylphosphine is also a very common ligand.
Besides, biaryl based phosphine ligands!*?#12%! and bulky phosphine ligands (PCys, P(t-
Bu)3)!*26:127] gre frequently used.

1.3.4 Suzuki Polycondensation

Several years after the first report on the Suzuki cross-coupling reaction this concept was
extended successfully to the synthesis of polyarylenes.'?8] Until today Suzuki
polycondensation (SPC) is an often applied technique for the synthesis of conjugated
polymers.['?°! |n general, SPC is considered a step-growth polymerization.[*3°! The two
possible approaches are illustrated in Figure 14.

o T
ase
[Pd]

-

Figure 14. Two approaches for Suzuki polycondensation. Top: AA/BB approach, bottom: AB approach. For typical
Suzuki polycondensations A stands for a halide (Br, sometimes |, Cl) or triflate, B for a boronic acid derivative.

In the AA/BB approach two types of monomers are coupled, resulting in an alternating
sequence of both monomers in the polymer. Here, one monomer carries two halide or
triflate functionalities, while the second monomer is equipped with two boronic acid
derivatives. This approach is very popular for the synthesis of low bandgap polymers using
the donor-acceptor concept. However, also from the AB approach low bandgap polymers
with alternating donor and acceptor moieties can be obtained. The asymmetric AB
monomers, which carry both functional groups, usually require more synthetic efforts
than the synthesis of the symmetric monomers for the AA/BB approach. Another
important difference between both approaches comes from Carothers’ equation
(equation 5).1*3% |t describes the influence of the monomer conversion p on the number
average degree of polymerization P, in a step-growth polymerization.[*3?

o~ Nt

1 N,
P =— withp = Equation 5
n 7 p N q
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This equation is valid if the numbers of both functional groups are equal. Using AB type
monomers the stoichiometry is guaranteed. Then Ny is the initial number of monomers
and N; is the number of monomers at a given time .32 The correlation of the number
average degree of polymerization and the conversion is illustrated in Figure 15.
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Figure 15. Carothers' equation. Correlation of the number average degree of polymerization P, and the conversion
p.

In general, in a step-growth polymerization oligomers are formed first, and the P, remains
low. Only if high conversions of more than 90% are reached, the degree of polymerization
increases significantly. Here, oligomers are coupled and polymers are finally formed. From
equation 5 can be calculated that a conversion of 90% results in a P, of only 10. A P, of 50
requires 98% conversion. In theory, a conversion of 100% leads to an infinite P,.13? The
bottom line is that high molar mass polymers can only be achieved from a very high
conversion. In practice this leads to the relatively long reaction times of several days for
most of the SPCs reported. To reach high conversions, it is absolutely essential that both
functional groups are in an equimolar ratio at any time during the polymerization. Thus,
side reactions have to be eliminated, and particular attention has to be paid to purity,
weighing, and transferring of the monomers to the reaction flask. These are major
concerns especially if the AA/BB approach is used.

Besides the stoichiometry of the functional groups, factors like residual oxygen, side
reactions, and the solvent mixture influence the SPC. Especially oxygen traces in the
reaction mixture have severe implications. On the one hand, phosphine ligands are prone
to oxidation. This also leads to the precipitation of colloidal Pd.[*33 Moreover,
homocoupling reactions are reported to be triggered by oxygen.3* Homocoupling not
only leads to defects in the monomer sequence, but also hampers the stoichiometric ratio
of both reactive groups.!*3> This directly leads to a lower degree of polymerization. Besides
coupling of two boron functionalized monomers, also the cleavage of the B-C bond is
reported.[*3¢] Another side reaction is the dehalogenation of organic halides in the
presence of a Pd catalyst.'3”) Also, the mixing of both phases of the biphasic solvent
mixture is not to be neglected. The effect of phase-transfer catalysts, like quarternary
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ammonium salts, is still discussed controversially. It was assumed that phase-transfer
catalysts improve the transfer of the boronate anion from the aqueous to the organic
phase.[!38139 Other reports claim disadvantages like slowing the reaction, decomposition
of the catalyst, poor reproducibility, and foaming.[*38140]

Removal of the reactive endgroups is an important step concerning the quality of the
polymer obtained. Usually, this is achieved by endcapping with monofunctional reagents.
Utilizing bromobenzene and phenylboronic acid the polymers are equipped with stable
phenyl endgroups. Residual boron groups can affect the solubility of the polymers. Boronic
acids tend to condensate, resulting in broader PDIs or in the worst case insoluble
fractions.[38 Another prerequisite for materials to be used in organic electronic devices is
the removal of traces of the catalyst, especially Pd and P contamination has to be kept to
a minimum. Residual Pd is reported to interfere with excited states of the polymers.[38141]
Precipitation helps to significantly reduce the Pd content.*® Even lower amounts (<
0.5 ppm) can be reached by treatment with aqueous NaCN™*? or by Pd scavengers.[#3]
Scavengers form intensively colored complexes with Pd residues. These complexes can
easily be separated from the polymer due to their different solubility.*3! However,
chemically bound Pd cannot be eliminated by scavengers. Besides Pd also P contamination
is a concern. This can occur by aryl-aryl scrambling between the phoshphine ligands (e.g.
PPhs) and the growing polymer.1'??! Thus, the aryl rest from the ligand can act as an
endcapper, and also P atoms can be found in the polymer chain.[*?%%44 Phosphorus can
act as chain terminus or as insulating defect within a conjugated polymer. 122144

In the last years some works on chain-growth Suzuki polycondensations were
reported.l**’! For instance, several strategies for controlled polymerization yielding well-
defined polyfluorenes were developed.'*® Fischer et al. used AB type monomers
(bromide/boronic acid pinacol ester) and an arylpalladium(ll) catalyst.[**”) The narrow
polydispersities of 1.2 and below — the PDI of step-growth polycondensation products is
typically 2 — can be achieved if the catalyst is not released into the reaction mixture after
every coupling cycle, but rather stays on the molecule.[*31%9 The catalyst then “slides”
along the m-electron system towards the chain end where the next coupling cycle is
initiated.[*>%%51  This concept is particularly appealing for AB type Suzuki
polycondensations, even though conventional SPC is by far more understood and chain-
growth SPC still suffers from less reproducibility and lower molecular weights.
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1.3.5 PFDTBT — a fluorene based low bandgap polymer

The work for this thesis is built around fluorene based low bandgap polymers.
Polyfluorenes are widely studied as materials for organic light emitting diodes and organic
field effect transistors. Fluorenes are rigid, planar molecules and combine good charge-
transporting and film-forming properties.[*>?l However, due to their large bandgap energy,
fluorene homopolymers are not suitable for application in organic solar cells. By the
incorporation of electron deficient units according to the D-A concept fluorene based low
bandgap polymers for organic solar cells were achieved. A very popular version was
published by Svensson et al. as PFDTBT (poly(2,7-(9-(2’-ethylhexyl)-9-hexyl-fluorene)-alt-
5,5-(4’,7’-di-2-thienyl-2’,1’,3’-benzothiadiazole) in 2003.1*>3! Here, fluorene serves as the
electron-rich donor unit, while dithienylbenzothiadiazole is the acceptor. Introduction of
the flanking thienyl groups to the strong acceptor benzothiadiazole reduces the steric
hindrance between the donor and acceptor parts and leads to a more planar structure.1%
The synthesis and the structure of PFDTBT are shown in Figure 16. In the literature this
polymer is sometimes also referred to as APFO (alternating polyfluorene).
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Figure 16. Synthesis of PFDTBT as reported by Svensson et al.[133]

The polymer was synthesized by Suzuki polycondensation. Svensson et al. used a 10%
excess of the fluorene monomer to limit the molecular weight. With this strategy they
achieved a soluble polymer with M, 4,000 g mol? and M,, 14,000 g mol™.[154 They
fabricated BHJ solar cells with a blend of PFDTBT and PCBM (ratio 1:4) on top of ITO coated
with PEDOT:PSS. As interlayer between the blend and the aluminium cathode they used
LiF. Power conversion efficiencies of 2.2% and a fill factor of 0.46 were reported.*>¥ Based
on this structure several variations in the periphery of the m-conjugated backbone and
their influence on the polymers’ properties were investigated. The following section gives
an overview of selected examples of polyfluorene-alt-dithienyl-dibenzothiadiazoles.
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1.3.6 Influences of substituents

A great concern for the first PFDTBT was the solubility of high molecular weight fractions.
Svensson et al. used non-stoichometric amounts of both monomers to keep the molecular
weight low (M,, 4,900 g mol™* and M,, 12,600 g mol™).[153] The low solubility is explained
by the high number of unsubstituted aromatic rings in the polymer backbone.[*>¥
Significant influence on the solubility is attributed to the choice of substituents.
Commonly, alkyl substituents are employed. Flexible and bulky alkyl chains hinder the
tendency of the aromatic units to aggregate. However, the number and size of
substituents have to be chosen wisely, since there is a trade-off between processability
and deterioration of the optical and electronic properties of the polymer.> Alkyl groups
intrinsically do not contribute to absorption and charge transport. In PFDTBT, substituents
are most often applied at the C-9 atom of the fluorene and at the C-3 or C-4 atom of the
thiophene. A generic structure of PFDTBT with the sites for substitution is shown in Figure
17. The names of the PFDTBT derivatives in the following were adapted from the
references cited.
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name?® ref. R? R? R3 R4
HEH-PFDTBT [153] \K\A e~ H H
DiH-PFDTBT [156] N H H
DiO-PFDTBT [156) NN H H
PFDTBT-C12 [168] NN NN H H

BisEH-PFDTBT [165] G H H
BisDMO-PFDTBT  [165] PO PUN H H

PF10TBT [167] H H

PRI P
PF-co-DTB [172] N N O~~~ H
PFO-DHTBT50 [171] e H PN

Figure 17. Generic structure of PFDTBT. R! to R* denote the sites for substitution with alkyl substituents.
aNomenclature of the polymers was adapted from the reference cited.

Shortly after their first report on PFDTBT the group of Svensson published a series of
PFDTBT derivatives with varying side chains attached to the fluorene unit. The new
polymers were no longer asymmetrically substituted as was the original PFDTBT (referred
to as HEH-PFDTBT). Svensson et al. synthesized dihexyl (DiH-PFDTBT), dioctyl (DiO-

PFDTBT), and didodecyl (DiD-PFDTBT) substituted polymers.>® Table 1 summarizes the
molecular weights and the characteristic values of this PFDTBT series in BHJ solar cells.
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Table 1. Summary of the molecular weights and the solar cell parameters of a series of PFDTBT derivatives with
different alkyl chains attached to the fluorene. All values from this table were gathered from reference (156l

molecular weight? solar cell parameters®
M, M, Jsc Voc FF PCE
[gmol?l]  [gmol?] [mAcm?] \ [%]
DiH-PFDTBT 3,500 8,500 3.74 1.02 0.36 14
HEH-PFDTBT 4,900 12,500 3.65 1.05 0.44 1.7
DiO-PFDTBT 4,900 11,800 3.55 1.01 0.58 2.1
DiD-PFDTBT 12,000 31,000 2.40 0.98 0.60 14

a From SEC in 1,2,4-trichlorobenzene at 135 °C using a polystyrene calibration.
b BHJ solar cells with a blend ratio of PFDTBT/PCBM 1:4; device set-up: ITO/PEDOT:PSS/PFDTBT:PCBM/LiF/Al,
measured under 1.5 AM illumination with an intensity of 100 mW cm-2.

They found that under the same conditions of polymerization the molecular weight of the
polymers increases when longer alkyl chains are employed. On the other hand, the solar
cell experiments reveal that the highest PCE values can be attained by attaching two octyl
chains to the fluorene.[*>®! Based on DiO-PFDTBT studies on the morphology of blend solar
cells were conducted. Changing the solvent for spin coating of the active layer from
chloroform to chlorobenzene resulted in a slightly increased PCE of 2.45%.1°7) The same
group also reported a PCE of 3.46% from spontaneously formed multilayers of PCBM rich
and DiO-PFDTBT rich layers.[*>7158 Andersson et al. worked on the optimization of the ratio
of PFDTBT:PCBM in BHJ blends. They conclude that in the DiO-PFDTBT:PCBM system the
electron mobility is lower than the hole mobility.[*>* Thus, a high acceptor loading of
around 80% is necessary to achieve a balanced charge transport.’>® With a DiO-
PFDTBT:PCBM ratio of 1:4 they reached a PCE of 3.5% in a device of the composition
ITO/PEDOT:PSS/DiO-PFDTBT:PCBM/LiF/Al.[15]

During the last ten years DiO-PFDTBT was intensely studied as material as well as in
devices. For instance, in-depth studies were conducted on the electrochemical and optical
properties. Thus, the HOMO (5.4 eV) and LUMO (3.3 eV) levels are well described from
cyclovoltammetry measurements.[**°) The optical band gap was determined from the
onset of the absorption spectrum (Aonset = 657 nm, Eopt = 1.8 eV).11%% DiO-PFDTBT was also
useful to gain insights into fundamental processes in a BHJ solar cell.*®! |t helped revealing
that geminate recombination has a much stronger impact on the overall efficiency than
non-geminate recombination.[*6? Thus, two approaches for optimization were suggested:
optimization of the blend morphology and enhancement of the charge carrier mobility.[16%
Furthermore, DiO-PFDTBT was used in studies aiming to clarify the origin of the Voc in

polymer/fullerene solar cells.!63!

However, the molecular weights of the DiO-PFDTBT types reported are still not very high.
Mostly non-equimolar amounts of monomers were used to limit the molecular weight to
a range in which the polymers are still soluble.[**¥ Aiming for higher molecular weights
several groups tested some other side chains as substituents to the fluorene. Chen et al.
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investigated the influence of sterically demanding 2-ethylhexyl (BisEH-PFDTBT)
substituents compared to the less bulky 3,7-dimethyloctyl (BisDMO-PFDTBT) side
chains.[*%%1 Once again, they emphasize the interplay of more bulky alkyl chains assisting
processability and sterically less demanding substituents increasing the probability of r-it
stacking and thus enhancing the charge carrier transport.!*®® Using the same synthetic
protocol as Svensson et al. they achieved much higher molecular weights with a M,, of
20,000 g mol™.1%] Their BisDMO-PFDTBT reaches a PCE of 4.5% in a solar cell of
ITO/PEDOT:PSS/BisDMO-PFDTBT:PC70BM (1:3)/Ca/Al. Even the cell with BisEH-PFDTBT
attains a PCE of 3.5%.1*%°! In both devices the active layers are rather thin (49 nm with
BisEH-PFDTBT and 47 nm with BisDMO-PFDTBT).['®>] However, not only due to the
differences in molecular weights these values are not entirely comparable to the PCEs
previously reported for PFDTBT based BHJ solar cells, since they used PC7BM instead of
the less absorbing PCBM.

As a point of reference serves a work by Calabrese et al. Here, they used a Bis-EH-PFDTBT
with a M, of 13,600 g mol® and a PDI of 2.5.1%6¢ Using a blend ratio of Bis-EH-
PFDTBT:PCBM of 1:3 they achieved a PCE of 1.84%.[1%%! With a blend ratio of 1:4 Calabrese
et al. could improve the PCE to 2.57%.1'%®1 The solar cell was composed of
ITO/PEDOT:PSS/Bis-EH-PFDTBT:PCBM/LiF/Al and the thickness of the active layer was
100 nm.[168]

Slooff et al. attached decyl chains to the fluorene. Their PF10TBT has a M, of
36,900 g mol™* with a rather broad PDI of 3.6.[*”] With a blend ratio of PFI0TBT/PCBM 1:4
and a thickness of the active layer of 186 nm the PCE was 4.2%.1*%”! The set-up of the solar
cell was ITO/PEDOT:PSS/PF10TBT:PCBM/LiF/Al.[167]

Recently, Yu et al. reported a PFDTBT synthesized by Stille coupling. They obtained the
didodecyl substituted PFDTBT-C12 with a M,, of 10,000 g mol™ and a PDI of 2.1.1168 Except
for the somewhat lower PDI the PFDTBT synthesized by this method does not surpass the
DiD-PFDTBT by Svensson et al. Furthermore, Yu et al. report a PCE of the PFDTBT-
C12:PCBM (1:3) blend of 0.62%.!168]

Table 2 summarizes the molecular weights and solar cell parameters of the exemplarily
mentioned PFDTBTSs from this section.
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Table 2. Summary of the molecular weights and the solar cell parameters of selected PFDTBT derivatives.

molecular weight solar cell parameters®
M, M,, Isc Voc FF PCE
[gmol?] [gmol?] [mAcm?] [V] (%]
BisEH- ]
PEDTRTIL6S! 21,000 31,500° 8.40 0.95 0.44 3.5
DiEH- . 4.99 0.98 0.38 1.8¢
166] 13,600 34,000 ;
PFDTBT! 5.16 1.07 0.46 2.6
BisDMO- d
PEDTRTIL6S! 20,000 26,000° 9.10 0.97 0.51 4.5
PF10TBTI67] 9,700 34,900° 7.70 0.99 0.54 4.28
PFDTBT- X h
1211681 10,100 21,200 2.48 0.77 0.32 0.6

2 Method not specified.

b From SEC using a polystyrene calibration.

¢ BHJ solar cells, measured under 1.5 AM illumination with an intensity of 100 mW cm-2.

d Blend ratio of PFDTBT/PC70BM 1:3; device set-up: ITO/PEDOT:PSS/PFDTBT:PC70BM/LiF/Al.

e Blend ratio of PFDTBT/PCBM 1:3; device set-up: ITO/PEDOT:PSS/PFDTBT:PCBM(130nm)/Al.
fBlend ratio of PFDTBT/PCBM 1:4; device set-up: ITO/PEDOT:PSS/PFDTBT:PCBM(100nm)/LiF/Al.
8 Blend ratio of PFDTBT/PCBM 1:4; device set-up: ITO/PEDOT:PSS/PFDTBT:PCBM(186nm)/LiF/Al.
h Blend ratio of PFDTBT/PCBM 1:3; device set-up: ITO/PEDOT:PSS/PFDTBT:PCBM/Ca/Al.

Beyond alkyl chains at the fluorene unit of PFDTBT also the introduction of side chains to
the aromatic rings of the acceptor moiety is an important aspect. Additional solubilizing
groups can help improving the molecular weight and at the same time help retaining
solubility and processability.*1% Considering the DTBT unit, substituents can be introduced
at the 5- and 6-position of the benzothiadiazole as well as at the 3- or 4-position of the
thiophene. A drastic increase of steric hindrance is observed when alkyl chains are
attached to the benzothiadiazole.[*®® This significantly hampers the conjugation between
the donor and acceptor units, resulting in an increased bandgap.*'% Thus, in the following
only the influence of substitution at the thiophene will be discussed. Again, the effect of
the steric hindrance of the substituents on the dihedral angle between thiophene and
benzothiadiazole and between thiophene and fluorene is crucial.[*°”! Zhou et al. found that
the steric hindrance of substituents at the 4-position causes just a small increase of the
dihedral angles compared to the non-substituted DTBT.[*%°! Substitution at the 3-positon
of the thiophene results in a sterically more hindered conformation and thus a larger
bandgap.*®® Furthermore, the additional solubilizing side chains can also influence the
performance of polymer:PCBM BHJ solar cells. Polymers without side chains have a
tendency to aggregate in a solution at room temperature.[*1% This also leads to a smaller
surface area between donor and acceptor phases in the blend which negatively impacts
the overall efficiency of a BHJ solar cell.! Concerning the length and shape of the side
chains, the same trend is valid as discussed for the substituents at the fluorene. Size and
branching strongly influence the solid state organization of the polymers: Straight and
short chains enable stronger intermolecular interactions than branched and long side
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chains.'’% By choosing the appropriate side chain not only solubility and molecular weight
can be influenced, but also absorption and charge transport.l!?% The influence of the
length and shape of alkyl chains on intermolecular interactions and solubility is
schematically illustrated in Figure 18.

intermolecular
interactions

[
»

non- short long
substituted linear branched

Figure 18. Influence of length and shape of the alkyl side chains on intermolecular interactions and solubility.
Intermolecular interactions are in close relation with important material properties, for instance, absorption and
charge carrier transport.[110]

Hou et al. reported a PFDTBT with hexyl groups at the 4-postion of the thiophenes. Due to
the more soluble DTBT monomer they obtained a soluble polymer with a number average

molecular weight M,, of 40,000 g mol™ via Suzuki polycondensation.l*’!) Back then, this
PFDTBT was tested as red emitter in organic light emitting diodes. As a material for organic
solar cells it was first mentioned by Shi et al. They introduced oxydecyl groups at the
3-position of the thiophenes and reached very high molecular weights of

M,, 68,000 g mol .72 |n a blend ratio of Polymer:PCBM 1:4 the PCE was 1.60%.[172

Besides the common application of PEDTBT as electron donor material McNeill et al. used
a PFDTBT derivative as an acceptor polymer in a BHJ solar cell with P3HT as donor.'73]
They took advantage of the ambipolar transport ability of PEDTBT.[174173] Solar cells of a
blend with equal amounts of P3HT and PFDTBT reached efficiencies of 1.20% after
annealing.*”3! Mori et al. pointed out that thermal annealing of a P3HT:PFDTBT blend
induces crystallization of P3HT domains and simultaneously leads to more pure areas of
the amorphous PFDTBT.[!7®! Both processes are deemed beneficial for suppressing
recombination.['’® Sommer et al. extended this concept and synthesized PFDTBT-block-
P3HT block copolymers.7”]
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1.4 Crosslinking of organic semiconductors

Crosslinking is a well-established concept for the processing of organic semiconductors.
This section will summarize the potential and discuss the different approaches to
crosslinking of conjugated polymers. The crosslinking of conjugated polymers via reactive
oxetane groups will be presented in detail.

Usually, crosslinking is applied to a film after it was cast from solution. The key point of
crosslinking is the transformation of a soluble material into an insoluble network. Taking
advantage of this, a number of applications were developed: fabrication of multilayers
from solution and patterning of organic semiconductors via photolithography. In recent
years crosslinking emerged as a concept for stabilization of bulk heterojunction blends in
organic solar cells. Each of these concepts will be addressed within this chapter.

In general, two approaches to the crosslinking of organic semiconductors are known. They
are illustrated in Figure 19. Crosslinking can be achieved by bi- or multivalent crosslinking
agents. In Figure 19a this is schematically shown for the crosslinking of polymer chains
with a bivalent crosslinking agent. Another concept is the introduction of functional
groups. Upon reaction between the functional groups a network is formed. This is
depicted in Figure 19b.
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a) Crosslinking via a crosslinking agent

) + <> < '
crossllnkmg ’

b) Crosslinking via functional groups

< _—
crosslinking
ks 5 i
soluble polymer insoluble polymer network

Figure 19. General approaches for crosslinking of conjugated polymers: a) Crosslinking via a bivalent crosslinking
agent, b) crosslinking via reactive functional groups.

