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Synthesis and properties of t-conjugated polymers for organic
photovoltaics

RENEE KROON
Department of Chemical and Biological Engineering
Chalmers University of Technology
Gothenburg, Sweden

ABSTRACT

Organic photovoltaics is a renewable energy technology able to solve global warming and
the upcoming energy gap, issues that both originate from fossil fuel consumption. Out of all
renewable energy sources, the Sun is the only source that produces enough energy to fulfill all
our energy needs, now and in the future. Photovoltaics based on m-conjugated polymers are
envisioned to offer a low cost alternative to the present technology, but optimization of the
polymer structure is needed to achieve efficiencies high enough to make this technology
economically viable.

This thesis deals with both the optimization of several parent structures via the process of
energy level engineering and establishing structure-property relationships upon alteration of
these parent structures. The initial work explored the effect of carbon-silicon exchange on
various physical, optical and photovoltaic properties of fluorene/silafluorene-based
copolymers. The optical, redox and photovoltaic properties of these polymers remained
virtually unchanged except for the thermal behavior. The work was continued by optimizing
the energy levels and bandgap of TQI with the aim to surpass its already high power
conversion efficiency of 6%. Aside from improved spectral coverage and energy level
optimization, several interesting structure-property relationships were found. Finally, another
well-performing structure, PDPPTPT, was modified with alkoxy sidechains to investigate the
effect on various polymer properties. Aside from a redshifted absorption, polymer properties
were altered suggesting additional flexibility in the polymer backbone. By comparing
polymer and oligomer properties, methoxy substitution seems to initially increase melting and
crystallization temperatures, but this trend is then supposedly counteracted due to increased

irregularity in the polymer backbone.

Keywords: Conjugated polymers, organic photovoltaics, energy level engineering,
structure-property relationships
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Chapter 1
INTRODUCTION

1.1 World energy production

The exchange of wood and biofuels for coal as an energy source initiated the industrial
age, around 1750. Since then, the world got accustomed to power generated from fossil fuels
and at present, the world power consumption amounts to ~16 TW globally. Around 87% of
the consumed power is generated via fossil fuels which include oil, coal and natural gas, while
the source for the remaining 13% is hydroelectric, nuclear and renewable energy (Fig. 1.1a).
Considering only what energy sources are converted to supply the total electrical power, coal
is by far the most used fossil fuel before natural gas and oil (Fig. 1.1b).l" %! Fossil fuels are

available, reliable and energy dense and therefore a cheap energy source.

a) b)
CO al Natural gas Natural gas nyclear
. 23.7% 22.2% [22%
30.39%, Nuclear i
. Hydroelectric
6.1% = 16%
Hydroelectric
4.9% Renewable
3.7%

Renewable

Oil 1.8% Coal Ol
33.2% 40.6%

Figure 1.1a) Energy source distribution providing the total world power consumption b) Energy source
distribution providing the world electrical power consumption

However, two mayor issues exist regarding the use of fossil fuels as energy source. One
issue is that conversion of fossil fuels produces a large amount of greenhouse gases, most
importantly carbon dioxide. Whether or not the current global warming is caused by
anthropogenic activity alone, a natural effect or a combination of both, it is a fact that CO,
levels have been fluctuating between constant extremes during several hundred thousands of
years before present, > ¥ but these extremes have been rising rapidly since the beginning of
the industrial age.”"® Due to the rapid increase of CO, concentration, the Kyoto protocol has
been developed, which demands lowering of CO, emission, and its agreements are based on

retaining global warming within a 2 °C rise with respect to the pre-industrial age.!”



Another issue is that consumed fossil fuels will not be replenished naturally (to be more
precise, this process takes millions of years). The result is a limited amount of recoverable
fossil fuels left on Earth. Estimated amounts of recoverable resources are 189 years of oil, 241
years of natural gas and 2780 years of coal.’) However, when technical recoverability is taken
into account, the estimated times before fossil fuel reserves run out are on average 54-55
years for oil, 64-71 years for natural gas and 112-132 years for coal.l" ?! These numbers are
optimistically calculated assuming no increase in supply or demand. The final result will be a
gap between the total world power production and consumption, which is estimated to be

around 14 TW in 2050 and around 33 TW in 2100.!

1.2 Renewable energy sources

To anticipate on both global warming and the upcoming energy shortage, we need to
develop new energy technologies based on CO,-neutral renewable energy sources. Renewable
energy is defined as energy derived from a source that constantly replenishes the driving force
that is used to generate energy. Thus, candidates for renewable energy sources are nuclear,
wind, geothermal, biomass, hydroelectric, tide/ocean and solar energy, each with their
advantages and disadvantages. Based on their geographical availability and environmental
politics, supplying the world with power will probably be accomplished with a combination
of renewable energy sources.

One particularly appealing advantage from solar energy is its enormous energy potential.
The Earth receives a stunning 36000 TW on land in the form of sunlight, thereby dwarfing the
energy potential of all other renewable energy sources.”) It is the only renewable energy
source that could supply all the power the world demands, now and in the future. This is the
reason why research on solar energy technologies such as solar electric and solar thermal, is

so important.

1.3 Economical viability

Besides utilizing a clean and abundant source of energy, a renewable energy technology
needs to be cheap. Cost reduction for any kind of new energy technology is important since
grid parity, the moment an alternative form of energy reaches the same or lower levelized cost
of energy (LCOE, eq. 1) as the source that produces the current grid power, should be

achieved before an alternative energy source becomes commercially interesting.
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Where = time (years), I; = investment expenditures, M, =operations and maintenance expenditures, F, = fuel
expenditures, E, = Electricity generation (all in year ¢), r = discount rate, n= lifetime of a system.

To decrease the LCOE it is preferred to utilize cheap and abundant materials, minimize the
amount of material used for fabrication and use a cheap production process while maximizing
electricity generation and lifetime. A combination of all these factors is the most beneficial,
but as long as the LCOE can be reduced sufficiently, a renewable energy technology has a
future as next generation power source. The LCOE of photovoltaics (PV) is at the moment
around 2.5 times higher than the LCOE of fossil fuel based electricity,'”! but technological

advances and rising fossil fuels prizes will likely favor this number in the near future.

1.4 The solar spectrum

Earth receives solar emission as a distribution of photons with specific energy, the solar
irradiation spectrum. The spectrum that is received at ~48 ° relative to the Earths’ normal is
standardized as the AM 1.5G solar irradiation spectrum with a total power of 1000 W m™

(Fig. 1.2), which is used to test photovoltaic performance.
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Figure 1.2 Red: Standardized ASTM G-173-07 1.5AM solar irradiation spectrum Black: Shockley-Queisser
maximum efficiency limit for a single layer solar cell.



To efficiently utilize solar energy, the semiconductor material in a solar cell needs to be
able to absorb a significant portion of the available photons. The property of a material that
governs what minimum photon energy can be absorbed is the bandgap (E;) which needs to be
matched by a certain photon energy before absorption occurs. The semiconductor bandgap
that potentially offers the highest power output for a single layer solar cell has been described
by Shockley-Queisser (Fig. 1.2), and is roughly between 1-1.5 eV or 1250-830 nm.!'

Preferably, semiconductors combine these optimal bandgaps with broad spectral coverage.

1.5 Silicon solar cells

Nowadays, the most conventional semiconductor for solar cells is crystalline silicon.
Silicon has high natural abundance, possesses an optimal bandgap of 1.1 eV and broad
spectral coverage from the near IR to the UV-region in the solar spectrum, ideal for the
absorption of solar irradiation. Combined with efficient charge generation, silicon based
photovoltaics offer high power conversion efficiencies (PCE), 25% on lab scale and 11-16%

in commercial arrays,'”

and lifetimes of about 20 years.

Even though the silicates used for silicon production are abundant and cheap, the
requirement of high purity silicon combined with rather thick silicon layers, due to its low
optical density, makes silicon-based solar cells relatively expensive. Therefore, new
technologies and innovations that reduce material and manufacturing costs need to be

investigated. One of these technologies currently under investigation are PVs based on

polymer semiconductors.

1.6 Polymer solar cells

Polymers are normally regarded as insulators which are unable to conduct electricity or
absorb sunlight. This view changed when conjugated polymers were developed that showed
conductivity upon doping. In 1963 McNeill et al. reported the first example of doping,
rendering a polypyrrole polymer a modest conductivity of 1 S em™ . In 1977, work was
published by Shirakawa, McDiarmid and Heeger where polyacetylene (PA) (Fig. 1.3a) was
doped with iodine, resulting in maximum conductivities of approximately 38 S cm™.["¥ For
their total contribution on the discovery and development of conjugated polymers Shirakawa,

McDiarmid and Heeger were awarded the Nobel Prize in 2000. *!
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Figure 1.3 a) chemical structure of polyacetylene. Multiple repeating units are drawn for clarity b) chemical

structures of P3HT and PPV

Their work initiated the intense investigation of conjugated polymers as the semiconductor

161 and field-effect transistors.'”! Due to the

material in solar cells, light-emitting diodes
limited processability, stability and options for chemical modification of PA, the workhorses
of the organic electronics community became polymers based on aromatic units; poly(3-
hexylthiophene-2,5-diyl) P3HT and poly(phenylene-vinylene) (PPV) derivatives (Fig. 1.3b).

The main advantage of organic photovoltaics (OPV)s is the promise of being solution
processed via a cheap and efficient roll-to-roll process, inkjet printing or spray coating.!'®!
Additionally, they potentially offer light weight and flexible PV which opens up additional
commercial applications. The natural abundance of the main elements needed for production,
sulfur, nitrogen, carbon, hydrogen and oxygen is high. Also, organic materials have a high
absorption coefficient which reduces the required active layer thickness to ~100-200 nm and
therefore the amount of material that is needed for efficient absorption of sunlight. Nowadays,
laboratory devices offer the required power conversion efficiencies for commercialization (8-
10%) 11220

However, the test areas of these devices are usually on the order of 0.09-1 cmz, while
efficiencies of OPV in realistically sized photovoltaic cells are much lower, 1-3% PCE for 25-

(21- 22~ Also0, thermal, photochemical and long-term stability of OPV’s is still

225 cm” area
inferior compared to PV based on inorganic materials.”*! Since OPVs require a two-material
active layer instead of one (e.g. silicon) to achieve efficient charge generation, it involves a
complex interplay of both materials based on their individual properties. This, combined with
the physical and opto-electronic properties that are required for efficient solar cells, imposes
several design rules on the chemical structure of the polymer. Even the smallest change done
on a polymer structure can result in vastly different and often unexpected changes in
polymer/device properties. Understanding these structure-property relationships is one

important aspect in the research of OPV to ultimately provide a reliable and efficient

renewable energy technology.



