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1.1 Introduction 

Sustainable energy production is one of the major challenges for the coming 

decades, with the growing demand for energy projected to reach 27 TW by 2040.
1
 

Currently, a large part of the energy production is reliant on fossil fuels, which are 

becoming scarcer and have the problem of CO2 emissions, which are linked to global 

climate change. To ensure a sustainable energy production, fossil fuels will have to be 

phased out over the coming time, and the switch will have to be made to renewable energy 

sources. Among these, solar energy is expected to play a large role due to its relative 

abundance.
2
 Conversion of solar energy to power and fuels is therefore a fast growing 

technology.
3
 

The photovoltaic effect was first reported in 1839 by Becquerel when he 

demonstrated that platinum covered by silver chloride in a liquid electrolyte could convert 

light to electrical power.
4
 The research field of photovoltaics (PV) for energy production 

started, however, only in 1954, when Chapin fabricated the first silicon p-n junction and 

achieved a power conversion efficiency (PCE) of 6%.
5
 Since then, steady advancements 

have led to crystalline silicon solar cells with efficiencies beyond 25%.
6
 Due to the very 

high purity silicon required to make these cells, this technology was initially quite 

expensive, with the first commercial solar cells having a price of approximately 

$1500/Watt. Because of reduced production costs and technological developments, the 

price has now come down to $1-3/Watt, including the installation costs.
7
 Hence, crystalline 

silicon is the dominant technology on the PV market today.
8
 

Because of the historical high price of high purity silicon, other solar cell 

technologies have been developed. In addition to the low cost, most of these technologies 

are based on thin films and are therefore lightweight, increasing the potential areas of 

application. This represents an advantage over crystalline silicon cells, because silicon has 

an indirect band gap, requiring thick layers (200-300 μm) to absorb all the light. Thin film 

technologies can avoid this problem by employing direct band gap materials, such as 

amorphous silicon, cadmium telluride, gallium arsenide or CIGS (copper indium gallium 

(di)selenide). A recent thin film technology attracting much interest is based on solution 

processable hybrid organic metal halide perovskites, reaching PCEs up to 24.2%.
6,9

 Due to 

their light weight and mechanical flexibility, these technologies can have a wide application 

range and promise to make a valuable contribution to the solar technology field. One 
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downside is, however, that they often rely on scarce or toxic materials, which can be 

mitigated by using organic materials. 

 

1.2 Organic photovoltaics 

Organic photovoltaics (OPV) are based on organic molecules or polymers having a 

conjugated double-bond structure, which forms a large π-conjugated structure with 

electrons being delocalized over large parts of these molecules. By changing the chemical 

structure of these molecules, their optoelectronic properties relevant to solar cell 

applications, such as the optical band gap and frontier energy levels, can easily be tweaked. 

Organic solar cells can therefore be based on a multitude of materials with a variety of 

optical band gaps, thus offering control over the colour of the devices. Moreover, because 

of the synthetic flexibility, the solubility and aggregation of these materials can be altered, 

which is helpful in the optimization of the fabrication of these devices, which is usually 

done via solution processing techniques. 

As organic materials typically have high extinction coefficients, thin (~100 nm) 

layers can be used, which, when processed on flexible substrates, can allow for flexible and 

light-weight devices.
10

 In this way a range of applications in portable or mobile products 

can be imagined. Furthermore, by using transparent contacts, semi-transparent solar cells 

can be made in a variety of colours, allowing building-integrated applications such as solar 

 
 

 

  

Fig. 1.1: Transparent organic solar cell demonstrator (left)11 and transparent organic solar cells integrated in a roof 

(right).12 
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cell windows.
13

 In this regard the aesthetic qualities of organic solar cells can be an 

important advantage over other types of photovoltaics.
14

 

Another advantage of OPV is their rather low energy payback term (EPBT). The 

EPBT is the time it would take to generate the same amount of energy which was 

consumed during production of the solar cells. For organic solar cells this time has been 

calculated to be in the order of 6 months, with a rather low assumed PCE of 2%, and has 

even the potential to reach one day. In this regard OPV by far outperforms any other type of 

PV technology or sustainable energy production.
15-20

 Also the levelized cost of energy for 

OPV has been shown to be no obstacle for adoption of the technology, as it is approaching 

the same levels as crystalline silicon.
21

 This has opened up the possibility of 

commercialization of OPV over the last years, as has been shown by companies like 

infinityPV,
22

 Heliatek
23

 and OPVIUS.
24

 

The photovoltaic effect was first observed in organic materials in 1959 when Pope 

and Kallmann observed a photocurrent upon illuminating anthracene single crystals.
25

 The 

research in organic semiconductors was, however, only started in earnest in 1977 by the 

discovery of electrical conductivity in doped polyacetylene films by Heeger, MacDiarmid 

and Shirakawa.
26,27

 Like in other semiconductors, light can be absorbed in organic 

molecules when the energy of the incident photons is higher or equal to the optical band 

gap of the material. Photons with energy above the optical band gap will be absorbed and 

then lose the excess energy via a thermalisation process, while photons with energies lower 

than the band gap will be transmitted. Due to the rather low relative dielectric constants 

typically found in organic materials (εr ≈ 3), the excited state which is formed in this 

process will be tightly bound, preventing spontaneous separation of charges in the 

material.
28

 This state is a quasiparticle called an exciton, and features a small change in the 

bond lengths of the molecule, providing a stabilization of the excited state. The binding 

energy of excitons is typically of the order of several tenths of an electron volt, which is far 

greater than in inorganic semiconductors. Therefore, a driving force must be introduced to 

separate the charges. 

In 1986, Tang explored a two material system in which one material acted as an 

electron donor, and the other as an electron acceptor.
29

 Thus, by providing an offset in the 

energy levels of the materials, a driving force for charge separation was provided and a 

PCE of 1% could be achieved. The working principle of organic solar cells is depicted in 
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Figure 1.2. In a two material organic solar cell, the light is absorbed by one of the materials 

and forms an exciton. This exciton has a limited lifetime and mobility, and will have an 

average diffusion length in the order of 10 – 15 nm.
30

 If the exciton encounters a material 

interface before recombining, free charges can be produced. The driving force for charge 

separation is provided by the offsets between the lowest unoccupied molecular orbitals 

(LUMOs) and the highest occupied molecular orbitals (HOMOs). Because excitons must 

reach an interface before decaying to produce charges, the materials must be mixed 

intimately to reduce non-radiative recombination losses. For this reason the bulk 

heterojunction (BHJ) configuration was developed, in which the two materials are 

intimately mixed and have a large interfacial area. By placing this BHJ between two 

electrodes with different work functions, an internal electric field is created, enabling the 

collection of the free charges. In this regard it is crucial that continuous pathways of pure 

donor or acceptor material to the electrodes exist to allow for the percolation of charges.
31
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Fig 1.2: Schematic working of an organic solar cell. (1) Absorption of light resulting in an exciton, (2) migration 

of the exciton to an interface, (3) charge separation, and (4) migration of the separated charges to the electrodes. 
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1.3 Device architecture and characterization 

To construct a single junction organic solar cell, multiple layers have to be stacked 

onto one another. These cells can be constructed with different polarities: in the “regular” 

structure the hole-collecting contact is on the bottom of the stack, while in the “inverted” 

structure the electron-collecting contact is on the bottom. The solar cells are constructed on 

a substrate, which can be glass but can also consist of flexible materials such as 

polyethylene terephthalate (PET), covered with a transparent conductive oxide (TCO), 

typically indium tin oxide (ITO), to ensure efficient transport of the charges out of the 

device. The top contact is usually an opaque metal, such as aluminium or silver, but can 

also be made (semi-)transparent to either make a semi-transparent device or to allow an 

opaque substrate. 

Glass substrate

ITOITO

PEDOT:PSSPEDOT:PSS

Active layerActive layer

LiF+AlLiF+Al

+

-

 

Fig 1.3: An example of a typical regular device structure used in this work. 

 

To improve the performance of the cell, hole and electron transport layers are 

employed between the electrodes and the active layer, providing an ohmic contact to the 

active layer by aligning the work functions and enhancing the extraction of charges. These 

layers also offer charge selectivity, reducing interfacial recombination losses, and can in 

some cases also provide a smooth surface for the next layer. Typical hole transport layers 

include poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS), MoO3, 

NiO and CuS. Among the electron transport layers LiF, ZnO, poly[(9,9-bis(3’-(N,N-

dimethylamino)propyl)-2,7-fluorene)-alt-(9,9-dioctylfluorene)] (PFN) and ethoxylated 

polyethylenimine (PEIE) are popular. The deposition of these materials can be done by 
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thermal evaporation in some cases, or via solution processing techniques like spin coating, 

doctor blading, slot-die coating or inkjet printing. In the case of solution processing it is 

important that the solvents which are used are “orthogonal”, i.e. that they do not dissolve 

any previously deposited layers.
32

 

To characterize the solar cell, both electrodes are connected to an external circuit, 

which enables a voltage sweep while recording the current density resulting in a current 

density – voltage (J-V) curve. In the dark, the solar cell exhibits diode behaviour, with 

typically only a small leakage current being present at reverse bias, and a large current 

density in forward bias. Under illumination a photocurrent is created and power is 

produced, as can be seen in the fourth quadrant of the J-V curve (Figure 1.4a). The curve 

can be characterized by certain key parameters. The short-circuit current density (Jsc) is the 

current density recorded when no voltage is applied (short circuit conditions) and can be 

seen in the point where the J-V curve intersects the current density axis. The open circuit 

voltage (Voc) is the voltage when the current density is zero (open circuit conditions), and 

can be seen in the point where the J-V curve intersects the voltage axis. The product of the 

current density and voltage provides the power output of the device and reaches a 

maximum (PMPP) in the maximum power point. 

 

𝑃MPP =  𝑉MPP ∙ 𝐽MPP 

 

From this point the fill factor (FF) of the cell can be determined as it is the ratio 

between the PMPP and the product of the Voc and Jsc. 

 

FF =  
𝑃MPP

𝑉oc ∙ 𝐽sc

 =  
𝑉MPP ∙ 𝐽MPP

𝑉oc ∙ 𝐽sc

 

 

This allows the maximum extractable power to be re-written as: 

 

𝑃MPP =  𝐽sc ∙ 𝑉oc ∙ FF 
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Fig. 1.4: J-V curve with the important points indicated. The fill factor is the ratio between the small and the large 

rectangle (a). An EQE spectrum (red) and the AM1.5G spectrum (black) (b). 

 

The performance of solar cells is measured under AM 1.5G (air mass 1.5 global) 

illumination at 1000 W/m² (Figure 1.4b).
33

 AM 1.5G is the spectral distribution of sunlight 

after passing through 1.5 times the thickness of the Earth atmosphere, which corresponds to 

the illumination on Earth on a clear day with the sun at 48.2° relative to the zenith. In the 

lab, this is simulated by illumination with a lamp and appropriate filters. This means that 

the J-V measurement occurs under simulated solar light, which provides a good estimation 

of the Voc and fill factor, but can induce an error in the Jsc because
 
of spectral mismatch.

34
 

To measure the Jsc more accurately, the wavelength (λ) dependent spectral responsivity of 

the device (S(λ)) is measured. S(λ) is related to the external quantum efficiency (EQE), 

which is defined as the ratio of collected charges to the number of incident photons on the 

device per wavelength: 

𝑆(𝜆) = EQE(𝜆)
𝑒𝜆

ℎ𝑐
 

 

with e the elemental charge, h Planck’s constant and c the speed of light. Integrating the 

product of the spectral response and the AM 1.5G reference spectrum over all wavelengths 

then yields a better estimation of the Jsc. 

𝐽sc =  ∫ 𝑆(𝜆) ∙ 𝐸AM1.5G(𝜆)d𝜆 
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A power conversion efficiency can then be calculated by dividing the (corrected) 

maximum power point by the power of the incident light (Pin). 

 

PCE =  
𝑃MPP

𝑃in

=  
𝐽sc ∙ 𝑉oc ∙ FF

𝑃in

 

 

When measuring the EQE, commonly a low intensity light source is used as the 

probe light, which means the cell is operating at light intensities well under AM 1.5G 

conditions. As a consequence, less charge carriers will be generated and be present in the 

device during this measurement, causing less charge recombination than in a cell operating 

under AM 1.5G. As this can lead to an overestimation of the EQE, the cell is illuminated 

with a bias light approximating the conditions under 1 sun illumination.
35

 

 

1.4 Energy levels 

As mentioned above, the active layer of organic solar cells generally consists of a 

mixture of two materials, with one acting as an electron donor and the other as an electron 

acceptor. Optimization of the energy levels in these materials is important as they 

determine in large part the photovoltaic properties of the cell.
36

 First, the optical band gaps 

of the materials are important, as they determine how much of the solar spectrum can be 

absorbed, in this way influencing the maximum photocurrent that can be reached. Second, 

the offset between the HOMOs and LUMOs of the materials must be large enough to 

ensure charge separation. Any light that is absorbed by the donor will create an exciton on 

the donor material. The offset between the LUMOs and the HOMOs of the donor and 

acceptor provide the driving force to transform this exciton into free charges by allowing 

the electron and hole to migrate to the acceptor and donor, respectively. If the HOMO-

HOMO and LUMO-LUMO offsets are not large enough, no charges will be generated by 

light absorbed by the acceptor or donor, respectively. In such case, energy transfer may 

occur in which the excitation energy is transferred from the materials with higher optical 

band gap to the one with the lower optical band gap. Third, the Voc is influenced by the 

difference in energy between the HOMO of the donor and the LUMO of the acceptor. This 

is because this energy difference directly influences the energy of the charge transfer state, 
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which has been shown to be related to the Voc.
37,38

 In practice an empirical relation between 

the Voc and the energy levels has been established: eVoc = EHOMO,D − ELUMO,A − 0.4 eV.
39

 

These relations have to be kept in mind when designing new materials for solar 

cells. For example, decreasing the band gap of a donor material will result in a red-shifted 

absorption profile and thus a higher Jsc, but also in a reduction of the Voc by raising the 

HOMO level. Therefore, this will not necessarily lead to an improved PCE. If on the other 

hand the optical band gap of the donor is reduced by lowering the LUMO level, the Voc will 

not be affected, but when the LUMO becomes too low compared to the LUMO of the 

acceptor, no charge transfer will take place anymore. When designing new materials, the 

impact of chemical changes on the energy levels therefore has to be carefully considered.
38

 

Since both the optical band gap and Voc can easily be measured, the minimum 

photon energy loss (Eloss) is a useful parameter when describing materials. 

 

𝐸loss =  𝐸g,eff − 𝑒𝑉oc 

 

Eloss is a combination of the energy loss incurred by the LUMO-LUMO or 

HOMO-HOMO offsets required to split the exciton, the Coulomb energy gained by 

spatially separating the electron and hole, and the subsequent voltage loss due to non-

radiative recombination of electrons and holes. At room temperature and AM1.5G 

illumination, the minimum photon energy loss required to ensure a working device has 

been found to be around 0.6 eV in the case of fullerene-based cells,
39

 although isolated 

examples of working devices with Eloss ≈ 0.5 eV have been found.
40

 When Eloss is below 

this threshold, the quantum efficiency for charge generation drops steeply and becomes 

negligible.
40

 It is important to keep this Eloss as low as possible to ensure the maximum Voc 

possible. This intrinsic energy loss reduces the maximal theoretical limit for the PCE from 

33.7%
41

 (the Shockley-Queisser limit for single junction solar cells) to ~23%.
42

 

 

1.5 Design and synthesis of materials 

Donor materials for OPV have been extensively researched in the past, and many 

examples of both small molecules and polymers exist. These materials are composed of a 

conjugated core to which solubilizing (usually aliphatic) side chains are attached. The first 
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Scheme 1.1: Selection of historically important molecules and polymers. 

 

polymer to rise to prominence was poly[2-methoxy-5-(3′,7′-dimethyloctyloxy)-1,4-

phenylenevinylene] (MDMO-PPV),
43

 followed by poly(3-hexylthiophene) P3HT (Scheme 

1.1).
44

 Both materials have relatively high optical band gaps, restricting the maximal Jsc that 

could be obtained. Hence, low band gap polymers were developed. 

To reduce the band gap of a conjugated polymer, two design strategies have 

emerged: the stabilized quinoid form approach and the donor-acceptor or push-pull design. 

The quinoid approach is based on reducing the bond length alternation between single and 

double bonds when the polymer is excited (Peierls distortion). This is achieved by 

stabilizing the structure of the excited state or quinoid form of the polymer. An example of 

this is polyisothianaphthene (PITN), where the benzene ring gains aromaticity when the 

polymer is in the quinoid form, thus reducing the band gap from ~2 eV for polythiophene to 

~1 eV for PITN (Scheme 1.2).
45

 

 

 

Scheme 1.2: PITN in the aromatic and quinoid form. 
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The donor-acceptor design (not to be confused with donor and acceptor materials, 

and therefore also called the push-pull mechanism) works by stabilizing the excited state 

via charge stabilization. In this architecture, electron-rich moieties (donors) are combined 

with electron-poor moieties (acceptors) in an alternating copolymer structure.
46,47

 As can be 

seen in the energy diagram in Figure 1.5, the HOMO energy level is mostly determined by 

the donor, while the LUMO energy level is mostly determined by the acceptor. In this way, 

the energy levels can be controlled by changing donor or acceptor moieties or by making 

small adjustments to the chemical structure of the donor or acceptor. Also the solubility and 

tendency of aggregation can be controlled by tuning the solubilizing side chains. A recent 

development is the use of two donor or acceptor moieties in the same polymer backbone, 

thus creating a terpolymer architecture.
48

 

Donor Acceptor

HOMO

LUMO

Eg

E
 

Fig. 1.5: Qualitative molecular orbital theory (QMOT) picture of the orbital mixing of an electron-deficient 

(Acceptor) and an electron-rich (Donor) moiety. 

 

As these polymers are built up out of two distinct alternating groups, palladium-

catalysed polycondensation reactions are mostly used to produce these polymers. In 

particular the Suzuki-Miyaura
49

 and the Stille
50

 reactions, in which one monomer is 

functionalized with a bromide and the other with an organometallic group (a boronic ester 

or trialkylstannyl, respectively), are used extensively throughout literature. Also the direct 

heteroarylation is gaining in popularity as a polymerization method.
51

 In these reactions, it 

is important for the monomers to be pure and in stoichiometric balance with each other to 
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ensure high degrees of polymerization.
52

 In the past we have found in our group that 

reactions under unoptimized conditions can lead to defects wherein two monomers 

functionalized with bromide can be coupled with one another, leading to lowered 

photovoltaic performance, stressing the importance of the optimization of the 

polymerization reaction.
53

  

As acceptor materials, fullerene derivatives were introduced by Sariciftci et al.
54

 

and subsequently adopted as the standard acceptor material for many years. The most 

commonly used materials are [6,6]-phenyl-C61-butyric acid methyl ester ([60]PCBM) 

(Scheme 1.1) and its C71 analogue ([70]PCBM). The latter absorbs light more strongly and 

therefore contributes more to current generation.
55

 Good solubility, a high electron 

mobility
56

 and affinity,
54

 and their spatial symmetry all contributed to the success of these 

materials.
57

 Recently, new acceptor materials have emerged as promising materials for the 

further development of organic photovoltaics such as ITIC and IEICO (Scheme 1.1).
58

 

In blends with fullerene acceptors, PffBT4T (Scheme 1.3) is a class of highly efficient 

polymers. Developed in the group of He Yan, the solubilizing alkyl chains on these 

polymers can be finely tuned to achieve the optimal morphology of the blend in the active 

layers, illustrating the notion that the photovoltaic performance can be carefully optimized 

via structural modifications in the polymer. A record-high efficiency of 11.7% was thus 

reached with PffBT4T-C9C11 (Scheme 1.3) in combination with [70]PCBM.
59

 An example 

of structural modification used to tune the energy levels of non-fullerene acceptors was 

recently provided by Chen et al. By using a halogenation strategy on the acceptor FDICTF 

(Scheme 1.3), they were able to reach a PCE over 12% in combination with PBDB-T 

(Scheme 1.3).
60

 Structural optimization of the polymer to reach the desired morphologies 

with non-fullerene acceptors remains important as well, as demonstrated in the case of 

PBT1 (Scheme 1.3). By careful optimization of the side chains, a PCE of 10% with 

[70]PCBM, and 12.7% with ITCPTC (Scheme 1.3) could be reached.
61

 At the time of 

writing, the world record single junction solar cell consists of PM6 and Y6 as active layer 

materials (Scheme 1.3) and has a PCE of 15.7%.
62

 The efficiency world record for organic 

tandem solar cells has now reached 17.3%, with a stack using PBDB-T and F-M as the 

front cell materials, and a ternary blend containing PTB7-Th, [70]PCBM and O6T-4F as 

the back cell (Scheme 1.3).
63
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Scheme 1.3: Selection of highly efficient polymers and molecules used in OPV. 

 

A class of polymers which has been extensively investigated in the past in our 

group is based on diketopyrrolopyrrole (DPP).
64

 Having first been synthesized by Farnum 

in 1974 as phenyl flanked DPP,
65

 its high absorption coefficient and good stability made it 

a good candidate as a base for photovoltaic materials. By using thiophene flanked DPP, 

first synthesized by Turbiez,
66

 planarity was achieved which drastically improved the 

photovoltaic performance of these materials.
67

 Other heteroaryl groups such as furan,
68

 

selenophene
69

 and pyridine
70

 have been used over the years to tune the properties of the 
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Scheme 1.4: Selection of DPP-based polymers. 

 

materials. One interesting property is the strong π-π interaction between the DPP cores, 

causing a strong tendency of aggregation.
71

 This is visible even in solution and can lead to 

semi-crystalline domains in the solid state. A higher degree of crystallinity can lead to both 

higher charge carrier mobilities, as well as a better morphology formation in combination 

with PCBM.
72

 This has led to efficient DPP-based materials breaking the barrier of 9% 

PCE in combination with [70]PCBM.
73,74 

 

1.6 Morphology 

As alluded to previously, the performance of organic solar cells is strongly 

dependent on the morphology of the active layer. To ensure that all excitons can reach an 

interface during their limited lifetime, an intimate mixture of the donor and acceptor is 

preferred. On the other hand, as soon the charges are separated, continuous pathways of 

donor and acceptor to the electrodes must be present to ensure efficient charge percolation. 

Thus, in case of a mixture which is too fine, charge generation will be efficient, but not all 

charges will be able to reach the electrodes, leading to greater non-geminate recombination 

and resulting in low fill factors and a reduced Jsc. In case of too coarse mixing, the 

reduction in charge generation efficiency will lead to a low Jsc. To maximize the Jsc and fill 

factor, the morphology must therefore be tuned between these two extremes.
75

 In this 

regard not only the size but also the purity of the domains is important.
76

 Since the 

morphology is defined during the deposition of the layer, the processing conditions, besides 

the physical properties of the materials, must be optimized to ensure the best morphology. 

Concentration, solvent, co-solvent, temperature, donor-acceptor ratio and post treatment 
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steps such as thermal or solvent annealing all have been found to influence the morphology 

in some way.
75

 

Bulk heterojunctions of DPP-based polymers and methanofullerenes have been 

shown to produce fibre-like morphologies in the case of highly efficient cells processed 

from solvent mixtures containing chloroform and a co-solvent such as ortho-

dichlorobenzene (o-DCB), 1,8-diiodooctane (DIO) or diphenyl ether (DPE) (Figure 1.6). 

The width of these fibres has been linked directly to the EQE and Jsc of the cells, with 

smaller widths producing higher Jscs.
77,78

 In cells processed from pure chloroform it was, 

however, found that large domains of PCBM are formed with polymer phase in between, 

which was attributed to liquid-liquid phase separation during the final stages of drying of 

the layer.
79

 This large scale phase separation can be repressed by the addition of co-

solvents. In this case, the polymers aggregate before liquid-liquid phase separation occurs, 

forming a fibrous network which traps the PCBM in between. Previous research in our 

group showed that the solubility of the polymer in the final solvent mixture just before 

drying directly influences the size and width of the fibres, which can be rationalized using a 

nucleation-and-growth model.
80,81

 Reducing the solubility by reducing the length of the side 

chains was thus found to positively influence the morphology. Likewise, polymers with 

higher molecular weights were shown to produce better morphologies, which was attributed 

to the lower solubility associated with this higher molecular weight. 

 

  

Fig. 1.6: Example of a TEM image of a blend between a DPP-based polymer and [70]PCBM. The polymer 

domains are visible as bright fibres against the darker [70]PCBM regions. In the right image crystalline fringes can 

be seen in the polymer domains. 
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1.7 Aim 

The work described in this thesis aims to further the understanding of DPP 

polymer-fullerene solar cells, with an emphasis on active layer morphology formation, 

using structural modification of the polymers. An unanswered question in organic solar cell 

literature is the extent of the influence of defects in the polymer chain. Especially in the 

case of homocoupling of stannyl monomers it remains unclear what is the occurrence and 

influence on the photovoltaic properties. Another question that remains to be explained 

relates to the exact factors that influence morphology formation. As mentioned above, one 

theory is based on the solubility of the polymers, but more competing theories exist. The 

influence of structural elements in the polymer remains therefore hard to predict, and new 

insights into this are required to deepen our understanding. Finally the terpolymer design 

motif has been developed over the past years, but the use of this structural motif as a design 

tool can benefit from a better understanding and theory with predictive powers as to what 

the optoelectronic properties of the new polymers are going to be. 

In chapter 2 the influence of homocoupling of trialkylstannyl monomers is 

investigated. In two DPP polymers (PDPP3T and PDPP4T) these defects are deliberately 

introduced to test their influence on the optoelectronic and photovoltaic properties of the 

materials. It is found that this type of homocoupling, unlike the homocoupling of bromide 

monomers, does not have a large influence in these materials. The occurrence of this type 

of defects is also found to be low in a representative test reaction, although the presence of 

air is found to play a role. 

Chapter 3 describes the synthesis of a branched DPP polymer in order to influence 

the morphology of the active layer. By mixing a trifunctional monomer in the 

polymerization mixture, branched polymers are easily obtained. It is found that the 

solubility of the branched polymers is significantly lower than that of the corresponding 

linear polymer, resulting in an improved morphology formation. A strong increase in Jsc 

from 8.6 to 12.5 mA/cm² and PCE from 4.4% to 6.3% can in this way be achieved. 

In chapter 4 DPP polymers with linear alkyl chains on the DPP core and branched 

alkyl chains on the adjacent thiophenes are presented. Through this alkyl chain substitution 

pattern a strong temperature dependency of the aggregation of the polymers in solution can 

be engineered. Unlike some reports in literature, processing these materials from hot 

solutions provides no enhancement in the morphology and efficiency compared to 
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processing from cold solutions. This temperature effect on the morphology formation can 

be understood in the framework of the nucleation-and-growth model, wherein the increased 

solubility of the polymer in hot solutions is not beneficial for the morphology. This result 

provides further insights in the role of temperature dependent solubility on the morphology 

formation. 

Chapter 5 describes the synthesis and properties of DPP polymers substituted with 

siloxane containing side chains. By varying the amount of siloxane and alkyl chains, a 

series of polymers is obtained wherein the solubility reduces with the amount of siloxanes 

incorporated. This decrease in solubility coincides with a decrease in molecular weight, in 

this way providing low solubility materials with a low molecular weight, and highly soluble 

materials with high molecular weight. It is found that the materials with the lowest 

solubility show slightly larger fibre widths than materials with higher solubility, suggesting 

that the influence of molecular weight on the morphology formation is more complex than 

previously assumed. A decrease in Jsc and PCE with higher siloxane concentrations is 

observed, which can be attributed both to the aforementioned unfavourable influence on the 

morphology, as well as a decrease in the efficiency of charge generation. The hole mobility 

is, however, positively influenced by the presence of siloxane chains in any concentration. 

A rule to predict the optoelectronic properties of regioregular terpolymers is 

established in chapter 6 by comparing seven terpolymers synthesized in our group to their 

related copolymers. It is found that the band gaps of the terpolymers are the arithmetic 

averages of the band gaps of the related copolymers. Likewise, the HOMO and LUMO 

energy levels of the terpolymers are the averages of the related copolymers. Solar cell 

devices made with these materials reveal that also the Voc and energy loss are similarly 

related. Other examples of regular terpolymers in literature are found to follow the same 

behaviour, thus providing a rule to predict the optoelectronic properties of new terpolymers. 
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On the homocoupling of trialkylstannyl monomers in 

the synthesis of diketopyrrolopyrrole polymers and 

its effect on performance of polymer-fullerene 

photovoltaic cells 

 

 

Abstract 

Homocoupling of monomers in a palladium-catalysed copolymerization towards 

donor-acceptor polymers affects the perfect alternating structure and may deteriorate the 

performance of such materials in solar cells. Here we investigate the effect of 

homocoupling bis(trialkylstannyl)-thiophene and -bithiophene monomers in two low band 

gap poly(diketopyrrolopyrrole-alt-oligothiophene) polymers by deliberately introducing 

extended oligothiophene defects in a controlled fashion. We find that extension of the 

oligothiophene by one or two thiophenes and creating defects up to at least 10% does not 

significantly affect the opto-electronic properties of the polymers or their photovoltaic 

performance as electron donor in solar cells in combination with [6,6]-phenyl-C71-butyric 

acid methyl ester as acceptor. By using model reactions, we further demonstrate that for 

the optimized synthetic protocol and palladium-catalyst system the naturally occurring 

defect concentration in the polymers is expected to be less than 0.5%.  

 

 

 

This work has been published: G. H. L. Heintges, R. A. J. Janssen, RSC Adv., 2019, 9, 

15703-15714. 
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2.1 Introduction 

The performance of conjugated polymers in organic solar cells is primarily 

determined by the chemical structure of the backbone and side chains that provide the 

material with its semiconducting and structural properties. However, also other factors such 

as the molecular weight distribution,
1-3

 the presence of end groups,
4,5

 possible branching of 

the main chain,
6
 and impurities in the polymer can affect the functional properties.

7-9
 In 

addition, structural defects in the polymer main chain have been found to be important. For 

asymmetric monomers, head-to-head or tail-to-tail couplings may occur, next to the 

preferred head-to-tail linkages.
10,11

 Alternatively, in the case of cross-coupling 

polymerizations where two complementary comonomers are used, a coupling reaction 

between two identical monomers introduces a defect in the perfect alternating structure. 

This last phenomenon is referred to as homocoupling. Homocoupling reactions are known 

to occur in the Suzuki,
12

 Stille,
13

 and direct arylation
14

 cross-coupling polycondenstation 

reactions that are commonly used to synthesize donor-acceptor small molecules and 

polymers that find widespread use organic solar cells. The topic of structural defects is 

finding increasing awareness and was recently reviewed by Maes et al.
15

  

The homocoupling of two bromoaryl monomers in the Suzuki and Stille 

polymerization reaction towards low band gap diketopyrrolopyrrole (DPP) polymers has 

previously been investigated in our group in some detail.
16

 The defect is caused by 

homocoupling of two brominated dithienyl-diketopyrrolopyrrole (T-DPP-T) units, creating 

T-DPP-2T-DPP-T defects in the polymer main chain. These defects generate a low-energy 

feature in the absorption spectrum. As a result, the 2T defect can act as a trap for excitons 

and charges, and thereby explains the significant decrease in photovoltaic performance of 

solar cells when polymers with increasing 2T defect concentration were blended with [6,6]-

phenyl-C71-butyric acid methyl ester ([70]PCBM).
16

 An extensive overview of the literature 

showed that the same homocoupling defect is present in many DPP polymers that were 

reported up to 2014.
16

 We found it to occur when a too low ligand-to-palladium ratio is 

used in the reaction and that it can largely be avoided by modifying the catalyst system. The 

results also clearly demonstrated that this type of defect should be avoided because it is 

detrimental to the photovoltaic performance of these materials. 

In a subsequent study Li et al. confirmed the formation of T-DPP-2T-DPP-T low-

energy defects occurring in the Stille polymerization of poly(diketopyrrolopyrrole-alt-
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quaterthiophene) (PDPP4T).
17

 Li et al. also suggested that homocoupling of the 

trialkylstannyl monomers would occur to a significant extent.
17

 They were unable to obtain 

direct structural or spectroscopic evidence, but argued that because of the almost 

quantitative reaction yield of the polymerization, the two different homocoupling reactions 

should occur to a similar extent. In a recent study, Costantini et al. used scanning tunnelling 

microscopy to investigate structural defects in poly(diketopyrrolopyrrole-alt-terfurane) 

(PDPP3F) deposited on a Au(111) surface. They found a significant amount (ca. 12%) of 

defects in which an extra furan ring is present as a result of the homocoupling reaction 

between two 2,5-bis(trimethylstannyl)furan monomers.
18

 Coupling of the trialkylstannyl 

monomers in a Stille cross-coupling polymerization reaction can occur whenever palladium 

is existent in an oxidized form.
19-22

 This oxidized palladium can be present in the reaction 

mixture due to the ageing or improper storage of the catalyst, insufficient degassing of the 

reaction mixture, or because the catalyst system is designed as such, as is in the case of 

bis(triphenylphosphine)palladium(II) dichloride. In these cases a double transmetallation 

step occurs, followed by a reductive elimination transforming the Pd(II) into a Pd(0) 

species, which can then proceed to catalyse the reaction as usual, and results in a coupling 

between two organometallic partners.  

Recently, Sommer et al. investigated this type of homocoupling in poly(N-9′-

heptadecanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)) 

(PCDTBT) polymers synthesized via a Suzuki reaction and found that the homocoupling of 

the boronic ester substituted carbazole monomers resulted in a remarkably lower 

performance in organic solar cells from defect concentrations as low as 2.4% onwards.
23

 

Whether this decrease was due to electronic or morphological effects was, however, not 

very clear.  

In DPP polymers, the effect of extended donor segment defects has not yet been 

systematically investigated, even though its occurrence, for the reasons mentioned above, 

can be expected. Usually, DPP donor-acceptor polymers are synthesized using Stille 

coupling reactions employing a dibromide monomer containing the electron-deficient DPP 

unit and a bis(trialkylstannyl) monomer comprising the electron-rich moiety. The reason for 

this choice is that oxidative addition is facilitated by electron withdrawing groups and 

transmetallation is facilitated by electron rich organotin compounds. Hence, homocoupling 

of the organotin compounds typically results in extended electron-rich segments in the 
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polymer.
24

 These can have two distinct effects. First, the energy levels of the polymer might 

be affected, because the extended donor defect can have energy levels that deviate from 

those of the polymer and cause a shift of the oxidation potential. Depending on the 

direction of this shift of the energy levels, the defects can act as traps and contribute to an 

increased non-radiative recombination which lowers the open-circuit voltage (Voc) of the 

cells. Because DPP polymers usually display a wider optical band gap when the donor 

block is extended, it is not expected that these defects will form energetic traps, although 

optical effects could still be visible. Second, the homocoupling defect effectively reduces 

the number of DPP units in the chain that generally carry the solubilizing side chains, such 

that the solubility could be affected. This could have an influence on the morphology of the 

active layers, resulting in differences in short-circuit current (Jsc) or fill factor (FF).
3
  

Here we investigate the effect and extent of the homocoupling reaction of the 

trialkylstannyl monomers in two archetype DPP polymers by deliberate introduction of 

defected conjugated segments and by performing model reactions on monomer analogues. 

As it is a frequently used monomer, thiophene and its defect, bithiophene, are chosen 

initially. In a second example, the structural difference between the parent polymer and its 

homocoupling defect is enhanced by using bithiophene and its defect, quaterthiophene, as 

monomer. We demonstrate that for these polymers, this type of homocoupling does not 

occur to a significant extent and that if it would occur, the effects on the opto-electronic 

properties and photovoltaic performance are small or even absent. 

 

2.2 Results and discussion 

 

2.2.1 Poly(diketopyrrolopyrrole-alt-terthiophene) with quaterthiophene defects 

Poly{2,2′-[(2,5-bis(2-hexyldecyl)-3,6-dioxo-2,3,5,6-tetrahydropyrrolo[3,4-

c]pyrrole-1,4-diyl)dithiophene]-5,5′-diyl-alt-thiophen-2,5-diyl}) (PDPP3T) is a well-known 

small band gap DPP polymer used for high-performing organic field-effect transistors and 

solar cells and a good model system to investigate the effect of homocoupling. To simulate 

the homocoupling of two trialkylstannyl monomers, a random terpolymer approach was 

used in which 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-hexyldecyl)-2,5-

dihydropyrrolo[3,4-c]pyrrole-1,4-dione (1) was co-polymerized with 2,5- 
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Scheme 2.1: Synthesis of the PDPP3T polymers with 4T defects. The stoichiometry of monomers 2 and 3 was 

altered to obtain x = 5, 10 and 20% of intentional defects. (i) Pd2(dba)3/PPh3, toluene/DMF, 115 °C. 

