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Abstract
This work investigates the effect of the alternation of strong electron donating and
withdrawing units, spatially separated by spacing units within conjugated polymers, on the
observed exciton binding energy. Recently, co-workers have studied conjugated polymers
with diketopyrrolopyrrole (DPP) as withdrawing unit and dithienopyrrole (DTP) as donating
unit, and have found that the exciton binding energy was significantly lower than in other
DPP-based conjugated polymers. In the extreme case, a very low exciton binding energy
might enable easy free charge generation within the polymer material upon light absorption.
In this work, copolymers of benzotriazole (BTz) with DTP are investigated, and the current
knowledge on DPP-DTP copolymers is broadened. Furthermore, thiophene, benzene,
pyridine, and selenophene are tested as spacing units. The exciton binding energy is estimated
by two different methods, either UV/Vis absorption spectroscopy and square-wave
voltammetry (SWV) or sensitive external quantum efficiency (EQE) measurements.
The synthesis of BTz-DTP copolymers is reported in Chapter 2, followed by a study of the
exciton binding energy in these polymers. Despite several synthetic issues, three copolymers
could be synthesized and their physical properties characterized. Subsequently, the effect of
both the spacing unit and the BTz alkyl tail length on the exciton binding energy is
investigated.
Chapter 3 describes the synthesis and characterization of DPP-DTP copolymers with various
spacing units. It is found that the exciton binding energy decreases with decreasing electron
donating character of the spacing unit. Furthermore, with benzene spacers incorporated an
exciton binding energy as low as 0.12 eV is observed. The polymers discussed in this chapter
are subsequently processed in photovoltaic devices and polymer diodes in Chapter 4. A power
conversion efficiency in photovoltaic devices up to 4.2% is reached. Additionally, it is noticed
that the exciton binding energy estimated from sensitive EQE measurements is significantly
larger than estimated from UV/Vis spectroscopy and SWV. Finally, it is observed that the
copolymer with the exciton binding energy of 0.12 eV is most likely capable of creating free
charges in the bulk upon light absorption.
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Chapter 1: Introduction
Abstract
This chapter gives a brief introduction to the development of a sustainable energy economy,
and clarifies the position of organic photovoltaics within this process. The fundamental
working principle of an organic photoactive layer is explained, followed by the structural
design and performance characterization of organic photovoltaic devices. Finally, the
concepts of exciton binding energy and conjugated polymers with strong push-pull character
are introduced, leading to the research purpose of this work.

1

1. Towards a more sustainable energy economy
Already since the Industrial Revolution, fossil fuels such as oil, coal and natural gas hold a
central position in our energy economy. For example, in 2017 more than 80% of the global
energy demand was met by fossil fuels.1,2 However, over the past decades there has been an
increasing urge to reduce fossil fuel combustion. Several issues underlie this urge. First of all,
it has been observed that fossil fuel reserves are limited. For example, the global oil
production in 2017 might only be maintainable for another 50 years before the reserves will
be depleted.1 Secondly, it is generally accepted that excessive combustion of fossil fuels has
been contributing to an increase of atmospheric carbon dioxide levels. The current level of
410 ppm, measured in Hawaii, is likely the highest in the past 650 000 years.3 In turn, the rise
in carbon dioxide levels directly causes global warming4 and ocean acidification5, and
indirectly causes polar ice melting6, a rise in sea water levels7, and an increase in extreme
weather events.8 Furthermore, the observed high concentration of air pollutants, such as
particulate matter, can also be related to excessive burning of fossil fuels, which therefore
threatens public health.9 Lastly, the growing world population forces governments to change
their energy policy. It is expected that the world population will increase to 10 billion over the
next 35 years.10,11 Therefore, a sustainable energy economy is needed, capable of providing a
large population with energy without damaging the environment.
Renewable energy sources might be a key solution to develop a more sustainable energy
policy. Of all known renewable energy sources, solar energy might be the most interesting
due to its abundance. In fact, solar irradiation already provides enough power to satisfy the
global energy demand, and is therefore theoretically capable to replace all fossil power
sources by itself.12 Absorbed sunlight is traditionally converted to electricity by solar panels
composed of photovoltaic cells. Currently, the majority of commercial photovoltaic cells are
based on crystalline silicon, employing the photovoltaic effect discovered in the 19th
century.13. However, high-purity silicon is required for this application, which results in high
manufacturing costs.14 Therefore, a new generation of solar cells has been developed, of
which some technologies can attain similar record power conversion efficiencies (PCEs) as
crystalline silicon solar cells, but with lower manufacturing costs.15,16 These cells are typically
composed of materials like amorphous silicon, cadmium telluride (CdTe), or copper indium
gallium selenide (CIGS). However, also these materials have some disadvantages. For
example, they generally require high-temperature processing, often contain scarce or toxic
elements, are rigid, and have low transparency control.17 In order to solve these issues,
photovoltaic cells based on organic materials have emerged over the past decades. These
materials can typically be manufactured through low-temperature processes. Moreover,
organic active layers generally do not contain scarce elements, have tunable color and
transparency, and are flexible.17
2. Organic photovoltaics (OPV)
Unfortunately, organic photovoltaic (OPV) technologies also have some drawbacks when
compared with crystalline silicon technologies or emerging inorganic technologies. An
2

important disadvantage is the significantly lower efficiency. Currently, the best organic solar
cell reaches a PCE of 15.6%, against 28.0% for the best inorganic device.15 This difference is
caused by the difference in material properties. For example, chemical elements present in the
active layers of OPV technologies typically have a lower atomic number than those in active
layers based on inorganic materials. This causes organic active layers to have a lower electron
density, which results in a lower dielectric constant of 3 to 4, whereas silicon has 11.7.
Organic materials therefore have less screening of charges. As a result, when electrons are
excited by incident light, they will be bound more strongly by Coulombic forces to their
electronic counterparts, which are holes.18 These bound electron-hole pairs are called
excitons, and the energy required to dissociate excitons is called the exciton binding energy.
In inorganic materials, the exciton binding energy is small and thermal energy already
suffices to instantly separate electrons and holes.19,20 However, organic materials have an
exciton binding energy several times higher than the thermal energy.18 For example, an
exciton with 1 nm distance between electron and hole in a medium with dielectric constant of
3 to 4 has an exciton binding energy of 0.35 to 0.50 eV,21 while the thermal energy is only
about 0.026 eV at ambient temperature. It is thus very difficult to separate charges in a single
layer of organic material, which results in a marginal current output.

Figure 1.1: Molecular orbital diagram of a donor-acceptor heterojunction. Red arrows depict electron movement
during excitation (1) in the donor material, charge transfer (2), and charge recombination (3), while blue arrows
depict similar movements during and after excitation in the acceptor material.

The problem of exciton dissociation was solved in 1986 by combining two different organic
materials in a bilayer.22 The working principle of such a heterojunction is illustrated in Figure
1.1. Each organic compound has a molecular orbital scheme, with a highest occupied
molecular orbital (HOMO, filled with two electrons) and a lowest unoccupied molecular
orbital (LUMO, empty), separated by a band gap. The material with the high-energy HOMO
is defined as the donor and the material with the low-energy LUMO as the acceptor. Both
donor and acceptor can absorb light, which results in an electron being excited from the
HOMO to the LUMO level. After creation of the exciton the electron and hole can be
separated from each other by charge transfer between donor and acceptor material. The
driving force for this transfer is the HOMO-HOMO and LUMO-LUMO offset between donor
and acceptor. When an electron, for example, is excited to the LUMO of a donor molecule,
the transfer to the LUMO of an adjacent acceptor molecule will be energetically favorable.
3

Independent of whether the exciton was generated on the donor or the acceptor, charge
transfer will yield a positively charged donor molecule and a negatively charged acceptor
molecule. The excited electron can be transferred back to the donor during charge
recombination, again resulting in a neutral donor and acceptor molecule. If this charge
recombination process can be suppressed, the hole can hop to another donor molecule, away
from the electron. In the same way, the electron can be transferred to other acceptor
molecules. As such, an excess of negative and positive charge can be retained on the acceptor
and donor material respectively, and current is generated through charge transport.
Besides the low dielectric constant, OPV materials also have the disadvantage of poor exciton
diffusion. From Figure 1.1, it is clear that charge separation can only occur at the donoracceptor interface. Therefore, generated excitons have to migrate to the interface to enable
efficient charge separation. Even though a large absorption coefficient enables organic
materials to be applied as ~100 nm thin films,23 the exciton diffusion length is typically only
about 10 nm.23,24 This causes only the molecules near the interface to participate in the
generated photocurrent, since excitons generated further away will recombine before charge
separation can occur.

Figure 1.2: Layout of a bilayer heterojunction (left) and bulk heterojunction (right), flanked by a transparent
(white) and metal (gray) electrode.

At the end of the 20th century, a solution to the exciton diffusion problem was presented.19,25,26
Instead of using a bilayer heterojunction, the donor and acceptor materials were blended, to
form a bulk heterojuction (BHJ). As shown in Figure 1.2, BHJ design leads to a larger
interface density, and therefore more molecules will reside close to the donor-acceptor
interface. However, it is important that the BHJ safeguards the existence of hopping pathways
from the interfaces to the electrodes through solely donor material or solely acceptor material,
since holes cannot be transported by acceptor molecules, and electrons cannot be transported
by donor molecules. To attain the optimal interface density, multiple processing parameters
have to be optimized, such as deposition techniques, blend composition, and processing
solvent systems.27
A common BHJ consists of a conjugated polymer as donor material, and a fullerene
derivative as acceptor material. Also in this thesis, BHJs based on this design will be used to
fabricate photovoltaic devices.
4

3. Design of OPV devices
In an OPV device, the BHJ active layer is processed together with other materials. Usually, a
stack of layers is deposited on a glass sheet in which the BHJ layer is flanked by two
electrodes, as shown in Figure 1.2. Figure 1.3 gives a more extended version of this stack. As
shown in this figure, charge transport layers are often applied between the active layer and the
electrodes. The function of these transport layers is to selectively transport one type of charge,
while blocking the other type.

Figure 1.3: Implementation of a photoactive BHJ layer in a photovoltaic cell, in (a) the regular configuration,
and (b) the inverted configuration. As shown here, light should be irradiated from the bottom. 28 (c) shows the
structure of PEDOT:PSS, a common hole transporting material.

The stack can be deposited in a regular or in an inverted configuration, shown in Figure 1.3(a)
and (b) respectively. To ensure maximal light absorption in the active layer, at least one
couple of charge transport/collection layers should be transparent for each configuration. In
the regular configuration, the hole transporting and collecting layers normally are transparent.
Poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS), shown in Figure
1.3(c), is a common transparent hole transporting material for this configuration. Transparent
conductive oxides (TCO) such as indium tin oxide (ITO) often serve as hole collecting
electrode and LiF coated aluminum is an example of an electron transporting/collecting
material. In the inverted configuration, ZnO and ITO can be used as electron transporting and
collecting layer respectively, and MoO3 and silver can be used as hole transporting and
collecting layer respectively.20
4. Performance of OPV devices
The characteristic performance parameters of a photovoltaic device can be measured in
different ways. A first common test subjects the stack to a voltage sweep under mimicked
solar illumination, and for each voltage value (V), the produced current density (J) is
measured. The result is a J-V curve, of which an example is shown in Figure 1.4(a). The Air
Mass 1.5 Global (AM1.5G) spectrum, depicted in Figure 1.4(b), was designed to resemble the
solar spectrum at the Earth’s surface after having traveled through 1.5 atmosphere
thicknesses, equivalent to positions on the Earth’s surface with an angle of 48.2º between the
sun and the zenith.29 Therefore, this spectrum is commonly used to test solar cells in Europe,
5

the US, China, and Japan., To investigate diode properties and leakage current, measurements
in the dark are also very common.30
When a voltage is present over a photovoltaic device, an electric field will be generated in the
device. After solar (or AM1.5G) illumination has created free electrons and holes, this electric
field will drive the charge carriers to the electrodes, and in this way a current can flow
through an external circuit connected to the electrodes. The current density flowing through
the device in short-circuit (V = 0) is called the short-circuit current density JSC. The voltage
that has to be applied to reduce the current density to zero is called the open-circuit voltage
(VOC). The VOC is related to the effective band gap Eg,eff (Figure 1.1) through the empirical
rule VOC < Eg,eff – 0.3 eV (for a polymer/fullerene system)31, which will be explained in more
detail later.

(a)

(b)

Figure 1.4: (a) General J-V and P-V curve of a photovoltaic cell. (b) Plot of power density vs. wavelength of the
AM1.5G spectrum. Pin is given by the integral under this plot, and equals 100 mW cm-2.The inset illustrates how
the AM1.5G spectrum is defined.20,29

In between short-circuit and open-circuit conditions, the power output reaches a maximum,
called the maximum power point, with power output Pmax, current density Jmax, and voltage
Vmax. The fill factor FF is defined as the ratio between the rectangles formed by Jmax and Vmax,
and JSC and VOC in Figure 1.4(a).

The power conversion efficiency can then be calculated as:

6

In this equation, Pin is given by the integral under the AM1.5G spectrum in Figure 1.4(b), and
equals 100 mW cm-2.
Besides measuring the J-V plot, a second way to investigate the performance of a photovoltaic
device is by measuring the internal and external quantum efficiency (IQE and EQE) as a
function of irradiated wavelength λ.