1.7 Aim of the thesis

The work described in this thesis deals with the design, synthesis and characterization of
n-conjugated polymers for solar cells. The focus of this thesis is two-fold; it focuses on both
the optimization of several parent structures, mainly by engineering the HOMO, LUMO and
bandgap of the polymer materials, but also on establishing structure-property relationships
upon alteration of these parent structures.

The synthesis and characterization has been done at Chalmers University of Technology,
Goteborg, Sweden, while device characterization has been conducted at IMEC, Belgium. Part
of this work was conducted within the EU project ONE-P. This work has been funded by the
EU project ONE-P under grant no. 212311 and the Swedish Energy Agency.



Chapter 2
ORGANIC SOLAR CELLS

2.1 Bandgap and excitations

The reason why conjugated polymers are able to absorb sunlight is because of the single-
double bond alternation that exists in the backbone. Considering polyacetylene (Fig. 2.1), the
backbone consists of tetravalent carbon atoms where three electrons are involved in forming

three sp°-bonds, two between adjacent carbon atoms and one between the hydrogen.
T
el
o=l
® =
Figure 2.1 schematic representation of the T-conjugated system in polyacetylene
These bonds are located in the centre of the two nuclei and have a ¢-bond character. One
electron in the p-orbital is left that interacts with another adjacent p-electron from the
neighboring carbon atom. This forms the m-bonding or highest occupied molecular orbital
(HOMO) and the empty w*-antibonding or lowest unoccupied molecular orbital (LUMO) (Fig
2.1), that evolve further into a valence (bordered by the HOMO) and conduction (bordered by
the LUMO) ‘band’ of closely spaced energy levels in a polymer material. The energy
difference between the HOMO and the LUMO is then defined as the bandgap (Fig. 2.2a).
Because m-orbitals are located out of plane in the molecule, they are less bound to the carbon
nuclei and reduce the photon energy needed for photoexcitation. Upon absorption of a photon
with Ejnoton > Eg, an electron is photoexcited from the valence to the conduction band creating

a bound electron-hole pair, or exciton (Fig. 2.2b), while the 6-bonds maintain the structural

integrity of the polymer 4 Vacum

Energy
Bandgap (Eg)
/~/\'\

AN
T
(@)
<
(©)
S

Figure 2.2 a Valence (V) and conduction (C) ‘band’, bordered by the HOMO and LUMO respectively and
separated by E,. b process of photoexcitation where a photon with Ejpoon > E; promotes an electron from V to
C, creating an exciton.



2.2 Charge generation in organic semiconductors

Charge generation in solar cells occurs in the following simplified way. Upon formation of
the exciton it separates into an electron and a hole which are then transported and collected at
each of their respective electrodes (Fig 2.3d-1). The difference in work function between the
anode and cathode induces an internal electric field that directs the separated charges to each

of their respective electrodes.

a) b)
Donor Donor @ Electron transfer
' ' | % o
' > z 9
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Figure 2.3 Schematic of charge generation in organic solar cells. a) Exciton formation(1) and decay(2) b)
electron transfer from LUMOggnor t0 LUMOjcepor(1) and formation of the CT-state(2), ¢) geminate
recombination of the CT-state, either directly to HOMOy,,,, or via the triplet state (2) d) generated free charge
carriers, either transported and collected at their respective electrodes (1) or recombined non-geminately(2).

Unfortunately, this scenario only applies to inorganic solar cells where the high dielectric
constant causes the exciton to be weakly bound, enabling exciton separation into free charges
with thermal energy. In organic materials, the dielectric constant is quite low (¢ ~ 3-4)
resulting in a high coulombic attraction between an electron and a hole. Therefore, the exciton
remains as this bound electron-hole pair (Fig. 2.3a-1), with an accompanying distortion in the
molecular geometry, instead of separating into free charge carriers. This exciton, since it is

[24, 25]

chargeless, starts to diffuse through the material for approximately 5-15 nm upon which

it radiatively or nonradiatively decays back to a level in the ground state (Fig 2.3a-2). Upon

radiative decay, a photon with lower energy is emitted. The energy difference between the



absorbed and emitted photon is the Stokes shift, which is a measure of the energy loss due to
molecular vibrations that dissipates as heat.

A solution to enhance exciton separation was put forward by Tang, who combined a
phthalocyanine dye as the donor and a perylene tetracarboxylic derivative as the acceptor in a
solar cell, offering a PCE of ~1%.%! Donor-acceptor induced exciton separation is explained
by the relative alignment of the donor and acceptor materials’ energy levels, which is shifted
more away from vacuum for the latter (higher electron affinity). Upon reaching the donor-
acceptor interface the electron in the LUMO of the donor will hop to the LUMO of the
acceptor due to the energy difference between the two LUMO’s (Fig. 2.3b-1). This process is
actually equal but in the opposite direction for holes, as an electron will hop from the HOMO
of the donor to the HOMO of the acceptor.

Due to their excellent electron accepting properties, most utilized acceptors nowadays are
soluble fullerene derivatives such as [6,6]-phenyl-Cg;-butyric acid methyl ester (PCs;BM) or
[6,6]-pheny]l C71 butyric acid methyl ester (PC7,BM) (Fig 2.4).*” 2*1 Aside from organic

small molecules, inorganic materials and polymers have also been employed as acceptors.”
32]

Figure 2.4 chemical structure of [6,6]-phenyl-Cg;-butyric acid methyl ester (left) and [6,6]-phenyl C71 butyric
acid methyl ester (right)

After electron-transfer from the donor to the acceptor occurs, a charge transfer (CT)-state
is created (Fig. 2.3b-2) instead of free charge carriers. The CT-state either separates into a free
hole and electron that are collected at their respective electrodes, or recombine in a process
called geminate recombination, which happens directly (Fig. 2.3c-1) or uses the triplet state as
an alternative pathway (Fig. 2.3¢-2).%*!

The exact driving force for exciton separation in OPV is still under debate but it was

reported that, in general, a larger difference between the respective donor and acceptor



LUMO’s resulted in a higher number of charge carriers. *% *"! Unfortunately, large LUMO-
LUMO differences result in energy loss and limit the performance of organic solar cells.
However, exceptions have also been reported where a small LUMO-LUMO difference still
resulted in efficient charge generation.”® **) Another property of the CT-state is that its
emission energy can be measured, which can be related to V,. generated by an OPV device,
Vo= E& -~0.43 eV." The CT-state in turn relates to the HOMO gonor-LUMOgeceptor
difference.!*!

The generated free charge carriers are then transported via the donor (transporting holes)
and acceptor (transporting electrons) phases to their respective electrodes (Fig. 2.3d-1).
During charge transport, electrons and holes potentially recombine again in a process called
non-geminate recombination (Fig. 2.3d-2).

An issue when using a combination of a donor and an acceptor material is that separated
charges are only created at the donor-acceptor interface..*” To maximize the donor-acceptor
interfacial area, the molecules were combined resulting in an intimately mixed
interpenetrating network of a donor and acceptor phase (Fig. 2.5), resulting in improved
power conversion efﬁciency.[43 I This so called bulk heterojunction (BHJ) consisting of a
polymer as the main absorber and donor material and PCBM as the acceptor is currently the

most utilized active layer in OPV.

Cathode .
| Percolating pathway to
PCBM phase the electrode
t— Dead end
Polymer phase @ —— Island formation
—_— |
1 Anode

Figure 2.5 Schematic representation of the bulk heterojunction

A donor-acceptor blend imposes rather specific requirements on the domain size and
morphology in the blend that, if not met, would amplify loss mechanisms during charge
generation and extraction of the generated charge carriers.

If the domain size of these percolating pathways is larger than the exciton lifetime,
generated excitons in the donor or acceptor phase will decay before they reach the donor-

acceptor interface. Large domains also limit the donor-acceptor interface, reducing the
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amount of charge carriers that can be formed while too intimately mixed donor and acceptor
phases increase the donor-acceptor interfacial area, that is favored for efficient charge-carrier
generation, but also of non-geminate recombination. The relative domain size governs the
balance between electron and hole mobility which, if unbalanced, causes a buildup of space
charge that increases the probability of non-geminate recombination.

Percolating pathways can, instead of being connected to their respective electrodes, also
form so called dead ends or isolated islands (Fig. 2.5), which prevent extraction of the
generated charge. Also, fullerene molecules usually exhibit some solubility in the polymer

44 . . .
(4] This can be considered as an extreme case of island

phase, i.e. the fullerene is everywhere.
formation.

Controlling blend morphology is still a challenge since the active layer is formed via
solution processing a mixture of donor and acceptor molecules and introduces parameters that
cannot be controlled easily. For instance, solvent, molecular weight, blend ratio of donor and
acceptor, solubility, surface energy and processing additives can all influence blend
morphology.'**!) One possible solution that is explored to control the blend morphology are

block copolymers, due to their self-organizing properties.*

2.3 Architecture of organic solar cells and performance parameters

An organic solar cell is generally constructed by stacking different material layers, each

with a specific function (Fig. 2.6).

SO0 ™

Glass — 4 SO;H SO; SOz;H
ITO Cathode ©
PEDOT: PSS ——— == 0’ 0‘ 0’ O\
Active layer \@® S - PEDOT
s\ J 7R
LiF
o [0
Aluminum \__/

Figure 2.6 Schematic image of the stacked architecture in an organic solar cell
The substrate used for test devices is usually glass, coated with indium-tin oxide (ITO), a
transparent anode material with high work function that collects the generated holes. On top

of the ITO a water solution of poly(ethylene-dioxythiophene) and poly(styrene-sulphonic
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acid) (PEDOT:PSS) is spun, which smoothens the surface of the ITO, facilitates the extraction
of holes and decreases the work function of ITO (4.4-4.8 eV) to around 5.0 eV.>*) The active
polymer:fullerene blend layer is deposited on top of these two layers, generally via spin-
coating, but blade coating or paint rolling are other options. On top of the active layer is a
vacuum-deposited interlayer material, such as lithium fluoride, calcium or ytterbium which is
followed by aluminum. These materials form the cathode that collects the generated charge
carriers and reflects back the photons not absorbed by the blend.

The power output from solar cells is usually measured under a solar simulator with the
standardized AM1.5 solar irradiance spectrum which typically produces ~1000 W m™. The
power conversion efficiency (1), is the percentage power from light irradiation (Pj,) that is
converted into electrical power (Pmax). Pmax 1S built up out of three parameters, the short-
circuit current density (Js), the open-circuit voltage (V,.) and the fill factor (FF) (eq. 2) and

generally depicted in the form of an IV-curve (fig 2.7).