 

bis(trimethylstannyl)thiophene (2) and 5,5'-bis(trimethylstannyl)-2,2'-bithiophene (3) in 

varying ratios (Scheme 2.1). This resulted in PDPP3T polymers with 5, 10 and 20% of 4T 

defects added in the chain. 

Gel permeation chromatography (GPC) in ortho-dichlorobenzene (o-DCB) at 140 

°C revealed a decreasing trend in the number average molecular weight (Mn) from 148 to 

88 kDa when increasing the amounts of 4T defects from 5% to 20% (Table 2.1). Several 

reasons can explain a reduced Mn. We tentatively ascribe this trend to a decrease in 

solubility with increasing defect content. As mentioned above, the 4T segments effectively 

dilute the side chain-bearing DPP units in the main chain. This lowers the solubility and 

may cause the polymers above a certain length to precipitate out of solution during the 

polymerization. To fairly compare the defect containing polymers with defect-free 

PDPP3T, two batches of differing molecular weight were chosen corresponding roughly to 

the molecular weights obtained in defect containing polymers. 

The UV-vis-NIR absorption spectra of the PDPP3T polymers measured in solution 

and thin films (Figure 2.1) show no differences in shape of the absorption or optical band 

gap as function of the number of defects. When compared to an essentially defect-free 

PDPP3T, a difference in absorption maximum is visible in the solution spectra. This could 

be due to a different tendency towards aggregation in solution, and would suggest that the 

defect-free PDPP3T aggregates more than the defect-containing polymers. The shift in 

absorption maximum is, however, unlikely to be linked to the electronic nature of the 

defects as between varying levels of 4T defects no difference can be seen. We note that the 
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Fig. 2.1: UV-vis-NIR spectra of PDPP3T polymers with 4T defects. (a) Dissolved in chloroform. (b) In thin films. 

 

Table 2.1: Physical properties of the PDPP3T polymers with different defect ratios. 

Polymer Mn [kDa] Mw [kDa] Ð Eg, opt
a
 

[eV] 

HOMO
b
 

[eV] 

LUMO
b
 

[eV] 

PDPP3T 147 400 2.7 1.33 −5.14 −3.34 

 68 255 3.7    

5% 4T 148 399 2.7 1.35 −5.13 −3.35 

10% 4T 123 330 2.7 1.36 −5.03 −3.35 

20% 4T 88 215 2.4 1.36 −5.10 −3.34 

a Determined from the absorption onset in thin films. 

b Determined with square wave voltammetry vs. Fc/Fc+, which was set at −4.8 eV vs. vacuum. 

 

signal at ~400 nm, which is assigned to a transition to a higher-energy state, shows a 

gradual shift from 3.06 eV for PDPP3T, via 3.07 (5% 4T) and 3.01 (10% 4T), to 2.98 eV 

(20% 4T) when the defect level is increased. Such small shift with extending the donor 

segment is also seen in the corresponding small molecule compounds T-DPP-3T-DDP-T 

and T-DPP-4T-DDP-T where the corresponding peaks are found at 3.16 eV for the 3T 

derivative and at 3.10 eV for the 4T derivative. In thin films the differences are also small. 

Because the optical band gap of PDPP4T (the defect segments) is at 1.46 eV (vide infra) 

and larger than the band gap of PDPP3T at 1.33 eV, the presence of 4T segments will 

unlikely result in a clear change of the absorption spectrum and 4T defects are not expected 

to influence the optical band gap. 
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Square wave voltammetry was used to determine the energy levels of the 

polymers. Table 2.1 reveals there are no significant differences in energy levels between the 

polymers. Again, 4T defects are also not expected to exert a strong effect because the 

HOMO and LUMO energy levels of PDPP4T (HOMO: −5.13 eV, LUMO: −3.26 eV) are 

not too dissimilar from those of PDPP3T (HOMO: −5.14 eV, LUMO: −3.34 eV). 

Solar cells with an ITO/PEDOT:PSS/active layer/LiF/Al device configuration 

were produced by spin coating mixed solutions of the PDPP3T polymers and [70]PCBM 

(1:2 w/w) in chloroform containing 7.5 vol% of o-DCB. As can be seen in Table 2.2 and 

Figure 2.2 there are no clear trends in the power conversion efficiencies (PCEs) of the 

defect-containing polymers. They all perform slightly worse than PDPP3T for a similar Mn. 

The Voc of the defect-containing polymers lies between 0.65 V and 0.67 V, which coincides 

with the range generally observed for defect-free PDPP3T. This indicates, in accordance 

with the results from the square wave voltammetry, that this type of defect has little to no 

influence on the energy levels of the polymer and therefore does not affect the Voc. The fill 

factors lie between 0.64 and 0.68, and are also comparable with the FF of defect-free 

PDPP3T cells. This indicates that the 4T segments do not strongly increase the 

recombination of free charges, which is concurrent with the notion that these defects do not 

act as energetic traps. 

The main difference between the cells listed in Table 2.2 occurs in the Jsc. When 

comparing the 20% defect polymer with the low Mn defect-free PDPP3T batch, a slightly 

lower Jsc is found, even though the molecular weights are comparable. The same is the case 

in the comparison between the 5% defect polymer and the high Mn defect-free PDPP3T 

batch. Taken separately, these observations could suggest that the homocoupling defects 

negatively influence the Jsc of the solar cells. However, this conclusion is weakened when 

considering the lack of a trend in Jsc with increasing amounts of defects. If defects 

negatively influence Jsc, the 10% defect polymer would be expected to have a lower Jsc than 

the 5% defect polymer, both on account of the higher amount of 4T segments and the lower 

Mn. This is, however, not the case and leads to the conclusion that these differences in Jsc 

are most likely caused by other factors such as molecular weight and nanomorphology and 

that the possible influence of the 4T defects, even in quite large concentrations (10% and 

20%), is small enough to be eclipsed by other effects. 
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Fig. 2.2: (a) J−V-characteristics of PDPP3T:[70]PCBM (1:2 w/w) polymer solar cells in which the PDPP3T 

polymers contain 4T defects (see legends). (b) Corresponding EQE spectra. 

 

Table 2.2: Photovoltaic performance of the PDPP3T polymers with 4T defects.a 

Polymer Mn [kDa] Jsc [mA/cm²] Voc [V] FF PCE [%] 

PDPP3T 147 15.4 (15.3) 0.67 (0.66) 0.69 (0.68) 7.1 (6.9) 

PDPP3T  68 13.6 (13.5) 0.65 (0.65) 0.66 (0.66) 5.9 (5.8) 

5% 4T  148 13.4 (14.1) 0.67 (0.66) 0.68 (0.64) 6.1 (6.0) 

10% 4T 123 14.6 (14.6) 0.66 (0.65) 0.66 (0.65) 6.4 (6.2) 

20% 4T 88 12.4 (12.5) 0.65 (0.65) 0.67 (0.66) 5.4 (5.3) 

a Best cells are shown, numbers between parentheses refer to the average over 4 cells. 

 

2.2.2 Poly(diketopyrrolopyrrole-alt-quaterthiophene) with sexithiophene defects 

To introduce a larger defect, PDPP4T was chosen as the next target for 

modification. PDPP4T can be synthesized by polymerization of a dibrominated DPP 

monomer such as 1 and 5,5'-bis(trimethylstannyl)-2,2'-bithiophene (3). The associated 

homocoupling defect would them be a 6T segment. Introducing 6T segments in PDPP4T in 

a fashion analogous to Scheme 2.1 proved to be a synthetic challenge, owing to the 

difficulty of obtaining a bis(trialkylstannyl) derivative of the unsubstituted quaterthiophene. 

It was therefore decided to asymmetrically extend a DPP monomer. By reacting 3-(5-

bromothiophen-2-yl)-2,5-bis(2-decyltetradecyl)-6-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-

c]pyrrole-1,4-dione (4) with 2-([2,2'-bithiophen]-5-yl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane (5) it was possible to obtain 6, which was converted by bromination with N-

bromosuccinimide into 7 as shown in Scheme 2.2. We used long 2-decyltetradecyl side 
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Scheme 2.2: Synthesis of the asymmetrically extended monomer 7 to introduce 6T defects in a PDPP4T polymer. 

(i) ) Pd2(dba)3/PPh3, toluene, K3PO4 (aq), 115 °C; (ii) N-bromosuccinimide, CHCl3, RT. 

 

chains on the DPP unit in 4 to ensure sufficient solubility of the extended monomer 7 and 

of the resulting PDPP4T polymers. 

This asymmetrically extended DPP monomer 7 introduces the possibility of 

creating 8T segments, even in the absence of homocoupling reactions. To keep this 

possibility small and to keep the defect concentration within levels which are expected to 

occur during a normal polymerization reaction, polymers with 2% and 5% of defects were 

synthesized, together with defect-free PDPP4T as a reference, as shown in Scheme 2.3. 

GPC analysis in o-DCB at 140 °C revealed comparable molecular weights for the 

three PDPP4T polymers, which should allow for a more direct comparison of the materials 

and enable to observe the effects of the 6T segments more clearly.  

The UV-vis-NIR absorption spectra showed no significant difference between the 

three polymers (Figure 2.3). In thin films the optical band gap is at 1.46 eV (Table 2.3). It is 
 

 

Scheme 2.3: Synthesis of the PDPP4T polymers with 6T defects. The stoichiometry of the monomers 7 and 8 was 

altered to obtain x = 0, 2 and 5% of intentional defects. (i) Pd2(dba)3/PPh3, toluene/DMF, 115 °C. 
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not expected that 6T segments would have a lower optical band gap than the 4T segments, 

because the optical band gap of a PDPP6T polymer of 1.48 eV
25

 is close to that of PDPP4T 

(1.46 eV). Analysis of the HOMO and LUMO energy levels with square wave voltammetry 

also revealed no significant differences (Table 2.3). As in the case of PDPP3T, the defects 

seem to have no important influence on the electronic structure of the materials. 

Solar cells were made from a chloroform solution containing 10 vol% o-DCB, 

using the PDPP4T polymers and [70]PCBM (1:2 w/w) as active layer, employing the 

ITO/PEDOT:PSS/active layer/LiF/Al cell configuration. As can be seen in Figure 2.4 and 

Table 2.4, the solar cells all show very similar performance. The Voc remains exactly the 

same, in concurrence with the results obtained from square wave voltammetry. The FF and 

Jsc show some variation, but differences are within the margin of error as can be seen in the 

averages over multiple cells. This indicates very clearly that the 6T segments, despite 

having a particularly low solubility, do not change the morphology of the layer 
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Fig. 2.3: UV-vis-NIR spectra of the PDPP4T polymers with 6T defects. (a) Dissolved in chloroform. (b) In thin 

films. 

 

Table 2.3: Physical properties of the PDPP3T polymers with 6T defects. 

Polymer Mn [kDa] Mw [kDa] Ð Eg, opt 

[eV] 

HOMO
a
 

[eV] 

LUMO
a
 

[eV] 

PDPP4T 83 150 1.8 1.46 −5.13 −3.26 

2% 6T 79 150 1.9 1.47 −5.13 −3.26 

5% 6T 79 144 1.8 1.46 −5.13 −3.25 

a Determined with square wave voltammetry vs. Fc/Fc+, which was set at −4.8 eV vs. vacuum. 
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Fig. 2.4: (a) J−V-characteristics of PDPP4T:[70]PCBM (1:2 w/w) polymer solar cells in which the PDPP4T 

polymers contain 6T defects (see legends). (b) Corresponding EQE spectra. 

 

Table 2.4: Photovoltaic performance of the PDPP4T polymers.a 

Polymer Mn [kDa] Jsc [mA/cm²] Voc [V] FF PCE [%] 

PDPP4T 83 15.3 (15.2) 0.64 (0.64) 0.69 (0.66) 6.8 (6.4) 

2% 6T 79 15.4 (15.0) 0.64 (0.64) 0.66 (0.66) 6.5 (6.3) 

5% 6T 79 15.0 (14.8) 0.65 (0.64) 0.66 (0.66) 6.5 (6.3) 

a Best cells are shown, numbers between parentheses refer to the average over 4 cells. 

 

significantly. Therefore it has to be concluded that this 6T defect has no influence on the 

optoelectronic properties or solar cell performance in concentrations up to 5%. 

 

2.2.3 Model homocoupling reactions 

In the previous sections is was established that deliberately introducing 

homocoupling defects exerts no consistent effect on the optical and photovoltaic properties 

of the resulting PDPP3T and PDPP4T polymers in concentrations up to 5% or maybe even 

20%. Hence, from these data it is not possible to estimate the amount of naturally occurring 

defect during the synthesis and the question arises how much homocoupling occurs in these 

Stille polymerizations. To address this question, the following experiment was conceived. 

A monobrominated DPP monomer, 3-(5-bromothiophen-2-yl)-2,5-bis(2-decyltetradecyl)-6-

(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (4), was reacted with 5,5′-

bis(trimethylstannyl)-2,2′-bithiophene (3) (Scheme 2.4). The mixture of reactants was 

prepared and dissolved before being separated in three flasks. One flask was treated in the 
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Scheme 2.4: Model homocoupling Stille reaction under three different catalytic conditions. The main product is n 

= 1. Homocoupling of 4 will result in the product with n = 0, while homocoupling of 3 and subsequent reactions 

with 4 will result in the product with n = 2. 

 

same way as Stille polymerizations are usually conducted: 1.5% of 

tris(dibenzylideneacetone)dipalladium(0) (Pd2(dba)3) and 6% of triphenylphosphine (PPh3) 

were added before being degassed with argon, sealed and heated. Another flask was 

subjected to the same treatment except that it was not degassed and ambient air was 

allowed to remain in the flask. This was considered as a simulation of an error or oversight 

during normal polymerization. To the last flask, 3% of 

bis(triphenylphosphine)palladium(II) dichloride (Pd2(PPh3)2Cl2) was added as a catalyst, 

before the mixture was degassed with argon, sealed and heated. This was used as a 

reference, as the presence of 3% of Pd(II) should cause around 3% of homocoupling defect 

if all Pd(II) is converted to Pd(0). 

All reactions were left overnight and the crude products were isolated without any 

purification. MALDI-TOF-MS was then used to investigate the composition of the product 

mixtures. Figure 2.5c shows that in the case of the reaction with Pd(II) as catalyst, the main 

peak, belonging to the product with four thiophene rings between DPP cores (n = 1, m/z = 

2107 amu), is flanked by peaks at 2271 and 1943 amu. These peaks correspond to the 

products with six (n = 2) and two (n = 0) thiophene rings in between the DPP moieties. 

Assuming that the ionization efficiency of these three species is the same, which is likely 

due to their similar chemical structures, the intensity of the peaks relative to the main peak 

can indicate the concentration of these species. The relative intensity of the 6T product is 
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Fig. 2.5: MALDI-TOF-MS of the homocoupling model reaction mixtures (Scheme 2.4). (a) With standard 

conditions. (b) With air. (c) With Pd(II). 

 

2.8% is due to homocoupling of 3 and in good agreement expected value of 3% when all 

Pd(II) catalyst is reduced to Pd(0). The 2T product, which is the result of homocoupling of 

(4), is present in 3.0% relative intensity. The presence of this product is slightly unexpected 

but possibly due to the age of the catalyst. 

Repeating this analysis for the degassed sample and Pd(0) catalyst (Figure 2.5a), it 

is clear that no homocoupling of any kind can be detected above the noise level. This 

indicates that if any homocoupling is present in this sample, its relative concentration is 

under 0.5%. For the Pd(0) catalysed reaction exposed to ambient air (Figure 2.5b), both 

kinds of homocoupling can be detected: 1.1% of the trialkylstannyl-based homocoupling 

product (n = 2 in Scheme 2.4) is present, which suggests that oxidation of palladium can 

occur when the reaction mixture is exposed to air. Also, 0.4% of the bromide-based 

homocoupling (n = 0 in Scheme 2.4) can be observed, indicating that exposure to air can 

 

Fig. 2.6 Detail of the MALDI-TOF mass spectra of the three mixtures, showing the peaks corresponding to the 

product with two central thiophene rings (n = 0 in Scheme 2.4) (a) and the product with six central thiophene rings 

(n = 2 in Scheme 2.4) (b). 
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also influence this coupling mechanism. This is possibly due to oxidation of the 

triphenylphosphine ligand, leading to an imbalance in the ligand to palladium ratio, which 

was proven before to have an effect on this type of homocoupling.
16 

Figure 2.6 shows 

details of the MALDI-TOF mass spectra in the region where homocoupling products n = 0 

and n = 2 are expected. 

 

2.3 Conclusion 

By deliberately creating defects in the monomers of donor-acceptor DPP 

polymers, we investigated the effect of homocoupling reactions between two 

organometallic trialkylstannyl monomers in palladium-catalysed cross-coupling 

polymerization reactions. In the case of PDPP3T, the 4T defects that were introduced 

seemed to have little effect on the optoelectronic properties of the resulting materials. Also 

in solar cells no consistent effect of the homocoupling defects on the photovoltaic 

performance was observed, even though the defect-containing polymers generally gave a 

reduced performance as a result of a lower short-circuit current density than the defect-free 

polymers of comparable molecular weight. In all cases open-circuit voltage and fill factor 

were identical. The variation in short-circuit current density is not uncommon for different 

batches of the same polymer and can result from variations in molecular weight and 

polydispersity, which often affect the nanomorphology, or from other factors such as the 

presence of impurities. The results suggests that even for large concentrations (at least up to 

10%), the effects of these defects are smaller than common batch-to-batch variations. In the 

case of PDPP4T, the 6T defects also did not have any measurable effect on the energy 

levels of the polymer. The solar cells all showed very similar performance, thus excluding 

that the 6T segments had any large effect on the morphology of the layer. 

With a model reaction, the naturally occurring amount of homocoupling during a 

Stille reaction was investigated. It was found that under optimum reaction conditions no 

homocoupling of trialkylstannyl monomers could be detected and that the level of defects is 

therefore below 0.5%. This validates the experiments with the intentionally introduced 

defects, by confirming that the naturally occurring defect level is far below the amounts that 

were deliberately added to the polymers. It was also found that exposure to air could induce 

1.1% of homocoupling defects, thus confirming that this side reaction could easily take 

place if mistakes or inaccuracies occur during the polymerization reaction. Interestingly, 
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also 0.4% homocoupling of the bromide monomer was detected, indicating that air 

exposure could also influence this side reaction. 

In previous work we have shown that in the case of homocoupling of dibromide 

monomers (Br-T-DPP-T-Br) in the synthesis of DPP polymers, the resulting DPP-2T-DPP 

defects have a lower band gap and constitute traps for excitons and charges. In contrast, in 

organometallic-based homocoupling of bis(trialkylstannyl) monomers (Sn-nT-Sn), the DPP 

units in the resulting DPP-T-2nT-T-DPP chain defects will be further apart. Hence their 

interaction is weakened, such that these defects will not give rise to traps in the same way. 

This was confirmed by the defect-containing polymers because even with 20% of defects 

no change in the optoelectronic properties or the Voc could be observed. As it is clear from 

the PDPP4T polymers that homocoupling defects, even 6T segments with significantly 

lower solubility, up to 5% are unlikely to have a significant impact on morphology, the 

conclusion must be that these homocoupling defects can be ignored when assessing the 

photovoltaic performance of these DPP polymers. We emphasize that this is not a general 

conclusion, but depends on the actual chemical structure of the polymer main chain and the 

precise nature of the defect. As an example, if the functional groups on the reaction 

components would be inverted, i.e. a DPP unit incorporated in the bis(trialkylstannyl) 

monomer in a polymerization reaction with dibromodithiophene, the defect resulting from 

organometallic-based homocoupling will have a large impact on the performance of the 

resulting PDPP4T. Also, Sommer et al. established a large impact of carbazole 

homocoupling on the photovoltaic performance in PCDTBT polymers with [70]PCBM.
23

 

Sommer et al. showed that mainly the JSC and FF are affected, while the VOC remained 

essentially unchanged. The exact reason could not be identified. In PCDTBT, the carbazole 

units bear 1-octylnonyl sidechains. Hence homocoupling of the carbazoles could increase 

the solubility of the polymers and give rise to an unfavourable more mixed morphology.
3
  

Summarizing, defects that can be associated with homocoupled trialkylstannyl 

thiophene monomers do not give rise to significant changes of the opto-electronic 

properties of DPP based polymers PDPP3T and PDPP4T. Moreover, using the optimized 

synthesis protocol for DPP polymers, we find no evidence of significant homocoupling of 

any kind. We stress that this conclusion holds for the specific cases investigated and that for 

other donor-acceptor polymers the result could be different.  
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2.4 Experimental section 

 

2.4.1 Materials and methods 

Unless indicated otherwise, all synthetic procedures were performed under a protective 

argon atmosphere. Commercial (dry) solvents and reactants were used without further purification, 

unless stated otherwise. N-bromosuccinimide (NBS) was recrystallized from deionized water prior to 

use. 2,5-Bis(trimethylstannyl)thiophene (2), 5,5′-bis(trimethylstannyl)-2,2′-bithiophene (3) and 

triphenylphosphine (PPh3) were recrystallized from methanol prior to polymerization. 

Tris(dibenzylideneacetone)dipalladium (Pd2(dba)3) and bis(triphenylphosphine)palladium(II) 

dichloride (Pd(PPh3)2Cl2) were purchased from Strem Chemicals, Inc., [70]PCBM (purity 90-95%) 

was purchased from Solenne BV. All other chemicals and solvents were obtained from Sigma-

Aldrich Co. 3,6-Bis(5-bromothiophen-2-yl)-2,5-bis(2-hexyldecyl)-2,5-pyrrolo[3,4-c]pyrrole-1,4-

dione (1),26 3-(5-bromothiophen-2-yl)-2,5-bis(2-decyltetradecyl)-6-(thiophen-2-yl)-2,5-pyrrolo[3,4-

c]pyrrole-1,4-dione (4),27 and 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-decyltetradecyl)-2,5-

pyrrolo[3,4-c]pyrrole-1,4-dione (8)28 were synthesized according to previously published procedures.  

1H-NMR (400 MHz) spectra were recorded on a Varian Mercury spectrometer. Chemical 

shifts are given in ppm with respect to tetramethylsilane as internal standard. Matrix assisted laser 

desorption ionization time of flight (MALDI-TOF) mass spectrometry was measured on a Bruker 

Autoflex Speed spectrometer. For the analysis of the model homocoupling reaction, trans-2-[3-(4-

tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) was used as matrix for all 

samples. Polymer molecular-weight distributions were estimated by GPC at 140 °C on a PL-GPC 120 

system using a PL-GEL 10 mm MIXED-C column with ortho-dichlorobenzene (o-DCB) as the eluent 

and using polystyrene internal standards. Samples were dissolved at a concentration of 0.1 mg/mL in 

o-DCB at 140 °C for 1 h before being measured. 

UV-vis-NIR absorption spectroscopy was conducted on a PerkinElmer Lambda 1050 

spectrophotometer with a 3D WB PMT/InGaAs/PbS detector module. Solid films were obtained by 

spin coating (2000 rpm) solutions of the materials (4 mg/mL) in chloroform onto glass substrates 

which were pre-cleaned with acetone and isopropanol, before being treated with UV-ozone for 30 

min. Square wave voltammetry was measured on the polymers in solid state which were deposited 

onto a platinum wire by dipping the wire in the hot solutions (chloroform). A silver rod was employed 

as counter electrode and a silver chloride coated silver rod (Ag/AgCl) was used as a quasi-reference 

electrode. 0.1 M tetrabutylammonium hexafluorophosphate in acetonitrile was used as electrolyte 

solution. The measurement was carried out under inert atmosphere with an AutoLab PGSTAT 12 at a 

scan speed of 0.125 V/s, a modulation amplitude of 20 mV and at a frequency of 25 Hz. 

Ferrocene/ferrocenium (Fc/Fc+) was employed as a standard with E = − 4.8 eV. 
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Photovoltaic devices with an active area of 0.09 and 0.16 cm² were fabricated in air on 

patterned indium tin oxide (ITO) glass substrates (Naranjo Substrates). The substrates were cleaned 

by sonication in acetone for 15 min., followed by scrubbing with a sodium dodecyl sulfate solution 

(99%, Acros), rinsing with deionized water and a final sonication step in 2-propanol. Before 

deposition of the device layers the substrates underwent a 30 min. UV-ozone treatment. Clevios 

PEDOT:PSS Al 4083 (Heraeus), was deposited by spin coating at 3000 rpm. The active layers were 

deposited from a solution of polymer (4 mg/mL) and [70]PCBM (8 mg/mL) in chloroform containing 

7.5 vol% of o-DCB in the case of the PDPP3T polymers and 10 vol% of o-DCB in the case of the 

PDPP4T polymers. The solutions were heated to 90 °C for one hour to ensure that the polymers were 

completely dissolved, then kept at 60 °C and were finally cooled to room temperature under vigorous 

stirring during 2 min. before spin coating at 2000 or 3000 rpm. LiF (1 nm and Al (100 nm) were 

deposited by thermal evaporation under high vacuum (~3 × 10−7 mbar) as a back contact. 

Current density – voltage (J−V ) characteristics were measured with a Keithley 2400 source 

meter under ~100 mW/cm2 white light illumination from a tungsten-halogen lamp filtered by a Schott 

GG385 UV filter and a Hoya LB120 daylight filter. The short-circuit current density (Jsc) was 

determined more accurately from external quantum efficiency (EQE) measurements by integration of 

the EQE with the AM1.5G solar spectrum. EQE measurements were carried out under 1 sun 

equivalent operating conditions in a setup consisting of a modulated monochromatic light, a 

preamplifier (Stanford Research Systems SR570) and a lock-in amplifier (Stanford Research Systems, 

SR830). The modulated monochromatic light was generated by using an optical chopper (Stanford 

Research Systems, SR540), a monochromator (Oriel Cornerstone 130) and a 50 W (Osram 64610) 

tungsten-halogen lamp. The 1 sun conditions were provided by the use of a 730 nm light-emitting 

diode (Thorlabs) at different intensities for appropriate bias illumination. The devices were kept in a 

nitrogen-filled box with a quartz window. A calibrated silicon cell was used as reference for J−V and 

EQE measurements. 

 

2.4.2 Synthesis 

General polymerization procedure for the PDPP3T polymers 

3,6-Bis(5-bromothiophen-2-yl)-2,5-bis(2-hexyldecyl)-2,5-pyrrolo[3,4-c]pyrrole-1,4-dione 

(1) (1 eq.) was loaded together with 2,5-bis(trimethylstannyl)thiophene (2) and 5,5′-

bis(trimethylstannyl)-2,2′-bithiophene (3) (together 1 eq.) in a Schlenk tube containing 

tris(dibenzylideneacetone)dipalladium (1.5%) and triphenylphosphine (6%). The solids were placed 

under argon before being dissolved in a mixture of toluene and N,N-dimethylformamide (DMF) (9:1). 

The mixture was degassed with argon for 15 min. and then sealed in the tube for reaction at 115 °C 

overnight. 1,1,2,2-tetrachloroethane (TCE) was then added to dissolve and dilute the mixture before it 
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was precipitated in methanol. The solids were then filtered, dissolved in TCE at 110 °C and stirred 

with ethylenediaminetetraacetic acid (EDTA) for one hour after which water was added and the 

mixture was stirred for another hour. The organic layer was then separated, washed twice with water 

and partially reduced in volume under reduced pressure. The polymer was then precipitated in 

methanol and the solids were subjected to Soxhlet extraction with subsequently acetone, hexane and 

dichloromethane. The remaining solids were then dissolved in TCE, the solution was filtered and 

precipitated in acetone. The polymers were then filtered and dried at 40 °C in vacuum overnight. 

 

PDPP3T (5% 4T) 

The general procedure was followed with 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-

hexyldecyl)-2,5-pyrrolo[3,4-c]pyrrole-1,4-dione (1) (70 mg, 77.2 μmol, 1 eq.), 2,5-

bis(trimethylstannyl)thiophene (2) (30 mg, 73.3 μmol, 0.95 eq.), 5,5′-bis(trimethylstannyl)-2,2′-

bithiophene (3) (1.9 mg, 3.9 μmol, 0.05 eq.), tris(dibenzylideneacetone)dipalladium (1.066 mg, 1.16 

μmol, 1.5%) and triphenylphosphine (1.215 mg, 4.63 μmol, 6%) in toluene/DMF (9:1) (1.5 mL). GPC 

(o-DCB, 140 °C): Mn = 148 kDa, Mw = 399 kDa, Ð = 2.7. 

 

PDPP3T (10% 4T) 

The general procedure was followed with 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-

hexyldecyl)-2,5-pyrrolo[3,4-c]pyrrole-1,4-dione (1) (70 mg, 77.2 μmol, 1 eq.), 2,5-

bis(trimethylstannyl)thiophene (2) (28.5 mg, 69.5 μmol, 0.90 eq.), 5,5′-bis(trimethylstannyl)-2,2′-

bithiophene (3) (3.8 mg, 7.7 μmol, 0.10 eq.), tris(dibenzylideneacetone)dipalladium (1.066 mg, 1.16 

μmol, 1.5%) and triphenylphosphine (1.215 mg, 4.63 μmol, 6%) in toluene/DMF (9:1) (1.5 mL). GPC 

(o-DCB, 140 °C): Mn = 123 kDa, Mw = 330 kDa, Ð = 2.7. 

PDPP3T (20% 4T) 

The general procedure was followed with of 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-

hexyldecyl)-2,5-pyrrolo[3,4-c]pyrrole-1,4-dione (1) (70 mg, 77.2 μmol, 1 eq.), 2,5-

bis(trimethylstannyl)thiophene (2) (25.3 mg, 61.7 μmol, 0.80 eq.), 5,5′-bis(trimethylstannyl)-2,2′-

bithiophene (3) (7.6 mg, 15.4 μmol, 0.20 eq.), tris(dibenzylideneacetone)dipalladium (1.066 mg, 1.16 

μmol, 1.5%) and triphenylphosphine (1.215 mg. 4.63 μmol. 6%) in toluene/DMF (9:1) (1.5 mL). GPC 

(o-DCB, 140 °C): Mn = 148 kDa, Mw = 399 kDa, Ð = 2.7. 

 

3-([2,2':5',2''-Terthiophen]-5-yl)-2,5-bis(2-decyltetradecyl)-6-(thiophen-2-yl)-2,5-

pyrrolo[3,4-c]pyrrole-1,4-dione (6) 

3-(5-Bromothiophen-2-yl)-2,5-bis(2-decyltetradecyl)-6-(thiophen-2-yl)-2,5-pyrrolo[3,4-

c]pyrrole-1,4-dione (4) (150 mg, 143 µmol), 2-([2,2'-bithiophen]-5-yl)-4,4,5,5-tetramethyl-1,3,2-
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dioxaborolane (5) (62.5 mg, 214 µmol), tris(dibenzylideneacetone)dipalladium (1.96 mg, 2.14 µmol) 

and triphenylphosphine (2.24 mg, 8.55 µmol) were placed in a Schlenk tube and put under argon. 

Then toluene (2 mL) was added and the mixture was degassed for 15 min. before a previously 

degassed 2M K3PO4 solution in water (0.36 mL) was added along with 1 drop of Aliquat 336. The 

tube was then sealed and heated to 115 °C and left to react overnight. The reaction mixture was then 

left to cool before being diluted with dichloromethane and washed with water. Column 

chromatography was then performed (7:3 heptane:dichloromethane, gradient to 5:5) and the obtained 

solid was recrystallized in methanol to yield the product as a blue solid (78 mg, yield 48%). 1H NMR 

(400 MHz, CDCl3) δ: 8.92 (d, J = 4.2 Hz, 1H), 8.87 (dd, J = 3.9, 1.2 Hz, 1H), 7.61 (dd, J = 5.0, 1.2 

Hz, 1H), 7.30 (d, J = 4.2 Hz, 1H), 7.26 (m, 2H), 7.22 (m, 2H), 7.13 (d, J = 3.9 Hz, 1H), 7.05 (dd, J = 

5.1, 3.6 Hz, 1H), 4.03 (d, J = 7.6 Hz, 4H), 1.94 (m, 2H), 1.40 – 1.11 (m, 80H), 0.87 (t, J = 6.3 Hz, 

6H), 0.86 (t, J = 6.3 Hz, 6H). 

 

3-(5''-Bromo-[2,2':5',2''-terthiophen]-5-yl)-6-(5-bromothiophen-2-yl)-2,5-bis(2-

decyltetradecyl)-2,5-pyrrolo[3,4-c]pyrrole-1,4-dione (7) 

3-([2,2':5',2''-Terthiophen]-5-yl)-2,5-bis(2-decyltetradecyl)-6-(thiophen-2-yl)-2,5-

pyrrolo[3,4-c]pyrrole-1,4-dione (6) (65 mg, 58 μmol) was dissolved in chloroform (2 mL) and cooled 

to 0 °C. N-bromosuccinimide (14 mg, 119 μmol) was then added in 3 portions, before the mixture 

was allowed to warm up to room temperature and left to react overnight. To achieve full conversion, 

1 mg of N-bromosuccinimide and later another 2 mg were added and allowed to react for 2 h. The 

mixture was then washed with water, dried over MgSO4 and the solvents were evaporated under 

reduced pressure. The solids were purified via column chromatography (4:6 

heptane:dichloromethane, gradient to 5:5) and recrystallized three times from methanol and once 

from acetone to achieve maximum purity. The product was isolated as a blue solid (30 mg, yield 

40%). 1H NMR (400 MHz, CDCl3) δ: 8.92 (d, J = 4.2 Hz, 1H), 8.62 (d, J = 4.2 Hz, 1H), 7.30 (d, J = 

4.1 Hz, 1H), 7.22 (d, J = 4.0 Hz, 2H), 7.06 (d, J = 3.8 Hz, 1H), 7.00 (d, J = 3.9 Hz, 1H), 6.96 (d, J = 

3.8 Hz, 1H), 4.02 (d, J = 7.6 Hz, 2H), 3.95 (d, J = 7.7 Hz, 2H), 1.94 (m, 2H), 1.40 – 1.15 (m, 80H), 

0.91 – 0.82 (m, 12H). MALDI-TOF-MS: predicted: 1292.55, found: 1292.58. 

 

General polymerization procedure for the PDPP4T polymers 

3,6-Bis(5-bromothiophen-2-yl)-2,5-bis(2-decyltetradecyl)-2,5-pyrrolo[3,4-c]pyrrole-1,4-

dione (8) and 3-(5''-bromo-[2,2':5',2''-terthiophen]-5-yl)-6-(5-bromothiophen-2-yl)-2,5-bis(2-

decyltetradecyl)-2,5-pyrrolo[3,4-c]pyrrole-1,4-dione (7) (together 1 eq.) were loaded with 5,5′-

bis(trimethylstannyl)-2,2′-bithiophene (3) (1 eq.) in a Schlenk tube together with tris(dibenzylidene-

acetone)dipalladium (1.5%) and triphenylphosphine (6%). The solids were placed under argon before 
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being dissolved in a mixture of toluene and DMF (9:1). The mixture was degassed with argon for 15 

min. and then sealed in the tube for reaction at 115 °C overnight. TCE was then added to dissolve and 

dilute the mixture before being precipitated in methanol. The solids were then filtered, dissolved in 

TCE at 110 °C and stirred with EDTA for one hour after which water was added and the mixture was 

stirred for another hour. The organic layer was then separated, washed twice with water and partially 

reduced in volume under reduced pressure. The polymer was then precipitated in methanol and the 

solids were subjected to Soxhlet extraction with subsequently acetone, hexane and dichloromethane. 

The remaining solids were then dissolved in TCE, the solution was filtered and precipitated in 

acetone. The polymers were then filtered and dried at 40 °C in vacuum overnight. 

 

PDPP4T (0% 6T) 

The general procedure was followed with 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-

decyltetradecyl)-2,5-pyrrolo[3,4-c]pyrrole-1,4-dione (8) (70.2 mg, 62 μmol, 1 eq.), no 3-(5''-bromo-

[2,2':5',2''-terthiophen]-5-yl)-6-(5-bromothiophen-2-yl)-2,5-bis(2-decyltetradecyl)-2,5-pyrrolo[3,4-

c]pyrrole-1,4-dione (7) (0 eq.), 5,5′-bis(trimethylstannyl)-2,2′-bithiophene (3) (30.5 mg, 62 μmol, 1 

eq.), tris(dibenzylideneacetone)dipalladium (0.85 mg, 9.3 μmol, 1.5%) and triphenylphosphine (0.98 

mg, 3.7 μmol, 6%). GPC (o-DCB, 140 °C): Mn = 83 kDa, Mw = 150 kDa, Ð = 1.8. 