Using a crosslinking agent is a rather straightforward concept. A compound bearing two
or more reactive groups is added to the polymer solution before a film is cast. As an
example, a bisazide crosslinker and its activation reaction are shown in Figure 20a. In this
particular case the crosslinking reaction is triggered by UV irradiation. Cleavage of nitrogen
leads to a highly reactive bisnitrene species. The reactive nitrene inserts to C-H bonds of
the surrounding polymer and the polymer chains are thus linked to each other. By the
amount of crosslinker the crosslinking density can be controlled. With this approach Tan
et al. fabricated multilayer solar cells from polymer solutions. Usually, two layers of
organic material cannot be cast on top of each other, since the solvent of the second layer
would redissolve the previously cast film. In only a few cases this can be circumvented by
the use of orthogonal solvents. Crosslinking provides a tool to render a cast film insoluble,
enabling the next layer to be applied from the same or a similar solvent. The polymers and
the device areillustrated in Figure 20b and Figure 20c. Tan et al. applied P3HT as the donor
and P(NDI20D-T2) as acceptor, a thin interlayer of PCDTBT was introduced to suppress
recombination.t78
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P(NDIOD-T2)
PCDTBT + 5% azide
P3HT
+ 10% azide
! . o PEDOT:PSS
s " s CgHiz
Q O 5 O SIT Kc(mHu ITO on glass
PCDTBT P(NDI20D-T2)

Figure 20. Multilayer organic solar cell fabricated from solution by crosslinking. a) Sterically substituted
bis(fluorophenyl azide) and the formation of the crosslinking bisazide. b) The polymers P3HT (electron donor),
PCDTBT (interlayer), and P(NDI20OD-T2) (electron acceptor). c) Schematic drawing of the stack of materials of the
multilayer solar cell.[278]

The device was built by sequential spin coating, crosslinking and rinsing steps.[*”®! On top
of the ITO/glass substrate coated with PEDOT:PSS first the P3HT layer was applied by spin
coating. To the P3HT solution 10% of the crosslinking agent were added. Photocrosslinking
rendered the P3HT film insoluble.l'”8] The non-crosslinked fractions were washed off with
solvent and the thickness of the crosslinked P3HT film was 13 nm.[”8 Then a layer of
PCDTBT was cast from a solution containing 5% of bisazide. This layer was
photocrosslinked, again, and rinsed as described for the first one before a 36 nm thick
layer of P(NDI20OD-T2) was cast on top.[*8] The most efficient device of this series with a
3 nm thick interlayer of PCDTBT reached a PCE of only 0.45%.1*78!

Crosslinking agents proved to be a viable method for crosslinking conjugated polymers. It
is also very versatile, since compounds like the mentioned bisazide can easily be added to
any polymer solution. A drawback of this concept arises from the high reactivity, and thus
low selectivity, of the bisnitrene formed. Tang et al. point out that crosslinking mainly
takes place between the alkyl side chains.[*”?l However, nitrene might also add into a C-H
bond of the conjugated backbone. This would be detrimental for the optic and electronic
properties.

The alternative approach is crosslinking via functional groups. When it comes to
conjugated polymers, crosslinkable groups are usually attached to the ends of the
solubilizing alkyl chains. This requires more synthetic effort, since the functional groups
have to be introduced during monomer synthesis or after the polymerization. Common
functional groups for crosslinking are alkyl bromide,*8% azide,[*8Y acrylate,*8?) vinyl,[183]
and oxetane.'® Table 3 summarizes the functional groups and compares them
concerning their crosslinking mechanism, initiation, and selectivity.
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Table 3. Selection of functional groups for crosslinking of conjugated polymers.

functional crosslinking initiation additional selectivity
group mechanism initiator
~gp-Br radical hv no no
~gp-Ns radical hv no no
R ' AT
Np X . hv
R X radical no yes
AT
hv no
~,.-0
R oS radical AT no yes
o hv + initiator yes
o hv + PAG yes
52 cationic AT + TAG yes yes
~p-0 . .
R R acid vapor no

PAG: photoacid generator, TAG: thermal acid generator.

These functional groups can further be classified into two groups: Bromide and azide
functionalities lead to non-selective radical species, while vinyl, acrylate, and oxetane
groups undergo bimolecular reactions with functionalities of their kind.[*8

Upon UV irradiation the C-Br bond of the bromide functionalized side chain is cleaved
homolytically.'®! For this cleavage no additional initiator is required. The radicals formed
non-selectively react with neighboring molecules.’%? Also bromine radicals might have
negative effects on the optic and electrical properties of the conjugated materials.[*??

Similar to the azide based crosslinker molecule described above, azide groups in the
periphery of a conjugated polymer are activated by UV or heat treatment.!**¢! Cleavage of
nitrogen results in extremely reactive nitrenes. The crosslinking proceeds through
insertion of the nitrene into C-H bonds.[*8Y An advantage of this system is that no initiator
has to be added. However, the high reactivity of the nitrene results in poor selectivity.
Thus, unwanted reactions with the conjugated system cannot be ruled out.™8”)

Introducing vinyl groups as crosslinking units is particularly interesting for crystalline
materials.[*83] The structure and the steric demands of a terminal vinyl group is very close
to that of a linear alkyl group.*®3 Large functional groups are expected to decrease the
crystallinity of the polymer. In the case of P3HT, for instance, this leads to a lower hole
mobility.*®3 For vinyl groups the crosslinking is initiated by UV light or thermal
activation.[192183] The crosslinking reaction itself is highly selective.l®? Furthermore, no
initiator has to be added and no side products occur during the crosslinking process.1%%

The crosslinking mechanism of acrylate is similar to vinyl. Acrylates can be crosslinked by
UV or thermal treatment.[*87138 |n numerous works, though, crosslinking of acrylate
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groups is achieved by a combination of UV irradiation and a photo labile initiator.[*8 Such
a system can, for instance, be used for patterning of oligofluorenes via
photolithography.™® This topic will be addressed in section 1.6 Patterning of organic
semiconductors.

1.4.1 Oxetane as crosslinkable group

In contrast to the crosslinkable groups previously mentioned, oxetanes are not crosslinked
by a radical mechanism. Instead, crosslinking takes place by cationic ring-opening
polymerization (CROP). Usually, the protons for the initiation of the CROP originate from
acid generating molecules. Frequently used are aryliodonium and arylsulfonium salts.
These compounds are activated either by UV irradiation (photoacid generator, PAG) or by
thermal treatment (thermal acid generator, TAG). They are added to the polymer solution
prior to film preparation. The activation mechanism of a diphenyliodonium based PAG,
which was used in this work, and a scheme of the CROP of oxetanes are shown in Figure
21.

Upon light exposure the diphenyliodonium salt is excited. The major decay path of this
species proceeds via a homolytic decay of a C-l bond.®Y Resulting iodobenzene radical
cations further react to form the desired protons and iodobenzene.*®'l Typically,
diaryliodonium salts absorb at wavelengths below 350 nm.?3! In combination with a
n-conjugated material the decay reaction can be sensitized.[*** Considering organic
semiconductors, the material which has to be crosslinked can serve as sensitizer. This
process, called photoinduced electron transfer, utilizes the excitation of the conjugated
material, which usually absorbs at longer wavelengths compared to the PAG.[**3! By an
electron transfer from the excited conjugated molecule to the PAG the decay reaction is
induced and a proton is generated.'®¥ Since the material that has to be crosslinked is
present in large excess, an efficient transfer to the PAG is provided.***
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a) Generation of a proton from a diphenyliodonium salt
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b) Cationic ring-opening polymerization of oxetane
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Figure 21. a) Formation of protons from a photolabile diphenyliodonium salt. Reproduced from references(19%.192],
b) Cationic ring-opening polymerization of oxetane. Reproduced from referencel!93l,

In the first step of the cationic ring-opening polymerization (Figure 21b) a proton adds to
the oxygen atom of the oxetane ring forming an oxonium cation.*3% Upon reaction with
another oxetane the ring is opened and the positive charge is transferred to the oxygen of
the still closed ring of the dimer. The polymerization proceeds in the same way and a
poly(ether) is formed.!*3%

Commonly, crosslinking of oxetanes induced by PAGs is executed in two steps:
illumination and curing. During the illumination step protons are generated. In the
subsequent curing the sample is heated. This helps protons to reach oxetane groups to
initiate the CROP. Also the molecules to be crosslinked are more mobile. This increases
the probability of an activated oxetane group to find a reaction partner. However, with
every crosslink formed the system becomes more and more immobile. Crosslinking is
terminated when the network hinders oxetane groups from coming into contact in order
to react.!*%>
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Oxetane was chosen as the crosslinkable group for the low bandgap polymers in this work
because of several reasons. First, it is stable and manageable during synthesis and workup.
Other than acrylate or vinyl groups, oxetane tolerates the conditions of Suzuki
polycondensation and does not undergo side reactions.!**® Thus, protective groups and
subsequent deprotection of the polymer are not needed. Furthermore, the polymers
should be able to efficiently crosslink in a blend with PCBM. If the crosslinking proceeds
via a radical mechanism, as it is the case, for instance, with acrylates, the strong electron
accepting fullerene derivatives would react with these radicals. The chances are slim that
a single PCBM molecule quenches two or more radicals to form a crosslink.[8 With
oxetanes the network formation is based on cations and thus is not affected by the
presence of fullerenes.!**® Further advantages of oxetane as crosslinkable group are the
fast cationic polymerization in bulk with a high conversion and only a small impact on the
optoelectronic properties of the crosslinked materials.!*°®!

Small molecules and polymer organic semiconductors with oxetane groups attached to
their side chains were used as crosslinkable materials in organic light emitting diodes.
Usually, an OLED is composed of a stack of organic layers. Crosslinking is a key strategy for
aligning layers of organic material on top of each other from solution. Multilayer devices
can be fabricated by repetitive steps of casting and crosslinking. Owing to the sequence of
functional layers in an OLED, most of the crosslinkable materials known are hole transport
materials and emitters.®3 Based on this concept the group of Meerholz fabricated
multicolor polymer OLED displays with red, blue, and green pixels from solution.® A
schematic drawing of the device set-up is shown in Figure 22a. Such a device was
fabricated by a sequence of selective crosslinking steps of oxetane functionalized
materials. As first organic layer the hole transporting triphenylamine derivative*®”! (Figure
22b) was applied on top of the glass substrate coated with ITO and PEDOT:PSS. The
photoacid generator for crosslinking the hole transport material and the following emitter
materials was a diphenyliodonium salt. It was added in concentrations of 0.2 wt% to
0.5 wt%.['*! On top of the crosslinked and insoluble hole transport layer the first
electroluminescent polymer was coated.!**®! As an example the blue emitting polymer is
shown in Figure 22c. For crosslinking the emitter polymers UV illumination was conducted
using a shadow mask. This resulted in the formation of crosslinked and non-crosslinked
areas. The non-crosslinked parts of the film remained soluble and were rinsed off with
THF.'%] This procedure was repeated for the other polymers. Finally, the electrode
consisting of barium and silver was evaporated on top.!**>!
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a) Scheme of the three color OLED b) Crosslinkable hole
transporting material
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Figure 22. Full-color OLED display fabricated by solution processing and crosslinking. a) Schematic drawing of the
device. R, B, G represent a red, blue, and a green pixel. b) Crosslinkable triphenylamine derivative used as hole
transporting layer. c) Crosslinkable blue emitting polymer, R = 2-methylbutyl. Reproduced from references!195.197]

n

Charas et al. published several works on oxetane functionalized organic semiconducting
polymers.['?8 They first focused on fluorene based polymers with a crosslinkable
monomer (F80Xx, Figure 23).[*%8 Later they attached oxetane groups to the side chains of
the fluorene moiety to achieve crosslinkable fluorene based low bandgap polymers
(F8T20x2, F8T20x1, Figure 23).[*%% With these crosslinkable low bandgap polymers Charas
et al. investigated oxetane crosslinking in organic solar cells. In their first concept they
coated blends of F8T20x1 or F8T20x2, respectively, with the inert polystyrene on top of
ITO/PEDOT:PSS.[290201] Before coating, a PAG (4.6 wt% with respect to PSFT20x1) was
added to the solution.?°Y Crosslinking of P8FT20x1 was conducted by illumination with
UV-light (254 nm) at 100 °C for one minute and curing for five minutes.’?!! Subsequently,
polystyrene was washed away with THF, leaving behind the crosslinked polyfluorene. 2%
The voids in the polyfluorene film are then filled with PCBM from solution.!?°!! Charas et
al. first proposed that for a BHJ blend the phase separation is better assisted by an inert
polymer than by PCBM itself!?°Y and a well-defined morphology is achieved.’?°?! However,
they investigated blends of P8FT20x1:PCBM where the polymer was crosslinked after spin
coating and ended up with significantly more efficient solar cells.?°!l Besides the
crosslinkable fluorene based polymers the group of Charas also synthesized an oxetane
functionalized P3HT derivative (P3HT-Ox), which is also shown in Figure 23.1202
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Figure 23. Conjugated polymers with crosslinkable oxetane groups: Poly(fluorene) (F8Ox) with a crosslinkable co-
monomer, 198! fluorene-based low bandgap polymers with two oxetane groups (F8T20x2)1290 and one oxetane
group (F8T20x1),1199 poly(3-hexylthiophene) derivative (P3HT-Ox)[202] containing oxetane functionalized co-
monomers.

However, some drawbacks arise from the use of oxetane as crosslinkable group. A great
concern is the photoacid generator. Residual photoacid and side products from the decay
reaction remain in the active material and might negatively influence properties such as
molecular order, charge transport, and stability.[!9? Another issue might be the cationic
character of the active centers of the ring-opening reaction.!!®” Meerholz et al. suggest
neutralization of the films after crosslinking by rinsing with base or nucleophiles such as
THF.'%3 Thermal treatment is assumed to achieve the same effect.[*3!

An approach to initiate the CROP of oxetanes without adding a photoacid generator was
described by Yau et al. They reported crosslinking of an oxetane functionalized low
bandgap polymer by exposing it to trifluoroacetic acid (TFA) vapor.?%! The acid can
permeate through the film and act as ring-opening catalyst. After the crosslinking process,
excess TFA can be removed from the sample by a vacuum step.2%3!
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1.5 Stabilization of the morphology of BHJ solar cells by crosslinking

Crosslinking emerged as a promising concept for the stabilization of the morphology of
bulk heterojunction solar cells.[1%2] As discussed earlier, the nanostructure of BHJ blends
has significant influence on the device performance. There are several ways for achieving
such a beneficial morphology.?°” However, nanophase separation of polymers and
fullerenes is a non-equilibrium state and prone to degradation.?%! Crosslinking provides a
tool for locking the morphology by hindering detrimental diffusion processes in the blend,
resulting in macrophase separation or aggregation of the fullerenes.[!%! |n the literature
different approaches are described: crosslinking donor to donor, crosslinking acceptor to
acceptor, crosslinking donor to acceptor, and crosslinking a donor-acceptor blend by a
reactive additive.[*8”! Examples for materials used in the different concepts are shown in
Figure 24. The focus of the following section is on the donor to donor crosslinking concept
which is also applied within this work.
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a) Crosslinking donor to donor
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Figure 24. Selection of crosslinkable materials for the stabilization of BHJ solar cells.

In the donor to donor crosslinking approach crosslinkable groups are attached to the side
chains of the donor material.’®” The basic idea is that the polymer network formed by
crosslinking hinders the diffusion of PCBM. It was shown first by Miyanishi et al. on a
poly(thiophene) (P3HNT) bearing vinyl groups (Figure 24a).[81 Commonly, crosslinked and
non-crosslinked reference cells are compared in accelerated aging experiments. Here,
both types of solar cells are exposed to thermal treatment for several hours. During this
experiment, the change of the device parameters is monitored. Miyanishi et al. annealed
their P3HNT in a blend with PCBM (polymer:PCBM 1:0.8) for 10 hours at 150 °C and
compared it with a P3HT:PCBM blend of the same composition.!*®3 The initial efficiencies
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of both devices were comparable (P3HNT:PCBM 3.03%, P3HT:PCBM 3.11%).183] After
thermal annealing, the efficiency of P3HT:PCBM dropped to 1.00%, while P3HNT:PCBM
retained an efficiency of 1.74%.181 They ascribe the smaller decrease in efficiency to the
slowed formation of large PCBM aggregates.l'®3 However, the formation of PCBM
aggregates could not be surpressed entirely.!183!

Carlé et al. compared in their study the influence of different crosslinkable groups. They
investigated the low bandgap polymer TQ1 (poly[2,3-bis-(3-octyloxyphenyl)quinoxaline-
5,8-diyl-alt-thiophene-2,5-diyl])?°! bearing bromo, azide, vinyl, or oxetane groups. As a
reference material they synthesized the non-crosslinkable TQ1 (Figure 24a).2%” Films were
fabricated by spin coating of polymer:PCBM (1:1) solutions. To the TQ-Oxetane:PCBM
solution 5 wt% of a photoacid generator were added. The blends of TQ-Br, TQ-N3, TQ-
Vinyl, and TQ-Oxetane were crosslinked by irradiation at a wavelength of 254 nm for
10 minutes.?”l In this article Carlé et al. used optical micrographs to monitor the
formation of PCBM aggregates in annealed polymer:PCBM films. After annealing at 150 °C
for 13 hours, large PCBM crystallites were observed in the non-crosslinked TQ1 blend.?°7]
Also in the crosslinked TQ-Br blend PCBM aggregates were visible. In TQ-N3, TQ-Vinyl, and
TQ-Oxetane no PCBM aggregates were observed.?°”) Furthermore, they compared the
power conversion efficiencies of organic solar cells from this set of polymer:PCBM blends.
The cells were annealed at 100 °C for a total of 50 hours.?%”! From this accelerated aging
experiment the study only provides normalized PCE values. In the cases of TQ1, TQ-Br, and
TQ-Oxetane the PCE dropped to 20% of the initial efficiency after 20 hours. At this point
TQ-N3 retained 40% of its efficiency and TQ-Vinyl about 50%.12°”! From 20 hours to 50
hours only marginal changes of the PCE were observed.?%"!

These two examples show, along with similar studies,18520820%1 that crosslinking of the
donor material can indeed help to improve the long term stability of BHJ solar cells.
However, it was not shown that PCBM aggregation can be prevented completely.[87 Thus,
the obvious approach to prevent crystallization of PCBM is crosslinking the acceptor.[*87]
To achieve crosslinkable acceptor materials, several functionalized PCBM derivatives were
investigated.?!% As crosslinkable moieties acetylene, styrene, epoxy, oxetane, and silyl
groups are known.[*®”l Examples for crosslinkable PCBM derivatives are illustrated in
Figure 24b. The oxetane functionalized PCBM is crosslinked by catalytic amounts of a
photoacid generator und UV irradiation.[*®”! Crosslinking of the styrene functionalized
PCBM is thermally induced.l*®”! Cheng et al. used a styrene functionalized PCBM (PCBSD)
in ternary blends with the composition P3HT:PCBM:PCBSD 6:5:1.12'Y The films were
annealed for 10 minutes at 110 °C for morphology optimization. A second annealing step
for 10 minutes at 150 °C induced the polymerization of the styrene groups, resulting in
fixation of the morphology.l?'!! The initial power conversion efficiency of BHJ solar cells
was 3.32%.2% In an accelerated aging experiment the PCE increased upon further
annealing at 150 °C.[2'Y The highest efficiency (4.01%) was achieved after 10 hours at
150 °C. After 25 hours, a PCE of 3.70% was attained.?'! A reference device of P3HT:PCBM
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in a 1:1 ratio during the same experiment suffered a drastic loss in efficiency, dropping
from 4.08% in the beginning to 0.69% after 25 hours at 150 °C.[?14

Another approach to prevent PCBM crystallization is crosslinking the donor material with
the acceptor. In this context Kim et al. worked on azide functionalized polythiophenes
(Figure 24c).2*2 They found that azide can crosslink in two ways: Upon photoexcitation
nitrene radicals are formed. Without any selectivity these radicals react with donor as well
as acceptor molecules.!?'? Aside from that, azides can react in a thermally induced,
selective cycloaddition with PCBM.[2*21 As donor material in their crosslinked BHJ solar cells
they used a blend of 85% P3HT and 15% P3HT-azide10. This blend was mixed with PCBM
in a 1:1 ratio. As reference device they used a P3HT:PCBM (1:1) BHJ cell. Kim et al. ran an
accelerated aging experiment to compare the stability of the crosslinked and the reference
device. The initial PCE of the reference was 3.44%. For the crosslinked device the PCE was
3.32%.212 After 40 hours at 150 °C the P3HT:PCBM device exhibited an efficiency of 1.92%,
while the crosslinked P3HT/P3HT-azide10:PCBM solar cell retained its efficiency of over
3.3%.2%2 Kim et al. claim the formation of a stabilizing fullerene attached P3HT graft
polymer at the P3HT/PCBM interface.l?'? This interlayer significantly inhibits macrophase
separation.[*8]

The approach of adding crosslinking agents to a donor-acceptor blend has one advantage
over the three concepts mentioned above: Here, no crosslinkable groups have to be
attached to the materials, which in some cases can be challenging.[**”] In this approach
readily available materials can be used. However, only a few works utilizing this concept
are known in the literature.l?*3214 Examples for crosslinking agents are a tetravalent
acrylatel®3! (Figure 24d), a diene derivative?'*l and the bisazide introduced in Figure 20a.
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1.6 Patterning of organic semiconductors

Crosslinking of BHJ materials is only one concept for controlling and stabilizing the
morphology in organic solar cells. Alternative concepts for stable and defined
morphologies exploit phase separation of block copolymers!?*>! or self-organization of
nanocrystals in polymer brushes.[!872161 Another approach towards a defined interface
between donor and acceptor materials are patterning techniques. Applying such methods
to crosslinkable materials is interesting, since the structures gained can be stabilized by
crosslinking and a second material can be added from solution.

A classical approach towards patterned structures of organic semiconductors is using
shadow masks during vapor deposition. Again, this method is viable only for small
molecule organic semiconductors. Patterns of conjugated polymers or other materials
restricted to solution processing can be achieved by photolithography. In this process a
film is irradiated through a shadow mask. This results in the formation of defined areas in
the film, where a light induced reaction such as crosslinking takes places. Commonly, such
reactions lead to a change in solubility of the exposed material. Feature sizes smaller than
1 pm were attained by Scheler et al. from photo-crosslinkable fluorene based
oligomers.?'7l Even smaller patterns of crosslinkable oligofluorenes were achieved by

electron beam lithography.[?*8!

Looking at bulk heterojunction organic solar cells, domain sizes of some 10 nm are
considered ideal for efficient exciton separation. To achieve features in the nanometer
range, alternative concepts like nanoimprinting can be applied.?*® Nanoimprint
techniques are frequently used for structuring polymers.l??”) The working principle of
nanoimprint lithography (NIL), also referred to as mechanical lithography, is schematically

drawn in Figure 25.
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Figure 25. Fundamental steps of nanoimprint lithography. Reproduced after referencel219],

4

A polymer film is cast on top of a substrate. The mold, in this example the mold is bar-

substrate

shaped, is pressed into the polymer. This step can be assisted by heating the array above
the glass transition temperature of the polymer (hot embossing) or by exposing the film
and the mold to solvent vapor (SANIL, solvent assisted nanoimprint lithography).2*! After

separation, a negative of the pattern of the mold is imprinted into the polymer film.?*!
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The mold can be made from hard materials, for instance silicon or quartz. Also soft stamps
from polydimethylsiloxane (PDMS) are frequently used.[??%

For an application in organic solar cells the imprinted structures are required to possess a
high aspect ratio.l??!! In other words, very thin and high structures are desired, offering a
large donor-acceptor interface area.’?*¥ Several reports on nanostructured P3HT have
been published.??!) One example is by Ayral et al., who used an anodic aluminium oxide
membrane as a stamp for imprinting of a P3HT film.[?2?! Using this mold, hexagonal pillars
(65 nm in width and 200 nm in height) were transferred into the P3HT film.[?%3! A layer of
PCBM was cast on top of the P3HT from an orthogonal solvent.!?'°! However, this was
found to lead to a diffuse and intermixed donor-acceptor interface.?**?2% To circumvent
this intermixing caused by applying the acceptor from solution, evaporation of a layer of
Cso Oon top of P3HT nanostructures was tested.!?%%

Another approach towards heterojunctions with defined structures in the range of the
exciton diffusion length was reported by He et al. Interpenetrating columns with feature
sizes as small as 25 nm were achieved by a combination of SANIL and double
imprinting.[22>226] Their first report was on a polymer solar cell with P3HT as donor and
PFDTBT as acceptor polymer. In the first step they used a patterned silicon mold to imprint
columnar structures into a P3HT film at room temperature in a chloroform
atmosphere.'??® The P3HT film was cast on top of glass coated with ITO and PEDOT:PSS.
After imprinting the nanostructured P3HT film was used as a stamp for imprinting the
PFDTBT layer. This PFDTBT film was spin coated on top of aluminium evaporated onto a
Kapton foil.?%°! The second imprinting step was conducted at room temperature in an
atmosphere of dichloromethane.??! Devices with an imprinted feature size of 25 nm
showed the highest power conversion efficiencies in this study with 1.85%.12%1 This
significantly exceeds the PCE of a planar bilayer (0.36%) and of a P3HT:PFDTBT blend
(1.09%).2%] After their successful proof of principle, He et al. fabricated P3HT:PCBM and
PFDTBT:PCBM solar cells following the same procedure.??6 The PFDTBT:PCBM device with
25 nm dots showed an PCE of 2.30%, surpassing the blend (1.90%).22¢]

Some examples from the literature encourage that nanoimprinting can indeed be an
helpful approach towards organic solar cells with well-defined donor-acceptor interfaces.
Combining NIL and crosslinking could advance this concept even further, since crosslinking
might help stabilizing the imprinted structure and retain the sharp donor-acceptor
interface after adding the second organic material from solution.
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2 Aim of the thesis

Organic solar cells are an advancing technology and subject to research for the last two
decades. The development of novel functional materials and the evolution of device
architecture helped organic solar cells surpassing the barrier of 10% power conversion
efficiency. However, long term stability still remains an issue. This work will address the
guestion whether crosslinking can help achieving more stable and defined active layer
structures in polymer based organic solar cells.