Current density

A

i
i
g _ Pmax _ FFxJsc* Ve )
il n = p. p. cq.
Pmax=(Jv)max : mn n
]
!
i
! Voltage Where FF = Pmax
[ 3 J sc*Voc
Dark N \
1
’I Voc
Light >
\ )

sc

Figure 2.7 Current density-voltage curve for a photovoltaic cell under illumination (dashed line) and in the dark
(dotted line). The ratio between the filled and blank square gives the fill factor of the solar cell.

The J, is the maximum amount of electrons that a device is able to generate at zero bias.
Generally, the bandgap, spectral coverage and absorption coefficient of a material determines
how many photons from the solar spectrum are absorbed. Aside from the loss mechanisms
due to utilization of the active donor-acceptor blend, there are additional loss mechanisms that
can limit the J . such as incomplete absorption of sunlight due to scattering at the interface or

too thin active layer thickness that limits the amount of light that can be absorbed.
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The maximum V. of a photovoltaic device is generally determined by the difference in
the electrodes’ workfunctions. However, if the energy levels of the active blend material are
located within these workfunctions, the maximum V. is determined by the energy difference
between the LUMO of the acceptor and the HOMO of the donor. Reduction of V, can occur
due to poor contact between the electrode and active layer, interactions between the active
layer and the electrode, or via severe recombination.

The fill factor is a parameter calculated by the ratio between the maximum possible power
Jse X Voo and Ppax. The closer FF is to unity the more a solar cell acts as an ideal electrical

component.

2.4 Designing materials for organic solar cells

From the previous section a couple of important properties for conjugated polymers can be
identified that determine the efficiency of the final bulk heterojunction solar cell.

Polymers require solubility in the commonly used processing solvents such as chloroform,
chlorobenzene and dichlorobenzene, generally achieved by attaching flexible alkyl side chains
to the rigid backbone. Also, although difficult to predict and therefore manipulate, interactions
between polymer, fullerene and solvent determine the blend morphology to some extent,
which concomitantly determines charge generation and extraction.

However, for this work the most important parameter is the energy level alignment of the
polymer. The position of the polymers’ energy levels determines the maximum achievable
PCE via the bandgap, whereas the relative alignment of the polymer donor and acceptor
energy levels determines charge generation efficiency and maximum V,.. The acceptor in
most cases is a PCBM derivative, so polymer bandgap and energy levels are commonly varied
with the energy levels of the fullerenes as reference.

As already mentioned, polyacetylene has poor processability and limited options for
chemical modifications. Therefore polymers based on aromatic rings have been developed
which enables numerous chemical modifications. The energy levels of these aromatic
polymers can be manipulated by a number of design strategies, which are summarized in

Figure 2.8.
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X=S. N-H. CH=CH

Figure 2.8 Parameters influencing the band gap (Eg): molecular weight (Mw), bond length difference (8,),
resonance energy (Res), substituents (Sub), dihedral angle (8), and interchain effects (Int).

Increasing conjugation length (Mw) is a relative straightforward way of manipulating the
bandgap in a conjugated polymer. An example is given in Figure 2.9, where the energy levels
of an ethylene molecule are displayed as function of the amount of repeating units.

S K‘\RN

H H

J
@
1
i
I

Energy (eV)
3
1
I_'_l
Qt'd

l

-4+ __—_:

-16 amne - omee

Figure 2.9 Evolution of the bandgap in polyacetylene as function of the amount of repeating units. Picture
adopted from ref °Y

Combining two or more of these ethylene molecules results in orbital overlap of their bonding
and antibonding orbitals, which creates new molecular energy levels. Their position relative
to vacuum is determined by the amount of orbital overlap. Upon adding more units, the effect

of each added unit on the bandgap saturates. Obtaining appropriate molecular weight requires

-14-



high monomer purity and polymer solubility, which is generally achieved by adding more or
longer alkyl side chains, but can also be done by reducing backbone stiffness.

The parameter §, corresponds to the difference in length between the single and double
bonds in a conjugated polymer. It can be rationalized by considering polyacetylene as a
polyradical (-C*-) with equal bond lengths between each repeating unit, which would make it
a conductor (zero bandgap). Due to the interaction of two adjacent m-orbitals, bond length
alternation or Peierls distortion is induced, which results in longer (single) or shorter (double)
bonds and makes polyacetylene a semiconductor. Therefore, if the difference in single and
double bonds is reduced the bandgap becomes smaller i.e. the more delocalized the electrons
are, the smaller the bandgap will be. When considering for instance a polyaromatic like poly-
paraphenylene (PPP) (Fig 2.10a), two resonance forms can be drawn; the aromatic form
which is lower in energy and the quinoid form, which is higher in energy with a smaller Jr.
Therefore, if the quinoidal form can be stabilized by reducing or the bandgap becomes

smaller.

a) b) °) )
57N
Ori0r 8l B

Figure 2.10 a) equilibrium between aromatic and quinoidal form in PPP b) equilibrium between aromatic and

quinoidal form in PITN, ¢) chemical structure of the thieno[3,4-b]thiophene moiety

Generally, two strategies are employed to stabilize the quinoidal form. The first can be
described as the approach used in polyisothianaphthalene (PITN, Fig 2.10b). In PITN the
quinoidal form is more stable than the aromatic form due to the higher aromaticity of
benzene, which by adopting its aromatic form automatically induces more double bond
character in the bonds between the monomers, resulting in a small bandgap of ~1 eV.P* More
recently, a series of polymers utilized this effect by incorporating thieno[3,4-b]thiophene
monomers which offered ~7% PCE when employed in BHJ solar cell (Fig. 2.10c).!

A different theory that was suggested to stabilize the quinoid form uses the so-called
donor-acceptor (D-A) approach in the polymer backbone.””! The principle is based on
combining an electron-rich monomer (donor) with an electron-poor monomer (acceptor). The
donor-acceptor combination induces an intramolecular charge transfer resulting in more

double bond character between the monomers, stabilizing the quinoidal form and therefore

results in a smaller bandgap (Fig. 2.11a).
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Figure 2.11 a) interaction of an electron-rich unit with an electron-poor unit resulting in partial charge transfer
b) Simplified orbital representation of the donor-acceptor principle.

The D-A approach can also be explained by means of an orbital diagram (Fig. 2.11b). An
acceptor unit has its HOMO and LUMO energy levels shifted away from vacuum, relative to
the energy levels of the donor unit. In an oversimplified picture, the energy levels of the
polymer will resemble the HOMO closest to vacuum (usually from the donor) and the LUMO
most shifted away from vacuum (usually from the acceptor). This also means that with some
combinations of donors and acceptors, an aromatic monomer merely acts as a m-conjugated
spacer. By selecting different combinations of donors and acceptors the bandgap and position
of energy levels in a polymer can be varied indefinitely.

However, the energy difference between corresponding donor and acceptor energy levels
determines the amount of overlap. For instance, when HOMO’s of donor and acceptor overlap
well it will shift the polymer HOMO towards vacuum. Conversely, a large difference between
the LUMO of the donor and the LUMO of the acceptor results in the LUMO of the polymer
being mostly governed by the acceptor.

Another factor governing conjugation length is the dihedral angle (8) between adjacent
monomers, or coplanarity. Coplanarity between adjacent monomers increases conjugation
length and delocalization of electrons along the backbone, hence resulting in a smaller
bandgap. This effect can be seen in the UV-Vis absorption of dilute polymer solutions as
function of solvent quality or temperature, which results in more disordered chain
conformations and therefore a blueshifted UV-vis absorption.”® **! To reduce the dihedral

angle, various fused units with an increasing number of rings and thiophene terminals have
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been incorporated in photovoltaic polymers to improve the conjugation length while reducing
the dihedral angle."°® °“%) Aside from reducing dihedral angle and bandgap, incorporating
fused units could potentially improve charge generation by extension of the exciton and
reducing its binding energy.!**!

Competition exists between confinement of m-electrons in the aromatic unit or along the
backbone of the polymer, expressed as resonance energy (Res), which influences the
bandgap. For instance, the aromaticity was calculated showing pyrrole>thiophene>furan!®!
However, the corresponding polymer series shows decreasing bandgaps going from
polypyrrole>polyfuran>polythiophene. '® The influence of the heteroatom and the stability
of the system on the bandgap also have to be taken into account.

Any substitution (Sub) done on the polymer backbone has an electron-donating or
withdrawing effect and can be employed to fine-tune the position of the energy levels. Alkyl
or alkoxy side chains, which are often used to improve solubility, have an electron donating
effect while fluorine, carbonyl or cyano groups act as electron withdrawing groups.[m:|
Depending on the nature of the substitution or the substitution site (donor or acceptor), either
the HOMO or LUMO of the polymer is shifted more towards or away from vacuum.

Substitutions done in the form of alkyl chains are usually done to alter the solubility or
solid state aggregation of the polymer. By using more or longer alkyl chains the solubility of a
polymer can be improved, which would result in a higher molecular weight. Also, the use of
branched side chains can alter the packing of polymer chains and thereby influence the
bandgap. Aside from affecting the bandgap, alkyl side chains can be used to alter miscibility
and phase behavior of the polymer-fullerene blend, intercalation or polymer backbone
orientation.!®® ]

As the delocalization of electrons will lower the bandgap, extending delocalization over
more than one polymer chain (Int) either via solid state aggregation or crystallization also
results in a smaller bandgap. An example can be found in poly-(3-hexylthiophene) (P3HT). In
solution it exhibits an absorption onset of ~560 nm but in solid state a redshift to 650 nm is

]

observed."” The extent to which P3HT aggregates/crystallizes is enhanced by the

regioregularity of the repeating 3-hexylthiophene monomers (dihedral angle) and the
molecular weight./”'"*!

P3HT:PCBM BHI solar cells, leading to a dramatic improvement in PCE.["¥

Annealing also has a profound effect on the performance of

Even though various chemical modifications can be done on a polymer structure, it is well

established that structure-property relationships are highly entangled. One structural
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modification can affect numerous material properties, thus making such relationships hard to

define.

2.5 Outline

Chapter 3 will describe the synthesis and properties of several silafluorene-based
copolymers. A comparison has been made between fluorene and silafluorene based
copolymers, which show very similar optical and redox properties and photovoltaic
performance in polymer: PCs;BM/PC7;;BM BHJ solar cells while the thermal behavior of the
polymers changed significantly.

In Chapter 4 several structural modifications on TQ1 are presented, a parent polymer that
offers high PCE in BHIJ solar cells. The aim of this study was to investigate synthetic
modifications that ultimately lead to higher PCE than TQI. In section 4.2 some modifications
on the acceptor are described which retain the backbone structure and phenyl side groups,
with the goal of obtaining an absorption redshift while retaining a high V..