 

PDPP4T (2% 6T) 

The general procedure was followed with 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-

decyltetradecyl)-2,5-pyrrolo[3,4-c]pyrrole-1,4-dione (8) (68.7 mg, 60.8 μmol, 0.98 eq.), 3-(5''-bromo-

[2,2':5',2''-terthiophen]-5-yl)-6-(5-bromothiophen-2-yl)-2,5-bis(2-decyltetradecyl)-2,5-pyrrolo[3,4-

c]pyrrole-1,4-dione (7) (1.61 mg, 1.2 μmol, 0.02 eq.), 5,5′-bis(trimethylstannyl)-2,2′-bithiophene (3) 

(30.5 mg, 62 μmol, 1 eq.), tris(dibenzylideneacetone)dipalladium (0.85 mg, 9.3 μmol, 1.5%) and 

triphenylphosphine (0.98 mg, 3.7 μmol, 6%). GPC (o-DCB, 140 °C): Mn = 79 kDa, Mw = 150 kDa, Ð 

= 1.9. 

 

PDPP4T (5% 6T) 

The general procedure was followed with 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-

decyltetradecyl)-2,5-pyrrolo[3,4-c]pyrrole-1,4-dione (8) (66.6 mg, 58.9 μmol, 0.95 eq.), 3-(5''-bromo-

[2,2':5',2''-terthiophen]-5-yl)-6-(5-bromothiophen-2-yl)-2,5-bis(2-decyltetradecyl)-2,5-pyrrolo[3,4-

c]pyrrole-1,4-dione (7) (4.0 mg, 3.1 μmol, 0.05 eq.), 5,5′-bis(trimethylstannyl)-2,2′-bithiophene (3) 

(30.5 mg, 62 μmol, 1 eq.), of tris(dibenzylideneacetone)dipalladium (0.85 mg, 9.3 μmol, 1.5%) and 

triphenylphosphine (0.98 mg, 3.7 μmol, 6%). GPC (o-DCB, 140 °C): Mn = 79 kDa, Mw = 144 kDa, Ð 

= 1.8. 
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Model homocoupling reaction  

3-(5-Bromothiophen-2-yl)-2,5-bis(2-decyltetradecyl)-6-(thiophen-2-yl)-2,5-pyrrolo[3,4-

c]pyrrole-1,4-dione (150 mg, 143 µmol) (4) and 5,5'-bis(trimethylstannyl)-2,2'-bithiophene (3) (35 

mg, 71 µmol) were weighed and dissolved in a mixture of dry toluene (2.7 mL) and dry DMF (0.3 

mL). The mixture was then separated in three equal parts (1 mL). To the first reaction mixture, 

tris(dibenzylideneacetone)dipalladium (0.33 mg, 3.56 µmol) and triphenylphosphine (0.37 mg, 14.3 

µmol) were added. The mixture was then degassed with argon for 15 min., before being sealed and 

heated to 115 °C overnight. The solvents were then removed under reduced pressure and the solids 

were analysed without further purification. To the second reaction mixture, tris(dibenzylidene-

acetone)dipalladium (0.33 mg, 3.56 µmol) and triphenylphosphine (0.37 mg, 14.3 µmol) were added. 

The mixture was left in air and sealed with air in the flask before being heated to 115 °C overnight. 

The solvents were then removed under reduced pressure and the solids were analysed without further 

purification. To the third reaction mixture, bis(triphenylphosphine)palladium(II) dichloride (0.50 mg, 

7.13 µmol) was added. The mixture was then degassed with argon for 15 min., before being sealed 

and heated to 115° C overnight. The solvents were then removed under reduced pressure and the 

solids were analysed without further purification. 
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Chapter 3 
 

 

The effect of branching in a semiconducting polymer 

on the efficiency of organic photovoltaic cells 

 

 

Abstract 

The impact of branching in a diketopyrrolopyrrole polymer on the performance of 

polymer-fullerene photovoltaic cells is investigated. Compared to the linear polymer, the 

branched polymer affords a more finely dispersed fibrillar network in the photoactive layer 

and as a result a large enhancement of the photocurrent and power conversion efficiency. 
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3.1 Introduction 

Polymer-fullerene photovoltaic cells have recently broken the barrier of 10% 

power conversion efficiency.
1-4

 In these cells, the conjugated polymer is usually based on 

an alternating pattern of electron-rich and electron-poor moieties, offering control over the 

electronic and optical nature of the material. Among the more extensively investigated 

electron-poor moieties is diketopyrrolopyrrole (DPP), a unit known to provide access to 

small band gap polymers with high efficiencies
5-7

 and good ambipolar charge transport.
8,9

 

Research efforts into these polymers have focused on the fine-tuning of the electronic and 

optical properties on the one hand,
10

 and the fine-tuning of the polymer-fullerene blend 

morphology on the other. The latter is done mostly via the influence of the solubilizing 

side-chains,
11,12

 or via the influence of the processing conditions.
13-15

 Almost all polymers 

that have been used in photovoltaic cells have a linear architecture, leaving the topic of 

alternative architectures largely unexplored. These alternative architectures are, however, 

synthetically accessible via the polycondensation reactions that are usually employed for 

conjugated polymers. These include brush-type structures, containing conjugated segments 

of defined length attached to the main chain,
16,17

 and defined or randomly branched 

structures.
18-21

 No reports on the photovoltaic properties of truly randomly branched 

polymers are available in literature to date. A possible advantage of this random 

architecture is the higher molecular weight that could be attained by increasing the average 

functionality of the monomers, as the influence of molecular weight on the blend 

morphology and the efficiency of polymer solar cells is often significant.
6,15

 Other effects 

potentially caused by the branching of stiff conjugated polymers remain unknown. 

In this work, we present the effect of branching on DT-PDPPTPT, a polymer 

consisting of a DPP unit, substituted with relatively long 2-decyltetradecyl (DT) 

solubilizing side chains, alternating along the chain with a thiophene-phenylene-thiophene 

(TPT) conjugated segment (Scheme 3.1). DT-PDPPTPT was selected because of its good 

solubility and reasonable photovoltaic efficiency.
5
 It was found that introducing branching 

severely decreased solubility, even in the case of 1% of branching unit. However, this 

proved to have a surprisingly large effect on the photovoltaic efficiency and morphology. 
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3.2 Results and discussion 

DT-PDPPTPT was synthesized via the previously published procedure,
5
 which 

was adapted by replacing a controlled amount of 1,4-bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)benzene by commercially available 1,3,5-tris(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)benzene to obtain the branched polymers. Two polymers were 

synthesized replacing 5% and 1% (5B-DT-PDPPTPT and 1B-DT-PDPPTPT respectively) 

of all bifunctional phenylene units by trifunctional units. The polymer containing 5% of 

branching proved to be insoluble and will be excluded in the further discussion. 

 

Scheme 3.1: Polymerization of branched DT-PDPPTPT, using a trifunctional phenylene core as branching unit. (i) 

Pd2(dba)3/PPh3, K3PO4 (aq), toluene, 115 °C. m/(m + n) = 0, 0.01, or 0.05. 
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Fig. 3.1: (a) UV-vis-NIR absorption of both polymers in film. (b) Cyclic voltammetry of both polymer films 

recorded in acetonitrile, referenced versus Fc/Fc+. 
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The electronic and optical properties of the linear and branched polymers were 

expected and found to be very similar owing to their identical conjugated backbone. In both 

cyclic voltammetry and UV-vis-NIR absorption spectroscopy (Figure 3.1) very similar 

properties were observed for both polymers. The molecular weight was estimated using gel 

permeation chromatography (GPC) analysis in hot ortho-dichlorobenzene (o-DCB) at 140 

°C (Figure 3.2). A distinct shoulder was observed in the high molecular weight range for 

1B-DT-PDPPTPT. This was attributed to aggregation as the UV-vis-NIR absorption profile 

of the material in this shoulder showed a red-shifted absorption profile. This indicates that 

1B-DT-PDPPTPT has a strong tendency to aggregate compared to DT-PDPPTPT, where 

this shoulder and red-shift are absent in o-DCB at 140 °C. The values extracted from the 

GPC trace are therefore likely overestimated for 1B-DT-PDPPTPT. Nevertheless, the 

branched polymer showed both lower number average (Mn) and lower peak (Mp) molecular 

weights of 31.4 and 43.1 kDa respectively, compared to the linear polymer (45.4 and 85.0 

kDa) (Table 3.1). A further problem with this analysis is that GPC estimates the molecular 

weight based on hydrodynamic volume, and the exact impact of branching in stiff polymers 

on this volume is not well known. As branching diminishes the hydrodynamic volume, the 

molecular weight of the branched polymer could be underestimated. 
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Fig. 3.2: GPC traces of DT-PDPPTPT and 1B-DT-PDPPTPT recorded in o-DCB at 140 °C. Two measurements 

are shown for each polymer, the second is indicated by the dotted line. The material corresponding to the shoulder 

around 6.3 min. for 1B-DT-PDPPTPT showed a red-shifted absorption, and was assigned to aggregated 1B-DT-

PDPPTPT. 
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Table 3.1: GPC results of both polymers. Two measurements were performed on each polymer sample, to ensure 

that the result was reproducible. The values given in the main text are averages of the two measurements. 

Polymer Mn [kDa]
a 

Mw [kDa]
b 

Ð
c 

Mp [kDa]
d 

DT-PDPPTPT 44.2 97.7 2.21 82.8 

DT-PDPPTPT 46.5 102 2.20 87.1 

1B-DT-PDPPTPT 33.0 112 3.38 43.9 

1B-DT-PDPPTPT 29.8 105 3.53 42.2 

a Number average molecular weight, b Weight average molecular weight, c Polydispersity, d Peak molecular 

weight. 

 

Photovoltaic cells of both polymers were made using [6,6]-phenyl-C71-butyric acid 

methyl ester ([70]PCBM) as an acceptor, sandwiching the active layer between 

ITO/PEDOT:PSS and LiF/Al electrodes. The active layers were optimized in terms of 

thickness, polymer-fullerene ratio, and solvent composition of the casting solution. It was 

found that the optimal conditions for 1B-DT-PDPPTPT were similar to the previously
5
 

optimized conditions for DT-PDPPTPT, using a 1:2 polymer to [70]PCBM weight ratio 

dissolved in a mixture of chloroform with 3 vol% of 1,8-diiodooctane (DIO), while the best 

cell of DT-PDPPTPT in this study was made using 6 vol% of DIO. The photovoltaic 

performance is summarized in Table 3.2 and Figure 3.3. The open circuit voltage (Voc) was 

found to be very similar for both materials, as was expected from the similar backbone. The 

fill factor (FF) does not show a big difference either, but an important difference was found 

in the short circuit current density (Jsc). A dramatic increase of from 8.7 to 12.5 mA/cm² 

resulted in an improved power conversion efficiency (PCE) of 6.3% for 1B-DT-PDPPTPT 

compared to 4.4% for DT-PDPPTPT for the best devices. As can be seen Figure 3.3b the 

branched polymer shows a higher response in the spectrally resolved external quantum 

efficiency (EQE) over the whole absorption range of the device. Although there is a small 

difference in absorption, most of this increase is caused by a change in internal quantum 

efficiency (IQE) (Figure 3.4). 

To investigate the morphology, transmission electron microscopy (TEM) was 

performed on the active layers of the cells (Figure 3.5). Both blends show a fibre-like 

morphology, as was seen earlier for many DPP-containing blends.
5,6,15

 The fringes observed 

in the TEM of these fibres at high magnification indicate that they consist of 
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Fig. 3.3: (a) Current density – voltage (J–V) and (b) external quantum efficiency (EQE) of DT-

PDPPTPT:[70]PCBM and 1B-DT-PDPPTPT:[70]PCBM solar cells processed from chloroform using 3 vol% and 

6 vol% of DIO as co-solvent. 

 

Table 3.2: Photovoltaic performance of DT-PDPPTPT:[70]PCBM and 1B-DT-PDPPTPT:[70]PCBM solar cells 

processed chloroform using DIO as co-solvent. 

Polymer DIO (vol%) Jsc [mA/cm²]
a 

Voc [V] FF PCE [%]
b
 

DT-PDPPTPT 3 7.75 (7.43) 0.80 (0.80) 0.68 (0.67) 4.2 (4.0)
 

DT-PDPPTPT 6 8.65 (8.25) 0.79 (0.80) 0.64 (0.65) 4.4 (4.3) 

1B-DT-PDPPTPT 3 12.5 (12.4) 0.79 (0.79) 0.64 (0.63) 6.3 (6.2) 

1B-DT-PDPPTPT 6 11.7 (11.5) 0.79 (0.79) 0.63 (0.63) 5.9 (5.7) 

a Jsc is obtained by integrating the EQE-measurement with the AM1.5G spectrum. b Values between brackets 

indicate the average over 5 devices.  
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Fig. 3.4: Spectrally resolved internal quantum efficiency of the best devices made with DT-PDPPTPT and 1B-DT-

PDPPTPT. 
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Fig 3.5: TEM images of the active layer blends of DT-PDPPTPT processed with 3 vol% DIO (a, e), DT-

PDPPTPT with 6 vol% DIO (b, f), 1B-DT-PDPPTPT with 3 vol% DIO (c, g) and 1B-DT-PDPPTPT with 6 vol% 

DIO (d, h). 

 

relatively pure semi-crystalline polymer. There is however a large difference between the 

fibre width in both blends. The branching units in 1B-DT-PDPPTPT significantly reduce 

the fibre width compared to DT-PDPPTPT, leading to a more intimately mixed 

morphology, explaining the increased EQE and gain in efficiency, as charge generation is 

more efficient. It has been shown that increasing the molecular weight in DPP-polymers 

leads to more finely dispersed fibre-morphologies.
15

 However, in this case the GPC results 

indicate the opposite to be true. Even when taking into account errors in this measurement 

induced by the branched nature of the polymer, it is unlikely that the molecular weight of 

1B-DT-PDPPTPT is dramatically higher than that of DT-PDPPTPT, and the difference in 

morphology in both blends is greater than any change we have seen in the past due to a 

small change in molecular weight. Therefore, we hypothesize that another effect, caused by 

the branching, is at play here. 

To gain more insight in the morphology formation, in-situ light scattering 

experiments were performed during spin coating of the layer.
22

 In this experiment, the 

polymer-fullerene solutions were spin coated onto a silicon wafer covered with 

PEDOT:PSS. The thickness of the liquid layer during spin coating was monitored by 

recording the interference of a specular reflected laser beam, while a photodetector placed 

to the side of this set-up recorded simultaneously the light scattered from the solution. 
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Fig. 3.6: (a) Interference signal of the laser light during spin coating of the mixture of polymer, fullerene, solvent 

and co-solvent versus time. The signals of different experiments are manually synchronized at the last valley of the 

interference signal. (b) The interference signal during the slow drying regime. (c) The drying curve extracted from 

the data above and the scattering signal (d) versus time. 

 

Given the dimensions of the polymer fibres, we conjecture that an increase in 

scattering signal indicates fibre formation. This experiment was performed on active layer 

blends of both materials, using both 3 vol% and 6 vol% of DIO as co-solvent concentration. 

In all experiments, a fast (< 1 s) drying regime (Figure 3.6a and c) and a slow (>1 h) drying 

regime (Figure 3.6b) can be distinguished, which we attribute to the evaporation of 

chloroform in the first stage of drying, followed by a long drying period for DIO.
15

 To be 

able to directly compare the experiments, the curves were synchronized to the point where 

all chloroform is evaporated (Figure 3.6a, for more details see the Experimental section). In 

Figure 3.6d, it can be seen that the branched polymer shows an onset of scattering before 

the linear polymer, meaning that fibre formation starts earlier, at lower concentration, when 

the same solvent mixture is used. Using the final thickness of the layers, the polymer 
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content by volume at the onset of scattering was calculated to be 9.3% and 7.7% for the 

linear and branched polymer respectively when 3 vol% DIO was used, and 6.2% and 4.0% 

for 6 vol% DIO. However, the polymer concentration at the onset of scattering does not 

seem to determine the fibre width, as can be seen when comparing the linear polymer spin 

coated from 6 vol% DIO in chloroform with the branched polymer from 3 vol% DIO in 

chloroform. In these cases, the linear polymer has an onset of scattering at a higher solvent 

content than the branched polymer, yet the former has a larger fibre width (Figure 3.5).  

We have recently shown that the width of the semi-crystalline polymer fibres in 

bulk-heterojunction blends is not the result of a frozen dynamical state but determined by 

nucleation, which is governed by the solubility of the polymer and related to the side 

chains, the molecular weight and the nature of the solvent/co-solvent system.
15

 Also the 

present results can be interpreted in the context of this nucleation-and-growth model.
15

 

Classic nucleation theory states that that a free-energy barrier must be overcome to form a 

nucleus of critical size, which can subsequently grow. The higher this barrier is, the lower 

the number of nuclei will be, and the bigger they will be. A large barrier for nucleation can 

therefore result in wide fibres either because a small number of nuclei grow into large 

aggregates (when there is a long growth period) or because the nuclei are large and the fibre 

size is determined by this (when there is a very limited growth time). For DT-PDPPTPT a 

large free-energy barrier can be expected as it has good solubility owing to the lengthy DT 

chain resulting in relatively wide fibres, which is consistent with our observations. 

According to this theory, the branched polymer must have a lower energy barrier as the 

fibres are found to be thinner. An increased tendency of aggregation is consistent with the 

observations made in the GPC analysis and the decreased solubility observed in the light 

scattering experiments, lending credence to this theory. The correlation between polymer 

solubility and fibre width has been pointed out before.
23,24

 The origin of the lowered barrier 

for nucleation is not clear at this point, although one might speculate that the branching 

causes a decreased number of degrees of freedom of the polymer in solution, leading to a 

lower entropic penalty for nucleation. 

 

 

 

 



Chapter 3 

54 

3.3 Conclusion 

In conclusion, introducing only 1% of branching in DT-PDPPTPT has a 

significant effect on the photovoltaic performance and results in a PCE of 6.3%, compared 

to 4.4% for the linear polymer due to an increase in photocurrent. This increase is explained 

by a reduction of the polymer fibre width in the active layer. In-situ scattering experiments 

revealed an onset of fibre formation during spin coating at lower concentration for the 

branched material, which was explained in terms of a lowered solubility. The increased 

tendency of aggregation is consistent with a lower barrier for nucleation, leading to thinner 

fibres through the theory of nucleation-and-growth. We propose that this decrease in the 

energetic barrier for nucleation finds its origin in entropic effects caused by the branched 

nature of the polymer. The results therefore demonstrate that introducing branching can be 

an effective tool to increase photovoltaic efficiency. 

 

3.4 Experimental section 

 

3.4.1 Materials and methods 

Commercial solvents and reactants were used as received unless stated otherwise. 

[70]PCBM (purity 90-95%) was purchased from Solenne BV. 3,6-Bis(5-bromothiophen-2-yl)-2,5-

bis(2-decyltetradecyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione was synthesized according to 

literature procedure.23 All other chemicals were purchased from Aldrich Chemical Co. 1,4-

Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene and 1,3,5-tris(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)benzene were recrystallized from methanol prior to polymerization. DT-PDPPTPT 

was synthesized according to the previously published procedure.23 

Photovoltaic devices with an active area of 0.09 and 0.16 cm² were fabricated on patterned 

indium tin oxide (ITO) glass substrates (Naranjo Substrates). Substrates were cleaned by sonication in 

acetone for 15 minutes, followed by scrubbing with a sodium dodecyl sulfate solution (99%, Acros), 

rinsing with deionized water and a final sonication step in 2-propanol. Finally, they underwent with 

UV-ozone treatment for 30 min. Poly(ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) 

(Clevios P, VP Al4083) was deposited via spin coating (3000 rpm, 40 nm), followed by the active 

layer. The polymers were dissolved at a concentration of 4 mg/mL together with [70]PCBM (8 

mg/mL) in chloroform containing 3 vol% or 6 vol% of DIO by stirring one hour at 90 °C. The 

solutions were cooled to room temperature (stirring for 2 min.) prior to spin coating. The best devices 

were made using a spin coat rate of 1500 rpm, resulting in an active layer thickness of 104 nm in both 
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cases. The back electrode, consisting of LiF (1 nm) and Al (100 nm), was deposited by evaporation 

under high vacuum (~3 × 10−7 mbar). 

Current density – voltage (J−V) characteristics were measured with a Keithley 2400 source 

meter under ca. 100 mW/cm2 white-light illumination from a tungsten–halogen lamp filtered by a 

Schott GG385 UV filter and a Hoya LB120 daylight filter. Short-circuit currents under AM 1.5G 

conditions were estimated by convoluting the spectral response with the solar spectrum. Spectral 

response measurements were conducted under 1 sun operating conditions by using a 532 nm solid 

state laser (Edmund Optics) for bias illumination. The device was kept in a nitrogen filled box behind 

a quartz window and irradiated with modulated monochromatic light, from a 50 W tungsten-halogen 

lamp (Philips focusline) and monochromator (Oriel, Cornerstone 130) with the use of a mechanical 

chopper. The modulated photocurrent was amplified with a Stanford Research System Model SR570 

current preamplifier and then measured using a lock-in amplifier (Stanford research Systems SR830). 

A calibrated silicon cell was used as reference. TEM was performed on a Tecnai G 2 Sphera TEM 

(FEI) operated at 200 kV. Layer thicknesses were measured with a Veeco Dektak 150 profilometer. 

The wavelength dependent index of refraction (n) and extinction coefficient (k) were 

obtained from the reflection and transmission of blend films of the optimized active layers on quartz 

(3 thicknesses) that were measured using a calibrated integrating sphere. Light absorption in the 

device stack was then modelled using Setfos 3.2 (Fluxim AG) software using the optical constants (n, 

k) of all layers in the stack and the transfer matrix formalism. By dividing the EQE with the fraction 

of photons absorbed by the active layer the internal quantum efficiency (IQE) was obtained at each 

wavelength (Figure 3.4). The spectrally averaged IQE was found to be 51% in the case of DT-

PDPPTPT and 71% in the case of 1B-DT-PDPPTPT. Hence, the increase in IQE represents 90% of 

the increase in spectrally averaged EQE, the other 10% being accounted for by the higher absorption 

of 1B-DT-PDPPTPT. 

For the light scattering experiments, silicon substrates (Si-Mat, 525 μm thickness with 200 

nm SiO2 layer) were used, which were cleaned in the same way as the ITO substrates, but UV-ozone 

was replaced with an air plasma treatment (Diener Electronic Femto PCCE, 100% power, 10 

minutes). A layer of poly(ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS, Heraeus 

Clevios PVP Al 4083) was spin coated before the measurement, to ensure similar wetting properties 

as the ITO substrates. Simultaneously with the scattering experiments, solar cell devices were 

fabricated from the same solutions. All solar cells showed the same behaviour as before. 

A Melles-Griot 5 mW HeNe laser (632.8 nm) was spread to a spot of ~3 mm radius using a 

biconvex lens. The specular reflection (which contains the interference signal) from the spinning 

silicon substrate (1500 rpm) was diffused using white paper and collected with a Thorlabs SM1PD1A 

photodiode. A second photodiode (Hamamatsu S2281) collected light scattered by inhomogeneities in 
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the spin-coating film. Both photodiodes were behind a Thorlabs FL632.8-3 laser line filter to remove 

unwanted environmental light from the signal. Two Stanford Research System Model SR570 current 

preamplifiers (high bandwidth mode, 10 nA/V) amplified the signals, which were then recorded 

simultaneously with a time resolution of ~1 ms by a Keithley 2636A sourcemeter. 

The intensity of the specular reflected laser light is dependent on the interference of the 

light reflected from the top of the layer and the light reflected from the substrate. This intensity 

oscillates in time as the layer dries and the interference goes through maxima and minima as shown in 

Figure 3.4a. A script in Wolfram Mathematica 10.0 was used to select peaks and valleys in the 

interference signal, which were used to back-calculate the thickness evolution during solvent 

evaporation. Working backwards, each peak-valley adds a thickness of ~100 nm (λ/(4ncosθ) to the 

layer thickness after chloroform evaporation, which is the final layer thickness and the remaining 

amount of DIO. The amount of DIO at that point is calculated using the volume ratio of DIO to solids 

in the initial spin coating solution. λ is the wavelength of the laser, θ the angle of incidence and the 

refractive index n was estimated using the approximate volume fractions of all components. Figure 

3.6c shows the layer thickness vs. time for the short times (> 1 s).  

Figure 3.6d shows the corresponding intensity of the scattered light that we attribute to the 

formation of fibres. To be able to directly compare the experiments, the curves were synchronized 

with respect to the last valley in the interference signal during the fast drying stage (Figure 3.6a). To 

demonstrate that drying of the layer continues after this fast drying stage, two long measurements 

were performed, which indicate that the layer only dries completely after 1 to 1.5 hours (Figure 3.6b). 

This long drying time is related to the slow evaporation of DIO, which has a high boiling point. This 

indicates that only a very small amount of DIO will evaporate during the first 2 s of spin coating, 

which justifies the assumption made above that at point t = 0 s the DIO content is the same as the 

initial DIO content. 

Molecular-weight distributions of the polymers were estimated by GPC at 140 °C on a PL-

GPC 120 system using a PL-GEL 10 mm MIXED-C column with o-DCB as the eluent and using 

polystyrene internal standards. Samples were dissolved in o-DCB at 140 °C for 2 hours and filtered 

hot through a heated 2 µm PTFE filter. UV-vis-NIR spectroscopy was conducted on a PerkinElmer 

Lambda 900 or PerkinElmer Lambda 1050 spectrophotometer. Cyclic voltammetry was performed 

under an inert atmosphere with a scan speed of 0.1 V/s on polymer films using a solution of 1 M 

tetrabutylammonium hexafluorophosphate in acetonitrile. A polymer-covered ITO substrate was used 

as the working electrode, a silver rod as counter electrode and a silver rod coated with silver chloride 

(Ag/AgCl) as quasi-reference electrode in combination with Fc/Fc+ as an internal standard. 
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3.4.2 Synthesis of 1B-DT-PDPPTPT 

3,6-Bis(5-bromothiophen-2-yl)-2,5-bis(2-decyltetradecyl)-2,5-dihydropyrrolo[3,4-

c]pyrrole-1,4-dione (100 mg, 88.4 μmol), 1,4-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)benzene (28.7 mg, 87.1 μmol), 1,3,5-tris(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene 

(0.40 mg, 0.88 μmol), triphenylphosphine (1.39 mg, 5.30 μmol) and 

tris(dibenzylideneacetone)dipalladium (1.21 mg, 1.331 μmol) were placed in a Schlenk flask under 

argon. Dry toluene (2 mL) was added and the resulting solution was degassed with argon. A degassed 

aqueous 2M solution of tripotassium phosphate was subsequently added (0.22 mL) with a drop of 

Aliquat 336 and the mixture was heated to 115 °C. After reaction overnight, the crude product was 

dispersed in 1,1,2,2‐tetrachloroethane (TCE) and subsequently poured into methanol. The filtered 

product was redissolved in TCE at 150 °C. Ethylenediaminetetraacetic acid (200 mg) was added to 

this hot solution and stirred during one hour. Water was added, and the mixture was stirred vigorously 

for another hour at 110 °C, after which the organic layer was separated, and washed with water. The 

polymer was then precipitated in methanol, and filtered in a Soxhlet thimble. Soxhlet extraction using 

acetone, hexane, and dichloromethane was performed, after which the residue in the thimble was 

dissolved in hot TCE. This solution was subsequently precipitated in methanol and filtered, giving 

1B-DT-PDPPTPT as a dark green solid. 
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Chapter 4 
 

 

The effect of side-chain substitution and hot 

processing on diketopyrrolopyrrole-based polymers 

for organic solar cells 

 

Abstract 

The effects of cold and hot processing on the performance of polymer-fullerene 

solar cells are investigated for diketopyrrolopyrrole (DPP) based polymers that were 

specifically designed and synthesized to exhibit a strong temperature-dependent 

aggregation in solution. The polymers, consisting of alternating DPP and oligothiophene 

units, are substituted with linear and second position branched alkyl side chains. For the 

polymer-fullerene blends that can be processed at room temperature, hot processing does 

not enhance the power conversion efficiencies compared to cold processing because the 

increased solubility at elevated temperatures results in the formation of wider polymer 

fibres that reduce charge generation. Instead, hot processing seems to be only 

advantageous when cold processing is not possible due to a limited solubility at room 

temperature. The resulting morphologies are consistent with a nucleation-growth 

mechanism for polymer fibres during drying of the films. 

 

 

 

This work has been published: G. H. L. Heintges, P. J. Leenaers, R. A. J. Janssen, J. Mater. 

Chem. A, 2017, 5, 13748-13756. 



Chapter 4 

 

60 

4.1 Introduction 

Organic photovoltaic cells have been extensively investigated as an interesting 

alternative photovoltaic technology, displaying the potential for semi-flexible devices 

produced via roll-to-roll methods.
1-3

 Typically, the active layer in these cells consists of 

light harvesting donor and acceptor materials of which the blend morphology strongly 

influences the efficiency of the cell. The mechanisms of morphology formation have been 

studied extensively in the past. In polymer-fullerene bulk heterojunctions multiple methods 

have been used to fine-tune the morphology such as changing processing conditions, 

increasing the molecular weight of the polymer and adjusting the solubility by changing the 

solubilizing side chains.
4
 

Recently, Yan and co-workers have developed an interesting new class of 

semiconducting polymers that exhibit a strong temperature-dependent aggregation 

behaviour in solution, providing polymer-fullerene solar cells with a power conversion 

efficiency (PCE) of 10.8%.
5
 The strong temperature-dependent aggregation was introduced 

via alkyl side chains on the polymer backbone that have a branching point on the second 

carbon atom from the main chain. When these 2-alkylalkyl substituents were introduced on 

an oligothiophene segment in the main chain, controlled aggregation and strong 

crystallization of the polymer during the film cooling and drying process was achieved, 

resulting in optimal bulk heterojunction morphologies and high PCEs under hot processing 

conditions.
5
 This same principle has been applied by Yan et al. to wide band gap (1.90 

eV),
6
 medium band gap (1.65 eV),

5
 and low band gap (1.43 eV)

7
 polymer donors, all 

reaching excellent PCEs in solar cells with fullerene acceptors. In these examples it was 

essential to tune the aggregation behaviour of the polymer by balancing the tendency of the 

π-conjugated main chain units to aggregate with the solubilizing power of the 2-alkylalkyl 

substituents. 

 Such balance has also been found to be important for morphology formation in 

photoactive blends based on diketopyrrolopyrrole (DPP) based π-conjugated polymers and 

fullerenes.
8-14

 In these DPP polymers, solubility in organic solvents is typically provided by 

solubilizing 2-alkylalkyl side chains on the nitrogen atoms of the electron deficient DPP 

core, in relevant cases further enhanced by side chains on the heteroaromatic electron-rich 

units of these push-pull low band gap materials. The final blend morphologies are 

determined by the chemical structure, the processing conditions and the molecular weight 
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of the polymer.
10,12

 One result that emerges from this work is that reducing the solubility, 

either via the molecular structure, increasing the molecular weight, or a specific processing 

additive, leads to morphologies in which narrow crystalline DPP polymer fibres are present 

that provide high power conversion efficiencies.
9−14

 Under conditions where the solubility 

of the polymer is too high, the fibre width in the photoactive layer increases, resulting in a 

loss in device performance because the width of the fibre exceeds the exciton diffusion 

length. The reasons for forming wider fibres with more soluble materials are not yet fully 

understood but can be rationalized with a nucleation-growth model to originate from either 

a minimum width of stable polymer fibres (fast-nucleation limit) or from the number of 

nuclei formed (fast-growth limit).
12

 Fibre formation has also been observed for other 

polymer-fullerene systems.
15,16

 

 Here we investigate the effects of hot versus cold processing of polymer-fullerene 

based solar cells using newly synthesized DPP-based polymers with solubilizing 2-

alkylalkyl substituents on the terthiophene and quaterthiophene units and linear or branched 

alkyl chains on the DPP unit. Changing from the common branched to a linear alkyl chain 

on the DPP units is expected to enhance aggregation and reduce solubility such that more 

narrow fibres are formed, while the branched alkyl side chains can endow the polymer with 

sufficient solubility at elevated temperatures.
7
 Each of the new DPP polymers exhibits a 

temperature-dependent aggregation. We find that for the polymers that can be processed at 

room temperature, hot processing does not offer an advantage in terms of device 

performance, because the increased processing temperature enhances the solubility and 

results in wider fibres.  

 

4.2 Results and discussion 

The synthesis of the monomers is shown in Scheme 4.1. The 2-ethylhexyl or 2-

hexyldecyl side chains were introduced on the thiophene rings via a Kumada reaction 

between 3-bromothiophene and the corresponding 2-alkylalkyl magnesium bromide. 

Formylation and subsequent reaction with hydroxylamine hydrochloride afforded the 4-(2-

alkylalkyl)-2-cyanothiophenes which were used as the starting point for the DPP formation 

reaction. Modified literature procedures then afforded the DPP monomers (denoted as R2-

DPP-R1),
7,17 

which were brominated and used in a Stille polymerization reaction with either 

2,5-bis(trimethylstannyl)thiophene or 5,5′-bis(trimethylstannyl)-2,2′-bithiophene under 
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optimized conditions
18

 to afford the R2-PDPP3T-R1 and R2-PDPP4T-R1 polymers depicted 

in Scheme 4.2. The details of the synthetic procedures and characterization of the 

intermediates can be found in the Experimental section. 

The D-DPP-EH monomer was polymerized in a Stille reaction with thiophene and 

the resulting polymer, D-DPP3T-EH (Scheme 4.2), showed high solubility despite a 

reasonably high number average molecular weight of Mn = 39 kDa (Table 4.1). We 

attribute the high solubility to the two branched side chains on the terthiophene moieties 

that separate the DPP units along the chain. As we know that a too high solubility at room 

temperature of these polymers causes a reduction of the solar cell performance by forming 

a too coarse phase separation,
9-12 

we reduced the solubility by introducing an additional 

unsubstituted thiophene ring in the main chain via polymerization of D-DPP-EH and 

bithiophene. In the resulting D-PDPP4T-EH (Scheme 4.2) polymer, the alkyl substituents 

are more distant and point in opposite directions along the thiophene chain. The additional 

thiophene ring in the repeating unit had a dramatic effect and resulted in a significant 

decrease in solubility. The rather low Mn of 24.3 kDa of D-PDPP4T-EH can be explained 

by precipitation of the material during the reaction before polymerization was completed. 

To achieve a solubility in between that of D-PDPP3T-EH and D-PDPP4T-EH, two 

additional polymers were synthesized (Scheme 4.2). D-PDPP4T-HD features extended 2-

hexyldecyl side chains on the thiophenes flanking the DPP unit, while in EH-PDPP4T-EH 

 

Scheme 4.1: R1 = 2-ethylhexyl (EH) or 2-hexyldecyl (HD), R2 = dodecyl (D) or 2-ethylhexyl, (i) PPh3, N-

bromosuccinimide (NBS), DCM, 0 °C; (ii) Mg, Ni(dppp)Cl2, diethyl ether; (iii) (1) LDA, THF, −78 °C; (2) DMF, 

−78 °C; (iv) NH2OH.HCl, DMF, 145 °C; (v) Na, diethyl succinate, t-amyl alcohol, 120 ºC; (vi) K2CO3, Br−R2, 

DMF, 120 °C; (vii) NBS, CHCl3, 0 °C; (viii) 2,5-bis(trimethylstannyl)thiophene or 5,5′-bis(trimethylstannyl)-2,2′-

bithiophene, Pd2(dba)3/PPh3, toluene/DMF, 115 °C. 
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Scheme 4.2: Structures of DPP polymers with branched side chains on the thiophene substituents that flank the 

DPP unit. 

 

the linear dodecyl chain on the DPP unit is replaced by a branched 2-ethylhexyl chain. A 

rather high Mn of 57.3 kDa was obtained for D-PDPP4T-HD, indicating that it has an 

improved solubility in the polymerization reaction yielding a higher molecular weight. The 

Mn of EH-PDPP4T-EH could, however, not be determined by GPC as it showed a 

remarkably low solubility in o-dichlorobenzene (o-DCB), even at 140 °C. 

UV-vis-NIR absorption spectra of the materials measured in chloroform and thin 

films (Figure 4.1) reveal an interesting behaviour. For D-PDPP3T-EH there is a significant 

red shift in the optical band gap when going from solution to thin film. While it is common 

for many conjugated polymers to exhibit such shift, the effect is larger for D-PDPP3T-EH 

than for the previously studied polymers HD-PDPP3T
18

 and HD-PDDP3T-Me
17

 that have 

no or a small (−CH3) substituent on the thiophene rings flanking the DPP unit. The shift of 

the onsets of absorption in solution and film, determined from the crossing point of the 

tangent in the inflection point in the spectrum at long wavelength with the horizontal axis, 

decreases from 58 nm for D-PDPP3T-EH, to 48 nm for DT-PDPP3T, 36 nm for HD-

PDDP3T-Me and 12 nm for HD-PDPP3T (Figure 4.2). This supports the notion that in 

solution D-PDPP3T-EH is less aggregated due to the branched side chains on the thiophene 

rings. The higher solubility is associated with twisting of the polymer chain, which reduces 

the effective conjugation length. In the solid state, the optical band gap of all three PDPP3T 
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Fig. 4.1: Normalized UV-vis-NIR absorption spectra of the DPP polymers. (a) In chloroform solution. (b) As thin 

film on glass. 