The EQE is frequently used to calculate JSC (and therefore also the PCE) more accurately than
the J-V plot method is capable to.20,32 The IQE is less often calculated, but can be useful to
investigate reflection and transmission losses. Due to these losses, the number of irradiated
photons will always be larger than the number of absorbed photons, and therefore for every λ
value the IQE will always be higher than the EQE.
Photovoltaic devices are known to have an upper limit to their PCE. In 1961, it was stated that
p-n junction type single junction solar cells could maximally reach a PCE of about 30%,33
later specified to 33.7%.34 This limit is caused by several thermodynamic processes. Firstly,
from Figure 1.1 follows that only photons with an energy higher than the smallest band gap
(in this case Eg,D) can be absorbed. This means that all other photons will be transmitted, and
these transmission losses limit the efficiency of the cell. Secondly, if a photon with more
energy than the band gap is absorbed, the energy excess will be lost during thermalization.
Lastly, more fundamental losses such as detailed balance also limit the PCE.33
Although the PCE limit of 33.7% theoretically also counts for OPV devices, the presence of
the donor-acceptor heterojunction significantly lowers this limit in practice.18 Organic solar
cells like in Figure 1.2 and 1.3 are shown to have a PCE limit between 15% and 23%,
depending on the assumptions made.18,21,35,36 To be able to dissociate excitons, a
heterojunction with HOMO-HOMO and LUMO-LUMO offset needs to be present, as shown
in Figure 1.1. If the acceptor material in the BHJ is a fullerene derivative, a minimal offset of
0.3 eV is empirically found to be required for exciton dissociation18,36, but this offset lowers
VOC and therefore also the PCE. If the offset is smaller than 0.3 eV, VOC will be larger, but
charge separation will be less effective, and JSC will decrease considerably.18
Besides this orbital offset energy loss, also a more fundamental loss limits the VOC of OPV
devices. It has been stated that Eg,eff – eVOC (with e the elementary charge) in
polymer/fullerene BHJs minimally amounts about 0.3 eV.31 Multiple fundamental processes
have been attributed to this loss of 0.3 eV.18,37-39 If this fundamental loss is combined with the
orbital offset energy loss, the total energy loss between min(Eg,D, Eg,A) and VOC has to amount
at least 0.6 eV in an efficient polymer/fullerene BHJ.31 However, despite extensive research40
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current efficient fullerene-based OPV devices still have a difference of 0.7 - 1.1 eV between
Eg,eff and eVOC, which reveals the difficulty to optimize VOC in organic solar cells.31,40-42 In
contrast, inorganic solar cells typically have an energy loss of only 0.3 – 0.45 eV, which
contributes to the higher PCE found in inorganic solar cells.40,43
It is important to note that the PCE limit of 33.7% for p-n junction solar cells and of 15-23%
for organic BHJ solar cells only counts for single-junction devices. The limit can be exceeded
by using multiple junctions in a multi-junction device. When, for example, multiple BHJ
layers with different Eg,D and Eg,A are stacked in series, thermalization and transmission
energy losses can be limited. This is especially the case when irradiated light has to pass
through different junctions with decreasing band gaps, since the transmission losses from the
first (wide band gap) junction can (partly) be absorbed by the following layers. Therefore, not
only intermediate band gap, but also narrow and wide band gap organic molecules and
polymers can be useful for OPV applications.44
5. Conjugated polymers with strong push-pull character
As mentioned before, photovoltaic active layers with BHJ design commonly consist of a
conjugated polymer as donor material and a fullerene derivative as acceptor material.
Furthermore, it was stated that the frontier orbital (HOMO and LUMO) energy levels of the
donor and acceptor material need to be engineered carefully. Firstly, Eg of both materials
needs to be chosen precisely to find an optimum between thermalization and transmission
losses, and between VOC (through Eg,eff) and JSC. For example, a high Eg,eff results in few
thermalization losses and a high VOC, but causes more transmission losses, which reduces JSC.
Secondly, the HOMO-HOMO and LUMO-LUMO offset needs to be optimized. Low offsets
result in a high VOC (through Eg,eff), but beneath a critical value (about 0.3 eV for
polymer/fullerene BHJs) the charge separation efficiency drops.18
For many years, only phenyl-C61-butyric acid methyl ester (PC61BM) and phenyl-C71-butyric
acid methyl ester (PC71BM) have been approved as decent acceptor material in BHJ OPV.
Their popularity stems from their high electron affinity and mobility,27,45 and their good
solubility. However, due to difficult synthesis and purification the number of fullerene
acceptors is limited, and the acceptor energy levels cannot be varied much. Therefore, much
research has focused on adjusting the frontier orbital energy levels of the conjugated polymers
to the fixed energy levels of these fullerene derivatives.
The frontier orbital energy levels and band gap of the conjugated polymer (Eg,D) are
influenced by several principles. Firstly, the backbone of conjugated polymers is a chain of
sp2 hybridized carbon atoms, but the bonds between these atoms are not equally long. An
alternation between shorter and longer bonds is observed, which causes the conjugated
polymer to have a band gap between its HOMO and LUMO. This distortion is called the
Peierls distortion. However, the magnitude of this distortion can be reduced by promoting a
quinoidal backbone (Figure 1.5(a)),46 which results in a decreased band gap energy. For
8

example, polyisothianaphthene (PITN) has a stabilized quinoid form through formation of
aromatic rings, and has a significantly smaller band gap than polythiophene.47,48
Secondly, the band gap of the polymer is influenced by the length of the conjugation plane,
which is determined by the length of the polymer49 and the planarity of the backbone. The
larger the conjugation length, the smaller the band gap energy, analogous to the quantum
theory of a particle in a box.50 Furthermore, planarity of the backbone also favors π-π
stacking, which determines the aggregation behavior of the polymer, and which is therefore
an important contributor to the morphology of the active layer.51

(a)

(b)
Figure 1.5: (a) Aromatic and quinoidal structures of polythiophene and poly(p-phenylene). Polyisothianaphthene
(PITN) is an example of a conjugated polymer with a stabilized quinoid form. (b) General molecular orbital
scheme of a conjugated polymer with one unit (M), and of an alternating copolymer with a D and an A unit.

Lastly, introducing an alternation of an electron donating and an electron withdrawing unit in
the polymer backbone can result in a gain of control over the band gap.52 This effect is
illustrated in Figure 1.5(b). The frontier orbital energy levels of the electron withdrawing unit
(A) are lower in energy than those of the electron donating unit (D). Therefore, the HOMO of
the conjugated polymer will have enhanced D character, and the LUMO will have enhanced
A character. This means that the HOMO and LUMO of the polymer can be adjusted almost
independently, by respectively varying D and A.36 Furthermore, the alternation can cause
enhanced stability in the quinoid form through intramolecular charge transfer, which will
yield a [+D=A-]n type of structure, resulting in band gap decrease.48

9

Interestingly, it has been discovered that some of these D-A (‘push-pull’) type copolymers
have a decreased exciton binding energy. Figure 1.6 shows some D-A type conjugated
polymers based on diketopyrrolopyrrole (DPP) as A, and compares the band gap energy
determined by UV/Vis spectroscopy, Eg,opt, with the band gap determined by square-wave
voltammetry (SWV), Eg,SWV.53 The difference between these gaps gives an estimate of the
exciton binding energy, since UV/Vis spectroscopy measures the energy needed to generate
excitons, while SWV measures the energy needed to create free charges.

It is important, however, to mention that the accuracy and precision of this method is debated,
and that several methods exist to determine the exciton binding energy of a conjugated
polymer.53-60 Because of this debate, the exciton binding energy will alternatively be
estimated through EQE measurements in this work. The EQE spectrum of a neat polymer
diode (or “polymer-only solar cell”) generally shows two onsets, which correspond to the
optical band gap Eg,EQE and the transport gap Eg,trans.56 The difference between these gaps is
also reported as the exciton binding energy.60,61

Figure 1.6: Plot of optical band gap vs. electrochemical band gap for D-A type conjugated polymers, all with
diketopyrrolopyrrole (DPP) as A. The dotted line corresponds to a band gap difference of 0.44 eV. Polymers 3
and 7 have the same optical and electrochemical band gap. Polymers with exciton binding energy lower than
0.44 eV (6, 8, 15, 18, and 19) are drawn next to the plot. All polymer structures, corresponding to the numbers in
the plot, are shown in the appendix. The plot is retrieved from literature.53
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In Figure 1.6, the dotted line corresponds to an exciton binding energy of 0.44 eV, and
therefore the polymers above this line (6, 8, 15, 18, and 19) show a reduced binding energy.
Among these polymers, polymer 8 has the lowest exciton binding energy, which amounts
only 0.16 eV. This substantial reduction might be caused by the combination of a strong
electron donating (‘push’) dithienopyrrole (DTP) unit with a strong electron withdrawing
(‘pull’) diketopyrrolopyrrole (DPP) unit, separated by a pyridine spacer, which has a
relatively poor electron donating and accepting character. Due to this combination, it can be
expected that after photoexcitation the hole will reside more often on D, and the electron will
reside more often on A. This difference, in combination with the presence of a carefully
chosen spacing unit, may cause the average distance between electron and hole to be larger,
and therefore a weaker Coulombic binding might be expected.
Because the binding energy is reduced, electron transfer from the polymer to a fullerenebased acceptor might be eased. This might lower the required donor-acceptor frontier orbital
energy offset in a BHJ. In an extreme case, polymers with an even lower binding energy
could be used in a polymer-only OPV active layer, without fullerene-based acceptor. In such
an active layer, the exciton binding energy would be low enough to effectively generate
intramolecular charge transfer states. Moreover, by designing these active layers, frontier
orbital offsets and morphological issues could be avoided, which would bring OPV closer to
the inorganic model. However, this model is currently far from reached, and raises other
issues. For example, it can be expected that fluorescence losses will occur more often in these
polymer-only active layers, since both electrons and holes have to be transported through the
polymer layer.
6. Aim of the thesis
Figure 1.6 described five DPP-based D-A type conjugated polymers with reduced exciton
binding energy. In this thesis, the existence of other polymers with reduced exciton binding
energy is investigated. Other combinations of strong electron donating units, strong electron
withdrawing units, and spacing units will be studied, and their exciton binding energy will be
estimated by UV/Vis spectroscopy and square-wave voltammetry (SWV), and by sensitive
EQE measurements.
Three research objectives are set. Firstly, the effect of the withdrawing strength of the electron
accepting unit on the exciton binding energy of the polymer is to be investigated, while
preserving the electron donating unit. Secondly, the effect of presence and nature of the
spacing unit on the exciton binding energy is to be clarified. Lastly, the existence of strong
push-pull copolymers with sufficiently low exciton binding energy to enable thermal
dissociation of excitons is to be found.
DTP will be kept as electron donating unit throughout this work, and besides DPP also
benzotriazole (BTz), another strong acceptor, will be studied as electron withdrawing unit in
the following chapters. The general structure of these target copolymers is shown in Figure
11

1.7. In this figure, S is the spacing unit, and will be varied between thiophene, benzene, and
pyridine. For DPP-DTP copolymers, also selenophene will be investigated.

(a)

(b)

Figure 1.7: General structure of (a) BTz-DTP copolymers and (b) DPP-DTP copolymers, which are the target
structures in this thesis. S represents a spacing unit, which will be varied throughout the investigations.
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Chapter 2: Synthesis and exciton binding energy
study of benzotriazole-based conjugated polymers
Abstract
This chapter investigates the synthesis of eight benzotriazole-dithienopyrrole (BTz-DTP)
copolymers, based on either fluorinated or non-fluorinated benzotriazole, and with either
thiophene, benzene, pyridine, or no spacing units incorporated between BTz and DTP.
Several synthetic issues are encountered, and despite the exploration of an alternative pathway
only a few of the target copolymers are effectively synthesized. These polymers are
characterized with UV/Vis absorption spectroscopy and square-wave voltammetry, and the
exciton binding energies are estimated from these measurements. The chapter concludes with
a study of the influence of the spacer presence and the BTz alkyl tail nature on the magnitude
of the exciton binding energy.
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1. Introduction
Among the electron accepting units for conjugated polymers, benzotriazole (BTz) is a
relatively poorly researched unit. Both a fluorinated and a non-fluorinated derivative exist,
and have mainly been copolymerized with benzodithiophene (BDT), a common electron
donating unit.1-5 The resulting polymers have been blended with both fullerene and nonfullerene acceptors, to yield solar cells with PCEs up to 10.8 %.2 However, copolymers with
dithienopyrrole (DTP) are less prevalent. To our knowledge only the non-fluorinated
derivative has been copolymerized with DTP so far, and only thiophene has been investigated
as spacing unit in these polymers.6,7 Furthermore, solar cells of BTz-DTP copolymers have
only been reported once before.7
The aim of this chapter is therefore to broaden the knowledge on these polymers by
copolymerizing both fluorinated and non-fluorinated BTz with DTP, using thiophene,
benzene, and pyridine as spacing units. A general structure of the target polymers is shown in
Figure 2.1. Additionally, a study of the exciton binding energy in these copolymers is
targeted, in which both the effect of the fluorine substituents and the spacing units is
investigated.

Figure 2.1: Structure of D-A type conjugated polymers with DTP as D, BTz (both fluorinated and nonfluorinated) as A, and S as spacer. Throughout this chapter, S will be varied between thiophene, benzene, and
pyridine.

2. Results and discussion
Synthesis of the polymers was targeted through Stille copolymerization8 (Figure 2.2), which
requires a distannylated and a dibrominated unit. Distannylated DTP is commercially
available, and therefore the synthesis of dibrominated BTz-spacer monomer will be discussed.
This synthesis is generally divided into three parts. Firstly, a dibrominated BTz acceptor will
be synthesized; secondly, this dibrominated acceptor will be coupled twice to a spacing unit
through Stille8 or Suzuki9 cross-coupling; Lastly, the extended BTz will be brominated again
to yield the general structure shown in Figure 2.2.
After the synthesis of the dibrominated BTz-spacer monomers has been discussed, the
synthesis and characterization of the copolymers will be reported, and the exciton binding
energy will be studied.
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Figure 2.2: Stille copolymerization of distannylated DTP with a dibrominated BTz-spacer monomer.

2.1. Synthesis of dibrominated benzotriazole-spacer monomers
2.1.1. Non-fluorinated benzotriazole-spacer monomers
A general synthesis scheme to non-fluorinated BTz-spacer monomers is shown in Scheme
2.1. Non-fluorinated BTz is commercially available as structure 1 and needs to be alkylated
and brominated before cross-coupling with spacing units. The Mitsunobu reaction10 has been
proved useful for alkylation of benzotriazole11, and therefore it was chosen to synthesize
compound 2. The reaction involves the alcohol of the alkyl tail, triphenylphosphine (PPh3),
and diethyl azodicarboxylate (DEAD) or diisopropyl azodicarboxylate (DIAD). The
mechanism consists of three steps. Firstly, PPh3 is activated by the azodicarboxylate;
secondly, the activated PPh3 transforms the aliphatic alcohol group into a triphenylphosphine
oxide leaving group. Subsequently, a nucleophilic substitution reaction couples the
benzotriazole unit to the alkyl tail, leaving triphenylphosphine oxide as side product.

Scheme 2.1: General synthesis scheme of non-fluorinated benzotriazole-spacer units. Reaction conditions:
i R-OH, PPh3, DIAD, THF; ii Br2, HBr (48%), 130°C; iii(a) 2-(tributylstannyl)thiophene, Pd2(dba)3, PPh3,
toluene/DMF, 120°C; iii(b) phenylboronic acid, K2CO3, Pd2(dba)3, PPh3, H2O/toluene, 130°C; iv(a) NBS,
CHCl3, rt to 50°C; iv(b) Br2, I2, CHCl3. Reaction yields or remarks are given between parentheses.