Even though the stronger acceptors studied here offer higher V., J. is supposedly limited by
the smaller LUMOo1ymer-LUMOpcpMm difference, morphological effects cannot be ruled out.

In Section 4.3 the alkoxyphenyl side group in the TQI structure is substituted for
alkylthiophene. Aside from an absorption redshift the HOMO is shifted towards vacuum,
which potentially limits V.. It is shown that the electron-donating effect of the thiophene on
the HOMO of the polymer can be mitigated by the introduction of electron-withdrawing
groups, which lead to an additional absorption redshift combined with a deep HOMO level.
Additionally, some unexpected structure-property relationships are found in the work
described in section 4.2 and 4.3

Section 4.4 describes the synthesis, properties and photovoltaic performance of a range of
polymer structures based on the quinoxaline acceptor in TQ1.

In section 4.5 the performance of TQ1 and one of its derivatives in electrochromics is
reported. Optical contrast is still the highest for TQ1, while the TQ1 derivative shows an
improved contrast retention at faster switching times, possibly due to a more open polymer
morphology.

Chapter 5 describes the effect of alkoxy substitutions on various properties of the
previously reported PDPPTPT polymer. It was found that alkoxy substitutions offer increased
flexibility in the polymer which improves solubility and reduces Ty, while solid state order

was decreased. However, methoxy substituted oligomers actually show higher T,/T. than

-18-



oligomers based on the parent structure. Arguably, this effect is counteracted due to the larger
conformational distribution in the alkoxy polymers. BHJ solar cells based on the alkoxy
substituted polymers blended with PC7;BM show lower PCE than PDPPTPT based solar
cells, a result of reduced Vo and different blend morphology. PDPPTPT was also used as
donor material in polymer:PbS hybrid solar cells to clarify charge separation dynamics. In this
study, hybrid solar cells based on PDPPTPT and PbS active layers offered good performance
0f 2.9%.

Chapter 6 concludes the results described in this thesis and puts them in a somewhat

broader perspective.
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Chapter 3
SILAFLUORENE-BASED COPOLYMERS

3.1 Introduction

In 2008 a silafluorene analogue of APFO-3 was reported (Fig. 3.1a). A copolymer based
on 5,5-dioctyl-5H-dibenzo[b,d]silole and the D-A-D structure 4,7-di(thiophen-2-
yl)benzo[c][1,2,5]thiadiazole (Fig. 3.1a) displayed a high power conversion efficiency in BHJ

solar cells.[": 7!

a CgHy7 CsHyy b CgHy7 CsHy7

APFO-3: X=C
PFSIiTBT: X = Si

PCPDTBT: X=C n
PCPDTBT-Si: X=Si

Figure 3.1 chemical structures of a) APFO-3 and PFSiTBT, b) PCPDTBT and PCPDTBT-Si

The interaction of the Si ¢ -orbital with the m"-orbital of a diene was suggested to increase

conjugation along the polymer backbone which would improve charge carrier mobility.[’® 7"

8,79 .
8.7 Later on, various

Additionally, the carbon-silicon exchange improves oxidative stability.|
groups compared the effect of carbon-silicon substitution on the solid state ordering of
PCPDTBT (Fig 3.1b), which seems to be influenced significantly by the longer Si-C bond
length. As a result, it was found that when the carbon bridging atom in the
cyclopentadithiophene moiety was substituted for silicon, solid state interaction improved
which manifested itself in additional vibronic features in UV-Vis absorption and X-ray

1
T [80. 811 However,

diffraction patterns, indicating -7 stacking which was absent in PCPDTB
when the 2-ethylhexyl side chains in PCPDTBT were replaced with linear dodecyl side
chains, both polymers showed increased order but in this case, the UV-Vis absorption of the
polymer incorporating the carbon bridge was redshifted.!*”!

The interesting properties that arise from the carbon-silicon exchange initiated the
research on a series of materials in our group, mainly based on the polymers APFO-18 and the
narrow bandgap APFO-green9 (Fig 3.2), which at that time showed promising photovoltaic

[83, 84

performance. I Aside from the synthesis and properties of these materials a comparison

was made between the properties of fluorene and silafluorene-based polymers.
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APFO-18

APFOgreen-9 O

Figure 3.2 chemical structures of APFO-18 and APFO-green9

3.2 Synthesis

The synthesis route towards the polymers (Scheme 3.1) starts with the silafluorene
diboronic ester synthesis, where an Ullman coupling of 1,4-dibromo-2-nitrobenzene forms
compound 1, which is then subjected to reduction to form 2. The amino groups from
compound 2 are then transformed via a Sandmeyer reaction to 4,4'-dibromo-2,2'-
diiodobiphenyl (3). Reaction with n-butyllithium selectively lithiates on the 2,2’-iodo position
and subsequent reaction with dichlorodioctylsilane results in the silole compound 4. After
lithiation and reaction with 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane monomer 5
is obtained. The D-A-D segments are synthesized starting from 4,7-
dibromobenzo[c][1,2,5]thiadiazole, which is reacted with tributyl(thiophen-2-yl)stannane via
Stille coupling to afford compound 6. Compound 6 is also used as the intermediate for the
dinitro derivative which are both brominated with NBS, resulting in compounds 7 and 8.
Reduction of these compounds gives the diamine or tetraamine intermediates 9 and 10, which
are condensed with benzyl to offer the D-A-D segments 11 and 12. Suzuki polymerization of
5 and either 11 or 12 offers APSiO-18 and APSiO-green9.

Various batches of APSiO-18 and APSiO-green9 have been synthesized in order to obtain
reasonable to high molecular weights. As a side note, several attempts were made to
synthesize a polymer based on APSiO-18 where the phenyl side groups are substituted with
thiophene, to improve solid state interaction. In all cases either low molecular weight or
insoluble polymers were obtained, likely resulting from increased intermolecular interactions

due to reduced steric hindrance induced by the thiophene side group.
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Scheme 3.1 Synthetic scheme leading to APSiO-18 and APSiOgreen-9

3.3 Physical and opto-electronic properties

For most polymers, thermal transitions were observed except for APSiO-green9 who’s
thermal stability limits the differential scanning calorimetry (DSC) temperature range (Table
3.1). Considering the glass transition temperature (T,) of the APFO polymers, for APFO-3
with similar molecular weight a value of ~100 °C was determined.**) When considering a
series of APFO-3, APFO-18 and APFO-green9, the T, of the polymers seems to increase with
the amount of bulky phenyl side groups attached to the backbone. Even though a T, could not
be recognized for the APSiO polymers, APSiO-18 does however show several high-

temperature transitions, two endotherms on heating and one exotherm on cooling.
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Table 3.1: Physical, optical and redox properties of TQ derivatives

Polymer M,*  PDI TGA® T, Teasw Teo Egont Enomo® Evumo®

(kg mol™) °C) (Cc)y €O (C) (eV) (eV) (eV)

APSiO-18 (LMW) 15 33 398 22() 565 195 552 346
333 (2)

APSiO-18 (HMW) 27 47 420 1.94  -550  -3.45

APFO-18 8 22 310 142 1.96  -555  -3.44

APSiO-green9 8 22 340 142 -547  -4.04

APFO-green9 11 23 404 192 143 -553 417

* Measured against polystyrene standards in trichlorobenzene at 135 °C, ® 1% weight loss under N, ¢ T,
determined from the 2™ heating scan, 4 from peak onset, ° calculated via peak onset, — (Eeg/ox+ 5.13)

a \ \ b ‘ ‘ ‘ ‘ ‘ ‘
—~ 1.0 —a— APFO-18 | ~ 10 —a— APFO-18
S - —e— APSIOI8 (LMW) 5 —e— APSIO-18 (LMW) [
< —a— APFO-green9 < —e— APSiO-18 (HMW)
Z 038 —v— APSiO-green9 = 08 —a— APFO-green9
£ 2 —v— APSiO-green9
2 2
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< <
T 044 T 0.4
N N
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Figure 3.3 a) CHCI; solution UV-Vis absorption spectra of APFO and APSiO —polymers and b) solid state UV-
Vis absorption spectra, spincoated from CHCI;:APFO/APSIO solutions.

All polymers show similar solid state/solution UV-Vis absorption and absorption redshifts
when going from solution to solid state (Fig 3.3a and b) and similar oxidation/reduction
potentials (Table 3.1). Interestingly, even though the molecular weight of APFO-18 is lower
than the low molecular weight APSi0-18 it shows a larger redshift when going to solid state.
When taking the molecular weight differences into account, it seems that the effect of carbon-
silafluorene substitution on the energy levels and absorption is minimal. To investigate if any
additional solid state order could be induced which could explain the difference in thermal
behavior, polymer films were made from APFO-18 and APSiO-18 via dropcasting with a
slow evaporating solvent, o-DCB. No change in solid state absorption of APFO-18 and
APSi0O-18 was observed when comparing UV-Vis absorptions from fast drying spincoated
CHCI; films and slow evaporating dropcasted o-DCB films (not shown). The absence of any
change in the UV-Vis absorption spectrum, where additional order would manifest itself as a
change in the absorption, suggests no additional order can be induced in either of the

polymers.
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It was reported that for PCPDTBT and Si-PCPDTBT, the varying C-C and C-Si bond
length was found to influence backbone curvature. If the normal is drawn for both the CPDT
or Si-CPDT and the adjacent BT acceptor, the angle formed by CPDT and BT is 10° while the
angle for Si-CPDT and BT is 24°.%! The effect of backbone curvature was also investigated
for a number of polymers, which show improved solubility but decreased solid state order
with increasing backbone curvature.*® Therefore an explanation for the difference in thermal
behavior between the APFO and APSiO polymers could perhaps be found investigating this

parameter.

3.4 Photovoltaic performance

Each polymer has been tested in combination with fullerene derivatives in BHJ solar cells.

The results are summarized in Table 3.2.

