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Chapter 1 

Introduction 

The research described in this thesis aims at exploring the use of unconventional 

design motifs to control the processability, three-dimensional structural organization and 

optoelectronic properties of diketopyrrolopyrrole polymers beyond the current state of the 

art. This first chapter provides a brief introduction to organic electronics and explains the 

operational principles of organic field-effect transistors and organic solar cells. A condensed 

overview is presented of the literature on diketopyrrolopyrrole π-conjugated polymers as a 

class of stable, tunable, and versatile high-performance organic semiconductors. 

Diketopyrrolopyrrole polymers feature high charge carrier mobilities exceeding 10 cm2 V−1 

s−1 in combination with tunable 1 to 2 eV bandgaps and offer attractive opportunities for use 

in efficient organic solar cells, presently with power conversion efficiencies approaching 

10%. In the final section an outline of the contents of this thesis is given, which focusses on 

fine-tuning the properties of these materials via novel molecular design.  
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1.1 Organic Electronics  

Electronic devices have become almost indispensable in today’s society. Every day 

we rely on mobile phones, computers and televisions to stay in touch with our friends, 

facilitate our work, or relax. Furthermore, electronic devices find use in a wide variety of 

applications ranging from helping doctors to monitor our health to solar cells which play an 

important role in the transition towards renewable energy resources.[1] Crucial for the 

operation of all these devices is technology based on semiconductors. In particular, silicon 

has been the most widely applied semiconductor in the active components of electronic 

circuits (i.e. transistors) and in the active layer of solar cells, mainly due to its high charge 

carrier mobility and its excellent photovoltaic performance.[2] Nevertheless, silicon-based 

semiconductor technology has its limitations. For example, high-performance electronic 

devices have to be fabricated from crystalline silicon, which is brittle and therefore cannot 

be easily applied on flexible substrates. Fortunately, other types of semiconductors are also 

currently under investigation. Of these, organic semiconductors have attracted considerable 

attention for application in so called organic electronics.  

As the name “organic semiconductor” suggests, these materials comprise molecules 

that mostly contain carbon and hydrogen atoms and to a minor extent sulfur, nitrogen and 

oxygen atoms. Their semiconducting behavior, which means that they can absorb and emit 

light and transport charges, emerges from the alternating single and double bonds in their 

molecular structure, over which the corresponding π-conjugated electrons are delocalized. A 

major advantage of organic semiconductors over silicon is that their optoelectronic and 

mechanical properties can easily be adapted to suit specific applications, by making changes 

in their chemical structure. Another exciting advantage of these materials is their ability to 

be processed from solution, which makes it possible to fabricate electronic devices by cheap 

printing processes and on flexible substrates.[3,4]  

 

Figure 1.1 (a) Samsung Galaxy Fold, with a foldable OLED display. (b) Prototype of printed organic 

solar cells, sold by InfinityPV. (c) Proof-of-principle of an optoelectronic skin. 

Important applications of organic semiconductors include organic field-effect 

transistors (OFETs),[5] organic solar cells,[6] and organic light-emitting diodes (OLEDs).[7] 

(b)(a) (c)
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While OLEDs are already commercially available as displays in mobile phones (Figure 1.1a), 

research is still being conducted on organic solar cells and OFETs, in order to improve their 

performance and stability. Nevertheless, some start-up companies such as InfinityPV have 

already brought the first prototypes of organic solar cells onto the market (Figure 1.1b). 

Interestingly, organic semiconductors also enable futuristic applications such as 

optoelectronic skin (Figure 1.1c).[8]  

Because the organic semiconductors that are investigated in this thesis have been 

applied in OFETs and organic solar cells, the next two subsections provide a basic 

understanding of the working principles of these devices.  

 

1.1.1 Organic field-effect transistors 

In an organic field-effect transistor, the current that flows between a source and a drain 

electrode is controlled by an external electric field, applied through a dielectric medium via 

a gate electrode. Simply said, OFETs function as an electric ON/OFF switch. Figure 1.2a 

shows a schematic representation of a typical device layout, i.e. the top-gate bottom-contact 

configuration. In this configuration, an organic semiconductor is placed between the source 

and the drain electrode on a rigid or flexible substrate such as glass or polyethylene 

terephthalate (PET). On top, a dielectric layer and a gate electrode are deposited. Three other 

device configurations are also commonly used: the bottom-gate bottom-contact 

configuration, the bottom-gate top-contact configuration, and the top-gate top-contact 

configuration.[9,10]  

Figure 1.2 (a) Device layout of an organic field-effect transistor in the top-gate bottom-contact 

configuration. S = source electrode, D = drain electrode, G = gate electrode. (b) Visualization of the 

output curve for different gate voltages. (c) Visualization of the transfer curve.  

 

When a voltage is applied to the gate electrode (VG) that exceeds the threshold voltage 

(Vth), charge carriers are injected into the organic semiconductor by the source and 

accumulate at the interface with the dielectric layer.[9−11] To ensure efficient injection of 

ISD

VSD

+ VG

− VG

p-type channel

n-type channel

(b)

Glass substrate

Organic semiconductorS D

Dielectric
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charge carriers, it is important to match the work function of the electrodes with the energy 

levels of the organic semiconductor.[9] Herein, molecular design of the semiconductor and 

appropriate choice of the electrodes plays a vital role. By applying a voltage between the 

source and drain electrodes (VSD) the injected charge carriers result in a current (ISD) of which 

the magnitude depends on VG. For small values of VSD (< VG − Vth), ISD increases linearly 

with VSD as depicted in the output curve in Figure 1.2b. When VSD becomes larger than VG − 

Vth, the conducting channel is “pinched-off” and ISD saturates (Figure 1.2b). If the OFET only 

works for negative or positive gate and source-drain voltages, the semiconducting channel is 

labeled as p-type or n-type respectively (Figure 1.2b). If the channel supports stable transport 

of electrons and holes, the transistor is called ambipolar.[9−11]  

Important parameters to characterize the performance of OFETs include the charge 

carrier mobility (μ), the threshold voltage (Vth), and the ON/OFF ratio.[9−11] Of these 

parameters, the charge carrier mobility has been significantly improved by design of new 

organic semiconductors.[12,13] The charge carrier mobility of an OFET can be determined 

from the transfer characteristics (Figure 1.2c) in the linear and saturation regime by using the 

equations given below.[10] Herein, W is the width of the semiconducting channel, L is the 

length of this channel and C is the capacitance of the dielectric medium.  

𝐼SD =  
𝜇𝐶𝑊

𝐿
((𝑉G − 𝑉th)𝑉SD −

𝑉SD
2

2
)  for 𝑉G − 𝑉th > 𝑉SD (linear regime) 

𝐼SD =  
𝜇𝐶𝑊

2𝐿
(𝑉G − 𝑉th)2  for 𝑉SD > 𝑉G − 𝑉th > 0 (saturation regime) 

 

1.1.2 Organic solar cells 

The purpose of every solar cell is to absorb sunlight and convert it into useful electrical 

power. The operating principle of organic photovoltaic (OPV) cells significantly differs from 

the well-known crystalline silicon solar cells often found on rooftops. In a typical organic 

semiconductor, light absorption does not generate free charge carriers at room temperature 

as it does for crystalline silicon,[14] but produces strong Coulombically bound and localized 

electron-hole pairs, also known as excitons (Figure 1.3a).[15] The prime reason for this 

difference originates from the different relative permittivity of these semiconductors. For 

organic semiconductors the low relative permittivity (εr ≈ 3-4) compared to silicon (εr ≈ 11.7) 

causes a large binding energy (~ 0.1 − 1 eV)[16] between photogenerated electrons and holes. 

Furthermore, while the atoms in crystalline silicon are hold together by strong covalent 

bonds, the molecules in organic semiconductors are only weakly bound by intermolecular 

Van der Waals interactions. Accordingly, light absorption by organic semiconductors 
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primarily generates localized excited states, in contrast to the free electrons and holes in 

crystalline silicon. Without an additional driving force to overcome the binding energy 

current generation in organic solar cells would be inefficient and device performance poor, 

as evidenced by early examples of organic solar cells.[17]  

At present, the most successful strategy to create an additional driving force and 

efficiently generate current from organic solar cells is the bulk heterojunction (BHJ) 

design.[18,19] In this approach, an electron donating and an electron accepting material are 

intimately blended in the photoactive layer (Figure 1.3b). The required driving force to 

dissociate the excitons in electrons and holes is provided by the energy offsets between the 

HOMO and LUMO energy levels of donor and acceptor (Figure 1.3a). However, exciton 

dissociation can only occur at the interface between the two materials, and hence the 

generated excitons need to reach interface before they decay back to the ground state. Since 

excitons in organic semiconductors have a lifetime of a few nanoseconds at most and a 

relatively poor mobility, the maximum distance they can diffuse is limited to about 5 − 15 

nm.[20,21] Therefore, to ensure efficient charge generation the domain size of the donor and 

acceptor materials in the BHJ should not exceed 10 − 30 nm. Once the free hole and free 

electron are generated, they percolate through the donor and acceptor phases assisted by the 

internal electric field that is created by the difference in work functions between the two 

electrodes and eventually reach the electrodes where they are collected and deliver power to 

the external circuit. In this step of the operation, rather pure donor and acceptor domains are 

beneficial to avoid that holes and electrons meet again and lead to non-geminate 

recombination.[22]  

 

Figure 1.3 (a) Schematic representation of the operation of an organic solar cell. (1) Exciton formation 

by light absorption. (2) Exciton migration to the donor-acceptor interface. (3) Dissociation of the 

exciton into an electron in the LUMO of the acceptor and a remaining hole in the HOMO of the donor. 

(4) Transport of the charges to the electrodes and subsequent collection. (b) General device layout of 

an organic solar cell with a bulk heterojunction as the active layer. (c) Current density−voltage (J−V) 

curve of a solar cell under illumination. Jsc = short-circuit current density, Voc = open-circuit voltage, 

FF = fill factor.  
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As visualized in Figure 1.3c, the performance of organic solar cells is characterized 

by measuring the current density (J) that is produced under standard light illumination[23] in 

function of the applied voltage (V) between the electrodes. Three characteristic parameters 

can be deduced from this curve: (1) The short-circuit current density (Jsc), which is the current 

density at zero applied voltage; (2) the open-circuit voltage (Voc), which is the voltage where 

the current density is zero; and (3) the FF, which is defined as the ratio between the maximum 

power point (PMPP) and the product of Jsc and Voc. Herein, PMPP corresponds to the point 

(VMPP, JMPP) on the curve where the product of voltage and current density maximizes. After 

correcting the Jsc for light intensity and spectral mismatches,[24] the power conversion 

efficiency (PCE) can be calculated from the formula given below, in which Pin is the power 

of the incident light.  

𝑃𝐶𝐸 =  
𝐽sc ∙ 𝑉oc ∙ 𝐹𝐹

𝑃𝑖n

 

 

1.2 Design of Organic Semiconductors  

Although an infinite number of possibilities exists to design and synthesize organic 

semiconductors, they are often categorized into only two main classes: π-conjugated small-

molecules and π-conjugated polymers. Representative examples of small-molecules and 

polymers that have been used in OFETs and OPV cells are shown in Figure 1.4. In all these 

materials two common structural features can be identified, i.e. the π-conjugated backbone 

(black in Figure 1.4) and the solubilizing side chains (red in Figure 1.4). While delocalization 

of the electrons over the π-conjugated backbone ensures light absorption and charge 

transport, the side chains impart the materials with solubility to be processed from solution 

and a means to control the three-dimensional packing in the solid state. 

Figure 1.4 Chemical structures of selected π-conjugated small-molecules and polymers used in (a) 

OFETs and (b) OPV cells. Conjugated segments are in black and side chains are in red.  
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As mentioned in the previous section, to ensure efficient operation of OFETs and 

organic solar cells it is crucial to design organic semiconductors with properly tuned energy 

levels. For OFETs, this means that the HOMO (LUMO) of the semiconductor needs to be 

close in energy to the Fermi level of the source and drain electrodes, because this reduces the 

energy barrier for hole (electron) injection.[9] Furthermore, lower HOMO and LUMO levels 

enable the fabrication of devices that can stably operate under ambient conditions.[9]  

For organic solar cells, it is important to control the relative positions of the HOMO 

and LUMO levels of the donor and acceptor materials (vide supra) and to optimize the optical 

bandgaps (Eg) of these materials.[25] In all photovoltaic cells a fundamental trade-off exists 

between Jsc and Voc that is primarily controlled by the bandgap of the semiconductor used. A 

smaller bandgap allows to increase Jsc by absorbing more photons, but reduces Voc which is 

ultimately limited by the bandgap. Vice versa, a wider bandgap allows to increase Voc but 

reduces Jsc because less photons can be absorbed. A convenient parameter to compare the 

performance of solar cells in terms of the incident energy that is lost in the conversion process 

is the minimum photon energy loss (Eloss), defined as Eloss = Eg – eVoc. For polymer-fullerene 

solar cells, it has been found that Eloss needs to be larger than 0.6 eV in order to ensure 

efficient charge generation.[26] Using more efficient acceptor molecules this value has 

recently been reduced to below 0.5 eV.  

A few methods exist to tune the energy levels and bandgap of organic semiconductors. 

The most straightforward method to lower the optical bandgap of an organic semiconductor 

is to extend the length of its π-conjugated backbone. For example, by increasing the number 

(n) of thiophenes in oligothiophene from 1 to 7, the optical bandgap in solution can be 

lowered from ~5 to ~2.3 eV.[27] This change in bandgap scales roughly with 1/n and 

converges to a finite value, even for an infinitely long π-conjugated polymer. Conformational 

variations in the polymer chains further limit delocalization of the wavefunction such that 

polymers often have an effective conjugation length that is significantly shorter than the 

geometric length.  

An efficient approach to decrease the bandgap of conjugated polymers is to stabilize 

the quinoid resonance structure to become degenerate with the aromatic resonance structure. 

This decreases the intrinsic bond-length alternation in the conjugated backbone of the 

polymer, which arises from electron-electron interactions and is known as the Peierls 

distortion.[28] Figure 1.5a shows the aromatic and quinoid resonance structures for poly(para-

phenylene) and polyisothianaphthene. In contrast to poly(para-phenylene) (PPP), the 

benzene rings in polyisothianaphthene (PITN) gain aromaticity in the quinoid resonance 

structure, hereby stabilizing this structure and lowering the bandgap of PPP from 3.6 eV to 

1.0 eV for PITN.[29] 
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Figure 1.5 (a) Aromatic and quinoid resonance structures of poly(p-phenylene) and 

polyisothianaphthene. (b) Orbital mixing diagram for the donor and acceptor units that are present in 

the π-conjugated backbone of D-A type small-molecules and polymers. 

However, by now the most powerful and most widely used approach to tune the 

energy levels and bandgap of organic semiconductors is the donor-acceptor (D-A) design 

(Figure 1.5b).[30,31,32] In this approach, electron-rich (donor) and electron-poor (acceptor) 

units are incorporated in the backbone of π-conjugated small-molecules[33] or polymers[34], 

usually in an alternating fashion. When there is sufficient overlap between the molecular 

orbitals of the donor and acceptor units, hybridization will occur, resulting in the formation 

of a new HOMO and a new LUMO level with a decreased bandgap between them. Because 

the HOMO of the donor unit and the LUMO of the acceptor unit have a higher contribution 

in the new HOMO and the new LUMO respectively (Figure 1.5b), these new levels can 

individually be adapted by changing the strength of the donor or the acceptor unit. Thus, by 

increasing the strength of the donor or the acceptor unit lower bandgaps can be achieved. 

Over the years, numerous donor-acceptor type small-molecules and polymers have 

been developed. Some examples of donor units include oligothiophenes, benzodithiophene 

(BDT), dithienopyrrole (DTP), and cyclopentadithiophene (CPDT). Examples of commonly 

used acceptor units include isoindigo (II), benzothiadiazole (BT), diketopyrrolopyrrole 

(DPP), and 1,1-dicyanomethylene-3-indanone (DC). Of these acceptor units, 

diketopyrrolopyrrole has shown promising performance in OFETs and organic solar cells, 

with charge carrier mobilities above 10 cm2 V−1 s−1 and PCEs above 10 %.[35,36]  

  

1.3 Design of Diketopyrrolopyrrole Polymers  

The first report on the synthesis of the diketopyrrolopyrrole (DPP) unit dates back to 

1974 when Farnum and coworkers[37] discovered that a 3,6-diphenylpyrrolo[3,4-c]pyrrole-

1,4(2H,5H)-dione forms in minor amounts as byproduct in the Reformatsky reaction between 

benzonitrile and ethyl bromoacetate. Its bright red color, weather fastness, insolubility in 

(a)
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Eg
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common solvents and high melting point stimulated chemists at the Ciba-Geigy company to 

further investigate its potential as pigment during the 1980’s.[38,39] However, its 

commercialization as a pigment became only possible after Iqbal et al.[40] introduced a new 

synthetic route to synthesize the DPP core in higher yields in 1986. In this route, an aryl 

carbonitrile (1 in Scheme 1.1) is reacted with a succinic acid ester (2 in Scheme 1.1) in the 

presence of a base. By varying the aryl groups adjacent to the DPP core new DPP derivatives 

with different colors have been obtained[38−40] of which many have been applied as high 

performance pigments in inks and paints.[41]  

 

Scheme 1.1 Synthesis of diketopyrrolopyrroles according to the route of Iqbal et al.[40], followed by 

subsequent alkylation. 

While the hydrogen bonds between adjacent DPP units, provided by the hydrogen 

atoms on the DPP core, are ideal for reducing the solubility of DPP pigments, they hamper 

the purification and further functionalization of DPP-based materials and use of these 

materials in solution-processable organic electronic devices. Therefore, after the synthesis of 

the DPP core an alkylation reaction is usually performed in which different types of 

solubilizing side chains can be placed on the nitrogen atoms of the DPP unit (Scheme 

1.1).[42,43] Besides imparting DPP-based derivatives with sufficient solubility, it has been 

shown that the type and length of these side chains influence physical properties and 

molecular packing and thus device performance.[42,43]  

In order to incorporate DPP into conjugated D-A type polymers, the aryl groups 

adjacent to the DPP unit need to be functionalized with reactive substituents. Because the 

most common approach to synthesize DPP-based polymers is by use of transition-metal-

catalyzed cross-coupling reactions such as Stille,[44,45] Suzuki-Miyaura[46] or Yamamoto,[47] 

the useable groups are halogen atoms (bromine or iodine), trialkylstannyl groups or boronic 

acid esters (Scheme 1.2). An exception is polymerization by direct arylation. In this method 

the hydrogen atoms on the aryl groups can be used as the reactive group.[48] Because DPP 

polymers with a high molecular weight are known to improve the device performance of 

solar cells[49] and field-effect transistors[50] and because the mentioned polymerization 

reactions are polycondensations,[51] it is important to accurately control the stoichiometry 

between the monomers and use monomers with a high purity. Additionally, it is also known 

that structural defects can drastically influence device performance. For example, 

unoptimized polymerization conditions can lead to homocoupling defects in DPP 
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polymers.[52] To avoid the occurrence of such defects in the DPP polymers used in this thesis, 

all polymers will be synthesized by a previously optimized protocol.[52,53]  

 

Scheme 1.2 General polymerization procedure for the synthesis of DPP polymers. The general 

repeating unit of DPP-based conjugated polymers with its different structural elements indicated in red 

(side chains on the DPP unit), blue (aromatic linkers that connect the DPP unit to the π conjugated unit) 

and green (π conjugated unit) is shown on the right side of the reaction arrow.  

As can be seen in Scheme 1.2, the general repeating unit of a DPP-based polymer 

consists out of several structural elements. Of these elements, the aromatic linkers and the 

side chains originate from the DPP monomer and the π-conjugated unit originates from the 

used comonomer. While the aromatic linkers and the π-conjugated unit largely determine the 

optical and electronic properties of the polymers, the side chains influence the solubility and 

aggregation behavior. In the following two sections, an overview is given of several DPP 

polymers that have been applied in OFETs and OPV devices. Herein, special focus is placed 

on the relation between molecular structure and properties and device performance.  

 

1.3.1 DPP polymers for organic field-effect transistors  

Diketopyrrolopyrrole is an excellent building block for polymers that are used as 

semiconducting layer in organic field-effect transistors. The high planarity and strong 

electron deficiency of its bicyclic lactam core endow the corresponding polymers with strong 

intermolecular π-π interactions resulting in self-assembly into ordered domains[54] and 

facilitating charge transport.[55] In 2008, Winnewisser et al.[56] were the first to use a DPP 

polymer (P1, Figure 1.6) in OFETs. P1 consisted of alternating DPP and quaterthiophene 

units with branched 2'-hexyldecyl chains on the DPP unit and linear dodecyl chains on the 3-

positions of the central bithiophene unit. Because of the large density of side chains on P1, 

the polymer was even soluble in solvents such as toluene, xylene and THF. Although P1 

exhibited ambipolar charge transport with promising mobilities around 0.1 cm2 V−1 s−1, an 

almost one order higher hole mobility was obtained by Li et al.[57] who synthesized a DPP 

polymer with similar backbone but no side chains on the quaterthiophene unit (P2, Figure 

1.6). Likely, the steric hindrance between the dodecyl side chains in P1 causes the torsional 

angle between the thiophenes to increase, which hampers charge transport by decreasing the 

effective conjugation length and the tendency to pack into ordered domains.[58] Similarly, 
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torsional disorder along the polymer backbone is also known to cause low OFET 

performance for DPP polymers based on diphenyl-DPP. In these polymers, the torsional 

disorder originates from the steric repulsion between the hydrogen atoms on the α-carbons 

of the alkyl chains that are connected to the DPP unit and the adjacent phenyl linkers.[59,60] 

The highest hole mobility for a diphenyl-based DPP polymer (P3, Figure 1.6) has been 

reported as 0.04 cm2 V−1 s−1.[61]  

 

Figure 1.6 Chemical structures of a selection of DPP polymers used for OFETs.  

From these examples it is clear that steric hindrance and torsional disorder in the 

conjugated backbone of DPP polymers need to be minimized to achieve better OFET 

performance. Indeed, by replacing the large six-membered phenyl rings adjacent to the DPP 

core by smaller five-membered aromatic rings such as thiophene,[62,63] furan[64] and 

selenophene[65] much higher charge transport mobilities have been observed. Besides the 

importance of avoiding steric hindrance, it is also considered that hydrogen bonds between 

the hydrogen atoms on the 3-positions of the five-membered rings and the oxygen atoms on 

the DPP core help in planarizing the polymer backbone and reducing its conformational 

disorder.[66,67] The most commonly used five-membered aromatic linker to connect the DPP 

unit to the π-conjugated unit is thiophene. By increasing the length of the oligothiophene 

segment in alternating DPP-oligothiophene polymers (PDPPnT), a gradual increase in charge 
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carrier mobility has been observed. While OFETs based on P4 only showed charge carrier 

mobilities around 10−4 cm2 V−1 s−1,[68] the hole mobility of P5 already increased by two orders 

of magnitude.[69] Further increasing the length of the oligothiophene segment to 4T (P2),[57] 

5T (P6) [70] and 6T (P7)[71] resulted in a high hole mobility of 3.94 cm2 V−1 s−1 for PDPP6T. 

Thus, changing the length of the oligothiophene segment without changing the length of the 

2'-octyldodecyl side chains, increases the tendency of the polymer to crystallize into highly 

ordered domains with small π-π stacking distance.[70] However, for P8[71] the length of the 

oligothiophene block becomes too long for the 2'-octyldodecyl side chains to be effective, 

which limits its solubility and molecular weight and subsequently affects OFET performance. 

Next to increasing the crystallinity of the polymers, longer oligothiophene segments also lead 

to a more pronounced p-type behavior.  

Compared with oligothiophene, oligoselenophene is a stronger electron-donating π-

conjugated unit which results in redshifted absorption spectra and stronger intermolecular 

interactions for dithienyl-based DPP polymers. Also for these polymers (P9-P11) good hole 

mobilities above 1.5 cm2 V−1 s−1 were achieved with a stunning value of 5.0 cm2 V−1 s−1 for 

P11 due to its well-ordered lamellar structure and improved edge-on orientation.[72−74] When 

the oligoselenophene unit is replaced with a selenophene-vinylene-selenophene unit (P12-

P19)[35,75,76] a more coplanar backbone is established leading to further improvements in hole 

mobility. Impressively, through fine-tuning the size of the side chains a hole mobility of 17 

cm2 V−1 s−1 was obtained for P16 which is still the highest value for a DPP polymer until this 

moment.[35] Therefore, structural design of DPP polymers for application in OFETs not only 

needs to consider the rigidity of the polymer backbone but also simultaneously, the type, size 

and position of the side chains, as already exemplified for P1, P2 and P8 in the previous 

paragraph. Another example where side chains strongly affect the structural organization of 

the DPP polymer in thin film is for the difuran-based analog of PDPP3T with either 2'-

butyloctyl (P20) or n-hexadecyl (P21) side chains on the DPP core.[77] Grazing incidence X-

ray diffraction data reveal that the π-π stacking distance of P21 is much smaller (3.68 vs 3.85 

Å) than for P20 which is likely related to the lower bulkiness of the linear side chains. 

Consequently, P21 shows a redshifted absorption spectrum and a higher hole mobility. 

Additionally, by using furan instead of thiophene as the aromatic linker the solubility of the 

corresponding DPP polymers was found to strongly increase. This shows that besides the 

side chains also the structure of the polymer backbone can influence the solubility.  

For the fabrication of logic circuits, stable OFETs with both p-type and n-type 

behavior are required. Thus, design of DPP polymers has also focused on the development 

of n-type polymers. In this regard, a crucial design criterion to achieve stable and fast electron 

transport is the incorporation of electron-accepting moieties in the conjugated polymer 

backbone.[78] One of such moieties is pyridine. By using pyridine as the aromatic linker 
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(P22)[60] the LUMO level can be decreased to −4.33 eV, which allows for facile electron 

injection and stable electron transport. Even more, the sp2-hybridized nitrogen atom on 

pyridine compared to the more sterically crowded C−H bond on phenyl effectively planarizes 

the conjugated backbone and provides P22 with an excellent electron mobility of 6.30 cm2 

V−1 s−1.[60] Two other examples of n-type DPP polymers include P23[79] and P24.[80] In P23 

four electron withdrawing fluorine atoms were attached to phenyl as the π-conjugated unit. 

This lowered the LUMO level to −4.18 eV and led to an electron mobility of 2.36 cm2 V−1 

s−1. An additional benefit of the fluorine atoms in P23 is formation of noncovalent F∙∙∙H−C 

interactions which can lock the conjugated backbone in a more coplanar conformation.  

In 2016, an innovative design approach for DPP polymers was reported by Li et al.[81] 

In their work they investigated asymmetric DPP polymers that contain two different aromatic 

linkers around the DPP core for use in OFETs. Despite the presumed lack of perfect 

translational symmetry along the conjugated backbone of P25, the polymer still displayed an 

outstanding hole mobility of 12.5 cm2 V−1 s−1 when processed from toluene. This opens new 

opportunities for the fabrication of high-performance OFETs from environmentally friendly 

solvents.  

Next to the examples mentioned in this section many more DPP polymers with 

different aromatic linkers, π-conjugated units and side chains have been designed and applied 

in OFETs. For a more thorough overview the reader is referred to reviews by Sonar et al.[82] 

and Liu et al.[83] 

 

1.3.2 DPP polymers for organic solar cells 

The DPP unit has also been recognized as a favorable building block for polymers 

that are used as electron donor material in the active layer of organic solar cells with fullerene 

derivatives [60]PCBM or [70]PCBM as electron acceptor. By combining the electron-

deficient DPP core with a range of aromatic linkers and π-conjugated units broad and tunable 

optical absorption spectra[68,84] have been obtained that enable maximizing the number of 

photons that can be absorbed from the solar spectrum and thereby increase the short-circuit 

current density. Furthermore, the modular design of the polymers (Scheme 1.2) allows for 

easy modification of the HOMO and LUMO energy levels, which is crucial to optimize the 

optical bandgap and the energy level offsets between the donor and acceptor materials that 

determine Jsc and Voc. As explained in the previous section, DPP polymers display high hole 

mobilities, which improve charge collection and enhance the FF.   

The highest reported optical bandgaps for DPP polymers in the solid state are situated 

between 1.7 and 1.8 eV. For example, Chen et al.[85] synthesized P26 (Figure 1.7), which 
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contains phenyl units as the aromatic linkers and cyclopenta[2,1-b;3,4-b′]dithiophene 

(CPDT) as the π-conjugated unit. The large torsional angle between the DPP core and the 

adjacent phenyl linkers reduces the conjugation in P26, resulting in a bandgap of 1.76 eV. In 

2010, Zoombelt et al.[68] reported a similar bandgap (Table 1.1) for P27. In P27, the relatively 

wide bandgap originates from the weak electron donating character of the fluorene unit.[68] 

Despite the high optical bandgaps found for P26 and P27, the Voc of the corresponding 

polymer-fullerene solar cells was rather low, resulting in a high Eloss of around 1 eV. 

Although the optical bandgap of P22 is only slightly lower than for P26 and P27, solar cells 

based on this polymer display a significantly decreased Eloss (0.72 eV) leading to a good 

performance with a PCE of 7.1%.[86] By incorporating slightly stronger electron donating π-

conjugated units such as naphthalene (P28) or benzo[1,2-b:4,5-b′]dithiophene (P29) in the 

backbone of dithienyl-based DPP polymers, Kim et al.[87] and Yang et al.[88] further decreased 

the optical bandgap and reached Jsc values above 12 mA cm−2. Since both polymers also have 

a high Voc and a high FF, the PCE of P28 and P29 reached 5.8 and 7.3% respectively (Table 

1.1). Interestingly, in P29 alkyl side chains are not only applied on the nitrogen atoms of the 

DPP core but also on the 4-position of the adjacent thiophene linkers. Currently, only a few 

DPP polymers have been reported that make use of such a side chain design motif.[89−96]  

Figure 1.7 Chemical structures of a selection of DPP polymers used for polymer-fullerene solar cells.  

For alternating DPP-oligothiophene (PDPPnT) polymers (P30−P32 and P4) the 

bandgap is lowered from 1.46 to 1.20 eV when decreasing the number of thiophenes (T) in 

the oligothiophene.[97−100] While the extended optical absorption spectrum of the polymers 

indeed leads to high Jsc’s for P30 to P32, an insufficient energy offset between the LUMO of 
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P4 and the LUMO of the fullerene acceptor strongly decreases the driving force for exciton 

separation and lowers the Jsc to only 2.03 mA cm−2 (Table 1.1).[68,100]  

Table 1.1 Device characteristics and optical bandgap for a selection of DPP polymers used in polymer-

fullerene solar cells. 

Polymer Eg, opt.  

[eV] 

Jsc 

[mA cm−²] 

Voc 

[V] 

FF PCE 

[%] 

Ref. 

P26 1.76 6.67 0.65 0.47 2.0 85 

P27 1.74 1.84 0.75 0.42 0.6 68 

P22 1.70 11.3 0.98 0.64 7.1 86 

P28 1.59 12.6 0.75 0.61 5.8 87 

P29 1.53 15.1 0.75 0.64 7.3 88 

P30 1.46 14.0 0.58 0.65 5.3 98 

P31 1.43 16.0 0.64 0.69 7.1 99 

P32 1.33 18.8 0.67 0.66 8.3 97 

P4 1.20 2.03 0.68 0.50 0.7 100 

P24 1.19 2.8 0.66 0.66 1.2 101 

P33 1.13 20.8 0.35 0.49 3.5 102 

P34 1.52 18.7 0.80 0.64 9.6 97 

P35 1.52 11.9 0.79 0.60 5.7 104 

P36 1.52 6.6 0.81 0.59 3.2 104 

 

Another DPP polymer that suffers from a too low LUMO-LUMO offset (Eloss) is 

P24.[101] For this polymer a low bandgap (1.19 eV) is obtained by polymerization of a thienyl-

based DPP monomer with an electron-poor benzothiadiazole comonomer. In contrast, by 

using a diselenyl-flanked DPP monomer in combination with a very electron-rich DTP 

comonomer, Hendriks et al.[102] managed to synthesize a DPP polymer with an ultra-small 

bandgap that still displays sufficient LUMO-LUMO offset and thus has a high Jsc (P33). 

However, in this case the higher HOMO energy level of the polymer significantly reduces 

the Voc.  
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To achieve organic solar cells with a good performance one not only has to accurately 

control the energy levels of the donor and acceptor materials but also their crystallinity[103] 

and the dimensions of the phase separation between them. For polymer-fullerene solar cells 

based on DPP polymers, it has been found that the polymer solubility is an important 

parameter that influences the formation of the BHJ morphology. A prime example is a series 

of PDPPTPT polymers with different lengths of branched side chains on the DPP unit 

(P34−P36).[104] For the polymer with short 2'-hexyldecyl side chains (low solubility), small 

semi-crystalline fibrils are observed by transmission electron microscopy leading to a high 

external quantum efficiency and a high PCE of 9.6%.[97,104] By extending the length of the 

side chains to 2'-octyldodecyl and 2'-decyltetradecyl (higher solubility), the width of the 

semi-crystalline fibrils increases with a concomitant negative effect on the Jsc and the PCE 

(Table 1.1).[104] Similar observations have been made for polymers with different molecular 

weights[49] and different sizes of the π-conjugated unit[99] because these structural elements 

also influence polymer solubility.  

 

1.4 Aim and Outline 

The research described in this thesis aims to develop deeper insight into how 

molecular structure affects the optoelectronic properties, solubility and structural 

organization of DPP polymers and how these properties are connected to the performance of 

OFETs and polymer-fullerene solar cells. In particular, our investigations focus on three 

specialized design motifs: (1) Polymers that have a thiophene and a pyridine unit connected 

as linker to the DPP unit in an asymmetric fashion (Chapter 2 and 3), (2) polymers that 

contain thiophene linkers that are substituted with branched alkyl side chains at the 4-position 

(Chapter 4, 5 and 6) and (3) polymers that contain different aromatic linkers in combination 

with dithienopyrrole (DTP) as the π-conjugated unit (Chapter 7). 

 Regioregularity is a very important structural element for conjugated polymers that 

are synthesized from more than two or from asymmetric monomers. Polymers that contain a 

different amount of regioregularity in their backbone often exhibit different optoelectronic 

properties and/or different structural organization in the solid state, leading to significant 

differences in charge transport and photovoltaic performance. Therefore, the work in Chapter 

2 investigates the influence of regioregularity in asymmetric DPP polymers on their optical 

and electronic properties and on their performance in polymer-fullerene solar cells. Although 

a large difference is observed between the hole mobility of a regiorandom and a regioregular 

asymmetric DPP polymer, negligible differences are observed between their absorption 

spectra, energy levels and photovoltaic performance. Simulating the random polymerization 

reaction of the asymmetric DPP monomer using a kinetic Monte Carlo model reveals that the 
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incorporation of different donor segments in the polymer backbone is completely random 

and does not depend on the reactivity difference between the bromine groups of the 

asymmetric monomer. This refutes the suspicion that the similarity in optical absorption 

spectra between both polymers originates from a similar conjugated backbone. However, the 

real cause is found in an alloying effect between the different chromophores in the polymer 

backbone.  

Besides the ability of asymmetric monomers to create polymers with different 

regioregularity, asymmetric monomers can also change the intermolecular interactions 

between the polymers in which they are incorporated, with large effects on polymer solubility 

and structural organization. In Chapter 3, a drastic enhancement in solubility is demonstrated 

for asymmetric DPP polymers based on thiophene/pyridine flanked DPP units. By properly 

adjusting the length of the solubilizing alkyl side chains and the size of the comonomer some 

polymers can even be solubilized in toluene. This opens the possibility to process polymer-

fullerene solar cells based on DPP polymers from nonhalogenated solvents. Interestingly, 

solar cells of the asymmetric polymers processed from toluene with 5 vol.-% of diphenyl 

ether (DPE) as cosolvent show comparable performance and morphology as solar cells 

processed from chloroform with the same amount of DPE. Improvements in performance are 

obtained for devices that contain materials with a higher molecular weight and a lower 

solubility.  

 Recently, we discovered that an alternating diketopyrrolopyrrole−quaterthiophene 

polymer with linear dodecyl side chains on the DPP unit and 2'-hexyldecyl (HD) side chains 

on the thiophenes next to the DPP unit (D-PDPP4T-HD) exhibits polymorphism and can 

exist in two distinct semi-crystalline phases (β1 and β2) depending on the nature of the 

solvent.[105] Detailed spectroscopic and structural characterizations revealed that the β2 phase 

can be distinguished from the β1 phase by red-shifted absorption and emission spectra and a 

closer π-π stacking distance.[105] In OFETs with β2 phase the field-effect mobility was 

enhanced compared to OFETs with β1 phase and the extra absorption of the β2 phase 

contributed to the external quantum efficiency in polymer-fullerene solar cells.[105] In 

Chapter 4, 5 and 6 we dig deeper into the structural features that enable polymorphism in 

DPP polymers. First, we investigate in Chapter 4 how the length of the linear side chains 

influences the formation and structure of the β1 and β2 phases by replacing the dodecyl side 

chains on the D-PDPP4T-HD polymer with hexyl, nonyl and pentadecyl side chains. Similar 

to the observations made for the polymer with the dodecyl side chains, the polymer with the 

nonyl side chains can selectively provide the β1 or β2 phase in solution and solid state by 

controlling the quality of the solvent. In contrast, when the solubility of the polymer becomes 

too high (pentadecyl side chains) or too low (hexyl side chains) the transition between the 

two polymorphs is hampered and the β1 or β2 phase is favored respectively. Next, in Chapter 
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5 we continue our study by investigating if the structural design motif used in Chapter 4 can 

also induce the β2 phase for alternating diketopyrrolopyrrole−terthiophene (PDPP3T) 

copolymers. Although the relative orientation of the DPP units in these polymers is different 

than for the PDPP4T polymers described in Chapter 4, this structural feature does not inhibit 

the formation of the β2 phase. However, the length of the branched side chains is found to 

have a much larger effect. Finally, in Chapter 6 several structural design motifs are explored 

to find general design rules that determine polymorphism in these polymers. Here, it is 

concluded that polymorphism likely only occurs for PDPPnT polymers that carry linear alkyl 

chains on the DPP units and 2′-alkylalkyl chains on the adjacent thiophenes since the β2 phase 

is not observed for PDPP4T polymers with branched side chains on the DPP unit nor for 

alternating diketopyrrolopyrrole−thienothiophene copolymers that contain different 

combinations of linear and branched alkyl chains.  