The central aims of this thesis are the synthesis of crosslinkable low bandgap polymers
and their application in organic solar cells. Based on the well-known low bandgap polymer
PFDTBT  (poly(2,7-(9,9-dialkylfluorene)-alt-(5,5-(4’,7’-di-2-thienyl-2’,1’,3’-benzothiadia-
zole)) a series of crosslinkable low bandgap polymers and the non-crosslinkable reference
material should be synthesized. Oxetanes are attached to the alkyl side chains of the
fluorene moiety and serve as crosslinkable functional groups. The crosslinkable polymers
are targeted to show similar behavior compared to the reference material concerning
molecular weight as well as chemical, thermal, optical, and electronic properties.

For an application of the synthesized crosslinkable low bandgap polymers in organic solar
cells detailed knowledge about the crosslinking process is essential. With respect to device
fabrication a process for crosslinking in thin films has to be developed.

Bulk heterojunction organic solar cells are fabricated with the crosslinkable low bandgap
polymer and the reference material. Furthermore, the long term stability of solar cells
based on both materials is studied. A major reason for a decreasing efficiency is the
instability of the morphology of the donor acceptor blend. Diffusion and aggregation of
the low molar mass fullerene in the polymer matrix leads to a loss of the beneficial phase
separation with nanometer sized domains. Ultimately, this results in poorly performing
macrophase separated donor-acceptor blends. For this purpose, accelerated aging
experiments have to be conducted. Crosslinking is expected to result in more stable
blends, since the diffusion of the acceptor compound is reduced significantly in a densely
crosslinked polymer network.

Creating a large and defined donor acceptor interface is an approach to improve the
architecture of the active layer of organic solar cells. A concept for patterning organic
semiconductors is nanoimprint lithography. Within this work the strategy of imprinting
will be applied to the synthesized low bandgap polymers.
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3 Synthesis and crosslinking of oxetane functionalized low
bandgap polymers

Over the past decades crosslinking has emerged as a powerful tool for the processing of
organic semiconductors. It is usually applied to a film which was processed from solution.
During the crosslinking procedure the soluble organic semiconducting material is
converted into an insoluble network. As a result these materials can be utilized for the
fabrication of multilayer stacks from solution. A more advanced application is the
formation of patterned structures by photolithography.*°%1% Recently, the focus turned
to crosslinking of low bandgap polymers in organic bulk heterojunction solar cells.['87]
Several studies have shown that crosslinking can be beneficial for the long term stability

of BHJ cells.[102,187]

Crosslinking can be realized by either adding a crosslinking agent or by the incorporation
of reactive functional groups. Although it requires some more synthetic effort, the concept
of crosslinkable groups was chosen for this thesis. For this purpose several functional
groups are known in the literature, for instance, alkyl bromide, azide, acrylate, vinyl, and
oxetane. An advantage of oxetane is its selectivity, as it only reacts with other oxetane
groups during crosslinking. Also, oxetane is easy to handle during synthesis and work-up.
It is not labile to oxygen, light, and heat and tolerates the reaction conditions of Suzuki
cross-coupling. With respect to an application in BHJ solar cells the cationic crosslinking
mechanism is the key advantage of oxetane. Other than for groups that crosslink via a
radical mechanism, for instance vinyl and acrylate, the presence of strongly electron
accepting fullerenes does not affect the cationic crosslinking of oxetanes.

This work is based on the well-known low bandgap polymer PFDTBT (poly(2,7-(9,9-
dialkylfluorene)-alt-(5,5-(4’,7’-di-2-thienyl-2’,1’,3’-benzothiadiazole)).*>3 This structure
was modified with crosslinkable oxetane units attached to the side chains of the fluorene
moiety. By this a series of low bandgap polymers with varying amounts of crosslinkable
groups were synthesized and characterized. The crosslinking process was carefully
investigated and optimized to determine the parameters for the formation of insoluble
films. As reference material a non-crosslinkable PFDTBT was also synthesized. The
structure of PFDTBT equipped with two crosslinkable oxetane groups is shown in Figure
26.
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PFDTBTOXx

Figure 26. Crosslinkable low bandgap polymer PFDTBTOXx.

3.1 Synthesis of the monomers

Scheme 1 shows the synthetic pathways towards the crosslinkable fluorene monomer. In
the first step the crosslinkable alkyl chain (1) is synthesized according to the literature.??”]
Commercially available 3-ethyloxetanemethanol is reacted with a threefold excess of
1,6-dibromohexane under basic conditions in a Williamson etherification. The product
3-(6-bromohexyloxymethyl)-3-ethyloxetane (1) is isolated by column chromatography
with 80% vyield and subsequently used for the alkylation of commercially available
2,7-dibromofluorene.’® By using concentrated NaOH fluorene is selectively
deprotonated at the 9-position, making way for the C6-oxetane chains. After column
chromatography 2,7-dibromo-9,9-bis(hexyl-6,1-diyl)bis(oxymethyl-3-ethyloxetane)-
fluorene (2) is isolated in 70% vyield. For Suzuki polycondensation boronic acid
functionalities have to be introduced. Since boronic acids show tendency to condensate
and are prone to interactions with silica during column chromatography, we choose a
cyclic ester, namely boronic acid pinacol ester. The conversion is conducted as described
in the literature.??®1 To a solution of the dibromofluorene derivative (2) n-butyllithium and
isopropoxyboronic acid pinacol ester (3) are sequentially added at -78 °C. Special attention
is paid to purification, since polycondensation requires extremely pure monomers. In
several cases the monomers are purified by two or more column chromatography runs
and highly pure (4) is obtained in yields of up to 57%.
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Scheme 1. Synthesis of the crosslinkable fluorene monomer. Conditions: i: hexane, 45% NaOH, phase-transfer
catalyst tetrabutylammonium bromide, 100 °C. ii: DMSO, 50% NaOH, phase-transfer catalysts
benzyltriethylammonium chloride and tetrabutylammonium chloride, 100 °C. iii: THF, n-butyllithium, -78 °C.

The synthesis of the non-crosslinkable fluorene monomer proceeds in analogous
fashion.[???! |t is illustrated in Scheme 2. For the alkylation of 2,7-dibromofluorene the
commercially available 1-bromododecane is used. A dodecyl chain was chosen because it
contains the same number of carbon atoms as the C6-oxetane chain of the crosslinkable
fluorene monomer. The product 2,7-dibromo-9,9-didodecylfluorene (5) is obtained in 90%
yield after purification by column chromatography. Reaction of (5) with isopropoxyboronic
acid pinacol ester affords the diboronic acid functionalized fluorene (6). After purification
by column chromatography 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)-9,9-
didodecylfluorene (6) is isolated in high purity and with 72% yield.
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Scheme 2. Synthesis of the non-crosslinkable fluorene monomer 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)-
9,9-didodecylfluorene. i: DMSO, 50% NaOH, 1-bromododecane, phase-transfer catalysts benzyltriethylammonium
chloride and tetrabutylammonium chloride; 100 °C. ii: THF, n-butyllithium, -78 °C.

As acceptor unit for the low bandgap polymers dithienylbenzothiadiazole (DTBT) is used.
Several versions of this unit are known in the literature. Three derivatives are shown in
Figure 27. The non-substituted DTBT is rather poorly soluble. Thus, polymers tend to
precipitate during synthesis, which limits the molecular weights. Introducing linear hexyl
chains to the thiophenes significantly improves the solubility of monomers and polymers.
Higher molecular weights can be achieved and the resulting materials can be easily
processed from solution. As discussed in section 1.3.6, the shape and position of the
solubilizing groups influences the optoelectronic properties of the polymers. Since
substitution at the 4-position of thiophene has a rather small impact, DAHTBT was chosen
as the acceptor unit in this work.
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Figure 27. Derivatives of dithienylbenzothiadiazole. Left: The non-substituted DTBT. Middle and right: Soluble DTBT
derivatives equipped with linear hexyl chains at the 3-position of the thiophene (D3HTBT) and at the 4-position of
the thiophenes (D4HTBT).

The monomer 4,7-bis(5-bromo-4-hexyl-2-thienyl)-2,1,3-benzothiadiazole (11) can be
prepared in a multi-step synthesis. Coupling of 4-hexylthiophenes to the benzothiadiazole
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core can be achieved by either Suzuki or Stille reactions.!?39231 Scheme 3a presents an
overview of the synthetic steps from the Suzuki route. In the first step the boronic acid
ester group is attached to the 2-position of 4-hexylthiophene (7) by lithiation with
n-butyllithium and subsequent addidtion of the boronicacid ester. The yield of 2-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolane)-4-hexylthiophene (8) is 89%.123?! Suzuki coupling of two
equivalents of (8) with 4,7-dibromo-2,1,3-benzothiadiazole  (9) affords
dithienylbenzothiadiazole (10) in 83% yield. In the final step (10) is brominated twice with
N-bromosuccinimide to afford 4,7-bis(5-bromo-4-hexyl-2-thienyl)-2,1,3-benzothiadiazole
(11) in 85% yield.

Recently, Sommer et al. reported an alternative two-step synthesis of (11) by direct
arylation (Scheme 3b).[233 For this synthesis no boronic acid ester compound is required.
The educt hexylthiophene (7) is brominated with N-bromosuccinimide to give 2-bromo-3-
hexylthiophene (12) in 95% yield. Two equivalents of (12) are coupled with 4,7-dibromo-
2,1,3-benzothiadiazole (9) in a direct arylation. In this step the yield of 4,7-bis(5-bromo-4-
hexyl-2-thienyl)-2,1,3-benzothiadiazole (11) is 26%.

55



Synthesis and crosslinking of oxetane functionalized low bandgap polymers

7 8 10

AN N
v NN

H13C6 \ C6H13 H13C6 \ C6H13

| >—<\ />—< | > | |
S S n ar” S ST gy

10 11

b) /S\

Scheme 3. Synthesis of 4,7-bis(5-bromo-4-hexyl-2-thienyl)-2,1,3-benzothiadiazole. a) Synthesis via Suzuki
reaction.[230] Conditions: i: THF, n-butyllithium, isopropoxyboronic acid pinacol ester, -78 °C, 89%; ii: toluene:water,
Pd(PPhs)s, K2COs, aliquat 336, 90 °C, 83%; iii: CHCls/acetic acid, N-bromosuccinimide, 50 °C, 85%. b) Synthesis via
direct arylation.[233] Conditions: iv: CHCls/acetic acid, N-bromosuccinimide, 50 °C, 95%; v: DMAc, PivOH, K,COs,
Pd(OAc),, PCys, 60 °C, 26%.

For the low bandgap polymers in this work the acceptor 4,7-bis(5-bromo-4-hexyl-2-
thienyl)-2,1,3-benzothiadiazole (11) was purchased from SunaTech Inc. in excellent purity.
A H NMR spectrum can be found in the appendix.
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3.2 Polymer synthesis and characterization

The polymerization of the crosslinkable polymers and the non-crosslinkable reference
materials was conducted by using Suzuki polycondensation. A generic reaction scheme is
depicted in Scheme 4. The biphasic reaction system of toluene and aqueous Na,COs is
thoroughly degassed before the catalyst Pd(PPhs)s is added. To eliminate boronic acid
ester and bromine terminal groups, the polymer is endcapped by bromobenzene and
phenylboronic acid. Removal of boronic acid and bromine end groups is important to
achieve a good low bandgap polymer. Residual boronic acid groups are prone to
condensation. This might cause issues concerning the solubility of the polymer and molar
mass determination.™*3¥) Bromo endgroups severely influence the electronic properties of
a conjugated polymer.
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Scheme 4. Suzuki polycondensation for the synthesis of PFDTBT based low bandgap polymers. Conditions:
toluene:water, Pd(PPhs)s, Na,COs, aliquat 336, RF, 4 d, endcapping with bromobenzene and phenylboronic acid.

In the following section the characterization of a series of fluorene based low-bandgap
polymers is described. An important aspect of polymer characterization in this work is the
comparison of the crosslinkable PFDTBTOx and the reference material PFDTBT in order to
find out if the incorporation of oxetane groups has any detrimental effects on the
chemical, thermal, and optical properties of the polymers. Figure 28 compares the SEC
traces, TGA, and the absorption and emission spectra for the crosslinkable PFDTBTOx and
the reference polymer PFDTBT. The data of both polymers are summarized in Table 5.
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Figure 28. Characterization of the reference polymer PFDTBT and the crosslinkable low bandgap polymer
PFDTBTOX. a) Chemical structures of PFDTBT and PFDTBTOx; b) SEC traces, eluent: THF, polystyrene calibration;
c) thermogravimetric analysis, 10 K min-l, Ny; d) absorption and fluorescence spectra from THF solutions
(c=103 g mol?).

SEC measurements (Figure 28b) of the raw polymers before Soxhlet extraction show

comparable molecular weights, with number average molecular weights (M,,) in the range
of 15,000 g mol™. This corresponds to a degree of polymerization of about 15. From the
SEC there is no hint for any influence on the Suzuki polycondensation caused by the
oxetane groups. Also, the steric demands of the dodecyl and the hexyloxy-oxetane chains
are comparable, as both consist of twelve carbon atoms. Both materials show more than
sufficient thermal stability. In nitrogen atmosphere degradation starts above 400 °C.
Oxetane causes no thermal degradation at lower temperatures (Figure 28b). Also the
optical spectra look very similar (Figure 28c). Both polymers possess absorption maxima
at about 360 nm and 510 nm. The optical bandgaps E, are estimated to be 2.1 eV from the
onset of the absorption edges of both polymers. Photoluminescence behavior is also very
similar, with only a slight red-shift of the maximum of PFDTBTOx (639 nm, PFDTBT
635 nm).

Comparing both materials, a crosslinkable low bandgap polymer and its non-crosslinkable
equivalent were successfully synthesized. Both materials possess similar molecular
weights, thermal, and optical properties. This is important for the following crosslinking
experiments and the use of these materials in organic solar cells.
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In the case of PFDTBTOx the concentration of crosslinkable groups is very high, with two
oxetane groups being present in each repeat unit. To gain polymers with varying amounts
of crosslinkable groups, a series of polymers was synthesized by copolymerization of the
crosslinkable  (4) and  non-crosslinkable  fluorene  monomer (6) and
dithienylbenzothiadiazole (11). The synthesis of these polymers is shown in Scheme 5.

(0) (0)
S

X, K
H25C12 C12H25 N/ \N
X O\ /O + 0y O\ /o +  (x+y) H1sCe - Cotis
Sasen OO -0C
O O O O Br S S
6

Br

11

OH
1.[Pd], base | 2. Qar QB\
OH

AN

Ha5C13 CioHas NN
\ /
Oy D0
Y . n
H

H 13C6 13c6

Scheme 5. Synthesis of polymers with varying amounts of crosslinkable groups. Conditions: toluene:water,
Pd(PPhs)s, Na,COs, aliquat 336, RF, 4 d, endcapping with bromobenzene and phenylboronic acid.

The copolymers PFDTBTOxo7s, PFDTBTOxos0, PFDTBTOxo2s, PFDTBTOxo10, and
PFDTBTOxo0.0s Were synthesized as described previously for PFDTBT and PFDTBTOx by
Suzuki polycondensation. Table 4 lists the monomer feed ratios for the polymers of this
series.

From H NMR spectra the amount of crosslinkable repeat units in the polymers is
calculated. Figure 29 shows a generic structure of the crosslinkable (co-)polymers from
this series and the NMR spectra. The relative amount of crosslinkable repeat units is
determined by the ratio of the integrals of the singlet caused by the -O-CH;-oxetane
protons at 3.40 ppm (marked in red in Figure 29) and the multiplet of the aromatic protons
between 7.40 and 8.10 ppm (indicated in blue in Figure 29). In Table 4 these values are
summarized. The amount of oxetane containing fluorene units found in the copolymers is
in all cases very close to the number expected from the feed ratios.
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Table 4. Series of low bandgap polymers with varying amounts of crosslinkable oxetane groups. The index x
represents the crosslinkable fluorene monomer, the index y represents the non-crosslinkable didodecylfluorene
monomer.

feed ratio found in polymer?® molecular weight®
X y X y M, M,

PFDTBTOXx 1 0 1 0 14,800 37,900
PFDTBTOXo.75 0.75 0.25 0.76 0.24 14,200 33,400
PFDTBTOxo.50 0.50 0.50 0.52 0.48 6,200 13,200
PFDTBTOXo.25 0.25 0.75 0.25 0.75 12,500 22,500
PFDTBTOxo.10 0.10 0.90 0.10 0.90 11,800 24,000
PFDTBTOXo.05 0.05 0.95 0.04 0.96 11,000 21,100
PFDTBT 0 1 0 1 11,500 24,400

a The ratio of x/y was determined from 'H NMR spectra based on the integrals of the singlet at 3.40 ppm and the
multiplet between 7.40 and 8.10 ppm.

b Determined from SEC, eluent: THF, M_nand M_W were calculated from polystyrene calibration.

Apart from PFDTBTOxo.5s0 the molecular weights of all polymers from this series are in the
same range.
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Figure 29. Determination of the amount of oxetane groups in the series of crosslinkable polymers by 'H NMR

spectroscopy.
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In addition to the series shown in Table 4, a PFDTBT with one oxetane group per repeat
unit is synthesized by a different strategy. Instead of using equimolar amounts of the
crosslinkable and non-crosslinkable fluorene monomers, 50% of crosslinkable repeat units
were achieved by incorporating one heptyloxy-oxetane and one dodecyl chain to the
fluorene monomer. The synthetic route is illustrated in Scheme 6.

14 11 PFDTBTOX 50.a.

Scheme 6. Synthetic steps towards PFDTBTOXgsp-ait.. Conditions: i: DMSO, 50% NaOH, phase-transfer catalysts
benzyltriethylammonium chloride and tetrabutylammonium chloride, 100 °C; ii: THF, n-butyllithium,
isopropoxyboronic acid pinacol ester, -78 °C; iii: toluene:water, Pd(PPhs)4, Na,COs, aliquat 336, RF, 4 d, endcapping
with bromobenzene and phenylboronic acid.

In the first step 2,7-dibromofluorene is alkylated in 9-position. Here, an equimolar mixture
of 1-bromododecane and 3-(7-bromoheptyloxymethyl)-3-ethyloxetane is used. This
results in a statistic mixture of the two symmetrically substituted dibromofluorenes,
bearing either two dodecyl or two hexyloxy-oxetane chains, and the desired 2,7-dibromo-
9-dodecyl-9-(heptyl-7,1-diyl-oxymethyl-3-ethyloxetane)-fluorene (13). Due to their
differences in polarity, these components can be separated and purified by column
chromatography. The yield of (13) is 42%. Afterwards the boronic acid pinacol ester groups
are introduced. The monomer (14) was obtained in high purity after column
chromatography in 27% yield. Polymerization was conducted as described above, yielding
a PFDTBTOx with one oxetane group in each repeating unit. This should result in a
comparable density of crosslinkable groups as expected in a copolymer of 50%
crosslinkable and 50% non-crosslinkable fluorene monomers as it was described
previously. The amount of oxetane groups was checked by *H NMR and found to be exactly
1.0 per repeat unit. From SEC the molecular weight of the polymer was determined to
M_n 11,500 g mol™* and M_W 23,900 g mol™. This is within the molecular weight range of the
other polymers from this series. In the following crosslinking experiments the polymer
obtained from this alternative strategy, named PFDTBTOXg.50-ai, Was used as the material
with 1.0 oxetane groups per repeat unit. The experimental data of all polymers from this
series are summarized in Table 5.
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Table 5. Data of the crosslinkable polymers and the reference polymer PFDTBT.

SEC® TGAP UV/Vis® pPL

M, M, Tq Amax Aonset Eopt Amax
PFDTBTOXx 14,800 37,900 410°C 362,510nm 590nm 2.1eV 639nm
PFDTBTOXo.75 14,200 33,400 395°C 365,510nm 584nm 2.1eV 634nm
PFDTBTOXo50a. 11,500 23,900 402°C 360,510nm 590nm 2.1eV 640nm
PFDTBTOXo.25 12,500 22,500 395°C 364,509nm 584nm 2.1eV 633 nm
PFDTBTOXo.10 11,800 24,000 419°C 361,505nm 584nm 2.1eV 633nm
PFDTBTOxXo.05 11,000 21,100 256°C 363,509 nm 586nm 2.1eV 634nm
PFDTBT 11,500 24,400 420°C 365,511nm 587nm 2.1eV 635nm

a M_n and M_W were calculated from polystyrene calibration.
b Measured under N; at 10 K min'l. T;: decomposition temperature, here: temperature of 5% weight loss.

¢Spectra from THF solutions (¢ = 10 > mg ml), Aonser: determined from linear fit of absorption edge. Eopt = hxc/Aonset.
d Spectra from THF solutions (¢ = 10 3 mg ml), Aexcitation= 360 nm.
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3.3 Crosslinking experiments

Polymerization of oxetane takes place via a cationic ring-opening polymerization (CROP).
The polymerization is initiated by protons, the mechanism is shown in Figure 21b. When
oxetanes are used as crosslinkable groups in organic semiconductors the cationic
crosslinking can be initiated by either a photoacid generator (PAG) or by acid vapor. The
first part of this section describes the crosslinking of PFDTBTOx initiated by a PAG.

Photoacid generators are photolabile materials. Under UV irradiation they release
protons, which act as initiators for the ring-opening. Usually, samples are irradiated for
rather short times (< 1 min). After irradiation the sample is heated to a temperature above
the glass transition of the material that is to be crosslinked. During this post-bake, the
crosslinking as such takes place. Above T the polymer chains are sufficiently mobile,
enabling oxetane groups of different molecules to react with each other.

This photoacid generator concept was utilized in a first series of experiments to investigate
the crosslinking of PFDTBTOx. The goal of this study was to determine the process
conditions for the formation of an insoluble polymer film. Subsequently, parameters such
as the exposure time, the time and temperature of the postbake step, and the
concentration of the PAG were optimized to keep the conditions as mild as possible.
Solubility tests were conducted to monitor the crosslinking experiments. A schematic
drawing of the sequence of steps in a crosslinking experiment is shown in Figure 30.

PFDTBTOx+PAG
substrate

PFDTBTOx+PAG
substrate

1) doctor blading 2) absorption 3) UV exposure
spectrum

y

4
x-linked polymer

substrate

\ hot plate

4) curing 5) rinsing 6) absorption before
and after rinsing

Figure 30. Solubility test for the crosslinking of PFDTBTOx with a PAG. Optionally an additional absorption spectrum
was recorded after curing.