After alkylation of BTz, bromination with Br2 in aqueous HBr was performed, again
following literature procedures. Although yields of 65%11 and 88%12 were reported for
bromination of BTz with an octyl and 2-octyldecyl tail respectively, a lower yield was
obtained for this bromination. The exact yield could not be calculated due to the presence of
impurities, even after column chromatography. The nature of these impurities is not known,
19

and are probably due to either degradation of the BTz aromatic system, or a lack of
bromination specificity.

(a)

(b)

(c)

Figure 2.3: 1H NMR spectra of compounds (a) 5a before column chromatography; (b) 5a after column
chromatography; (c) 5b.

Despite the impurity of compound 3, the subsequent Stille cross-coupling with
2-(tributylstannyl)thiophene, or Suzuki cross-coupling with phenylboronic acid was
successful, and yielded compounds 4a and 4b in pure form after column chromatography and
recrystallization. The coupling of thiophene to BTz has already been reported in literature13-15.
On the contrary, the coupling of phenyl to BTz is unprecedented in literature. However, a
similar coupling has been done with benzothiadiazole (BT)16,17, and similar reaction
conditions were taken for BTz.
20

In order to obtain the targeted dibrominated BTz-spacer monomers, compounds 4a and 4b
have to be brominated. Bromination of the thiophene adduct 4a with N-bromosuccinimide
(NBS) has been reported in literature before13-15, but bromination of the benzene adduct 4b
has only been performed on BT.16,17 The latter bromination was done with Br2 under I2
catalysis, a stronger bromination reagent than NBS. However, both bromination conditions
yielded overbrominated compounds (5a and 5b).
Figure 2.3 shows 1H NMR spectra of compounds 5a and 5b. As can be seen from Figure
2.3(a), the NBS bromination of the thiophene adduct yielded a crude product which clearly
contained compound 5a, together with some small impurities. Column chromatography in a
heptane/dichloromethane (DCM) eluent mixture was attempted to remove these impurities.
However, due to the low solubility of 5a in heptane, a solid loading procedure was followed.
During this procedure, the crude product was dissolved in DCM with silica powder, and the
DCM was subsequently evaporated under reduced pressure, leaving the crude product
adsorbed on the silica. This product was then poured onto a column packed with silica, and
eluted with a heptane/DCM gradient. A similar amount was eluted from the column, but the
1
H NMR spectrum in Figure 2.3(b) shows that overbromination had occurred. We therefore
assume that compound 4a has reacted further during column chromatography, possibly
caused by the solid loading procedure. Because of this assumption, the reaction was tried a
second time. However, this time overreaction was already observed before purification.
Figure 2.3(c) shows that the Br2 bromination of the benzene adduct under I2 catalysis also
results in overreaction, even though no issues have been reported for bromination of BT under
similar reaction conditions.17 Because of the overreactions observed with the thiophene and
benzene adducts, cross-coupling of non-fluorinated BTz with pyridine and subsequent
bromination were not attempted.
It is worth mentioning that the aromatic proton peaks in the 1H NMR spectrum of 5b show
shoulder peaks, as can be seen in Figure 2.3(c). Similar shoulder peaks are also observed in
the aromatic region 1H NMR spectrum of compounds 1 and 2, but not of compounds 3, 4a-b,
and 5a. It is unclear what causes this effect, and it is not described in literature to our
knowledge.
2.1.2. Fluorinated benzotriazole-spacer monomers
Several solutions can be proposed to solve the overbromination issue of non-fluorinated BTz
discussed in the previous section. However, since fluorinated BTz was also targeted in this
chapter, and since this unit has fluorine atoms substituted in the places where overreaction is
observed, it may be a good alternative.
A general synthesis scheme towards dibrominated FBTz-spacer monomers is depicted in
Scheme 2.2, which is similar to Scheme 2.1 for non-fluorinated BTz-spacer monomers. The
major difference is that the FBTz acceptor is already commercially available as compound 6.
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Therefore no acceptor alkylation or bromination needs to be performed. The Stille crosscoupling of FBTz to thiophene has already been described in literature18,19. However, the
coupling to benzene and pyridine are unprecedented, and were performed here through Suzuki
cross-coupling
with
phenylboronic
acid
and
Stille
cross-coupling
with
2-(tributylstannyl)pyridine respectively. Resulting compounds 7a and 7b were obtained in a
60% and 44% yield respectively; the pyridine adduct 7c remained impure due to the presence
of stannylated residues, which are known to be difficult to remove.20

Scheme 2.2: Synthesis scheme of fluorinated BTz-spacer units. Reaction conditions: v(a) 2(tributylstannyl)thiophene, Pd2(dba)3, PPh3, toluene, 120°C: v(b) phenylboronic acid, K2CO3, Pd2(dba)3, PPh3,
H2O/toluene, 100°C; v(c) 2-(tributylstannyl)pyridine, Pd2(dba)3, PPh3, toluene, 100°C; vi(a) NBS, CHCl3/DMF;
vi(b) & vi(c) Br2, I2, CHCl3, 40°C. Reaction yields or remarks are given between parentheses.

Subsequent bromination of compounds 7a-c to 8a-c was performed in a similar way to the
previous section. The thiophene adduct 7a was initially reacted with NBS in chloroform. The
reaction rate was low under these circumstances, and no completion was attainable. However,
upon addition of a small amount of N,N-dimethylformamide (DMF), the rate increased
significantly, and a yield of 88% was eventually reached after recrystallization. The benzene
and pyridine adducts 7b and 7c were reacted with Br2 under I2 catalysis, following literature
procedures for BT monomers.16,17 In contrast to the overreaction observed for non-fluorinated
BTz in the previous section, little or no reaction is observed for the Br2 bromination of
benzene and pyridine on FBTz. This difference in reactivity might be caused by the presence
of the fluorine atoms, which render the aromatic system less electron-rich. The difference can
also be observed in the NBS bromination of the thiophene adducts of BTz (Scheme 2.1) and
FBTz. The bromination of BTz can be performed in chloroform and even tends to overreact
under these conditions, while the bromination of FBTz is significantly less reactive and
requires the addition of DMF to reach completion.
2.1.3. Reversed cross-coupling of spacing units
Since synthesis of most of the targeted BTz-spacer monomers in the previous sections was not
successful, a fundamentally different synthesis strategy is needed. All attempted BTz-spacer
cross-coupling reactions succeeded, but in most cases the final bromination step failed and
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resulted in either overreaction or no reaction. Therefore, a synthesis strategy was sought that
could avoid this last bromination step.
An alternative synthesis strategy is shown in Scheme 2.3. This strategy is based on a reversed
Suzuki cross-coupling between BTz and the spacing unit. In the previous sections,
dibrominated BTz was coupled twice to a borylated or stannylated spacer. In this section, an
attempt is made to firstly borylate the dibrominated BTz, and to subsequently couple this
diborylated BTz to a dibrominated spacer. In order to avoid polymerization, a large excess of
dibrominated spacer should be used. As such, the target structures shown in Schemes 2.1 and
2.2 can be synthesized in a different way.

Scheme 2.3: Inverse cross-coupling of spacing units to BTz. During the first reaction, borylation of compounds
3 and 6 was attempted. Resulting compounds 3B and 6B could then react with a large excess of dibrominated
spacer in a Suzuki cross-coupling to yield the target structures from Schemes 2.1 and 2.2.

The borylation reaction has been done before in literature for both non-fluorinated BTz with
octyl tail21, and BT22. In both cases, the dibrominated acceptor reacted with
bis(pinacolato)diboron
(B2Pin2,
Scheme
2.3),
in
presence
of
[1,1’bis(diphenylphosphino)ferrocene]dichloropalladium (Pd(dppf)Cl2) as catalyst, and potassium
acetate as the base.
The reaction mechanism resembles a regular cross-coupling reaction and consists of a cyclic
succession of oxidative addition, transmetallation, and reductive elimination.23 However, after
oxidative addition, the bromide ligand is substituted by an acetate ligand. During subsequent
transmetallation, the B-B bond in B2Pin2 is cleaved, and a more stable (Pin)B-OAc bond is
formed, leaving a BPin ligand on the Pd center. Reductive elimination then couples the BPin
group to BTz, and regenerates the active Pd(0) center. It is important to note that, as the
reaction progresses, more borylated BTz molecules will emerge, which contain B-C bonds.
To avoid BTz-BTz coupling, it is absolutely necessary that regular Suzuki cross-coupling is
prevented. It has been shown23 that relatively strong bases such as potassium carbonate and
potassium phosphate will promote this unwanted Suzuki coupling, while weaker bases such as
potassium acetate are unable to break B-C bonds. Therefore, potassium acetate is used to
selectively cleave the B-B bonds and borylate BTz, while leaving borylated BTz molecules
alone.
The borylation reaction was tried on both non-fluorinated and fluorinated BTz, compounds 3
and 6 respectively. Compound 3 contained impurities (see Scheme 2.1), and the borylation
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reaction yielded a mixture of several products, among which target diborylated compound 3B
seems to be present. Surprisingly, also non-borylated non-brominated BTz (compound 2 from
Scheme 2.1) was present, which might have been formed from an impurity, since the impurity
peaks in the 1H NMR spectrum of 3 have disappeared. This borylation reaction was done on a
50 mg test scale, but was not upscaled due to encountered polymerization issues for BTz
acceptors, as will be discussed in the following section.
Compound 6 did not contain impurities, but the borylation reaction also gave a mixture of
products in this case. Through 1H NMR and 19F NMR, compounds 6 and 6B could be
identified, together with the monobrominated monoborylated FBTz intermediate. However,
similar to the previous sections, FBTz proved to be less reactive than its non-fluorinated
counterpart, and from the NMR spectra only about 20% of the FBTz was diborylated after
48h at 90°C. Since the reaction scale was too small, an insufficient amount of 6B was
recoverable.
2.2. Polymerizations
So far, compound 8a is the only successfully synthesized target structure. This compound was
reacted with distannylated DTP in a Stille copolymerization, as shown in Scheme 2.4. To
investigate the effect of the thiophene spacing unit, compound 6 was copolymerized with
DTP as well. Besides the 2-hexyldecyl chain used on BTz throughout the previous sections,
the 9-heptadecanyl chain was also tested (compound 6’), to study the effect of solubility. It is
expected that the solubility increases when using this 9-heptadecanyl tail, since the branching
point is one carbon atom closer to the aromatic system, which poses a stronger barrier against
aggregation.

Scheme 2.4: Polymerization of fluorinated BTz-spacer units with DTP. Compounds without apostrophe have
R = 2-hexyldecyl, compounds with apostrophe have R = 9-heptadecanyl.

To our knowledge, copolymers of BTz and DTP have been reported in literature only once
before, by Unlu et al.6 These copolymers contained non-fluorinated BTz, and were
synthesized through Pd(PPh3)2Cl2/CuO catalysis in THF. One non-spaced copolymer was
reported, which had a high number-averaged molecular weight (Mn) of 72 kDa. However, for
24

thiophene-spaced copolymers these reaction conditions resulted in Mn values of only about 5
kDa. Therefore, Pd2(dba)3/PPh3 catalysis in a toluene/DMF solvent mixture was tried in this
work. These conditions were used before by co-workers for copolymerizations of DTP with
diketopyrrolopyrrole (DPP).24-30 We chose these divergent reaction conditions for the
synthesis of all our BTz-DTP copolymers, both non-spaced and thiophene-spaced, to
optimally compare the synthesized polymers.
2.3. Characterization
Table 2.1 gives a schematic overview of the physical properties of the synthesized polymers.
The number-averaged and weight-averaged molecular weight (Mn and Mw respectively) were
estimated through gel-permeation chromatography (GPC). Eg,optsol and Eg,opt were calculated
from UV/Vis spectra, which are shown in Figure 2.5. Electrochemical data was obtained from
square-wave voltammetry (SWV) diagrams, shown in Figure 2.6.
Table 2.1: Summary of physical properties of the polymers shown in Scheme 2.4.
P1

P1’

P2

Mn (kDa)

1.25

1.17

1.47

Mw (kDa)

2.54

2.33

3.06

Ð

2.04

2.00

2.08

Eg,optsol (eV)

1.65

1.68

1.64

d

Eg,opt (eV)

1.57

1.60

1.64

d

-0.15

-0.05

-0.17

Eox (V)

a
a

-2.02

-2.01

-1.91

b

-5.08

-5.18

-5.06

b

-3.21

-3.22

-3.32

Eg,SWV (eV)

1.87

1.96

1.74

0.30

0.36

Ered (V)

EHOMO (eV)
ELUMO (eV)
Eb (eV)
a

c
b

c

0.10

d

d

Calculated vs. Fc/Fc+; Calculated using EFc/Fc+ = -5.23 eV; Eb = Eg,SWV – Eg,opt; Calculated using the onset at 750 nm
in the UV/Vis absorption spectrum. With the onset at 1150 nm: Eg,opt = 1.08 eV and Eb = 0.66 eV.

As can be seen, the molecular weight of the polymers is low. The molecular weight of the
thiophene-spaced polymer P2 is in the same order of magnitude as the previously discussed
values reported by Unlu et al., which were around 5 kDa.6 However, the molecular weight of
non-spaced polymers P1 and P1’ is much lower than the reported value, which is 72 kDa.6
This result is confirmed by the observation that the viscosity of the reaction mixture hardly
increased during polymerization, while gel formation is expected for long polymers due to
entanglements. Also matrix-assisted laser desorption/ionization mass spectroscopy (MALDI)
was used for characterization, and reported similar molecular weights as GPC for all three
polymers.
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To investigate the cause of these observed low molecular weights, several experiments were
performed. To test the performance of distannylated DTP, a copolymer was made with
thiophene-extended DPP, of which the structure is shown in Figure 2.4(a). This polymer is
discussed in detail in Chapter 3 and 4, and turns out to have a much higher molecular weight.
Therefore, we conclude that the low molecular weight is not caused by the DTP monomer.
The
performance
of
8a
was
tested
by
copolymerization
with
2,5bis(trimethylstannyl)thiophene. This polymer had a poor solubility, and could not be retrieved
from the reaction mixture. Therefore, no molecular weight could be measured. However,
since Soxhlet extraction resulted in a colored acetone, hexane, dichloromethane (DCM),
chloroform, and 1,1,2,2-tetrachloroethane (TCE) fraction (Figure 2.4(b)), we suppose that the
molecular weight is also low for this polymer, and that the poor solubility is caused by
aggregation, not by entanglements. This assumption is supported by the fact that the viscosity
of the reaction mixture did not change significantly during polymerization, similar to
observations for P2.
(a)

(b)

Figure 2.4: (a) Chemical structure of thiophene-extended DPP monomer. (b) Soxhlet fractions from the
copolymer of compound 8a with 2,5-bis(trimethylstannyl)thiophene. From left to right: acetone, hexane, DCM,
chloroform, TCE, and insoluble fraction.