In Chapter 7, the nature of the aromatic linkers that connect the electron-deficient 

DPP and electron-rich DTP units in alternating DPP-DTP copolymers is varied in order to 

study the influence on the electrochemical and optical bandgaps and the difference between 

them, which we define as the effective exciton binding energy (Eb). Upon decreasing the 

electron-donating strength of the linker from selenophene via thiophene and asymmetric 

thiophene-pyridine to phenyl both bandgaps increase but then decrease again for pyridine 

and thiazole linkers. This triangular-shaped relation between the bandgaps and the HOMO 

energy of the polymer is rationalized by considering that strong electron-donating linkers 

make the DTP unit a stronger donor unit and that strong electron-accepting linkers make the 

DPP unit a stronger electron accepting unit. Intriguingly, the change in optical bandgap with 

the HOMO energy is steeper than for the electrochemical bandgap, which results in a 

minimum Eb of 0.09 eV for the polymer with the phenyl linkers. The overall decreasing trend 

of the molar absorption coefficient of the polymers with Eb indicates that the reduction of Eb 

with increasing bandgap is likely related to a reduced electronic interaction between the DTP 

and DPP units, caused by the linkers.  
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Chapter 2 

Influence of Regioregularity on the Optoelectronic 

Properties of Conjugated Diketopyrrolopyrrole 

Polymers Comprising Asymmetric Monomers* 

Two asymmetric thiophene (T)/pyridine (Py) flanked diketopyrrolopyrrole (DPP) 

polymers with a regiorandom and regioregular conjugated backbone are synthesized via a 

Stille polycondensation to investigate the effect of regioregularity on their optoelectronic 

properties and photovoltaic performance in fullerene-based polymer solar cells. 

Surprisingly, both polymers possess very similar optical bandgap, energy levels, and 

photovoltaic performance. These findings, combined with a factor of 19 reactivity difference 

between the two end groups of the asymmetric DPP monomer, intuitively suggest the 

formation of regular chain segments in the random polymer. However, by modeling the 

random polymerization reaction with a kinetic Monte Carlo (KMC) simulation, evidence is 

obtained for exclusive formation of a fully random polymer structure. UV-vis-NIR absorption 

spectra of three extended DPP chromophores, containing the donor segments (T-T-T, Py-T-

Py, and Py-T-T) present in the regiorandom polymer, confirm that regioregularity of the 

backbone has a negligible influence on the optical properties. 

 

 

 

 

 

 

 

 

* This work has been published as: P. J. Leenaers, H. van Eersel, J. Li, M. M. Wienk, R. A. 

J. Janssen, Macromolecules 2020, 53, 7749–7758.  
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2.1 Introduction  

Advancements in the design and synthesis of semiconducting conjugated polymers 

are the main contributor to the excellent performance of modern organic electronic 

devices.[1−6] A major breakthrough in the design of conjugated polymers was achieved by the 

D-A approach,[7] in which electron donating (D) and electron accepting (A) units are 

alternating along the conjugated polymer backbone to tune the optoelectronic properties such 

as orbital energy levels and optical bandgap.[8,9]  

Coupled to the intrinsic optoelectronic properties of the polymer is its structural 

organization (or morphological order) in the solid state which is also important for device 

performance because it determines the bulk properties of the material such as charge carrier 

mobility.[10] Control over structural organization of conjugated polymers in the solid state 

can be challenging as it depends not only on intrinsic factors such as the nature of the 

solubilizing side chains,[11] the molecular weight distribution,[12−14] end-group 

contributions,[15] and the exact sequence and orientation of units in the conjugated polymer 

backbone[16,17] but also on extrinsic factors such as substrate type,[18] used solvent 

system,[14,19,20] and (thermal) annealing steps.[21−23]  

A classic example of the effect of structural organization of a conjugated polymer in 

the solid state on the performance in organic electronic devices involves poly(3-

hexylthiophene) (P3HT). Because of the asymmetric nature of the 3-hexylthiophene repeat 

unit, the exact structure of the conjugated polymer backbone depends on the relative 

orientation of the repeat units (head-to-head, tail-to-tail, or head-to-tail) and the amount of 

segments with different relative orientation in the chain, leading to polymers with different 

degrees of regioregularity. P3HT batches with a high degree of regioregularity have shown 

higher levels of crystallinity, red-shifted absorption spectra,[16] and higher charge carrier 

mobility[24] when compared to batches with a lower degree of backbone regularity. 

Furthermore, polymer solar cells made from P3HT with a high degree of regioregularity 

outperformed cells made from a batch with a low regioregularity.[16] 

Next to P3HT, several conjugated polymers with asymmetric D or A units in their 

backbone have been designed over recent years. Also for these polymers, control over the 

exact orientation and sequence of the asymmetric units (regioregularity control) was 

demonstrated to be important in terms of hole mobility and solar cell performance.[25−35] 

However, a recent comparison between regiorandom and regioregular 5-fluoro-2,1,3-

benzothiadiazole (FBT) polymers questions the superior design of regioregular polymers 

since the regiorandom polymer in these studies had a higher hole mobility[36,37] and 

significantly improved performance in polymer solar cells.[37] Another class of asymmetric 

D-A polymers for which regioregularity control of the backbone is important are based on 



Influence of Regioregularity on the Optoelectronic Properties of Conjugated Diketopyrrolopyrrole 

Polymers Comprising Asymmetric Monomers 

 

27 

 

thieno[3,4-b]thiophene (TT). By synthesizing a regioregular PBDTTT-C-T polymer based 

on alternating benzo[1,2-b:4,5-b′]dithiophene (BDT) with perfectly controlled TT 

orientation, Lee et al.[38] showed that the regioregular polymer has a higher degree of 

crystallinity, a higher charge carrier mobility, and improved photovoltaic performance 

compared to the regiorandom isomer.  

Despite various comparative studies between regioregular and regiorandom 

asymmetric conjugated polymers, a thorough understanding of the actual conjugated 

backbone structure of regiorandom asymmetric polymers is still lacking. By performing 

NMR spectroscopy on regiorandom polymers some studies have confirmed the statistical 

distribution of different segments in the polymer chain.[27,36,37,39] However, studies that 

actually quantify the amount of different segments present in the chain are rare.[37] In 2014, 

Zhong and coworkers[25] investigated the effect of the regio- and chemoselectivity of an 

asymmetric fluoro-substituted thieno[3,4-b]thiophene (FTT) monomer during its 

conventional one-pot polymerization with BDT on the distribution of different segments in 

the polymer backbone. They found that due to the specific regio- and chemoselectivity of the 

FTT monomer, two distinct segments (A and B) were formed in the PTB7-Th polymer 

backbone in 0.36/0.64 ratio. By comparing with the neat regioregular polymers comprising 

only A or B they found that the higher ratio of segment B in the random polymer leads to 

superior absorption, ordered packing, and charge mobility and is responsible for the good 

photovoltaic performance under optimized conditions.[29]  

In 2016, asymmetric DPP polymers with two different aromatic flanking units next to 

the DPP unit were synthesized by conventional one-pot Stille polymerization and 

implemented in organic field-effect transistors (OFETs) and polymer solar cells (PSCs) by 

Li et al.[40] Since then, many new asymmetric DPP polymers have been synthesized in an 

identical manner and been applied in OFET and/or PSC devices.[40−48] Besides examples of 

asymmetric DPP polymers with a presumed random polymer backbone [40−48] (due to one-pot 

polymerization), Saeki et al.[49] were the first to report a regioregular asymmetric DPP 

polymer, sandwiching a BDT unit between two thiophene (T)/pyridine (Py) flanked DPP 

units in a centrosymmetric fashion. The regioregular polymer displayed a higher hole 

mobility in pristine films than the regiorandom isomer (PPy), but its photovoltaic 

performance in fullerene-based solar cells was less. Comparison of the optical and 

electrochemical bandgap between the regular and random asymmetric DPP polymers of 

Saeki et al.[49] revealed an intriguing similarity, despite the differences in regioregularity of 

the conjugated polymer backbones.  

In this work, we synthesize a new regioregular asymmetric DPP polymer 

(P(TDPPPy-T)-reg) composed of a thiophene (T)/pyridine (Py) flanked DPP acceptor unit 
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and a thiophene donor unit and compare its optoelectronic properties and photovoltaic 

performance in PSCs with a presumed random asymmetric T/Py flanked DPP polymer 

(P(TDPPPy-T)-ran). We find that next to their virtually identical absorption spectra and 

energy levels, the polymers have different hole mobilities but behave quite similar in 

photovoltaic devices. To address the similarities between both polymers and investigate the 

effect of regioselectivity of the asymmetric DPP monomer on the structure of P(TDPPPy-

T)-ran, kinetic Monte Carlo (KMC) simulations of the one-pot polymerization reaction are 

performed to determine the relative abundance of the three different possible donor segments 

(T-T-T, Py-T-Py, and Py-T-T) in the conjugated backbone of P(TDPPPy-T)-ran, using 

reaction rate constants obtained from a model reaction. The KMC simulations show that the 

backbone of P(TDPPPy-T)-ran significantly differs from the backbone of P(TDPPPy-T)-

reg and is truly random, despite an almost 20-fold regioselectivity of the two termini of the 

asymmetric T-DPP-Py monomer. The similarities in optoelectronic properties between both 

polymers are explained by averaging of the bandgap of the different donor segments within 

the conjugation length of the random polymer. 

 

2.2 Results and Discussion  

2.2.1 Materials synthesis and characterization 

The regiorandom (P(TDPPPy-T)-ran) and regioregular (P(TDPPPy-T)-reg) 

polymers were synthesized via Stille polymerization of 2,5-bis(trimethylstannyl)thiophene 

(Sn-T-Sn) with the asymmetric (M1) and centrosymmetric (M2) dibrominated DPP 

monomers, respectively (Scheme 2.1). M1 was synthesized according to modified literature 

procedures.[44,50] M2 was synthesized by a Stille type coupling reaction between the 

monobrominated TDPPPy-Br precursor and Sn-T-Sn and subsequent bromination with N-

bromosuccinimide (NBS). A detailed description of the monomer synthesis and structural 

characterization of the intermediates can be found in the Experimental Section.  

As shown in Scheme 2.1, the exact structure of the P(TDPPPy-T)-ran conjugated 

backbone is ill-defined due to formation of different donor blocks (T-T-T, Py-T-Py, and Py-

T-T) during the conventional one-pot polycondensation reaction. Therefore, as for all 

asymmetric DPP polymers in the literature,[40−48] it is assumed that the distribution of the 

different donor blocks in the conjugated backbone of P(TDPPPy-T)-ran is random. Use of 

the centrosymmetric DPP monomer (M2) ensures the formation of a regioregular polymer 

(P(TDPPPy-T)-reg) with a defined alternating structure of Py-T-Py and T-T-T blocks. 
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Scheme 2.1 Structure and synthesis of the regiorandom polymer (P(TDPPPy-T)-ran) and the 

regioregular polymer (P(TDPPPy-T)-reg). Reagents and conditions: (i) NBS, CHCl3, 0 °C; (ii) 2,5-

bis(trimethylstannyl)thiophene, Pd2(dba)3/PPh3, toluene/DMF (9:1, v/v), 115 °C; (iii) NBS, CHCl3, 0 

°C; (iv) Pd2(dba)3/PPh3, toluene/DMF (9:1, v/v), 115 °C. 

Both polymerizations were performed under optimized reaction conditions[51] and 

after purification by Soxhlet extraction with acetone, hexane, and dichloromethane (DCM), 

the polymers were obtained by precipitation in methanol. The molecular weights and 

polydispersity of both polymers are given in Table 2.1 and were determined by gel 

permeation chromatography (GPC) in o-DCB at 140 °C to reduce the effect of aggregation 

on the molecular weight analysis. The number-average molecular weight (Mn) of 

P(TDPPPy-T)-reg is 2 times higher than the Mn of P(TDPPPy-T)-ran. However, since both 

polymers still showed signs of aggregation in the inline UV-vis-NIR spectra taken during 

elution from the size-exclusion column, their molecular weights are possibly overestimated. 

Table 2.1 Physical properties of the polymers.  

Polymer Mn  

[kg mol−1] 

Mw  

[kg mol−1] 

Đ 

 

Eg,opt. 
a 

[eV] 

HOMO b 

[eV] 

LUMO b 

[eV] 

Eg,swv 
c
  

[eV] 

Ref. 

P(TDPPPy-T)-ran 46.6 122 2.6 1.49 −5.16  −3.20 1.96 This work 

P(TDPPPy-T)-reg 93.3 249 2.7 1.49 −5.19 −3.20 1.99 This work 

PDPP3T 147 400 2.7 1.33 −4.93 −3.13 1.80 [52] 

PDPP2PyT 67.4 176 2.6 1.73 −5.41 −3.19 2.22 [53] 

a From the absorption onset in thin films. b From square-wave voltammetry using −4.59 eV[54] for the 

energy of Fc/Fc+. c Electrochemical bandgap. 
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Obtaining symmetric DPP polymers from the DCM fraction, instead of the 

chloroform or 1,1,2,2-tetrachloroethane (TCE) fraction, in the Soxhlet extraction procedure 

usually indicates formation of highly soluble polymers and/or polymers with a low molecular 

weight. Because the molecular weights of both asymmetric DPP polymers are above 40 kg 

mol−1 , both must have a relatively high solubility compared to their symmetric derivatives, 

PDPP3T[51] and PDPP2PyT.[52] Indeed, both polymers show good solubility in common 

organic solvents such as DCM, chloroform, chlorobenzene, and even toluene. Considering 

the high molecular weight and regularity of P(TDPPPy-T)-reg, the asymmetry in the 

conjugated backbone of the polymer must be responsible for its good solubility in 

nonhalogenated solvents as observed before by Li et al.[40] for other asymmetric DPP 

polymers. 

 

2.2.2 Optical and electrochemical properties 

The optical properties of the regiorandom and regioregular polymers were 

investigated by UV-vis-NIR absorption spectroscopy in chloroform solution and in thin film 

(Figure 2.1). Two characteristic bands can be observed in both solution and thin film spectra. 

The weak band around 400 nm originates from localized π-π* transitions, while the intense 

band at 700 nm is related to intramolecular charge transfer (ICT) between the different donor 

blocks (T-T-T, Py-T-Py, and Py-T-T) and the DPP acceptor unit. The absorption spectrum 

of the regioregular polymer in solution shows a bathochromic shift (10 nm) and a slightly 

different intensity ratio between the 0-0 and 0-1 vibronic peaks in comparison with the 

solution spectrum of the regiorandom polymer. The vibrational splitting is characteristic for 

aggregated DPP polymers.[55]  
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Figure 2.1 Normalized UV-vis-NIR absorption spectra of the regiorandom (P(TDPPPy-T)-ran) and 

regioregular (P(TDPPPy-T)-reg) asymmetric DPP polymers: (a) In chloroform solution; (b) as thin 

film on glass. 
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When going from solution to solid state both absorption spectra broaden and exhibit 

a red-shift of about 20 nm which can be attributed to intermolecular π-π interactions. Both 

polymers have similar spectral shapes in thin film with identical optical bandgaps of 1.49 eV 

(834 nm), determined from the onset of absorption. The bandgap of both polymers in thin 

film lies close to the mathematical average (1.53 eV) of their symmetric counterparts, 

PDPP3T[51] and PDPP2PyT,[52] for which optical bandgap data are shown in Table 2.1. The 

small difference in intensity ratio between the 0-0 and 0-1 peaks in solution and thin film can 

probably be related to the higher molecular weight of the regioregular polymer, which causes 

the higher degree of aggregation.  

The frontier molecular orbital energy levels (HOMO and LUMO) of both polymers 

were estimated by square-wave voltammetry, from the first onset of the oxidation (Eox) and 

reduction potential (Ered), on thin films on a platinum wire working electrode. The energy 

levels are presented in Table 2.1. The HOMO levels of the regiorandom and regioregular 

polymer are situated between the HOMO levels of PDPP3T and PDPP2PyT. The LUMO 

levels of both polymers are equal and lie close to the LUMO of PDPP2PyT. The observed 

similarity in LUMO levels could originate from spatial localization around the 

thiophene/pyridine flanked DPP acceptor unit. The HOMO of the regiorandom polymer is 

30 meV higher than the HOMO of the regioregular polymer, likely due to the presence of 

Py-T-T donor blocks. 

 

2.2.3 Photovoltaic properties and charge carrier mobilities 

The impact of regioregularity on the photovoltaic performance was investigated by 

fabrication of PSCs with the polymers as electron donor and [6,6]-phenyl-C71-butylric acid 

methyl ester ([70]PCBM) as electron acceptor in a conventional device architecture 

(ITO/MoO3/polymer:[70]PCBM/LiF/Al). Solar cells of the regiorandom polymer fabricated 

on a conventional PEDOT:PSS hole extraction layer showed S-shaped J–V characteristics. 

To prevent this behavior, also previously observed for devices with active layers containing 

aromatic amines deposited on PEDOT:PSS,[52,56] a 10 nm evaporated MoO3 layer was used 

instead.  

Devices of both polymers fabricated from chloroform containing 2% 1,8-diiodooctane 

(DIO) as cosolvent showed a substantial bias dependent photocurrent with a low fill factor 

(FF) around 0.40, when the cast layers were dried in ambient air. When the cast layers were 

directly transferred to a vacuum after spin coating, the bias dependency of the photocurrent 

disappeared (Figure 2.2), resulting in improved FFs. Likely, the morphology of the active 

layer is unfavorably affected by the slow drying cosolvent, while quick drying in vacuum (≈ 
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10−2 mbar) results in a more optimal morphology which removes the bias dependency of the 

photocurrent and improves the FF.  
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Figure 2.2 J–V characteristics of suboptimal P(TDPPPy-T)-ran (blue) and P(TDPPPy-T)-reg (green) 

based devices dried in air (circles) and in vacuum (squares). 

The photovoltaic performance for each polymer was optimized for layer thickness and 

for type and amount of cosolvent. Chloroform was used as the main solvent and the polymers 

were combined with [70]PCBM in a 1:2 weight ratio respectively.[57] For both polymers            

5 vol.-% diphenyl ether (DPE) was found to be the optimal amount of cosolvent.  

Table 2.2 Device characteristics of PSCs based on blends of P(TDPPPy-T)-ran and P(TDPPPy-T)-

reg with [70]PCBM.a 

Polymer d 

[nm] 

Jsc 

[mA cm−²] 

Voc 

[V] 

FF PCEb 

[%] 

P(TDPPPy-T)-ran 108 11.1 0.85 0.61 5.7 (5.9) 

P(TDPPPy-T)-reg 96 11.8 0.87 0.62 6.4 (6.6) 

a Average results over 4 devices are shown. b Maximum PCE between parentheses. 

Current density–voltage (J–V) characteristics and external quantum efficiency (EQE) 

of the optimized solar cells based on the regiorandom and regioregular polymer are shown in 

Figure 2.3 and the characteristic device parameters are summarized in Table 2.2. 

Surprisingly, P(TDPPPy-T)-reg only slightly outperforms P(TDPPPy-T)-ran with power 

conversion efficiencies (PCEs) of 6.6% vs. 5.9% because of minor improvements in short-

circuit current density (Jsc), open-circuit voltage (Voc), and FF. The 20 mV lower Voc of 

P(TDPPPy-T)-ran compared with P(TDPPPy-T)-reg matches with its higher HOMO 

energy level. The Jsc of the regioregular polymer is only 0.7 mA cm−2 higher than the Jsc of 
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the regiorandom polymer, which is corroborated by the enhanced external quantum 

efficiency (EQE) over the entire spectral range. 
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Figure 2.3 (a) J–V characteristics (under simulated AM1.5G illumination) of optimized 

polymer:[70]PCBM (1:2 w/w) solar cells based on the regiorandom (P(TDPPPy-T)-ran) and 

regioregular (P(TDPPPy-T)-reg) asymmetric DPP polymers. (b) Corresponding EQE spectra. 

Charge carrier mobilities of the two polymers in the blends with [70]PCBM were 

estimated by analyzing the space-charge limited current in hole-only devices. The current 

density was fitted to the Murgatroyd relation: J = (9/8)ε0εrμ0(V2/L3)exp[0.89γ(V/L)1/2] for 

space charge limited current with field-dependent mobility,[58,59] with ε0 the vacuum 

permittivity, εr the relative permittivity of the polymers (approximated to be 3.5), μ0 the zero-

field mobility, L the thickness of the organic layer, and γ the field-activation factor. The 

voltage was corrected for built-in potential and series resistance. The hole mobility is about 

3.3 × 10−6 cm2 V−1 s−1 for P(TDPPPy-T)-ran) and 8.4 × 10−4 cm2 V−1 s−1 for P(TDPPPy-T)-

reg. 

 

2.2.4 Morphology of the blends 

Transmission electron microscopy (TEM) was performed on the optimized active 

layers of PSCs based on the regiorandom and regioregular polymer to investigate the origin 

of their difference in EQE (and thus also Jsc). Both asymmetric DPP polymers exhibit the 

characteristic fibrous-like morphology known for symmetric DPP polymers when blended 

with PCBM (Figure 2.4). The morphology of the photoactive layer with the regioregular 

polymer (Figure 2.4b) appears to have slightly narrower fibers than the morphology of the 

layer based on the regiorandom polymer (Figure 2.4a), which is consistent with the small 

difference in EQE and Jsc. 
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Figure 2.4 TEM images of the optimized photoactive layers based on (a) the regiorandom (P(TDPPPy-

T)-ran) polymer and (b) the regioregular (P(TDPPPy-T)-reg) polymer. 

Grazing-incidence wide-angle X-ray scattering (GIWAXS) experiments were 

performed to investigate the influence of regioregularity of the asymmetric DPP polymers on 

molecular packing and crystallinity in the pristine polymer films and in their respective 

photovoltaic blends with [70]PCBM. The in-plane and out-of-plane line-cuts extracted from 

the 2D data are shown in Figure 2.5. For the pristine polymer films, very broad (010) 

scattering peaks are observed around q ≈ 1.5 Å−1 corresponding to π-π stacking of the 

conjugated polymer backbones. The intensity of the (010) peak for the regioregular polymer 

is significantly higher than for the regiorandom polymer (Figure 2.5, upper panels), which 

suggests that the regioregular polymer forms a higher amount of and/or more ordered π-π 

stacked aggregates than the random polymer. There is little evidence for preferential 

orientation of the aggregates. For the blends with [70]PCBM, a scattering peak at q = 1.34 

Å−1 appears attributed to [70]PCBM aggregates. In the blends, the (010) peak of the 

regiorandom polymer is hardly visible, while the (010) peak of the regioregular polymer and 

the q = 1.34 Å−1 peak of [70]PCBM coalesce into one broad diffraction peak. The absence of 

clear (h00) peaks for the pristine random and regular asymmetric DPP polymers and their 

blends with [70]PCBM indicates that the π-π stacked aggregates do not assemble into long-

range ordered lamellar crystallites. 

(a) (b) 
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Figure 2.5 (a) In-plane and (b) out-of-plane 1D GIWAXS profiles of the regiorandom (blue) and the 

regioregular (green) polymer and their respective photovoltaic blends. 

 

2.2.5 Regioselectivity of the Stille coupling 

The strong similarity in optical absorption spectra, energy levels, and PSCs between 

the regiorandom and regioregular asymmetric DPP polymers questions the exact structure of 

the regiorandom polymer. If a high amount of T-T-T segments alternating with Py-T-Py 

blocks would be formed in the conventional one-pot polymerization reaction between M1 

and Sn-T-Sn, the small differences in optoelectronic properties and photovoltaic 

performance between both polymers would easily be explained.  

A recent example of a random polymer with a substantial amount of a specific 

regioregular block in its conjugated backbone is PTB7-Th.[25] The regioregular block has a 

strong effect on the optoelectronic properties and photovoltaic behavior of the polymer, 

causing the random polymer to display similar optoelectronic properties and photovoltaic 

behavior under optimized conditions as a deliberately synthesized regioregular PTB7-Th 

polymer.[29] Formation of substantial amounts of the regioregular block in the backbone of 

the random polymer was assumed to occur during the initial stage of the one-pot 

polymerization, driven by the preferential regio- and chemoselectivity of the asymmetric FTT 

monomer and its A-D-A intermediate respectively.[25] If the M1 monomer would have a 

strong regioselectivity for reaction of Sn-T-Sn with the bromine on either the thiophene (T) 

or pyridine (Py) groups, A-D-A intermediates (Py-DPP-T-T-T-DPP-Py or T-DPP-Py-T-Py-

DPP-T) might be formed preferentially, resulting in the formation of regioregular blocks 

upon further polymerization with the remaining Sn-T-Sn.  

To investigate whether the asymmetric thiophene/pyridine DPP monomer (M1) has a 

certain regioselectivity for reaction of Sn-T-Sn with one of its bromines, a model reaction 
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between M1 and a monostannylated thiophene (Sn-T) was performed (Scheme 2.2). Analysis 

by 1H-NMR spectroscopy revealed a substantial amount of product 1 (90%) in the final (after 

9000 s) reaction mixture of the model reaction, indicating a large regioselectivity for reaction 

of Sn-T with the Br-T terminus of M1. The reactivity difference between the thiophene and 

pyridine side of the asymmetric DPP monomer M1 toward Sn-T was determined more 

accurately by fitting the product distributions obtained from the model reaction to the product 

distributions obtained from a differential rate equation model for different rate constants (kT 

and kPy) (Scheme 2.2). The obtained rate constants were kT = 2.96 × 10−3 s−1 and kPy = 1.56 × 

10−4 s−1, resulting in a factor of 19 reactivity difference between the thiophene and pyridine 

side of the asymmetric M1 monomer. 

 

Scheme 2.2 Model reaction between M1 and Sn-T to determine the regioselectivity of M1. It is 

assumed that kT = k´T and kPy = k´Py. 

 

2.2.6 Kinetic Monte Carlo simulation of the polymer backbone 

To study whether the observed reactivity difference between the thiophene and 

pyridine side of M1 can lead to a high amount of the regioregular – T-T-T alternating with 

Py-T-Py – block in the structure of P(TDPPPy-T)-ran, the one-pot polymerization between 

M1 and Sn-T-Sn was modeled using a KMC simulation with the determined rate constants 

as input parameters. In these simulations, it is assumed that kT and kPy do not depend on the 

length of the formed intermediate species. The simulation results (Figure 2.6) are plotted as 

function of the trimethylstannyl (Me3Sn) end-group conversion because this results in the 

typical asymptotic relation between the modeled average molecular weight and Me3Sn end-

group conversion (Figure 2.8), as experimentally observed for polycondensation reactions. 

Only at high Me3Sn end-group conversion (> 95%), polymers with an applicable (> 20 kg 

mol−1) molecular weight are formed.  
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Figure 2.6 (a) Normalized amounts of M1 and Sn-T-Sn monomers as a function of the Me3Sn end-

group conversion during KMC simulation of the one-pot polymerization reaction. (b) Fraction of donor 

blocks formed in the polymer per DPP unit present in the reaction as function of the Me3Sn end-group 

conversion during KMC simulation of the one-pot polymerization reaction. The gray areas show the 

error bars representing the standard deviation based on 5 simulations. Note: kT = 2.96 × 10−3 s−1 and kPy 

= 1.56 × 10−4 s−1.  

Counting the different donor blocks (T-T-T, Py-T-Py, and Py-T-T) in the conjugated 

backbone of P(TDPPPy-T)-ran formed during the modeled random polymerization (Figure 

2.6b) with experimental difference in rate constants of a factor of 19 between kT and kPy 

shows that the final amounts (at > 95% Me3Sn end-group conversion) of T-T-T and Py-T-Py 

blocks lie around 25%. This number is substantially lower than the amount of Py-T-T blocks 

(50%) which excludes the formation of a semiregioregular polymer, consisting of alternating 

T-T-T and Py-T-Py blocks with a small amount of Py-T-T defects. Even by simulating using 

a factors of 1 or of 1000 for the difference in rate constants between the two sides of the 

asymmetric DPP monomer, we find that the amount of formed Py-T-T blocks in the final 

polymer stays close to 50%, indicating that the regioselectivity of the asymmetric DPP 

monomer does not affect the randomness in the conjugated backbone of P(TDPPPy-T)-ran. 

This result is consistent with the combinatorial estimates made by Zhou et al.,[37] who 

determined that the amount of bithiophene segment in a random asymmetric FBT polymer 

must always be equal or higher than 50%, similar to what we observe for the Py-T-T block.  

The reason why a (semi)regioregular DPP polymer cannot be obtained from the one-

pot polymerization of the asymmetric DPP monomer can be seen in Figure 2.6a and 2.6b. At 

the start (0-15% conversion) of the one-pot polymerization, both monomers react away with 

the same rate (Figure 2.6a), but because of the faster reaction rate on the thiophene than on 

the pyridine side of the asymmetric monomer, the main reaction product is initially Sn-T-

TDPP-Py-Br (Figure 2.6b). This intermediate product continues to be formed but is also used 

to make the T-T-T segments (Figure 2.6b), slowing down the incorporation rate of the Sn-T-
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Sn monomer (15-60% conversion). At some point (≈60% conversion), M1 is depleted since 

it was rapidly built into the Sn-T-TDPP-Py-Br intermediate and T-T-T segments, leaving a 

constant amount of T-T-T segments in the reaction. At higher conversions, the formed 

oligomers start to form polymers by reacting with each other and with the residual amount 

of Sn-T-Sn monomer. But because the bromines on the pyridine side of the oligomers have 

almost been left untouched and there is still a substantial amount of Sn-T-TDPP-Py-Br left, 

Py-T-T blocks are formed in substantial amounts. 

 

2.2.7 Models for chain segments 

Having established that the random polymer is devoid of extended regioregular chain 

segments, we need to find an explanation for the similarity between the optical absorption 

spectra of P(TDPPPy-T)-ran and P(TDPPPy-T)-reg. The first point to note is that 

P(TDPPPy-T)-reg is a regioregular terpolymer built from three distinct π-conjugated units 

(DPP, T-T-T, and Py-T-Py). When compared to the corresponding copolymers PDPP3T and 

PDPP2PyT, each with only two π-conjugated units (DPP and T-T-T, or DPP and Py-T-Py), 

one notices that the optical bandgap of P(TDPPPy-T)-reg (1.49 eV) is close to the arithmetic 

mean (1.53 eV) of the optical bandgaps of the PDPP3T (1.33 eV) and PDPP2PyT (1.73 eV). 

Apparently, the T-T-T and Py-T-Py segments form an ‘alloy’ in the terpolymer. To check 

the properties of a Py-T-T segment as present in P(TDPPPy-T)-ran, we synthesized three 

extended isomeric DPP oligomers (Figure 2.7a), containing T-T-T, Py-T-Py, or Py-T-T 

blocks as central units. Their optical absorption spectra are shown in Figure 2.7b and reveal 

that the optical bandgap of the Py-T-T isomer (1.71 eV) is also close to the arithmetic mean 

(1.73 eV) of the optical bandgaps of the T-T-T (1.62 eV) and Py-T-Py isomers (1.84 eV). 

Both results indicate that the bandgap of the P(TDPPPy-T)-ran polymer is determined by 

averaging of the bandgap of the multiple different chromophore constituents within the 

effective conjugation length of its polymer backbone, resulting in an identical bandgap as the 

regioregular P(TDPPPy-T)-reg polymer. 
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Figure 2.7 (a) Chemical structures of the extended isomeric DPP molecules containing the Py-T-Py, 

Py-T-T, and T-T-T central blocks found in the conjugated backbone of P(TDPPPy-T)-ran. (b) 

Corresponding optical absorption spectra. 

 

2.3 Conclusion 

We have synthesized a regioregular asymmetric DPP polymer (P(TDPPPy-T)-reg) 

composed of alternating T-T-T and Py-T-Py donor units. Alternation of T-T-T and Py-T-Py 

donor units in the conjugated backbone of P(TDPPPy-T)-reg is ensured by copolymerization 

of 2,5-bis(trimethylstannyl)thiophene with a centrosymmetric DPP monomer (M2). We 

compared the optoelectronic properties of P(TDPPPy-T)-reg and its photovoltaic 

performance in fullerene-based PSCs with the corresponding regiorandom isomer 

(P(TDPPPy-T)-ran) made by conventional one-pot polymerization between 2,5-

bis(trimethylstannyl)thiophene and an asymmetric thiophene/pyridine flanked DPP 

monomer (M1). P(TDPPPy-T)-reg and P(TDPPPy-T)-ran show nearly identical absorption 

spectra, energy levels, and optical bandgap, both in solution and in the solid state. Also, the 

photovoltaic performance of P(TDPPPy-T)-reg (PCE = 6.6%) in an optimized blend with 

[70]PCBM is very similar to that of P(TDPPPy-T)-ran (PCE = 5.9%).  

Kinetic Monte Carlo simulations have been used to evaluate possible similarities 

between the intrachain structure of both isomers that might occur because of the very large 

(19-fold) difference in reactivity of the brominated pyridine and thiophene groups of the 

asymmetric DPP monomer M1 in the Stille reaction. The KMC simulations show, however, 

that the similarities in optoelectronic properties and photovoltaic performance between both 

polymers are not due to similarities in the structure of their conjugated backbones. In the 
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random polymer about 50% of the repeat units contain the asymmetric Py-T-T segment that 

does not occur in the P(TDPPPy-T)-reg polymer. Simulations of higher differences in 

reaction rate constants between the two sides of the asymmetric DPP monomer prove that a 

random structure, containing about 50% of Py-T-T blocks, is always being formed during its 

one-pot polymerization.  

The similarity between the optoelectronic and device properties of P(TDPPPy-T)-reg 

and P(TDPPPy-T)-ran are thus the result of an alloying effect in which the effective 

conjugation along the chain causes the averaging of the energy levels with little sensitivity to 

the actual chain sequence. This conclusion is supported by the fact that the optical bandgap 

of the P(TDPPPy-T)-reg terpolymer is similar to the arithmetic mean of the optical bandgaps 

of PDPP3T and PDPP2PyT and by the optical absorption spectra of the three possible 

isomeric chromophore segments present in the conjugated chain of P(TDPPPy-T)-ran for 

which that of the Py-T-T segment is in between those of T-T-T and Py-T-Py. 

These results demonstrate that conjugated polymers with a truly regiorandom 

backbone are inevitably formed during one-pot polymerizations of asymmetric monomers, 

independent of their regioselectivity. Randomness in the conjugated backbone of asymmetric 

DPP polymers, even when consisting out of distinctly different donor blocks, seems to have 

a negligible effect on optoelectronic properties and photovoltaic performance compared to a 

regioregular DPP terpolymer. Hence, avoiding the effort of synthesizing of extended 

symmetric DPP monomers does not deteriorate functional properties, which makes exploring 

random polymers from asymmetric monomers a useful strategy for exploring new conjugated 

materials. 

 

2.4 Experimental Section 

2.4.1 Materials and methods 

All synthetic procedures were performed under an argon atmosphere. 

Tris(dibenzylideneacetone)dipalladium (Pd2(dba)3) was purchased from Strem Chemicals 

Inc., potassium acetate (KOAc) was purchased from ChemPUR, 5-bromo-2-

pyridinecarbonitrile was purchased from Apollo Scientific Ltd., dry toluene was bought from 

Alpha Aesar and [70]PCBM (purity 90-95%) was purchased from Solenne BV. All other 

commercial (dry) solvents and reactants were ordered from Sigma-Aldrich Co., Acros 

Organics, TCI Europe N.V. or VWR and used without further purification, unless stated 

otherwise. Ammonium acetate (NH4OAc) and potassium acetate (KOAc) were dried 

overnight in a vacuum oven at room temperature and 120 °C, respectively. Tetrahydrofuran 

(THF) was dried over a column containing 4 Å molecular sieves. N-bromosuccinimide (NBS) 
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was recrystallized from deionized water prior to use. 2,5-Bis(trimethylstannyl)thiophene and 

triphenylphosphine (PPh3) were recrystallized from methanol and ethanol, respectively.        

1-Bromo-2-hexyldecane was synthesized according to our previous method.[60] 

1H-NMR and 13C-NMR spectra were measured on a Bruker Avance III (1H 400 MHz, 
13C 100 MHz) spectrometer. Chemical shifts are given in ppm with respect to 

tetramethylsilane (TMS) as internal standard.  

GC-MS was measured on a system consisting 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 Bruker Autoflex Speed spectrometer.  

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

spectrophotometer. Thin films of DPP(PyTPy)DPP, DPP(PyTT)DPP, and DPP(TTT)DPP 

were prepared by spin coating 15 mg mL−1 chloroform (CHCl3) solutions on glass substrates 

at 1500 rpm. Polymer films were prepared by spin coating polymer solutions (6 mg mL−1) in 

CHCl3: 1,2-dichlorobenzene (o-DCB) (9:1 v/v) on glass substrates at 1500 rpm. The glass 

substrates were cleaned with acetone and isopropanol and treated with UV-ozone for 30 min 

before use.  

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

GPC 120 system using a PL-GEL 10 µm MIXED-C column and a Smartline PDA Detector 

S-2850 UV/VIS/NIR diode array detector with o-DCB as the eluent and calibrated by 

polystyrene internal standards. Samples were first dissolved in o-DCB at 140 °C in a 

concentration of 0.1 mg mL−1.  