Films with thicknesses of about 80 nm were cast from a chlorobenzene solution of
PFDTBTOx with a photoacid generator (DPI-109, Figure 31a, 5 wt% with respect to the
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polymer). The films were dried in vacuum at 80 °C. To prevent oxidation, steps 3 and 4
were conducted under nitrogen in a glovebox. The samples were exposed to the light of a
xenon UV lamp for 2 to 15 minutes before a curing step at 150 °C for 5 to 20 minutes was
applied. After curing another absorption spectrum was recorded optionally. To gain insight
into the efficiency of the crosslinking, the solubility of the crosslinked films was tested.
Comparing the optical densities of films before and after rinsing with THF helped us to
quantify the progress. Ideally no loss in optical density is observed. Loss in optical density
resembles polymer chains that have not been incorporated into the network and thus
remain soluble.
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Figure 31. Photoacid generator DPI-109. a) Chemical structure. b) UV/Vis absoprtion spectrum. The spectrum was
recorded in THF solution (c = 0.1 mg ml?)

With respect to later device fabrication the parameters exposure time, postbake
temperature, and postbake time were optimized to find the mildest conditions. Exposure
to UV light for 5 minutes and curing at 150 °C for 10 minutes were found as the most
convenient parameters for crosslinking. The absorption spectra from this solubility test
are shown in Figure 32a. Also, we had to make sure that the backbone of the polymer does
not suffer any damage during the crosslinking process. We cautiously conducted UV
exposure and curing under inert atmosphere, knowing of the sensitivity of fluorene
polymers to (photo-)oxidation. Photoluminescence (PL) can be used as an indicator to see
whether the conjugated system is intact. Damages to the chromophore would be visible
as a shift of the maximum of emission or as a decay of intensity. Comparing the PL of
PFDTBTOx films with 5 wt% DPI-109 before and after crosslinking shows no evidence of
any damage to the polymer backbone. The PL spectra are displayed in Figure 32b. A second
and very sensitive method is photoluminescence quantum efficiency (PLQE). We
determined the PLQE of films of PFDTBTOx with 5 wt% DPI-109 before and after
crosslinking to be constant at 5%.

In the next step the aim was reducing the amount of photoacid generator. For an
application in organic solar cells the number of “foreign” molecules added to the active
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materials is desired to be minimal. A drawback arising from the use of PAGs is that
molecules or fragments of them cannot be removed entirely from the active layer.

Based on the previously optimized conditions the same crosslinking experiment was
carried out with 1 wt% of the PAG DPI-109. In this case, however, only partially insoluble
films were achieved. Even longer postbake times or higher temperatures did not result in
any significant improvement. We appointed this to not enough protons being present and
thus the CROP is not initiated sufficiently. Another point might be the mobility of the
protons formed by the PAG. In our system the corresponding anion (perfluorobutane
sulfonate) is rather bulky, presumably impeding efficient diffusion of the protons. A result
from the solubility test with 1 wt % PAG is shown in Figure 32c.
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Figure 32. Crosslinking initiated by a PAG. a) UV/Vis absoprtion spectrua: insoluble films of PFDTBTOx with 5 wt%
DPI-109, 5 minutes UV exposure, 10 minutes curing at 150 °C. b) Photoluminescence spectra of PFDTBTOx with

5 wt % DPI-109 before and after crosslinking. ¢) UV/Vis absoprtion spectra: partially insoluble films of PFDTBTOx
with 1 wt% DPI-109, 10 minutes UV exposure, 15 minutes curing at 150 °C.

As an alternative to the photoacid generator concept trifluoroacetic acid (TFA, CF3COOH)
was used as initiator./?%3! This strategy combines a number of advantages compared to
PAGs: The samples are prepared from plain polymer solutions without any photolabile
component, which needs to be taken care of during processing. The low boiling point of
78 °C and TFA’s high vapor pressure help saturating the thin sample with protons even at
comparably mild temperatures. This means that residual TFA can easily be removed from
the films by a simple vacuum treatment. With regard to device fabrication we also
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investigated if TFA has any influence on the properties of indium tin oxide (ITO) on the
substrates of the solar cells. Conductivity measurements of ITO coated glass before and
after exposure to TFA vapor at 100 °C for 30 minutes showed no indication of degradation.

The sequence of steps for the crosslinking experiments with TFA is illustrated in Figure 33.
After spin coating from chlorobenzene solution (15 mg ml?) and drying, the approximately
80 nm thick films were exposed to TFA and heat under an inert argon atmosphere.
Exclusion of oxygen is crucial to avoid degradation. After crosslinking the films were stored
in vacuum at 80 °C for 30 minutes. Again, to estimate the crosslinking efficiency, the
optical densities before and after rinsing with solvent were compared.
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Figure 33. Solubility test for the crosslinking of PFDTBTOXx initiated by trifluoroacetic acid.

In a first series of experiments films of PFDTBTOx were exposed to TFA vapor at 100 °C for
5 to 60 minutes. This strategy immediately proved to be much more effective compared
to the crosslinking induced by PAGs. Insoluble films are obtained already after5 minutes
in TFA atmosphere at 100 °C (Figure 34a). Striving for milder conditions, the same
experiments were conducted at 80 °C. Even in this case, exposure to TFA for 5 minutes
resulted in entirely insoluble films. The results from the solubility tests are shown in Figure
34b. Only the absorption spectra of the samples that were exposed to TFA for five minutes
are shown. Longer crosslinking times (10, 20, 30, and 60 minutes) also resulted in
completely insoluble films.
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Figure 34. Crosslinking initiated by TFA vapor. a) Insoluble films of PFDTBTOx after exposure to TFA vapor for
five minutes at 100 °C. b) Insoluble films of PFDTBTOXx after exposure to TFA vapor for five minutes at 80 °C.

Trifluoracetic acid vapor is assumed to provide an excess of protons, penetrating the
entire thin film. In combination with the high density of crosslinkable groups in PFDTBTOx
—two oxetanes per repeat unit —a huge density of active sites for the CROP is created. The
abundance of reactive groups leads to a rapid formation of an insoluble network even at
low temperatures compared to the crosslinking with photoacid generators. From a
theoretical point of view it would be sufficient, if two oxetane groups per polymer chain
were involved in the network. Thus, in order to form an insoluble network complete
conversion of the oxetane groups is not necessary.

As an example the number of crosslinkable groups in a PFDTBTOx chain is estimated.
Therefore, the SEC curve of PFDTBTOx is shown in Figure 35. The molecular weights are
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calculated using a polystyrene calibration. While the chains of polystyrene are rather
flexible, PFDTBTOx is a more rigid polymer. Thus, in a THF solution the hydrodynamic
volume of the rigid PFDTBTOXx is larger than that of a polystyrene with the same molecular
weight. Consequently, the molecular weights measured for PFDTBTOx by SEC with
polystyrene calibration are higher than the absolute values. In the literature this issue is
addressed for polyfluorene homopolymers.[*>2234 Based on the values reported by Scherf

et al. and Scheler et al. an overestimation of the M,, by about 60% was assumed. The
molecular weight of PFDTBTOx was estimated according to equation 6.

——est. ——SEC .
M,”" = 0.6 x M, Equation 6
With this new molecular weight the number of repeat units is calculated. From this value

the number of oxetane groups per polymer chain is estimated after equation 7.

——est.
M.

Noxetane/chain = TIIVI X 2 Equation 7

M is the molecular weight of the repeating unit of PFDTBTOx (1027 g mol?), 2 is the
number of oxetane groups present in every repeating unit.

—SEC
This estimation was done for short chains (M, 10,000 g mol?), medium

— SEC X ——SEC
(M,, 15,000 g mol?), and long chains (M,, 80,000 g mol?).
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Figure 35. Estimation of the number of oxetane groups per polymer chain for the example of PFDTBTOx. The
molecular weights and the number of oxetane groups were estimated according to equations 6 and 7.

The estimation shows that the amount of crosslinkable groups exceeds the theoretic
number for crosslinking by far. Even short polymer chains possess enough oxetane groups
to form a network. However, this entire calculation is to be regarded as an estimation
rather than an exact determination.

Additionally, it was confirmed that TFA renders the PFDTBTOXx films insoluble by opening
the oxetane ring. This was done by IR spectroscopy of dropcast, and thus very thick, films
of PFDTBTOX. A part of the IR spectrum of PFDTBTOx before and after crosslinking is shown
in Figure 36. The band at 980 cm™ is characteristic for the cyclic C-O-C group of the oxetane
ring. Upon exposure to TFA vapor this band is reduced significantly. This result indicates
that the majority of the oxetane rings are opened by TFA. In the IR spectrum of the
crosslinked PFDTBTOXx also new bands appear in the range of 1150 cm™. Typically in this
region the bands of acyclic esters can be found. These are the products expected from the
CROP of oxetanes.
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Figure 36: IR spectra of PFDTBTOXx films before (black) and after exposure (red) to TFA vapor (15 minutes at 80 °C).
The dashed vertical line at 980 cm™ indicates the characteristic band attributed to the oxetane group.

After experiencing that TFA vapor rapidly leads to the formation of insoluble films of
PFDTBTOx, we studied the kinetics of crosslinking in more detail. Therefore, crosslinking
experiments with copolymers with varied amounts of crosslinkable groups were
performed. As described in Figure 33 the crosslinking efficiency was monitored by
solubility tests. Films of PFDTBTOx, PFDTBTOxo.75, PFDTBTOXo.50-a1t, PFDTBTOXo.50, and
PFDTBTOxo.25 were exposed to TFA vapor at 80 °C for 2, 5, 10, 20, and 30 minutes. The
kinetics plot of crosslinking is shown in Figure 37. The values of film retention were
calculated from the ratio of optical density of the samples after crosslinking and after
rinsing. Optical density was taken from the absorption maximum around 530 nm.
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Figure 37. Kinetics of crosslinking from solubility tests. Film retention was calculated from the optical density of
films before and after rinsing with THF.

Polymers with high density of oxetane groups, PFDTBTOx and PFDTBTOxo.75, almost
immediately form insoluble networks upon exposure to TFA. Strikingly, PFDTBTOXo.50-ait.
and PFDTBTOxo.50 show different crosslinking behavior. PFDTBTOXo.s0-at. has exactly one
oxetane group in every repeat unit. In this case insoluble films are formed after two
minutes as it is known from the polymers with higher amounts of oxetane units. With
PFDTBTOxo.50 80% film retention is achieved already after short exposure times. After 20
and 30 minutes these samples are more than 90% insoluble. In PFDTBTOxo.50 crosslinkable
and non-crosslinkable repeat units are distributed statistically. NMR spectra showed that
the number of crosslinkable groups per repeat unit is also one. However, in this case this
is only the average value. Additionally, the molecular weight of PFDTBTOxos0 is

significantly lower (M_n 6,800 g mol?) compared to the other polymers of this series.
Consequently, it is very likely that particularly the very short polymer chains do not contain
enough crosslinkable groups. In the case of such low molecular weights even the
formation of polymers without any crosslinkable groups cannot be ruled out entirely.

In PFDTBTOxo.25 exposure times of 10 minutes and below do not result in any significant
crosslinking. More than 90% of the films remain soluble. In this case a longer exposure
time obviously helps to crosslink at least parts of the films, resulting in 50% film retention
after 30 minutes. To double-check the results this series of experiments was conducted
with the non-crosslinkable PFDTBT. Here, even after 30 minutes exposure to TFA at 80 °C,
the films remained completely soluble and were washed from the substrate within a few
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seconds. Without crosslinkable oxetane group no crosslinking by any other means takes
place. We also checked if the crosslinking can be induced solely by temperature. To do so,
we stored samples of PFDTBTOx at 100 °C under argon for 30 minutes. These samples also
remained entirely soluble when rinsed with solvent. Annealing of PFDTBTOx for 20 hours
at 100 °C did not result in any kind of crosslinking.

With this set of experiments it was shown that crosslinking of our fluorene based low
bandgap polymers obviously requires the presence of crosslinkable oxetane groups as well
as a source of protons (from a photoacid generator or trifluoroacetic acid vapor). We did
not observe any hints for thermal activation of the oxetane groups. Polymers with high
amounts of crosslinkable groups form insoluble films very rapidly. With lower
concentrations of oxetane longer times for crosslinking are required and partially soluble
films are formed after 20 minutes.

Based upon the knowledge about the crosslinking gained in the solubility tests, the focus
was put on more device oriented studies. Up to now only the crosslinking of neat polymer
films was investigated. These results are, for instance, valuable for the fabrication of bi- or
multilayer devices. Onto a crosslinked layer of the low bandgap polymer another layer of
the acceptor material can be applied from solution. Due to the crosslinking, the low
bandgap polymer layer is insoluble and thus not harmed by the solvent of the
subsequently added layer.

In the field of polymer solar cells the bulk heterojunction (BHJ) concept is way more
popular compared to layered device architectures. Here, the active layer typically
comprises a blend of a low bandgap polymer and an electron accepting compound, for
example fullerene and its derivatives. By this approach a large interfacial area between
the donor and acceptor material is gained. This significantly enhances exciton separation
at the donor-acceptor interface. However, the nanostructure of such an polymer:fullerene
blend is in a thermodynamic non-equilibrium and thus prone to macrophase separation.
If macrophase separation sets in, the beneficial intermixing of donor and acceptor
materials deteriorates. Our goal is to stabilize such a structure by crosslinking the low
bandgap polymer. For this purpose it has to be demonstrated that PFDTBTOx can be
crosslinked in a blend with fullerenes. Again, the solubility test was the method to monitor
the crosslinking. The steps for this experiment are drawn in Figure 38.
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Figure 38. Crosslinking of blends of PFDTBTOx and PCBM (1:2) initiated by TFA vapor.

The crosslinkable polymer PFDTBTOx and the fullerene derivative PCBM (1:2 w/w,
30 mg ml?) were mixed in a solution of chlorobenzene. After spin coating and drying
absorption spectra were recorded. In an inert argon atmosphere films were exposed to
TFA at 100 °C followed by storage in vacuum at 60 °C for 30 minutes. To estimate the
crosslinking efficiency, the optical densities before and after rinsing with solvent were
compared.

The absorption spectra are shown in Figure 39. Strikingly, in the range of 280 to 400 nm
most of the optical density is lost after rinsing. However, the remaining absorption
spectrum matches the spectrum of neat PFDTBTOx. The low bandgap polymer is
crosslinked successfully, remaining as insoluble layer. All the loss of optical density during
rinsing is assigned to PCBM. The low-molar mass acceptor is not incorporated into the
polymer network by chemical bonds. Upon rinsing PCBM is easily washed out of the thin
samples, leaving behind the polymer scaffold.
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Figure 39. Crosslinking of PFDTBTOXx in a blend with PCBM. The sample was exposed to TFA vapor at 100 °C for
five minutes. The reference spectrum of PFDTBTOx was normalized to the maximum at 530 nm.

In this case the formation of a completely insoluble polymer films is evident from the local
absorption maximum at 530 nm. This signal is assigned to PFDTBTOx and no loss in
intensity is visible after rinsing the sample with solvent. As a guide to the eye an absorption
spectrum of a PFDTBTOXx film is shown. The reference spectrum was normalized to the
maximum at 530 nm. Crosslinking times of 5, 10, 20, and 30 minutes were tested. Already
after 5 minutes PFDTBTOx was insoluble.
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4 Stabilization of bulk heterojunction solar cells by crosslinking

The bulk heterojunction (BHJ) emerged as the most popular concept for the active layer
of organic solar cells based on conjugated polymers. However, device stability at long
operation times still remains an issue. Different mechanisms are responsible for the
degradation of OSCs: chemical and especially photochemical instability of the materials as
well as the instability of the donor-acceptor blend morphology. These topics will be
addressed in the following section starting with chemical stability.

To keep oxygen and water out of OSC devices, they can be sandwiched between glass or
between glass and a metal back plate.l?%! If flexible devices are desired, polymer films can
be used for encapsulation. Transparent polyesters like poly(ethylene terephthalate) (PET)
are widely applied.[?%>235] However, the barrier properties still need to be improved. For
instance, poly(ethylene naphthalate) (PEN) provides an enhanced barrier against oxygen
and water.[?*®) The chemical structure of PEN is shown in Figure 40a. Additionally, the
barrier properties of polymer films can be enhanced by the deposition of a thin inorganic
blocking layer of, for instance, Al,Os or Si0,.37! Furthermore, photochemical stability of
the organic semiconductors has to be considered. The chemical structure significantly
influences the stability. Examples for photochemically instable and stable units are shown
in Figure 40b and c. In Figure 40b exemplarily a part of MEH-PPV and a
cyclopentadithiophene are shown. The units that induce instability are denoted with
circles. Exocyclic double bonds are unstable. Also, C-O single bonds can be cleaved rather
easily. For photochemical stability the number of side chains should be kept to a minimum.
Quaternary sites should be avoided, since they can be oxidized.[?3®! More stable building
blocks are benzene, thiophene, benzothiadiazole, and thienopyrazine. In general,
aromatic polycyclic moieties provide good chemical stability.?38] Additionally, carefully
reducing the amount of impurities in the low bandgap polymers can improve the stability
of organic solar cells.?3%1 Organic and metal impurities might arise from polymer synthesis.
Furthermore, low molar mass fractions are suspected to lead to degradation of device
efficiency over long times.[23%!
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a) Polymer for flexible encapsulation

0]

poly(ethylene naphthalate)

b) Photochemically instable units

¢) Photochemically stable units
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Figure 40. Stability of organic solar cells. a) Flexible encapsulation: poly(ethylene naphthalene) with enhanced
barrier properties.[236] b) Units that induce photochemical instability are marked with red circles: exocyclic double
bounds, easily cleavable C-O bonds, alkyl side chains, and quaternary sites.[238] ¢) Units that provide stability against
photochemical degradation.[238]

Apart from those factors, the stability of the morphology is a special concern for bulk
heterojunction devices. In a typical BHJ a low bandgap polymer acts as the electron donor
and a low-molar mass fullerene derivative, such as PCBM, serves as the electron acceptor
material. However, such a donor acceptor blend only achieves its best solar cell
performance if the morphology meets certain requirements: Domains in the size of the
exciton diffusion length (< 20 to 30 nm) ensure that excitons can reach a donor-acceptor
interface within their lifetime. Nanometer sized domains also result in an increased donor-
acceptor interface area. Furthermore, an ideal morphology comprises a bicontinuous
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network of donor and acceptor material. This guarantees paths for charge carrier
transport towards the electrodes.

Obviously, controlling the morphology is the crucial point of this BHJ approach. Several
strategies for controlling the blend morphology during device fabrication are known: The
choice of solvent, solvent additives, thermal annealing or solvent vapor annealing can help
achieving an optimum morphology. However, such a complex morphology is
thermodynamically instable and prone to macrophase separation on a long timescale. This
effect is even enhanced if one component tends to crystallize. Once degradation of the
nanoscale morphology occurs, the overall performance of an organic solar cell will drop
significantly.

In recent years, crosslinking was utilized as an approach to lock in the morphology of a
donor-acceptor blend and thus improve its long term stability. Basically, three concepts
for crosslinking bulk heterojunction materials are known: Crosslinking the donor,
crosslinking the acceptor, and crosslinking the donor with the acceptor. These approaches
are discussed in detail in section 1.5.

Within this work the crosslinkable low bandgap polymer PFDTBTOx is tested as donor
material in BHJ solar cells, and the influence of crosslinking on the device performance is
investigated. Central questions are: Does crosslinking of PFDTBTOx influence the solar cell
performance? Can crosslinking of PFDTBTOx help to stabilize the morphology of
PFDTBTOx:PCBM blends? Will crosslinking in this case result in BHJ solar cells which retain
their efficiency over a prolonged time?
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4.1 Preliminary experiments

Bulk heterojunction solar cells were fabricated with the crosslinkable low bandgap
polymer PFDTBTOx and the non-crosslinkable reference material PFDTBT. The set-up of
the OSC devices in these experiments is shown in Figure 41a. Devices are made of
glass/ITO/MoQs/active layer/Al. In all experiments the active layer was applied by spin
coating and the thickness was adjusted to 80 nm. A first series of devices was fabricated
from the PFDTBT reference with three different PCBM ratios. Figure 41c shows the
current-voltage characteristics of solar cells with PFDTBT:PCBM ratios of 1:1, 1:2, and 1:3.

b) Hy5Ca; C1oHas N'S\N
\ /
s
) OO m<0=<
Al ( 100 nm) H1sCe H1sCe
PFDTBT

MoO#(l)S nm)

glass

-2

current /mA cm

voltage /V

Figure 41. Bulk heterojunction organic solar cells from PFDTBT blends with different amounts of PCBM. a) Device
set-up. b) Active layer materials PFDTBT and PCBM. c) Current-voltage characteristics of blend solar cells with
PFDTBT:PCBM ratios of 1:1, 1:2, and 1:3. For each material combination four solar cells were measured.
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Four solar cells were analyzed for each composition. In the current-voltage characteristics
a strong influence of the amount of PCBM on the fill factor and efficiency becomes
evident. This phenomenon is already mentioned in the literature.[*>® By changing the
blend ratio from 1:1 to 1:3 the efficiency increases significantly from 0.11% to 1.35%. The
fill factor is improved from 24% to 41%.

Using high boiling solvent additives for spin coating polymer:PCBM blends is beneficial for
the solar cell performance in particular cases. Thus, trying to increase the PCE of the solar
cells a second series of devices was fabricated from PFDTBT:PCBM solutions with 5%
diiodooctane (DIO). A comparison of the J-V curves of PDTBT:PCBM 1:1, 1:2, and 1:3 with
and without DIO is shown in Figure 42.

The poorly performing 1:1 blend (Figure 42a) is not improved by adding DIO. A positive
effect of DIO is visible for the 1:2 blend (Figure 42b). Here the fill factor is increased from
31% to 47%, and the power conversion efficiency is improved from 0.57% to 0.73%. An
opposite effect of DIO is seen for the 1:3 blend (Figure 42c). While the fill factor of both
systems remains constant at 41% and 44%, respectively, the short circuit current drops
from -3.4 mA cm? to -1.2 mA cm. Additionally, a slight loss in open current voltage is
observed. Consequently, the PCE of the PFDTBT:PCBM blend processed with DIO is by a
factor of three smaller compared to the efficiency of blend without additive.
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Figure 42. Influence of the solvent additive 1,8-diiodooctane (DIO) on the solar cell characteristics. a) PFDTBT:PCBM
1:1, b) PFDTBT:PCBM 1:2, ¢) PFDTBT:PCBM 1:3. For each material combination four solar cells were measured.

From this first set of experiments with the reference polymer PFDTBT it became obvious
that this system is very sensitive to the composition and the use of solvent additives.
Increasing the amount of PCBM significantly improves the device performance. A blend of
PFDTBT:PCBM with a ratio of 1:3 was found to be the best performing in this experiment.
Adding DIO for device fabrication has no effect on PFDTBT:PCBM 1:1 and only slightly
improves the performance of the PFDTBT:PCBM 1:2 devices. DIO is even detrimental for
the PFDTBT:PCBM 1:3 blend. Thus, in the following experiments with the crosslinkable
PFDTBTOx DIO was no longer applied as processing additive.

The next step was applying the processing parameters known from the reference material
to the crosslinkable PFDTBTOx. Therefore, BHJ solar cells with PFDTBTOx:PCBM ratios of

1:1, 1:2, and 1:3 were fabricated. The current-voltage characteristics are displayed in
Figure 43.
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Figure 43. Bulk heterojunction organic solar cells from PFDTBTOx blends with different amounts of PCBM. a) Active
layer materials PFDTBTOx and PCBM. b) Current-voltage characteristics of blend solar cells with PFDTBTOx:PCBM
ratios of 1:1, 1:2, and 1:3. c) Current-voltage characteristics of crosslinked blend solar cells with PFDTBTOx:PCBM
ratios of 1:1, 1:2, and 1:3. For each material combination four solar cells were measured.