1,0
0,8

Absorption (Normalized)

Absorption (Normalized)

Despite the bad polymerization of compound 8a with distannylated thiophene, several
literature examples exist of successful polymerizations of BTz with benzodithiophene (BDT),
with Mn values up to 60 kDa.1-5 Furthermore, also Unlu et al. obtained low-weight DTP-BTz
copolymers with thiophene spacers. Therefore, we conclude that the origin of the bad
polymerization is the incompatibility of DTP with BTz, which might be due to an
inappropriate catalytic environment, or poor solubility.
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Figure 2.5: (a) Solution and (b) thin-film UV/Vis absorption spectra of BTz-DTP polymers discussed in
Scheme 2.4. The observed optical band gaps are displayed in Table 2.1.
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The UV/Vis absorption spectra of P1, P1’, and P2 are depicted in Figure 2.5, and show
multiple absorbance peaks in both solution and thin film. These peaks depict different
vibronic transitions in the polymer. Since no copolymers of fluorinated BTz with DTP have
been reported in literature before, the relation between the molecular weight and the optical
band gap of the polymer is unclear, and it is impossible to confirm the low molecular weight
observed with GPC and MALDI-TOF.
As discussed in the previous chapter, the exciton binding energy of a polymer can be
estimated by the difference in electrochemical and optical band gap. As expected, the nonspaced polymers have a similar binding energy, since the nature of the alkyl tail should not
influence this energy considerably. It is important to mention that the calculated values of
0.25 eV and 0.30 eV are significantly lower than the average binding energy of DPP polymers
(0.44 eV), which was discussed in Figure 1.6.
The introduction of thiophene spacers in the polymer (P2) leads to a dramatic decrease in
binding energy. This decrease is mainly caused by a reduction in electrochemical band gap
when compared to P1/P1’. However, an important remark should be made concerning the
UV/Vis absorption spectrum of P2. In the solution spectrum, an onset at 1150 nm can be seen,
which is also faintly present in the thin-film spectrum, and which is also reported by Unlu et
al.6 It might be possible that this onset depicts the band gap, and that somehow the excitation
from HOMO to LUMO is forbidden, resulting in a low intensity. This would then cause the
optical band gap to be 1.08 eV, and the binding energy to be 0.62 eV.
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Figure 2.6: Square-wave voltammograms of P1, P1’, and P2, measured with Ag/AgCl as quasi-reference
electrode and Fc/Fc+ as internal standard. The extracted oxidation potentials, reduction potentials, and
electrochemical band gaps are given in Table 2.1.

3. Conclusion
In this chapter, the synthesis of BTz-spacer monomers with fluorinated and non-fluorinated
BTz was discussed, to investigate the influence of acceptor strength and spacing units on the
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exciton binding energy of BTz-DTP copolymers. Only one BTz-spacer monomer (8a) could
be synthesized successfully. Coupling of non-fluorinated and fluorinated BTZ to thiophene,
benzene and pyridine was achieved through Stille or Suzuki cross-coupling, but subsequent
bromination resulted in either overreaction or no reaction. An alternative method was
subsequently tried, relying on a reversed Suzuki cross-coupling. However, problems were
encountered during preliminary borylation. The borylation of non-fluorinated BTz resulted in
a mixture of products, which was difficult to separate, whereas the borylation of fluorinated
BTz was slow and did not reach completion.
Subsequently, monomer 8a was polymerized with DTP, and the resulting copolymer was
compared to two non-spaced copolymers. GPC and MALDI-TOF analysis showed a low
molecular weight for all three polymers. Further investigations indicated the incompatibility
of DTP with BTz, due to either an insufficiently optimized catalytic environment, or a poor
oligomer solubility.
UV/Vis absorption and square-wave voltammetry measurements revealed a reduced exciton
binding energy for the non-spaced BTz polymers P1 and P1’ compared to the DPP polymers
discussed in Chapter 1. For P2 an even lower binding energy is observed, but due to a lowenergy feature in the UV/Vis spectrum, this finding cannot be stated with certainty.
4. Experimental
All commercial chemicals and (dry) solvents were used without additional purification steps
unless
stated
otherwise.
4,7-dibromo-5,6-difluoro-2-(2-hexyldecyl)-2Hbenzo[d][1,2,3]triazole
(6)
and
4,7-dibromo-5,6-difluoro-2-(heptadecan-9-yl)-2Hbenzo[d][1,2,3]triazole (6’) were bought from SunaTech Inc.; 4-(2-ethylhexyl)-2,6bis(trimethylstannyl)-4H-dithieno[3,2-b:2',3'-d]pyrrole (DTP) was bought from Solarmer.
Tris(dibenzylideneacetone)dipalladium (Pd2(dba)3) was bought from Strem Chemicals Inc.
All other chemicals were purchased from Sigma-Aldrich, Acros Organics, or Tokyo Chemical
Industry Co., Ltd.
Tetrahydrofuran (THF) was dried over a column packed with 4 Å molecular sieves. Nbromosuccinimide (NBS) was recrystallized from deionized water before use.
Triphenylphosphine (PPh3) and 2,5-bis(trimethylstannyl)thiophene were recrystallized from
methanol before use.
The synthesis route to monomers 5a-b and 8a-c was based on literature procedures.11-19,21,22
Polymerization conditions were based on earlier polymerizations in our group.24-30 The purity
of all monomers was checked with 1H NMR and, if applicable, 19F NMR before
polymerization.
1

H NMR and 19F NMR spectroscopy measurements were performed on a 400 MHz Bruker
Avance III spectrometer. Chemical shifts are given in ppm with respect to tetramethylsilane
as internal standard. Matrix assisted laser desorption/ionization mass spectra with time-of28