 

derivatives is very similar and amounts to Eg = 1.34 eV. As we will demonstrate in further 

detail below, the vibronic peaks in the spectrum of D-PDPP3T-EH are associated with its 

partial aggregation under these conditions.  

The PDPP4T polymers behave quite differently. D-PDPP4T-EH shows a rather 

low band gap in solution and the absorption is not shifted in the solid state (Figure 4.1). 

This behaviour is similar to that of DT-PDPP4T (DT = 2-decyltetradecyl) which also did 

not show a shift in the onset of the absorption between solution and thin film spectra.
9
 The 

two more soluble D-PDPP4T-HD and EH-PDPP4T-EH polymers do have significantly 

blue-shifted onsets of absorption in solution compared to D-DPP4T-EH (Figure 4.1). This 

suggests that they are less aggregated, but we note that they show a clear vibronic shoulder 

at higher energies that often appears when interchain interactions are also present. Of these 

two more soluble derivatives, D-PDPP4T-HD exhibits a pronounced red shift of its thin 

film absorption spectrum, to an onset that is similar to that of DT-PDPP4T and D-PDPP4T-

EH (Figure 4.1, Table 4.1). Remarkably, for EH-PDPP4T-EH the absorption onset does not 

shift significantly between solution and solid state. This suggests that upon casting a film of 

EH-PDPP4T-EH the chains do not undergo more aggregation.  

Cyclic voltammetry was performed on polymer films cast on indium tin oxide 

(ITO) glass substrates in acetonitrile containing tetrabutylammonium hexafluorophosphate 

as electrolyte (Table 4.1). The HOMO and LUMO levels determined from the onsets of the 

oxidation and reductions waves vary little, suggesting a small effect of the alkyl chain 
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Fig. 4.2: UV-vis-NIR spectra of (a) HD-PDPP3T in solution and film,18 the onset shifts 12 nm. (b) HD-PDPP3T-

Me in solution and film,17 the onset shifts 36 nm. (c) DT-PDPP3T in solution and film, the onset shifts 48 nm. (d) 

DT-PDPP4T in solution and film, the onset shifts -1 nm.9 

 

Table 4.1: Physical properties of the polymers. 

Polymer Mn  

[kDa] 

Mw  

[kDa] 

PDI Eg  

[eV]
a
 

HOMO 

[eV]
b
 

LUMO 

[eV]
b
 

Eg, 

[eV]
c
 

Ref. 

HD-PDPP3T 147 400 2.72 1.35 −5.60 −3.76 1.84 18 

DT-PDPP3T 137 458 3.34 1.36 - -  9 

HD-PDPP3T-Me 110 282 2.56 1.34 −5.61 −3.71 1.90 17 

D-PDPP3T-EH 39.0 90.0 2.31 1.35 −5.60 −3.66 1.94  

DT-PDPP4T 219 641 2.93 1.43 −5.59 −3.65 1.94 9 

EH-PDPP4T-HD - - - 1.45 - -  7 

D-PDPP4T-EH 24.3 59.3 2.44 1.43 −5.54 −3.69 1.85  

D-PDPP4T-HD 57.3 173 3.02 1.41 −5.59 −3.58 2.01  

EH-PDPP4T-EH - - - 1.48 −5.58 −3.65 1.93  

a From the absorption onset in thin films. b From the onsets of the redox waves and using −5.23 eV for the energy 

of ferrocene/ferrocenium. c Electrochemical band gap. 
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substitution pattern on the energy levels of the polymer. In each case, the electrochemical 

band gap is significantly larger than the optical band gap. 

The aggregation behaviour of the polymers was further explored using 

temperature-dependent UV-vis-NIR measurements in 1,1,2,2-tetrachloroethane (TCE) 

(Figure 4.3). TCE is a slightly less good solvent for DPP polymers compared to 

chloroform, but its higher boiling point (147 °C vs. 61 °C) allows to study solutions over a 

much wider temperature range. At the highest temperature used (100 °C) each polymer is 

truly molecularly dissolved. At this stage the spectra show a single unresolved absorption 

band centred at ~650 nm (Figure 4.3). With decreasing temperature the UV-vis-NIR spectra 

of all four polymers in TCE show a transition from the molecular dissolved state to an 

aggregated state, which is evidenced from the appearance of a long wavelength peak and 

associated vibronic structure. This transition starts at ~60 °C for D-PDPP4T-EH, at ~50 °C 

for D-PDPP4T-HD and EH-PDPP4T-EH, while it only occurs at ~20 °C for D-PDPP3T-

EH, which is the most soluble polymer of the four derivatives. For the three PDPP4T 

polymers further cooling below the onset of aggregation is accompanied by an isosbestic 

point in the spectra, which we interpret as the transition between an aggregated and a 

molecular dissolved state. Above the transition temperature, where no aggregates exist, 

there is no isosbestic point. In this regime the absorption maxima simply shift gradually to 

lower energy when reducing the temperature. This is attributed to a gradual decrease of the 

twisting of the polymer chains. This planarization increases the average effective 

conjugation length of chain segments and moves the absorption maximum to lower 

energies. The small increase in intensity at lower temperatures is, at least partly, due to 

thermal contraction of the solvent. 

UV-vis-NIR spectra were also recorded for the four polymers in o-DCB at 

different temperatures (Figure 4.4). o-DCB is a less good solvent for these polymers than 

chloroform or TCE. With increasing temperature of o-DCB D-PDPP3T-EH, D-PDPP4T-

EH and D-PDPP4T-HD show a more or less gradual loss of the long wavelength peak and 

its vibronic structure. At ~60 °C D-PDPP3T-EH and D-PDPP4T-HD reach a state in which 

the polymer chains are truly molecularly dissolved. For D-PDPP4T-EH a small shoulder 

around 800 nm remained until 100 °C, which agrees with the lower solubility of this 

material. For EH-PDPP4T-EH the results (Figure 4.4d) were different from the other three  
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Fig. 4.3: Temperature-dependent UV-vis-NIR absorption of the polymers in TCE solution. (a) D-PDPP3T-EH. (b) 

D-PDPP4T-EH. (c) D-PDPP4T-HD. (d) EH-PDPP4T-EH. 

 

polymers. At room temperature the material is sparsely soluble in o-DCB and when 

conducting the experiment from high to low temperature the polymer precipitated in its 

aggregated state in the cuvette, resulting in a loss of signal at lower temperatures. 

Solar cell devices were made using the polymers as electron donor in combination 

with [6,6]-phenyl-C71-butyric acid methyl ester ([70]PCBM) as electron acceptor on glass 

substrates patterned with ITO, covered with poly(3,4-ethylenedioxythiophene)-

poly(styrenesulfonate) (PEDOT:PSS) as hole extracting contact and LiF/Al as electron 

extracting contact. The processing conditions for the active layers were carefully optimized 

for each individual polymer using o-DCB, diphenyl ether (DPE), or 1,8-diiodooctane (DIO) 

as co-solvent where appropriate. We evaluated both room temperature (20 °C from 

chloroform (CF)) and hot (100 to 140 °C from TCE) deposition conditions.  
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Fig. 4.4: The temperature dependent UV-vis-NIR absorption of the polymers in o-DCB solution. (a) D-PDPP3T-

EH. (b) D-PDPP4T-EH. (c) D-PDPP4T-HD. (d) EH-PDPP4T-EH. 

 

Room temperature processing was performed using chloroform as main solvent 

with o-DCB, DPE or DIO as co-solvent. Because D-PDPP3T-EH is not sufficiently soluble 

in chloroform at room temperature, the analysis was limited to the three more soluble 

polymers. It was found that using DPE as co-solvent affords higher PCEs than use of o-

DCB or DIO (not shown here). The current density – voltage (J−V) characteristics and 

external quantum efficiency (EQE) of the optimized devices processed at room temperature 

from chloroform/DPE (98:2) are shown in Figure 4.5 and the relevant solar cell parameters 

are collected in Table 4.2. 

The PCE of D-PDPP3T-EH:[70]PCBM cells reaches 5.4%. The open-circuit 

voltage (Voc) of this cell (0.57 V) is lower than that of the related HD-PDPP3T:[70]PCBM 

(Voc = 0.67 V) cell,
18

 but almost identical to that of HD-PDPP3T-Me:[70]PCBM (Voc = 0.59 

V) cells.
17

 This difference can be attributed to the inductive electron donating effect of the 
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Fig. 4.5: Characteristics of optimized R2-PDPP-R1:[70]PCBM solar cells processed at room temperature from 

CF/DPE (98:2). (a) J−V characteristics under white light illumination. (b) EQE. 

 

Table 4.2: Processing conditions and device characteristics for R2-PDPP-R1:[70]PCBM solar cells. 

Polymer Solution T 

[°C] 

µh 

[cm²/Vs] 

d 

[nm] 

Jsc 

[mA/cm²] 

Voc 

[V] 

FF PCE 

[%] 

D-PDPP3T-EH CF/DPE (98:2) 20 6.8 × 10
-4

 154 15.2 0.57 0.63 5.4 

 TCE 120 1.9 × 10
-3

 140 11.3 0.70 0.55 4.4 

 TCE/DPE (98:2) 120 5.9 × 10
-4

 135 10.4 0.59 0.62 3.8 

D-PDPP4T-EH TCE/DPE (98:2) 120 6.5 × 10
-4

 121 10.1 0.59 0.57 3.4 

D-PDPP4T-HD CF/DPE (98:2) 20 6.6 × 10
-4

 101 15.8 0.60 0.67 6.3 

 TCE/DIO (98:2) 100 1.0 × 10
-3

 88 11.9 0.61 0.70 5.1 

 TCE/DPE (98:2) 120 8.3 × 10
-4

 147 12.1 0.63 0.60 4.5 

EH-PDPP4T-EH CF/DPE (98:2) 20 1.4 × 10
-3

 106 14.9 0.71 0.58 6.1 

 TCE/o-DCB (9:1) 140 1.2 × 10
-3

 96 10.1 0.75 0.66 5.0 

 TCE/DPE (98:2) 120 8.1 × 10
-4

 92 11.4 0.74 0.59 4.9 

 

alkyl substituents on the thiophene rings which raise the HOMO level and lower the Voc. 

We note, however, that these rather subtle effects on the HOMO energy do not show up in 

the oxidation potentials determined by cyclic voltammetry. Compared to HD-PDPP3T and 

HD-PDPP3T-Me the EQE and, hence, the short-circuit current density (Jsc) of the cells 

based on D-PDPP3T-EH are lower, resulting in a lower overall PCE (5.4% vs. 7.1%
18

 and 

6.8%
17

). For all three PDPP3T polymers the onset of the EQE is found at about 950 nm.  
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D-PDPP4T-HD and EH-PDPP4T-EH reach comparable PCEs (6.3% and 6.1%) in 

solar cells when blended with [70]PCBM. These values are only slightly less than the PCE 

= 7.1% for DT-PDPP4T:[70]PCBM cells studied previously.
9
 For the D-PDPP4T-HD cell 

the main difference is in the Voc = 0.60 V, which shows the expected decrease compared to 

the Voc = 0.64 V of DT-PDPP4T as a result of the electron donating alkyl substituents on 

the main chain. The onsets of the EQEs for D-PDPP4T-HD and DT-PDPP4T cells are both 

at about 900 nm. For EH-DPP4T-EH, on the other hand, the solar cell characteristics are 

quite different despite the similar polymer backbone. A significantly increased Voc = 0.71 V 

is found for EH-PDPP4T-EH cells, which is in accordance with the higher optical band 

gap. The fill factor (FF) of the EH-PDPP4T-EH cell is lower as result of field-dependent 

charge extraction, which can be seen from the significant slope of the J−V curve at short 

circuit. This slope is not present in the dark J−V curve and hence not simply due to a low 

shunt (parallel) resistance. 

The morphology of the three photoactive layers was investigated by transmission 

electron microscopy (TEM) (Figure 4.6). In each case a fibre-like morphology is observed. 

These fibres appear brighter and originate from semi-crystalline aggregates of the DPP 

polymers.
9−12  

A slightly coarser morphology, with wider fibres, is observed for the D-PDPP3T-

EH:[70]PCBM film compared to the EH-PDPP4T-EH:[70]PCBM film (Figure 4.6, top 

row). The wider fibres are in accordance with the higher solubility of this polymer and 

rationalize the reduced EQE (45%) in the wavelength region above 700 nm were only the 

polymer absorbs light.
9-12

 As expected, the higher EQE of the cells based on EH-PDPP4T-

EH is associated with narrower fibres in TEM. However, the finer morphology of the EH-

PDPP4T-EH-based layer compared to D-PDPP4T-HD is not clearly reflected in the EQE. 

Figure 4.5a shows that the photocurrent in the EH-PDPP4T-EH-based blend is strongly 

field dependent, while that of D-PDPP4T-HD saturates quicker below Voc. This is 

consistent with the more intimate morphology of the EH-PDPP4T-EH:[70]PCBM blend 

which can hinder charge extraction due to longer or non-continuous pathways for charges, 

causing more non-geminate charge recombination, a bias voltage just below Voc and a 

reduced fill factor. The difference in EQE for the D-PDPP3T-EH and D-PDPP4T-HD 

based cells cannot be readily explained by the fibre width, which is comparable and must 

hence be determined by other factors. 
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D-PDPP3T-EH D-PDPP4T-EH D-PDPP4T-HD EH-PDPP4T-EH

CF/DPE 20°C CF/DPE 20°C CF/DPE 20°C

TCE/DPE 120°C TCE/DPE 120°C TCE/DPE 120°C

TCE 120°C TCE/DIO 100°C TCE/o-DCB 140°CTCE/DPE 120°C

 

Fig. 4.6: TEM images of the photoactive layers. Left to right: blends of D-PDPP3T-EH, D-PDPP4T-EH, D-

PDPP4T-HD and EH-PDPP4T-EH with [70]PCBM. Top row: room temperature processing from chloroform/DPE 

(98:2); middle row: optimized hot-processed devices from TCE/co-solvent; bottom row: hot-processed devices 

from TCE/DPE (98:2). 

 

Hot processing of the active layers was performed to take advantage of the 

temperature-dependent aggregation behaviour of the polymers. We used TCE as the main 

solvent and solutions were heated to 100, 120, or 140 °C. Again we tested o-DCB, DPE and 

DIO as co-solvent, next to using pure TCE. For hot processing the co-solvent that affords 

the highest PCE varies among the different polymers, but in each case TCE/DPE (98:2) 

provides a PCE that is comparable to the best device. In Figure 4.7 and Table 4.2 we have 

included the best performing hot-processed solar cells, but also included the TCE/DPE-

processed devices, such that a direct comparison under identical conditions can also be 

made. 

The J−V characteristics and EQE data shown in Figure 4.7 and Table 4.2 reveal 

that hot processing of these active layers from TCE/co-solvent does not improve the device 
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performance compared to the room temperature processing from chloroform/DPE. The 

EQE and concomitantly the Jsc of the hot processed cells is lower, while the Voc remains the 

same or even slightly increases, except in the case of D-PDPP3T-EH.  

The difference in Voc in the case of D-PDPP3T-EH cells processed from pure TCE 

can be explained by a lack of aggregation, which is also evidenced by a shift of the band 

gap visible in the EQE of these cells, as well as TEM analysis. This indicates that the good 

solubility of D-PDPP3T-EH in TCE (Figure 4.3) prevents aggregation while spin coating, 

which is achieved when using a co-solvent. 

Compared to room temperature processing, the FF of the optimised cells decreases 

in the case of D-PDPP3T-EH, but increases for D-PDPP4T-HD and EH-PDPP4T-EH. To 

investigate these differences in FF further, hole-only devices were fabricated using 

ITO/PEDOT:PSS and MoO3/Ag electrodes with active layers processed under identical 

conditions to determine the hole mobility from the space charge limited current. The hole 

moblities varied in the range of 0.5 to 2.0 × 10
−3

 cm
2
/Vs but there is consistent correlation 

between the hole mobility and fill factor (Table 4.2). Bartesaghi et al. demonstrated that the 

fill factor is not only dependent on the mobility of charges,
19

 but also on the generation rate, 

thickness of the device and the Langevin prefactor. The latter corrects for the reduced 

recombination found in solar cells compared to Langevin theory. In this case, the 

generation rate and thicknesses of the devices are not sufficient to explain these differences 

in fill factor. The Langevin prefactor will decrease with a coarser phase separation, which 

will induce an increase in fill factor. In this way, we can correlate, at least in part, the 

changes of morphology (see TEM discussion below) with these changes in fill factor. 

We note that the device performance of the D-PDPP4T-HD and EH-PDPP4T-EH 

hot-processed solar cells is better than that of a structurally closely related and more soluble 

HD-PDPP4T-HD polymer where Jsc = 9.65 mA/cm
2
, Voc = 0.70 V, FF = 0.46 and PCE = 

3.1% has been found for hot-processed cells.
7
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Fig. 4.7: Characteristics of optimized R2-PDPP-R1:[70]PCBM solar cells processed at 120 °C from TCE/co-

solvent. (a, c) J−V characteristics under white light illumination. (b, d) EQE. (a, b) Best devices from solvent/co-

solvent combination indicated in the legends. (c, d) Devices processed from TCE/DPE. 

 

The TEM images of the photoactive layers (Figure 4.6) demonstrate that hot-

processing generally results in wider fibres and a coarser phase separation except for D-

PDPP3T-EH. In fact, the TEM data enable to rationalize the changes in J−V characteristics 

consistently. For D-PDPP3T-EH:[70]PCBM cells, hot processing from pure TCE results in 

a very homogeneous morphology without visible phase separation. For the blend processed 

from hot TCE the onset of the EQE (Figure 4.7b) is blue-shifted compared to that from 

chloroform/DPE (Figure 4.5b) and TCE/DPE (Figure 4.7d). The larger band gap, the 

reduced aggregation and the more intimately mixed morphology causes an increase in Voc 

and a lower FF. When processed from TCE/DPE, the polymer does aggregate during spin 

coating, but forms clearly broader fibres than during room temperature processing from 

CF/DPE. The wider fibres reduce exciton dissociation and charge generation, explaining 

the loss in Jsc. Also for D-PDPP4T-HD:[70]PCBM and EH-PDPP4T-EH:[70]PCBM the 
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hot-processed layers show wider fibres than the room-temperature processed layers, 

irrespective of the co-solvent used (Figure 4.6). This explains the loss of photocurrent, as 

the width of the fibres becomes larger than the exciton diffusion length, such that not all 

photoexcitations result in charge formation. This behaviour is common to many DPP 

polymer-fullerene blends.
9-12 

In these cases the cells are limited by charge generation. The 

wider fibres in the D-PDPP4T-HD:[70]PCBM and EH-PDPP4T-EH:[70]PCBM 

photoactive layers do, however, improve the charge collection, likely via a reduced 

bimolecular (Langevin) recombination because charges are confined to larger domains as 

evidenced by the increase of the fill factors. 

 To understand these results it is sufficient to realize that the most important effect 

of raising the temperature is the increase in solubility. In this case the width of the fibres is 

determined by the solubility, with wider fibres being formed when the solubility is higher.
9-

12
 This is clearly seen in the TEM analysis, as hot processing results in wider fibres than 

cold processing in all cases except for D-PDPP3T-EH cast from pure TCE, where polymer 

aggregation is completely supressed. The fibre width in these blends can be rationalized 

with a nucleation-growth model. In this model, high solubility results in wider fibres 

because either the critical nucleus size is larger for more soluble polymers, or the size is 

determined by fast growth of an initial amount of nuclei formed.
12 

 

It must be noted that the increased solubility and formation of larger fibres could 

also be caused by using TCE as a main solvent. To investigate this, attempts were made to 

produce devices from TCE solutions at room temperature. However, gelation of the 

solution prevented casting of a closed layer. Instead, chloroform-based solutions were 

heated to 40 °C and 60 °C and solar cell devices were made at these temperatures (Table 

4.3). In all cases the Jsc and PCE of the devices remained similar when comparing devices 

fabricated at room temperature to devices made at 40 °C, but clearly decreased when going 

to 60 °C. This result demonstrates that hot processing in the case of these materials does not 

offer an advantage over cold processing. 

In the discussion above we have related the fibre width and morphology to the 

solubility of the polymer in the solvent/co-solvent combination. In principle, the volatility 

of the solvents can also influence the width of the fibres and the film morphology. 

Chloroform is a low-boiling solvent, and when spin-cast, the active layer may dry more 

rapidly, inducing smaller fibres than when using (hot) TCE. Indeed, the volatility of the  
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Table 4.3: Device characteristics of the best devices for R2-PDPP-R1:[70]PCBM solar cells processed from 

chloroform/DPE (98:2) at different temperatures. 

Polymer T 

[°C] 

Jsc
a
 

[mA/cm²] 

Voc 

[V] 

FF PCE 
b
 

[%] 

D-PDPP3T-EH 20 15.3 (14.8) 0.56 (0.55) 0.51 (0.48) 4.4 (3.9) 

 40 15.8 (15.6) 0.56 (0.56) 0.54 (0.52) 4.8 (4.6) 

 60 13.9 (13.6) 0.56 (0.56) 0.50 (0.49) 3.9 (3.7) 

D-PDPP4T-HD 20 13.3 (13.1) 0.60 (0.60) 0.55 (0.54) 4.4 (4.2) 

 40 12.7 (12.3) 0.60 (0.60) 0.53 (0.51) 4.1 (3.8) 

 60 9.0 (9.0) 0.60 (0.60) 0.60 (0.56) 3.2 (3.0) 

EH-PDPP4T-EH 20 15.3 (15.1) 0.69 (0.69) 0.52 (0.51) 5.5 (5.3) 

 40 15.2 (14.8) 0.70 (0.70) 0.52 (0.51) 5.6 (5.2) 

 60 13.5 (13.2) 0.71 (0.70) 0.53 (0.52) 5.1 (4.8) 

a Values between parentheses are the values for the average performance (based on 4 devices). The Jsc values were 

based on integration of the EQE (measured with 1 sun bias illumination) with the AM1.5G spectrum. b The PCE is 

determined from the EQE integrated Jsc. All devices were made on the same day from the same solutions. 

 

solvent determines how fast the drying line in the ternary phase diagram of solvent, 

fullerene and polymer is traversed. Although this may have an effect on the fibre width, we 

demonstrated in a recent kinetic study on a related DPP-based polymer that the drying rate 

does not significantly affect the fibre width, in contrast to solubility.
12 

Also in the examples 

presented in this work, the changing solubility provides a consistent explanation for the 

observations. 

 

4.3 Conclusion 

Four new semiconducting polymers were designed and synthesized to investigate 

the effects of cold and hot processing on the performance of polymer-fullerene solar cells. 

The polymers comprise electron-deficient DPP and electron-rich oligothiophenes that are 

substituted with linear and branched alkyl side chains to create a strong temperature-

dependent solubility. All polymers show a strong temperature-dependent aggregation 

behaviour in solution as evidenced from temperature-dependent UV-vis-NIR absorption 

spectra. In thin solid films, the side chains induce significant differences in the packing and 
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interchain interactions, causing the optical absorption spectra to differ significantly even for 

polymers with the same conjugated backbone. Hot processing of these materials into 

polymer-fullerene bulk heterojunctions does not lead to an increased performance 

compared to cold processing. This is attributed to the enhanced solubility of the polymers at 

elevated temperature, which results in coarser morphologies with wider polymer fibres. 

This can be rationalized with a nucleation-growth mechanism that was recently 

prosposed.
12 

Of the studied polymers, D-PDPP4T-HD provided the highest PCE of 6.3% in 

combination with [70]PCBM when cold-processed from chloroform with 2 vol% DPE as 

processing additive. Hot processing (100 °C) of the same blend from TCE with 2 vol% DIO 

gave a PCE of 5%. For these DPP polymers, hot processing seems to be advantageous only 

when cold processing is not possible due to a too limited solubility. 

 

4.4 Experimental section 

 

4.4.1 Materials and methods 

All synthetic procedures were performed under an argon atmosphere. Commercial (dry) 

solvents and reactants were used without further purification, unless stated otherwise. Diethyl ether 

was dried over a column containing 4 Å molecular sieves. N-bromosuccinimide (NBS) was 

recrystallized from deionized water prior to use. 2,5-Bis(trimethylstannyl)thiophene (9), 

bis(trimethylstannyl)-2,2′-bithiophene (10) and triphenylphosphine (PPh3) were recrystallized from 

methanol prior to polymerization. 2-Ethylhexylbromide (2a) was purchased from TCI Europe N.V. 

Dichloro(1,3-bis(diphenylphosphino)propane)nickel (Ni(dppp)Cl2) and tris(dibenzylidene-

acetone)dipalladium (Pd2(dba)3) were purchased from Strem Chemicals Inc. [70]PCBM (purity 90-

95%) was purchased from Solenne BV. All other chemicals and solvents were obtained from Sigma-

Aldrich Co. 

Fourier transform infrared spectroscopy (FTIR) was performed on a PerkinElmer Spectrum 

Two spectrometer in ATR mode. 1H-NMR and 13C-NMR spectra were recorded on a Varian Mercury 

(1H 400 MHz or 200 MHz, 13C 100 MHz) spectrometer. Chemical shifts are given in ppm with 

respect to tetramethylsilane as internal standard. The GC-MS system consisted of a Shimadzu (GC-

2010) gas chromatograph and a Shimadzu (GCMS-QP2010plus) gas chromatograph mass 

spectrometer. The gas chromatograph contained a 30 meter Phenomenex Zebron ZB-5MS column 

with an internal diameter of 0.25 mm and a 0.25 μm stationary phase film thickness. Matrix assisted 

laser desorption ionization time of flight (MALDI-TOF) mass spectrometry was performed on a 
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Bruker Autoflex Speed spectrometer. Polymer molecular-weight distributions were estimated by GPC 

at 140 °C on a PL-GPC 120 system using a PL-GEL 10 mm MIXED-C column with o-DCB as the 

eluent and using polystyrene internal standards. Samples were first dissolved in o-DCB at 140 °C for 

1 hour and filtered hot through a heated 2 μm PTFE filter.  

UV-vis-NIR absorption spectroscopy was conducted on a PerkinElmer Lambda 1050 

spectrophotometer at room temperature. Room temperature solution spectra were recorded in CHCl3. 

Temperature-dependent spectra were recorded in o-DCB and TCE at temperatures between 20 °C and 

100 °C using a PerkinElmer Peltier temperature controller. The polymer films were prepared by spin 

coating a polymer solution (6 mg/mL) in CHCl3:o-DCB (9:1 v/v) (for D-PDPP3T-EH, D-PDPP4T-

HD and EH-PDPP4T-EH) or pure 1,1,2,2-tetrachloroethane (TCE) (for D-PDDP4T-HD) on glass 

substrates at 1500 rpm. The glass substrates were cleaned with acetone and isopropanol and threated 

with UV-ozone for 30 min. prior to use.  

Cyclic voltammetry was performed on polymer films under an inert atmosphere with a scan 

speed of 0.2 V/s using a solution of 1 M tetrabutylammonium hexafluorophosphate in acetonitrile. A 

polymer-covered ITO substrate was used as the working electrode, a silver rod as counter electrode 

and a silver rod coated with silver chloride (Ag/AgCl) as quasi-reference electrode in combination 

with Fc/Fc+ as an internal standard.  

Transmission electron microscopy (TEM) was performed on a Tecnai G2 Sphera 

transmission electron microscope (FEI) operating at 200 kV.  

Photovoltaic devices with an active area of 0.09 and 0.16 cm² were fabricated in air on 

patterned indium tin oxide (ITO) glass substrates (Naranjo Substrates). The substrates were cleaned 

by sonication in acetone for 15 min., followed by scrubbing with a sodium dodecyl sulfate solution 

(99%, Acros), rinsing with deionized water, and a final sonication step in 2-propanol. Before 

deposition of the device layers the substrates underwent a 30 min. UV-ozone treatment. 

Poly(ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) (Clevios P, VP Al4083) was 

spin coated at 3000 rpm to form a 40 nm layer.  

For the room-temperature (20 °C) processed devices, the polymers (D-PDPP3T-EH, D-

PDPP4T-HD and EH-PDPP4T-EH) were mixed with [70]PCBM in a 1:2 weight ratio and dissolved 

in CHCl3 (at concentrations of 6, 5 and 6 mg/mL, respectively). The solutions were heated to 90 °C 

for 1 h and cooled to room temperature prior to spin coating. The best photovoltaic devices for D-

PDPP3T-EH were fabricated by spin coating using 10 vol% o-DCB as processing additive at 1500 

rpm. The best photovoltaic devices for D-PDPP4T-HD and EH-PDPP4T-EH were fabricated by spin 

coating using 2 vol% diphenyl ether (DPE) as processing additive at 2000 and 3000 rpm, 

respectively. 
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For the hot processed devices the D-PDPP3T-EH, D-PDPP4T-EH, D-PDPP4T-HD and EH-

PDPP4T-EH polymers were mixed with [70]PCBM in a 1:2 weight ratio and dissolved in TCE at a 

concentration of 10, 10, 6 and 6 mg/mL, respectively. Optimal processing temperatures varied 

between 100 and 140 °C (see Table 4.2). The solution, pipettes and substrates were heated to the 

required temperature between 100 and 140 °C for 1 h prior to spin coating. For D-PDPP3T-EH the 

best photovoltaic devices were fabricated by spin coating at 120 °C using 10 vol% o-DCB as 

processing additive at 3000 rpm. For D-PDPP4T-EH no processing additive was used, for D-

PDPP4T-HD 2 vol% of DIO was optimal and for EH-PDPP4T-EH 10 vol% of o-DCB was used. 

Optimal active layer thicknesses were obtained by spin coating the polymer solutions at spin speeds 

between 1500 and 2500 rpm. 

The 1 nm LiF and 100 nm Al back electrode layers were deposited by thermal evaporation 

under high vacuum (~3 × 10−7 mbar).  

Current density – voltage (J−V ) characteristics were measured with a Keithley 2400 source 

meter under ~100 mW/cm2 white light illumination from a tungsten-halogen lamp filtered by a Schott 

GG385 UV filter and a Hoya LB120 daylight filter. The accurate short-circuit current density (Jsc) 

was determined from external quantum efficiency (EQE) measurements by integration of the EQE 

with the AM 1.5G solar spectrum. EQE measurements were conducted under 1 sun operating 

conditions in a homebuilt setup consisting of a modulated monochromatic light, a preamplifier 

(Stanford Research Systems SR570) and a lock-in amplifier (Stanford Research Systems SR830). The 

modulated monochromatic light was generated by using an optical chopper from Stanford Research 

Systems (SR540), an Oriel Cornerstone 130 monochromator and a 50 W (Osram 64610) tungsten-

halogen lamp. The 1 sun conditions were provided by the use of a 730 nm LED (Thorlabs) at 

different intensities for appropriate bias illumination. A calibrated silicon cell was used as reference 

prior to the J−V and EQE measurements. Thermal evaporation of the back electrode and J−V 

measurements were both performed inside a nitrogen filled glove-box. For the EQE measurements, 

the photovoltaic devices were encapsulated in a nitrogen filled box with a quartz window. The active 

layer thickness was determined on a Veeco Dektak150 profilometer. 

Hole-only devices with an active area of 0.09 and 0.16 cm² were fabricated in air on 

patterned indium tin oxide (ITO) glass substrates (Naranjo Substrates). The substrates were cleaned 

with the same procedure as mentioned before for the solar cell devices. 

Poly(ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) (Clevios P, VP Al4083) was 

then spin coated at 3000 rpm to form a 40 nm layer. The active layers were then cast under the same 

conditions as for the solar cell devices. By varying the spin speed, thicknesses from 120 to 250 nm 

were obtained. 10 nm of MoO3 and 100 nm of Ag were then deposited by thermal evaporation under 

high vacuum (~3 × 10−7 mbar). Current density – voltage (J−V ) characteristics were measured with a 
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Keithley 2400 source meter, after illumination of the cell with UV light to dope the MoO3 for at least 

10 minutes, sweeping from 0 to 6 V. For each type of active layer, three layers of different 

thicknesses were cast and measured. No thickness dependence of the mobility was observed. The 

mobility was determined by fitting the J−V curves with the Mott-Gurney square law, using an 

empirical series resistance correction, which varied between 5 and 20 Ω. The published hole mobility 

is the average of 12 individual devices using three active layer thicknesses. 

 

4.4.2. Synthesis 

Scheme 4.3 shows the synthesis route to the four DPP polymers. In the subsequent sections 

the synthetic procedures and molecular characterization are provided. 

 

Scheme 4.3: (i) PPh3, NBS, DCM, 0 °C; (ii) Mg, Ni(dppp)Cl2, diethyl ether; (iii) (1) LDA, THF, −78 °C; (2) 

DMF, −78 °C; (iv) NH2OH.HCl, DMF, 145 °C; (v) Na, diethyl succinate, t-amyl alcohol, 120 ºC; (vi) K2CO3, 

Br−R2, DMF, 120 °C; (vii) NBS, CHCl3, 0 °C; (viii) Pd2(dba)3/PPh3, toluene/DMF, 115 °C. 

 

1-Bromo-2-hexyldecane (2a)  

2-Hexyldecan-1-ol (1a) (40.0 g, 165 mmol) was dissolved in dichloromethane (DCM) (200 

mL) and cooled to 0 °C. Triphenylphosphine (47.6 g, 181 mmol) was added in several portions. 

Subsequently NBS (29.4 g, 165 mmol) was also added in portions at 0 °C. The reaction mixture was 

allowed to warm to room temperature and kept in the dark for 90 minutes. NBS (about 3 g) and PPh3 

(5 g) were added again until the reaction was found to be complete via 1H-NMR. The mixture was 

then poured over a glass filter, washed with water and dried over magnesium sulfate. 

Triphenylphosphine oxide was removed by filtration after precipitation in heptane. The solvents were 
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removed under reduced pressure and the crude oil was purified further by column chromatography 

using heptane as eluent. The product was obtained as a colourless oil (34.9 g, yield: 70%). 1H-NMR 

(400 MHz, CDCl3, δ): 3.44 (d, J = 4.7 Hz, 2H); 1.64-1.54 (m, 1H); 1.43-1.19 (m, 24H); 0.88 (t, J = 

5.8 Hz, 6H).  

 

3-(2-Hexyldecyl)-thiophene (3a)  

A dried 3-neck flask was filled with magnesium chips (3.46 g, 142 mmol) and dry diethyl 

ether (19 mL). Compound 2a (21.7 g, 71.2 mmol), mixed with dry diethyl ether (77 mL), was added 

dropwise to this mixture and subsequently heated to reflux for 2 hours. The prepared Grignard reagent 

was carefully transferred to a dry addition funnel and added dropwise to a mixture of 3-

bromothiophene (9.67 g, 59.3 mmol) and a Ni(dppp)Cl2 catalyst (0.482 g, 8.90 × 10−4 mol) in dry 

diethyl ether (58 mL). The mixture was left overnight under reflux. The reaction mixture was then 

quenched with hydrochloric acid and extracted with diethyl ether. The combined organic layers were 

washed with water, dried over magnesium sulfate and concentrated in vacuo. The remaining 3-

bromothiophene was removed under high vacuum (0.2 mbar) at 50 °C and the residue was purified by 

column chromatography using heptane as eluent. Compound 3a was obtained as a colourless oil (4.28 

g, yield: 23%). 1H-NMR (200 MHz, CDCl3, δ): 7.25-7.20 (dd, J = 4.9 Hz, 3.0 Hz, 1H); 6.93-6.87 (m, 

2H); 2.57 (d, J = 6.7 Hz, 2H); 1.69-1.55 (m, 1H); 1.36-1.19 (m, 24H); 0.89 (t, J = 5.7 Hz, 6H). 13C-

NMR (100 MHz, CDCl3, δ): 141.90; 128.79; 124.75; 120.61; 38.94; 34.70; 33.33; 31.91; 30.01; 

29.69; 29.63; 29.34; 26.62; 26.59; 22.69; 14.13 (Note: some peaks in the 13C-NMR spectrum 

overlap). GC-MS: 7.57 min., m/z = 307 (2, M−1+), 223 (2, C14H23S
+), 98 (100, C5H6S

+), 97 (29, 

C5H5S
+), 71 (10, C5H11

+), 57 (19, C4H9
+), 43 (21, C3H7

+).  