The solar cell performance of PFDTBTOx does not quite match the parameters of the
reference material. Increasing the amount of PCBM does not improve the PCE in such a
significant way as it was found with PFDTBT. However, the best efficiency was still
achieved with a blend ratio of PFDTBTOx:PCBM 1:3. A question arising was whether the
stabilizing effect of crosslinking can still be observed for a relatively low amount of
crosslinkable polymer in the 1:3 blend.

Ultimately, BHJ solar cells with crosslinked PFDTBTOx:PCBM blends were tested. Following
spin coating of the active layer, the devices were exposed to TFA vapor at 80 °C under an
inert atmosphere. Residual TFA was removed in high vacuum prior to the evaporation of
the aluminium electrodes. Figure 43c shows the J-V curves of crosslinked devices with
blend ratios of 1:1, 1:2, and 1:3. The efficiencies and fill factors are lower compared to the
non-crosslinked PFDTBTOx devices. In addition, with increasing amount of PCBM almost
no improvement of the solar cell performance is observed.

Figure 44 compares the power conversion efficiencies of the investigated BHJ materials.
The efficiency of the reference polymer PFDTBT strongly depends on the amount of PCBM.
By the solvent additive DIO the efficiency of the PFDTBT:PCBM 1:2 blend is only slightly
increased. However, DIO has a negative influence on the performance of the 1:3 blend.
For PFDTBTOx the efficiencies are lower compared to PFDTBT. Also the effect of the
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polymer:PCBM ratio is less significant. Crosslinking the polymer leads to the lowest
efficiencies in this series. The presence of a high number of oxetane groups seems to have
a significant influence on the solar cell performance. Compared with the reference
polymer PFDTBT the crosslinkable PFDTBTOx leads to lower PCEs in blend ratios of 1:1,
1:2, and 1:3. The efficiency is further decreased if the low bandgap polymer is crosslinked.
In PFDTBTOx the amount of oxetanes is very high (two oxetanes per repeat unit). Thus, a
very densely crosslinked network is formed by crosslinking. We were aware of reports in
the literature that a high crosslinking density might be detrimental for the device
performance.?932071 Nevertheless, we chose this material for the following accelerated
aging tests. When it comes to stabilizing the blend morphology, the high number of
crosslinkable groups should be very helpful for observing an effect on the long term
stability.
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Figure 44. Influence of the blend ratio on the power conversion efficiency.
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4.2 Accelerated aging tests

For investigating the influence of crosslinking on the long term stability of BHJ solar cells
accelerated aging tests were performed. In such an experiment the development of
devices after long operation times is simulated. As described above, the morphology is the
crucial point for BHJ solar cells. For a polymer:PCBM blend the morphology is likely to be
hampered by diffusion of the low-molar mass fullerene. This leads to the formation of
large aggregates of PCBM. However, PCBM diffusion is rather slow at room temperature.
In an accelerated aging experiment diffusion is increased by annealing the samples at
elevated temperatures. Thus, the behavior of solar cells at long operation times can be
simulated in a reasonable time. In this work, 100 °C was chosen as the temperature for
the annealing process. This was deemed a good temperature for accelerating PCBM
diffusion on the one hand and not creating detrimental thermal degradation on the other.

Prior to the fabrication of solar cells, the impact of thermal treatment on the blend
morphology was tested. Therefore, blends of PFDTBTOx:PCBM and PFDTBT:PCBM were
cast on glass slides. The films were annealed at 100 °C under inert atmosphere for
15 minutes, 75 minutes, 8 hours, 30 hours, and 100 hours. After each step, the samples
were checked for PCBM aggregates using polarization optical microscopy. In Figure 45
optical micrographs of polymer:PCBM 1:3 blends are shown. The left column shows
samples of PFDTBTOx:PCBM 1:3 that were crosslinked at 80 °C in TFA vapor after spin
coating. They are compared with non-crosslinked PFDTBTOx:PCBM films and blends of the
non-crosslinkable PFDTBT:PCBM. Micrographs of the samples after spin coating are shown
in the first line. Using crossed polarizers and a A plate, the amorphous film appears red.
Within the resolution of the optical microscope no aggregates can be observed in the
initial state of the three samples. In the crosslinked blend shown in the left column no
aggregates can be observed for annealing times of up to 100 hours. After eight hours,
occasional small aggregates are visible in the PFDTBT:PCBM blend shown in the right
column. More aggregates appear after 30 hours. After annealing for 100 hours, aggregates
of PCBM have grown to lengths of more than 10 um. Strikingly, the other non-crosslinked
sample, PFDTBTOx:PCBM shown in the middle, exhibits a different behavior. Similar to the
crosslinked PFDTBT no aggregates are observed within the first 30 hours of annealing. Only
after 100 hours small aggregates become visible.

The stabilizing effect of crosslinking the donor polymer becomes evident from comparing
the crosslinked PFDTBTOx:PCBM with the PFDTBT:PCBM blend. Furthermore, the non-
crosslinked PFDTBTOx:PCBM seems to be much more stable than the PFDTBT:PCBM
reference. The oxetane groups in PFDTBTOx might be the reason for this stabilization. In
previous crosslinking experiments (chapter 3) no thermally activated crosslinking of
oxetane was observed. However, in these experiments only shorter times were tested
compared to the very long annealing times in this experiment. The established solubility
tests were performed to clear whether thermally activated crosslinking is the reason for
the surprising stability of the initially non-crosslinked PFDTBTOx:PCBM blends.
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Figure 45. Optical micrographs of polymer:PCBM 1:3 blends. Crosslinked PFDTBTOXx (left column) is compared with
non-crosslinked PFDTBTOx (middle) and the non-crosslinkable PFDTBT (right column).

The stabilizing effect of crosslinking the donor polymer becomes evident from comparing
the crosslinked PFDTBTOx:PCBM with the PFDTBT:PCBM blend. Furthermore, the non-
crosslinked PFDTBTOx:PCBM seems to be much more stable than the PFDTBT:PCBM
reference. The oxetane groups in PFDTBTOx might be the reason for this stabilization. In
previous crosslinking experiments (chapter 3) no thermally activated crosslinking of
oxetane was observed. However, in these experiments only short times were tested
compared to the very long annealing times in this experiment. The established solubility
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tests were performed to clear whether thermally activated crosslinking is the reason for
the surprising stability of the initially non-crosslinked PFDTBTOx:PCBM blends. Results
from the solubility tests are shown in Figure 46.
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Figure 46. Thermally induced crosslinking. Solubility tests of polymer:PCBM films. a) PFDTBTOx:PCBM 1:1.
b) PFDTBTOx:PCBM 1:2. c) PFDTBTOx:PCBM 1:3. d) The non-crosslinkable reference PFDTBT:PCBM 1:1.

From the solubility tests it becomes obvious that PFDTBTOx becomes partially insoluble
after annealing at 100 °C for 100 hours. Approximately 20 to 30% of the optical density of
the polymer is retained after rinsing. In the case of the PFDTBT reference without
crosslinkable groups, the polymer is completely washed away. We conclude that
PFDTBTOXx is thermally crosslinked during annealing at 100 °C for very long times. Thus,
crosslinking might cause the stabilizing effect of the initially non-crosslinked
PFDTBTOx:PCBM blends.

For the accelerated aging experiments BHJ solar cells of the crosslinked PFDTBTOx were
compared with the reference polymer PFDTBT and additionally with the non-crosslinked
PFDTBTOxX. The steps of the accelerated aging experiment are illustrated in Figure 47. The
active layer is applied to the solar cell substrates by spin coating from chlorobenzene
solutions of PFDTBTOx:PCBM and PFDTBT:PCBM. Polymer:PCBM ratios of 1:1, 1:2, and 1:3
were investigated. In all devices the active layer was 80 nm thick. Crosslinking was
executed in trifluoroacetic acid (TFA) vapor at 80 °C under inert atmosphere. The devices
were allowed to warm to 80 °C for five minutes prior to the exposure to TFA for 15
minutes. Consequently, the non-crosslinked devices were annealed at 80 °C for 20 minutes
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under inert atmosphere. On top of the active layer the Al electrode was evaporated. The
devices were allowed to rest for three days at room temperature in inert atmosphere
before the initial J-V curves are recorded. To monitor the development of the device
performance during annealing, they were characterized after 15 minutes, 60 minutes, 8
hours, 30 hours, and 100 hours of thermal treatment at 100 °C. Solar cell characterization
was executed under inert atmosphere. For each material combination four solar cells were
measured.

crosslinking
—> PFDTBTOx:PCBM —
TFA vapor, 80 °C

annealing
spin coating ——> PFDTBTOx:PCBM ——>
80°C

Alelectrodes __ 0SC annealing
by evaporation characterization 100 °C

annealing
‘> PFDTBT:PCBM —
80 °C

Figure 47. Accelerated aging experiment. Sequence of steps for device fabrication, characterization and annealing.
For all three material systems the blend ratios polymer:PCBM 1:1, 1:2, and 1:3 were investigated. A scheme of the
device set-up is drawn in Figure 41a.

The following discussion of the results from the accelerated aging experiment focusses on
the polymer:PCBM 1:2 and 1:3 blends. The 1:1 blends are excluded because of their poor
performance.

Following every single interval of annealing, the current-voltage characteristics and EQE
spectra of the solar cells were measured. The J-V curves are shown in Figure 48.
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Figure 48. J-V characteristics from accelerated aging tests of the crosslinked PFDTBTOx (a, b), non-crosslinked
PFDTBTOX (c, d), and non-crosslinkable PFDTBT (e, f). Polymer:PCBM blends with a 1:2 ratio are shown on the left
(a, ¢, e), polymer:PCBM 1:3 blends on the right (b, d, f). For each material combination four solar cells were

measured.

From the J-V curves similar behavior of the 1:2 and 1:3 blends of the three different

systems becomes visible. The crosslinked PFDTBTOx devices show an improved OSC

performance after short annealing times of 15 minutes. Even after eight hours at 100 °C

the devices show better current-voltage characteristics compared to the devices before
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annealing. After long annealing times (30 hours and 100 hours), the performance drops
below the initial values. The non-crosslinked PFDTBTOx and the non-crosslinkable
reference PFDTBT show a different behavior upon annealing. In the current-voltage
characteristics of both materials an immediate downtrend can be seen. Strikingly, the
process of the decay looks different for both materials. The devices with the non-
crosslinkable PFDTBT diversify upon annealing. After 100 hour of annealing, the device
performance is reduced considerably. On the other hand, for the non-crosslinked
PFDTBTOx almost no spread is observed. Furthermore, the degradation seems to slow
down in the course of this experiment. Similar to the crosslinked PFDTBTOx samples these
devices do not decay entirely.

From the current-voltage characteristics shown the PCEs were calculated. Figure 49 shows
the development of the efficiencies during the accelerated aging experiment.
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Figure 49. PCE for the crosslinked PFDTBTOX, not crosslinked PFDTBTOx and not crosslinkable PFDTBT in a 1:2 blend
ratio (a) and in a 1:3 blend ratio (b) with PCBM. On the left side the development of the PCE upon annealing for the
first 60 minutes is shown. The development of the PCE up to 100 hours is shown on the right side. For each material
combination four solar cells were measured.

In the beginning, the overall performance of PFDTBTOx is much lower compared to the
PFDTBT reference. Thus, the initial values for the three systems are very different. Since
the primary goal of this experiment is investigating the effect of crosslinking on the long
term stability, the normalized graphs provide more valuable information. In Figure 50 the
development of the normalized PCEs is shown. The PCE was normalized to the initial value
before annealing. Very drastic changes are observed at short annealing times. Thus, the
development of the PCE for the first 60 minutes is shown separately in Figure 50a and c.
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Figure 50. Normalized PCE (on the initial PCE before annealing) for the crosslinked PFDTBTOx, not crosslinked
PFDTBTOx and non-crosslinkable PFDTBT in a 1:2 blend ratio (a,b) and in a 1:3 blend ratio (c,d) with PCBM. On the
left side the development of the PCE upon annealing for the first 60 minutes is shown. The development of the PCE
up to 100 hours is shown on the right side.

A significant change of the PCEs is visible after 15 minutes for both, the 1:2 and the 1:3
blends. For PFDTBTOx differences in PCE between the crosslinked and the non-crosslinked
devices are observed. The PCE of the crosslinked devices increases, while the PCE of the
non-crosslinked cells decreases. This trend is observed for the 1:2 blend as well as for the
1:3 blend. Looking at the development over the entire annealing time, the PCEs of the
crosslinked devices reach their maxima and start to decrease afterwards. The initial PCE is
reached after approximately 18 hours in the 1:2 blend and after approximately 30 hours
with the 1:3 blend. After 100 hours of annealing at 100 °C, the crosslinked devices retain
more than 60% of their initial efficiency. Similar experiments with oxetane functionalized
low bandgap polymers are reported by Carlé et al. and Yau et al. In both cases the stability
of crosslinked polymer:fullerene blend solar cells was investigated by accelerated aging
experiments. The system of Yau et al. retained 80% of its initial PCE after a short annealing
time of only 30 minutes at 150 °C.[2%! |n the study of Carlé et al. the impact of annealing
at 100 °C for up to 50 hours was investigated. The efficiency of their crosslinked devices
dropped to 50% of the initial value. The accelerated aging experiments performed in our
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work exceed the tests of both studies providing insight into the influence of crosslinking
on the device efficiency after thermal treatment for short as well as long times.

In the case of the non-crosslinked PFDTBTOx devices the most significant loss of efficiency
happens within the first eight hours of annealing. At longer times the decay is slowed
down, and the PCE saturates at around 60% of the starting value.

Compared with the PFDTBTOx based devices the solar cells comprising the PFDTBT
reference polymer without crosslinkable oxetane groups behave differently. The PCE of
the 1:3 blend device decays stepwise and no saturation is observed. Between 30 hours
and 100 hours of annealing the most significant loss of efficiency is visible. Additionally,
the values of the four investigated solar cells scatter severely at this point. The PCEs after
100 hours range from approximately 50% to below 20% of the initial value. On the
contrary, in the 1:2 blend devices scattering sets in within the first 30 hours of the
accelerated aging experiment. Again, the most significant decay is observed between 30
and 100 hours, and no saturation can be seen. After 100 hours of annealing, the PCE is
approximately 20% of the starting value.

In summary, the PCEs of PFDTBT and PFDTBTOx blends behave differently upon annealing
at 100°C. While the efficiencies of PFDTBT blends decays significantly to low efficiencies,
the PCEs of PFDTBTOx blends seem to stabilize after 30 hours. For longer annealing times
up to 100 hours only small changes can be observed. This behavior can be attributed to
blend stabilization by crosslinking the polymer in the blend. The crosslinked polymer
network lowers the diffusivity of the PCBM molecules?*®! preventing the aggregation of
PCBM. Consequently, the morphology of the bulk heterojunction is retained and the PCE
is not further reduced.

Actually, this kind of stabilizing effect was expected for the crosslinked PFDTBTOx, but not
for the non-crosslinked PFDTBTOXx blends. In the first eight hours of this accelerated aging
experiment the non-crosslinked PFDTBTOx devices showed the expected behavior. Here,
a decrease in PCE was observed. However, at longer annealing times (30 to 100 hours) the
PCE of the non-crosslinked blends remains constant, and no further decrease is observed.
Strikingly, at these annealing times the PCE development is quite similar to the crosslinked
PFDTBTOXx. Obviously, the initially non-crosslinked PFDTBTOx seems to undergo thermal
crosslinking after long times of more than 30 hours at 100 °C. From the optical micrographs
of annealed blends discussed earlier in this section, the different behavior of the “non-
crosslinked” PFDTBTOx and the non-crosslinkable PFDTBT samples is known. From
solubility tests this can be attributed to a slow, thermally induced crosslinking of
PFDTBTOX.

This explains the development of the PCEs of PFDTBT and PFDTBTOXx blends and the similar
behavior at the long annealing times of the crosslinked and initially non-crosslinked
PFDTBTOX. In the case of PFDTBT no crosslinking can be observed, since this polymer does
not contain any crosslinkable oxetane groups.

The scattering observed for single devices of PFDTBT 1:2 and 1:3 blends can be attributed
to arbitrary PCBM aggregation in the not stabilized devices. If the morphology is frozen by
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crosslinking and PCBM aggregation is slowed down, all measured solar cells show the
same PCE and no scattering is observed.

Additionally, the data show an improvement of the PCE of the crosslinked PFDTBTOx
blends within the first 15 minutes of annealing. This trend is not observed for the non-
crosslinked PFDTBTOx and the PFDTBT blends. Such an improvement of the efficiency of
crosslinked solar cells upon short annealing is known from other examples in the
literature.?!) We assumed that this improvement might be observed for all devices from
our experiment if more J-V characteristics would be measured within the first 15 minutes
of annealing. In a densely crosslinked blend the morphology is frozen and the diffusion of
PCBM is significantly reduced.’?*”! As a consequence, morphology changes much more
slowly in a crosslinked sample. This might be the reason why the improvement of the PCE
is visible after annealing for 15 minutes in the crosslinked devices, but not for the non-
crosslinked PFDTBTOx and the non-crosslinkable PFDTBT.

The accelerated aging experiments showed that crosslinking of PFDTBTOXx indeed results
in more stable BHJ solar cells. Even if the share of crosslinkable polymer is low compared
to PCBM, the stabilizing effect of crosslinking can be observed. The high amount of
crosslinkable groups in PFDTBTOx is certainly helpful at this point. However, we
experienced that the structural modification of PFDTBT by introducing oxetane groups
reduces the solar cell performance. This is in accordance with comparable works from the
literature dealing with crosslinkable low bandgap polymers.[293297] Tg further develop this
concept of stabilizing BHJ blends by crosslinking, polymers with a reduced amount of
oxetane groups should be investigated. Certainly, it would be interesting to see if less
oxetane groups would result in more efficient solar cells and the effect of stabilization
would still be achieved. An indication that this might be possible comes from the
crosslinking experiments with PFDTBTOxo.7s and PFDTBTOxXo.s0-ait.. These materials contain
less crosslinkable groups per repeat unit but still form insoluble films after very short
crosslinking times.

Stabilization of BHJ solar cells by crosslinking the low bandgap polymer was reported by a
few groups. Particularly interesting for this thesis are the studies of Carlé et al. and Yau et
al., since their low bandgap polymers are also modified with crosslinkable oxetane groups.
Both materials are shown in Figure 51a and b. In these works the number of crosslinkable
groups is distinctly lower (average 0.2 oxetanes per repeat unit) than in PFDTBTOXx
(2 oxetane groups in every repeat unit). Yau et al. chose the polymer with 20% of the
crosslinkable comonomer for their accelerated aging tests because their PDTG-TPD-Ox100%
showed a PCE of only 0.48%. The reduced number of oxetanes in PDTG-TPD-Oxz0% resulted
in an efficiency of 1.63%. We observed a similar trend that attaching oxetane groups
resulted in a PCE of 0.64% for the PFDTBTOx:PCBM 1:3 blend. With the reference PFDTBT
an efficiency of 1.35% was achieved. Furthermore, Yau et al. compared the efficiencies of
crosslinked and non-crosslinked PDTG-TPD-Oxz0% solar cells. They observed a loss in
efficiency upon crosslinking of about 15%. In our PFDTBTOx a comparable effect became
obvious. However, in our system the loss during crosslinking exceeds 50%. This might be
attributed to the higher number of oxetanes and thus a higher degree of crosslinking.
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Figure 51. Examples from the literature for stabilization of BHJ solar cells by crosslinking of the low bandgap
polymer. a) TQ-Oxetane by Carlé et al. crosslinked via PAGI207], b) PDTG-TPD-Oxx0% by Yau et al. This polymer is
crosslinked by exposure to TFA vapor.[203] ¢) PCDTBT stabilizes BHJ blends by crosslinking via carbazolyl radicals.[241]

In this work, we conducted extensive studies concerning the blend ratio for the
crosslinkable PFDTBTOx and the non-crosslinkable reference PFDTBT. We found a trend
that increasing the share of PCBM resulted in improved PCEs. In addition to the solar cell
experiments, the stabilizing effect of crosslinking was visualized by optical microscopy.
From this experiments we saw that crosslinking PFDTBTOx prevents the formation of um-
sized PCBM aggregates during 100 hours of annealing at 100 °C. This was observed even
in the PFDTBTOx:PCBM 1:3 blends. The high number of crosslinkable groups enables even
a rather small portion of PFDTBTOx to stabilize a BHJ blend within the time of our
experiment. In comparison with Carlé et al. (polymer:PCBM 1:1) and Yau et al.
(polymer:PCBM 1:2) we could show the stabilizing effect with a lower amount of
crosslinkable polymer. Yau et al. annealed their crosslinked devices for 30 minutes at
120 °C. Over this short time they observed a steady decay and their devices retained 80%
of the initial efficiency. Longer times were investigated by Carlé et al. In their study,
annealing was performed at 100 °C for 50 hours. After 50 hours the crosslinked solar cells
lost about 50% of their PCE. However, in the report of Carlé instead of absolute efficiencies
only normalized values are provided. We ran the accelerated aging experiment at 100 °C
for a total time of 100 hours and covered both, short and long annealing times. Neither
Carlé nor Yau observed an increase in PCE of the crosslinked devices after short annealing.
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In addition, our crosslinked PFDTBTOx:PCBM 1:3 blend still retained its initial efficiency
after 30 hours of thermal treatment. The devices studied by Carlé et al. and Yau et al.
showed a steady downward trend in the accelerated aging experiment. Ultimately, our
system retained 60% of the initial efficiency after 100 hours at 100 °C. This exceeds the
value from Carlé et al., who ended up with 50% after only 50 hours. The higher number of
oxetane groups and the resulting crosslinking density might be the reason for the better
stabilization of our system.

Interestingly, we also observed a stabilizing effect in the initially non-crosslinked
PFDTBTOx:PCBM blends. This was attributed to thermally induced crosslinking of the
oxetane groups of PFDTBTOx over long annealing times. The effect of stabilizing a
polymer:PCBM blend by “unintentional” crosslinking was recently described by
Tournebize et al. for PCDTBT (Figure 51c).1**Y They proposed that photoinduced cleavage
of the alkyl group leads to carbazolyl radicals. Subsequently, these polymer radicals
undergo reactions with other polymer chains or with the electron acceptor PCBM which
leads to the formation of a network.2*Y n the case of our PFDTBTOX, the “unintentional”
crosslinking is induced by thermal activation of the oxetane groups.
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5 Patterning of low bandgap polymers by imprinting

In the field of organic solar cells basically two concepts exist for arranging the electron
donor and electron acceptor materials in the active layer. Both materials can be aligned in

separate layers on top of each other, the so-called bilayer or flat heterojunction structure.

Alternatively, both materials are mixed together in a bulk heterojunction. Each of these

approaches comes along with certain benefits and drawbacks. They are summarized in

Figure 52. Patterning of active layer materials via nanoimprint lithography might be an

approach towards a novel architecture of the active layer, combining the benefits of both
established concepts. The basic idea of a nanostructured active layer is also displayed in

Figure 52.

bilayer

A=y

pure donor and acceptor layers
= efficient charge carrier transport

small donor acceptor interface
=inefficient charge separation

bulk heterojunction

huge donor-acceptor interface,
domains in dimension of the exciton
diffusion length

= efficient charge separation

non-defined transport paths,

some domains isolated from electrode

=inefficient charge carrier extraction,
non-geminate recombination

nano-patterned active layer

Y

well-defined paths for efficient charge transport

increased donor acceptor interface by the
formation of pillar or cube shaped features

Figure 52. Motivation for nano-patterned active layers. This concept combines the benefits of the bilayer and the

bulk heterojunction architecture.
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Bilayer devices comprise pure layers of donor and acceptor material. Charge carriers are
transported efficiently through the neat electron and hole conducting materials towards
the electrodes. However, this concept lacks from the small interfacial area between the
horizontally aligned materials. Thus, the majority of excitons will decompose before they
reach the interface between donor and acceptor material where free charges can be
generated. On the other side, the bulk heterojunction provides a huge interface between
the intermixed donor and acceptor materials and, ideally, domains in the size of about
twice the exciton diffusion length. The highly efficient exciton separation is the big
advantage of this system. Weak spots of the BHJ concept become obvious when it comes
to extraction of charge carriers. Non-geminate recombination is a major concern for such
a structure. Due to the small domain sizes the transport paths for electrons and holes are
very close to each other and recombination becomes dominant. Furthermore, there are
some domains of donor or acceptor material which are not directly linked to an electrode.
Charge carriers generated in such areas are trapped and cannot contribute to the
photocurrent.