flight mass spectrometer (MALDI-TOF) were recorded on a Bruker Autoflex Speed
spectrometer. Polymer solution and thin-film UV/Vis spectra were measured on a Perkin
Elmer Lambda 1050 spectrophotometer at room temperature. The polymer solutions were
prepared by adding one drop of a 6 mg/mL polymer solution in 9/1 (v/v) chloroform/odichlorobenzene to a quartz cuvette filled with chloroform. The polymer films were prepared
by spin coating a 6 mg/mL polymer solution in 9/1 (v/v) chloroform/o-dichlorobenzene onto a
glass substrate at 1500 rpm for 60 s. The glass substrates were washed with acetone and
isopropanol, and treated with UV-ozone for 30 min before use. Polymer weight distributions
were estimated through gel permeation chromatography (GPC) on a Agilent Technologies
PL-GPC 220 high temperature chromatograph with PL-GEL 10 mm MIXED-C column,
calibrated with polystyrene internal standards and with o-dichlorobenzene at 140°C as eluent.
Prior to measurement the samples were stirred at 140°C until the polymer was dissolved
completely. Square-wave voltammetry (SWV) was measured on a AutoLab PGSTAT12
potentiostat under inert atmosphere. The measurements were performed with a polymercoated Pt wire as work electrode, a Ag wire as counter electrode, and a AgCl-coated Ag wire,
calibrated vs. Fc/Fc+, as quasi-reference electrode. The Pt wire was coated by dipping it in a
2 mg/mL polymer solution in chloroform, which had been heated for 2 h at 90°C. A 0.1 M
solution of tetrabutylammonium hexafluorophosphate (TBAPF6) in acetonitrile was used as
electrolyte. For conversion of chemical potentials to energy levels, we assumed EFc/Fc+ =
-5.23 eV vs. vacuum level.
2-(2-hexyldecyl)-2H-benzo[d][1,2,3]triazole (2)
4.99 g benzotriazole (1) (41.9 mmol), 15.0 mL 2-hexyl-1-decanol (51.7 mmol), and 13.3 g
PPh3 (50.6 mmol) were dissolved in 100 mL dry THF in a dried three-necked round-bottom
flask. The solution was put under argon atmosphere and cooled down to 0°C. 10.0 mL
diisopropyl azodicarboxylate (DIAD) (50.9 mmol) was added with a syringe. The resulting
reaction mixture was slowly brought back to room temperature and left to react overnight.
Then, the solvent was partially evaporated and heptane was added, which resulted in a
precipitate being formed. The suspension was cooled in the freezer for 1h, and then filtered.
The residue was washed with heptane, and the solvent of the combined filtrates was
evaporated under reduced pressure. The resulting product was dissolved in THF and washed
with brine, dried over MgSO4, and filtered. The filtrate was concentrated under reduced
pressure. The residue was purified by column chromatography with gradient elution from
heptane to heptane/dichloromethane 1/1 (v/v), to yield 8.6 g target compound as a pale yellow
oil (25 mmol, 60% yield). 1H NMR (400 MHz, chloroform-d) δ 7.90 – 7.83 (m, 2H), 7.41 –
7.33 (m, 2H), 4.62 (d, J = 7.1 Hz, 2H), 2.28 (m, J = 6.2 Hz, 1H), 1.40 – 1.17 (m, 24H), 0.92 –
0.82 (m, 6H).
4,7-dibromo-2-(2-hexyldecyl)-2H-benzo[d][1,2,3]triazole (3)
3.06 g of compound 2 (8.92 mmol) was dissolved in 20 mL of a 48 wt% aqueous HBr
solution in a three-necked round-bottom flask. The solution was stirred at 100°C for 1h. Then
the solution was heated to 110°C, and 1.37 mL of Br2 (26.7 mmol) was added dropwise. The
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reaction mixture was heated further to 130°C and reacted over weekend. After reaction, the
solution was cooled down to ambient temperature, poured into a saturated aqueous Na2SO3
solution, and extracted with diethyl ether. The organic phases were combined, washed with
water, dried over MgSO4, and filtered. The solvent was evaporated under reduced pressure.
The resulting crude product was purified by column chromatography with gradient elution
from heptane/dichloromethane 7/3 (v/v) to pure dichloromethane. The target compound, a
pale yellow oil (1.75 g), remained impure and was reacted further without any additional
purification steps. 1H NMR (400 MHz, chloroform-d) δ 7.43 (s, 2H), 4.67 (d, J = 7.3 Hz, 2H),
2.34 (m, J = 6.5 Hz, 1H), 1.40 – 1.18 (m, 24H), 0.86 (m, 6H) (Note: the 1H NMR spectrum
also contains impurity peaks). MALDI-TOF-MS: [M+] calc: 502.12 found: 502.21.
2-(2-hexyldecyl)-4,7-di(thiophen-2-yl)-2H-benzo[d][1,2,3]triazole (4a)
0.446 g of impure compound 3 (0.890 mmol) and 0.65 mL 2-(tributylstannyl)thiophene
(2.0 mmol) were dissolved in 3 mL dry toluene and 0.5 mL dry N,N-dimethylformamide
(DMF) in a dried Schlenk vial. The solution was bubbled with argon for 5 min. and
subsequently 24 mg Pd2(dba)3 (26 µmol) and 28 mg PPh3 (0.11 mmol) were added. The
reaction mixture was bubbled with argon for 5 min., and reacted at 120°C for 4 h under argon
atmosphere. Then, water was added, and the mixture was washed with brine. The organic
phase was dried over MgSO4 and filtered, and the filtrate was concentrated under reduced
pressure. The crude product was purified by column chromatography with gradient elution
from heptane to heptane/dichloromethane 7/3 (v/v), followed by recrystallization from
ethanol. 0.160 g of target compound was obtained as a green-yellow solid (0.315 mmol, 35%
yield). 1H NMR (400 MHz, chloroform-d) δ 8.10 (dd, J = 3.7, 1.2 Hz, 2H), 7.63 (s, 2H), 7.37
(dd, J = 5.1, 1.2 Hz, 2H), 7.18 (dd, J = 5.1, 3.7 Hz, 2H), 4.74 (d, J = 6.6 Hz, 2H), 2.32 (m, J =
6.2 Hz, 1H), 1.48 – 1.16 (m, 24H), 0.86 (m, 6H).
2-(2-hexyldecyl)-4,7-diphenyl-2H-benzo[d][1,2,3]triazole (4b)
0.473 g of impure compound 3 (0.943 mmol) was weighed in a Schlenk vial. 0.243 g
phenylboronic acid (1.99 mmol), 0.525 g K2CO3 (3.80 mmol), 25.3 mg Pd2(dba)3
(27.6 µmol), and 29.6 mg PPh3 (0.113 mmol) were added. The mixture was dissolved in 2 mL
water and 5 mL toluene, and put under argon atmosphere. A drop of Aliquat® 366 was added,
and the reaction mixture was left to react overnight at 130°C under argon. After reaction, the
reaction mixture was cooled down to ambient temperature and quenched in water, followed
by extraction with dichloromethane. The combined organic phases were washed with water,
dried over MgSO4, filtered, and the filtrate was evaporated under reduced pressure. The crude
product was purified by column chromatography with gradient elution from
heptane/dichloromethane 9/1 to 8/2 (v/v). 0.250 g of the target compound was obtained as a
white solid (0.504 mmol, 54% yield). 1H NMR (400 MHz, chloroform-d) δ 8.14 – 8.04 (m,
4H), 7.64 (s, 2H), 7.52 (t, J = 7.6 Hz, 4H), 7.41 (t, J = 7.4 Hz, 2H), 4.71 (d, J = 6.8 Hz, 2H),
2.33 (m, J = 6.2 Hz, 1H), 1.46 – 1.18 (m, 24H), 0.86 (m, 6H).
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4,7-bis(5-bromothiophen-2-yl)-2-(2-hexyldecyl)-2H-benzo[d][1,2,3]triazole (5a)
0.129 g of compound 4a (0.254 mmol) was dissolved in 10 mL chloroform in a Schlenk vial.
Subsequently, 0.116 g NBS (0.652 mmol) was added. The reaction mixture was protected
from incident light. After 6 h, 20 mg extra NBS was added, and the mixture was left to react
over weekend. Then, another 57 mg NBS was added, and the temperature was increased to
50°C. After 2 h, 30 mg extra NBS was added. After having reacted further overnight at 50°C,
the reaction mixture was extracted with water, after which the organic phase was dried over
MgSO4 and filtered. The solvent was evaporated under reduced pressure, and the residue was
purified by column chromatography with solid loading and gradient elution from heptane to
heptane/dichloromethane 9/1 (v/v). 0.140 g of a yellow solid was obtained, which mainly
contained
5-bromo-4,7-bis(5-bromothiophen-2-yl)-2-(2-hexyldecyl)-2Hbenzo[d][1,2,3]triazole.
4,7-bis(4-bromophenyl)-2-(2-hexyldecyl)-2H-benzo[d][1,2,3]triazole (5b)
0.239 g of compound 4b (0.482 mmol) was dissolved in 2.5 mL chloroform in a roundbottom flask, after which 7 mg of I2 (27.6 µmol) was added. Then 0.45 mL Br2 (8.78 mmol)
was added dropwise. After having reacted overnight, the reaction mixture was quenched in
aqueous Na2SO3, after which the aqueous fraction was removed. The remaining organic
fraction was concentrated under reduced pressure, and the residue was purified by column
chromatography with gradient elution from heptane to heptane/dichloromethane 8/2 (v/v).
130 mg yellow solid was obtained, which mainly contained 5-bromo-4,7-bis(4-bromophenyl)2-(2-hexyldecyl)-2H-benzo[d][1,2,3]triazole.
5,6-difluoro-2-(2-hexyldecyl)-4,7-di(thiophen-2-yl)-2H-benzo[d][1,2,3]triazole (7a)
0.198 g of compound 6 (0.368 mmol) and 0.30 mL 2-(tributylstannyl)thiophene (0.945 mmol)
were dissolved in 3.7 mL dry toluene in a dried Schlenk tube. The solution was bubbled with
argon for 5 min, and 10 mg Pd2(dba)3 (10.9 µmol) and 12 mg PPh3 (45.8 µmol) were added
subsequently. The solution was again bubbled with argon for 5 min, and was then left to react
overnight at 120°C under argon. After reaction, the reaction mixture was cooled down to
room temperature and was quenched with water. The mixture was washed with brine, dried
over MgSO4, and filtered. The filtrate was concentrated under reduced pressure. The residue
was purified by column chromatography with gradient elution from heptane to
heptane/dichloromethane 8/2 (v/v), followed by recrystallization from ethanol. The target
compound was obtained as a green-yellow solid (0.120 g, 0.221 mmol) in a 60% yield. 1H
NMR (400 MHz, chloroform-d) δ 8.32 (dd, J = 3.8, 1.1 Hz, 2H), 7.54 (dd, J = 5.2, 1.1 Hz,
2H), 7.24 (t, J = 4.5 Hz, 2H), 4.72 (d, J = 6.5 Hz, 2H), 2.29 (m, J = 6.3 Hz, 1H), 1.48 – 1.16
(m, 24H), 0.86 (m, 6H).
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5,6-difluoro-2-(2-hexyldecyl)-4,7-diphenyl-2H-benzo[d][1,2,3]triazole (7b)
55 mg of compound 6 (0.10 mmol), 28 mg phenylboronic acid (0.23 mmol), 52 mg K2CO3
(0.38 mmol), 2.5 mg Pd2(dba)3 (2.7 µmol), and 3.0 mg PPh3 (11 µmol) were weighed in a
dried Schlenk vial. 0.3 mL water and 0.7 mL toluene were added subsequently, and the
solution was brought under argon. A drop of Aliquat® 336 was added, and the reaction
mixture reacted over weekend at 100°C under argon. The mixture was then cooled to ambient
temperature, and quenched in water. After extraction with dichloromethane, the combined
organic fractions were washed with water, dried over MgSO4, and filtered. The filtrate was
concentrated under reduced pressure. The resulting crude product was purified by
recrystallization from ethanol, after which 24 mg of a white crystalline powder was obtained
(45 µmol, 44% yield). 1H NMR (400 MHz, chloroform-d) δ 7.93 (d, J = 7.6 Hz, 4H), 7.54
(dd, J = 8.3, 6.8 Hz, 4H), 7.46 (t, J = 7.3 Hz, 2H), 4.61 (d, J = 6.9 Hz, 2H), 2.25 (m, 1H), 1.40
– 1.16 (m, 24H), 0.86 (m, 6H).
5,6-difluoro-2-(2-hexyldecyl)-4,7-di(pyridin-2-yl)-2H-benzo[d][1,2,3]triazole (7c)
53 mg of compound 6 (99 µmol) and 0.12 g 2-(tributylstannyl)pyridine (0.31 mmol) were
dissolved in 1 mL dry toluene in a dried Schlenk tube. The resulting solution was bubbled
with argon for 5 min. 2.5 mg Pd2(dba)3 (2.7 µmol) and 3.0 mg PPh3 (11 µmol) were added
subsequently, and the solution was again bubbled for 5 min with argon. The reaction mixture
was left to react over weekend at 100°C under argon, cooled to room temperature, and
subsequently quenched with water. After washing with brine, the organic fraction was dried
over MgSO4 and filtered. The filtrate was concentrated under reduced pressure. The residue
was purified by column chromatography with gradient elution from dichloromethane over
heptane to heptane/ethyl acetate 7/3 (v/v). Impure target compound (39 mg) was obtained and
used for further reaction without additional purification steps. 1H NMR (400 MHz,
chloroform-d) δ 8.87 (ddd, J = 4.9, 1.8, 1.0 Hz, 2H), 7.94 (d, J = 7.9 Hz, 2H), 7.87 (td, J = 7.7,
1.8 Hz, 2H), 7.38 (ddd, J = 7.5, 4.9, 1.3 Hz, 2H), 4.63 (d, J = 7.1 Hz, 2H), 2.25 (m, 1H), 1.31
– 1.15 (m, 24H), 0.85 (m, 6H) (Note: the 1H NMR spectrum also contains impurity peaks).
4,7-bis(5-bromothiophen-2-yl)-5,6-difluoro-2-(2-hexyldecyl)-2H-benzo[d][1,2,3]triazole
(8a)
0.113 g of compound 7a (0.208 mmol) was dissolved in 2 mL chloroform in a Schlenk vial,
after which 81 mg NBS (0.455 mmol) was added. The vial was protected from incident light,
and the reaction mixture was left overnight. Then 15 droplets of DMF were added. 7 h after
DMF addition, an additional 21 mg of NBS was added and the mixture was left to react over
weekend. Then, the reaction mixture was washed four times with brine and once with water,
dried over MgSO4, and filtered. The filtrate was evaporated under reduced pressure and the
remaining solids purified by recrystallization from ethanol. The target compound was
obtained as a yellow powder (0.129 g, 0.184 mmol, 88% yield). 1H NMR (400 MHz,
chloroform-d) δ 8.03 (d, J = 4.1 Hz, 2H), 7.18 (d, J = 4.0 Hz, 2H), 4.71 (d, J = 6.4 Hz, 2H),
2.27 (q, J = 6.2 Hz, 1H), 1.47 – 1.19 (m, 24H), 0.86 (m, 6H).
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4,7-bis(4-bromophenyl)-5,6-difluoro-2-(2-hexyldecyl)-2H-benzo[d][1,2,3]triazole (8b)
20 mg of compound 7b (38 µmol) was dissolved in 0.15 mL of chloroform in a Schlenk vial,
and 1.0 mg of I2 (3.9 µmol) was added. 19 mg Br2 (0.12 mmol) was dissolved in 0.15 mL
chloroform, and this solution was added dropwise to the solution of 7b. The reaction mixture
was left to react for 96 h at 40°C, after which it was quenched in aqueous Na2SO3 and
extracted with brine. The organic fraction was dried over MgSO4, filtered, and concentrated
under reduced pressure. Almost no reaction had occurred, and compound 7b remained
present.
4,7-bis(5-bromopyridin-2-yl)-5,6-difluoro-2-(2-hexyldecyl)-2H-benzo[d][1,2,3]triazole
(8c)
39 mg of impure compound 7c (56 µmol) was dissolved in 0.35 mL of chloroform in a
Schlenk vial, and 0.9 mg of I2 (3.5 µmol) was added. 33 mg Br2 (0.21 mmol) was dissolved in
0.10 mL chloroform, and this solution was added dropwise to the solution of 7c. The reaction
mixture was left to react for 72 h at 40°C. Almost no reaction had occurred, and compound 7c
remained present.
2-(2-hexyldecyl)-4,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2Hbenzo[d][1,2,3]triazole (3B)
51 mg of impure compound 3 (0.10 mmol), 74 mg bis(pinacolato)diboron (0.29 mmol),
75 mg
potassium
acetate
(0.76
mmol),
and
3.7
mg
[1,1’bis(diphenylphosphino)ferrocene]dichloropalladium (Pd(dppf)Cl2) (5.1 µmol) were weighed
in a dried Schlenk vial. 1 mL dry dioxane was added, and the resulting solution was bubbled
with argon for 10 min. Then, the solution was heated to 90°C, and left to react overnight
under argon atmosphere. After reaction, the reaction mixture was quenched with water and
extracted with ethyl acetate. The organic phase was washed with brine, dried over MgSO4,
filtered, and concentrated under reduced pressure. 82 mg brown solid was obtained, which
contained a mixture of products.
5,6-difluoro-2-(2-hexyldecyl)-4,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2Hbenzo[d][1,2,3]triazole (6B)
0.201 mg of compound 6 (0.374 mmol), 0.274 g bis(pinacolato)diboron (1.08 mmol), 0.219 g
potassium acetate (2.23 mmol), and 14 mg Pd(dppf)Cl2 (19 µmol) were weighed in a dried
Schlenk vial. 1.9 mL dry dioxane was added, and the resulting solution was bubbled with
argon for 10 min. Then, the solution was heated to 90°C, and left to react overnight under
argon atmosphere. Then, an additional 90 mg bis(pinacolato)diboron and 12 mg Pd(dppf)Cl2
were added, and the mixture was again left to react overnight. A mixture of products was
obtained, as observed from 1H and 19F NMR spectroscopy.
33

PBTz(HD)DTP (P1)
0.115 g 4-(2-ethylhexyl)-2,6-bis(trimethylstannyl)-4H-dithieno[3,2-b:2',3'-d]pyrrole (DTP)
(0.187 mmol), 0.100 g of compound 6 (0.187 mmol), 2.57 mg Pd2(dba)3 (2.81 µmol), and
2.93 mg PPh3 (11.2 µmol) were weighed in a dried Schlenk vial. 1.8 mL dry toluene and
0.2 mL dry DMF were added, and the resulting solution was bubbled with argon for 15 min.
After overnight reaction at 115°C, 2 mL chloroform was added. The solution was stirred for
10 min. at 80°C and was then precipitated in methanol. The precipitate was dissolved in
chloroform and treated with potassium ethylenediaminetetraacetate (EDTA). The solution
was refluxed for 30 min, then water was added, and the mixture was again refluxed for
30 min. The organic phase was washed with water, concentrated under reduced pressure, and
precipitated in methanol. The precipitate was subjected to Soxhlet extraction with acetone,
hexane, and dichloromethane. The dichloromethane fraction was concentrated under reduced
pressure and was precipitated in methanol. The polymer was obtained as copper-colored
flakes (62 mg, 50% yield). GPC (o-DCB, 140°C): Mn = 1.2 kDa, Mw = 2.5 kDa, Ð = 2.03.
PBTz(oct2)DTP (P1’)
78.3 mg 4-(2-ethylhexyl)-2,6-bis(trimethylstannyl)-4H-dithieno[3,2-b:2',3'-d]pyrrole (DTP)
(0.127 mmol), 69.9 g of compound 6’ (0.127 mmol), 1.72 mg Pd2(dba)3 (1.88 µmol), and
1.99 mg PPh3 (7.59 µmol) were weighed in a dried Schlenk vial. Then, 1.8 mL dry toluene
and 0.2 mL dry DMF were added. The resulting solution was bubbled with argon for 15 min,
and lowered into an oil bath. The temperature was raised to 115°C, and the solution was left
to react overnight under argon. After reaction, 4 mL of chloroform was added, and the
solution was stirred at 80°C for 15 min. After subsequent precipitation in methanol, the
precipitate was subjected to Soxhlet extraction with acetone and hexane. The hexane fraction
was concentrated under reduced pressure and precipitated in methanol. The target polymer
was obtained as copper-coloured grains/flakes (85 mg, 98% yield). GPC (o-DCB, 140°C): Mn
= 1.2 kDa, Mw = 2.3 kDa, Ð = 2.00.
PBTz(HD)TDTPT (P2)
88.1 mg 4-(2-ethylhexyl)-2,6-bis(trimethylstannyl)-4H-dithieno[3,2-b:2',3'-d]pyrrole (DTP)
(0.143 mmol), 0.100 g of compound 8a (0.143 mmol), 1.95 mg Pd2(dba)3 (2.13 µmol), and
2.25 mg PPh3 (8.58 µmol) were weighed in a dried Schlenk vial. 1.8 mL dry toluene and
0.2 mL dry DMF were added, and the resulting solution was bubbled with argon for 15 min.
Then, the solution was stirred for 48 h under argon at 115°C. After reaction, 4 mL chloroform
and 0.5 mL 1,1,2,2-tetrachloroethane (TCE) were added, and the mixture was stirred at 80°C
for 10 min. The solution was then precipitated in methanol, and the precipitate was dissolved
in chloroform with potassium ethylenediaminetetraacetate (EDTA) as palladium scavenger.
After 45 min of reflux, water was added and the mixture was again refluxed for 45 min. The
organic phase was washed with water and concentrated under reduced pressure. The
concentrated solution was precipitated in methanol. The residue was subjected to Soxhlet
extraction with acetone, hexane, dichloromethane, and TCE. The dichloromethane fraction
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was concentrated under reduced pressure and precipitated in methanol, to yield 82 mg of
brown flakes (69% yield). GPC (o-DCB, 140°C): Mn = 1.5 kDa, Mw = 3.1 kDa, Ð = 2.08.
PBTz(HD)3T
46.8 mg of 2,5-bis(trimethylstannyl)thiophene (0.114 mmol), 79.9 mg of compound 8a
(0.114 mmol), 3.14 mg Pd2(dba)3 (3.42 µmol), and 3.55 mg PPh3 (1.35 µmol) were weighed
in a dried Schlenk tube with stirring bar. 1.8 mL dry toluene and 0.2 mL dry DMF were
added, and the resulting solution was bubbled with argon for 15 min. Then, the solution was
lowered into an oil bath at 115°C. After reaction overnight under argon, 2 mL chloroform was
added at 80°C, and the solution was refluxed for 10 min. After precipitation in methanol, the
precipitate was subjected to Soxhlet extraction with acetone, hexane, dichloromethane, and
chloroform. The residue was boiled in 1,1,2,2-tetrachloroethane (TCE) and poured over a
paper filter. The polymer remained undissolved on the paper filter.
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Chapter 3: Effect of the spacing unit nature on the
exciton binding energy of diketopyrrolopyrrolebased conjugated polymers
Abstract
Three diketopyrrolopyrrole-dithienopyrrole (DPP-DTP) copolymers are synthesized, and the
physical properties are compared to three other DPP-DTP copolymers reported in literature.
The exciton binding energy is calculated from UV/Vis absorption spectroscopy and squarewave voltammetry measurements. It is noticed that the optical and electrochemical band gaps
increase with decreasing electron donating character of the spacing unit between DPP and
DTP, and that the magnitude of the exciton binding energy decreases with decreasing electron
donating character of the spacing unit. With benzene spacers implemented, an exciton binding
energy as low as 0.12 eV is observed. This observation is attributed to the out-of-plane twist
of the benzene units, which separate the DPP and DTP units electronically.
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1. Introduction
In the previous chapter, an attempt was made to synthesize D-A conjugated polymers based
on DTP as D and BTz as A. However, the synthesis of BTz-based monomers was
cumbersome, and polymerization techniques approved by co-workers for DPP polymers did
not apply to BTz polymers. Only a few polymers could be synthesized, which all had low
molecular weights.