Square-wave voltammetry (SWV) measurements were performed under a nitrogen 

atmosphere using an Autolab PGSTAT30 or PGSTAT12 (Ecochemie, The Netherlands) 

potentiostat in a three-electrode configuration with a step potential of 5 mV and an average 

scan speed of 0.126 V s−1. The polymer films were applied on a platinum wire working 

electrode by dipping the wire for several seconds into a 2 mg mL−1 solution of the polymer 

in CHCl3. Before each measurement, the platinum wire was cleaned in a roaring blue flame. 

A silver wire and a silver/silver chloride (Ag/AgCl) electrode served as counter electrode and 

quasi-reference electrode, respectively. A 0.1 M solution of tetrabutylammonium 

hexafluorophosphate (TBAPF6) in dry acetonitrile was used as electrolyte. The 

ferrocene/ferrocenium redox couple (Fc/Fc+), with EFc/Fc
+ = −4.59 eV vs. vacuum level,[54] 
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was used as a standard. In order to exclude effects of repetitive oxidation and reduction on 

the voltammogram, all data presented were taken from the first scan.  

Polymer solar cells (PSCs) were fabricated on patterned indium tin oxide (ITO) glass 

substrates (Naranjo Substrates) with an active area of 0.09 and 0.16 cm². Before use the 

substrates were cleaned by sonication in acetone (15 min), scrubbing with a sodium dodecyl 

sulfate solution (99%, Acros), sonication in the same solution, rinsing with deionized water 

(15 min) and sonication in 2-propanol (15 min) followed by a final 30 min UV-ozone 

treatment.  

A 10 nm MoO3 hole-transporting layer (HTL) was evaporated under high vacuum    

(~3 × 10−7 mbar) onto the pre-cleaned ITO glass substrates as the first device layer.  

The active layer, consisting of P(TDPPPy-T)-ran or P(TDPPPy-T)-reg and 

[70]PCBM in a 1:2 weight ratio, was spin coated in air from the appropriate solutions. The 

solutions were heated to 90 °C for 1 h and cooled to room temperature prior to spin coating. 

The best performing devices based on the P(TDPPPy-T)-ran:[70]PCBM and P(TDPPPy-

T)-reg:[70]PCBM blends were spin-coated at 2000 and 1500 rpm respectively and prepared 

by dissolving the polymers in a concentration of 6 mg mL−1 and 4 mg mL−1 in chloroform 

respectively, both with 5 vol.-% diphenyl ether (DPE) as cosolvent. The substrates were 

directly transferred to vacuum after deposition to remove high boiling point solvent additives 

and prevent bias dependent current density – voltage (J−V) characteristics.  

Layers of LiF (1 nm) and Al (100 nm) were used as the back electrode and deposited 

by thermal evaporation under high vacuum (~3 × 10−7 mbar) in a nitrogen filled glove-box.  

Before photovoltaic performance characterization, all devices were illuminated with 

UV light (365 nm) for at least 10 min in order to photo-dope the MoO3 layer. The thickness 

of the active layer was measured on a Veeco Dektak150 profilometer.  

Current density – voltage (J−V) characteristics were determined inside a nitrogen 

filled glove-box with a Keithley 2400 source meter under ~100 mW cm−2 white light 

illumination from a tungsten-halogen lamp filtered by a Schott GG385 UV filter and a Hoya 

LB120 daylight filter. Accurate short-circuit current density (Jsc) values were determined by 

integration of recorded external quantum efficiency (EQE) spectra with the AM 1.5G solar 

spectrum. EQE measurements, under 1 sun conditions, were performed in a nitrogen filled 

box behind a quartz window. The encapsulated devices were irradiated with modulated 

monochromatic light from a 50 W tungsten-halogen lamp (Osram 64610) and 

monochromator (Oriel, Cornerstone 130) with the use of a mechanical chopper (Stanford 

Research Systems, SR540). The response was recorded as a voltage from a preamplifier 

(SR570) using a lock-in amplifier (SR830). One sun conditions were provided by the use of 



Influence of Regioregularity on the Optoelectronic Properties of Conjugated Diketopyrrolopyrrole 

Polymers Comprising Asymmetric Monomers 

 

43 

 

a 730 nm LED (Thorlabs) at different intensities for appropriate bias illumination. A 

calibrated silicon cell was used as reference. 

Hole-only devices with an active area of 0.09 and 0.16 cm² were fabricated in air on 

pattered and cleaned indium tin oxide (ITO) glass substrates (Naranjo Substrates). The 

cleaning procedure was the same as mentioned for the solar cells. Next, a 40 nm layer of 

poly(ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) (Clevios O, VP 

Al4083) was spin-coated at 3000 rpm. Then, blends of the regiorandom and regioregular 

polymer with [70]PCBM were cast under the same experimental conditions as for the 

optimized photovoltaic devices. However, the concentration of the regiorandom and 

regioregular polymer and the spin speeds were adapted to obtain devices with thicknesses > 

200 nm. The devices were finished by thermal evaporation under high vacuum (~3 × 10−7 

mbar) of a 10 nm MoO3 layer and a 100 nm Ag layer in a nitrogen filled glove-box. Currents 

were measured with a positive bias on the Ag contact compared to ITO. 

Transmission electron microscopy (TEM) was measured on a Tecnai G2 Sphera 

transmission electron microscope (FEI) operating at 200 kV. Blends of both polymers with 

[70]PCBM were prepared on a water-removable PEDOT:PSS layer on glass under the same 

conditions as the optimized photoactive layers.  

Two-dimensional grazing-incidence wide-angle X-ray scattering (2D-GIWAXS) 

measurements were performed in the X-ray lab at DSM Materials Sciences Center (DMSC) 

on a GANESHA 300XL+ system from JJ X-ray equipped with a Pilatus 300K detector (pixel 

size: 172 µm × 172 µm). The X-ray source was a Genix 3D Microfocus Sealed Tube X-Ray 

Cu-source with integrated monochromator (multilayer optic “3D version” optimized for 

SAXS) (30 W). The wavelength used was λ = 1.5408 Å. The minimized background 

scattering plus high-performance detector allows for a detectable q-range varying from 3 × 

10−3 to 3 Å−1 (0.2 to 210 nm). The sample was placed vertically on the goniometer and tilted 

to a glancing angle of 0.2° with respect to the incoming beam. The primary slit has a size of 

0.3 mm × 0.5 mm, and the guard slit has a size of 0.1 mm × 0.3 mm. The accumulation time 

was 6 h for each measurement. Data plot and data reduction was conducted using GIXSGUI 

program.[61] The pristine regiorandom and regioregular polymer films were spin-coated from 

chloroform in a concentration of 6 and 4 mg mL−1, using a spin speed of 2000 and 1500 rpm 

respectively. The blends were spin-coated under the same conditions as for the optimized 

photovoltaic devices shown in Table 2.2. All samples were spin-coated on cleaned Si/SiO2 

substrates. The cleaning procedure was the same as mentioned for the solar cells.  
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2.4.2 Synthesis 

The synthesis of monomers M1 and M2 is shown in Scheme 2.3 and the synthetic 

procedures and characterization are detailed in the subsequent sections. 

 

Scheme 2.3 Synthesis of monomers M1 and M2. Reagents and conditions: (i) dimethyl carbonate,          

t-BuOK, toluene, 100 °C; (ii) methyl 2-bromoacetate, K2CO3, acetone/DME, 80 °C; (iii) NH4OAc, 

AcOH, 115 °C; (iv) sodium, 5-bromo-2-pyridinecarbonitrile, t-amylalcohol, 120 °C; (v) K2CO3,             

1-bromo-2-hexyldecane, DMF, 120 °C; (vi) NBS, CHCl3, 0 °C; (vii) Pd2(dba)3/PPh3, toluene/DMF,       

115 °C; (viii) NBS, CHCl3, 0 °C. R = 2-hexyldecyl (HD). 

 

Methyl 3-oxo-3-(thiophen-2-yl)propanoate (2) 

A dried 3-neck flask was filled with dimethyl carbonate (14.3 g, 159 mmol), 

potassium tert-butoxide (17.8 g, 159 mmol) and toluene (100 mL). The mixture was heated 

to 100 °C and 2-acetylthiophene (1) (10.0 g, 79.3 mmol) added dropwise. After stirring for 2 

hours the reaction mixture was quenched with water and extracted with ethyl acetate. The 

combined organic layers were washed with water, dried over magnesium sulfate, and 

concentrated under reduced pressure. The resulting brown oil was purified by column 

chromatography (silica gel, 80:20 heptane:ethyl acetate) to give the desired product (12.3 g, 

yield: 84%). 1H-NMR (400 MHz, CDCl3, δ): 7.74 (dd, J = 3.8 Hz, 1.0 Hz, 1H); 7.70 (dd, J = 

4.9 Hz, 1.0 Hz, 1H); 7.15 (dd, J = 4.9 Hz, 3.9 Hz, 1H); 3.94 (s, 2H); 3.75 (s, 3H). 13C-NMR 

(100 MHz, CDCl3, δ): 184.86; 167.48; 143.26; 135.15; 133.43; 128.46; 52.66; 46.26. GC-

MS: 5.16 min., m/z = 184 (9, M+), 126 (12), 111 (100), 83 (13), 44 (26). 
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Dimethyl 2-(thiophen-2-carbonyl)succinate (3) 

A mixture of finely crushed potassium carbonate (K2CO3) powder (6.44 g, 46.6 

mmol), methyl 2-bromoacetate (7.13 g, 46.6 mmol), acetone (25 mL), and 1,2-

dimethoxyethane (17 mL) was heated to reflux (80 °C) in a dried 3-neck flask. Compound 2 

(7.80 g, 42.3 mmol) was added dropwise and left reacting for 2 hours. Then, the mixture was 

quenched with water and extracted with ethyl acetate. The combined organic layers were 

washed with water, dried over magnesium sulfate, and concentrated under reduced pressure. 

The residue was purified by column chromatography using dichloromethane as eluent. 

Compound 3 was obtained as a brown oil (9.05 g, yield: 64%). 1H-NMR (400 MHz, CDCl3, 

δ): 7.90 (d, J = 3.8 Hz, 1H); 7.71 (d, J = 4.9 Hz, 1H); 7.16 (d, J = 4.4 Hz, 1H); 4.70 (t, J = 

7.2 Hz, 1H); 3.70 (s, 3H); 3.67 (s, 3H); 3.06 (t, J = 7.3 Hz, 2H). 13C-NMR (100 MHz, CDCl3, 

δ): 186.40; 171.68; 168.89; 143.00; 135.40; 133.85; 128.52; 53.04; 52.21; 50.69; 33.01. GC-

MS: 6.66 min., m/z = 256 (<10, M+), 225 (<10), 193 (<10), 165 (<10), 145 (<10), 111 (100), 

83 (10), 59 (9). 

 

Methyl 5-oxo-2-(thiophen-2-yl)-4,5-dihydro-1H-pyrrole-3-carboxylate (4) 

Dry ammonium acetate (26.7 g, 346 mmol) and acetic acid (29.6 g, 493 mmol) were 

placed in a dried 3-neck flask and heated to 115 °C until the ammonium acetate was 

completely dissolved. Subsequently 3 (9.05 g, 35.3 mmol) was added dropwise to the mixture 

and left stirring for 8 hours. The reaction mixture was cooled to room temperature and poured 

into 600 mL of water. The blue precipitate (6.56 g) was then filtered, washed with water and 

dried in vacuo for 2 hours. The crude compound was used in the next reaction without further 

purification. 1H-NMR (400 MHz, DMSO-d6, δ): 10.84 (s, 1H); 7.89 (d, J = 5.0 Hz, 1H); 7.86 

(d, J = 3.67 Hz, 1H); 7.19 (t, J = 4.4 Hz, 1H); 3.66 (s, 3H); 3.43 (s, 2H). 13C-NMR (100 MHz, 

DMSO-d6, δ): 176.12; 163.37; 145.27; 132.41; 131.84; 129.54; 126.77; 100.60; 50.94; 38.10. 

GC-MS: 7.63 min., m/z = 223 (37, M+), 192 (16), 164 (100). 

 

3-(5-Bromopyridin-2-yl)-6-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione 

(5) 

Elemental sodium (1.85 g, 80.5 mmol) was weighed in a dried 2-neck flask and 

refluxed in dry tert-amylalcohol (70 mL) at 120 °C until completely dissolved. Compound 4 

(5.99 g, 26.8 mmol) and 5-bromopicolinonitrile (4.91 g, 26.8 mmol) were well mixed, then 

added in portions to the prepared sodium 2-methyl-2-butoxide solution at 85 °C and stirred 

for 3 hours at 110 °C. The reaction was quenched with a mixture of acetic acid (5 mL) and 
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methanol (20 mL) and stirred for 10 min at 90 °C. The purple precipitate (9.79 g) was 

collected by filtration, washed with water and methanol and dried overnight in vacuo. The 

crude compound was used in the next reaction without further purification. 1H-NMR (400 

MHz, DMSO-d6, δ): 10.50 (br s, 2H); 8.85 (d, J = 8.6 Hz, 1H); 8.73 (d, J = 2.0 Hz, 1H); 8.46 

(d, J = 3.4 Hz, 1H); 8.22 (dd, J = 8.5 Hz, 2.2 Hz, 1H); 7.93 (d, J = 4.7 Hz, 1H); 7.30 (dd, J = 

4.7 Hz, 4,1 Hz, 1H). 13C-NMR (100 MHz, DMSO-d6, δ): 173.89; 159.60; 150.08; 145.37; 

139.77; 132.82; 132.53; 128.74; 125.17; 120.27; 109.07. (Note: several peaks in the 13C-

NMR spectrum might overlap). MALDI-TOF-MS: [M+] calc.: 372.95, found: 372.95.  

 

3-(5-Bromopyridin-2-yl)-6-(thiophen-2-yl)-2,5-bis(2-hexyldecyl)-2,5-

dihydropyrrolo[3,4-c]pyrrole-1,4-dione (TDPPPy-Br) 

A flask was charged with 5 (4.80 g, 12.8 mmol), finely crushed potassium carbonate 

(K2CO3) powder (5.32 g, 38.5 mmol), and DMF (31 mL). After heating the reaction mixture 

for 1 hour at 120 °C, 1-bromo-2-hexyldecane (11.8 g, 38.5 mmol) 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), 37% HCl (2 mL), and water (2 mL) and refluxed for 1 hour. After 

evaporation of the solvent the crude product was further purified by column chromatography 

(silica gel, eluent gradient 100:0 > 40:60 heptane:DCM). Finally a dark purple solid (2.21 g, 

yield: 22%) was obtained after recrystallization in ethanol. 1H-NMR (400 MHz, CDCl3, δ): 

9.06 (dd, J = 4.0 Hz, 1.2 Hz, 1H); 8.83 (d, J = 8.6 Hz, 1H); 8.72 (d, J = 2.3 Hz, 1H); 7.98 

(dd, J = 8.6 Hz, 2.4 Hz, 1H); 7.69 (dd, J = 5.0 Hz, 1.1 Hz, 1H); 7.29 (dd, J = 4.9 Hz, 4.0 Hz, 

1H); 4.31 (d, J = 7.4 Hz, 2H); 3.91 (d, J = 7.7 Hz, 2H); 1.90 (br s, 1H); 1.62 (br s, 1H); 1.43-

1.02 (m, 48H); 0.96-0.73 (m, 12H). 13C-NMR (100 MHz, CDCl3, δ): 162.55; 162.02; 150.10; 

146.61; 143.03; 142.49; 139.67; 136.79; 131.79; 129.61; 128.79; 128.12; 122.00; 110.87; 

108.77; 46.44; 46.31; 38.37; 37.88; 32.05; 32.02; 31.97; 31.89; 31.58; 31.30; 30.16; 30.14; 

29.84; 29.80; 29.71; 29.63; 29.48; 29.43; 26.52; 26.49; 26.32; 26.28; 22.81; 22.77; 14.27; 

14.25; 14.23. (Note: several peaks in the 13C-NMR spectrum overlap). MALDI-TOF-MS: 

[M+] calc.: 821.45, found: 821.45.  

 

3-(5-Bromopyridin-2-yl)-6-(5-bromothiophen-2-yl)-2,5-bis(2-hexyldecyl)-2,5-

dihydropyrrolo[3,4-c]pyrrole-1,4-dione (M1) 

TDPPPy-Br (600 mg, 729 μmol) 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 
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recrystallized NBS (143 mg, 802 μmol) the reaction mixture was allowed to warm to room 

temperature and stirred overnight in the dark. The mixture was quenched with water and 

subsequently the organic phase washed with water and dried over magnesium sulfate. The 

solvent was evaporated under reduced pressure and the crude solid purified by 

recrystallization in ethanol. After drying monomer M1 overnight in vacuum at 40 °C a red 

powder was obtained (547 mg, yield: 83%). 1H-NMR (400 MHz, CDCl3, δ): 8.82 (d, J = 8.5 

Hz, 1H); 8.81 (d, J = 4.2 Hz, 1H); 8.72 (d, J = 2.3 Hz, 1H); 7.98 (dd, J = 8.6 Hz, 2.4 Hz, 1H); 

7.25 (d, J = 4.2 Hz, 1H); 4.30 (d, J = 7.3 Hz, 2H); 4.00 (d, J = 7.7 Hz, 2H); 1.88 (br s, 1H); 

1.62 (br s, 1H); 1.45-0.97 (m, 48H); 0.94-0.76 (m, 12H). 13C-NMR (100 MHz, CDCl3, δ): 

162.28; 161.91; 150.16; 146.49; 142.92; 141.57; 139.71; 136.67; 131.77; 130.99; 128.17; 

122.16; 120.17; 110.73; 108.95; 46.51; 46.39; 38.37; 37.92; 32.05; 32.02; 31.96; 31.89; 

31.57; 31.29; 30.16; 30.12; 29.83; 29.78; 29.70; 29.64; 29.48; 29.43; 26.50; 26.47; 26.30; 

26.27; 22.81; 22.76; 14.27; 14.25; 14.23. (Note: several peaks in the 13C-NMR spectrum 

overlap). MALDI-TOF-MS: [M+] calc.: 899.36, found: 899.40.  

 

6,6'-(Thiophene-2,5-diylbis(pyridine-5,2-diyl))bis(2,5-bis(2-hexyldecyl)-3-(thiophen-2-

yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione) (DPP(PyTPy)DPP) 

TDPPPy-Br (422 mg, 512 μmol), freshly recrystallized 2,5-

bis(trimethylstannyl)thiophene (100 mg, 244 μmol), recrystallized PPh3 (3.84 mg, 14.6 

μmol), and Pd2(dba)3 (3.35 mg, 3.66 μmol) were placed inside a dried Schlenk tube and 

placed under argon. Toluene (2.7 mL) and DMF (0.3 mL) were added and the mixture was 

bubbled with argon for 20 min. The mixture was reacted at 115 °C overnight and then 

extracted with DCM. The combined organic phase was washed with water, dried over 

magnesium sulfate, and concentrated under reduced pressure. The crude product was further 

purified by column chromatography (silica gel, eluent gradient 100:0 > 20:80 heptane:DCM) 

and recrystallization in ethanol to obtain a purple powder (297 mg, yield: 78%) after drying 

in vacuo. 1H-NMR (400 MHz, TCE-d2, δ): 9.01 (m, 4H); 8.93 (d, J = 8.4 Hz, 2H); 8.10 (dd, 

J = 8.4 Hz, 2.4 Hz, 2H); 7.74 (dd, J = 5.0 Hz, 1.0 Hz, 2H); 7.57 (s, 2H); 7.32 (dd, J = 4.8 Hz, 

4.1 Hz, 2H); 4.37 (d, J = 6.4 Hz, 4H); 4.01 (d, J = 7.2 Hz, 4H); 1.91 (br s, 2H); 1.67 (br s, 

2H); 1.52-0.97 (m, 96H); 0.95-0.74 (m, 24H). 13C-NMR (100 MHz, TCE-d2, δ): 162.31; 

162.00; 146.81; 145.66; 142.88; 142.52; 141.28; 136.38; 132.91; 131.93; 129.96; 129.51; 

128.66; 127.00; 126.59; 110.70; 108.80; 46.26; 38.12; 37.71; 31.98; 31.93; 31.91; 31.79; 

31.48; 31.23; 30.10; 30.07; 29.74; 29.72; 29.69; 29.55; 29.44; 29.36; 26.42; 26.24; 26.21; 

22.77; 22.73; 14.30; 14.28. (Note: several peaks in the 13C-NMR spectrum overlap). MALDI-

TOF-MS: [M+] calc.: 1567.06, found: 1567.09. 
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6,6'-(Thiophene-2,5-diylbis(pyridine-5,2-diyl))bis(3-(5-bromothiophen-2-yl)-2,5-bis(2-

hexyldecyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione) (M2) 

DPP(PyTPy)DPP (100 mg, 63.8 μmol) was dissolved in chloroform (1.8 mL) in a 

dried Schlenk tube. The solution was cooled to 0 °C in the dark under stirring. After addition 

of recrystallized NBS (23.8 mg, 134 μmol) the reaction mixture was allowed to warm to room 

temperature and stirred overnight in the dark. Subsequently, the mixture was quenched with 

water. The organic phase was washed with water, dried over magnesium sulfate, and the 

solvent evaporated under reduced pressure. The purple product was purified by column 

chromatography (silica gel, eluent gradient 100:0 > 0:100 heptane:DCM) and 

recrystallization in ethanol with a small amount of toluene. After drying monomer M2 

overnight in vacuum at 40 °C a purple powder was obtained (75 mg, yield: 68%). 1H-NMR 

(400 MHz, TCE-d2, δ): 9.02 (d, J = 2.4 Hz, 2H); 8.93 (d, J = 8.4 Hz, 2H); 8.73 (d, J = 4.2 

Hz, 2H); 8.10 (dd, J = 8.5 Hz, 2.4 Hz, 2H); 7.57 (s, 2H); 7.28 (d, J = 4.2 Hz, 2H); 4.36 (d, J 

= 7.0 Hz, 4H); 3.93 (d, J = 6.9 Hz, 4H); 1.89 (br s, 2H); 1.66 (br s, 2H); 1.47-1.02 (m, 96H); 

0.95-0.76 (m, 24H). 13C-NMR (100 MHz, TCE-d2, δ): 162.07; 161.89; 146.70; 145.69; 

143.37; 141.30; 140.95; 136.09; 132.92; 131.66; 130.98; 130.06; 127.10; 126.66; 119.98; 

110.58; 109.05; 46.34; 38.12; 37.72; 31.99; 31.94; 31.90; 31.80; 31.48; 31.23; 30.09; 30.04; 

29.74; 29.69; 29.56; 29.44; 29.36; 26.41; 26.23; 26.21; 22.77; 22.73; 14.30; 14.28. (Note: 

several peaks in the 13C-NMR spectrum overlap). MALDI-TOF-MS: [M+] calc.: 1722.88, 

found: 1722.90. 
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The synthesis of DPP(TTT)DPP and DPP(PyTT)DPP is shown in Scheme 2.4 and the 

synthetic procedures and characterization are detailed in the subsequent sections. 

 

 

Scheme 2.4 Synthesis of DPP(TTT)DPP and DPP(PyTT)DPP. Reagents and conditions: (i) sodium, 

2-pyridinecarbonitrile, t-amylalcohol, 120 °C; (ii) K2CO3, 1-bromo-2-hexyldecane, DMF, 120 °C; (iii) 

NBS, CHCl3, 0 °C; (iv) 2,5-bis(trimethylstannyl)thiophene, Pd2(dba)3/PPh3, toluene/DMF, 115 °C; (v) 

2-(tributylstannyl)thiophene, Pd2(dba)3/PPh3, toluene/DMF, 115 °C; (vi) NBS, CHCl3, 0 °C;                 

(vii) bis(pinacolato)diboron, Pd(dppf)Cl2, KOAc, dioxane, 110 °C; (viii) compound 10, K2CO3, 

Pd2(dba)3/PPh3, THF, 80 °C. R = 2-hexyldecyl (HD). 

 

3-(Pyridin-2-yl)-6-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (6) 

A similar procedure as for the synthesis of compound 5 was used, with elemental 

sodium (1.24 g, 53.9 mmol), tert-amylalcohol (47 mL), compound 4 (4.00 g, 17.9 mmol), 

and 2-pyridinecarbonitrile (1.87 g, 17.9 mmol). After stirring the reaction mixture overnight 

at 110 °C, 4.23 g of crude dark purple compound was recovered and used in the next reaction 

without further purification. 1H-NMR (400 MHz, DMSO-d6, δ): 11.13 (br s, 2H); 8.90 (d, J 

= 2.0 Hz, 1H); 8.70 (br s, 1H); 8.36 (s, 1H); 8.00 (br m, 2H); 7.48 (br m, 1H); 7.33 (br m, 

1H). 13C-NMR (100 MHz, DMSO-d6, δ): 163.19; 161.36; 150.20; 146.47; 141.68; 139.17; 

137.93; 134.27; 132.83; 131.11; 129.37; 125.80; 125.08; 111.81; 110.02.  
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3-(Pyridin-2-yl)-6-(thiophen-2-yl)-2,5-bis(2-hexyldecyl)-2,5-dihydropyrrolo[3,4-

c]pyrrole-1,4-dione (7) 

The same protocol as for TDPPPy-Br was used, with compound 6 (1.00 g, 3.39 

mmol), K2CO3 (1.40 g, 10.2 mmol), DMF (5.1 mL) and 1-bromo-2-hexyldecane (3.10 g, 10.2 

mmol). A bright red powder (0.88 g, yield: 35%) was obtained after recrystallization in 

ethanol. 1H-NMR (400 MHz, CDCl3, δ): 9.03 (d, J = 3.7 Hz, 1H); 8.79 (d, J = 8.1 Hz, 1H); 

8.69 (d, J = 4.16 Hz, 1H); 7.87 (m, 1H); 7.66 (d, J = 4.8 Hz, 1H); 7.36-7.27 (m, 2H); 4.35 (d, 

J = 7.9 Hz, 2H); 4.00 (d, J = 7.7 Hz, 2H); 1.91 (br s, 1H); 1.60 (br s, 1H); 1.49-0.97 (m, 48H); 

0.95-0.73 (m, 12H). 13C-NMR (100 MHz, CDCl3, δ): 162.44; 162.06; 148.90; 148.21; 

143.72; 142.52; 136.84; 136.33; 131.29; 129.57; 128.56; 126.88; 124.36; 110.31; 108.66; 

46.24; 46.03; 38.14; 37.74; 31.90; 31.88; 31.81; 31.76; 31.45; 31.18; 30.01; 29.67; 29.54; 

29.50; 29.32; 29.29; 26.36; 26.33; 26.20; 26.17; 22.67; 22.63; 14.12. (Note: several peaks in 

the 13C-NMR spectrum overlap). MALDI-TOF-MS: [M+] calc.: 743.54, found: 743.57.  

 

3-(5-Bromothiophen-2-yl)-6-(pyridin-2-yl)-2,5-bis(2-hexyldecyl)-2,5-

dihydropyrrolo[3,4-c]pyrrole-1,4-dione (8) 

Reaction of compound 7 (800 mg, 1.08 mmol) with recrystallized NBS (210 mg, 1.18 

mmol) in chloroform (2.5 mL) was carried out according to the same protocol as for M1. The 

crude solid was purified by recrystallization in ethanol and after drying overnight in vacuum 

at 40 °C a red powder was obtained (597 mg, yield: 67%). 1H-NMR (400 MHz, CDCl3, δ): 

8.78 (m, 2H); 8.69 (m, 1H); 7.87 (m, 1H); 7.33 (m, 1H); 7.24 (d, J = 4.2 Hz, 1H); 4.34 (d, J 

= 6.8 Hz, 2H); 3.92 (d, J = 7.2 Hz, 2H); 1.89 (br s, 1H); 1.60 (br s, 1H); 1.45-0.98 (m, 48H); 

0.95-0.74 (m, 12H). 13C-NMR (100 MHz, CDCl3, δ): 162.17; 161.96; 148.95; 148.09; 

144.17; 141.08; 136.88; 136.19; 131.53; 130.96; 126.93; 124.48; 119.59; 110.18; 108.85; 

46.31; 46.10; 38.14; 37.78; 31.89; 31.87; 31.79; 31.76; 31.43; 31.17; 29.98; 29.64; 29.53; 

29.50; 29.31; 29.28; 26.34; 26.31; 26.18; 26.15; 22.67; 22.64; 22.63; 14.12; 14.09. (Note: 

several peaks in the 13C-NMR spectrum overlap). MALDI-TOF-MS: [M+] calc.: 821.45, 

found: 821.47.  

 

6,6'-([2,2’:5’,2”-Terthiophene]-5,5”-diyl)bis(2,5-bis(2-hexyldecyl)-3-(pyridin-2-yl)-2,5-

dihydropyrrolo[3,4-c]pyrrole-1,4-dione) (DPP(TTT)DPP) 

A similar protocol as for DPP(PyTPy)DPP was used, with compound 8 (211 mg, 256 

μmol), freshly recrystallized 2,5-bis(trimethylstannyl)thiophene (50.0 mg, 122 μmol), 

recrystallized PPh3 (1.92 mg, 7.32 μmol), and Pd2(dba)3 (1.68 mg, 1.83 μmol) in a mixture 
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of dry toluene (1.7 mL) and dry DMF (0.2 mL). The crude product was further purified by 

column chromatography using dichloromethane as eluent and recrystallization in ethanol. A 

dark blue solid (100 mg, yield: 52%) was obtained after drying in vacuo. 1H-NMR (400 MHz, 

TCE-d2, δ): 9.02 (d, J = 4.1 Hz, 2H); 8.73 (m, 4H); 7.90 (m, 2H); 7.39 (d, J = 4.1 Hz, 2H); 

7.37 (m, 2H); 7.34 (s, 2H); 4.34 (d, J = 6.4 Hz, 4H); 4.01 (d, J = 6.8 Hz, 4H); 1.95 (br s, 2H); 

1.56 (br s, 2H); 1.47-0.97 (m, 96H); 0.97-0.75 (m, 24H). 13C-NMR (100 MHz, TCE-d2, δ): 

162.30; 161.87; 149.14; 147.96; 143.48; 142.53; 141.56; 137.63; 136.90; 136.74; 128.40; 

126.81; 126.60; 125.36; 124.57; 110.46; 109.17; 46.24; 46.04; 38.04; 37.91; 31.94; 31.83; 

31.44; 31.38; 30.10; 30.02; 29.74; 29.67; 29.63; 29.58; 29.38; 26.41; 26.36; 26.32; 22.77; 

22.74; 22.72; 14.31; 14.29; 14.26. (Note: several peaks in the 13C-NMR spectrum overlap). 

MALDI-TOF-MS: [M+] calc.: 1567.06, found: 1567.09. 

 

3-([2,2’-Bithiophen]-5-yl)-2,5-bis(2-hexyldecyl)-6-(pyridin-2-yl)-2,5-

dihydropyrrolo[3,4-c]pyrrole-1,4-dione (9) 

Compound 8 (200 mg, 243 μmol), 2-(tributylstannyl)thiophene (90.7 mg, 243 μmol), 

recrystallized PPh3 (3.82 mg, 14.6 μmol), and Pd2(dba)3 (3.34 mg, 3.65 μmol) were placed 

inside a dried Schlenk tube and placed under argon. Toluene (2.7 mL) and DMF (0.3 mL) 

were added and the mixture was bubbled with argon for 15 min. Then, the mixture was 

reacted overnight at 115 °C. Subsequently, the solvent was evaporated under reduced 

pressure and the crude product purified by recrystallization in ethanol. After drying in vacuo 

a purple solid (169 mg, yield: 84%) was obtained. 1H-NMR (400 MHz, TCE-d2, δ): 9.02 (d, 

J = 4.3 Hz, 1H); 8.71 (m, 2H); 7.89 (m, 1H); 7.37 (m, 4H); 7.12 (dd, 1H); 4.33 (d, J = 7.0 

Hz, 2H); 4.00 (d, J = 7.7 Hz, 2H); 1.95 (br s, 1H); 1.55 (br s, 1H); 1.46-0.97 (m, 48H); 0.96-

0.74 (m, 12H). 13C-NMR (100 MHz, TCE-d2, δ): 162.37; 161.86; 149.10; 148.00; 143.83; 

143.13; 142.08; 137.76; 136.91; 135.89; 128.55; 127.66; 126.89; 126.73; 125.67; 124.86; 

124.50; 110.46; 108.77; 46.24; 45.98; 38.04; 37.88; 31.93; 31.83; 31.44; 31.37; 30.10; 30.02; 

29.75; 29.66; 29.60; 29.58; 29.37; 26.40; 26.36; 22.75; 22.71; 14.30; 14.28; 14.26. (Note: 

several peaks in the 13C-NMR spectrum overlap). MALDI-TOF-MS: [M+] calc: 825.53, 

found: 825.55. 

 

3-(5’-Bromo-[2,2’-bithiophen]-5-yl)-2,5-bis(2-hexyldecyl)-6-(pyridin-2-yl)-2,5-

dihydropyrrolo[3,4-c]pyrrole-1,4-dione (10) 

The same protocol as for M1 was used, with compound 9 (118 mg, 143 μmol), 

recrystallized NBS (28.0 mg, 157 μmol), and chloroform (1 mL). After three washing steps 
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with water, drying over magnesium sulfate and evaporation of the solvent under reduced 

pressure, the crude solid was purified by column chromatography using a 20:80 

heptane:DCM mixture as the eluent. Overnight drying in vacuum afforded a purple powder 

(51 mg, yield: 39%). 1H-NMR (400 MHz, TCE-d2, δ): 8.98 (d, J = 4.4 Hz, 1H); 8.71 (m, 2H); 

7.90 (m, 1H); 7.37 (m, 1H); 7.28 (d, J = 4.0 Hz, 1H); 7.10 (m, 2H); 4.32 (d, J = 7.1 Hz, 2H); 

3.98 (d, J = 7.7 Hz, 2H); 1.92 (br s, 1H); 1.55 (br s, 1H); 1.48-0.99 (m, 48H); 0.99-0.65 (m, 

12H). 13C-NMR (100 MHz, TCE-d2, δ): 162.28; 161.88; 149.13; 147.96; 143.48; 142.31; 

141.71; 137.51; 137.37; 136.90; 131.37; 128.05; 126.77; 125.64; 124.97; 124.57; 113.58; 

110.40; 109.03; 46.22; 45.99; 38.03; 37.88; 31.94; 31.84; 31.82; 31.43; 31.37; 30.09; 30.01; 

29.74; 29.66; 29.62; 29.58; 29.37; 26.40; 26.36; 26.31; 22.76; 22.74; 22.72; 14.30; 14.28; 

14.26. (Note: several peaks in the 13C-NMR spectrum overlap). MALDI-TOF-MS: [M+] 

calc: 903.44, found: 903.48.  

 

2,5-Bis(2-hexyldecyl)-3-(5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridin-2-yl)-

6-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrolo-1,4-dione (11) 

A dried Schlenk tube was loaded with TDPPPy-Br (20 mg, 24.3 μmol), 

bis(pinacolato)diboron (6.8 mg, 26.7 μmol), dry KOAc (7.15 mg, 72.9 μmol) and [1,1’-

bis(diphenylphosphino)ferrocene]dichloropalladium(II) (Pd(dppf)Cl2) (0.53 mg, 729 nmol) 

and placed under argon. 300 μL of 1,4-dioxane was added and the mixture was bubbled with 

argon for 5 min. The mixture was heated at 110 °C overnight and then quenched with a 

saturated NaHCO3 solution and diluted with DCM. The organic phase was washed with a 

saturated NaHCO3 solution, dried over magnesium sulfate and concentrated under reduced 

pressure. 20 mg of crude pink compound was obtained and used in the next reaction without 

further purification. 1H-NMR (400 MHz, CDCl3, δ): 9.05 (dd, J = 3.9 Hz, J = 0.98 Hz, 1H); 

9.00 (m, 1H); 8.74 (d, J = 7.8 Hz, 1H); 8.22 (dd, J = 8.1 Hz, 1.6 Hz, 1H); 7.67 (dd, J = 5.3 

Hz, J = 1.1 Hz, 1H); 7.29 (m, 1H); 4.35 (d, J = 7.2 Hz, 2H); 4.00 (d, J = 7.8 Hz, 2H); 1.90 

(br s, 1H); 1.62 (br s, 1H); 1.37 (s, 12H); 1.34-1.03 (m, 48H); 0.95-0.70 (m, 12H).  

 

3-(5-(5’-(2,5-Bis(2-hexyldecyl)-3,6-dioxo-4-(pyridin-2-yl)-2,3,5,6-

tetrahydropyrrolo[3,4-c]pyrrol-1-yl)-[2,2’-bithiophen]-5-yl)pyridin-2-yl)-2,5-bis(2-

hexyldecyl)-6-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione 

(DPP(PyTT)DPP) 

A Schlenk tube was charged with compound 10 (18.6 mg, 20.5 μmol), compound 11 

(17 mg, 19.5 μmol), recrystallized PPh3 (0.61 mg, 2.34 μmol), Pd2(dba)3 (0.54 mg, 0.59 

μmol), and 0.9 mL of THF and placed under argon. Next, a 2 M aqueous K2CO3 solution was 
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prepared and bubbled with Ar for 10 min. Then, 50 μL of this solution was added to the 

Schlenk and the mixture bubbled with Ar for another 10 min. Subsequently, the reaction 

mixture was stirred at 80 ºC overnight, quenched with water and extracted with chloroform. 