A nanostructured donor acceptor interface addresses the issues of bilayer and bulk
heterojunction solar cells at the same time. Structures, such as bars, pillars, or columns,
provide a significantly increased donor acceptor interface compared to a bilayer.
Additionally, pure layers of both materials are achieved. This guarantees defined pathways
for charge carrier transport towards the electrodes.

A few processes towards such nanometer sized structures in organic semiconductors are
described In the literature.?'>221 For instance, P3HT films are patterned with aluminium
oxide stamps??3! or by solvent assisted nanoimprint lithography.??®! Those examples are
described more in detail in chapter 1.6. The challenge of all approaches towards
nanostructured organic solar cells is the very small features size that is necessary for really
efficient devices. Structures with lateral dimensions in the range of 20 nm or below are
still hard to achieve.

In this work patterning of the crosslinkable low bandgap polymers PFDTBTOx and
PFDTBTOxo.75 was investigated. A soft polydimethysiloxane (PDMS) stamp with features in
the size of 1 um to 10 um was used for those preliminary tests. The steps of the patterning
process by imprint lithography are shown in Figure 53. Polymer films with a thickness of
roughly 80 nm are fabricated by spin coating from chlorobenzene solutions. After drying,
the samples are placed on a hot plate. The hot plate is set to a temperature above the
glass transition temperature (T,) of the polymers. In this particular case the temperature
was 150 °C. After warming the samples to 150 °C, the stamp was applied either by gentle
pressure or by putting a low weight (approximately 7 g) on top for the whole imprinting
time of 15 minutes. During heating an argon atmosphere prevented oxidation. The
samples were cooled to room temperature and the stamp was removed. Characterization
of the formed patterns was done by optical and by scanning electron microscopy (SEM).
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By using crosslinkable materials the process can be extended to steps 6 and 7. Crosslinking
by the established exposure to TFA vapor renders the polymer insoluble. On top of the
patterned and crosslinked low bandgap polymer an electron acceptor, such as PCBM, can
be applied from solution without destroying the imprinted structures. Thus, the
combination of imprinting and crosslinking can provide an interesting approach towards
organic solar cells with defined donor acceptor heterojunctions.

stamp /
l stamp l

oy

substrate
| hot plate | hot plate

1) spin coating 2) heat above T, 3) align stamp

ey 221y

4) cool to room temperature 5) remove stamp

Ar

AW

6) crosslinking in TFA vapor 7) add acceptor (PCBM) from solution

| hot plate

Figure 53. Overview of the sequence of steps for patterning a crosslinkable low bandgap polymer by imprint
lithography. If the polymer is crosslinked after the imprinting process, the acceptor layer can be applied from
solution.

In the following, SEM micrographs from imprinted PFDTBTOXxo.75 films are shown and
discussed. Figure 54a shows an overview of one series of patterns. The patterns are
L-shaped lines. Lines with thicknesses of 1.0 um, 1.5 um, 2.0 pm, 2.5 um, 5.0 um, and
10.0 pm are transferred from the stamp to the low bandgap polymer (Figure 54b). Every

bunch of lines consists of 10 single lines. The numbers next to the lines represent the
thickness of the lines in micrometer.
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Figure 54. SEM micrographs of imprinted PFDTBTOxo.75 films. a) Overview of the L-shaped bar patterns. b) Lines
with thicknesses of 1.0 um, 1.5 um, 2.0 um, 2.5 um, 5.0 um, and 10.0 um are achieved. The numbers represent the
line width in um.

An important attribute for the quality of the imprinted structures is whether the feature
sizes of the stamp are transferred to the polymer film accurately. This was determined by
the SEM. The size determinations of the 10 um and the 2 um lines are shown in Figure 55a
and Figure 55b.
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Figure 55. Determination of the line width. a) 10 um lines, b) 2 um lines. The line width of 10.04 um and 2.08 um
represents the distance between the two green lines.

In both cases, the determined thickness of the lines is in very good agreement with the
sizes of the stamp. At the magnification of Figure 55b some roughness becomes visible at
the line edges.
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There are two kinds of patterns produced by the stamp. Both are schematically drawn in
Figure 56 for the example of the 1 um structures. In Figure 56a the 1 um lines are cavities
in the stamp. During the imprinting process the voids of the stamp are filled with polymer.
The resulting lines are elevated compared to the original polymer film. In the second case,
shown in Figure 56b, the 1 um lines stand out from the stamp. Now, the stamp pushes the
polymer aside, resulting in the corresponding dents in the polymer film.

1pum
<>

1
1um <—>um
m

Figure 56. Positive and negative patterns formed by imprinting.
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Both kinds of structures are formed in PFDTBTOx by imprinting in good quality for line
widths as small as 1 um. From the SEM micrographs it might at times be hard to distinguish
elevated from dented structures. Looking at tilted samples in the SEM gives better insight
into the topography. In this case, the imprinted films were viewed from a 45° angle. Figure
57 shows micrographs of 1.5 um lines. The area around the rectangular corners of the
lines is displayed. In Figure 57a elevated lines are depicted, dented lines are shown in
Figure 57b.
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Figure 57. SEM micrographs of 1.5 um lines taken at a tilt angle of 45°. a) Elevated lines, b) dented lines.

Furthermore, this technique provides a perspective of the edges of elevated 1 um lines.
This is displayed in Figure 58. The stamp with 1 um wide cavities is schematically
illustrated. This micrograph shows that features with sizes down to 1 pum can be achieved
in good quality by imprinting.
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Figure 58. Elevated 1 um lines in PFDTBTOXg.75. A schematic drawing of the stamp is added as the light blue feature.

This set of preliminary results indicates that the synthesized low bandgap polymers can be
patterned by imprinting. From the soft PDMS stamps used in this experiment all structures
are transferred to the polymer film successfully. The films are structured with L-shaped
lines with thicknesses from 10 um down to 1 um. Elevated as well as dented structures
can be found. These results are an encouraging first step towards the fabrication of
defined structures in low bandgap polymers. However, for an application in organic solar
cells this processes requires further development. The achieved patterns in the dimension
of micrometers are of course too large for being used in organic solar cells. For patterning
low bandgap polymers for a structured active layer features in the size of 50 nm and below
are required. Furthermore, this bar pattern is not the ideal structure for organic solar cells.
Pillars or columns provide a much larger surface area compared to bars. Ultimately, a
stamp with such nanometer sized structures has to be used for this purpose.
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6 Summary

Long term stability is a persistent problem for organic solar cells. The sensitivity of the
materials towards oxygen or moisture is one concern. Furthermore, photochemical
degradation of the active layer materials is an issue. In the case of bulk heterojunction
(BHJ) cells, the most popular device architecture, the stability of the morphology of the
donor acceptor blend is yet another factor limiting the efficiency on a long time scale.
Crosslinking is known as an approach towards more stable polymer:fullerene blends. In
this work a series of crosslinkable low bandgap polymers was synthesized and their
crosslinking behavior was thoroughly studied. The solar cell performance of the novel
materials was tested and the beneficial effect of crosslinking on the long term stability of
bulk heterojunction solar cells was shown. Furthermore, preliminary tests on imprinting
as a method for achieving patterned films of the crosslinkable low bandgap polymer were
performed.

Crosslinkable derivatives of the known low bandgap polymer PFDTBT (poly(2,7-(9,9-
dialkylfluorene)-alt-(5,5-(4’,7’-di-2-thienyl-2’,1’,3’-benzothiadiazole)) were synthesized by
palladium catalyzed Suzuki polycondensation. An overview of the polymers from this work
is given in Figure 59.

H25c12 C12H25
ML 5 b0
13C6 C6 13
PFDTBT
H25c12 ClZHZS
et 0
| / \ |
H13C6 H13C6 H13C6 H13C6

PFDTBTOx, x=0.75-0.05

Figure 59. Low bandgap polymers synthesized within this work. Above: The crosslinkable PFDTBTOx with two
oxetane groups per repeat unit and the non-crosslinkable reference polymer PFDTBT. Below: Series of copolymers
with lower amounts of crosslinkable groups.
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Oxetane groups for crosslinking were attached to the solubilizing side chains of the
fluorene building block. For the synthesis of the functionalized alkyl chains,
1,6-dibromohexane was reacted with 3-ethyl-3-oxetanemethanol in an etherification.
2,7-dibromofluorene was substituted at 9-position with the oxetane terminated
C6-chains. The crucial step of the synthetic route was the introduction of boronic acid
ester groups to the crosslinkable 2,7-dibromofluorene. For a polycondensation extremely
pure monomers are required. Thus, special care was taken at this point. Two or more
chromatography runs were applied to achieve very pure fluorene monomers for the
Suzuki polycondensation. The acceptor monomer 4,7-bis(5-bromo-4-hexyl-2-thienyl)-
2,1,3-benzothiadiazole was commercially available in excellent purity. Suzuki
polycondensation was carried out in a biphasic mixture of toluene and water with
Pd(PPhs)s as the catalyst and Na,COs as the base yielding the crosslinkable low bandgap
polymer PFDTBTOx. As a reference material the non-crosslinkable PFDTBT was
synthesized in analogous fashion. Here, dodecyl chains were attached to the fluorene. The
dodecyl chain was chosen because it contains the same number of carbon atoms as the
oxetane functionalized C6 chain. Both materials were characterized by SEC, TGA, NMR,
UV-Vis, and fluorescence spectroscopy. The molecular weight is in the range of
M,, 15,000 g mol™, thermal and optical properties of both materials are similar. Thus, no
detrimental effect of the oxetane groups on the polymerization and the mentioned
properties was observed

The density of crosslinkable groups in PFDTBTOx is very high, with two oxetanes in each
repeating unit. From Suzuki polycondensations using both, the crosslinkable and the non-
crosslinkable fluorene monomer, statistic copolymers with reduced amounts of oxetane
groups were obtained. The ratio of both fluorene building blocks in the polymers was
determined from *H NMR spectra. It was in good agreement with the monomer feed ratio.

The crosslinking behavior of the synthesized materials was studied. Therefore, 80 nm thin
films of the low bandgap polymers were fabricated. The success of a crosslinking method
was checked by solubility tests before and after crosslinking. If every polymer chain of a
sample is incorporated into a network, an entirely insoluble film is achieved.

Organic semiconductors equipped with oxetane groups are usually crosslinked by
photoacid generators. This was successful for PFDTBTOx only with 5wt% of photoacid.
However, with lower concentrations only partially insoluble films were achieved. An
alternative concept was exposing the crosslinkable polymers to the vapor of
trifluoroacetic acid (TFA). In this case insoluble films were obtained after very short
exposure times at 100 °C. Even at milder conditions (80 °C) the crosslinking is complete
within two minutes. The vapor of TFA penetrates the thin films and initiates the
crosslinking reaction. With the series of polymers with varying amounts of crosslinkable
groups solubility tests were performed after different TFA exposure times. Insoluble films
are achieved immediately from polymers with high oxetane amounts (PFDTBTOX,
PFDTBTOxo.7s, PFDTBTOXo.50-ait.). The statistic copolymer PFDTBTOxo50 formed insoluble
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films after 20 minutes of treatment with TFA vapor at 80 °C. Partially insoluble films were
obtained from PFDTBTOxo.25.

Furthermore, PFDTBTOx could also be crosslinked in blends with PCBM under these
conditions. This was the key result from the crosslinking test with respect to the
fabrication of BHJ solar cells.

Bulk heterojunction solar cells were fabricated from PFBDTBTOx and the non-crosslinkable
reference polymer PFDTBT. In preliminary experiments with PFDTBT a strong correlation
between the power conversion efficiency (PCE) and the PCBM loading was observed
(Figure 60a). Changing the blend ratio from PFDTBT:PCBM 1:1 to 1:3 lead to a significant
increase in PCE from 0.11% to 1.35%. The solvent additive 1,8-diiodooctane (DIO) did not
improve the efficiency of PFDTBT:PCBM blend devices. For the crosslinkable PFDTBTOx
increasing the amount of PCBM did not influence the device performance as significantly
as experienced from PFDTBT. The PCE of the 1:1 blend was 0.22%, the efficiency of the 1:3
blend only 0.65%. The efficiency of the crosslinked PFDTBTOx:PCBM blends was around
0.25% in any ratio. Nevertheless, the effect of crosslinking on the long term stability
became obvious in an accelerated aging experiment (Figure 60b).
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Figure 60. Results from OSC studies. a) Influence of polymer:PCBM ratio and crosslinking on the device efficiency.
b) Accelerated aging experiment: Stabilization of BHJ blends by crosslinking of PFDTBTOX.

In this accelerated aging experiment BHJ solar cells were annealed at 100 °C for a total of
100 hours. During this experiment the solar cells were characterized after several time
steps. Devices with the crosslinked PFDTBTOx were compared to “non-crosslinked”
PFDTBTOx and the reference PFDTBT. The stabilizing effect of crosslinking was clearly
shown in the crosslinked PFDTBTOx:PCBM devices. By crosslinking the initial efficiency was
retained for 30 hours. After 100 hours about 70% of the PCE was retained. In contrast, the
efficiency of devices with the non-crosslinkable PFDTBT steadily decayed upon thermal
treatment. Ultimately, the efficiency dropped to 20% after 100 hours. Strikingly, the
initially non-crosslinked PFDTBTOx devices behaved differently: After a loss of efficiency
during the first hours of annealing, the efficiency did not decay further. This effect was
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attributed to a slow, thermally induced crosslinking of PFDTBTOXx. Thus, crosslinking with
TFA vapor during device fabrication and thermally induced crosslinking both result in
stabilized BHJ blends. Even if the amount of crosslinkable polymer is low compared to
PCBM, as in the 1:3 blends, the stabilizing effect of crosslinking could be observed. The
high amount of crosslinkable groups in PFDTBTOx is certainly helpful at this point.
However, we experienced that the structural modification of PFDTBT by introducing
oxetane groups reduces the solar cell performance. To further develop this concept of
stabilizing BHJ blends by crosslinking, polymers with a reduced amount of oxetane groups
should be investigated.

In preliminary experiments micrometer sized structures were successfully imprinted into
low bandgap polymer films. This can be regarded as a proof of principle that the
synthesized materials can be patterned by this technique.
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7 Zusammenfassung

Auf dem Gebiet organischer Solarzellen ist die Langzeitstabilitat der Bauteile nach wie vor
verbesserungswiirdig. Probleme stellen die Empfindlichkeit der Materialien gegeniber
Sauerstoff und Feuchtigkeit sowie deren photochemische Stabilitdit dar. Die meist
verbreitete Bauweise organischer Solarzellen ist die Bulk Heterojunction (BHJ). In diesem
Fall wird die Langzeitstabilitat, zusatzlich zu den vorher genannten Faktoren, auch noch
von der Stabilitdt der Morphologie des Blends aus Donor- und Akzeptor-Material begrenzt.
Vernetzung ist ein Ansatz, um Polymer:Fulleren-Blends zu stabilisieren. Im Rahmen dieser
Arbeit wurde eine Serie vernetzbarer Low Bandgap Polymere synthetisiert. Das
Vernetzungsverhalten wurde eingehend untersucht. Darliber hinaus wurden die
Materialien in organischen Solarzellen getestet und der Einfluss der Vernetzung auf die
Langzeitstabilitdt von Bulk Heterojunction Solarzellen gezeigt. AuBerdem wurden in
Vorversuchen Filme der Low Bandgap Polymere mittels Imprinting strukturiert.

Es wurden vernetzbare Derivate des bekannten low bandgap polymers PFDTBT (Poly(2,7-
(9,9-dialkylfluoren)-alt-(5,5-(4’,7’-di-2-thienyl-2’,1’,3’-benzothiadiazol)) mittels Palladium-
katalysierter Suzuki Polykondensation hergestellt (Abbildung 59). Als vernetzbare
Einheiten wurden Oxetan-Gruppen in die Seitenketten des Fluorens integriert.
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H25c12 C12H25
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PFDTBTOX, x=0.75-0.05

Abbildung 59. Low Bandgap Polymere aus dieser Arbeit. Oben: Vernetzbares PFDTBTOx mit zwei Oxetan-Gruppen
in jeder Wiederholungseinheit und das nicht vernetzbare Referenzpolymer PFDTBT. Unten: Serie von Copolymeren
mit geringerem Anteil an vernetzbaren Gruppen.
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Zusammenfassung

Um die funktionalisierte Alkylkette zu erhalten, wurde 1,6-Dibromhexan mit 3-Ethyl-3-
oxetanmethanol in einer Veresterung umgesetzt. Die Alkylketten mit den Oxetan-
Gruppen wurden an die 9-Position des 2,7-Dibromfluorens angebracht. Der
entscheidende Schritt in der Synthese des Fluorenmonomers war die Umsetzung zum
Diboronsaureester. Fiir die Polykondensation werden Monomere von extrem hoher
Reinheit bendtigt. Folglich wurde besonderes Augenmerk auf die Aufreinigung der
Fluorenmonomere gelegt. Das zweite Comonomer, 4,7-Bis(5-brom-4-hexyl-2-thienyl)-
2,1,3-benzothiadiazol, war in exzellenter Reinheit kommerziell verfligbar. Die Suzuki
Polykondensationen wurden in einem zweiphasigen Gemisch aus Toluol und Wasser mit
Pd(PPhs)s als Katalysator und Na,COs als Base durchgefiihrt. Als Referenzmaterial wurde
ein PFDTBT ohne vernetzbare Gruppen synthetisiert. Alle Polymere wurden mittels GPC,
TGA, NMR, UV/Vis- und Fluoreszenzspektroskopie charakterisiert. Die Molekulargewichte
lagen im Bereich von M, 15,000 g mol?, die thermischen sowie die optischen
Eigenschaften der Materialien sind dhnlich. Folglich wurde an dieser Stelle kein negativer
Einfluss der Oxetan-Gruppen auf die Polymerisation und die oben genannten
Materialeigenschaften beobachtet.

Das Vernetzungsverhalten der synthetisierten Polymere wurde an diinnen Filmen
untersucht. Verschiedene Vernetzungsstrategien wurden getestet. Uber Loslichkeitstest
wurde Uberprift, ob ein Vernetzungsexperiment erfolgreich war.

In der Regel werden organische Halbleiter mit Oxetan-Gruppen durch die Zugabe von
kationischen Photoinitiatoren vernetzt. Fir PFDTBTOx war dieser Ansatz nur mit 5 wt%
erfolgreich. Bei geringeren Konzentrationen wurden nur teilweise unl6sliche Filme
erhalten. Eine Alternative ist, das vernetzbare Polymer Trifluoressigsdure (TFA)-Dampf
auszusetzen. Hierbei wurden nach sehr kurzen Zeiten im TFA-Dampf bei 100 °C vollsténdig
unlésliche Filme erhalten. Auch bei nur 80 °C wurden innerhalb von zwei Minuten
unlésliche Filme erhalten. Im Folgenden wurde der Einfluss der Zahl der vernetzbaren
Gruppen im Polymer auf die Vernetzung untersucht. Polymere mit einem hohen Gehalt
an Oxetan-Gruppen (PFDTBTOx, PFDTBTOxo.75, PFDTBTOXo.50-a1t.) bilden bereits innerhalb
von zwei Minuten vollstandig unl6sliche Filme. Das statistische Copolymer PFDTBTOxXo.50
bildet nach 20 Minuten im TFA-Dampf bei 80 °C unlosliche Filme. Mit PFDTBTOXxo.25s wurden
unter diesen Bedingungen nur teilweise unldsliche Filme erhalten.

Weiterhin wurde gezeigt, dass PFDTBTOx auch in Gegenwart von PCBM vernetzt werden
kann. Dieses war ein entscheidendes Zwischenergebnis im Hinblick auf die Herstellung von
Solarzellen mit vernetzten Polymer:PCBM-Blends.

Bulk Heterojunction Solarzellen wurden mit dem vernetzbaren PFDTBTOx und dem
Referenzpolymer PFDTBT hergestellt. In Vorversuchen mit PFDTBT wurde eine starke
Abhangigkeit des Wirkungsgrades vom PCBM-Anteil festgestellt (Abbildung 60a). Durch
die Erhohung des PCBM-Gehaltes von 1:1 zu 1:3 wurde die Effizienz der Solarzellen von
0,11 % auf 1,35 % gesteigert. Keine Verbesserung bewirkte in diesem Fall der Einsatz von

112



Zusammenfassung

1,8-Diiodoctan. Die Effizienzen des vernetzbaren PFDTBTOx sind geringer als die des
Referenzpolymers. Durch das Vernetzen wird die Effizienz wiederum verringert.

a) b) polymer:PCBM 1:3
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Abbildung 60. Ergebnisse der Solarzellen-Experimente. a) Einfluss des Polymer:PCBM-Verhaltnisses und der
Vernetzung auf den Wirkungsgrad der Solarzellen. b) Langzeit-Test der Solarzellen: Stabilisierung durch Vernetzung
des low bandgap polymers PFDTBTOXx.

Dessen ungeachtet zeigen die Langzeit-Experimente klar den stabilisierenden Effekt der
Vernetzung. Hierzu wurden Solarzellen bei 100 °C fiir insgesamt 100 Stunden thermisch
behandelt. Die Kenndaten der Solarzellen wurden zu bestimmten Zeitintervallen
aufgenommen. Hierbei wurde die Entwicklung von Solarzellen mit dem vernetzten
PFDTBTOx mit nicht vernetztem PFDTBTOx und der PFDTBT-Referenz verglichen
(Abbildung 60b). Die Solarzellen mit dem vernetzten PFDTBTOx:PCBM-Blend konnten die
Effizienz vom Beginn des Experiments bis zu 30 Stunden aufrechterhalten. Nach 100
Stunden blieben etwa 70 % der urspriinglichen Effizienz erhalten. Im Gegensatz dazu
verloren die Solarzellen mit der nicht vernetzbaren Referenz PFDTBT lber den gesamten
Zeitraum stets an Effizienz. Nach 100 Stunden war diese auf 20 % des Ausgangswertes
gesunken. Unerwartet war das Verhalten des nicht vernetzten PFDTBTOx: Anfangs sank
auch hier die Effizienz durch die thermische Behandlung. Im weiteren Verlauf fiel diese
jedoch nicht weiter ab und stabilisierte sich bei etwa 60 % des urspriinglichen Wertes. Wir
konnten diesen Effekt mit einer langsamen thermischen Vernetzung der Oxetan-Gruppen
erklaren. Folglich kdnnen PFDTBTOx:PCBM-Blends durch zwei Arten der Vernetzung
stabilisiert werden: Zum einen durch Vernetzung im TFA-Dampf wahrend der Herstellung
der Solarzellen und zum anderen durch thermische Vernetzung.