Table 3.2 Photovoltaic data of optimized devices based on polymer: PCx;BM blends

Material P"lymfv‘;‘:vlif""BM PCBM Th(ilcll:n")ess - :Sccm_z) ‘(7\‘;; FF (J‘A) )
APSiO-18 (LMW) 1:2 60 80 45 489 043 1.7
122 70 80 5.8 0.89 045 2.3

APSiO-18(HMW) 1:1 60 60 5.8 0.92 048 2.5
1:1 70 56 8.2 0.89 042 3.1

APFO-18 1:4 60 60 43 0.94 051 2.1
1:4 70 60 5.3 0.97 057 2.9

APSiOgreen-9 1:4 60 70 3.0 0.85 034 0.9
1:4 70 70 5.4 0.85 034 1.5

APFOgreen-9 1:4 60 80 48 0.82 044 1.6
1:3 70 70 6.5 0.81 044 23

APSiO-based device architecture ITO/PEDOT:PSS/active layer/Yb/Al, APFO-based device architecture
ITO/PEDOT:PSS/active layer/LiF/Al, from 0-DCB, from CHCI;, photovoltaic data for APFO-based devices
from ref [*3- %4

Significant effort was put in optimizing APSiO-18 on molecular weight (low/high),
solvent (CHCl;, CB, 0-DCB), (blend ratio (1:1 to 1:4 polymer: PC;jBM) , processing agent
(w or w/o 1,8-octanedithiol), layer thickness (56-145 nm), thermal annealing (w or w/o 10
min annealing at 130 °C) and fullerene derivative (PCis11BM, PC[71BM or bis-PCis;BM). A
combination of thin blend layers consisting of the higher molecular weight APSiO-18 in a 1:1

weight ratio with PC;;BM spun from o-DCB gave the best photovoltaic performance.
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Thermal annealing had no significant effect on the performance while the addition of 1,8-
octanedithiol improves V,. and FF slightly, but lowered Js.. Devices based on APSiO-18 are
characterized by high V., reasonable Js. but unfortunately low FF which ultimately resulted
in an efficiency of 3.1%.

APSiOgreen-9 based devices are again characterized by high V. but moderate J;. and FF.
The J, 1s likely caused by the small LUMOpolymer-LUMOpcpMm offset although morphological
issues cannot be ruled out. Devices show improvement in PCE when using PC;;BM as the
acceptor and 1,8-octanedithiol as the processing agent which improves Js. but, compared to
devices fabricated without 1,8-octanedithiol, lowers the FF.

Comparing the photovoltaic performance of the fluorene and silafluorene copolymers it
seems that the silafluorene based copolymers exhibit similar PCE. The FF seems to be a bit
higher for fluorene-based copolymers but these variations could also be caused by different
device geometries or fabrication (0-DCB for silafluorene-based polymer devices, CHCl; for
fluorene-based polymer devices). The results show that, upon exchanging the bridging carbon
atom in the fluorene with a silicon atom, optical, redox and photovoltaic properties are similar

while the thermal properties are markedly different.
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Chapter 4
TQ1 DERIVATIVES

4.1 Introduction

Over the past few decades there has been significant synthetic research on conjugated
polymers in order to improve the efficiency of organic solar cells. A common method to
achieve improvement in photovoltaic efficiency is through energy level engineering of a
(usually well performing) parent structure thereby optimizing the bandgap and energy level
alignment of the polymer donor and fullerene acceptor. As already mentioned, structure-
property relationships are highly entangled so it is often favorable to employ small structural
alterations, ensuring that properties of the resulting materials do not largely differ from the
properties of the parent structure. This potentially facilitates explaining various differences in
properties between different materials.

An example of such a well performing parent structure is the conjugated polymer
poly[2,3-bis(3-(octyloxy)phenyl)quinoxaline-alt-thiophene] (TQ1) (scheme 1). TQI is an
alternating copolymer based on an alkylated quinoxaline acceptor and a thiophene donor,
resulting in an optical bandgap of 1.7 eV which is combined with a deep HOMO level.
Photovoltaic cells incorporating an active blend layer consisting of TQ1 and PC7;BM exhibit
rather good PCE, where hero cells achieve efficiencies of around 6%, with Vo, = 0.9 V, Ji. =
10.5 mA cm™ and FF = 0.64.%" ®] The success of this rather simple polymer structure
inspired us to perform small structural alterations on the acceptor structure in order to achieve
a more optimal bandgap (1.1-1.5 eV) while retaining a deep HOMO to potentially improve
the PV performance. This chapter deals with the structural alterations done on the parent TQ1

polymer and how the structure-property relationships of the resulting polymers evolve.

4.2 Acceptor modifications on TQ1

The initial research focuses on modifying (paper I) the backbone structure of TQ1 by
varying the acceptor strength of the quinoxaline acceptor, mainly with the aim to improve
both V.. and Ji.. By using a stronger acceptor the bandgap of the polymer will be reduced,
thus enabling the harvesting of more photons by the polymer:fullerene blend. Also, V,. could

be improved due to the increase in LUMOpcem-HOMO,o1ymer. Enhancement of the acceptor
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strength was performed by introducing an additional electron withdrawing imine nitrogen in
the acceptor, yielding poly[2,3-bis(3-(octyloxy)phenyl)pyrido[3,4-b]pyrazine-alt-thiophene]
(TQ-N). A different way of enhancing acceptor strength was done by substituting the two
acceptor protons in the backbone with electron withdrawing fluorine atoms, yielding poly[6,7-
difluoro-2,3-bis(3-(octyloxy)phenyl)quinoxaline-alt-thiophene] (TQ-F). To investigate to
what extent the oxygen influences the properties of TQ1, the alkoxy sidechain was replaced
with an octyl sidechain, resulting in poly[2,3-bis(3-(octyl)phenyl)quinoxaline-alt-thiophene]
(TQ-8A).

4.2.1 Synthesis

The synthetic route towards the polymers is depicted in scheme 4.2. The final synthetic
step to create the quinoxaline monomers involves condensation of various diamine and o-
diketones. Reduction of 4,7-dibromobenzo[c][1,2,5]thiadiazole with NaBH, offers diamine 13
which is used for the TQ1 and TQ-8A monomers, while bromination of 3,4-diaminopyridine
offers compound 14. We found that nitration (15) and subsequent reduction of 1,4-dibromo-
2,3-difluorobenzene to compound 16 is more convenient than the previously reported
synthetic route, which involves reduction of 4,5-difluoro-2-nitroaniline and subsequent
bromination via activation of the 3- and 6- position with a trimethylsilyl group. One of the
problems in the synthesis of diketone 20 is the benzoin condensation used to form the o-
hydroxyketone 17. The reaction is usually performed utilizing the toxic sodium cyanide as
catalyst, but has now been replaced with vitamine B1, to offer the same o-hydroxyketone 17
in satisfactory yields (assumed from the yield of compound 18) without the toxicity of NaCN.
After oxidation of a-hydroxyketone 17, o-diketone 18 was obtained which was subjected to a
deprotection to compound 19 that was alkylated through Williamsson etherification to offer
diketone 20. Synthesis of diketone 22 was done via Grignard coupling of octylbromide with
1,3-dibromobenzene which was, upon lithiation and transmetallation with CuBr:LiBr, reacted
with oxalyl chloride. Condensation of the final diketones 20 and 22 with their corresponding
diamines results in the quinoxaline (23,25,26) and pyridopyrazine (24) monomers. The
reaction yield for 24 is rather low, likely due to the deactivating nature of the imine nitrogen,
presumably requiring longer reaction times or higher reaction temperature. The resulting
monomers are copolymerized with bis(2,5-trimethylstannylthiophene) via  Stille

polymerization,™ to afford TQ1, TQ-8A, TQ-N and TQ-F in good yields.
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Scheme 4.2: Synthetic route leading to TQ1, TQ-8A, TQ-N and TQ-F

4.2.2 Physical and optical properties

All polymers were obtained with reasonably high and similar number average molecular

weights and high thermal stability (Table 4.2.1). Since the T, for these polymers could not be

recognized by differential scanning calorimetry (DSC), variable angle spectroscopic

ellipsometry (Paper I, SI) was employed to determine thin film T, on silicon substrates. The

T, of TQ-N and TQ-F was substantially lowered compared to the other two polymers which

could originate from the induced changes in backbone structure, possibly due to irregularity

(TQ-N) or due to increased dihedral angle (TQ-F).



Table 4.2.1: Physical properties of TQ derivatives

Polymer M,> PDI TGA® T,

(kg mol ™) O (O

TQl 46 26 370 100
TQ-N 35 51 420 46
TQ-8A 25 25 387 96

TQ-8A (2) 38 2.8 414 ND°
TQ-F 49 2.5 380 48

“ Measured against polystyrene standards in trichlorobenzene at 135 °C. " 1% weight loss under N, atmosphere
¢ Not determined

Solid state and solution UV-Vis absorption (Fig. 4.2.1) shows that the absorption of TQ-N
is redshiftedwith about 40 nm compared to TQ1, and offers additional spectral coverage
when combined with a fullerene derivative. Also, TQ-8A shows a small redshift in
absorption. Even though TQ-F was designed with the intention to exhibit a similar

absorption redshift as TQ-N, it instead shows a blueshifted absorption.

a) b)

—=—TQ-1
——TQ-N

——TQ-8A
——TQ-F

1.0+ 1.0+

0.8+ 0.8+

0.6 0.6+
0.4+ 0.4+

0.2+ 0.2+

Normalized Absorption (A.U.)
Normalized Absorption (A.U.)

0.0 : : : : ! - 0.0 ‘ ‘ ‘ ' '
300 400 500 600 700 800 900 300 400 500 600 700 800 900

‘Wavelength (nm) Wavelength (nm)

Figure 4.2.1 UV-Vis absorption of the polymers in a) thin film and b) in hot DCB solution.

Square-Wave Voltammetry (SWV, Fig. 4.2.2) was used to estimate HOMO and LUMO levels
and indicates that both the imine nitrogen and the fluorines are stronger acceptors. This is
evidenced by the LUMO energy of TQ-N and TQ-F, which is shifted away from vacuum.
Since TQ-F actually incorporates a stronger acceptor than TQI1, the blueshift in the UV-Vis
absorption and the lower T, is likely caused by an increased dihedral angle which would
decrease orbital overlap. The HOMO energy is also shifted away from vacuum for both TQ-N
and TQ-F which predicts a higher V,. when these polymers are incorporated in photovoltaic
devices. The slight redshift in the absorption of TQ-8A can be explained by the different
electronic effect of the side chain on the energy levels of the polymer backbone, which is

purely electron donating for an alkyl whereas an alkoxy sidechain combines this with a
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resonance effect. Since the effect seems to be mostly on the HOMO, the V,. would probably

be somewhat reduced for TQ-8A based photovoltaic devices.