The combined organic layers were washed with brine, dried over magnesium sulfate and 

concentrated under reduced pressure. The resulting product was purified by column 

chromatography using dichloromethane as eluent and by recrystallization in ethanol to give 

the desired dark purple solid (19 mg, yield: 62%). 1H-NMR (400 MHz, TCE-d2, δ): 9.04 (d, 

J = 4.2 Hz, 1H); 9.01 (d, J = 3.8 Hz, 1H); 8.98 (d, J = 2.2 Hz, 1H); 8.92 (d, J = 8.3 Hz, 1H); 

8.73 (m, 2H); 8.07 (dd, J = 8.5 Hz, 2.4 Hz, 1H); 7.91 (m, 1H); 7.75 (dd, J = 5.1 Hz, 1.0 Hz, 

1H); 7.49 (d, J = 3.9 Hz, 1H); 7.43 (m, 1H); 7.39 (m, 1H); 7.37 (m, 1H); 7.32 (m, 1H); 4.35 

(m, 4H); 4.01 (m, 4H); 1.93 (br s, 2H); 1.56 (br s, 2H); 1.48-0.96 (m, 96H); 0.96-0.62 (m, 

24H). 13C-NMR (100 MHz, TCE-d2, δ): 162.31; 161.99; 161.88; 149.13; 147.96; 146.77; 

145.62; 143.49; 142.84; 142.73; 142.52; 142.39; 141.64; 140.69; 137.35; 136.92; 129.82; 

129.49; 128.38; 126.81; 126.40; 125.43; 125.26; 110.77; 110.50; 109.16; 108.84; 53.85; 

46.26; 38.06; 37.92; 31.98; 31.93; 31.87; 31.83; 31.79; 31.45; 31.38; 31.22; 30.10; 30.07; 

30.02; 29.76; 29.72; 29.69; 29.67; 29.64; 29.58; 29.55; 29.44; 29.38; 26.42; 26.37; 26.32; 

26.23; 26.20; 22.77; 22.76; 22.73; 14.30; 14.29; 14.27. (Note: several peaks in the 13C-NMR 

spectrum overlap). MALDI-TOF-MS: [M+] calc.: 1567.06, found: 1567.14.  

 

P(TDPPPy-T)-ran 

Freshly recrystallized 2,5-bis(trimethylstannyl)thiophene (45.4 mg, 111 μmol), 

monomer M1 (100 mg, 111 μmol), recrystallized PPh3 (1.75 mg, 6.65 μmol), and Pd2(dba)3 

(1.66 mg, 1.52 μmol) were placed inside a dried Schlenk tube and placed under argon. 

Toluene (1.7 mL) and DMF (0.2 mL) were added and the mixture was bubbled with argon 

for 30 min. 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 for 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, and 

dichloromethane. Finally, the purified polymer was precipitated in methanol. DCM fraction: 

72 mg, yield: 78%. GPC (o-DCB, 140 °C): Mn = 46.6 kg mol−1, Mw = 122 kg mol−1, Ð = 2.62. 
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P(TDPPPy-T)-reg 

The same procedure as for the polymerization of the random polymer was used, with 

2,5-bis(trimethylstannyl)thiophene (17.8 mg, 43.4 μmol), monomer M2 (75.0 mg, 43.4 

μmol), recrystallized PPh3 (0.684 mg, 2.61 μmol), and Pd2(dba)3 (0.598 mg, 0.652 μmol). 

DCM fraction: 62 mg, yield: 87%. GPC (o-DCB, 140 °C): Mn = 93.3 kg mol−1, Mw = 248.5 

kg mol−1, Ð = 2.66. 

 

Regioselectivity model reaction 

Monomer M1 (50 mg, 55.4 μmol), 2-(tributylstannyl)thiophene (16.6 mg, 44.3 μmol), 

recrystallized PPh3 (0.87 mg, 3.33 μmol), and Pd2(dba)3 (0.76 mg, 0.83 μmol) were placed 

under argon inside a dried Schlenk tube. Toluene (0.9 mL) and DMF (0.1 mL) were added 

and the mixture was bubbled with argon for 10 min. Subsequently, the mixture was reacted 

at 115 °C and the reaction sampled at t = 0 s and t = 900 s for further analysis by 1H-NMR 

spectroscopy. After t = 9000 s the reaction was cooled down and the solvent evaporated under 

reduced pressure. The crude product was characterized by 1H-NMR and subsequently 

separated into 2 major fractions by column chromatography (silica gel, eluent gradient 100:0 

> 20:80 heptane:DCM) for further characterization of the separate products by 1H-NMR 

spectroscopy. 1H-NMR (400 MHz, TCE-d2, δ): product 1: 9.07 (d, J = 4.0 Hz, 1H); 8.78 (d, 

J = 8.6 Hz, 1H); 8.74 (d, J = 2.3 Hz, 1H); 8.00 (dd, J = 8.6 Hz, J = 2.4 Hz, 1H); 7.40 (d, J = 

4.9 Hz, 1H); 7.38 (d, J = 3.6 Hz, 1H); 7.35 (d, J = 4.3 Hz, 1H); 7.12 (dd, J = 5.0 Hz, J = 3.9 

Hz, 1H); 4.30 (d, J = 7.3 Hz, 2H); 4.00 (d, J = 7.2 Hz, 2H); 1.95 (br s, 1H); 1.64 (br s, 1H); 

1.55-1.00 (m, 48H); 1.00-0.65 (m, 12H). 

 

2.4.3 Differential rate equation model  

The rate equation model used consists of five differential equations, each describing 

the change in concentration of one of the species as function of time and four rate equations 

describing the reaction rate of the different components: 
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with [M1], [1], [2], [3], [Sn-T] the (molar) concentrations of the different species and 

kT and kPy the reaction rate constants. 

For the system studied, the initial concentrations were set to [M1] = 5.5434 × 10−2 M 

and [Sn-T] = 4.2686 × 10−2 M and the rate constants were set to kT = 2.96 × 10−3 M−1 s−1 and 

kPy = 1.56 × 10−4 M−1 s−1. The progress of the reaction was then simulated by advancing the 

system with fixed time steps of 0.1 s until 9000 s of simulated time. All intermediate 

concentrations were monitored during the simulations. 

 

2.4.4 Kinetic Monte Carlo model and simulations 

The model is based on a kinetic Monte Carlo simulation of chain formation. The 

simulated system is a collection of molecules each consisting of one segment (a monomer) 

or multiple connected segments (a chain). The segments at the end of the chain as well as the 

monomers can interact with other chain ends and monomers. The rate of the interaction, as 

well as the end result, can be specified for each combination of end group/monomer types. 

For the system studied, the simulation is initialized with 250 molecules of 'BrT-DPP-

BrPy' and 251 molecules of 'Sn-T-Sn'. The segmentation of the chain is indicated by hyphens. 

Two interactions are added: 'BrT' with 'Sn', interaction rate kT' = 2.96 × 10−3 s−1 and end 

product 'T'; 'BrPy' with 'Sn', interaction rate kPy' = 1.56 × 10−4 s−1 and end product 'Py'. This 

enables chain growth reactions like: 

BrT-DPP-BrPy + Sn-T-Sn → BrT-DPP-Py-T-Sn 

With the initial molecules and interactions specified, the system can now be simulated 

using a kinetic Monte Carlo approach.[62] In this approach, the following steps are iterated: 

1.  Calculate the rates of all possible interactions for all molecules in the system 
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2.  Choose one of these interactions stochastically, using the rate of the interaction as 

probability 

3.  Execute the interaction (i.e. replace the two interacting molecules with the new, connected 

molecule) 

4.  Update the simulated time by an amount drawn from an exponential distribution based 

on the total sum of the rates (Poisson process) 

These steps are repeated until no more steps are possible, or another termination 

criterion is reached. 

During the simulation, snapshots of all the chains are stored so that the progress of the 

reaction can be followed. In a post-processing step, the chains can then be analyzed using a 

variety of statistics, including the occurrence of certain patterns in the chain (e.g. defects), 

the average distance between these patterns, and the distribution of chain components and 

length (e.g. to calculate the molecular weight distribution). 

Note that this modeling approach includes a number of assumptions, viz. that the 

system is perfectly mixed (every molecule can interact with every other molecule) and that 

the reaction rates are independent of the chain length. Figure 2.8 shows the modeled average 

molecular weight as function of the Me3Sn end-group conversion. 
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Figure 2.8 Modeled average molecular weight as function of Me3Sn end-group conversion. 
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Chapter 3 

Structural Design of Asymmetric 

Diketopyrrolopyrrole Polymers for Organic Solar 

Cells Processed from a Nonhalogenated Solvent* 

Diketopyrrolopyrrole (DPP) polymers possess narrow optical bandgaps and high 

charge carrier mobilities which make them attractive for solar cell applications. DPP 

polymers are generally only soluble in chlorinated solvents, which is a drawback for 

commercial application. Solubility in nonhalogenated solvents can be achieved by reducing 

the translational symmetry of the chain by employing two different aromatic moieties on 

either side of the DPP units. Here a series of polymers in which thiophene (T) and pyridine 

(Py) sandwich the DPP units in the main chain is reported. These asymmetric T-DPP-Py 

units increase the solubility dramatically. The side chain length, nature of the comonomer, 

and regioregularity of the main chain are varied to investigate their effect on the solubility 

in toluene, the active layer morphology and the performance of organic solar cells. We 

demonstrate that polymers processed from both chloroform and toluene reach very similar 

power conversion efficiencies and blend morphologies. In general, a small comonomer, short 

side chains, a regioregular main chain, and a high molecular weight give the best 

performance for solar cells processed from toluene. 

 

 

 

 

 

 

 

* This work has been published as: P. J. Leenaers, M. M. Wienk, R. A. J. Janssen, Org. 

Electron. 2020, 86, 105914 
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3.1 Introduction  

Design of solution-processable organic semiconductors has opened up opportunities 

for large-scale fabrication of photovoltaic devices on flexible substrates, promising 

renewable energy at low-costs.[1−4] For a long time developments in the field have primarily 

focused on improving the photovoltaic power conversion efficiency (PCE), but now that 

PCEs have reached values over 16%[5−8] the community needs to focus on requirements for 

large-scale device fabrication such as thickness-insensitivity of photovoltaic parameters, high 

stability, and environmental-friendly processing conditions.[9] With today’s world-wide 

attention on health and conservation of the planet the last requirement becomes increasingly 

important.  

Currently, many high-performing organic solar cells[5−8,10,11] are processed from 

halogenated solvents and additives such as chloroform (CF), chlorobenzene, and 1,8-

diiodooctane (DIO) because of the ability of these solvents to solubilize the strongly 

interacting backbones of conjugated molecules[12,13] and the ability of the additives to help in 

the formation of a favorable bulk-heterojunction morphology.[14] However, these solvents 

and additives are harmful to human health and pollute the environment, restricting their use 

in the large-scale manufacturing of organic solar cells.[9,12,13,15] Consequently, material 

systems that can be used for the fabrication of high-performance organic solar cells from 

environmentally benign solvents are of interest.  

The most important requirement that must be met to fabricate photovoltaic devices 

from environmentally benign solvents is sufficient solubility of the used materials in these 

solvents. Molecular design strategies to enhance the solubility of conjugated materials in 

environmentally benign solvents focus on the introduction of functional groups on the 

conjugated backbone, or on tuning the length and type of the side chains.[13,14] Attention for 

the use of greener solvents has now resulted in several materials that provide high PCEs for 

devices processed from environmentally benign solvents.[16−19] 

For conjugated polymers, introducing randomness in the conjugated backbone of 

donor-acceptor polymers by copolymerizing either one donor with two different acceptors,[20] 

or two different donors and one acceptor,[21] has also shown to increase their solubility in 

nonhalogenated solvents and afford good PCEs in organic solar cells. The latter approach has 

resulted in PCEs over 14% for a polymer in which an ester group-substituted thiophene unit 

is introduced into a benzo[1,2-b:4,5-b′]dithiophene–benzo[1,2-c:4,5-c′]dithiophene-4,8-

dione alternating polymer when processed from tetrahydrofuran (THF) with N-methyl-2-

pyrrolidone (NMP) as cosolvent.[21] Apart from sufficient solubility, processing organic solar 

cells from environmentally benign solvents should also provide an appropriate blend 
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morphology of the active layer. This may involve further adjustments of the molecular 

design, for example by changing the length of the side chains.[16,17]  

Diketopyrrolopyrrole (DPP) polymers have shown large potential in organic solar 

cells because of their easy synthesis, their strong and broad optical absorption, and their high 

charge carrier mobilities, resulting in PCEs over 9%.[22−25] DPP polymers have a strong 

tendency to aggregate and are in practice only soluble in chloroform or 1,1,2,2-

tetrachloroethane, creating a challenge for green processing. Hence, it is interesting to 

explore if these polymers can be modified in such a way that they can be processed from 

environmentally benign solvents, while keeping their advantageous electronic characteristics 

in organic solar cells. He, Bao, and coworkers were able to solubilize symmetric DPP 

polymers in several nonhalogenated solvents by rigorously increasing the length and density 

of the side chains on the polymer backbone.[26−28] However, too long side chains might lead 

to a poor active layer morphology and thus limited performance in organic solar cells.[29] An 

effective approach to solubilize DPP polymers in nonhalogenated solvents is to break the 

translational symmetry along the conjugated polymer backbone.[30] Translational symmetry 

breaking in DPP polymers has been achieved by random copolymerization of more than two 

monomers[31−33] or by making use of asymmetric monomers.[30,34−42] So far only the use of 

asymmetric monomers resulted in comparable PCEs for solar cells processed from toluene 

and chloroform.[30]  

Although asymmetric DPP polymers have proven to be interesting with regard to their 

enhanced solubility in nonhalogenated solvents, the few available studies have not yet 

addressed the relation between the improved solubility and the chemical structure of the 

polymers. Clear design rules on how to solubilize asymmetric DPP polymers in 

nonhalogenated solvents by tailoring their chemical structure and the effect of the solubility 

on the PCE in the corresponding solar cells processed from nonhalogenated solvents have 

not been reported.  

Here we study six asymmetric T-DPP-Py polymers bearing thiophene (T) and 

pyridine (Py) on either side of the DPP unit (Figure 3.1) copolymerized with bithiophene 

(2T), thienothiophene (TT), or thiophene (T) as comonomer. We vary the length of the 

branched alkyl side chains and the size of the conjugated comonomer to tune the solubility 

in toluene and investigate differences in photovoltaic performance in polymer-fullerene solar 

cells processed from toluene and chloroform. Two polymers (2T-DT and TT-DT) have 

previously been described by Hu et al.[37] and were tested in solar cells processed from o-

dichlorobenzene (o-DCB). We also investigate a derivative in which the asymmetric T-DPP-

Py units are present in a regioregular head-tail-tail-head fashion. Compared to symmetric 

DPP polymers, the asymmetric derivatives afford improved solubility in chloroform, but only 



 

Chapter 3 

64 

 

with properly balanced side chains and comonomers the asymmetric DPP polymers are 

sufficiently soluble in toluene. To our surprise, even the regioregular asymmetric DPP 

polymer with high molecular weight shows good solubility in toluene. For materials that can 

be processed from toluene, solar cells show comparable photovoltaic performance as those 

processed from chloroform. Morphology studies on active layers processed from toluene 

reveal that careful tuning of the solubility of asymmetric DPP polymers in nonhalogenated 

solvents is important to reach high efficiencies.  

 

Figure 3.1 Chemical structures of the six asymmetric DPP polymers. (a) Structural modification of the 

random polymers by variation of the size of the comonomer and side chain length. (b) Structure of the 

regular asymmetric DPP polymer.  

 

3.2 Results and Discussion  

3.2.1 Synthesis and characterization 

The five random asymmetric T-DPP-Py polymers were synthesized in a Stille-type 

polymerization as shown in Scheme 3.1. The asymmetric dibrominated T-DPP-Py monomers 

carrying 2-hexyldecyl (M1) or 2-decyltetradecyl (M3) side chains were obtained following 

modified literature procedures[37,43] and reacted with commercially available bisstannyl 
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derivatives of bithiophene (2T), thienothiophene (TT), and thiophene (T) as shown in Scheme 

3.1. The regular, asymmetric T-DPP-Py polymer T-HD (reg.) was synthesized under the 

same polymerization conditions using a centrosymmetric DPP monomer (M2) with 2-

hexyldecyl branched side chains (Scheme 3.1). Further details about the synthesis and 

structural characterization of the monomers and the six asymmetric DPP polymers are given 

in the Experimental Section. 

 

Scheme 3.1 Synthesis of the asymmetric T-DPP-Py polymers based on combinations of monomers 

M1–M3 with bisstannyl comonomers of 2T, TT, or T. The polymers either carry 2-hexyldecyl (HD) or 

2-decyltetradecyl (DT) side chains on the DPP. T-HD is made with a random (ran.) or regular (reg.) 

conjugated backbone. 

After the polycondensation reaction, the crude polymers were precipitated in 

methanol, treated with ethylenediaminetetraacetic acid (EDTA) to remove residual 

palladium, again precipitated in methanol, filtered through a Soxhlet thimble and extracted 

with acetone, hexane, and dichloromethane (DCM) until the extracts were colorless. TT-DT, 

T-HD (ran.) and T-HD (reg.) were isolated by precipitation of their DCM solutions in 

methanol. For 2T-HD, 2T-DT, and TT-HD an extra Soxhlet extraction step with chloroform 

was needed to collect the remaining solids from the thimble, and these polymers were isolated 

by precipitation of their chloroform solutions in methanol. Because the amount of 2T-DT 

recovered from the chloroform fraction of the Soxhlet extraction procedure was small (only 

~10 mg), the DCM fraction of 2T-DT (precipitated in methanol), is used in further 

experiments unless stated otherwise. The fact that significant DCM fractions were isolated 

in the Soxhlet extraction already indicates the high solubility of the asymmetric T-DPP-Py 

polymers in organic solvents. 
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Table 3.1 Physical, optical, and electrochemical properties of the T-DPP-Py polymers containing 

bithiophene (2T), thienothiophene (TT), or thiophene (T) as comonomer.  

Polymer Mn 

[kg mol−1] 

Mw 

[kg mol−1] 

Đ 

 

Eg,opt. 
a 

[eV] 

HOMO b 

[eV] 

LUMO b 

[eV] 

Eg,swv 
c
 

[eV] 

2T-HD 32.1 84.2 2.6 1.52 −5.07 −3.09 1.98 

2T-DT d 69.8 146 2.1 1.53 −5.09 −3.05 2.04 

TT-HD 18.5 61.1 3.3 1.50 −5.08 −3.15 1.93 

TT-DT 52.8 142 2.7 1.52 −5.12 −3.11 2.01 

T-HD (ran.) 46.6 122 2.6 1.49 −5.16 −3.20 1.96 

T-HD (reg.) 93.3 249 2.7 1.49 −5.19 −3.20 1.99 

a From the absorption onset in thin films. b From square-wave voltammetry using −4.59 eV[45] for the 

energy of Fc/Fc+. c Electrochemical bandgap. d Obtained from the DCM fraction of the Soxhlet 

extraction.  

Analysis of the molecular weight distribution of the polymers was performed by gel-

permeation chromatography (GPC) in o-DCB at 140 °C, resulting in the number and weight 

average molecular weights (Mn and Mw) and polydispersity indices (Đ) shown in Table 3.1. 

The Mn of 2T-DT, TT-DT, and T-HD (reg.) are relatively high with values above                        

50 kg mol−1. The lower Mn values for 2T-HD and TT-HD carrying shorter side chains are 

most likely related to their low solubility in toluene (vide infra), which causes precipitation 

during the reaction before high Mn values are reached. This is confirmed by the presence of 

gelated polymer pieces in the reaction mixture. As expected, 2T-DT obtained from the 

chloroform fraction of the Soxhlet extraction has a higher average molecular weight than the 

polymer obtained from the DCM fraction (Mn = 77.5 kg mol−1 vs 69.8 kg mol−1). In-line 

monitoring of the UV-vis-NIR absorption spectra of the polymers during elution from the 

size-exclusion column showed blue shifted spectra with increasing retention time, suggesting 

that the polymers are partially aggregated in solution, even at 140 °C. Therefore, the average 

molecular weight values shown in Table 3.1 are likely overestimated. 

 

3.2.2 Optical, electrochemical and thermal properties 

Figure 3.2 shows the UV-vis-NIR absorption spectra of the asymmetric DPP polymers 

in solution and in thin film. In solution, a small bathochromic shift occurs for the absorption 

spectra of 2T-HD compared to 2T-DT, and of T-HD (reg.) versus T-HD (ran.). In thin film, 

all absorption spectra are broadened and red-shifted compared to the corresponding solution 

spectra because of the stronger π-π interactions between the polymer chains. The optical 

bandgaps of the six polymers in thin film (Table 3.1) are similar and situated around 1.50 eV. 

However, a slight decrease in bandgap is observed from ~1.53 eV for the 2T-based polymers, 
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via ~1.51 eV for the TT-based polymers, to about ~1.49 eV for the T-based polymers. The 

small widening of the optical bandgap that occurs when the conjugated electron-rich donor 

segment in between two electron-deficient DPP acceptor units becomes longer, finds its 

origin in a balance between the extended delocalization of the wavefunction over the donor 

which decreases the electronic coupling with the acceptor and a counteracting increasing 

electron-donor strength.[44] The intensity ratio between the 0-0 and 0-1 peaks in thin film is 

higher for 2T-DT, TT-DT, and T-HD (reg.) than for 2T-HD, TT-HD, and T-HD (ran.) 

respectively, which might be related to their higher molecular weights.  
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Figure 3.2 Normalized UV-vis-NIR absorption spectra of the asymmetric T-DPP-Py polymers 

containing (a) bithiophene (2T), (b) thienothiophene (TT), and (c) thiophene (T) as comonomer in 

diluted chloroform solution (dashed lines) and as thin film on glass (solid lines).  

Square-wave voltammetry was performed on a polymer-coated platinum wire 

working electrode to determine the HOMO and LUMO energy levels of the polymers. The 

energy levels were determined from the onset of the redox waves as this is known to give a 

good correlation with open-circuit voltage in organic solar cells for DPP polymers.[45] The 

energy levels (Table 3.1) lie in a small range between −5.07 and −5.19 eV for the HOMO 

and between −3.05 and −3.20 eV for the LUMO. Decreasing the electron donating strength 

of the comonomer, when going from 2T via TT to T, lowers both the HOMO and LUMO 

levels of the polymers. Slightly wider electrochemical and optical bandgaps are observed for 

the 2T and TT polymers with longer 2-decyltetradecyl side chains, likely caused by their 

weaker tendency to aggregate. 

The thermal behavior of the asymmetric DPP polymers was investigated by 

differential scanning calorimetry (DSC) (Figure 3.3) and compared with that of DPP 

polymers containing symmetrically flanked thiophene or pyridine DPP units with similar 

comonomers and side chain length (PDPP3T, PDPP4T, and PDPP2Py2T). For the 2T-HD 

and PDPP2Py2T polymers, based on the 2T comonomer, no obvious thermal transitions 

occur within the temperature range of the instrument (Figure 3.3a), suggesting that both 

polymers melt at temperatures higher than 330 °C. The melting transition (Tm) of 2T-DT is 
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at 303 °C which is slightly lower than the Tm = 311 °C of the symmetric PDPP4T with DT 

side chains (Figure 3.3a). No thermal transitions can be identified for the asymmetric DPP 

polymers based on the TT comonomer (Figure 3.3b). Using a thiophene as comonomer, 

decreases the melting temperature of the polymers below the maximum accessible 

temperature. Both T-HD (ran.) and T-HD (reg.) polymers show a higher Tm (312 and 300 

°C) than the symmetric PDPP3T polymer (289 °C). The lower Tm of the regular polymer 

compared with the random polymer is surprising since regular polymers usually have a more 

ordered packing in solid-state, resulting in higher melting temperatures.[46] 
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Figure 3.3 DSC thermograms (second scan) of T-DPP-Py polymers with (a) bithiophene (2T), (b) 

thienothiophene (TT), or (c) thiophene (T) as comonomer. The DSC traces of the PDPP4T,[47] 

PDPP2Py2T[48] and PDPP3T[49] polymers were added as a reference. The scan rate is 10 °C min−1. 

 

3.2.3 Solubility 

Investigation of the solubility of the asymmetric DPP polymers in chloroform and 

toluene was done by visually inspecting vials containing 1 mg of polymer per 1 mL solvent 

for undissolved solids. At the used concentration, the five random asymmetric DPP polymers 

fully dissolve in chloroform at room temperature, independent of their side chain length and 

size of comonomer (Figure 3.4a-e). Under the same experimental conditions, the T-HD (reg.) 

also fully dissolves in chloroform as shown in Figure 3.4k. 

Currently, no reports exist on symmetric T-DPP-T polymers containing 2T or TT as 

comonomers with HD side chains on the DPP unit, which is probably because of their poor 

solubility in organic solvents. Incorporation of asymmetry via T-DPP-Py, as shown for 2T-

HD and TT-HD drastically increases the solubility of these polymers in chloroform despite 

the relatively short HD side chains. This demonstrates the potential of an asymmetric design 

motif in enhancing the solubility of these strongly aggregating polymers.  

The asymmetry of the T-DPP-Py units also helps to solubilize the asymmetric DPP 

polymers in nonchlorinated solvents such as toluene (Figure 3.4h-j). In contrast, solubility in 
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toluene is notoriously low for DPP polymers in which two identical aromatic units flank the 

DPP units.[30]  

 
 

Figure 3.4 (I) Evaluation of the solubility of the five random asymmetric T-DPP-Py polymers as 

function of their π-conjugated comonomer (2T, TT, or T) and the length of the side chain (HD or DT). 

(II) Evaluation of the solubility of the regular asymmetric T-DPP-Py polymer, T-HD (reg.). Tests were 

conducted in chloroform (a-e, k) and toluene (f-j, l) at room temperature and a concentration of 1 mg 

mL−1.  

Although the random 2T-HD and TT-HD polymers can easily be dissolved in 

chloroform at room temperature, they are only sparingly soluble in toluene (Figure 3.4f-g). 

Estimates of their solubility in toluene were made using the Lambert−Beer law and a linear 

fit of a calibration curve obtained by UV-vis-NIR spectroscopy. The solubility of the 2T-HD 

polymer is the lowest with a value of 8.7 × 10−3 mg mL−1, which can also be seen in Figure 

3.4f. Decreasing the size of the comonomer from 2T via TT to T, while retaining the HD side 

chains increases the solubility of the polymers in toluene, resulting in a limited solubility of 

around 1 mg mL−1 for the TT-HD polymer (Figure 3.4g) and a solubility >1 mg mL−1 for the 

T-HD (ran.) polymer (Figure 3.4h). When the HD side chains on the 2T and TT-based DPP 

polymers are replaced with longer DT side chains their solubility increases above 1 mg mL−1 

(Figure 3.4i-j). The good solubility of T-HD (reg.) in toluene (Figure 3.4l) proves that the 

enhanced solubility of asymmetric DPP polymers not only arises from their random structure 

but also from their asymmetric design motif. At higher polymer concentrations of 6 mg mL−1, 

typically used for OPV device fabrication, all polymers can be dissolved in chloroform, but 

an extra heating step is needed. 2T-DT, TT-DT, and both versions of T-HD are soluble in 

toluene at 6 mg mL−1 after heating. Upon cooling of the toluene solutions no gelation is 

observed, which makes the polymers suitable for organic solar cell fabrication from toluene. 

 

 

(a) (b) (c) (f) (g) (h)

(d) (e) (i) (j)

Chloroform Toluene

π-spacer

Side chain

(I) 
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3.2.4 Photovoltaic devices and morphology 

Organic solar cells were fabricated on indium tin oxide (ITO) patterned glass 

substrates covered with molybdenum oxide (MoO3) or zinc oxide (ZnO) by spin coating      

1:2 w/w mixtures of the asymmetric DPP polymers and [6,6]-phenyl-C71-butylric acid methyl 

ester ([70]PCBM) from chloroform or toluene solutions containing an diphenyl ether (DPE) 

or 1,8-diiodooctane (DIO) as cosolvent. A LiF/Al or MoO3/Ag top contact was thermally 

evaporated to obtain organic solar cells in a conventional or inverted device configuration 

respectively. The spin-coating rates and solvent concentrations can be found in Table 3.4 

(Experimental Section). Solar cells were made with different active layer thickness (d) and 

using different amounts (2% or 5 %) of DPE or DIO as cosolvents. Addition of 5 vol.-% of 

DPE gives the best PCE for all polymers, except for 2T-HD for which 2 vol.-% of DPE is 

better. Characterization of the photovoltaic parameters was performed by measuring the 

current density (J) as function of an applied voltage (V) under simulated AM1.5G (100 mW 

cm–2) illumination (Figure 3.5). External quantum efficiencies (EQE), under 1 sun equivalent 

bias illumination, were determined by measuring the spectral response using a calibrated 

silicon reference cell (Figure 3.5). The results for the best solar cells in the conventional or 

inverted device configuration are listed in Table 3.2 and Table 3.3 respectively.  

Bulk heterojunction devices comprising 2T-HD or TT-HD as electron donor cannot 

be fabricated from toluene due to the poor solubility of these polymers in toluene (Figure 

3.4f-g). However, when 2T-HD is processed from chloroform with 2% DPE in a 

conventional device layout, the PCE reaches 7.4% (Table 3.2), which is similar to the PCE 

of the best performing asymmetric DPP polymer reported by Hu et al.[37] Processing TT-HD 

from chloroform with 5% DPE in a conventional device layout results in a more moderate 

PCE of 5.5% (Table 3.2).  
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Figure 3.5 J–V characteristics in the dark (dashed lines) and under simulated AM1.5G illumination 

(solid lines) of polymer:[70]PCBM (1:2 w/w) solar cells in a regular device configuration based on 

asymmetric T-DPP-Py polymers containing (a) bithiophene, (c) thienothiophene, and (e) thiophene as 

comonomer and processed from chloroform or toluene as main solvent. (b), (d), and (f) Corresponding 

EQE spectra. Device stack: ITO/MoO3/Active layer/LiF/Al. 

Replacing the 2-hexyldecyl (HD) side chains on the 2T- and TT-based polymers with 

longer 2-decyltetradecyl (DT) side chains (Figure 3.1) provides 2T-DT and TT-DT with 
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sufficient solubility in toluene to be processed in a photoactive layer. Photovoltaic devices in 

a conventional layout based on both polymers give a similar PCE around 4% (Table 3.2) 

when the active layers were cast from chloroform and toluene. However, the increased 

solubility of both polymers also results in a substantial drop in PCE compared to devices 

based on the corresponding 2T-HD and TT-HD polymers. This drop is caused by a lower 

Jsc, Voc, and FF for cells based on the 2T-DT polymer and by the lower Jsc value for cells 

based on the TT-DT polymer. Changing from the conventional to the inverted device 

configuration helps to increase the Jsc and FF of the 2T-DT-based cells, resulting in higher 

efficiencies (Table 3.3). Even more, the 2T-DT-based cells processed from toluene now 

slightly outperform the cells processed from chloroform (Table 3.3). Inverted devices of     

TT-DT on ZnO show similar performance as conventional devices fabricated on MoO3, 

while the performance of photovoltaic cells based on 2T-HD and TT-HD (processed from 

chloroform) in the inverted architecture decreases to 5.1% and 3.9% respectively (Table 3.3).  

Table 3.2 Photovoltaic characteristics of polymer solar cells of the asymmetric T-DPP-Py polymers 

with [70]PCBM processed from chloroform or toluene as main solvent in a regular device architecture.a  

Polymer Solution d 

[nm] 

Jsc 

[mA cm−²] 

Voc 

[V] 

FF PCEc 

[%] 

ηBR 

 

2T-HD CF/DPE (98:2) 108 15.8 0.80 0.57 7.2 (7.4) 0.02 

2T-DT CF/DPE (95:5) 96 11.0 0.76 0.46 3.8 (4.0) 0.13 

 Tol./DPE (95:5)b 81 10.5 0.76 0.48 3.8 (3.9) 0.10 

TT-HD CF/DPE (95:5) 83 12.1 0.84 0.53 5.3 (5.5) 0.04 

TT-DT CF/DPE (95:5) 89 7.5 0.86 0.61 3.9 (4.1) 0.04 

 Tol./DPE (95:5) 78 6.6 0.86 0.61 3.5 (3.5) 0.04 

T-HD  CF/DPE (95:5) 108 11.1 0.85 0.61 5.7 (5.9) 0.02 

(ran.) Tol./DPE (95:5) 94 9.7 0.86 0.62 5.2 (5.4) 0.02 

T-HD  CF/DPE (95:5) 96 11.8 0.87 0.62 6.4 (6.6) 0.02 

(reg.) Tol./DPE (95:5) 123 11.0 0.85 0.60 5.6 (6.1) 0.02 

a Average results over four devices are shown. b Average was taken over only 2 devices due to shunts. 
c Maximum PCE between parentheses.  

In 2017, Hu et al.[37] used 2T-DT and TT-DT in combination with [70]PCBM in solar 

cells with an inverted device configuration. By processing the active layers from o-DCB with 

2% DIO, they achieved efficiencies of 7.6% and 5.5% for cells based on 2T-DT and TT-DT 

respectively. These efficiencies are higher than achieved here in the same device layout and 

are mainly related to a higher Jsc and FF. The reason for the higher efficiencies reported by 
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Hu et al.[37] is most likely found in the higher Mn of their polymers, which is known to 

drastically affect the performance of OPV devices.[29,50] Indeed, increased performance of 

2T-DT from 5.2% to 6.9% is observed in solar cells when a higher Mn batch of 2T-DT is 

processed under the same experimental conditions as Hu et al.[37] Interestingly, this higher 

Mn batch of the 2T-DT polymer yields 6.7% efficient devices (Jsc = 13.0 mA cm−², Voc =  

0.79 V, and FF = 0.66) when solar cells are cast from toluene with 5% DPE in the inverted 

device configuration. This is on par with the highest PCE of solar cells based on DPP 

polymers processed from toluene.[30]  

Table 3.3 Photovoltaic characteristics of polymer solar cells of the asymmetric T-DPP-Py polymers 

with [70]PCBM processed from chloroform or toluene as main solvent in an inverted device 

architecture.a 

Polymer Solution d 

[nm] 

Jsc 

[mA cm−²] 

Voc 

[V] 

FF PCEc 

[%] 

ηBR 

 

2T-HD CF/DPE (98:2) 124 13.9 0.76 0.45 4.8 (5.1) 0.03 

2T-DT CF/DPE (95:5) 76 12.3 0.71 0.54 4.7 (5.1) 0.01 

 Tol./DPE (95:5) 81 12.3 0.75 0.60 5.5 (5.6) 0.01 

TT-HD CF/DPE (95:5) 95 12.1 0.73 0.42 3.7 (3.9) 0.06 

TT-DT CF/DPE (95:5) 93 7.6 0.80 0.56 3.4 (3.6) 0.04 

 Tol./DPE (95:5) 79 7.2 0.81 0.56 3.2 (3.4) 0.03 

T-HD  CF/DPE (95:5) 123 10.0 0.75 0.50 3.7 (3.8) 0.03 

(ran.) Tol./DPE (95:5)b 117 9.0 0.83 0.56 4.2 (4.7) 0.01 

T-HD  CF/DPE (95:5) 114 10.8 0.80 0.50 4.3 (4.4) 0.02 

(reg.) Tol./DPE (95:5) 151 10.6 0.84 0.50 4.4 (4.7) 0.04 

a Average results over four devices are shown. b Average was taken over only 2 devices due to shunts. 
c Maximum PCE between parentheses.  

The similar PCEs achieved for solar cells based on 2T-DT and TT-DT processed 

from chloroform and toluene encouraged us to further balance the side chain length and 

nature of the comonomer of the asymmetric T-DPP-Py polymers to increase their 

performance, while retaining processability in toluene. Therefore, in T-HD we decrease the 

size of the comonomer of the random polymers from 2T and TT to a single thiophene (T) 

unit, and simultaneously reduce the length of the side chains from DT to HD (Figure 3.1).  

Solar cells based on the T-HD (ran.) perform best in the regular device architecture, 

with a combination of relatively high Jsc, Voc, and FF values. Using toluene, the PCE (5.4%) 
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is slightly lower than a cell processed from chloroform (5.9%) (Table 3.2), due to a lower Jsc 

and corresponding reduced EQE over the entire spectral range (Figure 3.5f). Using T-HD 

(reg.) and thus replacing the random for a regular polymer with a higher Mn, recovers some 

of the loss in Jsc and gives a similar EQE when processed from chloroform and toluene, 

resulting in PCEs of 6.6% and 6.1%, respectively (Table 3.2). Fabricating inverted devices 

with the T-HD (reg.) polymer does not result in improved photovoltaic parameters (Table 

3.3).  

It is worthwhile to comment on the Voc of the different polymer solar cells for the two 

device configurations. In the inverted configuration (ITO/ZnO/Active layer/ MoO3/Ag) the 

Voc is always less than in the regular configuration (ITO/MoO3/Active layer/LiF/Al). In most 

cases the differences are small (< 0.026 ± 0.011 V) but for TT-HD and the two T-HD 

polymers the difference is larger (0.09 ± 0.01 V) when the layers are processed from 

chloroform (Tables 3.2 and 3.3). It is unlikely that the lower Voc values are limited by the 

work functions of the contacts, because the same contacts are also used for cells that give 

higher Voc. We note that for the inverted TT-HD and T-HD cells processed from chloroform 

also the FF is much lower than for the corresponding regular configurations (Tables 3.2 and 

3.3), which possibly points to reduced charge transport and enhanced bimolecular 

recombination as the origin of a reduced Voc. In fact also for the 2T-HD cell processed from 

chloroform the FF is significantly lower for the inverted cell, although the Voc loss is less 

pronounced. With respect to the Voc’s of the different polymers these roughly increase from 

2T, via TT, to T in accordance with relative ordering of the HOMO levels and the number of 

π electrons.  

By comparing the EQEs at 730 nm measured with only low intensity monochromatic 

light (EQEnobias) and the EQE measured with additional bias light at 1-sun equivalent intensity 

(EQEbias) an estimate can be obtained of the bimolecular recombination efficiency (ηBR) at 

short circuit using ηBR = 1 − EQEbias/EQEnobias.[51] The results shown in Table 3.2 and 3.3 

reveal that for most cells the extent of bimolecular recombination at short-circuit is limited 

to few percent, but with some exceptions. In regular devices 2T-DT exhibits ηBR ≥ 0.1. The 

fact that for the same material ηBR = 0.01 in an inverted configuration points to a role of the 

charge transport layers in the solar cell performance.  