Figure 3.1: Three DPP-DTP copolymers with different spacing units. The corresponding exciton binding energy
as extracted from literature is shown between parentheses. 1

Trying to solve these issues will likely lead to a study of organic synthesis and transition
metal cross-coupling chemistry. Since in this work the main goal is to reduce the exciton
binding energy, the research was shifted to DPP, another strong electron withdrawing unit. In
contrast to BTz, DPP is an extensively studied building block and has already been
copolymerized with various electron donating units. It has both a high electron and hole
mobility2,3, and is regularly found to crystallize in photovoltaic active layers due to its high
dipole moment.4 Copolymers consisting of DPP and DTP with thiophene5, selenophene5,
thiazole6, and pyridine7 as spacing units have already been synthesized by co-workers. These
polymers show high molecular weights, optical band gaps between 1.2 and 1.5 eV and
electrochemical band gaps between 1.5 and 1.7 eV.

Figure 3.2: Target D-A conjugated polymers in this chapter.

Already in Figure 1.6, three DPP-based conjugated polymers with DTP as donor were
discussed. These polymers, PDPPTDTPT, PDPPSDTPS, and PDPPPyDTPPy, are drawn
again in Figure 3.1, and have an exciton binding energy significantly lower than the average
of 0.44 eV for DPP polymers.1 Also the thiazole-spaced DPP-DTP copolymer6 has a
relatively low exciton binding energy of 0.39 eV. However, this polymer was functionalized
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with 2-butyloctyl chains on the DPP core, instead of 2-hexyldecyl chains. Since these alkyl
chains have a significant effect on the aggregation behavior8-10, this thiazole-spaced polymer
will not be used for comparison any further in this work.
In this chapter, two additional DPP-DTP copolymers are synthesized. One polymer
(PDPPPhDTPPh) contains phenyl spacer units, the other (PDPPTDTPPy) contains
asymmetric DPP-spacer blocks containing one thiophene and one pyridine spacer. It is
predicted that the properties of PDPPTDTPPy will lie in between those of PDPPTDTPT and
PDPPPyDTPPy. The properties of PDPPPhDTPPh are more difficult to hypothesize, since it
is known that the benzene rings twist out of plane.3 Furthermore, also a second batch of
PDPPTDTPT is made, to investigate the batch-dependence on the exciton binding energy.
The three targeted polymers are depicted in Figure 3.2.
2. Results and discussion
2.1. Polymerizations

Scheme 3.1: Synthesis route to target polymers shown in Figure 3.2.

The polymerizations of DTP with DPP were targeted through Stille cross-coupling
copolymerization, similar to Chapter 2, and a summary is given in Scheme 3.1. Monomers
M2 and M3 were provided by co-workers. Also compound 1 was synthesized prior to this
work, and was converted to M1 through reaction with N-bromosuccinimide (NBS) in
chloroform.11,12 In comparison with the NBS brominations from the previous chapter, no
heating or N,N-dimethylformamide (DMF) addition was needed, which evidences an easier
reaction and probably a higher reaction rate.
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During the polymerization of M1 with DTP the viscosity increased dramatically, and a gel
was formed after 30 min. This observation was not made for the other polymerizations. This
indicates that PDPPTDTPT probably has a higher molecular weight than PDPPPhDTPPh and
PDPPTDTPPy.
2.2. Characterization
The physical properties of the previously discussed DPP-DTP copolymers are summarized in
Table 3.1. Optical properties were determined from UV/Vis spectra shown in Figure 3.3, and
electrochemical properties were determined from square-wave voltammograms shown in
Figure 3.4. The two batches of PDPPTDTPT only significantly differ in their thin-film optical
band gap. This difference is likely caused by a difference in molecular weight. However, the
molecular weight of most polymers could not be determined. It has been reported5 that
PDPPSDTPS and PDPPTDTPT do not elute from a GPC column, due to either degradation or
strong interaction with the stationary phase. Our second batch of PDPPTDTPT showed the
same issue, but likely has a lower molecular weight than the reported first batch because of
both a slightly lower solution and thin-film optical band gap (Figure 3.3). PDPPTDTPPy did
elute from the GPC column, but gave a strongly tailed signal, and therefore the molecular
weight could not be determined correctly. PDPPPyDTPPy7 and PDPPPhDTPPh did give a
reliable signal, and had a number-averaged molecular weight (Mn) of 55.6 kDa and 4.6 kDa
with dispersity (Ð) values of 4.42 and 8.74 respectively. The high dispersity of
PDPPPhDTPPh is likely caused by a too high solubility. It was recovered from the hexane
fraction during Soxhlet extraction, and therefore low-weight fractions could not be removed.
Table 3.1: Summary of physical properties of DPP-DTP copolymers. Properties of PDPPTDTPT, PDPPSDTPS,
and PDPPPyDTPPy were extracted from literature.1,5,7
PDPPSDTPS

PDPPTDTPT

PDPPTDTPT
(2nd batch)

PDPPTDTPPy

PDPPPyDTPPy

PDPPPhDTPPh

Eg,optsol

1.28

1.28

1.29

1.42

1.58

1.85

Eg,opt

1.13

1.23

1.28

1.37

1.54

1.80

-0.05

0.02

0.02

0.12

0.27

0.23

-1.51

-1.56

-1.55

-1.49

-1.43

-1.69

-5.18

-5.25

-5.25

-5.35

-5.50

-5.46

-3.72

-3.67

-3.68

-3.74

-3.80

-3.54

1.46

1.58

1.57

1.61

1.70
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As from Figure 3.3, most polymers show a rather low difference between solution and thinfilm optical band gap, with PDPPSDTPS being the only exception. This indicates that
PDPPSDTPS is less strongly aggregated in solution than the other polymers. For
PDPPPhDTPPh, the small difference is likely caused by poor aggregation in both solution and
film, since the benzene rings are twisted out of plane.3
PDPPPhDTPPh
PDPPPyDTPPy
PDPPTDTPPy
PDPPTDTPT
PDPPTDTPT (2nd)
PDPPSDTPS
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0,8
0,6
0,4
0,2
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Figure 3.3: UV/Vis spectra of polymers from Table 3.1 in (a) solution (b) thin film. Spectra of PDPPSDTPS,
PDPPTDTPT, and PDPPPyDTPPy were extracted from literature. 5,7

Figure 3.3 also shows a clear decrease in optical band gap from benzene over pyridine and
thiophene to selenophene as spacing unit. This trend corresponds to an increase in donating
character of the spacer, and several insights underlie this reasoning. Firstly, five-membered
rings such as thiophene and selenophene have 6 π-electrons distributed over 5 atoms, while
six-membered rings have 6 π-electrons divided over 6 atoms. Therefore, five-membered rings
are expected to be more electron-rich, and to be better electron donating units. Secondly,
selenophene is a better electron donating unit than thiophene, since selenium has a higher
polarizability and a lower electronegativity than sulfur. Lastly, it might be expected on first
sight that benzene is a better donor than pyridine, due to the higher electronegativity of
nitrogen. However, since the benzene rings in PDPPPhDTPPh are twisted out of plane, and
the pyridine rings in PDPPPyDTPPy are not3, PDPPPhDTPPh has a much smaller average
conjugation persistence length, and therefore it also has a higher optical band gap.
A last remark about the UV/Vis spectra concerns the absorption peaks at higher energy than
the band gap. All polymers except PDPPPhDTPPh show a vibronic fine structure, in which
the main absorption peak represents the 0–0 transition, and the high-energy shoulder
represents the 0–1 transition.10,13,14 PDPPPhDTPPh does not have this fine structure, probably
due to the presence of many different rotational conformations of the polymer, since the
benzene rings are twisted out of plane. Moreover, all polymers show high-energy features in
the region between 350 nm and 500 nm, related to higher energy electronic transitions.
Besides optical absorption, PDPPPhDTPPh also has a divergent oxidation behavior. Figure
3.4 shows two resolved oxidation peaks for this polymer, whereas the other polymers show
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two or three non-resolved current onsets. The cause of this difference is unclear at this
moment.
PDPPTDTPT (2nd)
PDPPPhDTPPh

PDPPTDTPT
PDPPPyDTPPy

Current (a.u.)

PDPPSDTPS
PDPPTDTPPy

-2,5

-2,0

-1,5

-1,0

-0,5

0,0

0,5

1,0

+

Potential (V vs. Fc/Fc )

Figure 3.4: Square-wave voltammograms of polymers synthesized in this chapter. Diagramma of PDPPSDTPS,
PDPPTDTPT, and PDPPPyDTPPy were extracted from literature. 1

Already in Chapter 1, a detailed study by co-workers on the exciton binding energy of various
DPP polymers was presented (Figure 1.6).1 This plot can now be extended with the three
polymers synthesized in this chapter, and a reworked version is given in Figure 3.5. As can be
seen, the new polymers are all positioned above the dotted line, and therefore have a below
average exciton binding energy.
Already in Table 3.1, it could be observed that both the electrochemical and optical band gap
increase with decreasing electron donating character of the spacing unit. However, since the
optical band gap increases more rapidly, the exciton binding energy tends to decrease with
decreasing donating character of the spacer. PDPPPhDTPPh proves to be the extreme case in
this trend. Because the benzene rings twist out of plane, the DPP and DTP units are
electronically almost fully separated, and the conjugation persistence length is much smaller
than in the other polymers. Therefore, both the optical band gap and the electrochemical band
gap are high, and the exciton binding energy amounts only 0.12 eV, which is 4.5 times higher
than the thermal energy at room temperature. Therefore, generation of intramolecular charge
transfer states might be expected. However, it can also be expected that due to the low
conjugation length and the high average π-π stacking distance, the mobility of the created
charge carriers in PDPPPhDTPPh will be significantly lower than in the other polymers. In
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fact, it has been shown that the mobility of benzene-spaced DPP polymers is much lower than
the mobility of thiophene-spaced DPP polymers, up to several orders of magnitude.2,15-17
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Figure 3.5: Plot of electrochemical band gap vs. optical band gap for various DPP polymers. Black points depict
polymers extracted from literature1; red points depict polymers synthesized in this work. The dotted line
represents a band gap difference of 0.44 eV. Labels of DPP-DTP copolymers (shown in Figures 3.1 and 3.2) are
added to their corresponding points, with omission of ‘PDPP’. The other polymers are numbered in the same
way as in Figure 1.6, and the corresponding structures are shown in the appendix of Chapter 1.

3. Conclusion
Three DPP-DTP copolymers with different spacer units were synthesized in this chapter, and
were compared with DPP-DTP copolymers previously synthesized by co-workers. All three
polymers had an exciton binding energy significantly lower than the average for DPP
polymers. Furthermore, several trends have been designated for DPP-DTP copolymers.
Firstly, the optical and electrochemical band gaps increased with decreasing electron donating
character of the spacing units. Secondly, the exciton binding energy of DPP-DTP copolymers
decreased with decreasing electron donating character of the spacing units, which gives an
answer to one of the main research questions of this work.
Among all analyzed DPP polymers, PDPPPhDTPPh showed the lowest exciton binding
energy, amounting only 0.12 eV. This low value is caused by a twist of the benzene rings,
which separates the strong electron donating DTP units from the strong electron withdrawing
DPP units, offering the possibility to generate intramolecular charge transfer states. However,
it has been shown in literature that the charge carrier mobility in benzene-spaced DPP
polymers is often much lower than in thiophene-spaced DPP polymers due to these benzene
twists, and it can be expected that the same will apply to DPP-DTP copolymers.
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4. Experimental
All commercial chemicals and (dry) solvents were used without additional purification steps
unless stated otherwise. 4-(2-ethylhexyl)-2,6-bis(trimethylstannyl)-4H-dithieno[3,2-b:2',3'd]pyrrole (DTP) was bought from Solarmer. Tris(dibenzylideneacetone)dipalladium
(Pd2(dba)3) was bought from Strem Chemicals Inc. Compound 1 and monomers M2 and M3
were previously synthesized by co-workers.5,18 For M2, a literature procedure was followed.19
All other chemicals were purchased from Sigma-Aldrich, Acros Organics, or Tokyo Chemical
Industry Co., Ltd.
N-bromosuccinimide (NBS) was recrystallized from deionized water before use.
Triphenylphosphine (PPh3) and monomer M3 were recrystallized from methanol before use.
The synthesis of M1 was based on literature procedures.11,12 Polymerization conditions were
based on earlier polymerizations in our group.5,7,9,10,20,21 The purity of all monomers was
checked with 1H NMR before polymerization.
1