 

3-(2-Ethylhexyl)-thiophene (3b) 

The same procedure as for compound 3a was employed. 1-Bromo-2-ethylhexane (20.01 g, 

103.6 mmol) in diethyl ether (110 mL) and magnesium chips (5.036 g, 207.2 mmol) in diethyl ether 

(30 mL) were used to prepared the Grignard reagent which was reacted with 3-bromothiophene 

(14.07 g, 86.33 mmol) using Ni(dppp)Cl2 (0.702 g, 12.95 × 10−4 mol) as a catalyst in diethyl ether (30 

mL). Compound 3b was obtained as a colourless oil. (9.5 g, yield: 56%). 1H-NMR (400 MHz, 

tetrachloroethane-d2, δ): 7.21-7.18 (dd, J = 4.9 Hz, 3.0 Hz, 1H); 6.90-6.86 (m, 2H); 2.52 (d, J = 6.8 

Hz, 2H); 1.55-1.45 (m, 1H); 1.29-1.15 (m, 8H);  0.87-0.80 (m, 6H). 13C-NMR (100 MHz, CDCl3, δ): 

141.89; 128.78; 124.79; 120.64; 40.42; 34.30; 32.54; 28.93; 25.65; 23.07; 14.15; 10.86. GC-MS: 4.77 

min., m/z = 196 (6, M+), 98 (100, C5H6S
+), 97 (52, C5H5S

+), 57 (34, C4H9
+). 
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4-(2-Hexyldecyl)-2-thiophenecarbaldehyde (4a)  

Compound 3a (4.12 g, 13.4 mmol) was dissolved in dry tetrahydrofuran (THF) (20 mL). 

The solution was cooled to −78 °C and a lithium diisopropylamide (LDA) solution in THF (2 M, 7.4 

mL 14.7 mmol) was added dropwise. The reaction mixture was warmed to room temperature after 30 

minutes of stirring. After 4 hours, dry N,N-dimethylformamide (DMF) (2.0 mL, 26.72 mmol) was 

added dropwise at −78 °C. Subsequently, the mixture was allowed to warm to room temperature and 

stirred overnight. The reaction mixture was quenched with water and extracted with diethyl ether. The 

combined organic layers were washed with water, dried over magnesium sulfate and concentrated 

under reduced pressure. The residue was purified using column chromatography (silica gel, eluent 

gradient 60:40 > 50:50 heptane:DCM) to give an orange oil (3.40 g, yield: 53%). 1H-NMR (200 MHz, 

CDCl3, δ): 9.86 (d, J = 1.2 Hz, 1H); 7.55 (d, J = 1.5 Hz, 1H); 7.34-7.31 (m, 1H); 2.56 (d, J = 6.8 Hz, 

2H); 1.68-1.48 (m, 1H); 1.36-1.15 (m, 24H); 0.86 (t, J = 6.4 Hz, 6H). 13C-NMR (100 MHz, CDCl3, 

δ): 182.94; 143.51; 143.44; 137.64; 131.19; 38.93; 34.58; 33.18; 33.17; 31.88; 31.84; 29.93; 29.60; 

29.58; 29.30; 26.56; 26.54; 22.66; 22.64; 14.09; 14.08. FTIR: 
maxv [cm−1]: 3087 (CH aromatic); 2955, 

1378 (s) (CH3); 2923, 2853, 1457, 722 (CH2); 1673 (CO); 1542 (CC aromatic). GC-MS: 8.55 min., 

m/z = 335 (3, M−1+), 126 (100, C6H6OS+), 125 (15, C6H5OS+), 97 (16, C5H5S
+), 71 (14, C5H11

+), 57 

(24, C4H9
+), 43 (24, C3H7

+).  

 

4-(2-Ethylhexyl)-2-thiophenecarbaldehyde (4b)  

The same procedure as for compound 4a was used with compound 3b (5.01 g, 25.5 mmol) 

in dry THF (39 mL), LDA solution in THF (2 M, 14.0 mL, 28 mmol) and dry DMF (4.0 mL, 51.1 

mmol). A yellow oil (3.8 g, yield: 66%) was obtained after column chromatography. 1H-NMR (200 

MHz, CDCl3, δ): 9.88 (d, J = 1.2 Hz, 1H); 7.58 (d, J = 1.5 Hz, 1H); 7.36-7.33 (m, 1H); 2.58 (d, J = 

6.8 Hz, 2H); 1.65-1.45 (m, 1H); 1.34-1.14 (m, 8H); 0.88 (t, J = 7.3 Hz, 6H). 13C-NMR (100 MHz, 

CDCl3, δ): 182.94; 143.50; 143.44; 137.62; 131.18; 40.35; 34.12; 32.34; 28.82; 25.49; 22.95; 14.07; 

10.78. FTIR: 
maxv

 
[cm−1]: 3087 (CH aromatic); 2958, 1380 (s) (CH3); 2927, 2859, 1459 (CH2); 1669 

(CO); 1542 (CC aromatic). GC-MS: 6.17 min., m/z = 224 (6, M+), 126 (100, C6H6OS+), 125 (22, 

C6H5OS+), 97 (28, C5H5S+), 57 (47, C4H9+).  

 

4-(2-Hexyldecyl)-2-thiophenecarbonitrile (5a)  

Water-free NH2OH.HCl (0.766 g, 11.0 mmol) was added in portions to a solution of 4a 

(2.97 g, 8.82 mmol) in DMF (14 mL). Subsequently, the reaction mixture was heated to and kept for 

3 hours at 145 °C. The resulting mixture was extracted with diethyl ether. The combined organic 

layers were washed with water, dried over magnesium sulfate and concentrated under reduced 
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pressure. The residue was purified using column chromatography (silica gel, eluent gradient 100:0 > 

98:2 heptane:ethyl acetate) to give a dark orange oil (1.96 g, yield: 67%). 1H-NMR (400 MHz, 

tetrachloroethane-d2, δ): 7.39 (d, J = 1.4 Hz, 1H); 7.15 (d, J = 1.3 Hz, 1H); 2.50 (d, J = 6.8 Hz, 2H); 

1.57-1.48 (m, 1H); 1.29-1.11 (m, 24H); 0.84 (t, J = 6.7 Hz, 6H). 13C-NMR (100 MHz, CDCl3, δ): 

142.89; 138.74;128.18; 114.53; 109.24; 38.88; 34.40; 33.15; 33.13; 31.87; 31.82; 29.90; 29.57; 29.55; 

29.28; 26.53; 26.51; 22.65; 22.63; 14.09; 14.07. FTIR: 
maxv  [cm−1]: 3093 (CH aromatic); 2955, 1378 

(s) (CH3); 2923, 2854, 1465, 723 (CH2); 2217 (CN); 1539 (CC aromatic). GC-MS: 8.49 min., m/z = 

333 (4, M+), 123 (100, C6H5NS+), 85 (24, C6H13
+), 71 (34, C5H11

+), 57 (49, C4H9
+), 43 (44, C3H7

+).  

 

4-(2-Ethylhexyl)-2-thiophenecarbonitrile (5b)  

The same procedure as for compound 5a was used with water-free NH2OH.HCl (1.39 g, 

20.1 mmol) and 4b (3.60 g, 16.1 mmol) in dry DMF (25 mL). An orange oil (3.04 g, yield: 85%) was 

obtained after column chromatography. 1H-NMR (400 MHz, tetrachloroethane-d2, δ): 7.39 (d, J = 1.3 

Hz, 1H); 7.17-7.14 (m, 1H); 2.50 (d, J = 6.9 Hz, 2H); 1.53-1.42 (m, 1H); 1.27-1.10 (m, 8H); 0.87-

0.79 (m, 6H). 13C-NMR (100 MHz, CDCl3, δ): 142.87; 138.73; 128.22; 114.52; 109.23; 40.29; 33.93; 

32.29; 28.78; 25.44; 22.93; 14.06; 10.74. FTIR: 
maxv  [cm−1]: 3092 (CH aromatic); 2959, 1380 (s) 

(CH3); 2927, 2859, 1460, 727 (CH2); 2217 (CN); 1540 (CC aromatic). GC-MS: 6.11 min., m/z = 221 

(5, M+), 123 (100, C6H5NS+), 57 (75, C4H9
+).  

 

3,6-Bis(4-(2-hexyldecyl)thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (6a)  

A sodium 2-methyl-2-butoxide solution was prepared by heating elemental sodium (0.184 

g, 8.01 mmol) and tert-amyl alcohol (10 mL) in a dried 2-neck flask to 120 °C. A catalytic amount of 

iron(III) chloride was added to the previous solution. A solution of diethyl succinate (0.465 g, 2.67 

mmol) in tert-amyl alcohol (1.3 mL) was added dropwise to the alkaline solution and then 5a (1.96 g, 

5.88 mmol) was quickly added. The mixture was left reacting overnight until it was quenched with 

acetic acid (6 mL) and methanol (10 mL). The quenched mixture was refluxed at 85 °C for 30 min. 

After cooling a dark red precipitate (0.548 g) was filtered off, washed with water and methanol and 

dried overnight at 50 °C in vacuo. The compound was used in the next reaction without further 

purification. 1H-NMR (400 MHz, CDCl3, δ): 8.05 (s, 2H); 7.86 (s, 2H); 7.18 (s, 2H); 2.61 (d, J = 6.8 

Hz, 4H); 1.72-1.62 (m, 2H); 1.30-1.20 (m, 48H); 0.90-0.83 (m, 12H). MALDI-TOF-MS: [M+] calc: 

748.50, found: 748.49.  
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3,6-Bis(4-(2-ethylhexyl)thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (6b)  

The same procedure as for compound 6a was used. For this reaction a mixture of elemental 

sodium (0.409 g, 17.8 mmol) and tert-amyl alcohol (10 mL) was heated to 120 °C. A solution of 

diethyl succinate (1.03 g, 5.94 mmol) in tert-amyl alcohol (2.9 mL) was added dropwise to the 

alkaline solution and then 5b (2.89 g, 13.1 mmol) was quickly added. After work-up, a black solid 

(1.04 g) was obtained. The compound was used in the next reaction without further purification. 1H-

NMR (400 MHz, 1:1 CDCl3:DMSO-d6, δ): 10.82 (s, 2H); 7.98 (s, 2H); 7.15 (s, 2H); 2.50 (m, 4H); 

1.57-1.46 (m, 2H); 1.27-1.12 (m, 16H); 0.84-0.76 (m, 12H). MALDI-TOF-MS: [M+] calc: 524.25, 

found: 524.27.  

 

2,5-Didodecyl-3,6-bis(4-(2-hexyldecyl)thiophen-2-yl)-2,5-dihydropyrrolo[3,4-

c]pyrrole-1,4-dione (7a)  

A flask was charged with 6a (0.230 g, 3.07 × 10−4 mol), finely crushed potassium carbonate 

(K2CO3) powder (0.127 g, 9.21 × 10−4 mol) and DMF (3 mL). After heating the reaction mixture for 

15 min. at 120 °C, 1-bromododecane (0.230 g, 9.21 × 10−4 mol) was added. The mixture was stirred 

overnight at 120 °C, subsequently quenched with water and extracted with DCM. The combined 

organic phase was washed with brine, dried over magnesium sulfate and concentrated under reduced 

pressure. The remaining purple solid was added to a mixture of 1,4-dioxane (120 mL), HCl (2 mL) 

and water (2 mL) and refluxed during 1 hour. After evaporation of the solvent the crude product was 

further purified by column chromatography (silica gel, eluent gradient 100:0 > 70:30 heptane:DCM). 

Finally the pure product (104 mg, yield: 31%) was obtained as purple flakes after recrystallization in 

ethanol. 1H-NMR (200 MHz, CDCl3, δ): 8.70 (d, J = 1.3 Hz, 2H); 7.20 (d, J = 1.2 Hz, 2H); 4.04 (m, 

4H); 2.64 (d, J = 6.7 Hz, 4H); 1.82-1.64 (m, 6H); 1.46-1.10 (m, 88H); 0.87 (t, J = 6.2 Hz, 18H). 13C-

NMR (100 MHz, CDCl3, δ): 161.31; 143.77; 139.83; 136.72; 129.28; 126.64; 107.40; 42.19; 38.79; 

34.81; 33.23; 33.21; 31.93; 31.91; 31.89; 30.04; 29.96; 29.72; 29.64; 29.63; 29.58; 26.50; 26.48; 

22.69; 14.12. (Note: several peaks in the 13C-NMR spectrum overlap). MALDI-TOF-MS: [M+] calc: 

1084.88 found: 1084.90.  

 

2,5-Didodecyl-3,6-bis(4-(2-ethylhexyl)thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-

1,4-dione (7b)  

The same procedure as for 7a was followed, using 6b (0.508 g, 9.68 × 10−4 mol), finely 

crushed potassium carbonate (K2CO3) powder (0.401 g, 2.90 mmol) and DMF (4 mL). After 15 min. 

at 120 °C, 1-bromododecane (0.724 g, 2.90 mmol) was added. The pure product (438 mg, yield: 53%) 

was obtained as purple flakes after recrystallization in ethanol. 1H-NMR (400 MHz, CDCl3, δ): 8.71 

(s, 2H); 7.21 (s, 2H); 4.04 (m, 4H); 2.65 (d, J = 6.9 Hz, 4H); 1.80-1.62 (m, 6H); 1.46-1.20 (m, 56H); 
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0.97-0.82 (m, 18H). 13C-NMR (100 MHz, CDCl3, δ): 161.32; 143.74; 139.84; 136.70; 129.31; 

126.63; 107.43; 40.12; 34.38; 32.37; 31.89; 29.94; 29.61; 29.55; 29.32; 29.26; 28.76; 26.86; 25.50; 

23.06; 22.67; 14.10; 10.71. MALDI-TOF-MS: [M+] calc: 860.63 found: 860.63. 

 

2,5-Bis(2-ethylhexyl)-3,6-bis(4-(2-ethylhexyl)thiophen-2-yl)-2,5-dihydropyrrolo[3,4-

c]pyrrole-1,4-dione (7c)  

The same procedure as for 7a was followed, using 6b (0.508 g, 9.68 × 10−4 mol), finely 

crushed potassium carbonate (K2CO3) powder (0.401 g, 2.90 mmol) and DMF (4 mL). After 15 min. 

at 120 ºC, 0.561 g (2.90 mmol) of 2-ethylhexylbromide was added. The pure product (125 mg, yield: 

18%) was obtained as a waxy red solid after recrystallization in ethanol. 1H-NMR (400 MHz, CDCl3, 

δ): 8.62 (d, J = 1.0 Hz, 2H); 7.19 (s, 2H); 4.04-3.97 (m, 4H); 2.64 (d, J = 7.0 Hz, 4H); 1.91-1.81 (m, 

2H); 1.71-1.61 (m, 2H); 1.38-1.18 (m, 32H); 0.92-0.82 (m, 24H). 13C-NMR (100 MHz, CDCl3, δ): 

161.73; 143.48; 140.19; 136.48; 129.40; 126.49; 107.72; 45.73; 40.14; 40.12; 38.97; 34.35; 32.37; 

32.34; 30.15; 30.13; 28.79; 28.77; 28.31; 25.54; 25.52; 23.52; 23.06; 23.05; 14.13; 14.02; 10.75; 

10.54. (Note: several peaks in the 13C-NMR spectrum overlap). MALDI-TOF-MS: [M+] calc: 748.50 

found: 748.51.  

 

3,6-Bis(5-bromo-4-(2-hexyldecyl)thiophen-2-yl)-2,5-didodecyl-2,5-dihydropyrrolo[3,4-

c]pyrrole-1,4-dione (8a)  

Compound 7a (94 mg, 8.66 ×10−5 mol) was dissolved in chloroform (2 mL) in a dried 

Schlenk tube. The solution was cooled to 0 °C in the dark under stirring. After addition of 

recrystallized NBS (32 mg, 1.82 ×10−4 mol) in few portions, the reaction mixture was allowed to 

warm to room temperature. The reaction was followed by TLC and quenched with water after one 

hour. The organic phase was washed with water and dried over magnesium sulfate. Subsequently the 

solvent was evaporated in vacuo. The crude solid was purified further by recrystallization in ethanol 

with a small amount of toluene and dried overnight inside the vacuum oven. Monomer 8a was 

obtained as a purple powder (77 mg, yield: 72%). 1H-NMR (200 MHz, CDCl3, δ): 8.55 (s, 2H); 3.96 

(m, 4H); 2.58 (d, J = 7.2 Hz, 4H); 1.83-1.63 (m, 6H); 1.44-1.12 (m, 88H); 0.93-0.80 (m, 18H). 13C-

NMR (100 MHz, CDCl3, δ): 161.00; 143.32; 138.88; 136.03; 129.00; 116.83; 107.61; 38.37; 34.12; 

33.31; 33.27; 31.93; 31.91; 31.88; 30.01; 29.98; 29.69; 29.65; 29.64; 29.61; 29.58; 29.54; 29.35; 

29.25; 26.84; 26.44; 26.42; 22.69; 14.13. (Note: several peaks in the 13C-NMR spectrum overlap). 

MALDI-TOF-MS: [M+] calc: 1240.70 found: 1240.71. 
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3,6-Bis(5-bromo-4-(2-ethylhexyl)thiophen-2-yl)- 2,5-didodecyl-2,5-dihydropyrrolo[3,4-

c]pyrrole-1,4-dione (8b)  

The same procedure as for compound 8a was used. Now compound 7b (400 mg, 4.64 ×10−4 

mol) was dissolved in chloroform (9 mL) and recrystallized NBS (174 mg, 9.75 ×10−4 mol) was 

added in few portions Monomer 8b was obtained as a purple powder (422 mg, yield: 89%). 1H-NMR 

(400 MHz, CDCl3, δ): 8.56 (s, 2H); 3.97 (m, 4H); 2.59 (d, J = 7.2 Hz, 4H); 1.80-1.64 (m, 6H); 1.46-

1.16 (m, 56H); 0.97-0.81 (m, 18H). 13C-NMR (100 MHz, CDCl3, δ): 161.02; 143.28; 138.90; 136.00; 

129.02; 116.83; 107.63; 39.70; 33.71; 32.40; 31.89; 29.96; 29.62; 29.55; 29.33; 29.22; 28.66; 26.80; 

25.60; 23.06; 22.67; 14.10; 10.72. MALDI-TOF-MS: [M+] calc: 1016.45 found: 1016.44.  

 

3,6-Bis(5-bromo-4-(2-ethylhexyl)thiophen-2-yl)-2,5-bis(2-ethylhexyl)-2,5-

dihydropyrrolo[3,4-c]pyrrole-1,4-dione (8c)  

The same procedure as for compound 8a was used. Now compound 2b (125 mg, 1.67 × 

10−4 mol) was dissolved in chloroform (4 mL) and recrystallized NBS (62 mg, 3.50 × 10−4 mol) was 

added in few portions. Monomer 8c was obtained as a purple solid (113 mg, yield: 75%). 1H-NMR 

(400 MHz, CDCl3, δ): 8.47 (d, J = 1.5 Hz, 2H); 3.95-3.90 (m, 4H); 2.59 (d, J = 7.2 Hz, 4H); 1.89-1.78 

(m, 2H); 1.77-1.67 (m, 2H); 1.40-1.19 (m, 32H); 0.94-0.83 (m, 24H). 13C-NMR (100 MHz, CDCl3, 

δ): 161.40; 143.04; 139.24; 135.83; 129.13; 116.71; 107.87; 45.85; 39.71; 39.69; 39.01; 33.68; 32.40; 

32.39; 32.37; 32.36; 30.09; 30.07; 28.69; 28.66; 28.26; 28.23; 25.65; 25.64; 25.62; 25.61; 23.53; 

23.04; 14.12; 14.02; 10.75; 10.74; 10.52; 10.49. (Note: several peaks in the 13C-NMR spectrum 

overlap). MALDI-TOF-MS: [M+] calc: 904.32 found: 904.32.  

 

D-PDDP3T-EH  

Freshly recrystallized 9 (43.0 mg, 105 μmol), monomer 8a (107 mg, 105 μmol), 

recrystallized triphenylphosphine (1.65 mg, 6.30 μmol) and Pd2(dba)3 (1.44 mg, 1.57 μmol) were 

placed inside a dried Schlenk tube and placed under argon. Toluene (1.8 mL) and DMF (0.2 mL) 

were added and the mixture was degassed with argon at 40 °C. The mixture was then reacted at 115 

°C overnight. The viscous polymer solution was dissolved in warm CHCl3 and precipitated in 

methanol. The polymer was dissolved in chloroform with ethylenediaminetetraacetic acid (EDTA) 

and refluxed during one hour. Water was added, refluxed for one hour and subsequently the organic 

layer was washed with water. The organic layer was concentrated under reduced pressure and the 

polymer precipitated in methanol. The polymer was then subjected to Soxhlet extraction with acetone, 

hexane, dichloromethane and chloroform. Finally, the purified polymer was precipitated in methanol. 

CHCl3 fraction: 98 mg, yield: 99%. GPC (o-DCB, 140 °C): Mn = 39.0 kDa, Mw = 90.0 kDa, PDI = 

2.31. 
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D-PDDP4T-EH 

Freshly recrystallized 10 (33.8 mg, 68.7 μmol), 8b (70.0 mg, 68.7 μmol), recrystallized 

triphenylphosphine (1.08 mg, 4.12 μmol) and Pd2(dba)3 (0.943 mg, 1.03 μmol) were placed under Ar 

in a dried Schlenk tube. Toluene (1.8 mL) and DMF (0.2 mL) were added and the mixture was 

degassed with argon at 40 °C. The mixture was then reacted at 115 °C overnight. The viscous 

polymer solution was dissolved in warm 1,1,2,2-tetrachloroethane (TCE) and precipitated in 

methanol. The polymer was dissolved in chloroform with ethylenediaminetetraacetic acid (EDTA) 

and refluxed during one hour. Water was added, refluxed for one hour and subsequently the organic 

layer was washed with water. The organic layer was concentrated under reduced pressure and the 

polymer precipitated in methanol. The precipitated polymer was then subjected to Soxhlet extraction 

with acetone, hexane, dichloromethane and chloroform. Swollen polymer remaining inside the 

Soxhlet thimble was dissolved in hot TCE and the solution was filtrated over a heated cellulose filter. 

Finally, the TCE solution was concentrated in vacuo and the purified polymer was precipitated in 

acetone. TCE-fraction: 54 mg, yield: 77%. GPC (o-DCB, 140 °C): Mn= 24.3 kDa, Mw = 59.3 kDa, 

PDI = 2.44. (Note: the polymer was not completely dissolved upon filtration). 

 

D-PDDP4T-HD  

The same procedure as for the polymerization of D-PDDP4T-EH was used, with 10 (27.7 

mg, 56.3 μmol), 8a (70.0 mg, 56.3 μmol), recrystallized PPh3 (0.886 mg, 3.38 μmol) and Pd2(dba)3 

(0.773 mg, 0.844 μmol). TCE- fraction: 60 mg, yield: 85%. GPC (o-DCB, 140 °C): Mn = 57.3 kDa, 

Mw = 173 kDa, PDI = 3.02. 

 

EH-PDDP4T-EH  

The same procedure as for the polymerization of D-PDDP4T-EH was used, with 10 (38.0 

mg, 77.2 μmol), 8c (70.0 mg, 77.2 μmol), recrystallized PPh3 (1.22 mg, 4.63 μmol) and Pd2(dba)3 

(1.06 mg, 1.16 μmol). TCE-fraction: 57 mg, yield: 81%. The molecular weight distribution of EH-

PDPP4T-EH could not be determined by GPC because it has a very low solubility in o-DCB, even at 

140 °C. 
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Chapter 5 
 

 

The influence of siloxane side chains on the 

photovoltaic performance of a conjugated polymer 

 

Abstract 

The effect of gradually replacing the branched alkyl side chains of a 

diketopyrrolopyrrole (DPP) conjugated polymer by linear side chains containing branched 

siloxane end groups on the photovoltaic performance of blends of these polymers with a 

common fullerene acceptor is investigated. With an increasing proportion of siloxane side 

chains, the molecular weight and solubility of the polymers decreases. While the siloxane 

containing polymers exhibit a higher hole mobility in field-effect transistors, their 

performance in solar cells is less than the polymer with only alkyl side chains. Using 

grazing-incidence wide-angle X-ray scattering, transmission electron microscopy and 

fluorescence spectroscopy we identify two main reasons for the reduced performance of 

siloxane containing polymers in solar cells. The first one is a somewhat coarser phase-

separated morphology with slightly wider polymer fibres. This is unexpected as often the 

fibre width is inversely correlated with polymer solubility. The second one is stronger non-

radiative decay of the pristine polymers containing siloxane side chains. 

 

 

 

This work has been published: G. H. L. Heintges, K. H. Hendriks, F. J. M. Colberts, M. Li, 

J. Li, R. A. J. Janssen, RSC Adv., 2019, 9, 8740-8747. 
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5.1 Introduction 

Organic bulk heterojunction (BHJ) solar cells have attracted attention over the past 

years as a novel, green energy technology.
1,2

 An essential parameter influencing the 

performance of these solar cells is the morphology of the BHJ layer, which has been shown 

to be directly influenced by the solubility of the components in the processing solvents, the 

intrinsic properties of the two components and their mutual interactions.
3-6

 In particular, it 

has been found that in blends consisting of a polymer donor and a fullerene acceptor, the 

polymer should self-organize to achieve a high power conversion efficiency (PCE). For 

diketopyrrolopyrrole (DPP) polymers the most optimal, finely dispersed morphology in 

combination with fullerenes has been achieved for polymers with shorter side chains and 

higher molecular weights.
3,7

 This behaviour has been explained by a nucleation-and-growth 

model applied to fibrous networks.
3
 By using co-solvents in which the DPP polymers are 

only sparsely soluble these insights resulted in record high PCEs.
8
 Following these trends, 

high PCEs can be obtained by reducing the solubility, of course maintaining a high enough 

level to ensure processablity. In conjugated polymers, a straightforward way to influence 

the solubility and tendency to aggregate is to alter the solubilizing side chains, which 

strongly influence the solar cell performance.
6−13

 By introducing other chemical 

functionalities opposed to the commonly used alkyl side chains in these polymers, a further 

fine-tuning of the aggregation behaviour can be achieved.
9,11,14−16

 Additionally, by changing 

the side chains, also the miscibility of the donor and acceptor
17,18

 and the packing of the 

polymer, which also influence the morphology of the layer and the performance of the solar 

cells, can be affected. 

Siloxane-containing side chains have been investigated in conjugated polymers for 

organic field-effect transistor (OFET) applications
19-24

 and have shown to increase the 

crystallinity and decrease solubility, therefore directly affecting the charge carrier mobility 

of these materials. Also in solar cells siloxane-containing polymers have been introduced to 

increase crystallinity of the electron donor, influencing the morphology of the blend 

layers.
25-28

 This has led to highly performant solar cells, with a PCE of 11%, when siloxane 

side chains were combined with regular alkyl chains within the same polymer.
27

 

Interestingly, it was shown that the number average molecular weight (Mn) decreased with 

increasing siloxane content, as polymers with high siloxane content were less soluble and 

could not reach high Mns before becoming insoluble.
27 
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In this chapter, siloxane side chains are employed on diketopyrrolopyrrole (DPP) 

polymers, a class of conjugated polymers that has shown high promise in solar cell 

applications.
29

 In particular, siloxane side chains were introduced in varying concentrations 

on poly[{2,5-bis(2-hexyldecyl)-2,3,5,6-tetrahydro-3,6-dioxopyrrolo[3,4-c]pyrrole-1,4-

diyl}-alt-{[2,2′-(1,4-phenylene)bisthiophene]-5,5′-diyl}] (PDPPTPT),
30

 in this way finely 

tuning the solubility. In previous studies and theories on the morphology formation in 

active layers, the effect of solubility has always been observed and applied holistically. 

Looking in detail at the factors determining solubility and aggregation behaviour, two 

important properties can easily be identified: the solubility of the monomers or repeat units, 

from here on called the ‘intrinsic solubility’ and the average molecular weight of the 

polymers. Whereas the influence of molecular weight has separately been investigated in 

the past,
3,31-37

 separating the influence of the intrinsic solubility from the influence of the 

molecular weight has proven difficult. By mixing siloxane and alkyl side chains, however, 

a series of polymers has been obtained with varying intrinsic solubility not positively 

correlated to the molecular weight, hereby providing further insight in the factors that 

govern morphology formation and solar cell performance. 

 

5.2 Results and discussion 

A series of DPP polymers was designed in which the 2-hexyldecyl side chains of 

PDPPTPT are gradually replaced by 6-(1,5-di-tert-butyl-1,1,3,5,5-pentamethyltrisiloxan-3-

yl)hexyl side chains. This siloxane side chain with tert-butyl substituents was chosen to 

provide enough solubility while moving the branching point on the side chain far away 

from the DPP core to encourage π-π stacking. The siloxane was synthesized and then 

attached via a hydrosilylation reaction to a hexane-substituted DPP, as shown in Scheme 

5.1, essentially following a procedure previously reported.
20,22

 The monomer was then 

brominated in preparation for the Suzuki polymerization with 1,4-benzenediboronic acid 

bis(pinacol) ester (Scheme 5.2). 
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Scheme 5.1: Synthesis of the monomer adapted from a previously reported route.20,22 (i) K2CO3, 6-bromohexene, 

N,N-dimethylformamide , 120 °C, (ii) isopropyl ether, 70 °C, (iii) Karstedt’s catalyst, toluene, 80 °C, (iv) N-

bromosuccinimide, chloroform, room temperature. 

 

By combining different ratios of alkyl and siloxane-substituted DPP monomers 

with phenylene, a series of copolymers was obtained with similar electronic properties but 

different intrinsic solubilities. After the synthesis, differences in physical properties could 

be immediately observed, with the polymers having a high siloxane content being slightly 

more difficult to dissolve and being more brittle in the solid state.  

 

 

Scheme 5.2: Synthesis of the polymers. (i) Pd2(dba)3/PPh3, K3PO4 (aq), toluene, 115 °C (monomer ratios are 

adjusted to obtain the different polymers). 

 

Gel permeation chromatography (GPC) in ortho-dichlorobenzene (o-DCB) was 

performed at 140 °C to determine the molecular weights (Figure. 5.1). As is seen in Figure. 

5.1, the polymers with high siloxane content showed two distinct peaks in the gel 

permeation chromatogram, with the peak at shorter retention times decreasing in intensity 

with diminishing siloxane content. The UV-vis-NIR absorption spectrum of the short 
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retention time peak (not shown) displayed a distinct red-shifted shoulder, which is 

commonly associated with aggregation of DPP polymers. This coincides with the solubility 

of the polymers decreasing with increased siloxane content. The peak at longer retention 

times revealed a more blue-shifted UV-vis-NIR spectrum (not shown) associated with 

molecularly dissolved polymers and is therefore most likely a better estimate of the true 

molecular weight. When considering the peak molecular weight (Mp) of the main peak 

(Table 5.1), a clear trend can be seen of decreasing Mp with increasing siloxane content, 

except for the 100% siloxane polymer, where aggregation seems to prevail. This trend 

indicates that a lower degree of polymerization was achieved for polymers with higher 

siloxane content. Despite their lower molecular weight with increasing siloxane content, the 

polymers show a higher tendency for aggregation in o-DCB at elevated temperature. The 

difference in degree of polymerization could therefore be related to premature aggregation 

in the polymerization mixture, thereby inhibiting the reaction, an effect previously observed 

by Liu et al.,
27

 indicating that polymer solubility during polymerization can have an effect 

on the molecular weight obtained. This implies that polymers with a high siloxane content 

have a low intrinsic and overall solubility coupled with a low Mp, whereas polymers with a 

low siloxane content have higher intrinsic and overall solubility coupled with a high Mp. In 

this way this set of polymers provides a case where solubility is not positively correlated 
 

 

Table 5.1: Physical properties of the PDPPTPT polymers with different fractions of siloxane side chains. 

Siloxane 

fraction 

Mp 

[kDa] 

HOMO b 

[eV] 

LUMOb 

[eV] 

Eg,,SW
c 

[eV] 

Eg,,opt
c 

[eV] 

d-spacing 

(TEM) 

[Å] 

d-spacing 

(GIWAXS) 

[Å] 

Mobility 

[cm2/Vs] 

100% 15.1
a 

−5.20 −3.31 1.89 1.54 26.2 25.1 8.2 × 10
−3 

50% 15.9 −5.22 −3.29 1.93 1.53 24.7 24.2 3.1 × 10
−2

 

20% 21.4 −5.26 −3.30 1.96 1.53 21.5 21.9 2.4 × 10
−2

 

10% 24.4 −5.29 −3.29 1.99 1.52 20.6 20.3 1.5 × 10
−2

 

5% 28.7 −5.27 −3.30 1.96 1.52 19.8 19.6 1.3 × 10
−2

 

0% 38.5 −5.27 −3.29 1.98 1.51 18.5 19.2 4.5 × 10
−4

 

a Estimate based on a Gaussian fit to the low-Mp shoulder of un-aggregated polymer chains in the GPC. b 

Determined with square wave voltammetry vs. Fc/Fc+, which was set at −4.8 eV vs. vacuum. c Eg, SW
 is the 

difference between HOMO and LUMO energies. Eg, opt
 is the optical band gap. 
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Fig. 5.1: Gel permeation chromatograms of the synthesized siloxane-containing PDPPTPT polymers. 

 

with Mp, providing a platform to further investigate the effects of Mp and intrinsic solubility 

separately. 

As can be seen in Figure. 5.2 the UV-vis-NIR absorption spectra of all polymers 

are virtually identical in the solid state. While the peak position shows no clear trend, the 

onset of absorption at long wavelengths shows a small blue shift with increasing siloxane 

content, indicating a small increase in optical band gap (Eg, opt) (Table 5.1). This is most 

likely due to differences in aggregation and packing caused by the more bulky siloxane 

groups. 

To gain further insight in the aggregation behaviour of these polymers their 

temperature dependent UV-vis-NIR spectra were recorded in 1,1,2,2-tetrachloroethane 

(TCE) (Figure. 5.3). For the polymers with a higher siloxane content the peak at 760 nm, 

associated with aggregates, decreased less than for the polymers with low siloxane content  
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Fig. 5.2: Solid state UV-vis-NIR spectra of the PDPPTPT polymers. 
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Fig. 5.3: Temperature dependent UV-vis-NIR absorption spectra in TCE of the polymers. Percentage siloxane (a) 

100%. (b) 50%. (c) 20%. (d) 10%. (e) 5%. (f) 0%. 

 

with increasing temperature, indicating once again that the polymers with high siloxane 

content have a stronger tendency for aggregation. 

Square wave voltammetry was performed on the polymers to determine the 
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Fig. 5.4: Summary of the HOMO and LUMO energy levels measured by square wave voltammetry. 

 

oxidation and reduction potentials (Figure. 5.4). The polymers were studied as thin films on 

a Pt wire and measured in acetonitrile containing 0.1 M tetrabutylammonium 

hexafluorophosphate as electrolyte. Ferrocene/ferrocenium (Fc/Fc
+
) was used as an internal 

standard. The reduction waves of the six polymers are virtually identical, but the oxidation 

potentials slowly decrease with increasing siloxane content. The resulting HOMO and 

LUMO levels are summarized in Table 5.1. 

To evaluate the effects of the side chains on the hole mobility, field-effect 

transistors were fabricated in a bottom-gate, bottom-contact architecture. The results are 

collected in Table 5.1. As can be seen in Figure. 5.5, the hole mobility increases by an order 

of magnitude upon the introduction of siloxanes and is comparable for all polymers 

containing siloxane side chains. The higher hole mobility of PDPPTPT with siloxane-

terminated solubilizing groups is consistent with previous observations.
19,20
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Fig. 5.5: Hole mobilities for the DPPTPT polymers. 
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The photovoltaic performance of the materials was evaluated by producing solar 

cells with an ITO/ZnO/active layer/MoO3/Ag configuration. For the active layer, the 

polymers were combined with [6,6]-phenyl-C71-butyric acid methyl ester ([70]PCBM) as 

an acceptor in a 1:2 weight ratio and spin coated from solutions in chloroform containing 

2% diphenyl ether (DPE). These conditions were found to be optimal in terms of power 

conversion efficiency (PCE) for both the 100% siloxane as well as the 0% siloxane polymer 

after an optimization of the solvent and co-solvent ratio. Figure. 5.6 shows the current-

density – voltage (J-V) characteristics in dark and under simulated AM1.5G (100 mW/cm
2
) 

illumination and external quantum efficiencies (EQE) of the optimized devices. The 

photovoltaic parameters are summarized in Table 5.2. The short-circuit current density (Jsc) 

reduces for polymers with increased siloxane content. Analysis of the corresponding EQE 

spectra reveals that the decrease in current generation is proportional over all wavelengths. 
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Fig. 5.6: (a) J-V characteristics of the PDPPTPT:[70]PCBM 1:2 (w/w) solar cells. (b) EQE spectra. 