Transmission electron microscopy (TEM) was used to characterize the morphology 

of the photoactive layers spin coated from either chloroform or toluene as main solvent 

(Figure 3.6). The blend film of TT-DT spin coated from chloroform shows large (bright) 

polymer and (dark) fullerene domains (Figure 3.6a) reminiscent of liquid-liquid phase 

separation during drying,[52] explaining the low external quantum efficiency (Figure 3.5d) 

and Jsc (Table 3.2 and 3.3) of the corresponding solar cells. By replacing the long DT side 
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chains with shorter HD side chains the solubility of the material decreases (Figure 3.4g), 

resulting in a more intimately blended morphology as can be seen from Figure 3.6i. This 

result is consistent with the notion that the solubility of the DPP polymer determines the 

characteristic dimension of the formed morphology.[29,53] Next to reducing the side chain 

length, the solubility of the asymmetric T-DPP-Py polymers can also be decreased by 

increasing the size of the aromatic comonomer.[46] In accordance, the morphology of the 

active layer containing the 2T-DT polymer coated from chloroform consists of narrow 

polymer fibrils (Figure 3.6b). Reducing the solubility of 2T-DT even more by replacing DT 

with HD side chains further increases the Jsc (Figure 3.5a) and EQE (Figure 3.5b), by 

decreasing the width of the polymer fibers (Figure 3.6j). Furthermore, Figure 3.6c and 3.6d 

show that finely dispersed phase separated morphologies are also obtained for photovoltaic 

blends of the random and regular T-HD polymers, consistent with their good PCEs. 

Slightly coarser phase separation is observed in the TEM images for the photoactive 

layers of the TT-DT, 2T-DT and T-HD (ran.) spin coated from toluene (Figure 3.6e-g) when 

compared to the same layers spin coated from chloroform (Figure 3.6a-c). For blends of T-

HD (reg.) no significant differences between the morphologies obtained from both solvents 

are observed (Figure 3.6d and 3.6h). These results are in line with the lower EQE and Jsc 

values for TT-DT, 2T-DT and T-HD (ran.) and the similar EQE and Jsc values for T-HD 

(reg.) when changing from chloroform to toluene as spin-coating solvent. When neglecting 

small differences, it is striking that organic solar cells based on polymers containing 

asymmetric T-DPP-Py units and [70]PCBM display quite similar morphology and 

photovoltaic performance when spin coated from chloroform and toluene (Figure 3.6). Based 

on a previous study for symmetric DPP polymers,[29] we hypothesize that also for asymmetric 

DPP polymers, the solubility of the polymers in the cosolvent rather than in the main solvent 

primarily determines the final morphology and thus performance of the resulting solar cell. 

For DPP type polymers there is a subtle relation between molecular weight and solubility of 

the polymer and the performance in solar cells with fullerene derivatives.[29,46,53] A lower 

solubility generally gives rise to more intimate mixed morphology and higher short-circuit 

current-density because of improved charge generation.[29,46] If one compares identical DPP 

polymers with different molecular weights, there is a trend that a higher Mn will give higher 

PCE because the solubility is reduced.[29] This trend is also found in this work when 

comparing the DCM (Tables 3.2 and 3.3) and CF fractions of 2T-HD. However, when 

comparing identical-backbone DPP polymers with different alkyl side chains, we previously 

found that the shortest alkyl chains, and hence lowest solubility polymers, gave higher 

PCEs[53] despite having a lower Mn. This demonstrates that it is virtually impossible to 

decouple the individual effects of molecular weight and solubility on PCE for polymers that 

have different structures. This is exemplified by the almost equal PCEs of T-HD (ran.) and 
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T-HD (reg.), despite a higher Mn for the latter. It complicates the analysis, but it does not 

change the overall trend that for DPP polymers reduction of the solubility and choosing 

cosolvents such as DPE with low solubility for the polymer[29] can enhance the PCE, of 

course provided that sufficient solubility in the main solvent can be maintained to allow 

solution processing. Therefore, by proper design of the solubility of asymmetric DPP 

polymers in nonhalogenated solvents and by properly choosing a nonhalogenated cosolvent 

such as DPE, similar photovoltaic efficiencies as cells processed from chloroform should be 

reachable.  

 

Figure 3.6 TEM images of the photoactive layers coated from (a-d, i, and j) chloroform or (e-h) toluene 

as main solvent containing (a and e) TT-DT, (b and f) 2T-DT, (c and g) T-HD (ran.), (d and h) T-HD 

(reg.), (i) TT-HD, or (j) 2T-HD as the donor polymer.  

 

3.3 Conclusion 

In summary, we controlled the solubility of five random, asymmetric T-DPP-Py 

polymers in a nonhalogenated solvent by varying the length of their alkyl side chains and the 

nature of the comonomer. Additionally, an asymmetric DPP polymer with a regioregular 

backbone was synthesized to study the effect of regioregularity on solubility in this 

(j) (i) 

(c) (d) 
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nonhalogenated solvent. Besides small differences in aggregation, the polymers display 

similar absorption spectra in solid state and optical bandgaps. As expected, the frontier 

energy levels shift to higher energies when the size and donor strength of the comonomer 

increase. Applying the six polymers in organic solar cells with a fullerene acceptor enabled 

us to investigate the effect of their solubility in toluene on photovoltaic performance.  

Polymers with a more extended comonomer and short alkyl side chains (2T-HD and 

TT-HD) have poor solubility in toluene. However, high performing devices (7.4%) are 

obtained for 2T-HD cells processed from chloroform, higher than the performance (7.1%) of 

a symmetric thiophene-flanked DPP polymer (PDPP4T) with longer DT side chains and a 

higher molecular weight.[46] This demonstrates the strength of the asymmetric design in 

solubilizing DPP polymers. Organic solar cells based on TT-HD, i.e. with a shorter 

comonomer, however, gave a moderate efficiency of 5.5% when processed from chloroform. 

In this case the corresponding two-thiophene-flanked DPP polymer (PDPP2T-TT) with DT 

side chains gave a higher efficiency (6.9%).[46] 

Changing from short to long alkyl side chains while keeping the comonomer the same, 

provides enough solubility to process organic solar cells from toluene and reach similar PCEs 

as for cells from chloroform. However, in the case of the TT-DT polymer the PCE drops to 

a range of only 3−4%, for devices in both the conventional and inverted device layout. A 

study of the morphology of the active layers reveals that the TT-DT polymer forms a fairly 

coarse phase separation (Figure 3.6a,e), reminiscent of liquid-liquid phase separation during 

drying,[54] which has a detrimental effect on the exciton dissociation efficiency. Increasing 

the size of the comonomer from thienothiophene to bithiophene, reduces the solubility and 

creates a finer phase separation (Figure 3.6b,f). 2T-DT gives similar efficiencies of 4.0% and 

3.9% for cells processed from chloroform and toluene in a conventional device architecture, 

but higher efficiencies of 5.1% and 5.6% in the inverted layout.  

For T-HD, and thus simultaneously decreasing the length of the side chains and the 

size of the comonomer, a slightly lower PCE is obtained for devices processed from toluene 

than from chloroform. However, when the random T-HD (ran.) is exchanged for a regular 

T-HD (reg.) polymer with higher molecular weight similar PCEs over 6% are obtained for 

devices processed from toluene and chloroform. The observation that a higher molecular 

weight results in devices with higher performance is also confirmed by the performance of 

devices based on 2T-DT.  

This study shows that asymmetric DPP polymers are sufficiently soluble in 

nonhalogenated solvents but only when the size of their side chains is properly balanced with 

the size of the comonomer. Devices of asymmetric T-DPP-Py polymers that are processed 
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from nonhalogenated solvents result in comparable PCEs as devices processed from 

chloroform. As with all DPP polymers we see a positive effect of increasing the molecular 

weight and reducing the solubility on the PCE because it results in a finer phase separation, 

of course provided that the material remains processable. We hope that this work paves the 

way towards higher efficiencies for polymer solar cells processed from environmentally 

benign solvents.  

 

3.4 Experimental Section 

3.4.1 Materials and methods 

All reactions were performed under an argon atmosphere. 

Tris(dibenzylideneacetone)dipalladium (Pd2(dba)3) was purchased from Strem Chemicals 

Inc., dry toluene was bought from Alpha Aesar and [70]PCBM (purity 90-95%) was 

purchased from Solenne BV. All other commercial (dry) solvents and reactants were ordered 

from Sigma-Aldrich Co. or VWR and used without further purification, unless stated 

otherwise. 5,5'-Bis(trimethylstannyl)-2,2'-bithiophene, 2,5-bis(trimethylstannyl)-thieno[3,2-

b]thiophene and 2,5-bis(trimethylstannyl)thiophene were recrystallized from methanol. 

Triphenylphosphine (PPh3) was recrystallized from ethanol. 1-Bromo-2-decyltetradecane 

were synthesized according to our previous protocol.[55]  

1H-NMR and 13C-NMR spectra were recorded on a Bruker Avance III spectrometer 

at 400 and 100 MHz respectively. Chemical shifts are reported in ppm versus 

tetramethylsilane (TMS) as internal standard.  

Matrix assisted laser desorption ionization time of flight (MALDI-TOF) mass 

spectrometry was measured on a Bruker Autoflex Speed spectrometer.  

Polymer molecular-weight distributions were estimated by gel-permeation 

chromatography (GPC) on a PL-GPC 120 system using a PL-GEL 10 µm MIXED-C column. 

The system was operated at 140 °C with o-DCB as the eluent. Polymer samples (0.1 mg 

mL−1) were dissolved in o-DCB at 140 °C and measured against polystyrene standards.  

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

spectrophotometer. Polymer films were prepared by spin coating polymer solutions (6 mg 

mL−1) in CHCl3: 1,2-dichlorobenzene (o-DCB) (9:1 v/v) on glass substrates at 1500 rpm. The 

glass substrates were cleaned with acetone and isopropanol and treated with UV-ozone for 

30 min before use.  
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Square-wave voltammetry (SWV) measurements were performed under a nitrogen 

atmosphere using an Autolab PGSTAT30 or PGSTAT12 (Ecochemie, The Netherlands) 

potentiostat in a three-electrode configuration with a step potential of 5 mV and an average 

scan speed of 0.126 V s−1. The polymer films were applied on a platinum wire working 

electrode by dipping the wire for several seconds into a 2 mg mL−1 solution of the polymer 

in CHCl3. Before each measurement, the platinum wire was cleaned in a roaring blue flame. 

A silver wire and a silver/silver chloride (Ag/AgCl) electrode served as counter electrode and 

quasi-reference electrode, respectively. A 0.1 M solution of tetrabutylammonium 

hexafluorophosphate (TBAPF6) in dry acetonitrile was used as electrolyte. The 

ferrocene/ferrocenium redox couple (Fc/Fc+), with EFc/Fc
+ = −4.59 eV vs. vacuum level,[45] 

was used as a standard. In order to exclude effects of repetitive oxidation and reduction on 

the voltammogram, all data presented were taken from the first scan.  

Differential scanning calorimetry (DSC) was conducted via a TA Instruments Q2000 

DSC in Tzero hermetic pans using a scan rate of 10 °C min−1.  

Transmission electron microscopy (TEM) was measured in bright-field mode on a 

Tecnai G2 Sphera transmission electron microscope (FEI) operating at 200 kV. Blends of the 

six polymers with [70]PCBM were prepared on a water-removable PEDOT:PSS layer on 

glass under the same conditions as the photoactive layers. 

Solar cells were processed on cleaned glass substrates (Naranjo Substrates) containing 

patterned indium tin oxide (ITO) patches with active areas of 0.09 and 0.16 cm². Cleaning of 

the substrates was done by sonication in acetone (15 min), scrubbing with a sodium dodecyl 

sulfate solution (99%, Acros), sonication in the same solution, rinsing with deionized water 

(15 min) and sonication in 2-propanol (15 min) followed by a final 30 min UV-ozone 

treatment. For devices in a regular architecture, a 10 nm MoO3 hole-transporting layer (HTL) 

was thermally evaporated onto the pre-cleaned ITO glass substrates. Next, the photoactive 

layer was solution processed in air and the stack finished by thermal evaporation of 1 nm LiF 

and 100 nm Al as top electrode. For inverted devices, a 40 nm ZnO electron-transporting 

layer (ETL) was deposited onto the pre-cleaned ITO glass substrates. The ZnO films were 

prepared via a sol gel method by dissolving 109.6 mg zinc acetate and 30.2 µL ethanolamine 

in 1 mL 2-methoxyethanol. The mixture was stirred for at least 1 hour at room temperature 

after which it was spin coated at 4000 rpm and directly annealed for 5 min. at 150 °C in 

ambient atmosphere. Next, the photoactive layer was solution processed in air and the devices 

completed by thermal evaporation of 10 nm MoO3 and 100 nm Ag as the back contact. All 

thermal evaporations were done under high vacuum conditions (~3 × 10−7 mbar) in a nitrogen 

filled glove-box. Processing of the photoactive layers was done at room temperature by spin 

coating a solution of polymer and [70]PCBM in a fixed 1:2 weight ratio. Both materials were 
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fully dissolved by heating, for at least 1 hour, in chloroform or toluene at 90 °C or 110 °C 

respectively. Regular device configuration solar cells containing 2T-HD, 2T-DT, TT-HD, 

T-HD (ran.) and T-HD (reg.) were tested at different active layer thickness and using 

different amounts of diphenyl ether (DPE) or 1,8-diiodooctane (DIO) as cosolvents in the 

regular device configuration. For devices in the inverted configuration, the solutions and spin 

coating conditions found for the regular devices were used. Solar cells containing TT-DT 

were tested at different active layer thickness and different amounts of DPE as cosolvent in 

the inverted device configuration. For TT-DT based devices in the regular configuration, the 

same conditions were used. Control over the active layer thickness was achieved by changing 

the coating speed and concentration of the polymers, as shown in Table S3. The substrates 

were directly transferred to vacuum after deposition to remove high boiling point solvent 

additives and prevent bias dependent current density – voltage (J−V) characteristics. Before 

photovoltaic performance characterization, all devices were illuminated with UV light (365 

nm) for at least 10 min in order to photo-dope the MoO3 or ZnO layer. The thickness of the 

active layer was measured on a Veeco Dektak150 profilometer. 

Table 3.4 Used polymer concentrations and spin-coating speeds. 

Polymer Chloroform  Toluene 

 
Concentration  

[mg mL−1] 

Coating speed  

[rpm] 
 

Concentration  

[mg mL−1] 

Coating speed  

[rpm] 

2T-HD  6 2000  / / 

2T-DT 6 2000a  6 1500 

TT-HD 6 2000  / / 

TT-DT 6 2000  6 1200 

T-HD (ran.) 6 2000  6 1500 

T-HD (reg.) 4 1500  6 1000 

a 3000 rpm on ZnO. 

 Current density – voltage (J−V) characteristics were determined inside a nitrogen 

filled glove-box with a Keithley 2400 source meter under ~100 mW cm−2 white light 

illumination from a tungsten-halogen lamp filtered by a Schott GG385 UV filter and a Hoya 

LB120 daylight filter. Accurate short-circuit current density (Jsc) values were determined by 

integration of recorded external quantum efficiency (EQE) spectra with the AM 1.5G solar 

spectrum. EQE measurements, under 1 sun conditions, were performed in a nitrogen filled 

box behind a quartz window. The encapsulated devices were irradiated with modulated 

monochromatic light from a 50 W tungsten-halogen lamp (Osram 64610) and 

monochromator (Oriel, Cornerstone 130) with the use of a mechanical chopper (Stanford 

Research Systems, SR540). The response was recorded as a voltage from a preamplifier 
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(SR570) using a lock-in amplifier (SR830). One 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.  

 

3.4.2 Synthesis 

Detailed synthesis procedures and structural characterizations for monomer M1 and 

monomer M2 are given in the Experimental Section of Chapter 2. Synthesis of M3 was 

performed via the same protocol as M1 but using longer 2-decyltetradecyl side chains in the 

DPP alkylation. A detailed description of the synthesis and characterization of M3 can be 

found in the next section. 

 
Scheme 3.2 Synthesis of the M3 monomer. Reagents and conditions: (i) K2CO3, 1-bromo-2-

decyltetradecane, DMF, 120 °C; (ii) NBS, CHCl3, 0 °C. R = 2-decyltetradecyl (DT). 

 

3-(5-Bromopyridin-2-yl)-6-(thiophen-2-yl)-2,5-bis(2-decyltetradecyl)-2,5-

dihydropyrrolo[3,4-c]pyrrole-1,4-dione (2) 

Compound 1 (0.80 g, 2.14 mmol), finely crushed potassium carbonate (K2CO3) 

powder (0.89 g, 6.41 mmol), and DMF (6 mL) were heated for 1 hour at 120 °C. Then, 1-

bromo-2-decyltetradecane (2.68 g, 6.41 mmol) was added and the mixture stirred overnight 

at 120 °C. The reaction mixture was quenched with water and extracted with DCM, after 

which the combined organic phase was washed with brine, dried over magnesium sulfate, 

and concentrated under reduced pressure. The remaining dark pink oil was added to a mixture 

of 1,4-dioxane (120 mL), 37% HCl (2 mL), and water (2 mL) and refluxed for 1 hour. After 

evaporation of the solvent the crude product was further purified by column chromatography 

(silica gel, eluent gradient 100:0 > 40:60 heptane:DCM). Finally a dark purple-reddish solid 

(0.58 g, yield: 26%) was obtained after recrystallization in ethanol. 1H-NMR (400 MHz, 

CDCl3, δ): 9.06 (dd, J = 3.9 Hz, 1.0 Hz, 1H); 8.84 (d, J = 8.6 Hz, 1H); 8.72 (d, J = 2.2 Hz, 

1H); 7.98 (dd, J = 8.6 Hz, 2.4 Hz, 1H); 7.68 (dd, J = 5.0 Hz, 1.0 Hz, 1H); 7.30 (dd, J = 4.9 

Hz, 4.0 Hz, 1H); 4.31 (d, J = 7.3 Hz, 2H); 4.00 (d, J = 7.7 Hz, 2H); 1.90 (br s, 1H); 1.63 (br 

s, 1H); 1.42-0.97 (m, 80H); 0.95-0.68 (m, 12H). 13C-NMR (100 MHz, CDCl3, δ): 162.54; 

162.01; 150.09; 146.62; 143.01; 142.47; 139.67; 136.80; 131.77; 129.61; 128.79; 128.13; 

121.99; 110.88; 108.77; 46.46; 46.34; 38.38; 37.90; 32.08; 31.61; 31.32; 30.18; 30.16; 29.84; 
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29.82; 29.79; 29.70; 29.52; 26.54; 26.34; 22.84; 14.27. (Note: several peaks in the 13C-NMR 

spectrum overlap). MALDI-TOF-MS: [M+] calc.: 1045.70, found: 1045.72.  

 

3-(5-Bromopyridin-2-yl)-6-(5-bromothiophen-2-yl)-2,5-bis(2-decyltetradecyl)-2,5-

dihydropyrrolo[3,4-c]pyrrole-1,4-dione (M3) 

400 mg (38.2 mmol) of compound 2 was dissolved in 1.3 mL chloroform in a dried 

Schlenk tube. The solution was kept in the dark and cooled to 0 °C. Subsequently, 75 mg 

(42.0 mmol) recrystallized NBS was added and the reaction mixture allowed to warm to room 

temperature. After stirring the mixture overnight in the dark, it was quenched with water and 

the organic phase washed with water and dried over magnesium sulfate. The solvent was 

evaporated in vacuo and the crude solid purified by recrystallization in ethanol with a small 

amount of toluene. Eventually, after drying overnight in vacuum at 40 °C 216 mg (yield: 

50%) of M3 was obtained as a purple powder. 1H-NMR (400 MHz, CDCl3, δ): 8.83 (d, J = 

8.6 Hz, 1H); 8.81 (d, J = 4.2 Hz, 1H); 8.72 (d, J = 2.2 Hz, 1H); 7.98 (dd, J = 8.5 Hz, 1.8 Hz, 

1H); 7.25 (d, 1H); 4.30 (d, J = 7.2 Hz, 2H); 3.92 (d, J = 7.7 Hz, 2H); 1.88 (br s, 1H); 1.62 (br 

s, 1H); 1.40-1.00 (m, 80H); 0.98-0.75 (m, 12H). 13C-NMR (100 MHz, CDCl3, δ): 162.29; 

161.92; 150.16; 146.50; 142.93; 141.57; 139.72; 136.68; 131.78; 131.00; 128.18; 122.16; 

120.17; 110.74; 108.95; 46.54; 46.42; 38.38; 37.94; 32.09; 31.60; 31.32; 30.17; 30.13; 29.86; 

29.84; 29.82; 29.79; 29.71; 29.52; 26.53; 26.33; 22.85; 14.28. (Note: several peaks in the 
13C-NMR spectrum overlap). MALDI-TOF-MS: [M+] calc.: 1123.61, found: 1123.61. 

 

2T-HD 

Freshly recrystallized 5,5'-bis(trimethylstannyl)-2,2'-bithiophene (43.6 mg, 88.7 

μmol), M1 (80 mg, 88.7 μmol), recrystallized triphenylphosphine (1.40 mg, 5.32 μmol), and 

Pd2(dba)3 (1.22 mg. 1.33 μmol) were placed in a dried Schlenk tube and placed under argon. 

Toluene (1.8 mL) and DMF (0.2 mL) were added and the mixture degassed with argon for 

15 min. 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 a spoon (± 0.4 g) of ethylenediaminetetraacetic acid (EDTA) and refluxed 

for 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. CF fraction: 59 mg, yield: 73%. GPC (o-DCB, 140 °C): Mn = 32.1 

kg mol−1, Mw = 84.2 kg mol−1, Ð = 2.62. 
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2T-DT 

The same procedure as for the polymerization of 2T-HD was used, with 5,5-

bis(trimethylstannyl)-2,2-bithiophene (43.7 mg, 88.8 μmol), M3 (100 mg, 88.8 μmol), 

recrystallized PPh3 (1.40 mg, 5.33 μmol), and Pd2(dba)3 (1.22 mg, 1.33 μmol). DCM fraction: 

75 mg, yield: 75%. GPC (o-DCB, 140 °C): Mn = 69.8 kg mol−1, Mw = 146 kg mol−1, Ð = 2.09. 

CHCl3 fraction: 10 mg, yield: 10%. GPC (o-DCB, 140 °C): Mn = 77.5 kg mol−1, Mw = 176 

kg mol−1, Ð = 2.27.  

 

TT-HD 

The same procedure as for the polymerization of 2T-HD was used, with 2,5-

bis(trimethylstannyl)-thieno[3,2-b]thiophene (51.6 mg, 111 μmol), M1 (100 mg, 111 μmol), 

recrystallized PPh3 (1.75 mg, 6.65 μmol), and Pd2(dba)3 (1.52 mg, 1.66 μmol). CF fraction: 

74 mg, yield: 74%. GPC (o-DCB, 140 °C): Mn = 18.5 kg mol−1, Mw = 61.1 kg mol−1, Ð = 

3.30. 

 

TT-DT 

The same procedure as for the polymerization of 2T-HD was used, with 2,5-

bis(trimethylstannyl)-thieno[3,2-b]thiophene (41.4 mg, 88.8 μmol), M3 (100 mg, 88.8 

μmol), recrystallized PPh3 (1.40 mg, 5.33 μmol), and Pd2(dba)3 (1.22 mg, 1.33 μmol). DCM 

fraction: 80 mg, yield: 80%. GPC (o-DCB, 140 °C): Mn = 52.8 kg mol−1, Mw = 142 kg mol−1, 

Ð = 2.69. 

 

T-HD (ran.) 

T-HD (ran.) was synthesized as described in Chapter 2. DCM fraction: 72 mg, yield: 

78%. GPC (o-DCB, 140 °C): Mn = 46.6 kg mol−1, Mw = 122 kg mol−1, Ð = 2.62. 

 

T-HD (reg.) 

T-HD (reg.) was synthesized as described in Chapter 2. DCM fraction: 62 mg, yield: 

87%. GPC (o-DCB, 140 °C): Mn = 93.3 kg mol−1, Mw = 249 kg mol−1, Ð = 2.66.  
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Chapter 4 

The Effect of Alkyl Side Chain Length on the 

Formation of Two Semi-Crystalline Phases in Low 

Bandgap Conjugated Polymers* 

The effect of the length of solubilizing alkyl side chains, ranging from hexyl to 

pentadecyl, on the formation and structure of two distinct semi-crystalline semiconductor 

phases, β1 and β2, of a single conjugated polymer is investigated for a low bandgap  

poly(diketopyrrolopyrrole-alt-quaterthiophene). Compared to β1, the β2 phase exhibits a 

distinct redshifted absorption and an associated near infrared photoluminescence. The 

length of the alkyl side chains controls the formation of the β1 and β2 phases. Intermediate 

length alkyl side chains (nonyl and dodecyl) can selectively provide the β1 or β2 phase in 

solution and in semi-crystalline thin films, depending on the nature of the solvent used. For 

short side chains (hexyl) the β2 phase forms more readily while for long side chains 

(pentadecyl) the β1 phase is predominant. The kinetics of β2 phase formation is investigated 

and reveals a reduced growth rate when long alkyl side chains are present. X-ray diffraction 

reveals a closer π-π stacking distance for β2 than for β1, consistent with its redshifted 

absorption and its higher mobility in field-effect transistors. The polymer with hexyl side 

chains adopts an edge-on orientation in thin films, while the longer alkyl chains induce a 

face-on orientation. Photovoltaic devices exhibit an additional near infrared spectral 

contribution to the photocurrent for the β2 phase. The study shows that the formation of the 

two polymorphs β1 and β2 is controlled by the alkyl side chains and the solubility that arises 

from them. Shorter side chains (lower solubility) favor β2 and longer side chains (higher 

solubility) β1, and at intermediate lengths both phases can be formed. 

 

 

 

 

*  This work has been published as: M. Li, P. J. Leenaers, M. M. Wienk, R. A. J. Janssen, J. 

Mater. Chem. C 2020, 8, 5856−5867. 
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4.1 Introduction  

Because of their easy synthesis, tunable optical bandgap, and high hole and electron 

mobilities, π-conjugated polymers incorporating diketopyrrolopyrrole (DPP) units have 

emerged as a promising class of organic semiconductors.[1−6] In these polymers the DPP units 

are alternating with conjugated segments consisting of (fused) heterocycles along the main 

chain. To ensure solubility, branched alkyl side chains are most commonly employed on the 

DPP units. Similar to many conjugated polymers,[7−11] the position of the branching point and 

the length of these side chains control the three-dimensional structure and the performance 

of DPP polymers in field-effect transistors and solar cells.[12,13] Experimental and theoretical 

results indicate that replacing branched by linear alkyl side chains can reduce the steric 

hindrance between polymer chains, resulting in closer packing and enhanced charge 

transport.[14−18] 

To compensate for the reduced solubility for DPP polymers with linear alkyl chains 

on the DPP units, branched side chains can be placed on the neighboring conjugated 

segments.[19] This resulted in a remarkable observation for D-PDPP4T-HD (Figure 4.1), 

which forms two different semi-crystalline aggregated phases, β1 and β2, both in solution and 

in the solid state controlled via the nature of the solvent, in addition to an amorphous, 

molecular disordered, α phase at high temperature.[20] The aggregated β1 and β2 phases of D-

PDPP4T-HD exhibit markedly different optical absorption, photoluminescence, and field-

effect mobility, which result from a difference in polymer packing.[20] While polymorphism 

is well known for small molecules and occurs in one in three compounds in the Cambridge 

Structural Database,[21,22] it has only been identified for a handful of π-conjugated 

polymers.[23−38] Presently there is no clear insight into the structural factors that cause 

polymorphism in small molecules or different semi-crystalline phases for a polymer.[22] In a 

recent study it has been shown that in small π-conjugated molecules short intermolecular 

contacts stabilize the three-dimensional packing arrangement and prevent structural 

rearrangement to the enthalpically favored stabilized polymorph.[39] With D-PDPP4T-HD as 

a start,[20] it is therefore of interest to explore the underlying structural characteristics that 

cause polymorphism in these polymers. 

As a first step to find structure-property relations for this multiphase behavior, we 

study four homologous PDPP4T-HD polymers with linear hexyl (H), nonyl (N), dodecyl (D), 

and pentadecyl (P) side chains on the DPP unit (Figure 4.1) and investigate the effect of the 

length of the linear alkyl side chains on the formation of the semi-crystalline β1 and β2 phases. 

Of these four, D-PDPP4T-HD has been described previously,[20] but we include its 

experimental data also in this study to enable a direct comparison. UV-vis-NIR absorption 

measurements show that the β2 phase can be formed for each of the four polymers. The 
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formation of this additional phase is investigated by monitoring the growth kinetics in thin 

films from solution. A reduced growth rate of the β2 phase is found when the alkyl side chain 

length increases. Two-dimensional grazing-incidence wide-angle X-ray scattering (2D 

GIWAXS) indicates that there is a transition from an edge-on arrangement to a face-on 

orientation of polymer chains with increasing alkyl chain length. In agreement with our 

previous report,[20] the π-π stacking distance (dπ) of the β2 phase is always smaller than for 

β1. The tighter packing results in an enhanced field-effect hole mobility and a distinct 

redshifted absorption and near infrared (NIR) emission. Bulk-heterojunction solar cells of 

the PDPP4T-HD polymers in which the polymer is present in the β1 or the β2 phase, exhibit 

different spectral contributions. The results indicate that the formation of both β1 and β2 is 

fairly straightforward for alkyl side chains of intermediate length (i.e. nonyl and dodecyl) but 

that for the hexyl or pentadecyl side chains it is more difficult to generate the β1 or β2 phase, 

respectively, because of too low or too high solubility. 

 

Figure 4.1 Structures of PDPP4T-HD polymers with different linear alkyl chains. 

 

4.2 Results and Discussion   

4.2.1 Synthesis and physical properties 

Synthesis of the different DPP monomers and polymers was carried out as described 

by Heintges et al. (Scheme 4.1).[19] Experimental details and characterization of the 

intermediates and polymers can be found in the Experimental Section. The performed Stille 

polymerization procedure affords virtually defect-free alternating DPP polymers.[40,41] H-

PDPP4T-HD with the short hexyl side chains is poorly soluble in chloroform (CF) and could 

only be isolated by extracting with hot 1,1,2,2-tetrachloroethane (TCE). Gel permeation 

chromatography (GPC) in o-dichlorobenzene (o-DCB) at 140 °C was used to estimate the 

molecular weights. The polymers possess an essentially unimodal molecular weight 

distribution, except for H-PDPP4T-HD which has a bi-modal distribution due to a small 

low-molecular weight fraction. Table 4.1 lists the number average molecular weights (Mn) 

and polydispersity index (Ð). The lower solubility of H-PDPP4T-HD limits its Mn to 20.2 

kg mol−1 due to precipitation during the polymerization, affording the material as a fine dust 

after work-up. Nonyl and dodecyl side chains improve the solubility and Mn. For pentadecyl 
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side chains the solubility increases but the Mn is reduced, which is an effect seen more often 

for long side chain DPP polymers.[13] 

 

Scheme 4.1 Synthesis of the four DPP monomers (3a-3d) and their subsequent copolymerization with 

bisstannyl bithiophene into the four PDPP4T-HD polymers. 

The HOMO and LUMO levels of the PDPP4T-HD polymers were determined by 

square-wave voltammetry (Table 4.1).[42] The levels are virtually identical, except for H-

PDPP4T-HD. The similarity is expected because the polymers share the same main chain. 

The small differences for H-PDPP4T-HD are possibly related to its stronger tendency to 

form the β2 phase, resulting in a lower optical bandgap (vide infra).  

Table 4.1 Physical properties of the PDPP4T-HD polymers. 

Polymer Mn  

[kg mol−1] 

Mw 

[kg mol−1] 

Ð HOMO a 

[eV] 

LUMO a 

[eV] 

Tm
b 

[°C]  

H-PDPP4T-HD 20.2 49.7 2.48 −4.98 −3.06 291.6 

N-PDPP4T-HD 56.5 118 2.08 −4.95 −2.96 250.2 

D-PDPP4T-HD 57.3 173 3.02 −4.95 −2.97 249.6 

P-PDPP4T-HD 33.6 79.7 2.37 −4.94 −2.97 226.3 

a From square-wave voltammetry using −4.59 eV[42] for the energy of Fc/Fc+. b Obtained from the peak 

heat flow in the second heating scan.  

The thermal behavior was investigated by differential scanning calorimetry (DSC) on 

polymer samples obtained by precipitation from chloroform solution into methanol. The 

melting temperature extracted from the second scan decreases with increasing side chain 

length (Table 4.1). 
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4.2.2 Effect of side chain on polymorphism in solution 

Figure 4.2 shows the UV-vis-NIR absorption spectra of the polymers in CF, in 1,2,4-

trichlorobenzene (TCB), and in different mixtures of CF and TCB. For H-PDPP4T-HD, 

TCE was used instead of CF in which it is only sparingly soluble. In CF the longer alkyl side 

chain derivatives N-PDPP4T-HD, D-PDPP4T-HD, and P-PDPP4T-HD all show an 

absorption spectrum that maximizes at ~760 nm accompanied by a less intense (0-1) vibronic 

band at ~705 nm (red lines in Figure 4.2). These are the spectral features commonly observed 

for aggregated DPP polymers.[43] The higher intensity of the long-wavelength (0-0) peak 

compared to the (0-1) vibronic band suggests that the polymers form J-aggregates.[44,45] A 

similar spectrum with a peak at 792 nm and shoulder at 729 nm, was recorded in CF for 

aggregated DT-PDPP4T, having branched 2'-decyltetradecyl (DT) side chains on DPP and 

an unsubstituted 4T moiety.[46] We denote these aggregates as the β1 phase. 
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Figure 4.2 UV-vis-NIR absorption spectra of PDPP4T-HD polymers in CF (or TCE) and TCB. (a) H-

PDPP4T-HD. (b) N-PDPP4T-HD. (c) D-PDPP4T-HD. (d) P-PDPP4T-HD. 

When dissolved in TCB, the three longer alkyl side chain derivatives N-PDPP4T-

HD, D-PDPP4T-HD, and P-PDPP4T-HD all show a new long-wavelength absorption that 

maximizes at ~865 nm (Figure 4.2, green lines indicated with an arrow). This peak is not 

observed in the CF spectra. The intensity is stronger for N-PDPP4T-HD and D-PDPP4T-

HD than for P-PDPP4T-HD. The spectra for CF/TCB confirm that by gradually replacing 

CF by TCB the intensity of the peak at ~760 nm steadily decreases, but without significantly 

affecting the peak at ~705 nm. Up to a CF/TCB ratio of 1:2, there is no signature of the 

additional ~865 nm peak. This behavior is consistent with dissolution of the aggregated β1 

phase upon addition of TCB leading to a more molecularly dissolved amorphous state,[20] 

denoted as the α phase. The peak at ~705 nm represents both the signal of the amorphous α 

phase and the (0-1) vibronic of the aggregated β1 phase.[47] Only at high TCB content 

(CF/TCB ratios of 1:9 and 0:1) the extra absorption peak at ~865 nm appears. We assign the 

peak at ~865 nm to a second aggregated phase that we denote as β2.[20] The fact that the 
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characteristic peak positions of the β1 at ~760 nm and of β2 at ~865 nm do not shift gradually 

with changing the CF/TCB ratio and are virtually identical for the three longer alkyl side 

chain derivatives (N-PDPP4T-HD, D-PDPP4T-HD, and P-PDPP4T-HD) gives strong 

support to their assignment to different semi-crystalline aggregated phases, rather than being 

the result of a gradually changing chain conformation. 

While the three longer alkyl side chain derivatives can be dissolved in CF, H-

PDPP4T-HD with its shorter hexyl side chains has limited solubility in CF. TCE at 140 °C 

is necessary to dissolve H-PDPP4T-HD. In pure TCE, H-PDPP4T-HD shows a peak at 842 

nm, indicating the presence of β2 phase (Figure 4.2a), but also signals at 772 and 683 nm that 

can likely be associated with β1 and possibly α. In pure TCB the intensity of the aggregate 

peaks is significantly decreased (Figure 4.2a), which indicates a transition towards the 

amorphous α phase. Nevertheless, in pure TCB, a small shoulder of β2 at ~860 nm is visible. 

Previously we have shown that it is possible to quantify the amount of α, β1 and β2 

phase for D-PDPP4T-HD in CF/TCB solutions.[20] For D-PDPP4T-HD there is always a 

mixture of the three phases except when the polymer is in pure CF (β1) or in pure TCB (β2). 

The β2 phase is the majority phase using CF/TCB ratios of 1:9 and 0:1.[20] The UV-vis-NIR 

spectra in Figure 4.2 for N-PDPP4T-HD are similar to those of D-PDPP4T-HD, while for 

P-PDPP4T-HD the fraction of β2 phase is less. H-PDPP4T-HD gives mainly β2 phase in 

TCE and α phase in TCB. Hence, despite its lower Mn, H-PDPP4T-HD is still capable of 

forming the aggregated β2 phase. At a higher Mn, similar to those of the other polymers, the 

solubility of H-PDPP4T-HD will be even less which would increase the tendency to 

aggregate. In brief, for the three longer alkyl chain polymers clear spectral signatures of two 

different aggregated phases, β1 and β2, can be identified that are formed in CF and TCB 

respectively. The β1 aggregates can be gradually transformed into β2 by adding TCB to CF. 

The transition seems to occur via an intermediate α phase in which the polymers are more 

molecularly dissolved.[20] For P-PDPP4T-HD only a small fraction of β2 is formed in TCB, 

likely because the long pentadecyl chains provide higher solubility. For H-PDPP4T-HD, 

with the short hexyl chains, β2 is always formed and we have not been able to identify 

conditions in solution where only β1 is formed. Also for H-PDPP4T-HD addition of TCB 

partially dissolves the aggregated phase. 