-3 1 Table 4.2.2 Calculated energie values and energy
offsets for E, anr. Ecr and Er

— -3.60 -3.59
% 391 , 00 b LUMO Polymer E, Ecr Ecr Er Er-
N’ -4- _-—. |
E S —— ;)’ CT-state opt - Eg ECT
s -4.26 -4.24 - Triplet (eV) (V) (V) (eV) (eV)
[~ —— ]
> s 4.9 -4.61 TQI 175 1.16 -0.54 1.09 -0.07
> -’ -
@ R T TQ-N 1.65 1.37 -0.28 0.97 -0.40
E PP LHOMO  TQ-8A 172 112 -0.58 1.07 -0.05

-6 - -5.61 ° TQ-F 1.80 1.62 -0.08 1.19 -0.43

P
> . O PC,BM  1.70 1.40

Figure 4.2.2 Energy diagram for each polymer in Ecr and Er were calculated via the optical HOMO
combination with PC;;BM. Optical (solid state) and LUMO energies of polymer and PC,;BM
HOMO and LUMO energies were calculated from respectively. Details about these calculations can be
electrochemical E/E,q onsets and the optical found in paper 1 and ref 35

bandgap E; oy

An experimental method was developed by Veldman et al. to relate energy offsets of the
bandgap (E,), CT-state (Ecr) and the triplet state (Et) to various current-limiting mechanisms
when using these polymers into BHI-solar cells.*™ It was derived that Eo-Ect> 0.08 eV for
efficient charge transfer and Ect - Er < 0.1 to suppress recombination of the CT-state via the
triplet state. Particularly the energy difference between the CT-state and triplet state for TQ-N
and TQ-F is large (Fig. and Table 4.2.2) so the probability for CT-to-triplet recombination
would be increased for these materials. The LUMO,o1ymer-LUMOpcgMm difference is reduced as
well which is also indicated as a source for inefficient charge carrier generation.”” Arguably,
in materials with too small LUMO;otymer-LUMOpcpm both loss mechanisms might well be

present.

4.2.3 Photovoltaic performance

All polymers have been tested in combination with PCs;BM or PC7;BM as acceptor in
photovoltaic devices (Table 4.2.3). In this study, TQ1 shows the best performance while the
performance of TQ-8A is rather similar, with devices producing worse V. but better FF. TQ-

F shows higher voltage due to a deeper HOMO but reduced current, its origin discussed in the
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previous section. More interesting was the performance of TQ-N which showed, in contrast to
what was estimated by electrochemistry, a strongly reduced voltage. A phenomenon that was
thought to cause this problem was the acidity of PEDOT:PSS which, by protonation of the the
TQ-N on the more accessible imine nitrogen potentially changes the workfunction or creates a
charge collection barrier. This problem was circumvented by using molybdenium trioxide

(MoOs3) which resulted in improved performance, most notably the V..

Table 4.2.3 Photovoltaic data of devices based on polymer: PC,;BM blends

Polymer  TQ: PCyBM PC,BM d J V' FF* o n°
(w:w) (nm) (mAcm?) (V) (%) (%)
TQI 1:1 [61] 67 8.4 091 50 3.8 3.5 (0.22)
1:1 [71] 84 9.6 0.89 49 42 3.4 (0.43)
TQ-8A 1:2 [71] 110 6.7 084 62 34 32 (0.14)
TQ-8A (2) 1:2 [61] 111 7.5 0.85 61 3.9 3.4 (0.24)
TQ-N 1:1 [61] 60 4.1 062 31 08 0.7(0.07)
TQ-N¢ 1:1 [61] 100 45 097 27 12 1.1 (0.03)
TQ-F 1:2 [71] 61 3.4 099 50 1.6 1.5 (0.11)

ODCB as solvent, device architecture ITO/PEDOT:PSS/active layer/Yb/Al * Performance of the best cell. °
Mean values and standard deviations, calculated from 8-15 devices. © MoQj as cathode instead of PEDOT:PSS

Aside from loss mechanisms due to imperfect energy level alignment, another factor that
should be considered is the blend morphology. This is usually assessed by atomic force
microscopy (AFM, Fig. 4.2.3) and, even though only the surface is scanned, some conclusions
can be drawn. In the case of the four discussed polymers the morphology of all polymers,

aside from TQ-N, seems rather similar. The combination of TQ-N and PCBM seems to result

in a too intimately mixed blend morphology, possibly a result from favorable interactions
[90

between the free pyridine nitrogen and the fullerene,” and is therefore possibly subjected to

more severe loss mechanisms.

L |
from the in Table 4.3 indicated blends. From left to right, TQ1, TQ-8A, TQ-
F and TQ-N, blended with PC;;;BM. The AFM image length scale is 1x1 um.
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4.3 Side chain modifications on TQ1

A continuation of the work (paper II) describes how the alternating quinoxaline-
thiophene backbone was retained but instead, the pendent alkoxyphenyl side group was
substituted with alkylthiophene. By substituting the alkoxyphenyl with the more electron-
donating alkylthiophene, the bandgap of the quinoxaline-based acceptor was reduced. It is
possible to consider the resulting material as a DAD segment, where the D-A interaction
between the quinoxaline acceptor and the pendent thiophene is stronger than in TQ1, which
incorporates a much weaker interacting ‘phenyl donor’. Additionally, the electron donating
thiophene shifts the HOMO of the quinoxaline-thiophene towards vacuum. By incorporating
an accepting unit that has a smaller bandgap with both HOMO and LUMO Ilevels inside the
energy levels of the backbone thiophene, it is the acceptor in this case that mainly determines
the bandgap (density functional theory (DFT) calculations). In combination with the
delocalization gained along the polymer backbone the resulting polymer (TQ-T8) displays a
smaller bandgap than TQI, but also a HOMO which is shifted towards vacuum.
To mitigate the electron donating effect of the thiophene and combine a redshifted absorption
with a deep HOMO level thereby potentially maximizing V.., three different electron
withdrawing groups have been added adjacent to the thiophene; carbonyl, difluoromethyl and

—ylidene malononitril.

4.3.1 Synthesis

The synthetic route is depicted in scheme 4.3. Friedel-Crafts acylation of thiophene with
octanoyl chloride results in compound 27. The carbonyl is subsequently protected by
conversion of the carbonyl to an acetal group (28). Then lithiation, transmetallation and
coupling with oxalyl chloride yields diketone 29 which is condensed with 3,6-
dibromobenzene-1,2-diamine (30) (compound 13, chapter 4.2.1) and subsequently
deprotected to offer monomer 31. The difluoromethylene group (32) and the ylidene
malononitril group (32) could conveniently be obtained by transforming the carbonyl side
group on the monomer via Knoevenagel condensation or Deoxofluorination (Scheme 2). It
seems that the electron donating thiophene deactivates the carbonyl somewhat, since
conventional reaction conditions for Knoevenagel condensation (malononitril (active
hydrogen compound) + pyridine (base)) resulted in the starting material. Therefore, Lehnerts’
reagent was used to activate the carbonyl which resulted in the target compound.”" Rather

harsh conditions also had to be employed to introduce the difluoromethyl group, possibly a
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result from the deactivating nature of the thiophene, loss of resonance stabilization and
degradation. Compound 34 was obtained employing the same experimental conditions as for
29, except thiophene was initially alkylate using n-BuLi and n-bromooctane. The obtained
monomers were again polymerized with bis(2,5-trimethylstannyl)thiophene utilizing Stille

coupling to afford the polymers TQ-T8, TQ-T8(CO),, TQ-T8(CF,), and TQ-T8(Mal),.

HO(CH,),0H n-BuLi
AlCl p-TSOH / \ CuBr:LiBr [\

s. C;H;5C0C1 ¢ 0 CH(OCH3); g O(_O oxalyl chloride (r\ 0o o 0
—_— — D —

@ DCM \ /, C-H;s benzene @XC7H15 THF C-H;s C-H;s
0°C 27  reflux 28 0°C 29
70% 63% 28%

p-TSOH
H,O:acetone
-
reflux
95%
Br Br
Deoxofluor 31 TiCl,
THF pyridine
toluene / \ THF
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16% 29%

N

similar route as compound 29

N N
SN C// X C// 62%

F \ )

C CgHy; CgHy;
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90 °C Nz N
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Scheme 4.3 Synthetic route leading to TQ-T8, TQ-T8(CO),, TQ-T8(CF,), and TQ-T8(Mal),.

4.3.2 Physical and optical properties

It was observed that for all polymers, except for TQ-T8(CF,),, aggregation in solution was

promoted. This is likely a result from facilitated intermolecular interactions due to increased
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backbone planarity, either due to the meta versus more para-like orientation of the side chains
or due to less steric interaction between the thiophene side groups in solid state. In the case of
TQ-T8(CF,), this effect seems to be reduced which was attributed to a ‘kink’ induced by the
Gauche effect that, due to steric hindrance between the polymer chains, prevents aggregation

and result in a higher molecular weight.

Table 4.3: Physical and optical properties of the polymers
Polymer M,*  PDI TGA" AbSonset” Eg catc Eg e’ Eg opt® &1ow/10"  £hign/10**

(kg mol™) (°C) (mm) (eV) (eV) (eV) (L*mol*cm™)

TQ-T8 17 55 470 749 216 186 166  1.86 3.02
TQ-T8(CO), 18 24 452 780 192 177 159  1.87 3.56
TQ-T8(CF,), 44 3.1 416 806 205 1.78 154  1.53 2.18
TQ-T8(Mal), 8 1.7 403 860 140 1.53 144 120 5.78

% Measured against polystyrene standards in trichlorobenzene at 135 °C, °: N, atmosphere, 5% weight loss, ©:
thin film absorption, %: from peak onsets, ®: calculated via the repeating dimer mass
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Figure 4.3 a) HOMO and LUMO levels calculated from electrochemistry (solid lines, via —(Eq0x + 5.13) and
DFT-calculations (dotted lines, PW91/DNP(basis file 4.4) with Dmol® progam package), b) top, UV-Vis
absorption in solid state, normalized on the low energy absorption peak; bottom, solution absorption in
chloroform, normalized on chromophore concentration (avg. of 3 measurements).

The combined results from electrochemistry, DFT calculations and UV-Vis absorption
spectroscopy indicate that the electron donating nature of the pendent thiophene can be
mitigated (Fig 4.3a), even by the long range effect of electron withdrawing side groups. For
all side chain modifications both a deeper HOMO and a redshifted absorption is obtained (Fig

4.3b), which are beneficial properties for the use in solar cell materials. At least for TQ-TS it
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seems that the energy levels aren’t simply governed by what is usually designated as donor-
acceptor interaction but more by the energy levels of the acceptor. In combination with

backbone delocalization it results in the energy levels of the respective polymers.