 

Table 5.2: Photovoltaic performance of the PDPPTPT:[70]PCBM 1:2 (w/w) blends.a 

Siloxane fraction d [nm] Jsc [mA/cm²] Voc [V] FF PCE [%] 

100%  125 6.8 (6.7) 0.81 (0.81) 0.58 (0.57) 3.2 (3.1) 

50%  98 9.7 (9.6) 0.79 (0.79) 0.62 (0.62) 4.7 (4.7) 

20%  123 12.4 (12.1) 0.77 (0.77) 0.54 (0.52) 5.1 (4.9) 

10%  99 13.2 (13.4) 0.78 (0.77) 0.65 (0.63) 6.7 (6.6) 

5%  100 14.0 (13.9) 0.78 (0.78) 0.63 (0.62) 6.9 (6.7) 

0%  143 14.6 (14.6) 0.77 (0.77) 0.59 (0.59) 6.6 (6.6) 

a Best cells are shown, numbers between parentheses refer to the average over 4 cells 
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Fig. 5.7: Unfiltered (left), Fourier-filtered (> 100 nm, middle) and Fourier-filtered (< 100 nm, right) TEM images 

of the PDDPPTPT:[70]PCBM polymer blends with 100% siloxane side chains (top), 50% siloxane side chains 

(middle) and 20% siloxane side chains (bottom). 

 

As the electronic and optical properties of all polymers are very similar, the most 

likely cause therefore is differences in the morphology of the blend layers. As can be seen 

in Table 5.2, there is no clear trend in the fill factor (FF). Since the fill factor relates to the 

competition between extraction and recombination of free charges,
38

 the balance between 

these two processes appears similar in all layers. A weak trend between the siloxane content 

and the open-circuit voltage (Voc) is observed, with a ~40 mV increase in Voc with 100% 

siloxane content. Although differences are small, we note that this trend is opposite to the 
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Fig. 5.8: Unfiltered (left), Fourier-filtered (> 100 nm, middle) and Fourier-filtered (< 100 nm, right) TEM images 

of the PDDPPTPT:[70]PCBM polymer blends with 10% siloxane side chains (top), 5% siloxane side chains 

(middle) and 0% siloxane side chains (bottom). 

 

change in HOMO levels, where the 100% siloxane polymer has a ~70 meV shallower 

HOMO level (Table 5.1), which generally would provide a higher Voc. Overall the PCE of 

the PDPPTPT:[70]PCBM blends drops by a factor of over 2 going from 0% to 100% 

siloxane side chains. A preliminary study on the stability revealed that the polymers can be 

safely stored under ambient conditions in the dark for >1 year, and that the photovoltaic 

devices do not degrade when stored under protective dry N2 atmosphere for 6 months. 
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Fig. 5.9: TEM images of smaller scales of the polymer blends. First row: 100%, 50% and 20% siloxane polymers, 

second row 10%, 5% and 0% siloxane polymers. 

 

To understand the change in performance with increasing percentage of siloxane 

side chains, transmission electron microscopy (TEM) was performed to analyse the 

morphology of the active layers. These are shown in Figure. 5.7 and Figure. 5.8 (left 

panels). All mixtures show a fine fibre-like morphology typical for blends of DPP-based 

polymers with [70]PCBM.
7,39

 In all cases, the fibre width is small, making a detailed 

analysis difficult, but for the 100% siloxane the fibres appear wider than for the 0% 

polymer. At high magnification the TEM images (Figure. 5.9) show lattice fringes that can 

be associated with the lamellar packing distance (d-spacing) of the polymers chains. By 

performing a Fourier transform of the images in Figure. 5.9, an estimate of the d-spacing of 

the crystalline domains in the blend could be obtained. A significant increase in the d-

spacing from 18.5 Å to 26.2 Å was found with increasing siloxane content (Table 5.1). This 

is assigned to the bulky nature of the siloxane side chains groups that hinder closer lamellar 

packing. 

Further analysis of the blend morphology was done using two-dimensional grazing 

incidence wide angle X-ray scattering (2D GIWAXS) (Figure. 5.10). The 2D GIWAXS 

shows diffuse halos at q ≈ 0.7 Å
−1 

and q ≈ 1.4 Å
−1

 that can be attributed to [70]PCBM 



The influence of siloxane side chains on the photovoltaic performance of a conjugated polymer 

101 

 

 

 

Fig. 5.10: Grazing incidence wide angle X-ray scattering of the polymer blends. First row: 100%, 50% and 20% 

siloxane polymers, second row 10%, 5% and 0% siloxane polymers. 

 

clusters.
40,41

 The diffraction around q = 0.25 Å
−1

 is associated with the lamellar d-spacing of 

the polymer and values for the different polymers are in accordance with the data obtained 

from the TEM (Table 5.1). The 2D GIWAXS and the corresponding in-plane and out-of-

plane line cuts (Figure. 5.11) indicate a change in orientation of the polymer chains on the 

surface with increasing siloxane content. Here small angle approximation is valid and 

during the line cut analysis no further Fraser correction is made. If fibre symmetry with 

respect to the normal of the film plane is assumed, then we have complete information with 

respect to the orientation of 100 planes. From this plot a general decreasing trend of the 
 

 

0.0 0.5 1.0 1.5 2.0
0

1

2

3

In
te

n
s
it
y

q [Å-1]

 100%

 50%

 20%

 10%

 5%

 0%

 

0.0 0.5 1.0 1.5 2.0
0

1

2

3

In
te

n
s
it
y

q [Å-1]

 100%

 50%

 20%

 10%

 5%

 0%

 

Fig. 5.11: In-plane and out-of-plane line cuts extracted from the GIWAXS analysis. 



Chapter 5 

102 

intensity at 90° and 270° (in plane direction) with decreasing siloxane content is visible. 

Thus, the orientation changes from relatively mostly edge-on for the polymers with low 

percentages of siloxane, via a mixed edge-on/face-on orientation for the 50% siloxane 

polymer, to relatively most face-on for the 100% siloxane polymer. 

To roughly quantify this change, a pole figure analysis was carried out.
42

 The 

intensity between 90°−135° and 225°−270° (Axy) was integrated and compared to the 

integrated intensity between 145°−215° (Az), ranges which correspond to the face-on and 

edge-on crystallites, respectively. By taking the ratio Axy/Az, a relative ratio between the 

face-on and edge-on orientation could be calculated. As can be seen in Figure. 5.11b, this 

ratio increases with increasing siloxane content, indicating a change in orientation from 

mostly edge-on (0% siloxane), through mixed orientation (50% siloxane), to mostly face-on 

(100% siloxane). Generally, a face-on orientation, in which the π-face lies in the plane of 

the substrate, is beneficial for solar cell performance as it favours vertical inter-chain 

charge transport and may even inhibit charge recombination.
43

 For the siloxane containing 

polymers, however, we see an opposite trend in the solar cell performance and, hence, the 

difference in polymer orientation does not explain the differences in photovoltaic 

performance.  

To gain further insight in the morphology a filtering was performed on the TEM 

images: in the Fourier transform image all information pertaining to features larger than 

100 nm was cut out and stored separately. Next, the two images were inverse Fourier 

transformed resulting in two filtered images, one containing only features larger than 100 
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Fig. 5.11: (a) The (100) peak over all angles, (b) the ratio Axy/Az in function of the siloxane content, with Axy/Az the 

ratio of face-on to edge-on orientation. 
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nm and one with only smaller features (Figure. 5.7 and 5.8, middle and right panels). In the  

large-feature images a blurred pattern of dark and light domains can be seen with a distance 

of 300 to 400 nm, most likely associated with coarse phase separation over these larger 

length scales. All blends show a very similar distribution of these light and dark regions. In 

the small-feature images the fibrous structure of the polymers is now more clearly visible. 

The small size of the fibres still prohibits further formal characterization of the domain 

sizes. However, a clearer difference between the blends can now be seen. This difference 

lies mainly in the distances between fibres or fibre-clusters, with the blend of the 100% 

siloxane polymer showing the roughest structure and the fibres becoming gradually more 

finely dispersed with decreasing siloxane content. This difference is most clear when 

comparing the 100%, 50% and 0% siloxane polymer blends. Among the 0%, 5%, 10% and 

20% polymer blends the differences are only very subtle. A finer fibrous morphology is 

known to provide higher quantum efficiencies for charge generation. For thicker fibres, 

typical exciton diffusion lengths are smaller than the fibre width, causing excitons to decay 

before charges can be generated at the interface with [70]PCBM.
3,7,8,39

 Whereas this is a 

clear trend in the morphology of these layers, the differences remain subtle, and might not 

fully explain the trend seen in the EQE spectra. 

 To further investigate the diminishing Jsc with higher siloxane content, 

fluorescence spectra of pristine polymer layers and their blends with [70]PCBM were 

measured. The fluorescence intensity was corrected for the absorption intensity of the 

layers at 750 nm, which was the wavelength used for excitation. As can be seen in Figure. 
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Fig. 5.12: Fluorescence spectra of the pristine polymers (solid lines) and their blends with [70]PCBM (dashed 

lines), corrected for the absorption at 750 nm. 
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5.12, a similar, broad, fluorescence spectrum was measured for all polymers. The 

fluorescence intensity of the pristine layers is comparable for the 0%, 5% and 10% 

polymers, and shows a downward trend with increasing siloxane content. The lower 

fluorescence intensity for the polymers with a high percentage of siloxane side chains 

indicates a lower fluorescence quantum yield. As the radiative lifetime is not expected to 

change with the change in side chains, the most likely cause is an increased non-radiative 

decay. The underlying cause for this trend is not fully understood at present, but could be 

related to the packing of the polymer chains influencing the amount of non-radiative decay. 

The fluorescence intensity of the blend layers with [70]PCBM is much lower and 

comparable for all polymers, except for the 100% polymer which shows a higher intensity. 

The fluorescence quenching is caused by photoinduced electron transfer between the 

PDPPTT polymers and [70]PCBM. The fluorescence quenching is significantly lower for 

the 50% and 100% polymers compared to the other PDPPTPT polymers. This indicates a 

lower tendency of charge generation, which is in line with the lower Jsc obtained from these 

polymers.  

In summary, we have identified several effects that explain the lower Jsc of solar 

cells fabricated from polymers with high siloxane content. The (Fourier-filtered) TEM 

results point to the differences in fibre morphology, where a larger spatial distribution of 

wider fibres inhibits efficient charge separation. Moreover, the siloxane side chains give 

rise to a low fluorescence intensity, which is attributed to more efficient non-radiative 

exciton decay, causing a reduced excited-state lifetime and hence an intrinsic lower chance 

to generate charges from the corresponding polymers. While we have presented some 

evidence for the above two mechanisms, other factors may also contribute to the lower Jsc. 

Exciton mobility, e.g., could be affected by the increased d-spacing of the siloxane 

containing polymers, further hindering exciton dissociation at the donor-acceptor interface. 

 

5.3 Conclusion 

A varying ratio of siloxane and alkyl side chains was introduced on PDPPTPT to 

tune the molecular weight and solubility and investigate the effect of these two parameters 

on the performance of bulk heterojunction solar cells with a common fullerene acceptor. 

Increasing the siloxane to alkyl side chain ratio resulted in a reduced peak molecular weight 

and a reduced solubility. The short-circuit current density and power conversion efficiency 
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of the solar cells were lower with increasing percentage of siloxane. Fourier-filtered 

transmission electron microscopy and two-dimensional grazing-incidence wide-angle X-ray 

scattering revealed a fibrous morphology in which the fibres become wider and the chains 

are more face-oriented for higher siloxane content. Fluorescence spectroscopy indicated 

less fluorescence quenching with more siloxane side chains. The conclusion that emerges is 

that the siloxane side chains give rise to less charge generation due to a coarser morphology 

with slightly wider polymer fibres and increased non-radiative decay of the pristine 

polymers. 

 It has repeatedly been demonstrated that enhancing the tendency to aggregate of 

DPP polymers by reducing the solubility, leads to a better morphology with narrow fibres 

and higher PCEs.
3,7,39,44

 Because an increase of the molecular weight of a polymer generally 

reduces its solubility, high molecular weight can be important for obtaining high PCEs. In 

the present example of PDPPTPT polymers, partly substituted with siloxane side chains, we 

have managed to decouple the solubility of the polymer from the molecular weight by using 

monomers with an intrinsic lower solubility and have made a series of polymers where the 

trend in solubility is opposite of the trend in molecular weight (Mp). The remarkable result 

is that in this case the lower solubility does not result in a finer fibre morphology of the 

bulk heterojunction blend, but rather in one that is similar or even slightly coarser. The fact 

that the PCE now decreases with decreasing solubility is related to two reasons. The first 

one is the slight increase in fibre width and coarser morphology; the second one is the 

intrinsically lower fluorescence of the siloxane containing polymers, which results in a less 

effective charge generation. It remains an interesting question why the fibre width of the 

siloxane containing PDPPTPT polymers is not reversely correlated with the solubility. 

 

5.4 Experimental section 

 

5.4.1 Materials and methods 

All synthetic procedures were performed under a protective argon atmosphere. Commercial 

(dry) solvents and reactants were used without further purification, unless stated otherwise. N-

bromosuccinimide (NBS) was recrystallized from deionized water prior to use. 1,4-Benzenediboronic 

acid bis(pinacol) ester and triphenylphosphine (PPh3) were recrystallized from methanol prior to 

polymerization. Tris(dibenzylideneacetone)dipalladium (Pd2(dba)3) was purchased from Strem 
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Chemicals Inc, [70]PCBM (purity 90-95%) was purchased from Solenne BV. All other chemicals and 

solvents were obtained from Sigma-Aldrich Co. 3,6-Di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-

1,4(2H,5H)-dione and 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-hexyldecyl)-2,5-dihydropyrrolo[3,4-

c]pyrrole-1,4-dione were synthesized according to previously published procedures.45 1,5-Di-tert-

butyl-1,1,3,5,5-pentamethyltrisiloxane was synthesized using a modified published procedure.46 

1H-NMR and 13C-NMR spectra were recorded on a Varian Mercury (1H 400 MHz, 13C 100 

MHz) spectrometer. Chemical shifts are given in ppm with respect to tetramethylsilane as internal 

standard. Matrix assisted laser desorption ionization time of flight (MALDI-TOF) mass spectrometry 

was performed on a Bruker Autoflex Speed spectrometer. GC-MS was measured on a system 

consisting of a Shimadzu (GC-2010) gas chromatograph and a Shimadzu (GCMS-QP2010plus) mass 

spectrometer. The gas chromatograph contained a 30 meter Phenomenex Zebron ZB-5MS column 

with an internal diameter of 0.25 mm and 0.25 μm stationary phase film thickness. The temperature 

programme consisted of a steady ramp from 80 °C to 300 °C over 8 minutes. Polymer molecular-

weight distributions were estimated by GPC at 140 °C on a PL-GPC 120 system using a PL-GEL 10 

mm MIXED-C column with o-DCB as the eluent and using polystyrene internal standards. Samples 

were dissolved at a concentration of 0.1 mg/mL in o-DCB at 140 °C for 1 h before being measured. 

UV-vis-NIR absorption spectroscopy was conducted on a PerkinElmer Lambda 1050 

spectrophotometer with a 3D WB PMT/InGaAs/PbS detector module. Solid films were obtained by 

spin coating (2000 rpm) solutions of the materials (6 mg/mL) in chloroform onto glass substrates 

which were pre-cleaned with acetone and isopropanol, before being treated with UV-ozone for 30 

minutes. Temperature-dependent spectra were recorded in TCE at temperatures between 20 °C and 

100 °C using a PerkinElmer PTP1 Peltier temperature controller. Photoluminescence spectra were 

recorded with an Edinburgh Instruments FLSP920 double-monochromator luminescence 

spectrometer equipped with a nitrogen-cooled near-IR sensitive photomultiplier (Hamamatsu) using 

an excitation wavelength of 750 nm. Spectra were recorded of films processed onto glass substrates in 

a similar way to the samples used for the UV-vis-NIR spectroscopy measurements. 

Square wave voltammetry was measured on the polymers in solid state which were 

deposited onto platinum wire by dipping the wire in the hot solutions (chloroform). A silver rod was 

employed as counter electrode and a silver chloride coated silver rod (Ag/AgCl) was used as a quasi-

reference electrode. 0.1 M tetrabutylammonium hexafluorophosphate in acetonitrile was used as 

electrolyte solution. The measurement was carried out under inert atmosphere with an AutoLab 

PGSTAT 12 at a scan speed of 0.125 V/s, a modulation amplitude of 20 mV and at a frequency of 25 

Hz. Fc/Fc+ was employed as a standard with E = −4.8 eV. 

The grazing incidence wide angle x-ray scattering (GIWAXS) experiments were carried out 

on a GANESHA 300 XL+ system from JJ X-ray equipped with a Pilatus 300K detector (pixel size 
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172 µm × 172 µm). The X-ray source was a Genix 3D Microfocus sealed tube X-ray Cu-source with 

integrated monochromator and the wavelength used was λ = 1.5408 Å. Transmission electron 

microscopy (TEM) was performed on a Tecnai G2 Sphera transmission electron microscope (FEI) 

operating at 200 kV.  

Bottom-gate top-contact transistors were fabricated to investigate charge carrier transport 

for all polymers. The 300 nm thick SiO2 dielectric was functionalized with octyltrichlorosilane (OTS) 

to minimize interfacial trapping sites. The polymer films were prepared by drop casting from 1 

mg/mL chloroform solution in ambient atmosphere, following by annealing at 100 °C for 30 min in 

nitrogen atmosphere. 

Photovoltaic devices with an active area of 0.09 and 0.16 cm² were fabricated in air on 

patterned indium tin oxide (ITO) glass substrates (Naranjo Substrates). The substrates were cleaned 

by sonication in acetone for 15 min., followed by scrubbing with a sodium dodecyl sulfate solution 

(99%, Acros), rinsing with deionized water and a final sonication step in 2-propanol. Before 

deposition of the device layers the substrates underwent a 30 min. UV-ozone treatment. To obtain a 

ZnO layer, 0.5 M zinc acetate and 0.5 M ethanolamine were dissolved in 2-methoxyethanol by 

stirring overnight. The solution was then deposited onto the substrates by spin coating at 4000 rpm 

and annealing at 150 °C for 5 minutes. The substrates were then transferred to a nitrogen-filled 

glovebox to deposit the active layers. The active layers were deposited from a solution of polymer (5 

mg/mL) and [70]PCBM (10 mg/mL) in chloroform containing 2 vol% of diphenyl ether. The 

solutions were heated to 90 °C for one hour to ensure that the polymers were completely dissolved, 

then kept at 60 °C and were finally cooled to room temperature under vigorous stirring during 2 

minutes before spin coating at 2000 rpm. 10 nm of MoO3 and 100 nm of Ag were deposited by 

thermal evaporation under high vacuum (~3 × 10−7 mbar) as a back contact. 

Current density – voltage (J−V) characteristics were measured with a Keithley 2400 source 

meter under ~100 mW/cm2 white light illumination from a tungsten-halogen lamp filtered by a Schott 

GG385 UV filter and a Hoya LB120 daylight filter. The short-circuit current density (Jsc) was more 

correctly determined from external quantum efficiency (EQE) measurements by integration of the 

EQE with the AM 1.5G solar spectrum. EQE measurements were carried out under 1 sun operating 

conditions in a setup consisting of a modulated monochromatic light, a preamplifier (Stanford 

Research Systems SR570) and a lock-in amplifier (Stanford Research Systems SR830). The 

modulated monochromatic light was generated by using an optical chopper from Stanford Research 

Systems (SR540), an Oriel Cornerstone 130 monochromator and a 50 W (Osram 64610) tungsten-

halogen lamp. The 1 sun conditions were provided by the use of a 730 nm LED (Thorlabs) at 

different intensities for appropriate bias illumination. The device was kept in a nitrogen-filled box 
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with a quartz window. A calibrated silicon cell was used as reference prior to the J−V and EQE 

measurements. 

Active layer thicknesses were determined with a Veeco Dektak150 profilometer. 

 

5.4.2 Synthesis 

2,5-Di(hex-5-ene)-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione 

(1)
47,48 

3,6-Di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione45 (2.0 g, 6.66 mmol) and 

potassium carbonate (2.76 g, 19.98 mmol) were dissolved in N,N-dimethylformamide (30 mL) and 

heated to 120 °C. Then 6-bromohexene (2.715 g, 16.65 mmol) was added and the mixture was kept at 

120 °C for 3 h. The mixture was then allowed to cool down and kept refrigerated overnight to allow 

the product to crystallize. The solids were then filtered and washed multiple times with water and 

subsequently methanol. Compound 1 was obtained as dark purple solid with a yield of 2.0 g (65%) 

and used without further purification. 1H NMR (400 MHz, CDCl3) δ 8.92 (dd, J = 3.8, 0.7 Hz, 2H), 

7.64 (dd, J = 4.9, 0.7 Hz, 2H), 7.29 (dd J = 4.7, 4.2 Hz, 2H), 5.79 (m, 2H), 5.03 – 4.93 (m, 4H), 4.09 

(t, J = 7.8 Hz, 4H), 2.11 (td, J = 7.4, 7.1 Hz, 4H), 1.77 (m, 4H), 1.52 (m, 4H). 13C NMR (100 MHz, 

CDCl3) δ 161.36, 139.99, 138.29, 135.28, 130.70, 129.72, 128.64, 114.90, 107.70, 42.04, 33.35, 

29.48, 26.15. MALDI-TOF-MS: [M+] calc: 464.16, found: 464.18. 

 

1,5-Di-tert-butyl-1,1,3,5,5-pentamethyltrisiloxane (2)
46 

Tert-butyldimethylsilyl chloride (10 g, 66.35 mmol) and dichloromethylsilane (4.6 g, 40 

mmol) were dissolved in isopropyl ether (15 mL) and added dropwise to a mixture of water (15 mL) 

and isopropyl ether (25 mL). After the dropwise addition, the whole mixture was heated to 70 °C for 

24 h. The reaction mixture was then washed twice with water, once with saturated sodium 

bicarbonate and once with brine, before it was dried over MgSO4 and the solvents were evaporated 

under reduced pressure. Three vacuum distillations (heating to 135 °C at 35 mbar) were then used to 

separate and purify the products, resulting the isolation of 2 in a purity of 96% and yield of 1.15 g 

(9%). 1H NMR (400 MHz, CDCl3) δ 4.67 (q, J = 1.6 Hz, 1H), 0.88 (s, 18H), 0.11 (d, J = 1.6 Hz, 3H), 

0.05 (s, 12H). 13C NMR (100 MHz, CDCl3) δ 25.62, 18.07, 1.61, -3.12. GC-MS: 4.00 min., m/z: 254, 

211 and 135. 
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2,5-Bis(6-(1,5-di-tert-butyl-1,1,3,5,5-pentamethyltrisiloxan-3-yl)hexyl)-3,6-di(thiophen-

2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (3) 

2,5-Bis(hex-5-ene)-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (1) (500 

mg, 1.076 mmol) was dissolved in dry toluene (10 mL), degassed and kept under argon. 1,5-Di-tert-

butyl-1,1,3,5,5-pentamethyltrisiloxane (2) (825 mg, 2.69 mmol) was then added and degassed, before 

1 drop of Karstedt’s catalyst was added. The mixture was kept under argon and heated to 80 °C 

overnight. The solvent was subsequently evaporated under reduced pressure and the solids were 

purified using column chromatography (2:8 dichloromethane:heptane, gradient to 4:6). Compound 3 

was obtained in a yield of 60%. 1H NMR (400 MHz, CDCl3) δ 8.93 (dd, J = 3.9, 1.1 Hz, 2H), 7.63 

(dd, J = 5.0, 1.1 Hz, 2H), 7.29 (dd, J = 5.0, 3.9 Hz, 2H), 4.07 (t, J = 7.9 Hz, 4H), 1.74 (m, 4H), 1.41 – 

1.26 (m, 12H), 0.86 (s, 36H), 0.46 (t, J = 7.8 Hz, 4H), -0.02 (s, 24H), -0.00 (s, 6H). 13C NMR (100 

MHz, CDCl3) δ 161.55, 140.19, 135.44, 130.81, 129.97, 128.78, 107.88, 42.42, 33.14, 30.17, 26.84, 

25.88, 23.32, 18.25, 17.86, 0.18, -2.74. MALDI-TOF-MS: [M+] calc: 1076.53, found: 1076.55. 

 

3,6-Bis(5-bromothiophen-2-yl)-2,5-bis(6-(1,5-di-tert-butyl-1,1,3,5,5-

pentamethyltrisiloxan-3-yl)hexyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (4)
 
 

2,5-Bis(6-(1,5-di-tert-butyl-1,1,3,5,5-pentamethyltrisiloxan-3-yl)hexyl)-3,6-di(thiophen-2-

yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (3) (394 mg, 0.365 mmol) was dissolved in 

chloroform (6 mL), degassed with argon and cooled to 0 °C. N-bromosuccinimide (135 mg, 0.768 

mmol, 2.1 eq) was added and the mixture was kept at 0 °C for 10 minutes before allowing to heat to 

room temperature. After 5.5 h the reaction mixture was washed three times with water, dried over 

MgSO4, and the solvent was evaporated under reduced pressure. The solids were then subjected to 

column chromatography (6:4 heptane:chloroform). The purified product was dissolved in 

dichloromethane and precipitated in methanol before being dried. Compound 4 was obtained as a 

dark purple solid in a yield of 334 mg (74%). 1H NMR (400 MHz, CDCl3) δ 8.68 (d, J = 4.2 Hz, 2H), 

7.23 (d, J = 4.2 Hz, 2H), 3.98 (t, J = 7.9 Hz, 4H), 1.69 (m, 4H), 1.44 – 1.28 (m, 12H), 0.85 (s, 36H), 

0.46 (t, J = 7.7 Hz, 4H), 0.02 (s, 24H), 0.00 (s, 6H). 13C NMR (100 MHz, CDCl3) δ 161.00, 138.95, 

135.31, 131.61, 131.09, 119.10, 107.79, 42.27, 32.89, 30.01, 26.60, 25.67, 23.08, 18.04, 17.64, -0.19, 

-2.94. MALDI-TOF-MS: [M+] calc: 1232.35, found: 1232.38. 
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General polymerization procedure 

3,6-Bis(5-bromothiophen-2-yl)-2,5-bis(6-(1,5-di-tert-butyl-1,1,3,5,5-pentamethyltrisiloxan-

3-yl)hexyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (4), 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-

hexyldecyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (5) (together 1 eq), freshly recrystallized 1,4-

bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene (6) (1 eq), recrystallized triphenylphosphine 

(1.5%) and Pd2(dba)3 (6%) were loaded in a Schlenk tube and placed under argon. Toluene (2 mL) 

was added before degassing the solution with argon for 10 minutes. A 2 M solution of K3PO4 in water 

(5 eq) was then added together with one drop of Aliquat 336. The tube was subsequently sealed and 

heated to 115 °C and the mixture was left to react overnight. 1,1,2,2-Tetrachloroethane (TCE) (5 mL) 

was then added to dissolve the gel-like substance and this solution was precipitated in methanol. The 

solids were filtered, dissolved in TCE at 120 °C and stirred with ethylenediaminetetraacetic acid (200 

mg) for 1 h before water was added and stirred for a further 1 h. The mixture was then cooled and 

extracted three times with water. The organic phase was reduced in volume under lowered pressure 

and then precipitated in methanol. Soxhlet extraction was then carried out on the solids with acetone, 

hexane, dichloromethane and chloroform. The solids left in the thimble were then dissolved in TCE at 

high temperature, after which the solvent was partially evaporated under reduced pressure and the 

polymer was precipitated in acetone. The solids were then filtered and dried. 

 

100-PDPPTPT 

4 (70 mg (56.7 µmol), 6 (18.9 mg, 56.7 µmol), Pd2(dba)3 (1.56 mg, 1.7 µmol), 

triphenylphosphine (1.78 mg (6.8 µmol) and K3PO4 solution (0.14 mL) were used. GPC (o-DCB, 140 

°C): Mn = 10.9 kDa, Mw = 73.7 kDa, Ð = 6.7. Note: due to aggregation and tailing these numbers are 

approximate. 

 

50-PDPPTPT 

4 (54.5 mg, 44.1 µmol), 5 (40 mg, 44.1 µmol), 6 (29.1 mg, 88.2 µmol), Pd2(dba)3 (1.21 mg, 

1.32 µmol), triphenylphosphine (1.39 mg, 5.3 µmol) and of K3PO4 solution (0.22 mL) were used. 

GPC (o-DCB, 140 °C): Mn = 2.7 kDa, Mw = 49.8 kDa, Ð = 18.4 Note: due to aggregation and tailing 

these numbers are approximate. 

 

20-PDPPTPT 

4 (21.0 mg, 17.0 µmol), 5 (61.6 mg, 67.9 µmol), 6 (28.0 mg, 84.8 µmol), Pd2(dba)3 (1.16 

mg, 1.27 µmol), triphenylphosphine (1.34 mg, 5.09 µmol) and K3PO4 solution (0.22 mL) were used. 

GPC (o-DCB, 140 °C): Mn = 4.5 kDa, Mw = 45.5 kDa, Ð = 10.0. Note: due to aggregation and tailing 

these numbers are approximate. 
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10-PDPPTPT 

4 (10.5 mg, 8.5 µmol), 5 (69.3 mg, 76.4 µmol), 6 (28.0 mg, 84.8 µmol), Pd2(dba)3 (1.16 mg, 1.27 

µmol), triphenylphosphine (1.34 mg, 5.09 µmol) and K3PO4 solution (0.22 mL) were used. GPC (o-

DCB, 140 °C): Mn = 15.6 kDa, M = 52.9 kDa, Ð = 3.4. Note: due to aggregation and tailing these 

numbers are approximate. 

 

5-PDPPTPT 

4 (4.24 mg, 5.24 µmol), 5 (73.1 mg, 80.6 µmol), 6 (28.0 mg, 84.8 µmol), Pd2(dba)3 (1.16 

mg, 1.27 µmol), triphenylphosphine (1.34 mg, 5.09 µmol) and K3PO4 solution (0.22 mL) were used. 

GPC (o-DCB, 140 °C): Mn = 11.5 kDa, Mw = 56.0 kDa, Ð = 4.9. Note: due to aggregation and tailing 

these numbers are approximate. 

 

0-PDPPTPT 

5 (76.9 mg, 84.8 µmol), 6 (28.0 mg, 84.8 µmol), Pd2(dba)3 (1.16 mg, 1.27 µmol), 

triphenylphosphine (1.34 mg, 5.09 µmol) and K3PO4 solution (0.22 mL) were used. GPC (o-DCB, 

140 °C): Mn = 21.2 kDa, Mw = 68.9 kDa, Ð = 3.3. 
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Chapter 6 
 

 

Relation between the electronic properties of 

regioregular donor-acceptor terpolymers and their 

copolymers 

 

Abstract 

By analysing the optical band gap and energy levels of seven different 

regioregular terpolymers in which two different electron-rich donor moieties are 

alternating with a common electron-deficient acceptor unit along the backbone, we 

establish a direct correlation with the properties of the corresponding binary copolymers in 

which one donor and one acceptor are combined. For this study we use 

diketopyrrolopyrrole as the common acceptor and different π-conjugated aromatic 

oligomers as donors. We find that, with remarkable accuracy, the optical band gap and 

frontier orbital energies of the terpolymers are the arithmetic average of those of the parent 

copolymers. The same relationship is also found for the open-circuit voltage of the bulk 

heterojunction solar cells made with the ter- and copolymers in combination with [6,6]-

phenyl-C71-butyric acid methyl ester. Comparison of these findings with data in literature 

suggests that this is a universal rule that can be used as a tool when designing new π-

conjugated polymers. 

 

 

 

A manuscript on this work is being prepared for publication. 
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6.1 Introduction 

Control over the optical band gap (Eg) by adjusting the chemical structure is one of 

the critical virtues of π-conjugated polymers and is often employed to create novel 

materials with tailored properties to enhance charge transport, light emission, or 

photovoltaic energy conversion. Optical band gap control can be achieved by enlarging 

fused-ring systems and controlling the conjugation length via planarization of conjugated 

segments to enhance delocalization of electrons.
1-4

 A second important tool for optical band 

gap control is adjusting the balance between contributions of aromatic and quinoid 

resonance structures of fused π-conjugated rings in the main chain.
5
 The classical example 

of this approach is poly(isothionaphthene), first prepared by Wudl et al.
6
 In 

poly(isothionaphthene) a favourable quinoid structure reduces the bond length alternation 

and lowers the optical band gap to about 1 eV. Havinga
7
 and Tanaka

8
 advanced the donor-

acceptor or “push-pull” concept, which became very popular for controlling the optical 

band gap and frontier energy levels of π-conjugated polymers. In this approach two 

conjugated units, one with electron-rich (donor) and one with electron-deficient (acceptor) 

properties, are combined in an alternating copolymer. By varying the strength of the 

donating and accepting properties, control over the optical band gap and energy levels of 

the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) can be achieved. This gives almost unlimited access to a range of materials with 

different electronic characteristics. More recently, π-extended quinoids with strong 

electron-withdrawing groups that include aromatic substructures in the resonance form 

have been used to create very small band gap polymers.
9
 Donor-acceptor polymers have 

been particularly useful for polymer solar cells.
10-14

 Structural variations that allow to 

control the optical band gap can maximize the open-circuit voltage (Voc) and increase short-

circuit current (Jsc). Recently, polymers with an extended π-system perpendicular to the 

backbone have been successfully introduced.
15-18

 These combined efforts have resulted in a 

surge of the power conversion efficiency (PCE) of polymer solar cells and enhanced the 

likelihood they will be employed as a lightweight, form-free, or flexible power source.
19,20

 

Colour control is especially important for building-integrated photovoltaic applications
21,22

 

and essential to multi-junction solar cells.
23,24

  

Lately, the terpolymer design motif has been established as a further tool to tune 

the HOMO and LUMO energy levels.
25

 This class of materials is an evolution of the donor-



Relation between the electronic properties of regioregular donor-acceptor terpolymers and their 

copolymers 

117 

acceptor design motif, but in terpolymers three distinct π-conjugated units are used, 

allowing fine control of the electronic characteristics. Terpolymers can be obtained by 

incorporating two electron-rich and one electron-poor unit, or two electron-poor and one 

electron-rich unit in the polymer backbone in a random or in a regular sequence.
26-33

 

Materials with PCEs in organic solar cells above 9% have thus been achieved,
30-32

 and in 

some cases this design can be more efficient than making ternary blends out of the 

respective copolymers.
33

 

Despite the increased synthetic effort required, regioregular terpolymers might 

offer more control over the electronic parameters of the material than regiorandom 

terpolymers. Intuitively, it can be expected that the electronic parameters of these materials 

occupy a middle ground between the two “parent” copolymers. However, a systematic 

design rule to predict these properties has not yet been firmly established. It is not only 

important to be able to predict the band gap, but also to establish if the optical absorption 

broadens, shifts, or a combination of both. Herein we systematically investigate the optical 

band gap and redox potentials of regioregular (−D1−A−D2−A−)n terpolymers and compare 
 

 

 

Scheme 6.1: Structures of the regioregular (−D1−A−D2−A−)n DDP-based terpolymers analysed in this work. 

these to the corresponding parent (−D1−A−)n and (−D2−A−)n copolymers. For our study 

we use diketopyrrolopyrrole (DPP) as the common acceptor unit and vary the two donor 
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moieties. DPP based polymers have been extensively investigated in the past and show 

good performance in field-effect transistors and in single-junction and multi-junction 

polymer solar cells.
34,35

 A wide range of optical band gaps has been achieved by combining 

DPP with different electron donating moieties. Here, seven regioregular DPP based 

terpolymers (Scheme 6.1) and their corresponding copolymers are synthesized and 

analysed. In this way we are able to provide predictive rules for the electronic properties of 

regioregular terpolymers, thus establishing the regioregular terpolymer design motif as a 

reliable tool for the design of conjugated polymers. 

 

6.2 Results and discussion 

To investigate the electronic properties, a variety of DPP-based terpolymers and 

their copolymers were selected. PDPP(TPT-alt-2T),
36

 PDPP(TPT-alt-3T),
37

 PDPP(PyTPy-

alt-2T)
38

 and PDPP(TDTPT-alt-TBTT)
39

 (Scheme 6.1) were published before. To this 

dataset three new terpolymers were added: PDPP(TPT-alt-4T), PDPP(TPT-alt-TTTT) and 

PDPP(TEDOTT-alt-3T) (Scheme 6.1). These polymers were all synthesized using an 

extended monomer (A−D1−A) strategy wherein a central electron-rich (D1) unit is flanked 

by two electron deficient (A = DPP) units and reacted in a Stille or Suzuki condensation 

polymerization with the corresponding bisstannylated or bisboronic ester of the second 

donor moiety (D2) (Scheme 6.2). The details of the synthesis of the new polymers can be 

found in the Experimental section. For preparing PDPP(TPT-alt-4T) and PDPP(TPT-alt-

TTTT), a T-DPP-T unit was first monobrominated before being coupled to a phenyl core to 

provide the extended precursor monomer (Scheme 6.3, Experimental section). This 

precursor monomer could then be brominated in preparation for a Stille polymerization 

reaction with either 5,5'-bis(trimethylstannyl)-2,2'-bithiophene or 

bis(trimethylstannyl)thieno[3,2-b]thiophene (Scheme 6.2). PDPP(TPT-alt-4T) carries 2-

octyldodecyl side chains on the DPP units in contrast to the other polymers that carry 2-

hexyldecyl side chains. This longer side chain was chosen because the electron-rich 

quaterthiophene (4T) unit in PDPP(TPT-alt-4T) reduces the solubility compared to the 

other derivatives. This is also reflected in the corresponding copolymer, PDPP4T, where a 
 

 



Relation between the electronic properties of regioregular donor-acceptor terpolymers and their 

copolymers 

119 

Scheme 6.2: Cross-coupling polymerization reactions towards the (−D1−A−D2−A−)n DDP-based terpolymers. 