The photoluminescence (PL) spectra of the four PDPP4T-HD polymers in TCB 

(Figure 4.3) show that the β2 phase gives a distinct emission at ~895 nm when nonyl or 

dodecyl side chains are present. For the hexyl and pentadecyl derivatives it is more difficult 

to identify the β2 emission in TCB, likely because of the small β2 concentration. In addition, 

depending on the solvent composition and length of the side chains, the PL spectra also show 

spectral features of the α phase at ~730-750 nm and of the β1 phase at 815-830 nm. 
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Figure 4.3 Photoluminescence spectra of polymer solutions in different solvent mixtures. For (a) H-

PDPP4T-HD, mixtures of TCE and TCB were used. For (b) N-PDPP4T-HD, (c) D-PDPP4T-HD, and 

(d) P-PDPP4T-HD, mixtures of CF and TCB were used. Excitation wavelength is given in the legend. 

 

4.2.3 Effect of side chain on polymorphism in solid state 

The optical properties in thin solid films of the four polymers were characterized by 

UV-vis-NIR and PL spectroscopy (Figure 4.4). Uniform films were obtained for the three 

long chain derivatives by casting room-temperature solutions, but for H-PDPP4T-HD 

solutions at 140 °C were required. Irrespective of the solvent used, thin films of H-PDPP4T-

HD always show a peak at ~860 nm, characteristic of the β2 phase, independent of the 

presence of TCB. H-PDPP4T-HD films from TCE have a higher fraction of β2 phase than 

films from TCB. This is attributed to the fact that the TCB solution has the tendency to bring 

H-PDPP4T-HD to the amorphous α phase (Figure 4.2a). In both cases the PL spectrum 

shows a (0-0) peak at 887 nm and a (1-0) vibronic at 995 nm that we attribute to emission 

from the β2 phase.  

For N-PDPP4T-HD, D-PDPP4T-HD, and P-PDPP4T-HD the behavior is different. 

Films cast from CF show a (0-0) absorption peak at ~765 nm accompanied by a (0-1) vibronic 

shoulder at ~725 nm. These signals are assigned to the β1 phase. Compared to the β1 phase in 

CF solutions (Figure 4.2), the peak maxima in films are at virtually the same wavelengths. 

This is expected when casting semi-crystalline aggregates from solutions into thin solid 

films.[48] Layers cast from CF show no signals attributable to the β2 phase, but films cast from 

TCB show the characteristic β2 peak at ~860 nm. Small amounts of TCB in CF already result 

in a significant β2 formation. Likewise, for P-PDPP4T-HD, where only a minor amount of 

β2 is formed in solution, the β2 peak is dramatically enhanced in solid films. This effect is 

due to the large difference in the evaporation rates of CF (b.p. 61.2 °C, vapor pressure 2.1 × 

104 Pa at 25 °C) and TCB (b.p. 214.4 °C, vapor pressure 6.1 × 103 Pa at 25 °C), which causes 

an enrichment in TCB during drying, such that in the last stages of drying only TCB is 
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present. Importantly, there is no difference in the wavelengths of the β2 peaks recorded in 

TCB solutions and in films cast from TCB. This emphasizes that in solution and films the 

same semi-crystalline phases are present.  

Summarizing, in solid state the three polymers with the longer alkyl side chains form 

predominantly β2 when TCB is present in the casting solvent for 10% or more. The hexyl 

derivative forms predominantly β2 when cast from TCE. Adding TCB induces more α phase 

for the H-PDPP4T-HD. 
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Figure 4.4 (a-d) UV-vis-NIR absorption and (e-h) steady-state PL spectra of polymer thin films 

processed from CF (or TCE) and TCB. (a, e) H-PDPP4T-HD. (b, f) N-PDPP4T-HD. (c, g) D-

PDPP4T-HD. (d, h) P-PDPP4T-HD. All thin films were spin coated onto glass substrates from 3 mg 

mL−1 solutions. Excitation wavelengths for PL are given in the legends.  

The wavelengths of maximum absorption (λmax) for the β1 and β2 phases of the 

PDPP4T-HD polymers (Figure 4.5) confirm that they are virtually identical in solution and 

film and also largely independent of alkyl side chain length. Hence, the polymer main chains 

have a three-dimensional ordering in aggregated solutions and films that results in similar 

optical spectra. This evidences that the length of the linear alkyl chain on the DPP unit does 

not affect the main chain conformation or π-π stacking in either the β1 or β2 phases, because 

these are known to influence λmax. The redshifted absorption of β2 compared to β1 phase must 

find its origin in a closer π-π stacking (vide infra), a more planar main chain conformation, a 

different relative displacement of polymer main chains, or a combination of these effects. 
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Single crystal studies have shown that for small DPP molecules, both linear and branched 

side chains on DPP give near coplanar arrangements with the neighboring thiophene 

rings.[49−51] Because DT-PDPP4T with branched side chains also gives β1 aggregates (vide 

supra),[46] it is probable that the main chain is essentially coplanar in both the β1 and β2 phases. 

For diketopyrrolopyrrole-co-thiophene and diketopyrrolopyrrole-co-thieno[3,2-b]thiophene 

molecules, linear hexyl (H) chains on DPP allow for a displacement of the molecules in the 

solid state along their molecular axis causing a partial overlap of electron-rich 

thiophene/thienothiophene with electron-poor DPP units in the solid state and a shorter π-π 

stacking distance, increasing the intermolecular electronic coupling and causing a redshifted 

absorption compared to derivatives with branched 2'-ethylhexyl (EH) side chains.[52,53] While 

the occurrence of two aggregated phases, β1 and β2, can possibly be related to two metastable 

configurations for the displacement of polymer chains along their long axis, GIWAXS does 

not give evidence for it (vide infra).  
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Figure 4.5 Plot of the signature peaks (λmax) of the β1 and β2 phase in solution and thin films of the 

PDPP4T-HD polymers vs. the length of the side chain.  

 

4.2.4 Growth kinetics of the second semi-crystalline phase 

To elucidate the kinetics of the development of the β2 phase during film formation, 

absorption spectra of wet films cast from pure TCB were recorded at different times after 

casting (Figure 4.6). The low solubility prevented such study for H-PDPP4T-HD. For N-

PDPP4T-HD, the relative absorbance of the β2 peak at t = 0 min is much more pronounced 

in the wet film (Figure 4.6a) than in the solution spectrum (Figure 4.2b) and reaches 83% of 

that of the dry film (dashed line), i.e., Asol/Afilm = 83%. The enhanced β2 fraction at higher 

polymer concentration (0.02 vs. 3 mg mL−1) supports its assignment to an aggregate phase. 

As TCB evaporates, the β2 fraction grows, reaching Asol/Afilm = 99% at t = 30 min. D-

PDPP4T-HD exhibits a similar behavior (Figure 4.6b). For P-PDPP4T-HD, on the contrary, 
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Asol/Afilm is only ~15% (Figure 4.6c) at t = 0 min. The growth rate of the β2 phase is much 

slower for P-PDPP4T-HD than for the other two polymers. Only at t = 180 min, Asol/Afilm 

reaches 74%. Figure 4.6d summarizes growth kinetics. The data indicate that the longer side 

chains of P-PDPP4T-HD reduce the rate of β2 phase formation in solution.  

600 700 800 900
0.0

0.2

0.4

0.6

0.8

1.0

A
b

s
o

rb
a

n
c
e

 (
n

o
rm

.)

Wavelength [nm]

 0 min

 15 min

 30 min

 Film

N-PDPP4T-HD
(a)

600 700 800 900
0.0

0.2

0.4

0.6

0.8

1.0
D-PDPP4T-HD

A
b

s
o

rb
a

n
c
e

 (
n

o
rm

.)

Wavelength [nm]

 0 min

 15 min

 30 min

 60 min

 180 min

 Film

(b)

 

600 700 800 900
0.0

0.2

0.4

0.6

0.8

1.0
P-PDPP4T-HD

A
b
s
o
rb

a
n

c
e
 (

n
o
rm

.)

Wavelength [nm]

 0 min

 15 min

 30 min

 60 min

 180 min

 Film

(c)

0.1 1 10 100
0

25

50

75

100

A
s
o
l/A

fi
lm

 a
t 
b

2
 p

e
a
k
 [
%

]

Time [min]

 N-PDPP4T-HD

 D-PDPP4T-HD

 P-PDPP4T-HD

fresh wet 

film

(d)

 

Figure 4.6 Evolution of the β2 phase in wet films during solvent evaporation for (a) N-PDPP4T-HD, 

(b) D-PDPP4T-HD, and (c) P-PDPP4T-HD. Wet films are processed from pure TCB solution with 

the polymer concentration of 3 mg mL−1, and corresponding dry films (dashed lines) are obtained after 

solvent evaporation for overnight. (d) Asol/Afilm at the β2 peak as a function of time. 

 

4.2.5 Thermal properties of polymorphs in solid state 

The effect of temperature on the optical properties of thin polymer films was 

monitored through in situ UV-vis-NIR spectroscopy, with heating (5 °C min−1) and 

subsequent cooling (2 °C min−1) under a protective nitrogen atmosphere (Figure 4.7). For the 

films with the β1 phase (Figure 4.7a-c) the absorption spectra blue shift with a continuous 

decrease in peak intensity upon annealing. At 270 °C a single broad and structure-less 

absorption band centered around 645 nm remains, indicative of the amorphous α phase. 

Subsequent cooling to 25 °C gives a redshift, but the final room-temperature spectra remain 
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blue-shifted compared to those of the initial solution-cast films. For polymer films prepared 

in the β2 phase (Figure 4.7d-g), heating also forms the amorphous α phase. After cooling to 

room temperature there is no signature of the β2 phase in either of the four films. This strongly 

suggests that the β2 phase cannot be formed from the melt and that formation of the β2 phase 

requires aggregation in solution in the presence of TCB (Figure 4.2 and Figure 4.4).   
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Figure 4.7 UV-vis-NIR optical absorption spectra of PDPP4T-HD polymer films under N2 atmosphere 

before annealing, at 270°C and after thermal annealing. (a-c) Thin films were processed from CF to 

generate the semi-crystalline β1 phase. (d-g) Thin films were processed from CF/TCB (9:1) or pure 

TCE for H-PDPP4T-HD to generate the semi-crystalline β2 phase.  

 

4.2.6 Structural characterization 

To obtain information on crystal lattice parameters and preferential orientation of the 

β1 and β2 phases, 2D GIWAXS measurements were performed for spin-coated polymer films 

(Figure 4.8). H-PDPP4T-HD films were spin coated from different TCE/TCB mixtures, 

while the three longer chain derivatives were deposited from CF/TCB mixtures. 

For H-PDPP4T-HD films intense (h00) peaks corresponding to lamellar stacking of 

polymer chains are present in the out-of-plane profiles, while these are virtually absent in the 

in-plane profiles (Figure 4.8). This suggests an edge-on orientation for H-PDPP4T-HD 
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polymer chains in which horizontal planes of conjugated chains are separated by alkyl side 

chains. For H-PDPP4T-HD a preferential π-π stacking orientation seems absent. The 

structure and orientation of H-PDPP4T-HD are independent of the TCB content in the spin-

coating solution, consistent with the conclusion inferred from UV-vis-NIR that the β2 phase 

is always formed, independent of the TCE/TCB ratio. It has been reported that weakly 

aggregated conjugated polymer chains prefer to lie flat (face-on) on the substrate to maximize 

the polymer-substrate interaction, while strong aggregation via π-π stacking results in a 

standing-up (edge-on) orientation.[27,28] The preference of H-PDPP4T-HD chains for an 

edge-on orientation is in agreement with this observation, because its short hexyl chains result 

in diminished solubility and strong aggregation. 
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Figure 4.8 (a) In-plane and (b) out-of-plane GIWAXS profiles of PDPP4T-HD thin films spin coated 

from TCE/TCB mixtures for H-PDPP4T-HD and CF/TCB mixtures for N-PDPP4T-HD, D-PDPP4T-

HD, and P-PDPP4T-HD. (c) Lamellar spacing (dlam) and π-stacking (dπ) distances as a function of 

TCB content. 

For the three longer alkyl chain PDPP4T-HD polymers, β1 phase films were generated 

from pure CF and β2 phase films from different CF/TCB mixtures. In the in-plane scattering 

profiles the β1 (CF/TCB 1:0) and β2 (CF/TCB 9:1) phases of N-PDPP4T-HD exhibit strong 

(100), (200), and (300) peaks (Figure 4.8a). In the out-of-plane profiles, the (010) π-π 

stacking peak is present for the β1 and β2 phase, indicating that N-PDPP4T-HD chains are 

oriented in a face-on fashion (Figure 4.8b). The face-on orientation, where the side chains 

are essentially in the plane of the film, is supported by the low intensity of the (h00) lamellar 

stacking peaks in the out-of-plane direction, especially for the β2 phase while for the β1 phase 

only weak (100) peaks are detected. Quantitative analysis reveals that the (010) peak is 

slightly shifted between the β1 and β2 phases. This indicates a different π-π stacking distance 

(dπ) for β1 (0.395 nm) and β2 (0.381 nm). There is no difference in dlam between the two 
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phases (Figure 4.8c). Using more than 10% TCB in the CF/TCB mixture used for spin coating 

leaves dπ and dlam virtually unchanged. This is consistent with the UV-vis-NIR absorption 

spectra that show that only small amounts of TCB in CF already cause β2 phase formation. 

Similar to N-PDPP4T-HD, also films of D-PDPP4T-HD and P-PDPP4T-HD have 

a face-on orientation, featuring pronounced (h00) peaks in the in-plane direction and 

considerable (010) peaks in the out-of-plane direction (Figure 4.8a,b). Also for these two 

polymers the π-π stacking distance in the β2 phase is smaller than in the β1 phase (Figure 

4.8c). Note that in pure TCB the (010) reflection of P-PDPP4T-HD is absent, consistent with 

the weaker absorbance of the β2 peak in the thin films for pure TCB than for CF/TCB 

mixtures. This observation implies that CF still plays a certain role in the self-assembly of P-

PDPP4T-HD.[54−57] 

As expected, the length of linear alkyl chains is reflected in dlam, which increases from 

1.9 to 2.5 nm with side chain length from hexyl to pentadecyl (Figure 4.8c). In all cases also 

(001) reflections are visible at around qxy = 0.43 Å−1 for both the β1 and β2 phase, that we 

tentatively associate with a periodicity of 1.4-1.5 nm along the backbone direction. We note, 

however, that this distance is shorter than the ~2.0 nm expected for a linear DPP-4T repeat 

unit.  

In conclusion, the only structural difference between the β1 and β2 phases that can be 

clearly identified is a small, but distinct difference in the π-π stacking distance. The lamellar 

spacing and periodicity along the main chain are similar in the two phases. The different 

optical bandgap of the two phases is therefore most likely the consequence of the different 

π-π stacking distance. 

 

4.2.7 Impact of polymorphism in transistors 

To study the effect of the presence of β1 or β2 phase on charge transport, field-effect 

transistors with a bottom-contact top-gate architecture were fabricated. Because of its limited 

solubility, H-PDPP4T-HD was spin coated from TCE:TCB solutions at 140 °C in ratios of 

1:0 and 2:1 onto room-temperature substrates. In both cases the β2 phase is formed and the 

resultant saturated field-effect hole mobility (μh) is on the order of 0.01 cm2 V−1 s−1 (Figure 

4.9a, Table 4.2). The other three PDPP4T-HD polymers were spin coated from CF/TCB 

mixtures in 1:0 and 2:1 ratios at room temperature to create β1 and β2 phases, respectively. 

Figure 4.9a and Table 4.2 show that for these three polymers the hole mobility is on the order 

of 0.2 cm2 V−1 s−1 in the β2 phase and consistently a factor of about 4 less in the β1 phase. 

Also the on/off ratio of transistors with β2 phase is almost one order of magnitude higher than 
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that of β1. The increased hole mobility of β2 is attributed to the closer π-π stacking of the β2 

phase, which improves interchain hopping of charge carriers.[58] Because the π-π stacking 

distance is virtually independent of the CF/TCB ratio in the range between 9:1 and 0:1 

(Figure 4.8c), we expect that the mobility only weakly depends on the CF/TCB ratio in this 

range. This is confirmed by experiments on D-PDPP4T-HD for three different CF/TCB 

ratios.[20] Mobilities higher than 0.1 cm2 V−1 s−1 for the three longer alkyl chain polymers are 

in the higher range compared to many DPP materials,[2] but less than record values of >1 cm2 

V−1 s−1 reported in carefully optimized devices of DPP polymers.[6,59] The one-order of 

magnitude lower μh for the β2 phase of H-PDPP4T-HD is attributed to grain boundaries 

caused by its reduced solubility. The influence of dπ on average field-effect mobility 

measured for the three long alkyl chain PDPP4T-HD polymers is shown in Figure 4.9b,c. 

The results suggest that in the β1 and β2 phases μh is correlated with dπ.  
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Figure 4.9 (a) Field-effect mobility (μh) as a function of the length of the linear alkyl chain. The average 

value and standard deviations are obtained from 6 devices. (b, c) Dependence of μh on dπ. The solid 

lines are the corresponding linear fits. 

Table 4.2 Hole mobilities (μh) in cm2 V−1 s−1 for PDPP4T-HD polymers in thin film transistors. 

Polymer Solvent 

mixture 

Solvent ratio 

1:0 a 2:1 a 

H-PDPP4T-HD TCE/TCB 0.011 ± 0.003 0.009 ± 0.001 

N-PDPP4T-HD CF/TCB 0.036 ± 0.009 0.20 ± 0.05 

D-PDPP4T-HD CF/TCB 0.058 ± 0.014 0.26 ± 0.11 

P-PDPP4T-HD CF/TCB 0.056 ± 0.007 0.21 ± 0.05 

a The average value and standard deviations are obtained from 6 devices. 

 

4.2.8 Impact of polymorphism in photovoltaics 

The polymers were used as the donor in bulk-heterojunction organic photovoltaic 

(OPV) cells with [6,6]-phenyl-C71-butyric acid methyl ester ([70]PCBM) as acceptor 
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employing an ITO/PEDOT:PSS/PDPP4T-HD:[70]PCBM/LiF/Al device configuration. The 

presence of [70]PCBM necessities the use of different processing conditions to create blends 

in which the polymers are intimately mixed with [70]PCBM and have either the β1 or β2 

phase. The reason is that fast evaporation (from e.g. CF, or hot TCE) gives spinodal 

decomposition during drying, resulting in a very coarse phase separation and poor 

performance.[60] This can be alleviated by ensuring that the polymer aggregates before 

spinodal decomposition occurs. The common way is to use a high-boiling cosolvent in which 

the polymer is less soluble.[60] For DPP polymers diphenyl ether (DPE) has been found to be 

very effective for this purpose.[61,62] The most relevant photovoltaic parameters are 

summarized in Table 4.3. The current-density (J-V) characteristics recorded under simulated 

AM1.5G (100 mW cm−2) illumination and the external quantum efficiency (EQE) spectra for 

blends in which either the β1 or the β2 phase dominates are shown in Figure 4.10.  

Blend films of H-PDPP4T-HD with [70]PCBM were cast from TCE as the main 

solvent. Spin coating 140 °C TCE solutions with 2% DPE onto substrates preheated at         

140 °C, afforded a blend with mainly β1 phase. In contrast, processing from 140 °C TCE 

containing 8% TCB onto room-temperature substrates significantly enhanced the fraction of 

β2 phase in the films as evidenced from the increased EQE at 860 nm (Figure 4.10b). Blends 

of the longer linear alkyl chain polymers with [70]PCBM were processed with CF as main 

solvent at room temperature. For these three polymers the use of 2% DPE as cosolvent 

afforded blends that have a relatively small contribution of the β2 phase to the EQE. When 6 

or 8% TCB is used as cosolvent, the contribution of the β2 phase to the EQE is clearly higher 

(Figure 4.10d, f, h).  

The EQE spectra show that 2% DPE as cosolvent seems to generate some β2 phase in 

the PDPP4T-HD:[70]PCBM blends for all four polymers as evidenced from an EQE 

contribution at ~860 nm. For the three long alkyl side chain PDPP4T-HD derivatives, the 

falling edge of the absorption spectrum at the long wavelength in thin films cast from 

CF/DPE is slightly redshifted compared to films cast from pure CF but the spectra do not 

show a clear peak of the β2 phase. This suggests that [70]PCBM has a role in the formation 

of the β2 phase in blend films. 
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Figure 4.10 PDPP4T-HD:[70]PCBM solar cells. (a, c, e, g) Current-density (J-V) characteristics 

recorded under simulated AM1.5G (100 mW cm−2) illumination (solid lines) and in the dark (dashed 

lines). (b, d, f, h) EQE spectra. H-PDPP4T-HD was processed from TCE, the other three polymers 

from CF. The cosolvents used are indicated in the legends. (a, b) H-PDPP4T-HD. (c, d) N-PDPP4T-

HD. (e, f) D-PDPP4T-HD. (g, h) P-PDPP4T-HD. 
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Table 4.3 Photovoltaic parameters of PDPP4T-HD:[70]PCBM solar cells.a  

Side 

chain 

Cosolvent Jsc
d 

[mA cm−2] 

Voc
 

[V] 

FF PCEe 

[%] 

EQE of 

β2 f 

H b 
2% DPE hot 10.0 0.70 0.61 4.3 (4.4) 0.04 

8% TCB cold 9.6 0.63 0.58 3.5 (4.1) 0.28 

N c 
2% DPE 16.1 0.63 0.61 6.2 (6.3) 0.20 

8% TCB 16.2 0.62 0.60 6.0 (6.2) 0.40 

D c 
2% DPE 14.5 0.62 0.66 6.0 (6.3) 0.25 

8% TCB 15.1 0.62 0.66 6.2 (6.4) 0.41 

P c 
2% DPE 12.4 0.61 0.63 4.8 (5.0) 0.16 

6% TCB 10.7 0.63 0.66 4.4 (4.5) 0.22 

a Average results over 4 devices are shown. b TCE as main solvent. c CF as main solvent. d Determined 

by integrating the EQE spectrum with AM 1.5G spectrum. e Maximum PCE between parenthesis.               
f  EQE at 860 nm.  

Figure 4.10 and Table 4.3 show that by using appropriate processing conditions, it is 

possible to generate a distinct contribution of the β2 phase to the photocurrent at ~860 nm for 

each of the four polymers. The power conversion efficiency (PCE) of the blends, however, 

is not very different for films containing the β2 phase compared to films where the β1 phase 

dominates. Moreover, outside the region of β2 absorption the absolute value of the EQE 

seems more dependent on the specific polymer than on the presence or absence of β2 phase. 

It is well known that EQE and Jsc strongly depend on the morphology of the photoactive 

layers. Figure 4.11 shows transmission electron microcopy (TEM) images of the blends. The 

TEM images show lighter fibrillar structures that are associated with aggregated PDPP4T-

HD polymer chains, while darker regions are rich in [70]PCBM. We have previously 

established that the width of the polymer fibrils is very important for the photovoltaic 

performance, with narrower fibers giving rise to an increased EQE as a consequence of 

improved charge generation.[13,46,61] Some crucial observations can be made in Figure 4.11. 

First, the fibrillar structure is very similar for each individual polymer for a blend containing 

the β1 phase (processed with DPE as cosolvent) and blend where the β2 phase is predominant 

(processed with TCB as cosolvent). If anything, the fibril width seems smaller for CF/DPE 

films than for the CF/TCB films. On the other hand, differences are much larger between the 

different polymers. The fibrils are clearly wider for P-PDPP4T-HD than for N-PDPP4T-

HD or D-PDPP4T-HD and the EQE of P-PDPP4T-HD is concomitantly reduced. This 

wider fibrils are in agreement with a previous study in which longer alkyl chain DPP 

polymers provided wider fibrils.[13] This width of the semi-crystalline polymer fibers has been 

explained using a nucleation-and-growth model in which it is determined by the nucleation 

induced by the polymer solubility where stable nuclei of more soluble polymers have a larger 
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critical size.[61] Figure 4.11 shows that this trend is fully met by N-PDPP4T-HD, D-

PDPP4T-HD, and P-PDPP4T-HD where longer side chains and a better cosolvent (TCB 

instead of DPE) cause wider fibrils. The fact that also for the least soluble polymer, H-

PDPP4T-HD, the fibrils are wider (Figure 4.11) and the EQE is lower (Figure 4.10) than for 

N-PDPP4T-HD or D-PDPP4T-HD seems at first glance at variance with the solubility-

related morphology, but we note that the H-PDPP4T-HD:[70]PCBM are cast from 140 °C 

TCE solutions and not from room-temperature CF. The high temperature, increases the 

solubility which enhances the critical nucleus size.  

 

Figure 4.11 TEM images of PDPP4T-HD:[70]PCBM blends in which (a,c,e,g) mainly the β1 phase is 

present (processed with DPE as cosolvent) and blends where (b,d,f,h) the β2 phase is predominant 

(processed with TCB as cosolvent). The blends of (a,b) H-PDPP4T-HD are processed from 140 °C 

TCE as main solvent, while the (c,d) N-PDPP4T-HD, (e,f) D-PDPP4T-HD, and (g,h) P-PDPP4T-HD 

blends were cast from room-temperature CF. 

DPE TCB 

500 nm  

nm 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 
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4.3 Conclusion 

We have obtained insight in the effect of the linear alkyl chain length on the preferred 

formation of semi-crystalline β1 and β2 phases of PDPP4T-HD polymers. These β1 and β2 

phases differ by an additional long wavelength optical absorption and a smaller π-π stacking 

distance for the β2 phase compared to β1.[20] For four PDPP4T-HD polymers with hexyl, 

nonyl, dodecyl or pentadecyl side chains, TCB as spin-coating solvent is capable of forming 

the β2 phase in the solid state, as inferred from absorption, photoluminescence, and 

GIWAXS. Exclusive β1 phase formation has only been achieved for the three longer alkyl 

(nonyl, dodecyl and pentadecyl) PDPP4T-HD derivatives by casting films from CF. In 

contrast, for short (hexyl) side chains some β2 is always present in thin films. The short hexyl 

side chains clearly favor β2, while kinetic studies showed that long pentadecyl side chains 

reduce the growth of β2. As a result, formation of both β1 and β2 is readily achieved for nonyl 

and dodecyl side chains, but for hexyl or pentadecyl side chains β2 and β1 phases prevail 

respectively. A too low solubility thus favors β2 and too high solubility β1. As expected, 

increasing the length of the linear alkyl chains increases the lamellar stacking distance of the 

polymers in thin films, but also causes an orientational transition from edge-on to face-on. 

By controlling the β1 and β2 phase formation via processing condition, they also affect the 

performance of opto-electronic devices. Thin film transistors with β2 phase show a factor of 

four enhanced hole mobility and in solar cells a significant contribution of the β2 phase to the 

EQE has been identified. The study has provided first steps towards developing structure-

property guidelines for controllable polymorphism in conjugated polymers.  

 

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. 5,5′-Bis(trimethylstannyl)-2,2′-

bithiophene and triphenylphosphine (PPh3) were recrystallized from methanol prior to 

polymerization. Tris(dibenzylideneacetone)dipalladium (Pd2(dba)3) was purchased from 

Strem Chemicals Inc. [70]PCBM was purchased from Solenne BV. 3,6-Bis(4-(2-

hexyldecyl)thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (1) was synthesized 

as described previously.[19] All other chemicals and solvents were obtained from Sigma-

Aldrich Co.  
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1H-NMR and 13C-NMR spectra were measured on a Bruker Avance III (1H 400 MHz, 
13C 100 MHz) spectrometer. Chemical shifts are given in ppm with respect to 

tetramethylsilane (TMS) as internal standard.  

Matrix assisted laser desorption ionization time of flight (MALDI-TOF) mass 

spectrometry was performed on a 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 

calibrated by polystyrene internal standards. Samples were first dissolved in o-DCB at 140 

°C in a concentration of 0.1 mg mL−1. 

UV-vis-NIR absorption for solutions and thin films was measured on a PerkinElmer 

Lambda 1050 spectrophotometer. 

Photoluminescence spectra were recorded using an Edinburgh Instruments FLSP920 

double-monochromator luminescence spectrometer equipped with a near-IR sensitive 

photomultiplier (Hamamatsu) cooled by liquid nitrogen. 

Square-wave voltammetry (SWV) measurements were performed on polymer thin 

films using an Autolab PGSTAT30 or PGSTAT12 (Ecochemie, The Netherlands) 

potentiostat in a three-electrode configuration under a nitrogen atmosphere. A 0.1 M solution 

of tetrabutylammonium hexafluorophosphate (TBAPF6) in dry acetonitrile was used as 

electrolyte. A polymer coated-platinum wire served as working electrode and a silver wire 

and a silver/silver chloride (Ag/AgCl) wire served as counter electrode and quasi-reference 

electrode, respectively. Details of the measurement and extraction of data have been 

described previously.[42] 

The growth kinetics of the second semi-crystalline phase were extracted from 

absorption spectroscopy. A halogen lamp was utilized as light source, and a fiber optic cable 

that was connected with a spectrometer (Avantes Avaspec-2048×14) was used to collect the 

signal transmitted through the wet/dry film. 

Differential scanning calorimetry (DSC) was conducted via a TA Instruments Q2000 

DSC in Tzero hermetic pans using a scan rate of 10 °C min−1. 

 In situ absorption measurements during annealing were performed by fixing a 

Linkam heating stage into the PerkinElmer Lambda 1050 spectrophotometer with a home-

made holder. During the heating/cooling procedures, the samples were protected under 

nitrogen atmosphere. 
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Grazing incidence wide-angle X-ray scattering (GIWAXS) measurements were 

executed on thin films spin coated on Si/SiO2 substrates in the X-ray lab of DSM Materials 

Sciences Center (DMSC). Before measurement, all films were annealed at 100 °C for 30 min 

to remove residual solvent. A GANESHA 300XL+ system from JJ X-ray was used. The 

instrument is equipped with a Pilatus 300K detector, with pixel size of 172 µm × 172 µm. 

The X-ray source is a Genix 3D Microfocus Sealed Tube X-Ray Cu-source with integrated 

Monochromator (multilayer optic “3D version” optimized for SAXS) (30 W). The 

wavelength used was λ = 1.5408 Å. The minimized background scattering plus high-

performance detector allows for a detectable q-range varying from 3 × 10−3 to 3 Å−1 (0.2 to 

210 nm). The sample was placed vertically on the goniometer and tilted to a glancing angle 

of 0.2° with respect to the incoming beam. The primary slit has a size of 0.3 mm × 0.5 mm, 

and the guard slit has a size of 0.1 mm × 0.3 mm. The accumulation time was 6 h for each 

measurement. Data plot and data reduction was conducted using GIXSGUI[63] and SAXSGUI 

program. In the case of samples with TCB, the attempt on the deconvolution of (010) peak 

through two matched Gaussians failed, which can be attributed to the impact of X-ray 

incident angle and film roughness on the reflection intensity. Note that the coexistence of β1 

and β2 in broad (010) peaks is still possible.  

TEM images were recorded using a Tecnai G2 Sphera transmission electron 

microscope (FEI) operated at 200 kV.  

A bottom-contact top-gate architecture was used for OFETs. As substrates, Si/SiO2 

wafers were cleaned by 10 min ultrasonication in acetone and subsequent 10 min 

ultrasonication in isopropanol, and then dried by the nitrogen flow. The source and drain 

electrodes with 50 nm in thickness were deposited by Au evaporation with the deposition 

rate of 0.5 Å/s, preceded by a 2 nm Cr adhesion layer, with a channel length of 50 μm and 

channel length to width ratio of 1:20. Polymers were spin coated from 3 mg mL−1 solutions. 

A CYTOP insulator was spin coated on top of polymer thin films as dielectric layer (900 

nm), followed by annealing at 100 °C for 1 h. The capacitance of the CYTOP was 2.0 nF 

cm−2. Finally, 50 nm Ag was evaporated with the deposition rate of 0.5 Å/s as gate electrode. 

A Keithley 4200-SCS was used for all standard OFET measurements which were recorded 

in Janis probe station (ST-500-2-6TX) under vacuum. The saturated field-effect mobilities 

were extracted from the transfer characteristics, following a recommended protocol for data 

analysis.[64]   

Pre-patterned indium tin oxide (ITO) substrates (15 Ω per square, Naranjo Substrates) 

were used for photovoltaic devices with a conventional configuration 

(ITO/PEDOT:PSS/polymer:[70]PCBM/LiF/Al). All photoactive layers were spin coated 

from different solvents with the active area of 0.09 or 0.16 cm2. The white light (~100 mW 
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cm−2) from a tungsten-halogen lamp filtered by a Schott GG385 UV filter and a Hoya LB120 

daylight filter was used for illumination. J−V characteristics were measured in a N2-filled 

glove box at ambient temperature using a Keithley 2400 source meter from +2 to −2 V in 

0.01 V step size at a rate of 30 ms per data point. Short-circuit currents under AM1.5G 

conditions were estimated from the EQE and integration with the AM1.5G (100 mW cm−2) 

solar spectrum. The EQE was recorded by a lock-in amplifier (Stanford Research Systems 

SR 830) under simulated 1 sun operation conditions with bias light from a 530 nm high-

power LEDs (Thorlabs). As probe light, the light from a 50 W tungsten halogen lamp 

(Osram64610) was modulated with a mechanical chopper before passing the monochromator 

(Oriel, Cornerstone 130) for wavelength selection using a 2 mm diameter aperture to 

illuminate the active area. A calibrated Si cell was used as reference. Polymer solar cells were 

kept behind a quartz window in a nitrogen filled container. 

 

4.4.2 Synthesis 

 

2,5-Dihexyl-3,6-bis(4-(2-hexyldecyl)thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-

1,4-dione (2a)  

Compound 1 (0.519 g, 6.93 × 10−4 mol), finely crushed potassium carbonate (K2CO3) 

powder (0.287 g, 2.08 × 10−3 mol), and DMF (2 mL) were heated to 120 °C for 1 hour in a 

2-neck round bottom flask. Subsequently, 1-bromohexane (0.343 g, 2.08 × 10−3 mol) was 

dropwise added and the mixture stirred overnight at 120 °C. After cooling to room 

temperature the reaction was 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 for 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). A final recrystallization step in ethanol resulted in pure 

compound 2a (441 mg, yield: 70%), obtained as solid purple flakes. 1H-NMR (400 MHz, 

CDCl3, δ): 8.70 (s, 2H); 7.20 (d, 2H); 4.05 (m, 4H); 2.64 (d, J = 6.7 Hz, 4H); 1.82-1.67 (m, 

6H); 1.46-1.20 (m, 64H); 0.97-0.82 (m, 18H). 13C-NMR (100 MHz, CDCl3, δ): 161.31; 

143.77; 139.82; 136.71; 129.28; 126.61; 107.42; 42.19; 38.80; 34.82; 33.25; 33.23; 31.91; 

31.87; 31.43; 30.02; 29.90; 29.69; 29.60; 29.33; 26.54; 26.50; 26.48; 22.67; 22.58; 14.10; 

13.98. (Note: several peaks in the 13C-NMR spectrum overlap). MALDI-TOF-MS: [M+] calc: 

916.69 found: 916.69. 
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2,5-Dinonyl-3,6-bis(4-(2-hexyldecyl)thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-

1,4-dione (2b)  

The same procedure as for 2a was followed, using 350 mg (4.67 × 10−4 mol) of 

compound 1, 194 mg (1.40 mmol) finely crushed potassium carbonate (K2CO3) powder, 290 

mg 1-bromononane (1.40 mmol) and 5 mL DMF. 216 mg (yield: 46%) of a red fluffy solid 

was obtained after recrystallization in ethanol. 1H-NMR (400 MHz, CDCl3, δ): 8.70 (s, 2H); 

7.20 (s, 2H); 4.04 (m, 4H); 2.64 (d, J = 6.8 Hz, 4H); 1.84-1.62 (m, 6H); 1.51-1.05 (m, 72H); 

0.97-0.75 (m, 18H). 13C-NMR (100 MHz, CDCl3, δ): 161.34; 143.80; 139.85; 136.74; 

129.32; 126.64; 107.46; 42.20; 38.82; 34.85; 33.28; 33.25; 31.94; 31.90; 31.86; 30.05; 29.97; 

29.73; 29.63; 29.53; 29.36; 29.30; 29.24; 26.90; 26.53; 26.51; 22.69; 22.67; 14.13; 14.11. 

(Note: several peaks in the 13C-NMR spectrum overlap). MALDI-TOF-MS: [M+] calc: 

1000.79 found: 1000.81. 

 

2,5-Didodecyl-3,6-bis(4-(2-hexyldecyl)thiophen-2-yl)-2,5-dihydropyrrolo[3,4-

c]pyrrole-1,4-dione (2c)  

Compound 2c was synthesized as described previously.[19]  

 

2,5-Dipentadecyl-3,6-bis(4-(2-hexyldecyl)thiophen-2-yl)-2,5-dihydropyrrolo[3,4-

c]pyrrole-1,4-dione (2d)  

The same procedure as for 2a was followed, using 350 mg (4.67 × 10−4 mol) of 

compound 1, 194 mg (1.40 mmol) finely crushed potassium carbonate (K2CO3) powder, 408 

mg 1-bromopentadecane (1.40 mmol) and 5 mL DMF. 283 mg (yield: 52%) of a purple solid 

was obtained after recrystallization in ethanol. 1H-NMR (400 MHz, CDCl3, δ): 8.70 (s, 2H); 

7.20 (s, 2H); 4.04 (m, 4H); 2.64 (d, J = 6.8 Hz, 4H); 1.86-1.61 (m, 6H); 1.47-1.06 (m, 96H); 

0.99-0.76 (m, 18H). 13C-NMR (100 MHz, CDCl3, δ): 161.34; 143.80; 139.85; 136.74; 

129.32; 126.64; 107.45; 42.21; 38.82; 34.85; 33.28; 33.25; 31.94; 31.91; 30.06; 29.98; 29.70; 

29.67; 29.64; 29.60;  29.37; 29.31; 26.92; 26.53; 26.51; 22.70; 14.13. (Note: several peaks in 

the 13C-NMR spectrum overlap). MALDI-TOF-MS: [M+] calc: 1168.97 found: 1169.00. 
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3,6-Bis(5-bromo-4-(2-hexyldecyl)thiophen-2-yl)-2,5-dihexyl-2,5-dihydropyrrolo[3,4-

c]pyrrole-1,4-dione (3a)  

240 mg (2.62 ×10−4 mol) of compound 2a was dissolved in 5 mL chloroform in a 

dried Schlenk tube. The solution was kept in the dark and cooled to 0 °C. 98 mg (5.49 × 10−4 

mol) recrystallized NBS was added and the reaction mixture allowed to warm to room 

temperature. After 1 hour the reaction was quenched with water and the organic phase 

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 3a was 

obtained as a purple powder (261 mg, yield: 93%). 1H-NMR (400 MHz, CDCl3, δ): 8.55 (s, 

2H); 3.97 (m, 4H); 2.59 (d, J = 7.2 Hz, 4H); 1.82-1.64 (m, 6H); 1.45-1.20 (m, 64H); 0.92-

0.83 (m, 18H). 13C-NMR (100 MHz, CDCl3, δ): 160.99; 143.33; 138.87; 136.02; 129.00; 

116.80; 107.63; 38.37; 34.13; 33.33; 33.29; 31.91; 31.87; 31.39; 29.99; 29.94; 29.67; 29.59; 

29.33; 26.50; 26.44; 26.42; 22.67; 22.54; 14.10; 13.98. (Note: several peaks in the 13C-NMR 

spectrum overlap). MALDI-TOF-MS: [M+] calc: 1072.51 found: 1072.51.  