4.4 Other TQI related polymers

Some other polymers (Scheme 4.4) have been synthesized based on either the backbone
structure of TQ1 or the 2,3-bis(3-(octyloxy)phenyl)quinoxaline acceptor unit. Two polymers,
EH-TQ1 and DMO-TQI1, have identical backbone structures as TQ1 but incorporate
branched 2-ethylhexyloxy and 3,7-dimethyloctyloxy side chain, initially to improve solubility
and molecular weight since higher molecular weight generally improves the efficiency of
polymer solar cells.”> *) Three other polymers have also been synthesized which either
incorporate different donors or acceptors. In one polymer (BDT-Q1) the thiophene donor was
replaced with a benzodithiophene (BDT) donor, a fused unit that potentially improves w-
stacking in the material, thereby improving mobility”®" and active layer thickness in solar
cells.”™ A second material (BT-QF) was synthesized based on the 6,7-difluoro-2,3-bis(3-
(octyloxy)phenyl)quinoxaline monomer and bithiophene (BT). Since the addition of fluorine
increases the dihedral angle in the polymer backbone, it would be possible to still obtain a
soluble material with a more planar backbone by adding an additional thiophene spacer. Also,
since additional donor units are added in the backbone, the HOMO would shift towards
vacuum and induce an absorption redshift compared to TQ1. A third polymer incorporates a
combination of 2,3-bis(3-(octyloxy)phenyl)quinoxaline and a triazole ring which offers a
rather strong acceptor. This acceptor was polymerized with thiophene to afford a small

bandgap polymer, T-BTQI.

4.4.1 Synthesis

Introduction of the branched side chains in EH-TQ1 and DMO-TQ1 is similar to TQ1
(Scheme 4.1) with the exception that 2-ethylhexyl- and 3,7-dimethyloctylbromide is used
during the Williamson ether synthesis when synthesizing compound 20. The synthetic scheme
leading to BDT-Q1, BT-QF and T-BTQ1 is depicted in Scheme 4.4. Lithiation of
didecylbenzodithiophene or bithiophene and subsequent reaction with
trimethylstannylchloride resulted in the stannylated monomers 35 + 36. The synthesis of the

distannyl-BDT unit 35 was performed with a 3-fold excess of n-BuLi and Me;SnCl since the
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usual stoichiometric ratios (typically 2.1-2.2 fold excess of n-BuLi) resulted in a mixture of
mono and distannylated material. In the synthesis of benzotriazole 37, the reaction yield is
rather low which could be the result of using a protic solvent (MeOH).”® DMF as the solvent
was reported to result in higher reaction yields. Subsequent nitration (38), reduction and
condensation with 20 offers the strong acceptor 40. Again, the stannylated and dibrominated
monomers were polymerized using Stille coupling which results in BDT-Q1, BT-QF, T-
BTQI1, EH-TQ1, DMO-TQI. During the Soxhlet purification step BDT-Q1 was extracted

completely in diethyl ether, a solvent normally considered to be a non-solvent for these
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Scheme 4.4 synthetic scheme leading to PBDT-Q1, PBT-QF and PT-BTQ1 and the structures of EH-TQ1 and
DMO-TQI1. C;,BDT unit was generously donated by Merck.
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4.4.2 Physical and optical properties

The obtained polymers all exhibit decent molecular weights (Table 4.4.1), but BT-QF and
T-BTQ1 have rather high PDI. For BT-QF this was ascribed to solubility issues since the
SEC-trace showed a ‘trimodal’ distribution, which is likely a result from increased backbone
planarity resulting in aggregation. In case of T-BTQI the SEC-trace showed a bell-shaped
curve but a rather long tail at shorter elution times. EH-TQ1 and DMO-TQI show much

lower molecular weight compared to TQ1 which was opposite from expected.

Table 4.4.1 molecular weight, optical and redox properties of the polymers

Polymer M, PDI  E, ., HOMO® LUMO® E, ..
(kg mol™) (eV) (eV) (eV)
BDT-QI 20 2.2 179 -5.39 353 1.86
BT-QF 20 225 163  -527 351 176
T-BTQI 39 8.8 1.19 -5.34 392 142
TQ-F 49 2.5 180  -6.04 376 228
TQI 46 2.6 175 -5.50 344 2.06
EH-TQI 15 2.2 172 -5.50 358 1.92

‘DMO-TQI 22/25 2.6/23 1.74 -5.33 -3.53  1.80

* Measured against polystyrene standards in trichlorobenzene at 135 °C, ° calculated via absorption onset, ©
calculated via oxidation or reduction peak onset, — (Eeqox + 5.13), 4 two synthesized batches

Electrochemistry (Table 4.4.1) shows that, compared to TQI, all polymers display similar
HOMO levels that are shifted towards vacuum which theoretically indicates similar but
reduced V. for all materials. The LUMO of BDT-Q1 and BT-QF are also rather similar to
TQ1 but T-BTQI has a drastically lowered LUMO level due to the strong acceptor nature of
the BTQI unit. Interestingly, even though TQ-F (chapter 4.1) displays a deep HOMO level it
seems to be largely counteracted (HOMO towards vacuum) by the addition of an additional
thiophene, which concomitantly shifts the HOMO level towards vacuum and planarizes the
backbone of BT-QF. The different side chains in EH-TQ1 and DMO-TQ1 do not seem to
significantly influence the energy levels of the TQ1 backbone.

A possible explanation for the reduced molecular weight of EH-TQ1 and DMO-TQI1
compared to TQ1 can be found in the UV-Vis absorption (Fig 4.4a). A small redshift and an
increasing shoulder peak can be recognized for TQ1<DMO-TQI<EH-TQI1, which, combined
with the reduced molecular weights, indicates an increased tendency to aggregate, likely
resulting from reduced steric hindrance. The same effect can actually be seen for TQ-8A,

where the low energy UV-Vis absorption shows a similar shoulder peak as DMO-TQI. It
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would suggest that not only the effect of the branced side chains on steric hindrance is of
importance, but also that the ether bond affects this.

The UV-Vis absorption onset of TQ1, TQ-F and BDT-QI is rather similar (Fig. 4.4b),
except for the depression between the high and low energy absorption peak which is partly
filled for BDT-Q1. This is probably caused by the extended aromatic structure of BDT which
would absorb in this region. The absorption of BT-QF is shifted about 80 nm into the near IR
and broadened when compared to TQ1/TQ-F, which is convenient when attempting to absorb
more photons. The strong electron accepting nature of the T-BTQ1 unit (40) causes the

absorption to be redshifted well into the near-IR region.
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Figure 4.4 solid state absorption of a) EH-TQ1 and DMO-TQ1 compared with TQ1 and b) BDT-Q1, BT-QF and
T-BTQI compared with TQ1 and TQ-F

4.4.3 Photovoltaic performance

Table 4.4.2 Photovoltaic performance (best cells, not optimized) of devices based on polymer: PCBM blends

Polymer TQ: PC,,BM PC,BM d Jie Voe FF 7

(W:w) (nm) (mA cm?) (V) (%)
BDT-Q1 1:1 [61] 50-60 3.7 088 55 1.8
BT-QF 1:2 [71] 71 4.8 073 55 1.9
T-BTQI 1:1 [71] 56 2.2 054 36 04
EH-TQI 1:1 [61] 50-60 2.2 089 48 0.9
DMO-TQ1 1:1 [61] 50-60 2.8 088 42 1.0

ODCSB as solvent, device architecture ITO/PEDOT:PSS/active layer/Yb/Al

All polymers were tested on their photovoltaic performance in combination with a

fullerene derivative (Table 4.4.2). Rather high V.. could be obtained for all polymers except
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for T-BTQI1, which offers smaller V.. Current densities and FF are low for T-BTQ1, which
cannot be explained properly without additional investigation, but likely reasons are the small
LUMOyoiymer-LUMOpcgm  difference and blend morphology. BDT-Q1 and BT-QF show
moderate J, and decent FF, which results in a PCE of 1.8-1.9% in this study. When
comparing EH-TQ1 and DMO-TQI1, mainly the current density is decreased compared to
TQI, possibly by an unfavorable morphology.

4.5 TQI derivatives in electrochromics

Most studies that involve TQ1 focus on its properties in BHJ-solar cells and include
synthesis and photovoltaic performance, blend morphology and environmental stability.”” **
As conjugated polymers exhibit useful properties such as solution processability, low
oxidation potentials, fast response times and color tunability, they are promising materials for
applications such as smart windows, e-papers and low-cost displays. Therefore, TQ1 also has

been tested on its electrochromic properties and additionally, a study was done to establish

structure-property relationships as function of side chain modifications (paper III).

4.5.1 Physical and opto-electronic properties

One TQ1 derivative that was used in this study was EH-TQ1 (in paper III designated
TQ3). As mentioned before, a lower molecular weight (Table 5.4) combined with a shoulder
peak and more pronounced vibronic features in the low energy peak absorption (Fig 4.5.1)

suggests that EH-TQ1 exhibits improved solid state ordering.

Table 4.5 Molecular weight and redox properties of _ ‘ ‘ ‘ ‘_._TQ1
TQ! and TQ-EH 5 ——TQ3 [
<
Polymer M, PDI E," Erd g 03
(kg mol g 0.6
L (eV) (eV) <
) T 044
TQI® 56 3.0 043 -1.62 E o
EH-TQI 15 22 043 -1.55 “ o | | | |
300 400 500 600 700 800

“ Eox and E,eq determined vs F/F," © a different TQ1- Figure 4.5.1 UV-Vis absorption of polymers in thin film
batch was used for this study
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When comparing optical contrast and switching times (Fig. 4.5.2a+Db), TQI
performs slightly better, while TQ3 has better response at faster switching speeds. Two
reasons could explain this; the ethylhexyloxy sidechain would increase the interchain
distance, or reduced solubility in combination with a fast drying solvent during spraycoating
(CHCI3) would cause a more open thin film morphology which then facilitates ion transport

during oxidation.

a ' ' ' ' ' b ' ' ' ' '
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Figure 4.5.2 Kinetic measurements on TQ1 (a) and EH-TQI (b) films on ITO, using 0.1 M NBu4PF6 in
anhydrous acetonitrile as supporting electrolyte. Films were switched between 0 and +1.0 V.
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Chapter 5
DIKETOPYRROLOPYRROLE-BASED POLYMERS

5.1 Introduction

Another type of acceptor that has been often incorporated in conjugated polymers is the
diketopyrrolopyrrole (DPP) unit. DPP has its origin as a strongly colored dye, where the most

famous one is ‘Red Pigment 254’ (Fig 5.1), or more commonly ‘Ferrari Red’.

'DPP Core'

Figure 5.1 chemical structure of ‘Red Pigment 254°

The DPP core is usually formed by condensation between an aryl-carbonitril and
diethylsuccinate , which results in the DPP core always being flanked by two aromatic
units.””! The resulting DPP unit is virtually planar, e.g. the phenyl side groups display 7°

00T 1t §s

dihedral angle, which facilitates -1t interaction between oligomers and polymers.
convenient to use thiophene-based donors for the formation of the DPP-unit since it results in
an absorption redshift of the optical absorption. Polymers bases on this acceptor unit offer
among the highest performances in BHJ-solar cells.!'*- 1!