Mit PFDTBTOx konnen auch Blends stabilisiert werden, in denen der Anteil des
vernetzbaren Polymers gering ist, wie hier im 1:3-Blend. Dies wird durch die grof3e Zahl
der vernetzbaren Gruppen beglinstigt. Dennoch erwies sich dieser hohe Oxetan-Gehalt an
anderer Stelle als hinderlich: Der Eingriff in die Polymerstruktur durch das Anbringen von
Oxetan-Gruppen flhrt zu einer geringeren Effizienz in Solarzellen. Fiir weitere Arbeiten
mit diesem Konzept ware die Verwendung vernetzbarer Low Bandgap Polymere mit
geringerem Anteil an Oxetan-Gruppen ratsam.
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Zusammenfassung

In Vorversuchen wurde gezeigt, dass die synthetisierten Low Bandgap Polymere durch
Imprinting strukturiert werden kénnen. Es wurden Linienstrukturen in GréBen von 1 um
bis 10 um erhalten. Dies kann als ein erster Schritt fiir die Herstellung organischer
Solarzellen mit einer definierten Grenzflaiche zwischen Donor- und Akzeptormaterial
angesehen werden.
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8 Experimental
8.1 Materials and methods

The reagents were purchased from ABCR (2,7-dibromofluorene, 3-ethyl-3-
oxetanemethanol), Acros Organics (Aliquat 336, benzyltriethylammonium chloride,
bromobenzene, n-butyllithium, 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane,
Pd(PPhs)s4), Fluka (phenylboronic acid, tetrabutylammonium chloride), Hedinger (NaOH),
Carl Roth (Na;SOa, NayCOs, tetrabutylammonium bromide) and Sigma Aldrich (1,6-
dibromohexane, 1,7-dibromo-heptane, 1-dodecylbromide) and used as received. Dry
solvents were purchased from Acros Organics. The monomer 4,7-bis(5-bromo-4-hexyl-2-
thienyl)-2,1,3-benzothiadiazole was purchased from SunaTech Inc. and used without
further purification.

Chloroform and diethylether were purchased from Sigma Aldrich, DMSO was purchased
from Fisher Scientific, and methanol was purchased from VWR. Other solvents were
distilled once before use, tetrahydrofuran was distilled over KOH. Reactions were
performed in oven-dried glassware under an inert atmosphere of argon. Argon was
provided from Linde (Argon 4.8) and dried over molecular sieves (3 A) and potassium on
aluminium oxide.

'H NMR Spectra were recorded on a Bruker AC spectrometer (300 MHz) at
room temperature using CDCl; as solvent and internal standard.
Chemical shifts are reported in ppm relative to residual protons in
the deuterated solvent (CHClz & = 7.26 ppm), the coupling
constants J are given in Hz. Multiplicities are denoted with m
(multiplet), s (singlet), d (doublet), t (triplet), q (quartet), qui
(quintet)

13CNMR Spectra were recorded on a Bruker AC spectrometer (75 MHz) at
room temperature using CDCl; as solvent and internal standard.
Chemical shifts are reported in ppm relative to residual protons in
the deuterated solvent (CHCl; 6 = 77.4 ppm).

Mass Mass spectra (MS) were recorded on a FINNIGAN MAT 8500
spectrometry instrument using electron spray ionization (El).
IR spectroscopy Infrared (IR) spectra were recorded on a PerkinElmer Spectrum

100 FT-IR spectrometer equipped with an universal ATR unit.
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Experimental

Polymer SEC
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spectroscopy

PL spectroscopy
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Flash
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MPLC
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Size exclusion chromatography (SEC) was performed using a
Waters 515-HPLC pump with stabilized THF as the eluent at a flow
rate of 0.5 ml min. The array of columns consisted of a guard
column (Varian, 50 x 0.75 cm, ResiPore particle size 3 um) and two
separation columns (Varian, 300 x 0.75 cm, ResiPore particle size
3 um). The compounds were monitored using a Waters UV
detector at 254 nm. As an internal standard 1,2-dichlorobenzene

was added. Number average (M_n) and weight average (M_W)
molecular weights were calculated based on a calibration with a
polystyrene standard.

Thermogravimetric  analysis (TGA) measurements were
performed on a Mettler Toledo TGA/SDTA 851e at a heating rate
of 10 K min't under nitrogen flow.

UV/Vis spectra of solutions (THF, concentration 10 mg ml?) and
thin films were recorded on a JASCO V-670 spectrophotometer at
room temperature.

UV/Vis spectra of thin films were also recorded on a ASH Scan 530
by Analytik Jena.

Photoluminescence (PL) spectra were collected from a JASCO FP-
8600 spectrofluorometer from solutions (THF, concentration
103 mg ml?!) and thin films with nitrogen as purge gas.
Photoluminescence quantum efficiency was measured using an
Ulbricht sphere purged with nitrogen.

Thin-layer chromatography (TLC) was used to monitor the
progress of reactions and to check the purity of products and
educts. Polygram SIL G/UV 254 plates from Macherey Nagel with
0.2 mm silica gel and fluorescence indicator and TLC aluminium
foil with silica gel 60, F2s1 from Merk were used.

Flash chromatography was executed with silica gel as stationary
phase (silica gel 60M, particle size 0.04 to 0.063 mm/230 to 400
mesh from Macherey Nagel).

Medium pressure liquid chromatography (MPLC) was conducted
on a Biichi Sepacore Flash System X50 with two pump modules C-
605, UV-Vis detector C-640 and fraction collector C-660. Glass
columns were filled with silica gel 60, particle size 0.025 to
0.04 mm from Macherey Nagel.

Thin films were fabricated by spin-coating on a Siemens Coros
OP15 with a CONVAC 1001 and by doctorblading.

The thickness of polymer thin films was measured on a Dektak
3030 ST surface profilometer from Sloan Technologies and on a
Veeco Dektak 150.



Experimental

Photolectron
spectroscopy
Electron
microscopy

Polarized light
microscopy

Photoelectron spectroscopy was conducted on a Riken Keiki
photoelectron spectrometer AC 2 (at Evonik Creavis, Marl).
Scanning electron microscope (SEM) micrographs were taken with
a Zeiss 1530 FESEM.

Electron micrographs were recorded with a Phenom Pro from
Phenom-World BV.

Polarized light microscopy was performed using a Nikon DIAPHOT
300 optical microscope. Optical micrographs were recorded by a
Nikon ACT-1 software using a Nikon DMX1200 digital camera.
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Experimental

8.2 Syntheses of the monomers

2,7-Dibromo-9,9-didodecylfluorene

Br Q.O Br

A solution of 2,7-dibromofluorene (2.00 g, 6.17 mmol) and the phase-transfer catalyst
benzyltriethylammonium chloride (0.10 g, 0.43 mmol) in DMSO (85 ml) was flushed with
argon for 30 minutes. Under argon a 50% NaOH solution (25 ml) was added dropwise.
After stirring for 20 minutes, 1-bromododecane (4.61 g, 18.51 mmol) was added dropwise.
The mixture was heated to reflux for 20 hours. After cooling to room temperature, the
mixture was poured into ice water and extracted with diethyl ether. The combined ether
phases were washed with water and dried over sodium sulfate. The solvent was removed,
and the crude product was purified by flash chromatography (eluent hexane) yielding
2,7-dibromo-9,9-didodecylfluorene (3.64 g, 5.53 mmol, 90%) as a colorless solid.

Characterization

EI-MS (m/z, %): calculated for C37HseBr, 660.65; found 660 (M*, 100%), 323 (M* - 2x C12H3s,
30%)

1H NMR (300 MHz, CDCls, § in ppm): 0.50 — 0.65 (bs, 4H, Ar-CH»-CH>), 0.87 (t, J= 6.8 Hz,
6H, -CHs) 0.97 - 1.34 (m, 36H, -CH>-), 1.84 —1.95 (m, 4H, Ar-CH>-), 7.40—7.55 (m, 6H, Ar-H)
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Experimental

2,7-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)-9,9-didodecylfluorene

A solution of 2,7-dibromo-9,9-didodecylfluorene (1.49 g, 2.26 mmol) in dry THF (50 ml)
was cooled to -78 °C. At -78 °C n-butyllithium (1.6 M solution in hexane, 3.10 ml,
4.96 mmol) was added slowly. The solution was stirred at -78 °C for 30 minutes before
2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1.01 g, 5.42 mmol) was added
slowly. The reaction mixture was kept at -78 °C for another hour and was allowed to warm
to room temperature overnight. It was poured into ice water and extracted with diethyl
ether. The combined ether phases were washed with a saturated NaCl solution and dried
over sodium sulfate. The solvent was removed, and the crude product was purified by
flash chromatography (eluent hexane/ethyl acetate 20:1) vyielding 2,7-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolane)-9,9-didodecylfluorene (1.22 g, 1.62 mmol, 72%) as a
colorless solid.

Characterization

EI-MS (m/z, %): calculated for C49HgoB202 754.78; found 754 (M*, 100%), 585 (M* - C12H3s,
80%), 417 (M™* - 2x C12H3s, 10%)

'H NMR (300 MHz, CDCls, & in ppm): 0.45 — 0.60 (bs, 4H, Ar-CH,-CH,), 0.85 (t, J= 6.8 Hz,
6H, -CHs), 0.94 - 1.32 (m, 36H, -CH»-), 1.39 (s, 24H, -CH3), 1.93 —2.04 (m, 4H, Ar-CH,), 7.69
—7.83 (m, 6H, Ar-H)
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Experimental

3-(6-Bromohexyloxymethyl)-3-ethyloxetane

(0]
Br/\/\/\/o\/l%

The reactants 3-ethyl-3-oxetanemethanol (5.81 g, 50.00 mmol) and 1,6-dibromohexane
(36.60 g, 150.00 mmol), and the phase-transfer catalyst tetrabutylammonium bromide
(0.80 g, 2.50 mmol) were dissolved in hexane (200 ml). After addition of a 45% NaOH
(28 ml), the mixture was heated to reflux for 16 hours. The solution was poured into ice
water and extracted with hexane. The combined hexane phases were washed with water
and dried over magnesium sulfate. After removal of the solvent, the crude product was
purified by column chromatography (gradient hexane — THF). Excess 1,6-dibromohexane
was eluted with hexane before the product was eluted with THF. The solvent was
removed, and 3-(6-bromohexyloxymethyl)-3-ethyloxetane (11.13 g, 39.86 mmol, 80%)
was obtained as a colorless liquid.

Characterization

EI-MS (m/z, %): calculated for C12H23BrO2 279.21; found 248 (M* - C,Hs, 40%), 219 (60%),
163 (M* - CsH1102, 90%)

1H NMR (300 MHz, CDCls, & in ppm): 0.86 (t, J= 7.5 Hz, 3H, -CH3), 1.32 — 1.50 (m, 4H, -CH>-),
1.58 (qui, J= 6.6 Hz, 2H, -CH,-CH,-0), 1.72 (q, J= 7.5 Hz, 2H, -CH,-CH3), 1.85 (qui, J= 6.6 Hz,
2H, Br-CH,-CH>-), 3.36 — 3.47 (m, 4H, Br-CH»-...-CH,-0), 3.51 (s, 2H, -O-CH,-oxetane), 4.36,
4.43 (2 d, J=5.8 Hz, 2 x 2H oxetane CH3)
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Experimental

3-(7-Bromoheptyloxymethyl)-3-ethyloxetane

(0]
Br\/\/\/\/O\/I%

The reactants 3-ethyl-3-oxetanemethanol (5.91 g, 50.90 mmol) and 1,7-dibromoheptane
(39.40 g, 152.72 mmol), and the phase-transfer catalyst tetrabutylammonium bromide
(0.80 g, 2.50 mmol) were dissolved in hexane (200 ml). After addition of a 45% NaOH
(28 ml), the mixture was heated to reflux for 22 hours. The solution was poured into ice
water and extracted with hexane. The combined hexane phases were washed with water
and dried over magnesium sulfate. After removal of the solvent, the crude product was
purified by column chromatography (gradient hexane — THF). Excess
1,7-dibromoheptane was eluted with hexane before the product was eluted with THF. The
solvent was removed, and 3-(7-bromoheptyloxymethyl)-3-ethyloxetane (14.54 g, 49.58
mmol, 97%) was obtained as a colorless liquid.

Characterization

EI-MS (m/z, %): calculated for C13H25BrO, 292.10; found 263 (M* - CoHs, 15%), 234 (20%),
97 (60%), 86 (60%), 69 (50%), 56 (100%), 42 (60%)

1H NMR (300 MHz, CDCls, § in ppm): 0.87 (t, J= 7.5 Hz, 3H, -CH3), 1.27 — 1.45 (m, 6H, -CH,-),
1.50 - 1.61 (m, 2H, -CH,-CH»-0), 1.72 (q, J= 7.5 Hz, 2H, -CH,-CHs), 1.80 — 1.90 (m, 2H, Br-
CH>-CH»-), 3.34 - 3.47 (m, 4H, Br-CH»-...-CH»-0), 3.50 (s, 2H, -O-CH-oxetane), 4.37, 4.44 (2
d, /= 5.8 Hz, 2 x 2H oxetane CH,)
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Experimental

2,7-Dibromo-9,9-bis(hexyl-6,1-diyl)bis(oxymethyl-3-ethyloxetane)-fluorene

) 0)

K K

Br 0.0 Br

A solution of 2,7-dibromofluorene (2.00 g, 6.17 mmol) and the phase-transfer catalysts
benzyltriethylammonium chloride (0.06 g, 0.35 mmol) and tetrabutylammonium chloride
(0.07 g, 0.35 mmol) in DMSO (45 ml) was flushed with argon for 30 minutes. Under argon
20 ml of a 50% NaOH solution were added dropwise. After stirring for 20 minutes,
3-(6-bromohexyloxymethyl)-3-ethyloxetane (5.24 g, 18.51 mmol) was added dropwise.
The mixture was heated to reflux for 20 hours. After cooling to room temperature, the
solution was poured into ice water and extracted with diethyl ether. The combined ether
phases were washed with water and dried over sodium sulfate. The solvent was removed,
and the crude product was purified by flash chromatography (eluent hexane/ethyl acetate
3:1) yielding 2,7-dibromo-9,9-bis(hexyl-6,1-diyl)bis(oxymethyl-3-ethyloxetane)-fluorene
(3.10 g, 4.30 mmol, 70%) as a yellowish oil.

Characterization

EI-MS (m/z, %): calculated for C37Hs,Br,04 720.61; found 720 (M*, 100%), 690 (M* - OCH,,
15%), 622 (M* - CsH1102, 15%), 323 (M* - 2x C12H230,, 30%)

1H NMR (300 MHz, CDCl3, 6 in ppm): 0.48 — 0.64 (bs, 4H, Ar-CH>-CH»-), 0.84 (t, J=
7.5 Hz, -CH3), 1.00 — 1.16 (m, 8H, -CH»-), 1.32 - 1.45 (m, 4H, -CH;-), 1.70 (q, J= 7.5 Hz,
2H, -CH»-CH3), 1.87 — 1.96 (m, 4H, Ar-CH5-), 3.33 (t, J= 6.5 Hz, 4H, -CH,-0-), 3.46 (s, 4H, -O-
CH,-oxetane), 4.35,4.41 (2 d, /= 5.8 Hz, 2 x 4H, oxetane CH3), 7.41 — 7.56 (m, 6H, Ar-H)
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2,7-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)-9,9-bis(hexyl-6,1-diyl)bis-(oxymethyl-
3-ethyloxetane)-fluorene

A solution of 2,7-dibromo-9,9-bis(hexyl-6,1-diyl)bis(oxymethyl-3-ethyloxetane)-fluorene
(0.98 g, 1.36 mmol) in dry THF (30 ml) was cooled to -78 °C. At - 78 °C n-butyllithium (1.6 M
solution in hexane, 1.87 ml, 2.99 mmol) was added slowly. The solution was stirred
at -78 °C for 30 minutes before 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(0.61 g, 3.26 mmol) was added slowly. The reaction mixture was kept at -78 °C for another
hour and was allowed to warm to room temperature overnight. It was poured into ice
water and extracted with diethyl ether. The combined ether phases were washed with a
saturated NaCl solution and dried over magnesium sulfate. The solvent was removed, and
the crude product was purified by MPLC (eluent hexane/ethyl acetate 3:2) yielding
2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)-9,9-bis(hexyl-6,1-diyl)bis(oxymethyl-3-
ethyloxetane)-fluorene (0.63 g, 0.78 mmol, 57%) as colorless solid.

Characterization

EI-MS (m/z, %): calculated for CssH76B>0s 814.74; found 814 (M*, 100%), 99 (20%), 83
(35%)

'H NMR (300 MHz, CDCls, § in ppm): 0.46 — 0.62 (bs, 4H, Ar-CH,-CH,-), 0.83 (t, J= 7.5 Hz,
6H, oxetane-CH,-CHs), 0.98 — 1.10 (m, 8H, -CH,-), 1.30 — 1.39 (m, 4H, -CH,-CH,-0), 1.39 (s,
24H, -CHs), 1.68 (q, J= 7.5 Hz, 4H, oxetane-CH»-CHs), 1.94 — 2.05 (m, 4H, Ar-CH,-), 3.29 (t,
J= 6.6 Hz, 4H, -CH;,-0-), 3.44 (s, 4H, -O-CH,-oxetane), 4.38, 4.33 (2 d, J= 5,8 Hz, 2 x 4H,
oxetane CH,), 7.70 — 7.83 (m, 6H, Ar-H)
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2,7-Dibromo-9-(1-dodecyl)-9-(heptyl-7,1-diyl-oxymethyl-3-ethyloxetane)-fluorene

1
Br Q.O Br

A solution of 2,7-dibromofluorene (1.00 g, 3.09 mmol) and the phase-transfer catalyst
benzyltriethylammonium chloride (0.05 g, 0.22 mmol) in DMSO (50 ml) was flushed with
argon for 30 minutes. Under argon a 50% NaOH solution (15 ml) was added dropwise.
After stirring for 20 minutes, a mixture of 1-bromododecane (1.16 g, 4.64 mmol) and
3-(7-bromoheptyloxymethyl)-3-ethyloxetane (1.37 g, 4.64 mmol) was added dropwise.
The solution was heated to reflux for 20 hours. After cooling to room temperature, it was
poured into ice water and extracted with diethyl ether. The combined ether phases were
washed with water and dried over sodium sulfate. The solvent was removed, and the
crude product was purified by flash chromatography (eluent hexane/THF 5:1) yielding 2,7-
dibromo-9-(1-dodecyl)-9-(heptyl-7,1-diyl-oxymethyl-3-ethyloxetane)-fluorene (0.91 g,
1.29 mmol, 42%) as a colorless oil.

Characterization

EI-MS (m/z): calculated for C3gHssBr.0, 704.66; found 704 (M*, 100%), 674 (M* - C2Hs, 10%)
323 (M* - [C12H2s; C13H2502], 40%)

1H NMR (300 MHz, CDCls, § in ppm): 0.48 — 0.64 (bs, 4H, Ar-CH,-CH,-), 0.80 — 0.90 (m, 6H,
-CHs),0.98 —1.32 (m, 24H, -CH5-), 1.40-1.51 (m, 2H, -CH>-), 1.71 (g, J= 7.6 Hz, 2H, oxetane-
CH,-CHs), 1.85 —1.96 (m, 4H, Ar-CH5-), 3.36 (t, J= 6.6 Hz, 2H, -CH»-0), 3.48 (s, 2H, -O-CH;-
oxetane), 4.35,4.42 (2 d, J=5.8 Hz, 2 x 2H, oxetane CH,), 7.41 — 7.54 (m, 6H, Ar-H)
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2,7-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)-9-(1-dodecyl)-9-(heptyl-7,1-diyl-
oxymethyl-3-ethyloxetane)-fluorene

A solution of 2,7-dibromo-9-(1-dodecyl)-9-(heptyl-7,1-diyl-oxymethyl-3-ethyloxetane)-
fluorene (1.00 g, 1.42 mmol) in dry THF (30 ml) was cooled to -78 °C. At - 78 °C
n-butyllithium (1.6 M solution in hexane, 1.95 ml, 3.12 mmol) was added slowly. The
solution was stirred at -78 °C for 30 minutes before 2-isopropoxy-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane (0.63 g, 3.40 mmol) was added slowly. The reaction mixture was kept
at -78 °C for another hour and was allowed to warm to room temperature overnight. It
was poured into ice water and extracted with diethyl ether. The combined ether phases
were washed with a saturated NaCl solution and dried over magnesium sulfate. The
solvent was removed, and the crude product was purified by MPLC (eluent hexane/ethyl
acetate 5:1) yielding 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)-9-(1-dodecyl)-9-
(heptyl-7,1-diyl-oxymethyl-3-ethyloxetane)-fluorene (0.31 g, 0.39 mmol, 27%) as slightly
yellowish solid.

Characterization

EI-MS (m/z, %): calculated for CsoHsoB2Os 798.79; found 798 (M*, 100%), 585 (M* -
C13H2502, 45%), 83 (50%)

'H NMR (300 MHz, CDCls, & in ppm): 0.46 — 0.63 (bs, 4H, Ar-CH,-CH,-), 0.78 — 0.90 (m, 6H,
-CH3s), 0.95 — 1.30 (m, 26H, -CH>-), 1.38 (s, 24H, -CH3), 1.69 (q, J= 7.5 Hz, 2H, oxetane-CH,-
CHs), 1.94 — 2.06 (m, 4H, Ar-CH,-), 3.34 (t, J= 6.6 Hz, 2H, -CH,-0-), 3.46 (s, 2H, -O-CH>-
Oxetane), 4.34, 4.40 (2 d, J= 5.8 Hz, 2 x 2H, oxetane CH;), 7.68 — 7.85 (m, 6H, Ar-H)
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4,7-Bis(5-bromo-4-hexyl-2-thienyl)-2,1,3-benzothiadiazole

The acceptor monomer 4,7-bis(5-bromo-4-hexyl-2-thienyl)-2,1,3-benzothiadiazole was
commercially available and purchased in excellent purity from SunaTech Inc.

Characterization
EI-MS (m/z, %): calculated for CasH30Br2N,Ss 626.53; found 626 (M*, 100%)

IH NMR (300 MHz, CDCls, § in ppm): 0.90 (t, J= 7.0 Hz, 6H, -CH3), 1.25 — 1.46 (m,
12H, -CH»-), 1.67 (qui, J= 7.6 Hz, 4H, thiophene-CH,-CH,-), 2.64 (t, J=7.7 Hz, 4H, thiophene-
CH»-), 7.74 (s, 2H, Ar-H), 7.76 (s, 2H, Ar-H)
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8.3 Syntheses of the polymers

PFDTBT

Equimolar amounts of the monomers 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)-
9,9-didodecylfluorene (233.37 mg, 0.309 mmol) and 4,7-bis(5-bromo-4-hexyl-2-thienyl)-
2,1,3-benzothiadiazole (193.60 mg, 0.309 mmol) were dissolved in toluene (10 ml). A few
drops of the phase-transfer catalyst Aliquat 336 and a 2 M solution of Na,CO3 (12 ml) were
added, and the mixture was degassed by three freeze-pump-thaw-cycles. After addition
of the catalyst Pd(PPhs)s (0.015 eq., 5.40 mg, 4.63 x 10 mmol), another freeze-pump-
thaw cycle was applied. The reaction mixture was heated to reflux under vigorous stirring.
After four days, bromobenzene and phenylboronic acid (0.309 mmol each) were added to
endcap the polymer. The organic phase was separated, concentrated, and precipitated
from methanol. After drying, 265 mg (0.273 mmol, 88%) of the crude polymer were
obtained. Soxhlet extraction with the sequence acetone, hexane and toluene was applied,
and the fractions were concentrated and precipitated from methanol.