 

3,6-Bis(5-bromo-4-(2-hexyldecyl)thiophen-2-yl)-2,5-dinonyl-2,5-dihydropyrrolo[3,4-

c]pyrrole-1,4-dione (3b)  

The same procedure as for compound 3a was used. Now 194 mg (1.94 ×10−4 mol) of 

compound 2b was dissolved in 3.6 mL chloroform and 72 mg (4.07 ×10−4 mol) recrystallized 

NBS was added under dark conditions at 0 °C. Monomer 3b was obtained as a dark purple 

fluffy solid (177 mg, yield: 79%). 1H-NMR (400 MHz, CDCl3, δ): 8.55 (s, 2H); 3.97 (m, 4H); 

2.59 (d, J = 7.1 Hz, 4H); 1.85-1.60 (m, 6H); 1.50-1.06 (m, 72H); 0.96-0.76 (m, 18H). 

MALDI-TOF-MS: [M+] calc: 1156.61 found: 1156.64.   

 

3,6-Bis(5-bromo-4-(2-hexyldecyl)thiophen-2-yl)-2,5-didodecyl-2,5-dihydropyrrolo[3,4-

c]pyrrole-1,4-dione (3c)  

Compound 3c was synthesized as described previously. [19]  

 

3,6-Bis(5-bromo-4-(2-hexyldecyl)thiophen-2-yl)-2,5-dipentadecyl-2,5-

dihydropyrrolo[3,4-c]pyrrole-1,4-dione (3d)  

The same procedure as for compound 3a was used. Now 241 mg (2.06 ×10−4 mol) of 

compound 2d was dissolved in 3.8 mL chloroform and 77 mg (4.33 ×10−4 mol) recrystallized 
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NBS was added under dark conditions at 0 °C. Monomer 3d was obtained as a light purple 

solid (219 mg, yield: 80%). 1H-NMR (400 MHz, CDCl3, δ): 8.55 (s, 2H); 3.96 (m, 4H); 2.59 

(d, J = 7.2 Hz, 4H); 1.90-1.63 (m, 6H); 1.51-1.15 (m, 96H); 1.05-0.76 (m, 18H). 13C-NMR 

(100 MHz, CDCl3, δ): 161.02; 143.35; 138.90; 136.05; 129.04; 116.83; 107.65; 42.24; 38.40; 

34.15; 33.35; 33.32; 31.94; 31.90; 30.02; 30.00; 29.71; 29.69; 29.62; 29.61; 29.56; 29.37; 

29.26; 26.86; 26.46; 26.45; 22.70; 14.13. (Note: several peaks in the 13C-NMR spectrum 

overlap). MALDI-TOF-MS: [M+] calc: 1324.79 found: 1324.81.  

 

H-PDPP4T-HD  

54.9 mg (112 μmol) freshly recrystallized 5,5’-bis(trimethylstannyl)-2,2′-bithiophene, 

120 mg (112 μmol) of compound 3a, 1.76 mg (6.70 μmol) recrystallized triphenylphosphine 

and 1.53 mg (1.67 μmol) Pd2(dba)3 were placed in a dried Schlenk tube and placed under 

argon. 1.8 mL toluene and 0.2 mL DMF were added and the mixture degassed with argon for 

10 min 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 for 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. 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: 90 mg, yield: 75%. GPC (o-

DCB, 140 °C): Mn= 20.0 kg mol−1, Mw = 49.7 kg mol−1, Ð = 2.48. (Note: the polymer was 

not completely dissolved upon filtration). 

 

N-PDPP4T-HD  

The same procedure as for the polymerization of H-PDPP4T-HD was used, with 42.4 

mg (86.2 μmol) 5,5’-bis(trimethylstannyl)-2,2′-bithiophene, 100 mg (86.2 μmol) 3b, 1.36 mg 

(5.17 μmol)  recrystallized PPh3 and 1.19 mg (1.29 μmol) Pd2(dba)3. CHCl3 fraction: 88 mg, 

yield: 88%. GPC (o-DCB, 140 °C): Mn = 56.5 kg mol−1, Mw = 118 kg mol−1, Ð = 2.08.  
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D-PDPP4T-HD  

D-PDPP4T-HD was synthesized as described previously. [19]  

 

P-PDPP4T-HD  

The same procedure as for the polymerization of H-PDPP4T-HD was used, with 37.0 

mg (75.3 μmol) 5,5’-bis(trimethylstannyl)-2,2′-bithiophene, 100 mg (75.3 μmol) 3d, 1.19 mg 

(4.52 μmol)  recrystallized PPh3 and 1.03 mg (1.13 μmol) Pd2(dba)3. CHCl3 fraction: 81 mg, 

yield: 81%. GPC (o-DCB, 140 °C): Mn = 33.6 kg mol−1, Mw = 79.7 kg mol−1, Ð = 2.37.   
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Chapter 5 

Polymorphism of a Semi-Crystalline 

Diketopyrrolopyrrole-Terthiophene Polymer* 

Few semiconducting polymers are known that possess more than one semi-crystalline 

structure. Guidelines for rationalizing or creating polymorphism in these materials do not 

exist. In Chapter 4, we identified two different semi-crystalline polymorphs, 1 and 2, and 

an amorphous α phase for alternating diketopyrrolopyrrole - quaterthiophene copolymers 

(PDPP4T). The polymorphs differ structurally by the π-π stacking distance, and 

electronically by the optical bandgap and charge carrier mobility. Here we investigate the 

corresponding terthiophene (PDPP3T) derivatives, to study the effect of the relative 

orientation of adjacent DPP units on the polymorphism. In PDPP3T, the relative orientation 

of DPP units alternates along the chain, while in PDPP4T it is constant. We show that the 

two polymorphs, 1 and 2, can also be generated for a PDPP3T polymer in solution and 

thin film. Interestingly, compared to PDPP4T, more solvents can induce the two distinct 

semi-crystalline polymorphs for PDPP3T via a 1 →  → 2 polymorphic transition. 

 

 

 

 

 

 

 

 

 

 

*  This work has been published as: M. Li, P. J. Leenaers, J. Li, M. M. Wienk, R. A. J. 
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5.1 Introduction  

Semiconducting polymers have attracted extensive attention for application in 

flexible, low-cost, solution-processable electronic devices, including organic light-emitting 

diodes (OLEDs), organic field-effect transistors (OFETs), and organic solar cells           

(OSCs).[1−5] Many conjugated polymers used in OFETs and OSCs are semi-crystalline and 

consist of a mixture of spaghetti-like amorphous domains and relatively ordered crystalline 

regions that exert a critical impact on their device performance.[6] Substantial effort has been 

invested to study and control the extent of crystallinity via the solution temperature, solvent 

quality, chemical structure, molecular weight and pre- or post-treatments. An order to 

disorder mechanism describes the transition between crystalline and amorphous phases.[7,8] 

In few cases polymorphs have been identified in which two distinctly different semi-

crystalline phases (1 and 2) exist next to the amorphous () phase. Examples include 

poly(3-hexylthiophene) (P3HT), poly[[N,N'-bis(2-octyldodecyl)-naphthalene-1,4,5,8-

bis(dicarboximide)-2,6-diyl]-alt-5,5'-(2,2'-bithiophene)] P(NDI2OD-T2), and poly[2,6-(4,4-

bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b']dithiophene)-alt-4,7(2,1,3-benzothiadiazole)] 

(PCPDTBT).[9−13] 

By controlling the nature of solvent we recently showed that it also is possible to 

generate two distinctly different semi-crystalline polymorphs (1 and 2) in narrow-bandgap 

alternating diketopyrrolopyrrole-quaterthiophene (PDPP4T) polymers (Figure 5.1).[14,15] The 

two polymorphs differ structurally by the π-π stacking distance, and electronically by the 

optical bandgap and charge carrier mobility.[14,15] The main structural difference between the 

two polymorphs inferred from two-dimensional grazing-incidence wide-angle X-ray 

scattering (2D-GIWAXS) is the closer π-π stacking distance, while the lamellar spacing 

remains virtually the same. Linear alkyl chains on the DPP unit seem key to form the 2 

polymorph for PDPP4T polymers. By varying the length of linear alkyl chains on the DPP 

units, we found that a 1 →  → 2 polymorphic transition proceeds readily for alkyl side 

chains of intermediate length (i.e. nonyl and dodecyl), but that for either short or long (i.e. 

hexyl or pentadecyl) side chains it is more difficult to generate the 1 or 2 polymorph, 

respectively, due to too low or too high solubility.[15]  

To learn more about the structural molecular parameters that induce or influence 

polymorphism in PDPPnT polymers, we here investigate the corresponding PDPP3T 

polymer with a terthiophene (3T) conjugated segment in the main chain instead of 4T (Figure 

5.1). Assuming that adjacent thiophenes adopt an s-trans conformation,[16,17] the relative 

orientation of the DPP units along the main chain then changes from parallel in PDPP4T to 

an alternating (right-left) orientation in PDPP3T as a consequence of the odd number of 

thiophene rings in the repeat unit of PDPP3T (Figure 5.2). This then leads to alternating large 
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and small separations between the linear alkyl chains and at the same time the branched alkyl 

chains no longer have an anti orientation,[17] but would be present in syn oriented pairs. We 

note that for a PDPP3F polymer with long linear (tetradecyl) side chains on the DPP units 

and terfuran (3F) conjugated segments, scanning tunneling microscopy has shown that on an 

Au(111) surface the tendency to maximize alkyl chain interactions, results in a 

conformational twist that causes one of the furan-furan linkages to be s-cis. This then restores 

the parallel orientation of the tetradecyl chains.[18] In both cases one may expect an influence 

on the polymorphism, because the main chain packing will be affected by the structural 

packing of the adjacent alkyl chains and/or conformational changes in the backbone.  

 

Figure 5.1 Chemical structures of the PDPP4T and PDPP3T polymers with linear alkyl chains (H, N, 

D, P) on the DPP unit and branched alkyl chains (EH or HD) on the thiophene rings adjacent to the 

DPP. 

Because of the lower number of thiophenes per repeat unit, we reasoned that reducing 

the length of the alkyl chains would be necessary. Hence, we prepared two versions of 

PDPP3T, one with a relative short hexyl chain on DPP and branched 2'-hexyldecyl chains on 

the adjacent thiophenes (H-PDPP3T-HD) and one with a long dodecyl chain on DPP, but 

shorter 2'-ethylhexyl chains on thiophene (D-PDPP3T-EH) (Figure 5.1). Here, we 

demonstrate that for H-PDPP3T-HD the amorphous α-phase predominates, but that for D-

PDPP3T-EH the solubility/aggregation balance is restored such that 1 and 2 can both be 

formed in chloroform (CF) - 1,2,4-trichlorobenzene (TCB) mixtures and films cast thereof. 

The closer π-π stacking distance in the 2 phase facilitates charge transport, doubling the 

field-effect mobility. The redshifted absorption of the 2 phase noticeably contributes to the 

external quantum efficiency (EQE) in solar cells. It is also found that more solvents, including 

chlorobenzene (CB) and 1,2-dichlorobenzene (o-DCB), can generate 2 polymorph for D-

PDPP3T-EH compared to PDPP4Ts.  
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Figure 5.2 Schematic of the relative orientation of the DPP units in PDPP3T (right/left) and PDPP4T 

(parallel). 

 

5.2 Results and Discussion   

5.2.1 Polymorphism in solution and solid state 

The optical absorption of H-PDPP3T-HD in CF shows a structureless band that 

maximizes at 668 nm (Figure 5.3a). The absence of any fine structure strongly suggests that 

the polymer is in a molecular dissolved, amorphous  phase. In TCB, the absorption redshifts 

to 690 nm, but with no clear sign of aggregation. The result that H-PDPP3T-HD is almost 

molecularly dissolved can be attributed to the two 2'-hexyldecyl chains that enhance the 

solubility.  

Figure 5.3b shows the UV-vis-NIR absorption spectra of D-PDPP3T-EH in CF/TCB 

mixtures. When dissolved in pure CF (1:0), the first (0-0) and second (0-1) vibronic bands of 

an aggregated 1 phase are observed at 789 and 720 nm. In CF/TCB mixtures, the intensity 

of the 0-0 absorption peak decreases with an increasing amount of TCB and the spectrum 

starts to resemble that of H-PDPP3T-HD in Figure 5.3a. We attribute this to a transition 

from 1 to . In pure TCB (0:1), the spectrum of D-PDPP3T-EH shows a considerable 

redshift, with a new absorption maximum at 803 nm and a shoulder at 872 nm (Figure 5.3b). 

This shift and the high-wavelength shoulder are characteristic for the formation of the β2 

phase.[14,15] Hence, absorption spectroscopy reveals the generation of the 2 polymorph in 

solution containing TCB. 
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Figure 5.3 UV-vis-NIR absorption spectra. (a) H-PDPP3T-HD in CF and TCB. (b) D-PDPP3T-EH 

in CF/TCB (v/v) mixtures. The polymer concentration is around 0.4 μM (calculated from Mn). (c) H-

PDPP3T-HD film cast from TCB. (d) D-PDPP3T-EH films cast from CF/TCB mixtures. Thin films 

were spin coated from solutions with a polymer concentration of 3 mg mL−1. 

H-PDPP3T-HD shows a broad structureless absorption in thin films, of which the 

onset and peak maximum redshifted considerably compared to the spectrum of the solution 

(Figure 5.3c). D-PDPP3T-EH films deposited from pure CF (1:0) show no evidence of a 2 

phase (Figure 5.3d), but when TCB is present in the casting solution a distinct new absorption 

peak at 868 nm emerges in the spectrum of the film. Figure 5.3d reveals that 2 formation in 

films is virtually independent of the TCB content in the casting solution between 10% and 

100%. This originates from the large differences in boiling point (214 °C vs. 61 °C) and 

vapor pressure (197 vs. 0.46 mm Hg at 25 °C) between TCB and CF, which causes that in 

the final stages of film formation only TCB remains, irrespective of the initial CF/TCB 

ratio.[14,15]  

The polymorphism established for D-PDPP3T-EH also influences the fluorescence 

spectra. Figure 5.4a shows that photoluminescence of the 1 phase of D-PDPP3T-EH in CF 

solution, recorded with excitation at 750 nm, maximizes at 865 nm. From the absorption 

spectra we inferred that at CF/TCB ratio of 1:1 most 1 phase has transformed to the  phase 
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(Figure 5.3b). As a result, also the photoluminescence of D-PDPP3T-EH shifts to 785 nm 

in the 1:1 CF/TCB mixture. This confirms the 1 →  transition when the CF solution 

becomes richer in TCB. In pure TCB, the emission of D-PDPP3T-EH is negligible when 

excited at 750 nm, but when excitation wavelength is shifted to 890 nm, i.e. at the 

characteristic peak of the β2 phase, new emission peaks at 990 and 1110 nm appear (Figure 

5.4a). This is the emission of the β2 phase. In the photoluminescence spectra of thin films, 

the effect of the polymorphism is also evident. The photoluminescence of films cast from 

pure CF peaks at 930 and 1040 nm for 1, but when TCB is present in the casting solution, 

the peaks shift to 970 and 1110 nm for 2 (Figure 5.4b). The fluorescence of the films is not 

strongly dependent on the excitation wavelength used, 790 or 870 nm.  
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Figure 5.4 Photoluminescence spectra. (a) D-PDPP3T-EH dissolved in CF/TCB mixtures. (b) D-

PDPP3T-EH thin films fabricated from CF/TCB mixtures. Thin films were spin coated from solutions 

with a polymer concentration of 3 mg mL−1. 

 

5.2.2 Structural characterization  

Microstructures of the 1 and 2 polymorphs of D-PDPP3T-EH were characterized 

by 2D-GIWAXS. Resultant in-plane and out-of-plane profiles are shown in Figure 5.5. All 

thin films were annealed at 100 °C for 30 min. under nitrogen atmosphere to remove residual 

solvents. In the in-plane profiles, the (100) and (200) reflections are visible for all samples, 

characteristic of the lamellar arrangement of polymer backbones with a distance (dlam) of 2.1 

to 2.2 nm (Figure 5.5a). Also, a (001) reflection is observed that likely corresponds to the 
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spacing along the polymer backbone direction (1.46 nm), although the expected length of the 

repeat unit is somewhat larger (~1.65 nm). In the out-of-plane profiles, the lamellar stacking 

is also present for all films with clear (100) and (200) scattering peaks (Figure 5.5b). The 

observation of the (010) peak in the out-of-plane direction demonstrates that D-PDPP3T-

EH is predominantly oriented in a face-on fashion. A face-on orientation was also found for 

the more soluble R-PDPP4T-HD (R = nonyl, dodecyl, and pentadecyl) isomers, whereas the 

less soluble R-PDPP4T-HD (R = hexyl) derivative exhibits an edge-on orientation.[15] These 

differences in orientation are consistent with the guideline that polymers with strong 

intermolecular interactions tend to have an edge-on orientation, while polymers with weak 

intermolecular interactions prefer a face-on orientation.[19] Figure 5.5b shows that the 

position of the (010) peak depends on the actual polymorph. Quantitative analysis was 

conducted to estimate dlam and π-stacking distance (dπ) (Figure 5.5c). It is clear that dlam of 2 

films made from solutions containing TCB (9:1, 2:1, 1:1, and 0:1) are slightly larger than that 

of the 1 sample made from pure CF (1:0) in both in-plane and out-of-plane directions. 

Furthermore, 2 possesses a smaller dπ than 1, indicating a closer packing. The difference in 

lattice parameters observed for the 1 and 2 polymorphs of D-PDPP3T-EH are consistent 

with our previous study on PDPP4T polymers.[14,15]  
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Figure 5.5 (a) 2D-GIWAXS in-plane profiles of D-PDPP3T-EH thin films spin coated from CF/TCB 

mixtures. (b) Corresponding out-of-plane profiles. (c) Lamellar spacing (dlam) and π-stacking distance 

(dπ) as a function of TCB content. 

It is further intriguing that dlam = 2.1 - 2.2 nm for D-PDPP3T-EH is close to the values 

of dlam = 2.1 and 2.3 nm found for N-PDPP4T-HD and D-PDPP4T-HD, while those of H-

PDPP4T-HD (1.9 nm) and P-PDPP4T-HD (2.5 nm) are much shorter or much larger, 

respectively.[15] It thus appears that the PDPPnT polymers that have dlam close to 2.2 nm 

readily provide the 1 →  → 2 polymorphic transition in solution, while those with a 

shorter or longer dlam have too low or too high solubility.[15] For constant dπ, dlam gauges the 

amount of side chain per unit length of main chain and hence for semi-crystalline PDPPnT 

polymers dlam is related to solubility. 
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Besides the difference in dπ, the reflection intensity of the (100) peak of D-PDPP3T-

EH in the out-of-plane profiles is much weaker when cast from pure CF (1:0) than for films 

cast with TCB. This implies a difference in the orientational distribution for 1 and 2 

polymorphs, despite their predominant face-on arrangement.  

 

5.2.3 Impact of polymorphism in transistors  

It is generally believed that a small dπ can reduce the energy barrier for interchain 

charge hopping, facilitating charge transport.[20] To elucidate the influence of polymorphism 

on charge transport, polymer field-effect transistors were fabricated with the top-gate bottom-

contact architecture. Before the deposition of D-PDPP3T-EH layer, Au electrodes (source 

and drain) were functionalized with a 2,3,4,5,6-pentafluorothiophenol self-assembled 

monolayer. A CYTOP insulator layer was spin coated as dielectric on top of the D-PDPP3T-

EH layers. The 1 polymorph was generated from pure CF (1:0) and 2 from a 2:1 CF:TCB 

mixture. The transfer and output characteristics (Figure 5.6a,b) of the transistors show for 

both polymorphs the typical linear/saturation behavior for hole transport. At the drain voltage 

(VDS) of −30 V, the drain current (−IDS) for the 2 polymorph (2:1) is always higher than that 

of 1 (1:0) when increasing the gate voltage (VGS) from −0.6 to −30 V. The saturated field-

effect mobility (μh) that is extracted from the transfer curve is 0.27 ± 0.02 cm2 V−1 s−1 for 2, 

almost doubled compared to 1 (0.15 ± 0.02 cm2 V−1 s−1). This enhanced mobility is attributed 

to the closer polymer packing of 2. The improvement of transistor performance in the 

presence of 2 is further supported by the increased on/off ratio (Ion/Ioff) and decreased 

threshold voltage (VT), as summarized in Table 5.1. The activation energy (EA) estimated 

from temperature dependent transistor measurement is almost independent of polymorphism, 

as shown in Figure 5.6c. 

Table 5.1 Impact of polymorphism on the performance of electronic devices. 

Phase μh [cm2 V−1 s−1] VT [V] Ion/Ioff EA [meV] 

β1 0.15 ± 0.02 −11 ± 1 104 110 

β2 0.27 ± 0.02 −7 ± 1 106 113 
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Figure 5.6 (a) Transfer characteristics of D-PDPP3T-EH field-effect transistors fabricated from 1:0 

(1) and 2:1 (2) CF:TCB solutions. A drain voltage (VDS) of −30 V is applied. (b) Corresponding output 

characteristics. (c) Temperature dependent field-effect mobility and corresponding activation energies 

for 1 (1:0) and 2 (2:1) polymorphs. 

 

5.2.4 Impact of polymorphism in photovoltaics 

Bulk-heterojunction solar cells with D-PDPP3T-EH as donor and [70]PCBM as 

acceptor material were fabricated from CF and from a 94:6 CF:TCB mixture. The 

corresponding current – voltage (J−V) characteristics and external quantum efficiency (EQE) 

spectra are shown in Figure 5.7. The photovoltaic parameters (short-circuit current density 

(Jsc), integrated from EQE with the AM1.5G solar spectrum; open-circuit voltage (Voc), fill 

factor (FF), and power conversion efficiency (PCE)) are collected in Table 5.2.  
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Figure 5.7 (a) Current density – voltage (J-V) characteristics of D-PDPP3T-EH:[70]PCBM solar cells 

in the dark (dashed lines) and under simulated AM1.5G (100 mW cm−2) illumination (solid lines). (b) 

Corresponding EQE spectra. 
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Table 5.2. Photovoltaic parameters.a 

CF:TCB 
Jsc 

[mA cm−2] 

Voc 

[V] 
FF 

PCEb 

[%] 

100:0 4.2 0.66 0.49 1.4 (1.4) 

94:6 15.7 0.57 0.58 5.2 (5.4) 

a Average results over 4 devices are shown. b Maximum PCE between parenthesis.  

Although pure CF is capable of generating a 1–only device, a strong coarse phase 

separation between D-PDPP3T-EH and [70]PCBM due to spinodal liquid-liquid 

decomposition during drying occurs as can be observed from the [70]PCBM domain size 

(dark droplet) of around 200 nm in transmission electron microscopy (TEM) (Figure 5.8a). 

The coarse phase separation results in a very low photovoltaic performance with a Jsc of 

4.2 mA cm−2 and PCE of only 1.4%. In sharp contrast, the addition of 6% TCB into the CF 

solution results in the formation of the 2 polymorph. In particular, the EQE contribution at 

870 nm reaches 0.49 (Figure 5.7b). Meanwhile, fibrillar microstructures are found in the 

TEM of 2 D-PDPP3T-EH:[70]PCBM devices (Figure 5.8b), facilitating exciton diffusion 

and charge separation. It is worth noting that the higher magnification TEM image in the 

inset of Figure 5.8b clearly reveals the lattice fringes, suggesting higher degree of molecular 

order of the 2 polymorph. A detailed analysis shows that the average d-spacing of such 

fringes is around 2 nm, consistent with dlam determined from 2D-GIWAXS. Thus, both EQE 

contribution at higher wavelength and the formation of fibrillar microstructure enhance the 

photovoltaic performance, with the significant increase in Jsc to 15.7 mA cm−2 and PCE to 

5.2%. 

              
 

Figure 5.8 (a) TEM images of D-PDPP3T-EH:[70]PCBM blends processed from pure CF. (b) Similar 

but processed from CF containing 6% TCB. The inset shows lattice fringes of the D-PDPP3T-EH 

polymer.  
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5.2.5 Solvent scope of polymorphism  

For the PDPP4T-HD polymers reported in Chapter 4, we found that next to TCB also 

1,1,2,2-tetrachloroethane (TCE) is able to induce the growth of the 2 polymorph.[14,15] On 

the other hand, o-DCB and 1-chloronaphthalene were unable to induce 2 for the PDPP4T-

HD polymers.[14] Figure 5.9 reveals that for D-PDPP3T-EH several chlorinated solvents can 

induce the 2 polymorph after aging. When aging a TCE solution of D-PDPP3T-EH, the 

characteristic peak of 2 at 879 nm becomes stronger, and the absorption at 688 nm of the  

phase clearly decreases, consistent with an  → 2 polymorphic transition. CB and o-DCB 

are also able to form the 2 polymorph. Although the absorbance at 879 nm is still weak after 

aging for 3 h, a noticeable and distinguishable absorption peak is observed after 21 h for both 

CB and o-DCB, indicative of 2 formation.  
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Figure 5.9 Polymorphism of D-PDPP3T-EH in CB, o-DCB, and TCE solutions. Solutions are aged at 

room temperature for 3 and 21 h. 

 

5.3 Conclusion 

In conclusion, we investigated the effect of replacing the 4T conjugated segment by 

3T on the occurrence of polymorphism in PDPPnT copolymers. With this structural change, 

the relative orientation of the DPP units along the main chain likely changes from parallel in 

PDPP4T to an alternating (right-left) orientation in PDPP3T (Figure 5.2). The results show 

that with the proper adjustment of length of the branched alkyl chains on the thiophene rings, 

to ensure both solubility and aggregation, two different semi-crystalline polymorphs, 1 and 

2, can be generated in solution and thin films for D-PDPP3T-EH. The 2 polymorph is more 
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tightly packed along the π-π stacking direction, has a lower optical bandgap, and an increased 

charge carrier mobility. Although the detailed structural factors that induce polymorphism 

are still to be described more precisely, we have learned that the oddness or evenness of the 

number of thiophene rings, does not inhibit generating two distinct semi-crystalline 

polymorphs. In fact, for D-PDPP3T-EH, more common solvents such as CB and o-DCB can 

form the 2 polymorph than for PDPP4T polymers. As a common characteristic, we find that 

the lamellar stacking distance (dlam) of the PDPPnT polymers that give a clear 1 →  → 2 

polymorphic transition in solution, is between 2.1 and 2.3 nm. When this distance becomes 

shorter the polymer is strongly aggregating and when it is longer, it is too soluble to provide 

the necessary balance for the transition to occur.  

 

5.4 Experimental Section 

5.4.1 Materials and methods 

D-PDPP3T-EH was synthesized as reported by Heintges et al.[21] H-PDPP3T-HD 

was synthesized according to the same protocol but using H-DPP-HD[21] as the brominated 

DPP monomer. Experimental details of the polymerization procedure for H-PDPP3T-HD 

are given below.  

By measuring gel permeation chromatography (GPC) in o-DCB at 140 °C on a PL-

GPC 120 system with a PL-GEL 10 mm MIXED-C column as the eluent and polystyrene as 

internal standards, the molecular weight (Mn) and polydispersity index (Đ) are 23.0 kg mol−1 

and 2.13 for H-PDPP3T-HD, and 39.0 kg mol−1 and 2.31 for D-PDPP3T-EH. 

A PerkinElmer Lambda 1050 spectrophotometer was used to measure UV-vis-NIR 

absorption for solution and thin films, and an Edinburgh Instruments FLSP920 double-

monochromator luminescence spectrometer, equipped with a nitrogen-cooled near-IR 

sensitive photomultiplier (Hamamatsu), was utilized to record corresponding 

photoluminescence. 

After annealing at 100 °C for 30 min to remove residual solvent, the thin films spin 

coated from various solutions were characterized on a Xenocs-SAXS/WAXS system, where 

the X-ray wavelength was 1.5418 Å and the fixed angle was 0.2° for X-ray irradiation. 

A Tecnai G2 Sphera transmission electron microscope (FEI) operated at 200 kV was 

used to record TEM images. 

Transistors with a bottom-contact top-gate architecture were fabricated, in which the 

source and drain electrodes with 50 nm in thickness (the ratio of channel length to width is 
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1/20) were deposited by Au evaporation. A CYTOP insulator was spin coated on top of 

polymer thin films as dielectric layer followed by annealing at 100 °C for 1 h, and finally 50 

nm Ag was evaporated as gate electrode. A Keithley 4200-SCS was used for all standard 

OFET measurement under vacuum.  

Photovoltaic devices were fabricated with an inverted configuration 

(ITO/ZnO/polymer:[70]PCBM/MoOx/Ag). All photoactive layers were spin coated from 

different solvents with the active area of 0.09 or 0.16 cm2. White light (~100 mW cm−2) from 

a tungsten-halogen lamp filtered by a Schott GG385 UV filter and a Hoya LB120 daylight 

filter was used for illumination. J-V characteristics were measured in a N2-filled glove box at 

ambient temperature using a Keithley 2400 source meter from +2 to −2 V in 0.01 V step size 

at a rate of 30 ms per data point. The EQE was recorded by a lock-in amplifier (Stanford 

Research Systems SR 830) under simulated 1 sun operation conditions with bias light from 

a 730 nm high-power LEDs (Thorlabs). As probe light, the light from a 50 W tungsten 

halogen lamp (Osram64610) was modulated with a mechanical chopper before passing the 

monochromator (Oriel, Cornerstone 130) for wavelength selection using a 2 mm diameter 

aperture to illuminate the active area. A calibrated Si cell was used as reference. Polymer 

solar cells were kept behind a quartz window in a nitrogen filled container. 

 

5.4.2 Synthesis  

 

H-PDPP3T-HD 

45.7 mg (112 μmol) freshly recrystallized 2,5-bis(trimethylstannyl)thiophene, 120 mg 

(112 μmol) of H-DPP-HD, 1.76 mg (6.70 μmol) recrystallized triphenylphosphine and 1.53 

mg (1.67 μmol) Pd2(dba)3 were placed in a dried Schlenk tube and placed under argon. 1.8 

mL toluene and 0.2 mL DMF were added and the mixture degassed with argon for 10 min at 

40 °C. The mixture was then reacted at 115 °C overnight. The viscous polymer solution was 

dissolved in warm chloroform (CHCl3) and precipitated in methanol. The polymer was 

dissolved in chloroform with ethylenediaminetetraacetic acid (EDTA) and refluxed for 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 and recovered as a dark blue film. CHCl3-fraction: 104 mg, yield: 93%. GPC (o-

DCB, 140 °C): Mn= 23.0 kg mol−1, Mw = 48.9 kg mol−1, Ð = 2.13. 
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Chapter 6 

Exploring Structural Characteristics that Induce 

Polymorphism in Diketopyrrolopyrrole Polymers 

Polymorphism of organic semiconductors opens up new opportunities to tailor the 

performance of organic electronic devices without altering the chemical structure. 

Understanding the relation between molecular structure and the occurrence of 

polymorphism is therefore vital for design of new organic semiconducting materials that 

display such behavior. For alternating diketopyrrolopyrrole – quaterthiophene (PDPP4T) 

and – terthiophene (PDPP3T) copolymers, we showed in Chapter 4 and Chapter 5 that the 

length of the linear alkyl chains on the DPP unit and of the branched 2'-alkylalkyl chains on 

the oligothiophene unit are important for the existence of polymorphism in these materials. 

However, to get a deeper understanding of the structural characteristics that determine 

polymorphism in DPP polymers more design motifs have to be explored. Hence, this chapter 

investigates the occurrence of polymorphism for five structurally different DPP polymers by 

absorption spectroscopy in solution and in thin film. Polymorphism could not be observed 

under the conditions studied for alternating diketopyrrolopyrrole – thienothiophene 

copolymers, for PDPP4T polymers with short 2'-ethylhexyl chains on the quaterthiophene 

segment, and also not for PDPP4T polymers with branched alkyl chains on the DPP unit. 

Consequently, polymorphism of DPP polymers is likely very specific to PDPPnT polymers 

as described in Chapter 4 and Chapter 5 and requires linear alkyl chains on the DPP units 

in combination with second position branched alkyl chains on the oligothiophene segment, 

both with properly tuned lengths.  
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6.1 Introduction  

Over the past decades organic semiconducting materials have been intensely 

investigated for use in organic optoelectronic devices.[1−6] One of the characteristics that 

makes research in this field interesting is the ease by which the optoelectronic properties of 

these semiconductors can be tailored by structural modification to the specific device 

application. Deeper insights into the relation between molecular structure and properties and 

performance,[7−9] combined with design of numerous new organic materials has resulted in 

promising state-of-the-art performance. For example, a high charge carrier mobility over 10 

cm2 V−1 s−1 has been achieved in organic field-effect transistors (OFETs)[10] and the power 

conversion efficiency of organic solar cells has reached 17.3%.[11]  

Besides the influence of structural modification, the processing conditions have also 

been shown to largely affect device performance. For example, it has been found that the 

nanomorphology, extent of crystallinity, and crystal orientation of the semiconducting layer 

can be modified by changing the quality of the processing solvent,[12−15] the temperature of 

the casting solution,[16] and the temperature of the substrate,[17] leading to differences in 

device performance. In some cases, the processing conditions even induce differences in 

crystal packing, i.e. different polymorphs.[18,19] Because different polymorphs usually exhibit 

different properties, new opportunities arise to tailor the performance of organic electronic 

devices without altering the chemical structure. However, for conjugated polymers 

polymorphs are rarely observed.[20−23]  

In Chapter 4, a second semi-crystalline (β2) phase was described to occur in 1,2,4-

trichlorobenzene (TCB) solutions of alternating diketopyrrolopyrrole – quaterthiophene 

(PDPP4T) polymers that were dressed with linear alkyl chains on the nitrogen atoms of the 

DPP units and 2'-hexyldecyl chains on the quaterthiophene (4T) segments. Altering the 

solubility of the polymers, by modifying the length of the linear alkyl chains while leaving 

the 2'-hexyldecyl chains on the 4T segments unchanged, enabled control over the formation 

of the semi-crystalline β1 and β2 phases. When the solubility of the polymer is high (for long 

pentadecyl chains), the formation of β2 phase in TCB is slow, resulting in preferential 

formation of β1 phase. When the solubility of the polymer is rather low (for short hexyl 

chains), formation of β2 phase seems to be favored over β1 but its amount is highly dependent 

on the nature of the solvent. For intermediate polymer solubility (i.e. for nonyl and dodecyl 

chains), both phases can be obtained selectively by tuning the nature of the solvent.[24] 

By looking at the molecular design of the polymers in Chapter 4, one might argue that 

the linear alkyl chains on the DPP unit, or the 2'-hexyldecyl chains on the adjacent 

thiophenes, or the combination of both structural characteristics are crucial for polymorphism 

of DPP polymers. However, when an alternating diketopyrrolopyrrole – terthiophene 
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(PDPP3T) polymer was equipped with linear hexyl chains and branched 2'-hexyldecyl chains 

in H-PDPP3T-HD no polymorphism was observed, as reported in Chapter 5. The 2'-

hexyldecyl chains are simply too long and make the polymer too soluble, preventing the 

formation of a semi-crystalline state. When the 2'-hexyldecyl chains on H-PDPP3T-HD are 

replaced by 2'-ethylhexyl chains and the hexyl substituent is replaced by dodecyl, resulting 

in D-PDPP3T-EH, two distinct semi-crystalline phases can again be observed (Chapter 5). 

This observation suggests that, apart from 2'-hexyldecyl chains, also other 2'-branched alkyl 

chains on the neighboring thiophenes of the DPP unit can promote polymorphism of DPP 

polymers, but only if the solubility of the polymer is not too high.  