H NMR spectroscopy measurements were performed on a 400 MHz Bruker Avance III
spectrometer. Chemical shifts are given in ppm with respect to tetramethylsilane as internal
standard. Matrix assisted laser desorption/ionization mass spectra with time-of-flight mass
spectrometer (MALDI-TOF) were recorded on a Bruker Autoflex Speed spectrometer.
Polymer solution and thin-film UV/Vis spectra were measured on a Perkin Elmer Lambda
1050 spectrophotometer at room temperature. The polymer solutions were prepared by adding
one drop of a 6 mg/mL polymer solution in 9/1 (v/v) chloroform/o-dichlorobenzene to a
quartz cuvette filled with chloroform. The polymer films were prepared by spin coating a
6 mg/mL polymer solution in 9/1 (v/v) chloroform/o-dichlorobenzene onto a glass substrate at
1500 rpm for 60 s. The glass substrates were washed with acetone and isopropanol, and
treated with UV-ozone for 30 min before use. Polymer weight distributions were estimated
through gel permeation chromatography (GPC) on a Agilent Technologies PL-GPC 220 high
temperature chromatograph with PL-GEL 10 mm MIXED-C column, calibrated with
polystyrene internal standards and with o-dichlorobenzene at 140°C as eluent. Prior to
measurement the samples were stirred at 140°C until the polymer was dissolved completely.
Square-wave voltammetry (SWV) was measured on a AutoLab PGSTAT12 potentiostat
under inert atmosphere. The measurements were performed with a polymer-coated Pt wire as
work electrode, a Ag wire as counter electrode, and a AgCl-coated Ag wire, calibrated vs.
Fc/Fc+, as quasi-reference electrode. The Pt wire was coated by dipping it in a 2 mg/mL
polymer solution in chloroform, which had been heated for 2 h at 90°C. A 0.1 M solution of
tetrabutylammonium hexafluorophosphate (TBAPF6) in acetonitrile was used as electrolyte.
For conversion of chemical potentials to energy levels, EFc/Fc+ was assumed to equal -5.23 eV
vs. vacuum level.
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3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-hexyldecyl)-2,5-dihydropyrrolo[3,4-c]pyrrole1,4-dione (M1)
0.197 g of compound 1 (0.263 mmol) was dissolved in 5.3 mL chloroform. The solution was
bubbled with argon for 5 min, and then 0.100 g NBS (0.562 mmol) was added at 0°C. The
reaction mixture was protected from incident light, and was slowly brought back to ambient
temperature. After reaction overnight, the reaction mixture was washed with water, dried over
MgSO4, and filtered. The solvent was evaporated under reduced pressure, and the residue was
recrystallized from ethanol to yield the target compound as a purple solid (0.168 g,
0.185 mmol, 70% yield). 1H NMR (400 MHz, 1,1,2,2-tetrachloroethane-d2) δ 8.55 (s, 2H),
7.24 (d, J = 4.2 Hz, 2H), 3.91 (d, J = 7.7 Hz, 4H), 1.86 (m, 2H), 1.25 (m, 48H), 0.86 (m, 12H).
PDPPTDTPT
54.6 mg 4-(2-ethylhexyl)-2,6-bis(trimethylstannyl)-4H-dithieno[3,2-b:2',3'-d]pyrrole (DTP)
(88.5 µmol), 80.0 mg of monomer M1 (88.2 µmol), 1.22 mg Pd2(dba)3 (1.33 µmol), and
1.36 mg PPh3 (5.20 µmol) were weighed in a dried Schlenk tube with stirring bar. 1.8 mL dry
toluene and 0.2 mL dry N,N-dimethylformamide (DMF) were added, and the resulting
solution was bubbled with argon for 15 min. The reaction mixture was then lowered into an
oil bath at 115°C, and was left to react overnight under argon. Subsequently, 4 mL 1,1,2,2tetrachloroethane (TCE) was added to the resulting gel, and the reaction mixture was refluxed
at 90°C for 15 min. After precipitation in methanol, the precipitate was subjected to Soxhlet
extraction with acetone, hexane, dichloromethane, and chloroform. The residue was boiled in
TCE and poured over a paper filter. The filtrate was concentrated under reduced pressure and
precipitated in methanol, to yield the polymer as black spherical particles (68 mg, 74% yield).
PDPPTDTPPy
54.8 mg of 4-(2-ethylhexyl)-2,6-bis(trimethylstannyl)-4H-dithieno[3,2-b:2',3'-d]pyrrole
(DTP) (88.8 µmol), 80.0 mg of monomer M2 (88.7 µmol), 1.19 mg Pd2(dba)3 (1.30 µmol),
and 1.42 mg PPh3 (5.39 µmol) were weighed in a dried Schlenk vial with stirring bar. 1.8 mL
dry toluene and 0.2 mL dry DMF were subsequently added, and the reaction mixture was
bubbled with argon for 15 min. Then, the mixture was heated to 115°C overnight under argon.
After reaction, 4 mL TCE was added, and the solution was stirred at 90°C for 15 min. After
precipitation in methanol, the precipitate was vacuum filtered, and subjected to Soxhlet
extraction with acetone, hexane, and dichloromethane. The dichloromethane fraction was
concentrated under reduced pressure, precipitated in methanol, and filtered, to yield the
polymer as 70 mg of dark purple flakes (76% yield).
PDPPPhDTPPh
55.4 mg of 4-(2-ethylhexyl)-2,6-bis(trimethylstannyl)-4H-dithieno[3,2-b:2',3'-d]pyrrole
(DTP) (89.8 µmol), 80.1 mg of monomer M3 (89.5 µmol), 1.19 mg Pd2(dba)3 (1.30 µmol),
and 1.44 mg PPh3 (5.47 µmol) were poured into a dried Schlenk tube with stirring bar. 1.8 mL
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dry toluene and 0.2 mL dry DMF were added, and the resulting solution was bubbled with
argon for 15 min, lowered into an oil bath, and heated to 115°C. After reaction overnight
under argon, 4 mL chloroform was added at 80°C, and the solution was stirred for 15 min.
The solution was then precipitated in methanol, and the precipitate was subjected to Soxhlet
extraction in acetone and hexane. The hexane fraction was concentrated under reduced
pressure and precipitated in methanol, to yield 70 mg of copper-coloured polymer (76%
yield). GPC (o-DCB, 140°C): Mn = 4.2 kDa, Mw = 36.8 kDa, Ð = 8.74.
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Chapter 4: Performance in solar cells and external
quantum efficiency measurements in diodes of
diketopyrrolopyrrole-dithienopyrrole copolymers
Abstract
Photovoltaic devices of polymer:PC71BM blends with diketopyrrolopyrrole-dithienopyrrole
copolymers from Chapter 3 are fabricated. The performance of these devices is characterized,
and power conversion efficiencies up to 4.2% are reached. Subsequently, an alternative
method to determine the exciton binding energy is introduced, based on sensitive external
quantum efficiency measurements on neat polymer diodes. From these measurements, a
significantly higher exciton binding energy is found than from UV/Vis absorption and squarewave voltammetry measurements, performed in Chapter 3. Furthermore, it is noticed that for
the benzene-spaced copolymer, the UV/Vis absorption spectrum and the external quantum
efficiency spectrum are very similar. This gives a strong indication that free charges are
thermally generated upon photon absorption, and that generated excitons can be dissociated
by thermal energy.
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1. Introduction
So far, five DPP-DTP copolymers with different spacing units have been described. In this
chapter, the performance of these polymers in polymer:fullerene BHJ photovoltaic devices
will be discussed. Currently, single junction DPP-based polymer:fullerene BHJ solar cells can
reach power conversion efficiencies (PCEs) as high as 9.6%1, and for DPP-DTP copolymers
PCEs of 5.6% have already been attained.2 Since the DPP unit is strongly electron
withdrawing, copolymerization with strong electron donors as DTP can result in ultra-low
band gap polymers, with optical band gaps as low as 1.2 eV. Despite the resulting low VOC
values, these polymers can retain a high EQE at wavelengths up to 1000 nm, resulting in high
JSC values above 20 mA cm-2.3 Furthermore, since DPP polymers generally also have high
charge carrier mobilities up to 1 cm2 V-1 s-1 4,5, acceptable fill factors of above 0.55 are
attainable.6
Regarding the fabrication of the devices, several choices need to be made. A first choice
concerns the BHJ acceptor. DPP-DTP polymers are continuously blended with fullerene
acceptors, and to be able to compare the devices from this work to literature references,
fullerene acceptors will also be used here. Both PC61BM and PC71BM are extensively used in
BHJ solar cells with DPP polymers. However, since DPP-DTP copolymers tend to have a
poor absorption at wavelengths between 400 and 700 nm3,6,7, and since PC71BM has a higher
optical absorption coefficient than PC61BM in this region, the former acceptor will be used
throughout this chapter. Besides the choice of the fullerene acceptor, also the device
configuration needs to be considered. For PDPPSDTPS and PDPPTDTPT, it has been shown 3
that the inverted configuration leads to higher PCEs than the regular configuration, and
therefore the inverted configuration will be employed for the polymers synthesized in this
work. The device layout is shown in Figure 4.1, and contains ZnO and MoO3 as respective
hole and electron transporter and indium tin oxide (ITO) and silver as respective hole and
electron collector.
Silver
MoO3
Active layer
ZnO
ITO
Glass
Figure 4.1: Device layout used for both BHJ solar cells and polymer diodes in this chapter. As shown here, light
should be irradiated from the bottom.

As already mentioned in Chapter 1, multiple ways exist to estimate the exciton binding
energy. In Chapter 2 and Chapter 3, the exciton binding energy was calculated as the
difference between the optical band gap and electrochemical band gap through UV/Vis and
SWV measurements. In this chapter, the exciton binding energy will be determined from the
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external quantum efficiency (EQE) spectrum of polymer-only “solar cells”, which will be
called (neat) polymer diodes throughout this chapter. Since no donor-acceptor heterojunction
as in Figure 1.2 is present in a polymer diode, the PCE of a polymer diode is marginal.
However, the photo-induced charge generation in these devices has thoroughly been
described.8 It has already been observed in 1965 that anthracene has a second quantum
efficiency onset at higher energy than the first (optical band gap) onset.9 Furthermore, it was
observed that this second onset is associated with a more effective generation of charge
carriers.9 More recently, it has been stated for P3HT that this second onset corresponds to the
transport gap (Eg,trans) of the polymer.10 It has been hypothesized that at the first EQE onset
(Eg,EQE), free charges are generated at the interfaces with the electrodes or with impurities
present in the polymer layer, because in these regions no excess energy above the optical
excitation energy is required for exciton separation and current generation.10 Since only
specific regions in the polymer layer are suited for these events, this would also explain why
the EQE remains low directly after this onset. At the second onset, the excess energy would
then be delivered to generate free charges in the bulk of the polymer as well, and accordingly
the EQE rises to higher values. From this point of view, the exciton binding energy (Eb,EQE) is
then equal to the energy difference between the two onsets in the EQE spectrum.

Even though for DPP-DTP copolymers only hole mobility values have been reported to our
knowledge3,7,11, the hole mobility in DPP polymers is generally higher than the electron
mobility.4,12 This inequality causes a difference in polymer diode performance between the
regular and inverted configuration. In the regular configuration, more charges are generated
near the (front, transparent) hole collector than near the (back) electron collector, since the
irradiated light intensity decays throughout the active layer by absorption. However, since in
this configuration electrons have to be transported through the active layer to the back
electrode, and since the electron mobility is low, many recombination events will occur near
the front electrode, where the light absorption is highest. In contrast, inverted devices have a
transparent (front) electron collector, and due to the higher hole mobility less recombination
will occur in the region with the highest charge generation rate. Therefore, it is expected that
polymer diodes in the inverted configuration will have a higher current output. In fact, this
hypothesis has been vindicated by optical modeling.13 Because of this insight, polymer diodes
in the inverted configuration are fabricated in this chapter. More specifically, the same device
layout as for the BHJ devices will be used (Figure 4.1).
2. Results and discussion
2.1. Polymer:PC71BM bulk heterojunction solar cells
In Chapter 3, three DPP-DTP copolymers were synthesized: PDPPTDTPT, PDPPTDTPPy,
and PDPPPhDTPPh. The performance of the best polymer:PC71BM BHJ devices is
summarized in Table 4.1, and J-V curves and EQE spectra of the best devices are compared in
Figure 4.2(a) and (b). Only chloroform was tested as the main active layer processing solvent.
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For PDPPTDTPT, different concentrations of both o-dichlorobenzene (o-DCB) and diphenyl
ether (DPE) co-solvents were tested. The best device processed with 5 v% o-DCB gave a PCE
of 3.6%, and the best device processed with 2% DPE gave a PCE of 4.0%. The main
difference between the two co-solvents was the attained JSC, and Figure 4.2(c) shows that this
JSC difference is due to a lower EQE between 600 and 1000 nm.
Co-workers have already fabricated PDPPTDTPT devices, which were processed with 5 v%
o-DCB as co-solvent, and with slightly higher VOC and FF.3 A JSC of 20.5 mA cm-2 was
reached for an active layer thickness of 110 nm. In this work, a 110 nm thick active layer
processed with 5 v% o-DCB as co-solvent was made as well, but only a JSC of 13.5 mA cm-2
could be reached. For the 92 nm thick device in Table 4.1, a higher JSC was reachable, but still
amounted only 15.9 mA cm-2. The significant difference in JSC between literature and this
work might be caused by the empirically observed lower molecular weight discussed in
Chapter 3, or by a higher concentration of trap states in the active layer.
Table 4.1: Solar cell characteristics of the best fabricated polymer:PC71BM BHJ solar cells.

Co-solvent

a

d (nm)

b

JSC (mA cm-2)

c

VOC (V)

FF

PCE (%)

o-DCB (5%)

92

15.89

0.42

0.55

3.6

DPE (2%)

97

19.92

0.40

0.50

4.0

PDPPTDTPPy

DPE (5%)

81

15.21

0.56

0.50

4.2

PDPPPhDTPPh

DPE (2%)

89

1.97

0.68

0.36

0.5

PDPPTDTPT

a

All devices were processed from chloroform as main solvent. The volumetric fraction of co-solvent is added between
b

c

parentheses; Active layer thickness; Determined from convolution of the EQE spectrum under bias light with the AM1.5G
spectrum.

For PDPPTDTPPy and PDPPPhDTPPh only different concentrations of DPE were
investigated. Although the best PDPPTDTPPy device gave a PCE of 4.2%, the maximal PCE
reached for PDPPPhDTPPh was only 0.5%, which was largely caused by leakage (Figure
4.2(a)) and liquid-liquid phase separation (Figure 4.2(d)). These negative effects are possibly
caused by a too high polymer solubility, since the out-of-plane benzene twists reduce the
aggregation behavior, and since PDPPPhDTPPh had a low molecular weight (see Chapter 3).
Liquid-liquid phase separation was not observed for PDPPTDTPT-based active layers, as the
TEM image in Figure 4.2(e) demonstrates. However, the PDPPTDTPPy-based active layer
also show some phase separation (Figure 4.2(f)), and also shows leakage effects in Figure
4.2(a).
In Table 4.2, the performance of the devices processed with DPE as co-solvent are compared
with literature devices with PDPPSDTPS:PC71BM3 and PDPPPyDTPPy:PC71BM6 active
layers. Several trends can be noticed in this table. For example, the VOC increases with
increasing band gap energy of the polymer. Furthermore, most devices have a similar photon
energy loss (Eloss). This loss equals the difference between the optical band gap (Eg,opt) and
eVOC, with e the elementary charge. For most polymers, Eloss amounts about 0.80 eV. The
PDPPTDTPT device had an energy loss of 0.88 eV, although co-workers have reported a
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device with an energy loss of 0.80 eV. A much higher Eloss was obtained for PDPPPhDTPPh,
due to a higher LUMO-LUMO offset with PC71BM, and likely also due to the observed
liquid-liquid phase separation. A last noticeable trend is the increase in PCE with increasing
Eg,opt. This trend is probably caused by a better balance between thermalization and
transmission losses, as already discussed in Chapter 1.