Bijleveld et al. recently reported a copolymer based on 2,5-bis(2-hexyldecyl)-3,6-
di(thiophen-2-yl)pyrrolo[3.,4-c]pyrrole-1,4(2H,5H)-dione  and  benzene (scheme 5).
Photovoltaic devices based on a blend of the so-called PDPPTPT (hereafter designated as P1)
and PC7;;BM reached good power conversion efficiency of 5.5% after optimization with a
processing agent.!'” The addition of alkoxy side chains on the phenyl spacer allowed for a
redshifted optical absorption and a shift of the HOMO level towards vacuum. In an attempt to
ascertain structure-property relationships more specifically, P1 was modified with methoxy

and octyloxy side chains. The effect of adding methoxy and octyloxy side chains to the

benzene spacer on various polymer properties has been investigated. Well-defined oligomers
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were also synthesized and characterized to verify some structure-property relationships.

(paper 1V).

5.2 Synthesis

The polymers (Scheme 5.1) were synthesized via Suzuki cross-coupling and were
obtained in high yields. Compound 41 was obtained after N-alkylation which was brominated
with NBS to offer the monobrominated material 42. The Suzuki conditions used for the DPP-
oligomers synthesis proved to be too harsh, resulting in a translucent red solution instead of
the expected deep blue/purple colored solution which seemed to be a result of degradation.
Switching to milder reaction conditions results in formation of the desired product although
the debrominated and homocoupled product was also identified by matrix-assisted laser

desorption/ionization time-of -flight (MALDI-TOF).

C6H13 sz(dba)3
C.H P(o-tolyl);
i K3PO, (aq)
N0 R v
N\ iquat 336
| an\ Br Q, f -
B 1\\1 \ (0] O Toluene
O R 90 °C
0,
C6Hl3 77-96A) C6H|3 Pl. R_H
CgH N
817 P2: R=OCH;
P3: R=OC8H17
C6H13 C6H13
2-hexyldecyliodide sHy7 (\ CsHy,
K2CO3 N N0
| > S NBS | g A Br
N “omE by CHCl, b
o E 90 °C N 72% 0N
Q2% CeHy3 41 C6H13‘£ 42
sHi7 sHi7
CeHy3 Pd,(dba), CeHy3 CeHy3
C H,, P(o-tolyl); H H
(f; K;PO, (aq) g7 g7
N 90:10 THF/HZO
= oa s,
\
70 °C
o N 11-13% 0
CeHys CsHlsf C6Hl3f
sHi7 sH7 sH17
O1: R=H
02: R=0CH;

Scheme 5.1 Synthetic route leading to DPP-based polymers and oligomers.
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5.3 Physical and optical properties

All polymers were obtained with reasonable molecular weight where the solubilizing
octyloxy side chains on P3 improve solubility and therefore molecular weight.

TGA (Table 5.1) indicates that the thermal stability is somewhat decreased upon addition
of the alkoxy side chain. Melting and crystallization temperatures, determined by DSC (Table
5.1) are reduced more with increasing alkoxy side chain length which is consistent with
having additional movement in the polymer chain. This trend is however not reflected in the
oligomers, where the methoxy substituted oligomer (O2) shows higher Ty, and T, than the
unsubstituted oligomer (O1), but the origin of this effect needs to be investigated further. The
difference in T,/T. evolution between oligomers and polymers could be ascribed to an
incomplete representation of P1 and P2 by Ol and O2 since additional alkoxyphenyl-based
units would increase backbone irregularity.

X-ray diffraction (manuscript IV, SI) indicates that all polymers exhibit significant

ordering. The longest range order is found for P1, then P2 and finally P3.

Table 5.1 : physical properties of oligomers and polymers

Material M, (kg/mole)® PDI TGA (°C)* T,* T HOMO! LUMO*

O (O
1% wt. loss (eV) (eV)
P1 15 1.5 415 >350  >350 -5.10 -3.58
P2 12 2.7 336 >300 260 -4.89 -3.55
P3 29 23 347 240 190 -4.88 -3.56
Ol - - 257 153 110
02 - - 341 181 148

*Measured against polystyrene standard in TCB at 135 °C , ® under nitrogen atmosphere, 1% weight loss, ©
determined from the 2™ heating scan, via LUMO — E, ,, ° calculated via oxidation or reduction peak onset, —
(Ered +5.1 3)

The optical absorption (Fig 5.1a+b) has been redshifted towards the NIR due to the
electron donating side chains that shift the HOMO towards vacuum (Table 5.1), but also
predicts lower voltage for BHJ solar cells based on P2 and P3. The broadening of the UV-Vis
absorption due to alkoxy substitution could be caused by the increased flexibility in the
polymer chains which then increases the conformational distribution. P1 seems to absorb
stronger in solution (Fig 5.1a), which could be attributed to the stiffer backbone which either
promotes intrachain aggregation or a more rod-like behavior which then decreases the

conformational distribution in the polymer chain and therefore a less broad absorption.
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Figure 5.1: UV-Vis absorption of (a) dilute polymer solutions (CHCL;, ~16 mg L") and (b) solid state, spun
from ~10 mg mL"' CHCI; solutions.

UV-Vis solution measurements of dilute polymer solutions in 1-chloronaphthalene
indicate that P1 exhibits the lowest solubility, followed by P2 and then P3 (manuscript IV,
SI). The DSC, X-ray diffraction and solubility measurements seem to agree with each other
rather well, which indicates that the modifications done on the parent structure result in
additional flexibility of the polymer chain. This will likely affect the final blend morphology

and performance when these polymers are tested in BHJ solar cells.

5.4 Photovoltaic performance

All polymer BHJ solar cells were constructed with PC7;BM as the acceptor (Table 5.2)
and 1,8-diiodooctane (DIO) as the cosolvent. Comparing the PV-performance of
polymer:PC7;BM BHIJ solar cells, the voltage of both P2 and P3 based devices are limited.
This is likely caused by the reduction of HOMOgonor-LUMOgccepior due to the electron
donating effect of the alkoxy side chains. Particularly the optical response in the 600-800 nm
region is much lower when comparing P3 to Pl based devices (Fig. 5.2b), but still a

decent current is obtained for P3.

Table 5.2: Photovoltaic data of devices based on polymer: PC;;BM blends
Material Polymer:PC7;BM Thickness RMS Jsc Voc FF 1

(W:w) (nm)  blend (mAcm?) (V) (%)

(nm)
Pl 1:2 125 2.77 84 078 49 32
P2 1:2 80 10.9 34 059 45 09
P3 1:2 77 427 7.1 0.60 46 2.0

Active layers spun from 5-15mg mL™" polymer:CHCl; with 23 mg mL™" DIO. Device architecture
ITO/PEDOT:PSS/active layer/Yb/Al
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Figure 5.2 IV-curve (a) and EQE (b) for polymer:PC,;;BM BHIJ solar cells
A possible explanation for the lower current of P2-based solar cells can be found via AFM

(Fig 5.3), which shows increased surface roughness and a distinctly different morphology

compared to the other two polymers.

Figure 5.3, AFM topographical images (5x5 pum) for the P1, P2 and P3:PC;BM blends respectively

5.5 PDPPTPT as donor polymer in hybrid solar cells

Aside from being utilized as an efficient polymer donor material in polymer:fullerene BHJ
solar cells, PDPPTPT was also used as the donor material in hybrid solar cells. Among the
materials that can be utilized for colloidal inorganic nanocrystals (NCs); CdSe, CdTe, PbSe,
CdS, lead sulfide (PbS) stands out because of high mobility, broad absorption and air stability.
Combining polymers with this inorganic acceptor imposes certain criteria such as a suitable
energy level alignment, choice/exchange of ligand molecules and morphology, in order to
result in high PCE for hybrid solar cells. Because fundamental understanding of such systems
in solar cell configuration is still limited, charge carrier dynamics of PDPPTPT:PbS BHIJ solar

cells were investigated to provide deeper insight in the working principle of this system

(paper V).
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Devices were fabricated by spincoating chloroform solutions of PDPPTPT:PbS and oleic
acid (OA) on ITO substrates after which a ligand exchange of OA for 1,4-benzenedithiol was
performed. Succesive spincoating and ligand exchange (15-18 times) resulted in uniform,
crack-free active layers (thickness 110-120 nm), which displayed a broad spectral coverage
starting from 1400 nm. The best device displayed Js. = 12.5 mA cm'z, Voc=0.47 V. FF =49%
and PCE of 2.9%.

Comparison of charge carrier dynamics against a PDPPTPT:PCs;BM BHJ indicates
efficient charge transfer for both systems, which is somewhat surprising for the hybrid solar
cells due to the very small HOMOpolymer-HOMOpys offset. Different suggestions for the
limited performances were made; for the PDPPTPT:PCBM solar cells an unoptimized blend
morphology while for the hybrid solar cells defects at the polymer:Pbs nanocrystal interface

and traps were suggested as loss factors.
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Chapter 6
CONCLUDING REMARKS

The work in this thesis focused on both maximizing opto-electronic properties of p-type
polymers for polymer:fullerene BHJ solar cells and on how structure-property relationships
are influenced upon structural modification of a parent structure.

Chapter 3 showed that substituting a carbon for a silicon bridging atom imposes a very
subtle influence on the optical, electrochemical and photovoltaic properties while the
influence on the thermal properties is still surprisingly large. One promising parameter to
investigate in the future would be the influence of backbone curvature on the properties of
these polymers.

Chapter 4 demonstrated the vast possibilities to adjust energy levels and bandgap energies
of TQ1, whether this is via structural modification of the polymer backbone or via side chain
modifications. Several additional effects have been found that alter physical, optical and
photovoltaic properties which include protonation, steric effects due to atom size or side chain
length, or the Gauche effect.

Alkoxy substitution on the parent PDPPTPT polymer (chapter 5) influenced various
polymer properties, consistent with increased flexibility in the polymer chains. By comparing
oligomer and polymer properties it seems though that alkoxy substitution initially increased
Tm and T.. Arguably, this effect is then counteracted by increased backbone irregularity of the
polymer which would increase the conformational entropy. An increased HOMO level for the
alkoxy-substituted polymers and altered blend morphology seem to limit the photovoltaic
performance of the alkoxy substituted polymers, while PDPPTPT shows good efficiencies not
only combined with PB7;BM, but also with inorganic PbS nanocrystals as acceptor.

As a final conclusion to this work, every structural change induces one or more additional
alterations in polymer properties with sometimes unexpected results. Some effects can result
from interactions between different compounds while other effects can result from electronic
interactions between donor and acceptor units, bond length differences or other unforeseen
effects. Since the research field in organic electronics is maturing, it will be increasingly
important to consider as many factors as possible in order to map the full impact of a

structural modification done on a polymer relative to the efficiency of a photovoltaic device.
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