 

2-decyltetradecyl chain has been employed to achieve sufficient solubility. For 

PDPP(TEDOTT-alt-3T), a monoiodination reaction was carried out to offer the required 

asymmetry and allow coupling to a thiophene core (Scheme 6.4, Experimental section), 

after which the polymerization reaction could be carried out using 2,5-

bis(trimethylstannyl)-3,4-ethylenedioxythiophene (Scheme 6.2). Except for 

PDPPTEDOTT,
40

 all (−D−A−)n copolymers were synthesized before in our group.
37,39-44

 

PDPPTEDOTT was synthesized using a dibrominated thiophene-flanked DPP unit and 2,5-

bis(trimethylstannyl)-3,4-ethylenedioxythiophene (Scheme 6.5, Experimental section). All 

co- and terpolymers showed high number average (Mn) and weight average (Mw) molecular 

weights when analysed with gel permeation chromatography in ortho-dichlorobenzene (o-

DCB) at 140 °C (Table 6.1). A high Mn is important for achieving a high efficiency when 

these polymers are used in bulk heterojunction solar cells.
45,46 
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Table 6.1: Molecular weight data for the copolymers and terpolymers. 

Polymer Mn [kDa] Mw [kDa] Ð 

PDPPTPT 72 143 1.98 

PDPP(TPT-alt-2T) 135 540 3.99 

PDPP2T 85.0 322 3.80 

PDPP(TPT-alt-3T) 42 154 3.68 

PDPP3T 147 400 2.72 

PDPP(TPT-alt-4T) 138 254 1.84 

PDPP4T 83 150 1.80 

PDPP(TPT-alt-TTTT) 94.1 273 2.90 

PDPPTTTT Above exclusion limit 

PDPP(PyTPy-alt-3T) 80.8 192 2.37 

PDPPPyTPy 67.4 175.6 2.60 

PDPP(TEDOTT-alt-3T) Decomposes on column 

PDPPTEDOTT Decomposes on column 

PDPPTDTPT Interacts with column 

PDPP(TDTPT-alt-TBTT) Interacts with column 

PDPPTBTT 72.5 177 2.44 

 

UV-vis-NIR absorption spectra of thin, spin-coated films of the polymers were 

measured to establish the optical band gaps (Figure 6.1, Table 6.2). Figure 6.1 clearly 

shows that the optical absorption bands of the terpolymers are positioned in between those 

of the corresponding copolymers. The only real exception to this is in the case of 

PDPP(2TDTP-alt-2TBT) (Figure 6.1g), but in this case the absorption spectra of the 

copolymers are very close to one another and the deviation from the average is not large. 

The optical band gap, determined from the onset of the absorption is almost always exactly 

the average of the band gaps of its corresponding copolymers (Figure 6.1h, Table 6.2). 

Only small deviations (Δg) from the average are present, with a standard deviation of σ = 17 

meV. 
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Fig. 6.1: UV-vis-NIR absorption spectra of terpolymers and the corresponding parent copolymers in thin films. (a) 

PDPP(TPT-alt-2T). (b) PDPP(TPT-alt-3T). (c) PDPP(TPT-alt-4T). (d) PDPP(TPT-alt-TTTT). (e) PDPP(PyTPy-

alt-3T). (f) PDPP(TEDOTT-alt-3T). (g) PDPP(TDTPT-alt-TBTT). (h) Eg of the terpolymers vs. the average of the 

Egs of the corresponding copolymers. The solid line represents slope = 1. 

 



Chapter 6 

 

122 

Table 6.2: The optical band gaps of the terpolymers and their respective copolymers. 

D1 D2 Eg (D1−A) 

[eV] 

Eg (D2−A) 

[eV] 

Eg (D1−A−D2−A) 

[eV] 

Δg 

[eV]
a 

TPT 2T 1.53 1.20 1.37 −0.005 

TPT 3T 1.53 1.33 1.43 0.000 

TPT 4T 1.53 1.46 1.50 −0.005 

TPT TTTT 1.53 1.35 1.44 0.000 

PyTPy 3T 1.73 1.33 1.49 0.040 

TEDOTT 3T 1.17 1.33 1.25 0.000 

TDTPT TBTT 1.23 1.19 1.19 0.020 

aΔg = [Eg(D1−A) + Eg(D2−A)]/2 − Eg(D1−A−D2−A). 

 

Square wave voltammetry was used to estimate the energy levels of the HOMO 

(EH) and LUMO (EL) the polymers (Figure 6.2, Table 6.3 and 6.4). Similar to the optical 

band gap, the HOMO and LUMO energies of the terpolymers are very close to the average 

of the parent copolymers, with standard deviations of σ = 39 meV for EH and σ = 38 meV 

for EL. These results indicate that the electronic energy levels of the terpolymers can be 

quite accurately predicted, simply by taking the average of the related copolymers. 

Having established that for the regioregular (D1−A−D2−A)n terpolymers Eg, EH, 

and EL are close to the averages of the corresponding energies of the (D1−A) and (D2-A) 

copolymers, it is also of interest to assess their performance in solar cells to understand the 

relation between the optical band gap, open-circuit voltage, and minimal photon energy 

loss, defined as Eloss = Eg − qVoc. Bulk heterojunction solar cells were fabricated, combining 
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Fig. 6.2: The HOMO (a) and LUMO (b) energies of the terpolymers vs. the average of the HOMO and LUMO 

energies of the corresponding copolymers. The solid lines represent slope = 1. 
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Table 6.3: The energy of the HOMO levels of the terpolymers and their respective copolymers. a 

D1 D2 EH (D1−A) 

[eV]
 

EH (D2−A) 

[eV]
 

EH (D1−A−D2−A) 

[eV]
 

ΔH 

[eV]
a
 

TPT 2T −5.25 −5.27 −5.26 0.000 

TPT 3T −5.25 −5.14 −5.18 −0.015 

TPT 4T −5.25 −5.13 −5.16 −0.030 

TPT TTTT −5.25 −5.17 −5.15 −0.060 

PyTPy 3T −5.62 −5.14 −5.37 −0.010 

TEDOTT 3T −5.01 −5.14 −5.13 0.055 

TDTPT TBTT −4.83 −5.12 −4.92 −0.055 

a Determined with square wave voltammetry vs. Fc/Fc+, which was set at −4.8 eV vs. vacuum. bΔH = [EH(D1−A) + 

EH(D2−A)]/2 − EH(D1−A−D2−A). 

 

Table 6.4: The energy of the LUMO levels of the terpolymers and their respective copolymers. 

D1 D2 EL (D1−A) 

[eV]
 

EL (D2−A) 

[eV]
 

EL (D1−A−D2−A) 

[eV]
 

ΔL 

[eV]
a
 

TPT 2T −3.26 −3.56 −3.43 0.020 

TPT 3T −3.26 −3.34 −3.29 −0.010 

TPT 4T −3.26 −3.26 −3.22 −0.040 

TPT TTTT −3.26 −3.28 −3.31 0.040 

PyTPy 3T −3.42 −3.42 −3.41 −0.010 

TEDOTT 3T −3.39 −3.34 −3.39 0.025 

TDTPT TBTT −3.25 −3.58 −3.49 0.075 

a Determined with square wave voltammetry vs. Fc/Fc+, which was set at −4.8 eV vs. vacuum. bΔL = [EL(D1−A) + 

EL(D2−A)]/2 – EL(D1−A−D2−A). 

 

the co- and terpolymers as electron donor and [6,6]-phenyl-C71-butyric acid methyl ester 

([70]PCBM) as electron acceptor. The device configuration was 

ITO/PEDOT:PSS/polymer:[70]PCBM/LiF/Al for all cells, except for the polymers 

containing pyridine (PDPPPyTPy and PDPP(PyTPy-alt-3T)), in which PEDOT:PSS was 

replaced by molybdenum oxide. For depositing the layers, spin coating from chloroform 

with o-DCB as co-solvent was used. For each active layer, the amount of o-DCB was 
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Fig. 6.3: The current density – voltage (JV) characteristics of solar cell devices made with the terpolymers and the 

corresponding parent copolymers in combination with [70]PCBM. (a) PDPP(TPT-alt-2T). (b) PDPP(TPT-alt-3T). 

(c) PDPP(TPT-alt-4T). (d) PDPP(TPT-alt-TTTT). (e) PDPP(PyTPy-alt-3T). (f) PDPP(TEDOTT-alt-3T). (g) 

PDPP(TDTPT-alt-TBTT). 
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Table 6.5: Photovoltaic characteristics of the optimized solar cells. 

Polymer Jsc [mA/cm²] 
a 

Voc [V] FF PCE [%] Eloss [eV]
 

PDPPTPT 14.0 0.80 0.67 7.4 0.73 

PDPP(TPT-alt-2T) 6.44 0.74 0.67 3.2 0.63 

PDPP2T 2.03 0.68 0.50 0.7 0.52 

PDPP(TPT-alt-3T) 15.9 0.75 0.67 8.0 0.68 

PDPP3T 15.4 0.67 0.69 7.1 0.66 

PDPP(TPT-alt-4T) 14.4 0.71 0.69 7.0 0.80 

PDPP4T 15.3 0.64 0.69 6.8 0.82 

PDPP(TPT-alt-TTTT) 14.2 0.74 0.66 6.9 0.70 

PDPPTTTT 14.8 0.66 0.70 6.9 0.69 

PDPP(PyTPy-alt-3T) 
b 

11.9 0.88 0.63 6.6 0.61 

PDPPPyTPy 
b 

7.00 0.99 0.60 4.1 0.73 

PDPP(TEDOTT-alt-3T) 14.1 0.47 0.53 3.5 0.78 

PDPPTEDOTT 16.1 0.36 0.49 2.8 0.81 

PDPPTDTPT 16.6 0.43 0.54 3.9 0.80 

PDPP(TDTP-alt-TBTT) 12.2 0.52 0.58 3.7 0.67 

PDPPTBTT 2.8 0.66 0.66 1.2 0.53 

a Jsc was calculated by integrating the EQE spectrum with the AM1.5G spectrum. b MoO3 was used as hole 

transport layer instead of PEDOT:PSS. 

 

optimized. Figure 6.3 shows the current density – voltage characteristics of the optimized 

solar cells in the dark and under simulated AM1.5G (100 mW/cm
2
) illumination. The short-

circuit current density (Jsc), Voc, fill factor (FF), PCE, and Eloss of all cells are listed in Table 

6.5. In combination with [70]PCBM the terpolymers exhibit PCEs up to 8%, comparable to 

and sometimes surpassing those of the respective copolymers.  

Transmission electron microscopy was used to check that for the newly 

synthesized materials the bulk heterojunction morphology of the blend with [70]PCBM 

corresponds to the finely dispersed fibrillary morphology that is characteristic for high-

performing solar cells based on DPP polymers (Figure 6.4).
34,46

 The external quantum 

efficiencies (EQEs) of the photovoltaic devices based on the terpolymers and their parent 

copolymers (Figure 6.5) give further insight into the charge generation. As expected, the 
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Fig 6.4: Transition electron microscopy of the PDPPTEDOTT:[70]PCBM (top left), PDPP(TEDOTT-alt-

3T):[70]PCBM (top right), PDPP(TPT-alt-4T):[70]PCBM (bottom left) and PDPP(TPT-alt-TTTT):[70]PCBM 

blends (bottom right). 

 

EQEs generally follow the thin-film absorption spectra and at the wavelength of maximum 

EQE, the magnitude is comparable for the terpolymers and corresponding copolymers. A 

noticeable deviation, however, is seen for PDPP(TPT-alt-2T), which has an EQE that is 

significantly lower than that of PDPPTPT, but higher than that of PDPP2T, which is 

virtually 0% in the region of where the polymer absorbs light. The deviation is due to the 

fact that, in case of PDPP2T, the energy of the interfacial PDPP2T
+
/PCBM

− 
charge transfer 

state (ECT) is comparable or even higher than the optical band gap of PDPP2T, Eg, such that 

photoinduced charge generation is slow or even inhibited.
47

 In practice, electron transfer is 

slowed down when the minimal photon energy loss Eloss becomes less than 0.6 eV.
48

 For 

PDPP2T, Eloss is only 0.52 eV and below this empirical threshold. For solar cells based on 

PDPP(TPT-alt-2T) and PDPPTPT, Eloss increases to 0.63 and 0.73 eV, respectively. For 

PDPP(TPT-alt-2T) Eloss is very close to the 0.60 eV threshold and it is therefore likely that 

this is the cause for the moderate EQE of the solar cells with PDPP(TPT-alt-2T). The same 

effect can be seen for PDPPTBTT:[70]PCBM solar cells, where the minimal photon energy 
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Fig. 6.5: External quantum efficiencies of bulk-heterojunction solar cells of the terpolymers and their related 

copolymers as donor with [70]PCBM as acceptor. (a) PDPP(TPT-alt-2T). (b) PDPP(TPT-alt-3T). (c) PDPP(TPT-

alt-4T). (d) PDPP(TPT-alt-TTTT). (e) PDPP(PyTPy-alt-3T). (f) PDPP(TEDOTT-alt-3T). (g) PDPP(TDTPT-alt-

TBTT). 
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loss is insufficient (0.53 eV), causing the very low EQE, whereas the cell based on 

PDPP(TDTPT-alt-TBTT) with Eloss = 0.67 eV shows a good EQE. 

The Voc of organic solar cells is related to the energy difference between the 

HOMO of the donor and LUMO of the acceptor. As the HOMO energies of the terpolymers 

are the average of those of the respective copolymers, the same can be expected for the Voc. 

Figure 5a confirms this is indeed the case, with a standard deviation of σ = 30 mV of the Voc 

of the terpolymer from the average Voc of the copolymers. With 30 mV, the standard 

deviation in Voc is on the same order of magnitude as the standard deviation for EH. This 

correspondence is noteworthy because, unlike the optical band gap or the redox potentials, 

the Voc is influenced by other factors than the HOMO energy of the polymer alone.
49 

 With 

clear correlations for Eg and Voc, it is expected that also Eloss is correlated. As can be seen in 

Figure 6.6b and Table 6.5, most polymers are in good agreement with this expectation, with 

the notable exception of PDPP(PyTPy-alt-3T) which shows a Eloss of 0.61 eV, lower than 

that of either of the parent copolymers (0.66 and 0.73 eV). The standard deviation for Eloss 

is 41 meV. 

These results clearly indicate that that the electronic characteristics of the 

terpolymers and their solar cells with [70]PCBM coincide with the average of the 

characteristics their respective copolymers. The standard deviation from the expected 

values of the Voc and Eloss over all seven terpolymers is small. Even for Jsc Figure 6.3 shows 

that the photocurrent of the terpolymer solar cells is often close to the average of the two 

copolymer solar cells. 
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Fig. 6.6: The Voc (a) and Eloss (b) the terpolymer vs. the average of the Voc and Eloss energies of corresponding 

copolymers. The solid lines represent slope = 1. 
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To further substantiate the claim that the electronic characteristics of the 

terpolymers lie exactly in between those of the respective copolymers, a literature survey 

was carried out.
50-78

 The band gaps of several terpolymers and their associated copolymers 

are summarized in Table 6.6. In some cases, the terpolymers were published without direct 

comparison to their copolymers, necessitating the use of other publications to extract the 

required data. Another issue was the presence of low-energy shoulders in the UV-vis-NIR 

spectra of some materials. In particular for diketopyrrolopyrrole polymers, these are known 

to be associated with homocoupling defects, which obscures the optical band gap of the 

perfectly alternating coplymer.
36

 In the cases where other reports on the same copolymer 

were available, the highest reported optical band gap, which belongs to the material most 

likely to be free of defects, is included in the table. In cases where this data is not available, 

the material is marked as having a shoulder in the UV-vis-NIR absorption spectrum. 

As can be seen, most terpolymers have a band gap in between those of the 

copolymers, and whenever this is not the case this can be attributed to homocoupling. The 

correlation of the expected with the effective band gap of the terpolymers is plotted in 

Figure 6.7a. Together with the seven terpolymers investigated in this work, the standard 

deviation is 34 meV for 28 terpolymers. 
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Fig. 6.7: (a) Eg of the terpolymers vs. the average of the Egs of the corresponding copolymers. (b) The Voc of the 

terpolymers vs. the average of the Vocs of corresponding copolymers. The literature data are collected from 

References 50-78 and details can be found in Table 6.6 and 6.7. The solid lines represent slope = 1. 
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Table 6.6: Optical band gaps of terpolymers (Eg) and the parent copolymers (Eg1 and Eg2). 

Unit 1
c 

Unit 2
c 

Eg1 

[eV] 

Eg2 

[eV] 

Eg  

[eV] 

Reference 

Diketopyrrolopyrrole (common acceptor)
 

4T 2T-Biselenophene 1.46
a 

1.32
a
 1.40

 50, 44, 51 

4T 2T-Selenophene 1.46
a
 1.29 1.38 50, 44, 52 

3T 2T-Biselenophene 1.33
a
 1.32

a
 1.33 50, 51, 37  

2T-Benzodithiophene 4T 1.49 1.46
a
 1.47

 
44, 53 

2T-Pyrene 2T-Benzodithiophene 1.65
a 

1.51
a
 1.58

b
 53, 56 

2T-Biphenyl 4T 1.67
a
 1.46

a
 1.52

b 
44, 54, 55  

2T-Pyrene 3T 1.65 1.33
a
 1.50 37, 56 

4T 2f4T 1.46
a
 1.41

b
 1.42

 
44, 57 

2T-Naphthalene 2f4T 1.59
b
 1.41

b
 1.48 57 

2T-

Alkoxybenzodithiophene 

2T-Dithienopyrrole 1.56
a
 1.23

a
 1.38

 
58, 61, 39 

2T-Fluorene 2T-

Alkoxybenzodithiophene 

1.74
a
 1.56

a
 1.59

b
 58, 61, 59

 
 

2T-Carbazole 2T-

Alkoxybenzodithiophene 

1.57
a
 1.56

a
 1.57

b
 58, 61, 60

 
 

Cyclopentadithiophene (common donor)
 

2f-Benzothiadiazole 2T-Diketopyrrolopyrrole 1.59
a
 1.29

a
 1.34

b 
62, 65, 63 

Thienopyrrolodione 2f-Benzothiadiazole 1.61
a
 1.59

a
 1.56 62, 65, 64 

Thienopyrrolodione Benzothiadiazole 1.61
a
 1.45 1.53

 
64, 66, 67 

2T (common donor)
 

Isoindigo Diketopyrrolopyrrole 1.61
a
 1.20

a
 1.44

 
68, 69, 41 

Diketopyrrolopyrrole Thienoisoindigo 1.20
a
 1.09

a
 1.14 68, 41, 70 

Alkoxybenzothiadiazole (common acceptor)
 

Thienothiophene 3T 1.75
a
 1.74

a
 1.67

b 
71, 72, 73 

2T-2f-Benzothiadiazole (common acceptor)
 

Fluorene Benzodithiophene 2.06 1.71 1.78
 

74 

Thienothiophene (common donor)
 

Benzodithiophene Dithienosilole 1.55 1.41 1.45
 

75, 76, 77 

Benzodithiophene (common donor)
 

2T-Benzotriazole 2T-

Alkylbenzothiadiazole 

1.96 1.65 1.76
 

78 

a Data pertaining to the copolymer is from a different paper than the terpolymer. 
b Evidence of homocoupling. 
c Systematic names for some units: benzo[1,2-b:4,5-b']dithiophene, dithieno[3,2-b:2',3'-d]pyrrole, dithieno[3,2-

b:2',3'-d]pyrrole, cyclopenta[2,1-b:3,4-b']dithiophene, benzo[c][1,2,5]thiadiazole, thieno[3,4-c]pyrrole-4,6-dione, 

thieno[3,2-b]thiophene, silolo[3,2-b:4,5-b']dithiophene, benzo[d][1,2,3]triazole. T = thiophene substituted, f = 

fluor substituted. 
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Table 6.7: Open circuit voltages of the terpolymers (Voc) and the parent copolymers (Voc1 and Voc2).a  

Unit 1 Unit 2 Voc1 

[V] 

Voc2 

[V] 

Voc 

[V] 

Reference 

Diketopyrrolopyrrole  (common acceptor)
 

4T 2T-Biselenophene 0.64 
b
 0.66 

b
 0.61 50, 44, 51 

3T 2T-Biselenophene 0.67 
b
 0.66 0.67 50, 51, 37   

2T-

Benzodithiophene 

4T 0.77 
b
 0.64 

b
 0.60 44, 53 

2T-Pyrene 2T-Benzodithiophene 0.78 
b
 0.77 

b
 0.76

 c
 53, 56 

2T-Biphenyl 4T 0.75 
b
 0,64 

b
 0.71

 c
 44, 54, 55 

2T-Pyrene 3T 0.78 0.67 
b
 0.74 37, 56 

4T 2f4T 0.64 
b
 0.77

 c
 0.70 37, 56 

2T-Naphthalene 2f4T 0.77 0.77
 c
 0.77 57 

Cyclopentadithiophene (common donor) 

Thienopyrrolodione 2f-Benzothiadiazole 0.84 
b
 0.84 

b
 0.79 62, 65, 64 

Thienopyrrolodione Benzothiadiazole 0.79 
b
 0.61 0.68 64, 66, 67 

2T (common donor)
 

Isoindigo Diketopyrrolopyrrole 0.65 
b
 0.68 

b
 0.72 68, 69, 41 

Diketopyrrolopyrrole Thienoisoindigo 0.68 
b
 0.19 

b
 0.46 68, 41, 70 

2T-2f-Benzothiadiazole  (common acceptor)
 

Fluorene Benzodithiophene 0.73 
d 

0.74 0.87 74 

Thieno[3,4‑b]thiophene (common donor)
 

Benzodithiophene Dithienosilole 0.76 0.60 
d
 0.64 75, 76, 77 

Benzodithiophene (common donor)
 

2T-Benzotriazole 2T-Benzothiadiazole 0.69 0.81 0.84 78 
a Not all materials of Table 6.6 are present as not all solar cell data was available. 

b Data pertaining to the copolymer is from a different paper than the terpolymer. 

c Evidence of homocoupling. 

d Leakage in the solar cells. 

 

The solar cell characteristics of the terpolymers were further investigated and 

summarized in Table 6.7. Solar cells have not been reported for every material of interest. 

In some cases, a clear Ohmic current contribution could be seen in the current-voltage 

characteristics, thus potentially influencing the Voc. Nevertheless, as can be seen in Figure 

6.7b, the deviation from the expected value of the Voc remains in most cases under 100 mV, 

with a standard deviation of 50 mV for 22 terpolymers. 

These results confirm that in first approximation the electronic characteristics of 

the terpolymers are the arithmetic average of the corresponding values of the respective 
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copolymers. Especially in the case of the optical band gap this is very clear: 12 out of the 

21 materials reported in literature have an optical band gap that is close to exactly the 

average of that of the copolymers with a deviation of less than 0.02 eV and only 4 materials 

have a deviation larger than 0.05 eV. Interestingly, the polymers with the largest deviations 

from the average all have a lower band gap than expected, which could be consistent with 

homocoupling defects. In the case of the solar cell characteristics, which are as indicated 

above subject to many other parameters, the spread in the data is larger, making the 

conclusion less clear. The deviations from the expected values remain, however, within 100 

mV. 

 

6.3 Conclusion 

The electronic structure of seven regioregular (−D1−A−D2−A−)n terpolymers in 

which the common acceptor unit is a DPP moiety, of which three not previously published, 

have been studied and compared to their parent (−D1−A−)n and (−D2−A−)n copolymers. It 

was found that the optical band gap of the terpolymers is close to the average of the optical 

band gaps of their copolymers, with only minor deviations. This is a useful design rule and 

allows to precisely control the optical band gap of new conjugated polymers. Likewise, the 

HOMO and LUMO energies of the terpolymers are the average of their related copolymers, 

indicating that the electronic properties of terpolymers could be predicted on the basis of 

their related copolymers. In bulk heterojunction solar cells made of these terpolymers as 

donor with [70]PCBM as acceptor, the Voc and Eloss were also found to be the average of the 

Voc and Eloss of cells made with the corresponding copolymers. This is not unexpected as 

these parameters are closely related to the HOMO energy and optical band gap of the 

materials. 

Comparison of these findings with data in literature confirmed the notion that the 

optical band gap is almost always the average of the band gaps of the copolymers, with 

only three polymers showing a substantial deviation from this rule. On average, this was 

also the case in terms of the Voc, although the deviation from the expected value was larger 

for more materials. This could be due to the fact that Voc is not exclusively influenced by 

the HOMO of the polymer but by many other factors. In conclusion, this study gives a 

predictive rule for the band gap and Voc of regioregular terpolymers, namely that these 
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characteristics will be the average of those of their related copolymers. This could be a 

useful synthetic tool in the design of new conjugated polymers. 

 

6.4 Experimental section 

 

6.4.1 Materials and methods 

All synthetic procedures were performed under a protective argon atmosphere. Commercial 

(dry) solvents and reactants were used without further purification, unless stated otherwise. N-

bromosuccinimide (NBS) was recrystallized from deionized water prior to use. All monomers were 

recrystallized from methanol prior to polymerization. Tris(dibenzylideneacetone)dipalladium 

(Pd2(dba)3) was purchased from Strem Chemicals Inc, [70]PCBM (purity 90-95%) was purchased 

from Solenne BV. All other chemicals and solvents were obtained from Sigma-Aldrich Co. 3,6-Bis(5-

bromothiophen-2-yl)-2,5-bis(2-hexyldecyl)-2,5-pyrrolo[3,4-c]pyrrole-1,4-dione,79 6,6'-(1,4-

phenylenebis(thiophene-5,2-diyl))bis(3-(5-bromothiophen-2-yl)-2,5-bis(2-hexyldecyl)-pyrrolo[3,4-

c]pyrrole-1,4-dione),37 and 2,5-bis(2-octyldodecyl)-3,6-di(thiophen-2-yl)-2,5-pyrrolo[3,4-c]pyrrole-

1,4-dione79 were synthesized according to a previously published procedure.  

1H-NMR and 13C-NMR spectra were recorded on a Varian Mercury (1H 400 MHz or 200 

MHz, 13C 100 MHz) spectrometer. Chemical shifts are given in ppm with respect to tetramethylsilane 

as internal standard. Matrix assisted laser desorption ionization time of flight (MALDI-TOF) mass 

spectrometry was performed on a Bruker Autoflex Speed spectrometer. Molecular weight 

distributions were estimated by GPC at 140 °C on a PL-GPC 120 system using a PL-GEL 10 mm 

MIXED-C column with o-DCB as the eluent and using polystyrene internal standards. Samples were 

dissolved at a concentration of 0.1 mg/mL in o-DCB at 140 °C for 1 h before being measured. 

UV-vis-NIR absorption spectroscopy was performed with a PerkinElmer Lambda 1050 

spectrophotometer with a 3D WB PMT/InGaAs/PbS detector module. Solid films were obtained by 

spin coating (2000 rpm) solutions of the materials (≈4 mg/mL) in chloroform onto glass substrates 

which were pre-cleaned with acetone and isopropanol, before being treated with UV-ozone for 30 

minutes. Square wave voltammetry was measured on the polymers in the solid state which were 

deposited onto a platinum wire by dipping the wire in hot chloroform solutions of the polymers. A 

silver rod was employed as counter electrode and a silver chloride coated silver rod (Ag/AgCl) was 

used as a quasi-reference electrode. 0.1 M Tetrabutylammonium hexafluorophosphate in acetonitrile 

was used as electrolyte. The measurements were carried out under inert atmosphere with an AutoLab 

PGSTAT 12 potentiostat at a scan speed of 0.125 V/s, a modulation amplitude of 20 mV, and at a 

frequency of 25 Hz. Fc/Fc+ was employed as a standard with E = −4.8 eV. 
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Photovoltaic devices with an active area of 0.09 and 0.16 cm² were fabricated in air on 

patterned indium tin oxide (ITO) glass substrates (Naranjo Substrates). The substrates were cleaned 

by sonication in acetone for 15 min., followed by scrubbing with a sodium dodecyl sulfate solution 

(99%, Acros), rinsing with deionized water, and a final sonication step in 2-propanol. Before 

deposition of the device layers the substrates underwent a 30 min. UV-ozone treatment. Clevios 

PEDOT:PSS Al 4083, purchased from Heraeus, was deposited by spin coating at 3000 rpm. In the 

case of PDPPPyTPy and PDPP(PyTPy-alt-3T) the PEDOT:PSS layer was substituted by a 10 nm 

layer of MoO3, deposited via thermal evaporation. The active layers were deposited from solutions in 

chloroform with o-DCB as a co-solvent, using the polymer and [70]PCBM in a 1:2 weight ratio, 

except in the case of PDPPTTTT where a 1:3 weight ratio was used. In the case of PDPPTEDOTT, 4 

mg/mL polymer in a 10 vol% o-DCB in chloroform solution was used. In the case of 

PDPP(TEDOTT-alt-3T), 3 mg/mL polymer in 5 vol% of o-DCB in chloroform was used. For 

PDPP(TPT-alt-TTTT) 5 mg/mL in 10 vol% o-DCB was used, and for PDPP(TPT-alt-4T) 4 mg/mL in 

15 vol% of o-DCB in chloroform was employed. The solutions were heated to 90 °C for 1 h to ensure 

that the polymers were completely dissolved, then kept at 60 °C and were finally cooled to room 

temperature under vigorous stirring during 2 minutes before spin coating. LiF (1 nm) and Al (100 nm) 

were deposited by thermal evaporation under high vacuum (~3 × 10−7 mbar) as a back contact. 

Current density – voltage (J−V ) characteristics were measured with a Keithley 2400 source 

meter under ~100 mW/cm2 white light illumination from a tungsten-halogen lamp filtered by a Schott 

GG385 UV filter and a Hoya LB120 daylight filter. The short-circuit current density (Jsc) was 

separately and more accurately determined from external quantum efficiency (EQE) measurements by 

integration of the EQE with the AM 1.5G solar spectrum. EQE measurements were carried out under 

1 sun operating conditions in a setup consisting of a modulated monochromatic light, a preamplifier 

(Stanford Research Systems SR570) and a lock-in amplifier (Stanford Research Systems SR830). The 

modulated monochromatic light was generated by using an optical chopper from Stanford Research 

Systems (SR540), an Oriel Cornerstone 130 monochromator and a 50 W (Osram 64610) tungsten-

halogen lamp. The 1 sun conditions were provided by the use of a 730 nm LED (Thorlabs) at 

different intensities for appropriate bias illumination. The device was kept in a nitrogen-filled box 

with a quartz window. A calibrated silicon cell was used as reference prior to the J−V and EQE 

measurements. 
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6.4.2 Synthesis 

The synthetic route to the extended monomer (4) is shown in Scheme 6.3.  

 

 

Scheme 6.3: Synthesis of 6,6'-(1,4-phenylenebis(thiophene-5,2-diyl))bis(3-(5-bromothiophen-2-yl)-2,5-bis(2-

octyldodecyl)-pyrrolo[3,4-c]pyrrole-1,4-dione) (4) 

 

3-(5-Bromothiophen-2-yl)-2,5-bis(2-octyldodecyl)-6-(thiophen-2-yl)-pyrrolo[3,4-

c]pyrrole-1,4-dione (2) 

2,5-Bis(2-octyldodecyl)-3,6-di(thiophen-2-yl)-2,5-pyrrolo[3,4-c]pyrrole-1,4-dione79 (1) (2.5 

g, 2.90 mmol) was dissolved in chloroform (60 mL), cooled to −20 °C and kept in the dark. N-

bromosuccinimide (358 mg, 2.03 mmol, 0.7 eq.) was then added in portions over the course of 10 

min. The mixture was allowed to warm to room temperature and left to react overnight. The mixture 

was washed twice with water and once with brine, the organic layer was dried over MgSO4 and the 

solvent was removed under reduced pressure. The residue was purified using column chromatography 

(8:2 heptanes:dichloromethane, 0.1 vol% ethanol), followed by a final precipitation step from toluene 

in methanol to obtain 2 (1.28 g, 1.36 mmol, 47%). 1H NMR (200 MHz, Chloroform-d) δ = 8.89 (dd, J 

= 3.9, 1.2 Hz, 1H), 8.61 (d, J = 4.2 Hz, 1H), 7.64 (dd, J = 5.1, 1.2 Hz, 1H), 7.27 (dd, J = 5.2, 3.8 Hz, 

1H), 7.22 (d, J = 4.2 Hz, 1H), 4.01 (d, J = 7.7 Hz, 2H), 3.93 (d, J = 7.7 Hz, 2H), 1.89 (m, 4H), 1.40-

1.10 (br, 64H), 0.94-0.80 (br, 12H). MS MALDI-TOF, m/z: [M+] calc: 938.54, found: 938.54. 

 

6,6'-(1,4-Phenylenebis(thiophene-5,2-diyl))bis(2,5-bis(2-octyldodecyl)-3-(thiophen-2-

yl)-pyrrolo[3,4-c]pyrrole-1,4-dione) (3) 

3-(5-Bromothiophen-2-yl)-2,5-bis(2-octyldodecyl)-6-(thiophen-2-yl)-pyrrolo[3,4-c]pyrrole-

1,4-dione (2) (700 mg, 0.74 mmol, 2.05 eq), 1,4-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)benzene (120 mg, 0.36 mmol, 1 eq), tris(dibenzylideneacetone)dipalladium(0) (4.99 mg, 5.45 

μmol, 1.5%) and triphenylphosphine (5.72 mg, 21.8 μmol, 6%) were loaded into a Schlenk flask and 

put under argon. Toluene (25 mL) was added and the mixture was degassed with argon for 10 min., 

before a degassed 2 M solution of K3PO4 in water (0.91 mL, 5 eq) was added together with one drop 

of Aliquat 336. The mixture was sealed and heated to 115 °C for 6 h. After cooling, the mixture was 
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first partially reduced in volume and then precipitated in methanol. The filtrate was washed with 

water (3×) and methanol (3×) before being re-dissolved in dichloromethane, filtered and reduced in 

volume. The residue was recrystallized twice from acetone containing 2 vol% toluene, filtered over a 

silica plug with dichloromethane and finally precipitated in methanol. Compound 3 was obtained as a 

blue solid (603 mg, 92%). 1H NMR (400 MHz, Chloroform-d) δ = 8.95 (d, J = 4.1 Hz, 2H), 8.89 (dd, 

J = 3.7, 1.0 Hz, 2H), 7.72 (s, 4H), 7.63 (dd, J = 4.9, 1.0 Hz, 2H), 7.52 (d, J = 4.2 Hz, 2H), 7.27 (dd, J 

= 4.9, 4.0 Hz, 2H), 4.07 (d, J = 7.7 Hz, 4H), 4.04 (d, J = 7.8 Hz, 4H) 1.99 (m, 2H), 1.92 (m, 2H), 

1.40-1.15 (br, 128H), 0.89-0.82 (br, 24H). 13C NMR (100 MHz, Chloroform-d) δ = 161.77, 161.68, 

148.48, 140.25, 139.95, 136.78, 135.26, 133.41, 130.51, 129.88, 129.26, 128.42, 126.62, 124.78, 

108.34, 108.15, 46.30, 37.92, 37.76, 31.93, 31.90, 31.32, 31.21, 30.07, 30.03, 29.67, 29.58, 29.51, 

29.37, 29.31, 26.36, 26.23, 22.70, 22.68, 14.13. (Note: some peaks in the 13C NMR spectrum 

overlap). MS (MALDI-TOF, m/z): [M+] calc: 1795.27, found: 1795.27. 