(a)

10

0,7

PDPPTDTPT
PDPPTDTPPy
PDPPPhDTPPh

PDPPTDTPT
PDPPTDTPPy
PDPPPhDTPPh

0,6
0,5

EQE

Current density (mA cm-2)

20

0

0,4
0,3
0,2

-10

0,1
-20
-1,0

-0,5

0,0

0,5

Voltage (V)

1,0

0,0

(b)

400

600

800

1000

Wavelength (nm)

0,7
0,6

EQE

0,5
0,4
0,3
0,2
PDPPTDTPT from DPE
PDPPTDTPT from o-DCB

0,1
0,0

(c)

(e)

400

600

800

Wavelength (nm)

1000

(d)

(f)

Figure 4.2: (a) J-V curves and (b) EQE spectra of the devices processed with DPE as co-solvent, discussed in
Table 4.1. These plots do not show the performance of the PDPPTDTPT:PC 71BM device processed with o-DCB
as co-solvent, but the EQE spectra of both PDPPTDTPT:PC71BM devices are compared in (c). An AFM
amplitude image of the PDPPPhDTPPh:PC71BM active layer is shown in (d). TEM images of the best
performing PDPPTDTPT:PC71BM and PDPPTDTPPy:PC71BM active layers, processed with DPE as co-solvent,
are shown in (e) and (f) respectively.
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Table 4.2: Comparison of Eg,eff with VOC of DPP-DTP copolymers. Only the VOC of the PDPPTDTPT:PC71BM
device processed with DPE as co-solvent was used for comparison.

Eg,opt
(eV)

EHOMO
(eV)

ELUMO
(eV)

1.13

-5.18

-3.72

Eg,eff
(eV)a
1.02

1.23

-5.25

-3.67

PDPPTDTPT (2 )

1.28

-5.25

PDPPTDTPPy

1.37

PDPPPyDTPPy c
PDPPPhDTPPh

PDPPSDTPS c
PDPPTDTPT c
nd

a

0.35

Eloss
(eV)b
0.78

1.09

0.43

0.80

4.8

-3.68

1.09

0.40

0.88

4.0

-5.35

-3.74

1.19

0.56

0.81

4.2

1.54

-5.50

-3.80

1.34

0.71

0.83

5.0

1.80

-5.46

-3.54

1.3

0.68

1.12

0.5

Eg,eff = ELUMO,PCBM – EHOMO, with ELUMO,PCBM = - 4.16 eV;

b

VOC (V)

PCE (%)
3.3

Eloss = Eg,opt – eVOC, with e the elementary charge;

Properties of PDPPSDTPS, PDPPTDTPT, and PDPPPyDTPPy were retrieved from literature.

c

3,6,14

2.2. Polymer diodes
Polymer diodes were fabricated in the same way as photovoltaic devices (Figure 4.1), but
with an active layer composed of solely polymer. These diodes have been characterized with
EQE (Figure 4.3(a)), and the results are displayed in Table 4.3.
Table 4.3: Summary of optical band gap, electrochemical band gap, transport gap, and binding energy of six
DPP-DTP copolymers. Eg,opt and Eg,SWV were already discussed in Chapter 3; Eg,EQE and Eg,trans are determined
from EQE spectra shown in Figure 4.3.

Eg,opt (eV)

Eg,EQE (eV)

Eg,SWV (eV)

0.33

0.52

1.23

PDPPTDTPT (2nd)

1.28

1.18

1.57

1.87

0.29

0.69

PDPPTDTPPy

1.37

1.32

1.61

1.85

0.24

0.53

PDPPPyDTPPy
PDPPPhDTPPh
a

Data retrieved from literature.

1.54

a

1.80

1.23

1.46

a

1.84

1.58

1.72

PDPPTDTPT

a

a

Eb,EQE (eV)

a

1.20

1.46

Eb (eV)

1.13

PDPPSDTPS

a

Eg,trans (eV)

a

1.70

a

1.92

1.79

1.93
---

a

a

0.35

0.16

a

a

0.12

0.56 a

0.47 a
---

13,14

As already mentioned in the introduction of this chapter, two onsets can be noticed in the
EQE spectra. The first onset between 1.20 eV and 1.50 eV corresponds to the optical band
gap Eg,EQE, and the second onset between 1.70 eV and 2.40 eV corresponds to the transport
gap Eg,trans. The exciton binding energy Eb,EQE is calculated by the difference between these
gaps, and is compared with the Eb values obtained in Chapter 3. Although Eg,EQE can be
determined with acceptable precision, the second EQE onset is shallow, and it is hard to
determine Eg,trans and Eb,EQE correctly. Therefore, the reported Eb,EQE values in Table 4.3 are
accompanied with uncertainties of about 0.10 eV.
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Figure 4.3: (a) Normalized EQE spectra of the six polymers discussed in Table 4.3. (b) Superimposition of the
normalized EQE spectrum of PDPPPhDTPPh onto the corresponding UV/Vis spectrum.

(a)

It is observed that Eg,opt and Eg,EQE differ significantly for some polymers. This difference is
possibly caused by a difference in film morphology13, since the polymer films for UV/Vis and
EQE measurements were processed under different conditions. Besides the difference in
optical gap, it can be noticed that Eg,trans is significantly larger than Eg,SWV. Therefore Eb,EQE is
also significantly larger than Eb, as reported in literature.13 Also the reason for this difference
is unclear.
In contrast to the other polymers, the EQE spectrum of PDPPPhDTPPh only shows one onset,
at 1.84 eV. In Figure 4.3(b), this EQE spectrum is superimposed onto the UV/Vis absorption
spectrum of PDPPPhDTPPh. It is noticed that Eg,opt is smaller than Eg,EQE, and that the
difference amounts 0.04 eV. However, the most important remark is that, apart from
differences in amplitude, the shape of both curves is very similar upwards of 350 nm. This
indicates that in this regime the free charge generation rate is likely directly correlated to the
photon absorbance, and that free charges are likely generated upon light absorption.
Therefore, it would confirm the absence of a distinct transport gap, and the ability of thermal
energy to overcome the Eb value of 0.12 eV calculated in Chapter 3. Therefore,
PDPPPhDTPPh appears to be a polymer with a sufficiently reduced exciton binding energy,
and might answer to one of the main research questions of this work.
Finally, Figure 4.4 shows the low-energy tail of the EQE spectra from Figure 4.3(a). A bump
in the tails can be seen, which indicates the presence of sub-band gap trap states in the
polymer. These trap states have extensively been described in literature, and have already
been noticed in a variety of DPP polymers, among which PDPPTDTPT.13 The presence of
trap states can be caused by several processes13, such as degradation by illumination15,16 or the
presence of catalyst17, oxygen18, moisture18, or low-weight polymer19 residues.
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Figure 4.4: Sensitive EQE spectra of the six polymers discussed in Table 4.3. The arrows depict sub-gap trap
states. Spectra of PDPPTDTPT and PDPPPyDTPPy were extracted from literature. 13

3. Conclusion
Both polymer:PC71BM BHJ photovoltaic cells and polymer diodes were fabricated, using the
polymers synthesized in Chapter 3. The photovoltaic devices reached PCEs up to 4.0%, 4.2%,
and 0.5% for PDPPTDTPT, PDPPTDTPPy, and PDPPPhDTPPh respectively. The active
layer of the PDPPPhDTPPh-based device showed liquid-liquid phase separation, as confirmed
with AFM. After comparison with literature examples, it was noticed that the PCE tends to
increase with increasing Eg,opt, and thus with decreasing electron donating character of the
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spacing unit. The cause for this trend is likely a better balance between thermalization and
transmission losses in the active layer. Furthermore, it was observed that the photon energy
loss of most DPP-DTP copolymers is 0.80 eV.
Through sensitive EQE measurements on polymer diodes, the exciton binding energy of the
DPP-DTP copolymers discussed in Chapter 3 was determined, and compared with
calculations from Chapter 3. It was observed that Eg,opt and Eg,EQE can differ significantly, and
that for all investigated polymers Eg,trans is larger than Eg,SWV. Therefore, the binding energy
estimated from EQE measurements is significantly larger than estimated from UV/Vis
absorption spectroscopy and SWV. However, the cause for this deviation is unknown. Finally,
the EQE spectra of all investigated polymers showed a bump in the low-energy tail, which is
attributed to the presence of sub-band gap trap states in the polymer layer.
It has been noticed that the UV/Vis absorption spectrum and the EQE spectrum of
PDPPPhDTPPh are very similar, apart from amplitude differences. This gives a strong
indication that free charges are generated upon photon absorption, and that excitons can be
dissociated thermally in this polymer. This observation might answer one of the main research
questions of this work. However, since liquid-liquid phase separation was observed for
PDPPPhDTPPh:PC71BM blends, the polymer structure and processing strategy still need to be
optimized.
4. Experimental
All commercial chemicals and solvents were used without additional purification steps unless
stated otherwise. PC71BM (90-95% pure) was purchased from Solenne BV. The synthesis of
PDPPTDTPT, PDPPTDTPPy, and PDPPPhDTPPh is described in Chapter 3, and
PDPPSDTPS was synthesized by co-workers.3 All other chemicals were purchased from
Sigma-Aldrich, Acros Organics, or Tokyo Chemical Industry Co., Ltd.
Photovoltaic devices and polymer diodes were fabricated on glass substrates patterned with
indium tin oxide (ITO) from Naranjo Substrates, and had two active areas of 0.09 cm² and
two active areas of 0.16 cm². The substrates were consecutively sonicated in acetone for 15
min, scrubbed with aqueous sodium dodecyl sulfate, sonicated in aqueous sodium dodecyl
sulfate for 15 min, washed with deionized water, sonicated in isopropanol for 15 min, and
treated with UV/ozone for 30 min.
For photovoltaic devices, a thin ZnO layer was deposited before active layer deposition. For
this layer, a solution of 0.5 M ethanolamine and 0.5 M zinc acetate dehydrate in 2methoxyethanol was stirred for 1 h at room temperature, followed by spin coating at 4000
rpm for 60 s and thermal annealing at 150°C for 15 min. For polymer diodes, the same
procedure was followed, only the precursor solution was this time spin coated at 5000 rpm for
60 s.
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Active layers were deposited onto the ZnO layer through spin coating. The best
PDPPTDTPT:PC71BM devices were fabricated by dissolving polymer and PC71BM in a 1:2
mass ratio in chloroform with either 5 v% o-dichlorobenzene or 2 v% diphenyl ether, such
that the polymer concentration was 4 mg/mL. The solutions were stirred at 90°C for at least 1
h, until the polymer was completely dissolved. After being cooled down to ambient
temperature, the solutions were spin coated inside a nitrogen-filled glovebox, and the
resulting polymer:PC71BM thin films were put under vacuum immediately. The best active
layers were deposited by spin coating at 2500 rpm for 60 s. All other active layers were
deposited using the same procedure, but with different polymer concentrations, solvents, and
spin coating rotation speeds. The best PDPPTDTPPy:PC71BM devices were fabricated by
spin coating a 6 mg/mL solution in chloroform with 5 v% diphenyl ether at 2000 rpm. The
best PDPPPhDTPPh:PC71BM devices were fabricated by spin coating a 6 mg/mL solution in
chloroform with 2 v% diphenyl ether as solvent at 3000 rpm. Active layers for PDPPSDTPS
and PDPPTDTPT diodes were deposited by spin coating a 6 mg/mL polymer solution in
chloroform with respectively 5 v% o-dichlorobenzene and 2 v% diphenyl ether at respectively
1000 and 3000 rpm. For PDPPTDTPPy and PDPPPhDTPPh diodes, a solution of 10 mg/mL
in chloroform with respectively 5 v% and 2 v% diphenyl ether was spin coated at respectively
1000 and 1500 rpm.
After active layer deposition, a 10 nm thick MoO3 layer and a 100 nm aluminum layer were
successively deposited through thermal evaporation at a pressure below 5 x 10-7 mbar in a
nitrogen-filled glovebox.
J-V measurements were performed inside a nitrogen-filled glovebox on a Keithley 2400
source meter, under ~100 mW cm-2 white light illumination, generated by a tungsten-halogen
lamp and filtered by a Schott GG385 UV filter and a Hoya LB120 daylight filter. After J-V
measurements, the short-circuit current was determined more accurately through convolution
of the spectral response with the AM1.5G spectrum. The spectral response function was
determined by measuring the external quantum efficiency (EQE), which was recorded as the
voltage produced by a SR570 preamplifier with a SR830 lock-in amplifier, both from
Stanford Research Systems. Monochromatic light from a Philips Focusline 50 W tungstenhalogen lamp was used, and was passed through an Oriel Cornerstone 130 monochromator
and an Stanford Research Systems SR540 optical chopper. To attain 1 sun illumination, either
a 940 nm, a 730 nm, or a 530 nm LED was used at different intensities. For both J-V and EQE
measurements, a calibrated Si cell was used as reference. Sensitive EQE measurements were
performed with light from an Osram 64655 HLX 250 W halogen lamp, which was passed
through a Cornerstone CS260-USB-3-MC-A monochromator and an Oriel 3502 optical
chopper. The response was recorded as the voltage produced by a Stanford Research Systems
SR570 preamplifier with an SR830 lock-in amplifier. A calibrated Si and InGaAs cell were
used as reference. The response sensitive EQE spectrum was corrected for active cell area
using the regular EQE data. Both EQE and sensitive EQE measurements were performed
outside the glovebox, but the cells were encapsulated in a nitrogen-filled box with a quartz
window. TEM images were created with a Tecnai G2 Sphera transmission electron
microscope (FEI) at 200 kV. The active layer was peeled off from the substrate after
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immersion in a 0.1 M HCl solution in water overnight. AFM images were created with a
Veeco MultiMode, using PPP-NCHR-50 tips from Nanosense. The thickness of the active
layer was determined with a Veeco Dektak 150 profilometer.
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