Characterization

'H NMR (300 MHz, CDCls, & in ppm): 0.58 —0.96 (m, 16H, -CH3 + fluorene-CH,-CH,-), 1.00
— 1.48 (m, 45H, -CH,-), 1.66 — 1.85 (m, 4H, thiophene-CH,-CH,-), 1.91 — 2.20 (m, 4H,
fluorene-CH,-), 2.67 — 2.93 (m, 4H, thiophene-CH;-), 7.46 — 8.11 (m, 10H, Ar-H)

Polymer SEC (THF, PS calibration):

acetone fraction: M,, 800 g mol™, M,, 1,500 g mol, D 1.99 (22 mg)

hexane fraction: M,, 11,500 g mol™, M,, 24,400 g mol, D 2.11 (196 mg)

toluene fraction: M,, 24,500 g mol*, M,, 37,500 g mol, D 1.53 (35 mg)

TGA (10 K min?, N2): 1% weight loss at 282 °C, 5% weight loss at 420 °C

UV/Vis absorption (THF, 103 mg ml™): Amax: 365 nm, 511 nm, Aonser: 587 nm, Eqpr = 2.10 eV

PL (THF, 103 mg ml): Amax: 639 nm
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PFDTBTOX

Equimolar amounts of the monomers 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)-
9,9-bis(hexyl-6,1-diyl)bis(oxymethyl-3-ethyloxetane)-fluorene (241.00 mg, 0.296 mmol)
and 4,7-bis(5-bromo-4-hexyl-2-thienyl)-2,1,3-benzothiadiazole (185.00 mg, 0.296 mmol)
were dissolved in toluene (10 ml). A few drops of the phase-transfer catalyst Aliquat 336
and a 2 M solution of Na;COs (12 ml) were added, and the mixture was degassed by three
freeze-pump-thaw-cycles. After addition the catalyst Pd(PPhs)4 (0.015 eq., 5.00 mg, 4.44 x
103 mmol) another freeze-pump-thaw cycle was applied. The reaction mixture was
heated to reflux under vigorous stirring. After four days, bromobenzene and
phenylboronic acid (0.296 mmol each) were added to endcap the polymer. The organic
phase was separated, concentrated, and precipitated from methanol. The dried product
was collected, dried, re-dissolved and precipitated from methanol, again. After drying,
PFDTBTOx (210 mg, 0.204 mmol, 71%) was obtained as a red solid.

Characterization

1H NMR (300 MHz, CDCLs, 6 in ppm): 0.54 —0.94 (m, 16H, -CH3; + fluorene-CH,-CH,-), 1.10
—1.85 (m, 38H, -CH»-), 1.92 — 2.20 (m, 4H, fluorene-CH,-), 2.66 — 2.93 (m, 4H, thiophene-
CH2-), 3.34 (t, J= 6.5 Hz, 4H, -CH,-0-), 3.44 (s, 4H, -O-CHz-oxetane), 4.32 + 4.39 (2d, J= 5.7
Hz, 2 x 4H, oxetane CH;), 7.30 — 8.15 (m, 10H, Ar-H)

Polymer SEC (THF, PS calibration): M,, 14,800 g mol, M,, 37,900 g mol*, D 2.56
TGA (10 K min, N2): 1% weight loss at 361 °C, 5% weight loss at 410 °C
UV/Vis absorption (THF, 103 mg ml™): Amax: 362 nm, 510 nm, Aonset: 590 nm, Eqpr = 2.10 eV

PL (THF, 103 mg mI™?): Amax: 639 nm
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PFDTBTOXo.75
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The monomers 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)-9,9-bis(hexyl-6,1-
diyl)bis(oxymethyl-3-ethyloxetane)-fluorene (190.09 mg, 0.233 mmol), 2,7-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolane)-9,9-didodecylfluorene (58.87 mg, 0.078 mmol) and
4,7-bis(5-bromo-4-hexyl-2-thienyl)-2,1,3-benzothiadiazole (195.48 mg, 0.312 mmol) were
dissolved in toluene (10 ml). A few drops of the phase-transfer catalyst Aliquat 336 and a
2 M solution of Na;COs (12 ml) were added, and the mixture was degassed by three freeze-
pump-thaw-cycles. After addition of the catalyst Pd(PPhs)s (0.015 eq., 5.40 mg, 4.68 x
10-3 mmol) another freeze-pump-thaw cycle was applied. The reaction mixture was
heated to reflux under vigorous stirring. After four days, bromobenzene and
phenylboronic acid (0.312 mmol each) were added to endcap the polymer. The organic
phase was separated, concentrated, and precipitated from methanol. After drying, 274 mg
(0.271 mmol, 87%) of PFDTBTOxo.75 were obtained.

Characterization

'H NMR (300 MHz, CDCLs, § in ppm): 0.62 — 0.96 (m, 16H, -CHs + fluorene-CH,-CH,-), 1.02
—1.50 (m, 31H, -CH3-), 1.62 — 1.85 (m, 7H, thiophene-CH;-CH>- + oxetane-CH,-CHs), 1.92 —
2.21 (m, 4H, fluorene-CH;-), 2.67 — 2.91 (m, 4H, thiophene-CH;-), 3.34 (t, J= 6.6 Hz,
3H, -CH,-0-), 3.45 (s, 3H, -O-CH-oxetane), 4.32 + 4.39 (2d, J= 5.8 Hz, 2 x 3H, oxetane CH,),
7.50 — 8.10 (m, 10H, Ar-H)

Polymer SEC (THF, PS calibration): M,, 14,200 g mol™, M,, 33,400 g mol*, D 2.35
TGA (10 K min?, N2): 1% weight loss at 368 °C, 5% weight loss at 426 °C
UV/Vis absorption (THF, 103 mg ml™): Amax: 365 nm, 510 nm, Aonser: 584 nm, Eqpr = 2.10 eV

PL (THF, 103 mg mI™?): Amax: 634 nm
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PFDTBTOxXo.50

The monomers  2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)-9,9-bis(hexyl-6,1-
diyl)bis(oxymethyl-3-ethyloxetane)-fluorene (129.95 mg, 0.160 mmol), 2,7-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolane)-9,9-didodecylfluorene (120.39 mg, 0.160 mmol) and
4,7-bis(5-bromo-4-hexyl-2-thienyl)-2,1,3-benzothiadiazole (200.00 mg, 0.320 mmol) were
dissolved in toluene (10 ml). A few drops of the phase-transfer catalyst Aliquat 336 and a
2 M solution of Na,COs (12 ml) were added, and the mixture was degassed by three freeze-
pump-thaw-cycles. After addition of the catalyst Pd(PPhs)s (0.015 eq., 5.55 mg, 4.78 x
103 mmol)), another freeze-pump-thaw cycle was applied. The reaction mixture was
heated to reflux under vigorous stirring. After four days, bromobenzene and
phenylboronic acid (0.320 mmol each) were added to endcap the polymer. The organic
phase was separated, concentrated, and precipitated from methanol. After drying, 314 mg
(0.315 mmol, 98%) of PFDTBTOxo.50 Were obtained.

Characterization

1H NMR (300 MHz, CDCLs, § in ppm): 0.61 — 0.95 (m, 16H, -CHs + fluorene-CH,-CH,-), 1.01
—1.48 (m, 40H, -CH,-), 1.63 — 1.85 (m, 6H, thiophene-CH,-CH,- + oxetane-CH,-CHs), 1.91 -
2.18 (m, 4H, fluorene-CH»-), 2.66 — 2.89 (m, 4H, thiophene-CH>-), 3.28 — 3.38 (m, 2H, -CH»-
0-), 3.45 (s, 2H, -O-CH;-oxetane), 4.30 — 4.43 (m, 4H, oxetane CH,), 7.48 — 8.13 (m, 10H,
Ar-H)

Polymer SEC (THF, PS calibration): M,, 6,200 g mol, M,, 13,200 g mol*, D 2.15
TGA (10 K min, N2): 1% weight loss at 361 °C, 5% weight loss at 402 °C
UV/Vis absorption (THF, 103 mg ml™): Amax: 361 nm, 507 nm, Aonset: 584 nm, Eqpr = 2.10 eV

PL (THF, 103 mg mI™2): Amax: 633 nm
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PFDTBTOXo.25
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The monomers 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)-9,9-bis(hexyl-6,1-
diyl)bis(oxymethyl-3-ethyloxetane)-fluorene (68.36 mg, 0.084 mmol), 2,7-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolane)-9,9-didodecylfluorene (190.00 mg, 0.252 mmol) and
4,7-bis(5-bromo-4-hexyl-2-thienyl)-2,1,3-benzothiadiazole (210.51 mg, 0.336 mmol) were
dissolved in toluene (10 ml). A few drops of the phase-transfer catalyst Aliquat 336 and a
2 M solution of Na;CO3 (12 ml) were added, and the mixture was degassed by three freeze-
pump-thaw-cycles. After addition of the catalyst Pd(PPhs)4) (0.015 eq., 5.82 mg, 5.04 x
103 mmol), another freeze-pump-thaw cycle was applied. The reaction mixture was
heated to reflux under vigorous stirring. After four days, bromobenzene and
phenylboronic acid (0.336 mmol each) were added to endcap the polymer. The organic
phase was separated, concentrated, and precipitated from methanol. After drying, 303 mg
(0.308 mmol, 92%) of PFDTBTOxo.25 were obtained.

Characterization

'H NMR (300 MHz, CDCLs, § in ppm): 0.62 — 0.94 (m, 16H, -CHs + fluorene-CH,-CH,-), 0.99
—1.47 (m, 42H, -CH,-), 1.60 — 1.83 (m, 5H, thiophene-CH,-CH»- + oxetane-CH,-CHs), 1.92 —
2.19 (m, 4H, fluorene-CH3-), 2.65 — 2.90 (m, 4H, thiophene-CH>-), 3.26 — 3.36 (m, 1H, -CH>-
0-), 3.43 (s, 1H, -O-CH,-oxetane), 4.27 — 4.41 (m, 2H, oxetane CH;), 7.40 — 8.10 (m, 10H,
Ar-H)

Polymer SEC (THF, PS calibration): M,, 12,500 g mol™, M,, 22,500 g mol, D 1.80
TGA (10 K min', N2): 1% weight loss at 251 °C, 5% weight loss at 395 °C
UV/Vis absorption (THF, 103 mg ml): Apmax: 364 nm, 509 nm, Aonset: 584 nm, Eqpt = 2.10 eV

PL (THF, 103 mg mI™2): Amax: 633 nm
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PF DTBTOXo,m

The monomers  2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)-9,9-bis(hexyl-6,1-
diyl)bis(oxymethyl-3-ethyloxetane)-fluorene (24.44 mg, 0.030 mmol), 2,7-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolane)-9,9-didodecylfluorene (203.79 mg, 0.270 mmol) and
4,7-bis(5-bromo-4-hexyl-2-thienyl)-2,1,3-benzothiadiazole (187.96 mg, 0.300 mmol) were
dissolved in toluene (10 ml). A few drops of the phase-transfer catalyst Aliquat 336 and a
2 M solution of Na;CO3 (12 ml) were added, and the mixture was degassed by three freeze-
pump-thaw-cycles. After addition of the catalyst Pd(PPhs)s (0.015 eq., 5.20 mg, 4.50 x
10-> mmol), another freeze-pump-thaw cycle was applied. The reaction mixture was
heated to reflux under vigorous stirring. After four days, bromobenzene and
phenylboronic acid (0.300 mmol each) were added to endcap the polymer. The organic
phase was separated, concentrated, and precipitated from methanol. Soxhlet extraction
with the sequence acetone, hexane and toluene was applied, and the fractions were
concentrated and precipitated from methanol. The cumulative weight of the fractions was
230 mg (0.234 mmol, 78%).

Characterization

1H NMR (300 MHz, CDCLs, § in ppm): 0.61 —0.96 (m, 16H, -CH3 + fluorene-CH,-CH,-), 1.02
—1.49 (m, 46H, -CH5-), 1.62 — 1.85 (m, 4.5H, thiophene-CH,-CH»- + oxetane-CH,-CHjs), 1.90
—2.19 (m, 4H, fluorene-CH;-), 2.67 — 2.93 (m, 4H, thiophene-CH>-), 3.29 — 3.37 (m, 0.5H, -
CH,-0-), 3.45 (s, 0.5H, -O-CH,-oxetane), 4.30-4.43 (m, 0.8H, oxetane CH;), 7.48—-8.13 (m,
10H, Ar-H)

Polymer SEC (THF, PS calibration):

hexane fraction M,, 11,800 g mol, M,, 24,000 g mol, D 2.03

TGA (10 K min, N2): 1% weight loss at 344 °C, 5% weight loss at 419 °C

UV/Vis absorption (THF, 103 mg ml): Amax: 361 nm, 505 nm, Aonset: 584 nm, Eqpr = 2.10 eV

PL (THF, 103 mg ml): Amax: 633 nm
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PFDTBTOXo.05
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The monomers 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)-9,9-bis(hexyl-6,1-
diyl)bis(oxymethyl-3-ethyloxetane)-fluorene (9.70 mg, 0.012 mmol), 2,7-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolane)-9,9-didodecylfluorene (170.99 mg, 0.226 mmol) and
4,7-bis(5-bromo-4-hexyl-2-thienyl)-2,1,3-benzothiadiazole (149.36 mg, 0.238 mmol) were
dissolved in toluene (10 ml). A few drops of the phase-transfer catalyst Aliquat 336 and a
2 M solution of Na;CO3 (12 ml) were added, and the mixture was degassed by three freeze-
pump-thaw-cycles. After addition of the catalyst Pd(PPhs)s (0.015 eq., 4.13 mg, 3.57 x
103 mmol), another freeze-pump-thaw cycle was applied. The reaction mixture was
heated to reflux under vigorous stirring. After four days, bromobenzene and
phenylboronic acid (0.238 mmol each) were added to endcap the polymer. The organic
phase was separated, concentrated, and precipitated from methanol. After drying, 224 mg
(0.227 mmol, 95%) of PFDTBTOxo.10 Were obtained.

Characterization

'H NMR (300 MHz, CDCLs, § in ppm): 0.59 — 0.95 (m, 16H, -CHs + fluorene-CH,-CH,-), 0.99
—1.49 (m, 46H, -CH;-), 1.64 —1.82 (m, 4.4H, thiophene-CH,-CH»- + oxetane-CH,-CHs), 1.91
—2.20 (m, 3H, fluorene-CH3-), 2.66 — 2.94 (m, 3H, thiophene-CH,-), 3.32 (s, 0.2H, -O-CH.-
oxetane), 3.40 — 3.50 (m, 0.2H, -CH,-0-), 4.30 — 4.41 (m, 0.4H, oxetane CH,), 7.42 — 8.14
(m, 10H, Ar-H)

Polymer SEC (THF, PS calibration): M,, 11,000 g mol?, M,, 21,100 g mol*, D 1.91
TGA (10 K min', N2): 1% weight loss at 201 °C, 5% weight loss at 256 °C
UV/Vis absorption (THF, 103 mg ml): Apmax: 363 nm, 509 nm, Aonset: 586 nm, Eqpt = 2.10 eV

PL (THF, 103 mg mI™2): Amax: 634 nm
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PFDTBTOXo.50 att.

Equimolar amounts of the monomers 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)-9-
(1-dodecyl)-9-(heptyl-7,1-diyl-oxymethyl-3-ethyloxetane)-fluorene (159.19 mg,
0.199 mmol) and 4,7-bis(5-bromo-4-hexyl-2-thienyl)-2,1,3-benzothiadiazole (124.86 mg,
0.199 mmol) were dissolved in toluene (10 ml). A few drops of the phase-transfer catalyst
Aliquat 336 and a 2 M solution of Na;COs (12 ml) were added, and the mixture was
degassed by three freeze-pump-thaw-cycles. After addition of 0.015 equivalents of the
catalyst Pd(PPhs)s, another freeze-pump-thaw cycle was applied. The reaction mixture
was heated to reflux under vigorous stirring. After four days bromobenzene and
phenylboronic acid were added to endcap the polymer. The organic phase was separated
and precipitated from methanol. The dried product was re-dissolved and washed with
brine. The organic phase was concentrated and precipitated from methanol, again. After
drying, 184 mg (0.182 mmol, 91%) of PFDTBTOxo.50 ait. Were obtained as a red solid.

Characterization

1H NMR (300 MHz, CDCLs, § in ppm): 0.60 — 0.95 (m, 16H, -CHs; + fluorene-CH,-CH,-), 1.00
—1.52 (m, 42H, -CH5-), 1.63 — 1.85 (m, 6H, thiophene-CH,-CH,- + oxetane-CH,-CHs), 1.90 -
2.18 (m, 4H, fluorene-CH,-), 2.65 — 2.89 (m, 4H, thiophene-CH,-), 3.35 (t, J= 6.5 Hz,
2H, -CH,-0-), 3.45 (s, 2H, -O-CH;-oxetane), 4.28 + 4.43 (m, 4H, oxetane CH;), 7.40 — 8.14
(m, 10H, Ar-H)

Polymer SEC (THF, PS calibration): M,, 11,500 g/mol, M,, 23,900 g/mol, D 2.07
TGA (10 Kmin’, N2): 1% weight loss at 327 °C, 5% weight loss at 402 °C
UV/Vis absorption (THF, 103 mg ml™2): Amax: 360nm, 510 nm, Aopset: 590 Nm, Eqpr = 2.10 eV

PL (THF, 103 mg mI?): Amax: 640 nm
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8.4 Crosslinking experiments

Crosslinking experiments were run using a photoacid generator (PAG) or trifluoroacetic
acid (TFA) vapor as initiator. To monitor the progress of crosslinking, solubility tests were
executed.

The photoacid generator DPI-109 was purchased from Midori Kagaku Co. Ltd. and used
without purification. Trifluoroacetic acid was purchased from Acros Organics.

For crosslinking with PAG films with a thickness of about 80 nm were prepared by doctor
blading on glass substrates. To dichlorobenzene solutions of the low bandgap polymers
(20 mg mlt) the photoacid generator DPI-109 (chemical structure in Figure 31a) was added
in 5 wt% and 1 wt% with respect to the polymer. Before doctor blading, the solutions were
filtered through 0.20 um Teflon filters. The films were dried in an inert nitrogen
atmosphere at 80 °C for 10 minutes and at 130 °C for 15 minutes. Before crosslinking,
UV/vis absorption spectra of the films were recorded. The crosslinking steps were
executed under an inert nitrogen atmosphere in a glovebox. In the first step the samples
were exposed to light of a 50 W xenon lamp (op502, manufacturer: Opcoms) for five to
15 minutes. For the postbake the samples were placed on a hot plate at 100 °C to 150 °C
for five to 30 minutes. Following the crosslinking process, UV/vis spectra of the films were
recorded. The films were rinsed with THF for 30 seconds and dried in air. UV/vis spectra
were recorded afterwards.

For crosslinking in TFA vapor films with a thickness of about 80 nm were prepared by spin
coating on glass substrates. Polymer solutions (15 mg ml?) and solutions of polymer:PCBM
(1:2 by weight, 30 mg ml?) in chlorobenzene were filtered through 0.20 um Teflon filters.
After spin coating, the films were dried in vacuum at 60 °C. UV/vis absorption spectra were
recorded before crosslinking. For crosslinking the samples were placed on a hot plate
equipped with a glass cover, which was flushed with argon, and a glass dish, where
trifluoroacetic acid (2 ml) was added. Crosslinking experiments were performed at 80 °C
and 100 °C for five to 60 minutes. Residual TFA was removed from the samples by storage
in vacuum for 30 to 60 minutes. Afterwards, UV/vis absorption spectra were recorded.
The films were rinsed with THF for 30 seconds and dried in air. Ultimately, UV/vis
absorption spectra were recorded.
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8.5 Fabrication and characterization of organic solar cells

Bulk heterojunction organic solar cell devices were fabricated on structured glass
substrates coated with indium tin oxide (ITO). To avoid edge effects, a circular active area
(7.07 mm?) was defined on top of the ITO layer using a photoresist (AZ 1518, supplier:
Microchemicals).[?*?! On the active area, a 15 nm thick layer of MoOs (Sigma Aldrich) was
added by vacuum evaporation. The MoOs layer ensures a low dark current and a good
diode behavior.

The active layer was applied by spin coating. From chlorobenzene solutions (20 mg ml?)
80 nm thick layers of the polymer:PCBM blends were cast. PCBM (99.5% purity, Sigma
Aldrich) was used as acceptor in the blend. PCBM and polymer solutions (20 mg ml) were
produced separately, filtered through a 0.4 um Teflon filter and mixed in 1:1, 1:2, and 1:3
ratios. The layer thicknesses of the blends for each polymer were controlled with a Dektak
(Veeco) profilometer directly on the device. Optionally, crosslinking in TFA vapor was
performed in an argon glovebox at 80 °C for 20 minutes (5 minutes heating up, 15 minutes
exposure to TFA vapor). The not crosslinked reference blend solar cells were annealed for
the same time and temperature (20 minutes, 80 °C) in TFA vapor free nitrogen atmosphere
for comparability purpose. Finally, a 100 nm thick aluminium cathode was vacuum
evaporated. To avoid contact of the not crosslinked reference devices with the TFA vapor
resulting from outgassing of the crosslinked devices while evacuating the evaporation
chamber, devices were coated with aluminium separately. First the not crosslinked
devices, then the crosslinked devices were put under vacuum in the evaporation chamber
for 10 hours at 107 mbar until the evaporation was started.

Current-voltage characteristics under AM1.5 sun light condition were measured with a
Newport sun simulator and an appropriate vacuum condition sample holder to prevent
oxygen degradation of the device during the measurement. For solar cell measurements
a Keithley 238 source-measure-unit was used.

Accelerated aging was realized by annealing the solar cells at 100 °C on a hot plate in a
nitrogen glovebox. Prior to the first annealing step, the efficiencies of all devices were
measured. After every annealing timestep, all devices were measured again and brought
back to the hot plate in the glovebox. The annealing times given in the text are total
annealing times, respectively. Using the vacuum condition sample holder, an oxygen free
transport of the devices from the glovebox to the sun simulator was guaranteed.
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Experimental

8.6 Imprinting

Films with a thickness of about 80 nm were prepared by spin coating on glass substrates.
Polymer solutions (15 mg ml?) in chlorobenzene were filtered through 0.20 pm Teflon
filters before. The films were dried in vacuum at 60 °C. For imprinting the samples were
put on a hot plate equipped with a glass cover, which was flushed with argon. At 150 °C
the soft stamp was placed on top of the film. After 15 minutes, the samples were cooled
to room temperature, and the stamp was removed. Micrographs of the films were taken
with a SEM.
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2,7-Dibromo-9,9-didodecylfluorene
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2,7-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)-9,9-didodecylfluorene
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3-(6-Bromohexyloxymethyl)-3-ethyloxetane
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3-(7-Bromoheptyloxymethyl)-3-ethyloxetane
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2,7-Dibromo-9,9-bis(hexyl-6,1-diyl)bis(oxymethyl-3-ethyloxetane)-fluorene
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2,7-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)-9,9-bis(hexyl-6,1-diyl)bis-(oxymethyl-

3-ethyloxetane)-fluorene
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2,7-Dibromo-9-(1-dodecyl)-9-(heptyl-7,1-diyl-oxymethyl-3-ethyloxetane)-fluorene
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2,7-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)-9-(1-dodecyl)-9-(heptyl-7,1-diyl-
oxymethyl-3-ethyloxetane)-fluorene
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4,7-bis(5-bromo-4-hexyl-2-thienyl)-2,1,3-benzothiadiazole

150

L 9L Wdd

8'9

8'0 [AN 9'1 0'¢ ¥'c 8'¢C [ 9'¢ 0t 1% 8t 'S 9'S 09 ¥'9

0

7 000

| SSI“V{
| QZ'ZT<

L80‘9<

873 191dzig-IAXaH € sdiomulds




Appendix

PFDTBT

44.78 [ —

4.016

[oe]
} 3.895 - @

191d4d € sylomuids

151



Appendix

PFDTBTOX
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PFDTBTOxXo.75
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PFDTBTOxXo.50

SpinWorks 3: PFDTBTOx0.50
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PFDTBTOXo.50-alt.

SpinWorks 3: PFDTBTOx0.50-alt.
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