 

6,6'-(1,4-Phenylenebis(thiophene-5,2-diyl))bis(3-(5-bromothiophen-2-yl)-2,5-bis(2-

octyldodecyl)-pyrrolo[3,4-c]pyrrole-1,4-dione) (4) 

6,6'-(1,4-Phenylenebis(thiophene-5,2-diyl))bis(2,5-bis(2-octyldodecyl)-3-(thiophen-2-yl)-

pyrrolo[3,4-c]pyrrole-1,4-dione) (3) (300 mg, 0.17 mmol, 1 eq) was dissolved in chloroform (7 mL), 

degassed with argon for 10 min., cooled to 0 °C and kept in the dark. N-bromosuccinimide (61.7 mg, 

0.35 mmol, 2.1 eq) was added in portions over 10 min., after which the mixture was allowed to warm 

to room temperature. After 4 h this mixture was precipitated in methanol. The residue was then 

purified by column chromatography (5:5 heptanes:dichloromethane), followed by three 

recrystallizations from acetone containing 2 vol% of toluene. Compound 4 was obtained as blue 

product (233 mg, 71%). 1H NMR (400 MHz, Chloroform-d) δ 8.93 (d, J = 4.0 Hz, 2H), 8.62 (d, J = 

4.1 Hz, 2H), 7.69 (s, 4H), 7.49 (d, J = 4.2 Hz, 2H), 7.20 (d, J = 4.4 Hz, 2H), 4.05 (d, J = 7.7 Hz, 4H), 

3.95 (d, J = 7.7 Hz, 4H), 1.96 (m, 2H), 1.89 (m, 2H), 1.38-1.16 (br, 128H), 0.89-0.81 (br, 24H). 13C 

NMR (100 MHz, Chloroform-d) δ 161.58, 161.34, 148.72, 140.25, 138.69, 137.85, 135.09, 133.33, 

131.28, 129.17, 126.54, 124.77, 118.63, 108.29, 108.13, 46.29, 37.87, 37.76, 31.91, 31.19, 30.04, 

29.65, 29.56, 29.36, 29.29, 26.33, 26.20, 22.68, 14.11. (Note: some peaks in the 13C NMR spectrum 

overlap). MS (MALDI-TOF, m/z): [M+] calc: 1951.09, found: 1951.12. 
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PDPP(TPT-alt-4T) 

6,6'-(1,4-Phenylenebis(thiophene-5,2-diyl))bis(3-(5-bromothiophen-2-yl)-2,5-bis(2-

octyldodecyl)-pyrrolo[3,4-c]pyrrole-1,4-dione) (70 mg, 35.8 μmol), 5,5'-bis(trimethylstannyl)-2,2'-

bithiophene (17.6 mg, 35.8 μmol), tris(dibenzylideneacetone)dipalladium(0) (0.49 mg, 0.54 μmol), 

and triphenylphosphine (0.56 mg, 2.1 μmol) were placed in a dry Schlenk flask and put under argon. 

Dry toluene (1.35 mL) and dry N,N-dimethylformamide (0.15 mL) were added and the mixture was 

degassed with argon before the mixture was sealed and heated to 115 °C. After leaving the mixture to 

react overnight, the products were dissolved in 1,1,2,2-tetrachloroethane (TCE) and precipitated in 

methanol. The solids were then dissolved in TCE (70 mL) and heated to 110 °C for 1 h together with 

ethylenediaminetetraacetic acid (200 mg), after which water (100 mL) was added and the mixture was 

vigorously stirred and heated for another hour. The organic layer was then separated and washed with 

water before being partially reduced in volume and precipitated in methanol. The solids were then 

subjected to Soxhlet extraction with acetone (2-3 h), hexanes (overnight), dichloromethane (2-3 h) 

and chloroform (1 h). The contents of the Soxhlet thimble were then dissolved in TCE at 110 °C, 

filtered and precipitated in acetone to yield PDPP(TPT-alt-4T) (53.6 mg, 76%). 

 

PDPP(TPT-alt-TTTT) 

6,6'-(1,4-phenylenebis(thiophene-5,2-diyl))bis(3-(5-bromothiophen-2-yl)-2,5-bis(2-

hexyldecyl)-pyrrolo[3,4-c]pyrrole-1,4-dione) (70 mg, 40.5 µmol), freshly recrystallized 2,5-

bis(trimethylstannyl)thieno[3,2-b]thiophene (16.6 mg, 40.5 µmol) and triphenylphosphine (0.74 mg, 

0.81 µmol) were placed in a dry Schlenk flask under argon. A mixture of dry toluene and dry DMF 

(5:1, 8 mL) was added and the resulting solution was degassed with argon. 

Tris(dibenzylideneacetone)dipalladium (0.86 mg, 3.2 µmol) was subsequently added and the mixture 

was heated to 115 °C. After reaction overnight, the crude product was dissolved in hot chloroform (50 

mL) and precipitated in methanol. The residue was again dissolved in hot chloroform and 

ethylenediaminetetraacetic acid (300 mg) was added to this solution and heated to 80 °C during 1 h. 

Water was added, and the mixture was stirred another hour at 80 °C, after which the organic layer was 

separated, and washed with water. The polymer was then precipitated in methanol, and filtered in a 

Soxhlet thimble. Soxhlet extraction using acetone, hexane, dichloromethane and chloroform was 

performed. PDPP(TPT-alt-TTTT) was recovered as a blue solid after precipitation of the chloroform 

fraction in methanol (57 mg, 85%). 
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The synthetic route to the extended monomer 7 is shown in Scheme 6.4.  

Scheme 6.4: Synthesis of 6,6’-([2,2’:5’,2”-terthiophene]-5,5’-diyl)bis(3-(5-bromothiophen-2-yl)-2,5-bis(2-

hexyldecyl)-pyrrolo[3,4-c]pyrrole-1,4-dione) (7) 

 

3-(5-Bromothiophen-2-yl)-2,5-bis(2-hexyldecyl)-6-(5-iodothiophen-2-yl)-pyrrolo[3,4-

c]pyrrole-1,4-dione (6) 

In a dry Schlenk flask, 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-hexyldecyl)-pyrrolo[3,4-

c]pyrrole-1,4-dione (5)79 (0.6 g, 0.66 mmol) was dissolved in anhydrous THF (10 mL). The reaction 

was put at −78 °C and 2.5 M n-butyllithium (0.276 mL, 0.69 mmol) was added dropwise. The 

reaction was left to react at −78 °C for an hour before the addition of a solution of iodine (0.335 mg, 

1.32 mmol) in THF. The reaction was put at room temperature and left to react overnight, before the 

mixture was extracted with chloroform / 1M potassium carbonate in water, followed by washing three 

times with water. The organic phases were then dried with MgSO4, reconcentrated and purified by 

silica gel column chromatography with 80/20 heptane/dichloromethane to get a red powder (357 mg, 

57%). 1H NMR (400 MHz, CDCl3) δ 8.62 (d, J = 4.0 Hz, 1H), 8.51 (d, J = 4.0 Hz, 1 H), 7.40 (d, J = 

4.0 Hz, 1H), 7.22 (d, J = 4.0 Hz, 1H), 3.93 (d, J = 4.0 Hz, 2H), 3.91 (d, J = 4.0 Hz, 2H), 1.87 (br, 2H), 

1.27 (br, 48H), 0.86 (br, Hz, 12H). 13C NMR (100 MHz, CDCl3) δ 161.38, 161.36, 139.49, 139.01, 

138.30, 136.12, 135.67, 135.29, 131.39, 131.15, 118.92, 107.99, 107.84, 81.14, 46.32, 37.74, 29.96, 

29.63, 29.28, 29.27, 22.61, 14.11, 14.08, 14.07. MALDI-TOF, m/z: [M+] calc: 954.01, found: 954.33.  

 

6,6’-([2,2’:5’,2”-Terthiophene]-5,5’-diyl)bis(3-(5-bromothiophen-2-yl)-2,5-bis(2-

hexyldecyl)-pyrrolo[3,4-c]pyrrole-1,4-dione) (7) 

Recrystallized 3-(5-bromothiophen-2-yl)-2,5-bis(2-hexyldecyl)-6-(5-iodothiophen-2-yl)-

pyrrolo[3,4-c]pyrrole-1,4-dione (6) (200 mg, 0.200 mmol), 2,5-bis(trimethylstannyl)thiophene (42.2 

mg, 0.103 mmol), tris(dibenzylideneacetone)dipalladium(0) (5.49 mg, 0.006 mmol), and 

triphenylphosphine (16.7 mg, 0.0251 mmol) were charged in a dry Schlenk flask and put under argon 

atmosphere. Anhydrous toluene (5 mL) and anhydrous N,N-dimethylformamide (0.5 mL) was then 

added and the solution was degassed with argon for 15 min. The reaction mixture was then slowly 

heated to 100 °C and left to react overnight. The mixture was then precipitated in methanol and 

filtered. The solids were purified by silica gel column chromatography using heptane and chloroform 

(50/50) as an eluent, followed by recrystallization from acetone to yield blue crystals (105 mg, 57%). 
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1H NMR (500 MHz, 1,1,2,2-tetrachloroethane-d2) δ 8.89 (d, J = 2.9 Hz, 2H), 8.56 (d, J = 3.4 Hz, 2H), 

7.35 (d, J = 2.9 Hz, 2H), 7.31 (s, 2H), 7.24 (d, J = 3.4 Hz, 2H), 3.97 (m, 8H), 1.93 (br, s, 4H), 1.62 (s, 

12 H), 1.23 (br, s, 106 H), 0.86 (br, s, 24H). 13C NMR (125 MHz, 1,1,2,2-tetrachloroethane-d2) δ 

161.36, 161.12, 141.81, 139.75, 138.43, 136.71, 136.50, 134.77, 131.31, 131.10, 128.40, 126.25, 

125.10, 123.40, 118.72, 108.20, 46.09, 37.71, 31.77, 31.66, 29.86, 29.57, 29.52, 29.39, 29.22, 22.60, 

14.11. MALDI-TOF, m/z: [M+] calc: 1734.80, found: 1734.81. 

 

 

2,5-Bis(trimethylstannyl)-3,4-ethylenedioxythiophene (8) 

In a dry Schlenk flask, 3,4-ethylenedioxythiophene (1.0 g, 7.03 mmol) was dissolved in dry 

THF (5 mL). The solution was put at −78 °C and 2.5 M n-butyllithium (7 mL, 17.58 mmol) was 

added dropwise. The solution was left to react for 1 h at room temperature to get a white liquid. Then, 

it was put back at −78 °C and a solution of trimethyltin chloride (3.5 g, 17.58 mmol) in dry THF (4.5 

mL) was added dropwise. The reaction was then left overnight at room temperature under a blanket of 

argon. An extraction with water/chloroform (3×) was performed after the solvents were removed 

under reduced pressure. The solution was dried with MgSO4 and chloroform was evaporated. The 

final product was obtained as white crystals upon recrystallization from acetonitrile (672 mg, 20%). 

1H NMR (400 MHz, CDCl3) δ 4.16 (s, 4H), 0.35 (s, 18H). 13C NMR (100 MHz, CDCl3) δ 148.53, 

115.87, 64.71, −8.64. MALDI-TOF, m/z: [M-CH3
+] calc: 454.92, found: 454.95.  

 

PDPP(TEDOTT-alt-3T) 

In a dry Schlenk flask were placed recrystallized 6,6’-([2,2’:5’,2”-terthiophene]-5,5’-

diyl)bis(3-(5-bromothiophen-2-yl)-2,5-bis(2-hexyldecyl)-pyrrolo[3,4-c]pyrrole-1,4-dione) (7) (40 mg, 

0.023 mmol), 2,5-bis(trimethylstannyl)-3,4-ethylenedioxythiophene (8) (10.75 mg, 0.023 mmol), 

tris(dibenzylideneacetone)dipalladium(0) (1.26 mg, 0.0014 mmol), and triphenylphosphine (1.447 

mg, 0.0055 mmol). The solids were put under argon before anhydrous toluene (1 mL) and N,N-

dimethylformamide (0.1 mL) were added. The solution was degassed with argon for 15 min. before 

being heated at 115 °C overnight. The resulting green gel was dissolved in 1,1,2,2-tetrachloroethane 

(TCE) at 140 °C, precipitated into methanol and filtered. The powder was furthermore dissolved in 

TCE at 150 °C for 2 h. After 1 h, ethylenediaminetetraacetic acid (100 mg) was added into the 

solution. After cooling to 115 °C, water was added and the mixture was stirred for 30 min. The 

organic phase was then washed three times with water, reconcentrated, precipitated into methanol and 

filtered into a Soxhlet thimble. The polymer was purified by consecutive Soxhlet extractions in 

acetone (3 hours), hexanes (16 hours) and dichloromethane (3 hours). The resulting polymer was 

dissolved in TCE at 140 °C, precipitated in acetone and filtered to give a green film (30 mg, 76 %). 
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The synthetic route to PDPPTEDOTT is shown in Scheme 6.5.  

 

Scheme 6.5: Synthesis of PDPPTEDOTT. 

 

PDPPTEDOTT 

In a dry Schlenk flask, freshly recrystallized 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-

hexyldecyl)-pyrrolo[3,4-c]pyrrole-1,4-dione79 (70 mg, 0.077 mmol), 2,5-bis(trimethylstannyl)-3,4-

ethylenedioxythiophene (8) (35.9 mg, 0.077 mmol), tris(dibenzylideneacetone)dipalladium(0) (2.11 

mg, 0.00231 mmol,) and triphenylphosphine (2.42 mg, 0.00924 mmol) were charged. The solids were 

put under argon before dry toluene (2 mL) and dry N,N-dimethylformamide (0.2 mL) were added in 

the flask. The solution was then degassed with argon for 15 min. before being heated at 115 °C 

overnight. The obtained green gel was dissolved in a minimal amount of 1,1,2,2-tetrachloroethane 

(TCE) at 140 °C before being precipitated in methanol and filtered. The resulting powder was then 

redissolved in TCE and heated at 160 °C for 2 h. After 1 h, ethylenediaminetetraacetic acid (200 mg) 

was added to remove the palladium residue. The solution was then cooled down at 115 °C and water 

was added and stirred for 30 min. The solution was cooled down and washed three times with water 

before the volume was reduced and precipitated in methanol and filtered into a Soxhlet thimble. The 

obtained polymer was purified by Soxhlet extraction with first acetone for 3 hours, hexanes overnight 

and dichloromethane for 3 hours. The undissolved residue was then solubilized in TCE at 140 °C, 

filtered and precipitated in acetone to obtain a green film (53 mg, 77%). 
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Outlook 
 

The research presented in this thesis has focussed on the influence of structural 

defects in DPP polymers, the factors that influence the morphology of blends of these 

materials and the terpolymer design motif.  

In the second chapter the presence and influence of structural defects in DPP 

polymers was investigated. It was found that the trialkylstannyl-based homocoupling does 

not frequently occur and that it has a negligible impact on the photovoltaic properties of the 

polymer. The finding that this homocoupling is influenced by the presence of air can be of 

importance for other researchers who aim to avoid these defects and for production of such 

polymers on a larger scale. The conclusion that trialkylstannyl-based homocoupling does 

not influence the photovoltaic properties is, however, intrinsically linked to the polymer 

structure that was investigated. As indicated in the chapter, this type of defect can have an 

influence for other structures. It is therefore important to consider the possible defects for 

each polymerisation reaction and how much of an influence such defects are expected to 

have. 

In the third, fourth and fifth chapter the morphology of the active layer was 

influenced via structural modification of the polymer. Through this work we have gained a 

further understanding of the factors that influence morphology. In chapter 3, it was shown 

that branching can dramatically lower the solubility of the polymer. A better morphology 

could be achieved with a polymer with both lower molecular weight and lower solubility, 

indicating that solubility is an important parameter that governs the morphology formation. 

In chapter 4, the molecular weight difference between the polymers was larger, and 

polymers with an intrinsic lower solubility showed lower molecular weights. This led to 

less dramatic differences in Jsc and morphology between the polymers. In chapter 5, a series 

of polymers was synthesized wherein the materials with the lowest intrinsic solubility had 

the lowest molecular weight, and showed the worst morphology. This points to the notion 

that the molecular weight of the polymers can have a larger influence on the morphology 

formation than the intrinsic solubility. These insights can be valuable for researchers 

developing materials in the future. 
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While all solar cells in this thesis were made with fullerene acceptors, recent 

breakthroughs in non-fullerene acceptors have pushed efficiencies higher than before, and 

efficiencies of 20% seem to be in reach within the next years. This is partially due to the 

lower offsets between energy levels that are necessary for charge transfer in these material 

blends, allowing for higher Vocs, and partially due to the high Jscs achieved in these 

systems. In this regard, combining DPP polymers with non-fullerene acceptors can form an 

interesting line of research. Morphology formation in non-fullerene cells remains just as 

crucial as in fullerene-based cells, and it is likely that the mechanisms behind the 

morphology formation are similar to an extent in both types of cells. The work presented in 

this thesis can therefore inform further research into the morphology of non-fullerene cells 

combined with DPP polymers. Initial studies have shown that efficiencies above 9% are 

possible in these systems, but that many material combinations fall short of this benchmark. 

It is not fully understood why this is. Research into the causes is hampered by the difficulty 

of easy morphology characterisation, such as TEM analysis, because of the lack of contrast 

between conjugated polymers and most non-fullerene acceptors. A balance between the 

solubility of the DPP polymer and non-fullerene acceptor seems to be the crucial point to 

obtain a good morphology. If such a balance can be found, it can be expected that DPP 

polymers will continue to play a role in the development of the field, as a fine control over 

the energy levels can already be achieved. 

In chapter 6, the terpolymer design motif was explored as a way to the control 

energy levels of the materials. It was found that the optoelectronic properties of the 

terpolymers could be predicted based on those of the related copolymers, thus enabling the 

synthesis of materials with specific properties on demand. No negative effects like the 

formation of trap states were found, making this a promising design tool. As the 

requirement for precisely engineered materials with specific optical and electronic 

properties remains present, both in the field of organic photovoltaics as in the larger field of 

organic electronics, the work done on the terpolymer design motif can help to design new 

materials for a variety of applications. More data on the optoelectronic properties of 

terpolymers can furthermore test the hypothesis that these properties can be predicted based 

on the properties of the copolymers. 

Now that organic photovoltaics are approaching of a PCE of 20%, 

commercialisation of the technology becomes more and more attractive. The best possible 
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avenue toward real-world applications seems to be in building integration and semi-

transparent cells, as no other current technology can be implemented with the same ease 

and aesthetics as OPV. For large scale energy production in solar parks, crystalline silicon 

seems to remain the best option for the foreseeable future, while for other niche 

applications where lightweight cells are necessary, perovskites form an attractive option. To 

achieve a larger dissemination of OPV technology in the solar market, large scale 

production and stability of solar cell modules should be developed further, and large scale 

printing of modules should become reliable and easy. Although relatively low amounts of 

active layer materials are used and availability of these materials is not a fundamental 

problem, the present high costs of the state of the art materials (> € 1000 g
-1

) form an 

obstacle in developing a large-area technology. Batch-to-batch variations in polymers can 

also be an issue when producing these materials on a large scale, and further research into 

how these variations can be reduced is therefore needed. In this regard, flow chemistry can 

be a possible avenue to further explore. 

As the implementation of green energy continues and sustainability becomes ever 

more important in the public consciousness, it is likely that there will be more opportunities 

towards commercialisation of OPV technology and that OPV will be contributing to energy 

production. 
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Summary 
 

Influencing the photovoltaic properties and aggregation of 

diketopyrrolopyrrole based polymers via structural modification 

 

Organic photovoltaics provide a promising addition to green energy technologies 

and have therefore been extensively investigated over the last years. These solar cells can 

be fabricated from a multitude of organic molecules and polymers, thus providing control 

over the colour and aesthetics on the one hand, and the photovoltaic properties on the other. 

The active layer of the cells generally consists of an electron donating and an electron 

accepting molecule or polymer. As the offset in the energy levels between these two 

materials provides the driving force for charge separation, careful tuning of these energy 

levels can directly impact the photovoltaic characteristics of the cell. Also the degree of 

mixing of these materials (the morphology of the active layer) can severely impact the 

efficiency of the cells. Control over the morphology via structural modification of the 

molecules and via the processing of these materials is therefore important. 

Diketopyrrolopyrrole (DPP) is a widely used building block for electron donating 

polymers and small molecules, usually used in combination with [60]PCBM or [70]PCBM 

as an acceptor. Its high absorption coefficient and good stability make it a good candidate 

for new materials, while its strong aggregation properties usually lead to favourable 

morphologies. By using structural modification of DPP-based polymers, we aim to further 

the understanding of both energy level and morphology control in these materials. 

One problem that has been identified in DPP polymers in the past is the presence 

of homocoupling defects due to undesirable couplings between bromide substituted 

monomers during the polymerisation reaction. This type of homocoupling leads in the case 

of DPP materials to a decreased bandgap, a decreased open circuit voltage (Voc), and in 

some cases to a loss of short circuit current (Jsc). The influence of the homocoupling 

between trialkylstannyl monomers in these materials is, however, less well known. In order 

to investigate the influence of this defect, two DPP polymers (PDPP3T and PDPP4T) were 

modified with deliberately introduced homocoupling defects. In both cases it was found 
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that the optoelectronic properties are not significantly influenced by this type of 

homocoupling and no effect on the active layer morphology was observed. To test the 

occurrence of this type of defect during a typical polymerisation reaction, representative 

test reactions on small molecules were conducted. It was found that under typical 

polymerisation conditions this defect does not occur, but that the presence of air can lead to 

homocoupling. These results indicate that, in the case of DPP polymers, this defect can be 

ignored when assessing the photovoltaic performance of these materials and that it does not 

occur under normal polymerisation conditions. 

Factors that influence the morphology of the active layer in DPP based solar cells 

have been found in the past to include the tendency of aggregation of the polymer. In order 

to influence this aggregation behaviour and therefore the morphology, a branched DPP 

polymer was synthesized, which was easily achieved by mixing a trifunctional monomer in 

the polymerisation mixture. The presence of even 1% of branching led to a dramatically 

reduced solubility compared to the linear polymer. This reduced solubility resulted in a 

more finely dispersed fibrillary network in the active layer, and thus in a large increase of 

the Jsc and efficiency of the cell. To gain more insight in the formation of this morphology, 

in-situ light scattering experiments were carried out. These experiments indicated a faster 

nucleation and formation of aggregates in the case of the branched polymer. 

Another way to influence the aggregation of DPP polymers is via modification of 

the solubilising alkyl chains. By placing a linear chain on the DPP core itself and branched 

chains on the adjacent thiophenes, a strong temperature dependence of the aggregation of 

the polymers in solution could be obtained. Three polymers with four thiophenes (PDPP4T) 

between the DPP units, all with different alkyl chains, as well as one polymer with three 

thiophenes (PDPP3T) were synthesised. While all polymers showed this temperature 

dependant aggregation behaviour, and this has led for other polymers to increased 

photovoltaic efficiencies when they were processed from hot solutions, this was not the 

case for our materials. Processing from hot solutions led to the formation of wider polymer 

fibres, reducing charge generation. This result is consistent with a nucleation-growth 

mechanism for polymer fibres, which has been observed for other DPP polymers in the 

past. The only polymer for which hot processing was advantageous is the case where cold 

processing is impossible due to a limited solubility at room temperature. 
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The solubilising side chains can also be modified by introducing other 

functionalities, such as siloxanes. By varying the amount of siloxane chains and alkyl 

chains incorporated in the polymer, a series of polymers was obtained. Polymers with 

increased proportions of siloxane chains showed reduced solubility and a decreased 

molecular weight. While the hole mobilities in field effect transistors increased with higher 

siloxane concentrations, the performance in solar cells was greatly reduced. The 

morphology was investigated by grazing incidence wide angle X-ray scattering (GIWAXS) 

and by careful analysis of the transition electron microscopy images. An increasing 

polymer fibre width was found with higher siloxane concentrations, which is consistent 

with the decrease in Jsc observed. This result is unexpected based on the solubility of these 

polymers, as in the past reduced solubility has been shown to result in smaller fibres. 

Therefore, this suggests that the influence of molecular weight on the morphology 

formation is more complex than previously assumed, and can be more important than the 

overall solubility of the polymer. Another reason for the reduced performance of polymers 

with high siloxane concentrations is a stronger non-radiative decay of the pristine polymers. 

The terpolymer design strategy has been used in the past as a way to control the 

energy levels and photovoltaic properties of polymers. By analysing the optoelectronic 

properties of seven regioregular terpolymers synthesised in our group, we established a rule 

to predict these properties. A direct correlation between the properties of the terpolymers 

and those of their corresponding copolymers could be found. With good accuracy, the 

optical band gap as well as the frontier molecular orbital energies of the terpolymers could 

be predicted by taking the arithmetic average of those of the related copolymers. Also the 

Voc of solar cells made with these materials was found to follow the same rule. This was 

further confirmed by analysing 21 previously published terpolymers and their copolymers. 

In conclusion, the work described in this thesis has led to a deeper understanding 

of the factors that influence morphology formation in DPP polymers, such as branching or 

new side chains. Also further insight in the relation of solubility, aggregation and molecular 

weight to the morphology has been obtained. Furthermore, understanding of the factors that 

influence the energy levels, like homocoupling and the terpolymer design strategy, has been 

refined, resulting in a universal rule to predict the optoelectronic properties of terpolymers. 
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Samenvatting 
 

Het beïnvloeden van de fotovoltaïsche eigenschappen en aggregatie van 

diketopyrrolopyrrool gebaseerde polymeren via structurele modificatie 

 

Organische zonnecellen zijn een veelbelovende toevoeging aan de groene 

energietechnologie en zijn daarom uitgebreid bestudeerd gedurende de voorbije jaren. Deze 

zonnecellen kunnen gemaakt worden met een grote verscheidenheid aan organische 

moleculen en polymeren waardoor er controle over de kleur en esthetiek enerzijds, en de 

fotovoltaïsche eigenschappen anderzijds, mogelijk is. De actieve lagen van de cellen 

bestaan over het algemeen uit elektron-rijke of donerende en elektron-arme of accepterende 

moleculen of polymeren. Aangezien het verschil van de energieniveaus tussen de elektron- 

donerende en -accepterende materialen de drijvende kracht vormt voor ladingsscheiding 

kan het aanpassen van deze energieniveaus een rechtstreekse invloed hebben op de 

fotovoltaïsche eigenschappen van de cel. Ook de mate waarin deze materialen gemengd 

zijn (de morfologie van actieve laag) kan een grote invloed hebben op de efficiëntie van de 

cel. Controle over de morfologie via modificatie van de chemische structuur van de 

moleculen en via de modificatie van de depositiecondities van de materialen in de actieve 

laag is daarom belangrijk. 

Diketopyrrolopyrrool (DPP) is een veelgebruikte moleculaire bouwsteen voor 

elektron-donerende polymeren en kleine moleculen en wordt meestal gebruikt in 

combinatie met de fullereenderivaten [60]PCBM of [70]PCBM als elektron-acceptor. De 

hoge absorptiecoëfficiënt en goede stabiliteit van DPP maakt het een goede kandidaat voor 

nieuwe materialen en zijn sterke aggregatie leidt meestal tot een goede morfologie. Door de 

structuren van DPP gebaseerde polymeren aan te passen hopen we tot een beter begrip te 

komen over de factoren die de energieniveaus en morfologie van deze materialen 

beïnvloeden. 

Een probleem dat reeds in het verleden is vastgesteld in DPP polymeren is de 

aanwezigheid van homokoppelingsdefecten door ongewilde koppelingen tussen broom 

gesubstitueerde monomeren tijdens de polymerisatiereactie. Dit type van homokoppeling 
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leidt in het geval van DPP materialen tot een verminderde bandkloof, een verminderde 

openklemspanning (Voc), en in sommige gevallen tot een verlies van kortsluitstroom (Jsc). 

De invloed van de homokoppeling tussen trialkylstannylmonomeren in deze materialen is 

echter minder bekend. Om dit defect te onderzoeken hebben we de structuur van twee DPP 

polymeren (PDPP3T en PDPP4T) aangepast door met opzet deze homokoppelingsdefecten 

te introduceren. In beide gevallen werd vastgesteld dat de opto-elektronische eigenschappen 

van de materialen niet significant wordt beïnvloed door dit type homokoppeling en ook 

werd geen verandering in de morfologie van de actieve laag waargenomen. Om te testen of 

dit type defect tijdens een typische polymerisatiereactie ontstaat werden representatieve 

testreacties op kleine moleculen uitgevoerd. We vonden dat onder typische reactiecondities 

dit defect niet voorkomt, maar dat de aanwezigheid van lucht wel kan leiden tot 

homokoppeling. De resultaten tonen aan dat in het geval van DPP polymeren deze defecten 

de fotovoltaïsche eigenschappen van de materialen niet beïnvloeden en dat deze defecten 

onder normale reactiecondities ook niet of nauwelijks ontstaan. 

In het verleden is vastgesteld dat de morfologie van de actieve laag in DPP 

gebaseerde zonnecellen mede bepaald wordt door de neiging van het polymeer om te 

aggregeren. Om dit aggregatiegedrag en daarmee de morfologie te beïnvloeden werd een 

vertakt DPP polymeer gesynthetiseerd. Dit werd eenvoudigweg bereikt door een drievoudig 

gefunctionaliseerd monomeer toe te voegen aan de polymerisatiereactie. De aanwezigheid 

van slechts 1% aan vertakkingen was voldoende om de oplosbaarheid van het polymeer 

ernstig te verminderen. Deze verlaagde oplosbaarheid leidde tot een fijnere vezelachtige 

morfologie, en hiermee tot een verhoging van de Jsc en de efficiëntie van de cel. Om een 

beter inzicht te krijgen in de vorming van de morfologie werden in-situ 

lichtverstrooiingsexperimenten uitgevoerd. Deze experimenten suggereerden een snellere 

nucleatie en vorming van aggregaten voor het vertakte polymeer. 

Een andere manier om de aggregatie van DPP polymeren te beïnvloeden is via 

modificatie van de alkylzijketens die zorgen voor oplosbaarheid. Door een lineaire keten op 

de DPP bouwsteen zelf, en de vertakte zijketens op de naburige thiofeen-eenheden te 

plaatsen werd een sterke temperatuursafhankelijkheid van de aggregatie van de opgeloste 

polymeren verkregen. Drie polymeren met vier thiofenen tussen opeenvolgende DPP 

eenheden (PDPP4T), allen met verschillende zijketens, en één polymeer met drie thiofenen 

(PDPP3T) werden gesynthetiseerd. Alle polymeren vertoonden deze 
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temperatuursafhankelijke aggregatie. In eerder gepubliceerde materialen heeft dit geleid tot 

betere zonnecelefficiënties wanneer dunne films uit warme oplossingen van de materialen 

werden aangebracht, maar dit was niet het geval voor onze materialen. Wanneer onze 

materialen uit warme oplossingen werden afgezet werden bredere vezels gevormd in de 

morfologie, waardoor de ladingsgeneratie verminderde. Dit is te verklaren met het 

nucleatie-en-groei model voor polymeervezels dat in het verleden al is voorgesteld voor 

DPP polymeren. Het enige polymeer waar een betere efficiëntie werd bereikt met het warm 

depositie was in het geval waarin filmvorming uit koude oplossing onmogelijk was door 

een te geringe oplosbaarheid bij kamertemperatuur. 

De zijketens kunnen ook aangepast worden door andere functionaliteiten te 

introduceren, zoals siloxanen. Door de hoeveelheid siloxaan-dragende ketens en 

alkylketens in het polymeer aan te passen kunnen we een reeks materialen verkrijgen 

waarin polymeren met een grotere hoeveelheid siloxaanketens een verminderde 

oplosbaarheid en een lager moleculair gewicht vertonen. Ondanks dat de mobiliteit van 

positieve gaten verbetert met hogere concentraties siloxanen vermindert de 

zonnecelefficiëntie sterk. Met kleine hoek Röntgen verstrooiing (GIWAXS) en transmissie 

elektronmicroscopie werd de morfologie onderzocht en een grotere vezelbreedte werd 

waargenomen met grotere siloxaanconcentraties, wat overeenkomt met de vermindering in 

Jsc. Dit is een verassend resultaat gezien de oplosbaarheid van deze polymeren: in het 

verleden is namelijk vastgesteld dat verminderde oplosbaarheid leidt tot kleinere 

vezelbreedtes. Dit suggereert dat de invloed van het moleculair gewicht op de morfologie 

complexer is dan voorheen gedacht en belangrijker kan zijn dan de algemene oplosbaarheid 

van het polymeer. Een andere reden voor de verminderde zonnecelefficiëntie bij hogere 

siloxaanconcentraties is een sterker niet-radiatief verval van aangeslagen toestanden in het 

zuivere polymeer. 

Het terpolymeer motief is in het verleden al aangewend om de energieniveaus en 

fotovoltaïsche eigenschappen van polymeren te beïnvloeden. Door de opto-elektronische 

eigenschappen van zeven regioregulaire terpolymeren die in onze groep zijn 

gesynthetiseerd te analyseren blijkt het mogelijk om deze eigenschappen te voorspellen. 

Een directe correlatie tussen de eigenschappen van de terpolymeren en de corresponderende 

copolymeren kon namelijk worden gevonden. De optische bandkloof en de energieniveaus 

van de terpolymeren kan met een goede betrouwbaarheid worden voorspeld door het 
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wiskundig gemiddelde te nemen van de waarden van de corresponderende copolymeren. 

Ook de Voc van deze materialen kan op dezelfde wijze worden voorspeld. Dit eenvoudig 

model werd verder bevestigd door 21 eerder gepubliceerde terpolymeren en hun 

copolymeren te analyseren. 

In conclusie heeft het werk beschreven in dit proefschrift geleid tot een dieper 

begrip van de factoren die de morfologievorming in DPP polymeren beïnvloeden, zoals 

vertakkingen of nieuwe zijketens. Ook is een beter inzicht verkregen in de relatie tussen 

efficiëntie en oplosbaarheid, aggregatie en moleculair gewicht. Ten slotte werd het inzicht 

in de factoren die de energieniveaus beïnvloeden, zoals homokoppeling en het terpolymeer 

motief, verfijnd en een voorspellende theorie over terpolymeren werd ontwikkeld. 
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bijwoonden. Robin, we hebben samen een leuke tijd gehad en in het bijzonder dank voor 

onze discussies over Belgische politiek. Matt, thank you for the interesting discussions 

about a variety of subjects, and a special thanks for our conversations about the state of 

English cricket and cricket in general. For this I also have to thank Kunal. Kunal, I really 

appreciate your sense of humour and general outlook on life, it was always a pleasure 

sharing coffee with you. On that subject, I would like to thank Dario for the strong coffee 

he provided me with during our time as officemates. Mike, Gijs, Weiwei, Chunhui, Miriam, 

Hans, Mengmeng, Junke, Bas, Tom, Nicolas, Benjamin, Serkan, Haijun, Bart, Olivera and 

Simone and all other colleagues I have met over the years I would like to thank for making 

the time during my PhD memorable and enjoyable. 
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Margot wil ik in het bijzonder bedanken om als een biechtmoeder te fungeren en 

voor het waken over het algemene welzijn van de hele groep. Bedankt voor de mentale 

steun die ge mij vaak hebt gegeven. 

Koen, het is dankzij uw geweldige begeleiding tijdens mijn masterproject dat mijn 

ontwikkeling als onderzoeker echt is begonnen. Tijdens mijn doctoraat kon ik altijd bij u 

aankloppen met een of andere vraag waar we dan uitgebreid over konden discussiëren. Ook 

voor de steun die ge mij op persoonlijk vlak hebt gegeven en de fijne momenten die we 

buiten het werk hebben beleefd wil ik u graag bedanken. Ik wens u nog veel geluk in uw 

toekomstig onderzoek naar flowbatterijen, en bedankt om mijn paranimf te zijn. 

Fallon, het was een plezier om met u te werken en muziek te maken. Uw 

enthousiasme om naar dit of dat concert te gaan, of het nu metal dan wel klassiek is, is 

altijd aanstekelijk. Samen Moskou verkennen na een week conferentie was heel leuk en zal 

mij altijd bijblijven. Bedankt voor mijn paranimf te zijn en veel succes in uw toekomstige 

carrière. 

Over de jaren heb ik meerdere mensen leren kennen met wie ik gemusiceerd heb. 

Ik zou graag mijn medeleden van Vokollage, NSK en Quadrivium willen danken voor de 

vele leuke en inspirerende momenten, en in het bijzonder Renée, Beatrice, Emma, Jan-

Pieter en Ruud. Beatrice, thank you for the support and many silly conversations we had. 

Emma, ik ben blij dat we zoveel goede ervaringen, zowel muzikaal als chemie-gerelateerd, 

hebben kunnen delen. Ruud, dankzij u heb ik mij muzikaal veel verder weten te 

ontwikkelen en heb ik een nieuwe appreciatie voor de muziek van Wagner gekregen, 

waarvoor dank. 

De mentale steun van mijn vrienden is belangrijk geweest voor het afronden van 

dit werk. Daarom wil ik mijn oudste vrienden hier danken: Hans, Jonas, Sebastiaan en 

Kirsten. Ten slotte wil ik ook mijn ouders en grootouders bedanken voor de vele steun en 

blijken van interesse in mijn werk over de jaren. 
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