Although the first steps toward structure-property relations for polymorphism of DPP 

polymers have been taken in the previous chapters, more information is needed to find out 

which structural characteristics cause polymorphism of DPP polymers. In this chapter, we 

explore the effect of four structural characteristics on the occurrence of polymorphism by 

measuring UV-vis-NIR absorption spectra of five DPP polymers (Figure 6.1) in TCB 

solution and in TCB coated thin films. First, the influence of replacing the 2'-hexyldecyl 

chains on the D-PDPP4T-HD polymer described in Chapter 4 with shorter 2'-ethylhexyl 

chains (Figure 6.1a) is investigated. This structural modification will lower the solubility of 

the resulting D-PDPP4T-EH polymer which, according to Chapter 4, might favor the 

formation of β2 phase. Second, we investigate whether a second semi-crystalline phase can 

exist for PDPP4T polymers that carry 2'-alkylalkyl chains on the 4T segment and on the DPP 

unit (Figure 6.1b). For DT-PDPP4T with branched 2'-decyltetradecyl chains on the DPP unit 

but no alkyl chains on the 4T segment, we know that polymorphism does not occur (vide 

infra). Thus, if the EH-PDPP4T-EH polymer (Figure 6.1b) exhibits a second polymorphic 

phase, it indicates that 2'-alkylalkyl chains on the neighboring thiophenes of the DPP unit 

play an important role for polymorphism. Next, a terpolymer (P(DT-4T)(D-4T-HD)) is 

synthesized containing 33% of the D-PDPP4T-HD repeat unit and 67% of the DT-PDPP4T 

repeat unit (Figure 6.1c) to probe if only a minor amount of D-PDPP4T-HD segments in the 

conjugated polymer backbone can promote the formation of β2 phase. Finally, we investigate 

the effect of using thieno[3,2-b]thiophene as comonomer on the occurrence of polymorphism 

for two thienothiophene-based DPP polymers (N-P(TDPPT)TT-HD and D-P(TDPPT)TT-

EH) with linear alkyl chains on the DPP unit and 2'-alkylalkyl chains on the adjacent 

thiophenes (Figure 6.1d and e).  
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Figure 6.1 Chemical structures of the polymers investigated in the chapter: (a) D-PDPP4T-EH, (b) 

EH-PDPP4T-EH, (c) P(DT-4T)(D-4T-HD), (d) N-P(TDPPT)TT-HD, and (e) D-P(TDPPT)TT-EH. 

 

6.2 Results and Discussion  

6.2.1 Synthesis and physical properties 

Monomers M4, M5, M6, and M7 (Scheme 6.1) were synthesized following the 

procedure reported by Heintges et al.[25] M6 (Scheme 6.1) was synthesized as described by 

Li et al.[26] A detailed protocol for the synthesis of M7 and M8 is given in the Experimental 

Section of Chapter 4. More details about the synthesis of M4−M6 can be found in the 

Experimental Section of this chapter. All polymerizations shown in Scheme 6.1 were 

performed under our previously optimized Stille type polymerization conditions, using 

M4−M8 and commercially available 2,5-bis(trimethylstannyl)-thieno[3,2-b]thiophene and 

5,5'-bis(trimethylstannyl)-2,2'-bithiophene.[27] For the terpolymer, 0.67 equivalents of M6 

and 0.33 equivalents of M7 were used in combination with 1 equivalent of stannylated 

bithiophene.  

Reducing the length of the long 2'-hexyldecyl chains on the thiophene units of D-

PDPP4T-HD reported in Chapter 4 to shorter 2'-ethylhexyl chains in D-PDPP4T-EH caused 

a significant reduction in polymer solubility.[25] Consequently, a substantial amount of 
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polymer could only be collected by boiling the polymer remaining in the Soxhlet thimble 

after extraction with chloroform (CF) in 1,1,2,2-tetrachloroethane (TCE) followed by 

precipitation in methanol. We suspect that the reduced solubility of D-PDPP4T-EH causes 

its relatively low molecular weight (Table 6.1) by too early precipitation from the reaction.[25] 

Presumably, this precipitation effect becomes even more important when bithiophene is 

replaced with thienothiophene in D-P(TDPPT)TT-EH, considering its even lower molecular 

 

Scheme 6.1 Polymerization reactions to (a) D-PDPP4T-EH, (b) EH-PDPP4T-EH, (c) P(DT-4T)(D-

4T-HD), (d) N-P(TDPPT)TT-HD, and (e) D-P(TDPPT)TT-EH. (i) Pd2(dba)3/PPh3, toluene/DMF, 

115 ℃.  
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weight and narrow polydispersity in Table 6.1. Replacing the linear dodecyl chains on the 

DPP unit of D-PDPP4T-EH by branched 2'-ethylhexyl chains resulted in an improved 

solubility for EH-PDPP4T-EH during the polymerization reaction. However, its molecular 

weight (Mn) and polydispersity (Đ) could not be determined by gel-permeation 

chromatography (GPC) owing to its low solubility in ortho-dichlorobenzene (o-DCB) at 140 

℃,[25] which is probably related to a high molecular weight. The 15-times higher molecular 

weight of N-P(TDPPT)TT-HD than that of D-P(TDPPT)TT-EH (Table 6.1) again 

underlines the importance of the intrinsic solubility of the repeat unit in these polymers during 

their polymerization. The terpolymer has an Mn of 50 kg mol−1 (Table 6.1) and can even be 

solubilized in toluene in a concentration of 6 mg mL−1 after heating. As mentioned in Chapter 

3, such a good solubility in a nonhalogenated solvent is unusual for DPP polymers with a 

relatively high molecular weight and is likely induced by the randomness in its polymer 

backbone.  

The energy levels of the newly synthesized terpolymer and thienothiophene-based 

DPP polymers were obtained by square-wave voltammetry on thin films and are reported in 

Table 6.1. A value of −4.59 eV was used as the energy level of the ferrocene/ferrocenium 

redox couple (EFc/Fc
+) vs vacuum. The energy levels of the two PDPP4T polymers in Table 

6.1 were previously determined by cyclic voltammetry by Heintges et al.[25] using a value of 

−5.23 eV for the energy level of Fc/Fc+, but were recalculated here using a value of EFc/Fc
+ = 

−4.59 eV to allow comparison with the other polymers in the table. Only small variations in 

HOMO and LUMO level are observed between the five polymers, which is not surprising 

considering their similar conjugated backbone. The thienothiophene-based polymers have a 

slightly deeper HOMO level and larger bandgap than the bithiophene-based polymers, 

related to the lower electron donating strength of the thienothiophene unit compared to 

bithiophene. 

Table 6.1 Physical properties of the polymers. 

Polymer Mn 

[kg mol−1] 

Mw 

[kg mol−1] 

Đ 

 

HOMO a 

[eV] 

LUMO a 

[eV] 

Eg,swv 
b 

[eV] 

D-PDPP4T-EH c 24.3 59.3 2.4 −4.90 −3.05 1.85 

EH-PDPP4T-EH c - - - −4.94 −3.01 1.93 

P(DT-4T)(D-4T-HD) 50.2 122 2.4 −4.93 −3.07 1.86 

N-P(TDPPT)TT-HD 76.3 148 1.9 −4.97 −3.01 1.96 

D-P(TDPPT)TT-EH 4.9 5.6 1.1 −4.99 −3.03 1.96 

a From square-wave voltammetry. b Electrochemical bandgap. c Values were obtained from reference 

[25].  
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6.2.2 Effect of decreasing the branched alkyl chain length on polymorphism 

The aggregation behavior of D-PDPP4T-EH in solution (Figure 6.2a) and in thin film 

(Figure 6.2b) was investigated by UV-vis-NIR absorption spectroscopy. Compared to D-

PDPP4T-HD reported in Chapter 4 (Figure 4.1), D-PDPP4T-EH carries the same linear 

dodecyl chains on the DPP unit but has shorter 2'-ethylhexyl chains on the 4T segment. The 

optical absorption spectrum of D-PDPP4T-EH in CF (Figure 6.2a) shows an absorption 

onset at 859 nm (1.44 eV), which is redshifted by 48 nm from the onset of the spectrum of 

D-PDPP4T-HD (Figure 4.1) in CF. Three peaks can be identified ~800 nm, at 737 nm and 

~691 nm for which the peak at 737 nm has the highest intensity, which is different from the 

spectrum of D-PDPP4T-HD where only two clear peaks are visible with a higher intensity 

for the peak with the longer wavelength. When D-PDPP4T-EH is spin coated from 100% 

chloroform, the onset of its absorption spectrum slightly redshifts and the peaks ~691 nm 

and at 737 nm fuse together while the peak at 800 nm stays at the same position.  

The specific β2 phase observed for R-PDPP4T-HD polymers (R = H, N, D, and P) 

in Chapter 4 reveals itself by a distinct redshift of the absorption spectrum and the appearance 

of a shoulder at ~865 nm, when the polymer is dissolved in TCB or spin coated from CF/TCB 

mixtures.[24] However, no such behavior is observed for D-PDPP4T-EH when dissolved in 

100% TCB or when spin coated from a TCB solution, as evidenced from Figure 6.2. In TCB, 

the peaks ~691 nm and at 737 nm observed in CF (Figure 6.2a) fuse into a peak with 

maximum intensity at 718 nm while the peak at 800 nm stays at the same position but its 

intensity decreases. This might indicate the formation of more amorphous (α) phase in 

TCB.[15] 

In Chapter 4, a drastically reduced polymer solubility was observed by decreasing 

the length of the linear alkyl chains from twelve carbon atoms in D-PDPP4T-HD to six 

carbon atoms in H-PDPP4T-HD. As mentioned in section 6.2.1, a reduced solubility was 

also observed for D-PDPP4T-EH. Since both polymers have a low solubility and a similar 

conjugated backbone, it might be that the aggregates of  D-PDPP4T-EH also dissolve better 

in TCB and form β2 phase in TCE as observed for H-PDPP4T-HD in Figure 4.2a. However, 

Figure 6.2a shows that in TCE the absorption spectrum of D-PDPP4T-EH displays no 

additional peak at longer wavelengths. Rather, a similar spectral shape is observed as for the 

spectrum from chloroform, with an enhanced intensity for the aggregation shoulder at 800 

nm. Although a polymorphic phase was observed for D-PDPP3T-EH with 2'-ethylhexyl 

chains on the 3T segment, a polymorphic phase cannot be induced by placing 2'-ethylhexyl 

chains on the 4T segment of a PDPP4T polymer. This indicates that not the length of the 2'-

alkylalkyl chains but their interplay with the other structural characteristics is important for 

polymorphism in DPP polymers.  
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Figure 6.2 Optical absorption spectra of D-PDPP4T-EH (a) in 100% CF, 100% TCB, and 100% TCE 

solution and (b) in thin film, coated from a 100% CF and a 100% TCB solution. 

 

6.2.3 Effect of replacing linear by branched alkyl chains on polymorphism 

DT-PDPP4T, which carries branched 2'-decyltetradecyl chains on the DPP unit but 

no alkyl chains on the 4T segment, shows no signs of an additional absorption at long 

wavelengths in a 100% TCB solution (Figure 6.3a). This suggests that the presence of 2'-

branched alkyl chains on the DPP units and/or the absence of 2'-branched alkyl chains on the 

neighboring thiophenes of the DPP units hampers the formation of a second semi-crystalline 

phase for DPP polymers. To probe if polymorphism can occur for DPP polymers with 2'-

alkylalkyl chains placed on both the 4T segment and on the DPP unit, solutions and thin films 

of EH-PDPP4T-EH were investigated by UV-vis-NIR spectroscopy (Figure 6.3). The 

spectrum of EH-PDPP4T-EH in CF has a bandgap of 1.51 eV (821 nm) and resembles the 

shape of the spectrum of DT-PDPP4T in CF, which is characteristic for J-type 

aggregation.[28,29] In TCB, the spectrum blueshifts but shows no signs (~865 nm) of the β2 

phase. Similarly, the absorption spectrum of a thin film of EH-PDPP4T-EH coated from a 

50/50 CF/TCB mixture blueshifts compared to the spectrum of a thin film coated from pure 

CF and shows no additional peaks at long wavelengths. Instead of using a 100% TCB 

solution, a 50/50 CF/TCB solution had to be used to prevent gelation of EH-PDPP4T-EH 

during spin coating of the film. Tentatively, these observations show that a combination of 

linear alkyl chains on the DPP unit and 2'-alkylalkyl chains on the neighboring thiophene 

units is likely a necessary requirement to exhibit a polymorphic β2 phase in solution, next to 

a moderate solubility as deduced from Chapter 4.  
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Figure 6.3 Optical absorption spectra of EH-PDPP4T-EH (solid lines) and DT-PDPP4T (dashed 

lines) (a) in 100% CF and 100% TCB solution. Optical absorption spectra of EH-PDPP4T-EH in (b) 

thin film, coated from a 100% CF and a 50/50 CF/TCB mixture. 

 

Absorption spectra of EH-PDPP4T-EH in TCE reveal different aggregation behavior 

depending on the cooling rate of the TCE solution (Figure 6.4). After the polymer was fully 

dissolved by heating to 100 ℃, the solutions were promptly cooled by blowing a flow of N2 

gas around the vial or slowly cooled by keeping the vial on the hotplate while slowly lowering 

the temperature. Slow cooling of the solution results in an absorption spectrum with a similar 

shape and bandgap as the absorption spectrum measured in TCB (Figure 6.3a). In contrast, 

fast cooling of the solution results in a redshifted absorption and the appearance of an extra 

peak ~820 nm (Figure 6.4). So, in TCE EH-PDPP4T-EH seems to be able to form a second 

aggregated phase when cooled down immediately. However, since there is no peak at 865 

nm this phase is most likely structurally different from the β2 phase obtained for the R-

PDPP4T-HD polymers.  
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Figure 6.4 Optical absorption spectra of EH-PDPP4T-EH in TCE obtained by fast and slow cooling. 

The spectrum of the polymer in TCE at 100 °C is added as reference.  
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6.2.4 Effect of mixing linear and branched alkyl chains on polymorphism 

Figure 6.5a shows the optical absorption spectra of P(DT-4T)(D-4T-HD) in CF and 

in TCB. Both spectra exhibit a similar spectral shape with a slightly lower bandgap for the 

CF (857 nm) than for the TCB solution (840 nm). Despite incorporation of the D-PDPP4T-

HD repeat unit in the backbone of the terpolymer, no spectral feature is observed ~865 nm, 

characteristic for formation of the β2 phase. In thin films, spin coated from pure chloroform 

or pure TCB, the spectra redshift compared to solution (Figure 6.5b). Also here, there is no 

additional peak ~865 nm for a thin film of P(DT-4T)(D-4T-HD) coated from pure TCB. 

The absence of a second semi-crystalline phase indicates that the D-PDPP4T-HD repeat 

units are not able to direct the DT-PDPP4T units towards formation of such a phase. In other 

words, incorporation of DT-PDPP4T units into the backbone of D-PDPP4T-HD has a 

detrimental effect on the polymorphism of the D-PDPP4T-HD polymer.   
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Figure 6.5 Optical absorption spectra of P(DT-4T)(D-4T-HD) (a) in 100% CF and 100% TCB solution 

and (b) in thin film, coated from a 100% CF and a 100% TCB solution.  

 

6.2.5 Effect of thienothiophene as comonomer on polymorphism 

Solutions and thin films of the two thienothiophene-based DPP polymers (Figure 6.1) 

were investigated by absorption spectroscopy (Figure 6.6 and Figure 6.7) to test if 

polymorphism in DPP polymers generally occurs when linear alkyl chains are placed on the 

DPP unit and 2'-branched alkyl chains are placed on the adjacent thiophenes of the DPP unit. 

The optical absorption spectra of D-P(TDPPT)TT-EH in CF and TCB solution are displayed 

in Figure 6.6a. The spectrum in CF shows a broad peak at 653 nm and a small long-

wavelength shoulder at ~792 nm, which indicates only a low amount of polymer aggregates 

in solution. In 100% TCB, the spectrum redshifts and the intensity of the long-wavelength 

shoulder increases, indicating a higher amount of the aggregated phase. This aggregated 

phase is associated with the β1 phase, and not with β2, since the long-wavelength shoulder at 
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~792 nm only increases in intensity and no other peaks arise at higher wavelength. When 

going from solution to thin film, the spectra redshift and the increased intensity of the 

shoulder ~800 nm (Figure 6.6b) is associated with a higher degree of aggregation.  
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Figure 6.6 Optical absorption spectra of D-P(TDPPT)TT-EH (a) in 100% CF and 100% TCB solution 

and (b) in thin film, coated from a 100% CF and a 100% TCB solution.  

Replacing the dodecyl and 2'-ethylhexyl chains on D-P(TDPPT)TT-EH by slightly 

shorter nonyl chains and substantially longer 2'-hexyldecyl chains, results in a considerably 

enhanced intensity ratio between the (0-0) and (0-1) vibronic peak for N-P(TDPPT)TT-HD 

in solution (Figure 6.7a). The absorption spectrum of N-P(TDPPT)TT-HD in TCB and CF 

is very similar, besides a small redshift for the spectrum in TCB (Figure 6.7a). Formation of 

a second semi-crystalline phase is not observed when N-P(TDPPT)TT-HD is dissolved in 

TCB (Figure 6.7a) or when spin coated from a 100% TCB solution (Figure 6.7b), despite a 

relatively high molecular weight and a moderate solubility. This indicates that the occurrence 

of polymorphism in DPP polymers is also sensitive to the exact structure of the polymer 

backbone.  
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Figure 6.7 Optical absorption spectra of N-P(TDPPT)TT-HD (a) in 100% CF and 100% TCB solution 

and (b) in thin film, coated from a 100% CF and a 100% TCB solution. 
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6.3 Conclusion 

In summary, we investigated the effect of four adaptations in the molecular structure 

of DPP polymers on the occurrence of a second polymorphic β2 phase in solution and in thin 

film by UV-vis-NIR spectroscopy. 1,2,4-Trichlorobenzene (TCB) was used as solvent since 

its presence has previously shown to induce the formation of a second semi-crystalline phase 

for structurally similar polymers. If the β2 phase is formed, an additional absorption shoulder 

should appear at long wavelengths in the UV-vis-NIR spectra.  

First, the long 2'-hexyldecyl chains on the 4T segment of the D-PDPP4T-HD polymer 

were substituted with much shorter 2'-ethylhexyl chains. As expected, the solubility of the 

polymer drops drastically but this does not lead to preferential formation of the β2 phase in 

TCB solution or in a film deposited from TCB, as observed for H-PDPP4T-HD in Chapter 

4. The absorption maximum of the spectrum of D-PDPP4T-EH in TCB blueshifts and the 

shoulder associated with aggregation decreases compared with the spectrum in CF, which 

might indicate a transition towards a more amorphous phase. In TCE no β2 phase could either 

be observed.  

Next, the linear dodecyl chains of D-PDPP4T-EH were replaced by branched 2'-

ethylhexyl chains. The solubility of the polymer increased leading to formation of a high 

molecular weight, as deduced from gelation upon spin coating of a pure TCB solution. UV-

vis-NIR spectra of EH-PDPP4T-EH in TCB reveal the absence of a second polymorphic β2 

phase, indicating that linear alkyl chains on the DPP unit combined with branched 2'-

hexyldecyl chains on the adjacent thiophenes is likely the only design criterion for 

polymorphism of PDPP4T polymers. Surprisingly, a shoulder around 820 nm was observed 

in the absorption spectrum of EH-PDPP4T-EH in TCE solution depending on the cooling 

rate of the solution. Likely, the polymer is close to forming the β2 phase but is hindered by 

the branched alkyl chains on the DPP unit and thus forms a structurally different polymorphic 

phase.  

As the third structural change a PDPP4T terpolymer was designed by combining 33% 

of the D-PDPP4T-HD repeat units and 67% of the DT-PDPP4T repeat units. Also for this 

polymer no β2 phase was observed in TCB solution or in thin film spin coated from a TCB 

solution, which shows again that the presence of branched alkyl chains on the DPP unit is 

detrimental for formation of such a phase.  

Fourth, two DPP polymers were synthesized based on thienothiophene as comonomer 

bearing linear alkyl chains on the DPP unit and 2'-alkylalkyl chains on the neighboring 

thiophenes. D-P(TDPPT)TT-EH suffers from a very low molecular weight due to its low 

solubility during the polymerization reaction. Consequently, the polymer only shows a 

relatively low extent of aggregation in CF solution. In TCB and in thin films, its degree of 
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aggregation is enhanced but no β2 phase is formed. Making the polymer more soluble by 

extending the length of its branched alkyl chains, resulting in N-P(TDPPT)TT-HD, does not 

result in formation of a second semi-crystalline phase in TCB either.  

This chapter demonstrates that the occurrence of polymorphism in DPP polymers 

requires a subtle combination of structural characteristics since its presence was not observed 

for any of the five investigated polymers. Combining the knowledge obtained from Chapter 

4, 5, and 6, we tentatively propose that polymorphism can occur for diketopyrrolopyrrole –

oligothiophene polymers (PDPPnT), irrespective of n being even or odd, when a linear alkyl 

chain is present on the DPP unit and a 2'-branched alkyl chain is on the adjacent thiophenes, 

provided that the solubility is neither too high (as in H-PDPP3T-HD) nor too low (as in D-

PDPP4T-EH).  

 

6.4 Experimental Section 

6.4.1 Materials and methods 

All synthetic procedures were performed under a protective argon atmosphere. 

Tris(dibenzylideneacetone)dipalladium (Pd2(dba)3) was purchased from Strem Chemicals 

Inc. Dry toluene was bought from Alpha Aesar. All other commercial (dry) solvents and 

reactants were ordered from Sigma-Aldrich Co. or VWR and used without further 

purification, unless stated otherwise. N-bromosuccinimide (NBS) was recrystallized from 

deionized water. 5,5′-Bis(trimethylstannyl)-2,2′-bithiophene and 2,5-bis(trimethylstannyl)-

thieno[3,2-b]thiophene were recrystallized from methanol. Triphenylphosphine (PPh3) was 

recrystallized from ethanol. 1-Bromo-2-decyltetradecane, M4, and M5 were synthesized 

according to our previous protocols.[25] A detailed description of the synthesis and 

characterization of M6 can be found in the next section.  

1H-NMR and 13C-NMR spectra were recorded on a Bruker Avance III spectrometer 

at 400 and 100 MHz respectively. Chemical shifts are reported in ppm versus 

tetramethylsilane (TMS) as internal standard.  

Matrix assisted laser desorption ionization time of flight (MALDI-TOF) mass 

spectrometry was measured on a Bruker Autoflex Speed spectrometer.  

Polymer molecular-weight distributions were estimated by gel-permeation 

chromatography (GPC) on a PL-GPC 120 system using a PL-GEL 10 µm MIXED-C column. 

The system was operated at 140 °C with o-DCB as the eluent. Polymer samples (0.1 mg 

mL−1) were dissolved in o-DCB at 140 °C and measured against polystyrene standards.  
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UV-vis-NIR absorption spectroscopy was conducted on a PerkinElmer Lambda 1050 

spectrophotometer. Polymer films were prepared by spin coating polymer solutions (6 mg 

mL−1) in CHCl3 or 1,2,4-trichlorobenzene on glass substrates at 1500 rpm. The glass 

substrates were cleaned with acetone and isopropanol and treated with UV-ozone for 30 min 

before use.  

Square-wave voltammetry (SWV) measurements were performed on polymer thin 

films using an Autolab PGSTAT30 or PGSTAT12 (Ecochemie, The Netherlands) 

potentiostat in a three-electrode configuration under a nitrogen atmosphere. A 0.1 M solution 

of tetrabutylammonium hexafluorophosphate (TBAPF6) in dry acetonitrile was used as 

electrolyte. A polymer coated-platinum wire served as working electrode and a silver wire 

and a silver/silver chloride (Ag/AgCl) wire served as counter electrode and quasi-reference 

electrode, respectively. Details of the measurement and extraction of data have been 

described previously.[30]  

 

6.4.2 Synthesis 

The synthesis of monomer M6 is shown in Scheme 6.2 and the synthetic procedures 

and characterization are detailed in the subsequent sections. 

 

 

Scheme 6.2 Synthesis of the M6 monomer. Reagents and conditions: (i) Na, diethyl succinate, t-amyl 

alcohol, 120 °C; (ii) K2CO3, 1-bromo-2-decyltetradecane, DMF, 120 °C; (iii) NBS, CHCl3, 0 °C.               

R = 2-decyltetradecyl (DT). 

 

3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (2) 

Elemental sodium (0.44 g, 19.1 mmol) was combined with dry tert-amylalcohol (30 

mL) in a dried 2-neck flask and refluxed at 120 °C until it was completely dissolved. 

Compound 1 (1.53 g, 14.0 mmol) and diethyl succinate (1.11 g, 6.37 mmol) were dissolved 

in 1 mL dry tert-amylalcohol and dropwise added to the prepared sodium 2-methyl-2-

butoxide solution at 120 °C. After reaction overnight, the crude mixture was quenched with 

acetic acid (5 mL) and methanol (20 mL) and stirred for 10 min at 90 °C. Subsequently, a 

dark red precipitate (0.74 g) was collected by filtration, washed with water and methanol and 

dried overnight in vacuo. The crude compound was used in the next reaction without further 

purification.  
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2,5-bis(2-decyltetradecyl)-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-

dione (3) 

Compound 2 (0.74 g, 2.47 mmol), finely crushed potassium carbonate (K2CO3) 

powder (1.0 g, 7.41 mmol), and DMF (8 mL) were heated for 1 hour at 120 °C. Subsequently, 

1-bromo-2-decyltetradecane (3.1 g, 7.41 mmol) was added and the mixture stirred overnight 

at 120 °C. The reaction mixture was quenched with water and extracted with DCM, after 

which the combined organic phase was washed with brine, dried over magnesium sulfate, 

and concentrated under reduced pressure. The remaining dark pink oil was added to a mixture 

of 1,4-dioxane (120 mL), 37% HCl (2 mL), and water (2 mL) and refluxed for 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). Eventually a dark red powder (0.517 

g, yield: 22%) was obtained after recrystallization in ethanol. 1H-NMR (400 MHz, CDCl3, 

δ): 8.87 (dd, J = 3.8 Hz, J = 0.6 Hz, 2H); 7.62 (dd, J = 5.0 Hz, J = 0.6 Hz, 2H); 7.26 (m, 2H); 

4.01 (d, J = 7.7 Hz, 4H); 1.90 (br m, 2H); 1.50-0.97 (m, 80H); 0.97-0.66 (m, 12H). 13C-NMR 

(100 MHz, CDCl3, δ): 161.90; 140.57; 135.35; 130.59; 130.00; 128.53; 108.10; 46.37; 37.89; 

32.08; 32.07; 31.34; 30.17; 29.85; 29.83; 29.82; 29.80; 29.78; 29.71; 29.51; 26.36; 22.84; 

14.27. (Note: several peaks in the 13C-NMR spectrum overlap). MALDI-TOF-MS: [M+] 

calc.: 972.75, found: 972.85. 

 

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

c]pyrrole-1,4-dione (M6) 

Compound 3 (530 mg, 544 μmol) was dissolved in chloroform (10 mL) in a dried 

Schlenk tube. The solution was kept in the dark and cooled to 0 °C. Recrystallized NBS was 

added (203 mg, 1.14 mmol) and the reaction mixture was allowed to warm to room 

temperature. After 2 hours of stirring in the dark, the mixture was quenched with water. The 

organic phase was washed with water and dried over magnesium sulfate. The solvent was 

evaporated under reduced pressure and the crude solid purified by recrystallization in ethanol 

with a small amount of toluene. After filtration and drying overnight in vacuum at 40 °C, 495 

mg (yield: 80%) of M6 was obtained as a dark purple powder. 1H-NMR (400 MHz, CDCl3, 

δ): 8.62 (d, J = 4.2 Hz, 2H); 7.21 (d, J = 4.2 Hz, 2H); 3.91 (d, J = 7.7 Hz, 4H); 1.87 (br m, 

2H); 1.51-0.97 (m, 80H); 0.97-0.64 (m, 12H). 13C-NMR (100 MHz, CDCl3, δ): 161.54; 

139.54; 135.47; 131.58; 131.32; 119.10; 108.16; 46.50; 37.91; 32.08; 31.33; 30.13; 29.86; 

29.84; 29.82; 29.80; 29.71; 29.53; 29.52; 26.33; 22.85; 14.27. (Note: several peaks in the 
13C-NMR spectrum overlap). MALDI-TOF-MS: [M+] calc.: 1128.57, found: 1128.55.  
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D-PDPP4T-EH 

D-PDPP4T-EH was synthesized as described previously.[25] TCE fraction: 54 mg, 

yield: 77%. GPC (o-DCB, 140 °C): Mn = 24.3 kg mol−1, Mw = 59.3 kg mol−1, Ð = 2.4.  

 

EH-PDPP4T-EH 

EH-PDPP4T-EH was synthesized as described previously.[25] TCE fraction: 57 mg, 

yield: 81%. The molecular weight distribution of EH-PDPP4T-EH could not be determined 

by GPC due to its low solubility in o-DCB.  

 

N-P(TDPPT)TT-HD 

Freshly recrystallized 2,5-bis(trimethylstannyl)-thieno[3,2-b]thiophene (28.7 mg, 

61.6 μmol), M8 (71.4 mg, 61.6 μmol), recrystallized triphenylphosphine (0.97 mg, 3.69 

μmol), and Pd2(dba)3 (0.85 mg. 0.92 μmol) were placed in 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 for 15 min at 40 ℃. 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 a spoon (± 0.4 g) of ethylenediaminetetraacetic acid 

(EDTA) and refluxed for 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. CF fraction: 54 mg, yield: 77%. GPC (o-

DCB, 140 °C): Mn = 76.3 kg mol−1, Mw = 148 kg mol−1, Ð = 1.94.  

 

D-P(TDPPT)TT-EH 

The same procedure as for the polymerization of N-P(TDPPT)TT-HD was used, with 

2,5-bis(trimethylstannyl)-thieno[3,2-b]thiophene (45.9 mg, 98.5 μmol), M4 (100.4 mg, 98.5 

μmol), recrystallized PPh3 (1.55 mg, 5.91 μmol), and Pd2(dba)3 (1.35 mg, 1.48 μmol). CF 

fraction: 14 mg, yield: 14%. GPC (o-DCB, 140 °C): Mn = 4.9 kg mol−1, Mw = 5.6 kg mol−1, 

Ð = 1.13. 
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P(DT-4T)(D-4T-HD) 

The same procedure as for the polymerization of N-P(TDPPT)TT-HD was used, with 

5,5'-bis(trimethylstannyl)-2,2'-bithiophene (43.5 mg, 88.4 μmol), M6 (66.7 mg, 58.9 μmol), 

M7 (36.6 mg, 29.5 μmol), recrystallized PPh3 (1.39 mg, 5.30 μmol), and Pd2(dba)3 (1.21 mg, 

1.33 μmol). DCM fraction: 90 mg, yield: 85%. GPC (o-DCB, 140 °C): Mn = 50.2 kg mol−1, 

Mw = 122 kg mol−1, Ð = 2.44. 
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Chapter 7 

Impact of π-Conjugated Linkers on the Effective 

Exciton Binding Energy of Diketopyrrolopyrrole-

Dithienopyrrole Copolymers* 

The effect of the nature of the π-conjugated linker that is positioned between electron-

deficient diketopyrrolopyrrole (DPP) and electron-rich dithienopyrrole (DTP) units in 

alternating DPP-DTP copolymers on the optical and electrochemical bandgaps and the 

effective exciton binding energy is investigated for six different aromatic linkers. The optical 

bandgap is primarily related to the electron-donating or electron-withdrawing properties of 

the linker and increases from 1.13 eV for selenophene as linker to 1.80 eV for phenyl and 

then decreases to 1.28 eV for thiazole. Along with the optical bandgap, the electrochemical 

bandgap also changes, but to a lesser extent. As a result, the effective exciton binding energy 

(Eb), defined as the difference between the electrochemical and optical bandgaps, decreases 

with increasing bandgap and reaches a minimum of 0.09 eV for the copolymer with the 

highest bandgap, i.e. with phenyl linkers. The reduction in Eb with increasing bandgap is 

tentatively explained by a reduced electronic interaction between the DTP and DPP units 

when the HOMO localizes on DTP and the LUMO localizes on DPP. Support for this 

explanation is found in the molar absorption coefficient of the copolymers which shows an 

overall decreasing trend with decreasing Eb. 

  

 

 

 

 

 

 

*  This work has been published as: P. J. Leenaers, A. J. L. A. Maufort, M. M. Wienk, R. A. 

J. Janssen, J. Phys. Chem. C 2020, DOI: 10.1021/acs.jpcc.0c08768. 
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7.1 Introduction  

Generation, dissociation, and recombination of excitons play a central role in the 

operation of organic optoelectronic devices.[1−3] In contrast to inorganic semiconductors, 

excitations in organic semiconductors do not easily dissociate into free charge carriers 

(polarons) but remain tightly bound (excitons) because of the small relative dielectric 

permittivity[4−8] (εr ≈ 3 – 4) of these materials and the localized nature of their excited states.[4] 

Consequently, the singlet exciton binding energy of organic semiconductors is significantly 

larger than the thermal energy.[9] However, the reported magnitudes of the exciton binding 

energies highly depend on the studied material and the methods used to determine them.[8, 

10−34] For instance, Hill et al.[27] determined the exciton binding energy of several small-

molecule organic semiconductors by subtracting the optical bandgap from the transport gap 

and found values between 0.4 and 1.4 eV. In a study by Li et al.,[7] exciton binding energies 

between 0.66 and 1.19 eV were obtained for different conjugated polymers by taking the 

energy difference between the second and first onset in the external quantum efficiency 

(EQE) spectra of neat polymer diodes. 

Although large exciton binding energies are considered to be advantageous for 

recombination of charges in organic light-emitting diodes (OLEDs), they hinder the efficient 

separation of charges in organic photodetectors and organic solar cells (OPV).[35−37] 

Therefore, the most efficient photodetectors and organic solar cells make use of the bulk-

heterojunction design in which the energy necessary to dissociate the excitons is provided by 

the energy offset between the energy levels of the electron donor and acceptor material.[38, 39] 

Nonetheless, such an energy offset can reduce the potential energy stored in the device, which 

limits the maximum obtainable open-circuit voltage (Voc) and thus the device efficiency.[31,33] 

By designing new organic materials with lower exciton binding energies this loss channel 

can possibly be mitigated. One common approach to lower the exciton binding energy of 

organic materials focusses on increasing the relative dielectric permittivity (εr).[5,6,38,40] By 

introducing polar or polarizable functional groups in the conjugated backbone or the side 

chains of organic semiconductors, several researchers have been able to increase εr.[6]  

Recently, Willems et al.[41] found that the average effective singlet exciton binding 

energy (Eb) of 19 diketopyrrolopyrrole (DPP) polymers, which they determined as the 

difference between the electrochemical (Eg,SWV) and optical (Eg,opt) bandgap in thin films, is 

0.44 eV. However, exceptions with higher and lower Eb are also present. For example, Eb is 

0.56 eV for a DPP polymer in which the DPP units are connected to thiophene units via 

thiazole linkers (no. 4 in Figure A.1 and A.2, see Appendix) and 0.33 eV for a DPP polymer 

in which the DPP units are connected to dithienopyrrole (DTP) units via selenophene linkers 

(no. 19 in Figure A.1 and A.2). Intriguingly, additional DPP-DTP copolymers also have a 

reduced Eb. For example, Eb is only 0.16 eV for a polymer in which the DPP units are 
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connected to the DTP units via pyridine linkers (no. 8 in Figure A.1 and A.2). Therefore, 

Willems et al.[41] hypothesized that Eb can be reduced for polymers that combine strong 

electron donating (DTP) and strong electron accepting (DPP) units in their conjugated 

backbone. In such case a singlet excited state is created in which the photo-induced positive 

and negative charges are likely more localized on the donor and acceptor moiety of the 

polymer respectively.[41] This localization lowers the exciton binding energy and will 

increase the optical bandgap because the HOMO on the donor and LUMO on the acceptor 

have little spatial overlap. An analogy can be found in molecules exhibiting thermally-

assisted delayed fluorescence which are also designed to have a small overlap of the HOMO 

and LUMO.[42,43]  

In this chapter, we investigate the impact of the π-conjugated linkers on Eb for DPP-

DTP copolymers. We describe the synthesis of two new DPP-DTP copolymers with either 

asymmetric pyridine (Py) and thiophene (T) or symmetric phenyl (Ph) linkers (Figure 7.1), 

investigate their optical and electrochemical properties, and determine their Eb from the 

difference between the electrochemical and optical bandgaps in thin films. Interestingly, both 

polymers have Eb values below 0.44 eV, which supports the hypothesis that polymers with 

electronically distinct units in the backbone can have a lower Eb. Comparison of the Eb of the 

two new polymers with the Eb’s of four DPP-DTP polymers with selenophene (Se), thiophene 

(T), thiazole (Tz), and pyridine (Py) linkers (Figure 7.1) allows us to further investigate the 

role of the π-conjugated linkers on Eb. We find that Eb anti-correlates with the optical bandgap 

and is indeed dependent on the electronic interaction between the electron-rich DTP and 

electron-deficient DPP units, as probed by the molar absorption coefficient. 

 

Figure 7.1 Structures of the DPP-DTP copolymers with different aromatic linkers (colored) between 

the electron-rich DTP and electron-deficient DPP units.  
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7.2 Results and Discussion  

7.2.1 Polymer synthesis and characterization 

The two new DPP-DTP copolymers with Ph and Py/T linkers (Figure 7.1c-d) were 

synthesized under the same palladium-catalyzed cross-coupling polymerization conditions 

(Scheme 7.1) as used for the DPP-DTP copolymers with Py, Tz, T, and Se linkers (Figure 

7.1a, b, e, f).[44−46] As described in Chapter 2, the Py-DPP-T units are randomly incorporated 

in the conjugated backbone of P(DPP-Py-DTP-T) despite a reactivity difference at both ends 

of the asymmetric monomer. Before polymerization, monomers M1 and M9 were purified 

by recrystallization in methanol. The commercial bisstannyl-DTP monomer (purity ≈ 98.5%) 

was used as received because recrystallization in methanol was not possible. After 

polymerization, the crude polymers were precipitated in methanol, filtered, concentrated, 

treated with ethylenediaminetetraacetic acid (EDTA) to remove remaining palladium 

catalyst, and then reprecipitated from methanol. Subsequently, P(DPP-Py-DTP-T) was 

subjected to Soxhlet extraction with acetone, hexane, and DCM and isolated by precipitation 

of the DCM fraction in methanol. For P(DPP-Ph-DTP-Ph), Soxhlet extraction with acetone 

and hexane and precipitation of this last fraction in methanol resulted in the final material. 

Isolation of the polymers with DCM and hexane in the extraction procedure indicates their 

high solubility in organic solvents. For P(DPP-Py-DTP-T) such a high solubility is not 

surprising because the polymer has asymmetric units in its conjugated backbone (see Chapter 

3). For P(DPP-Ph-DTP-Ph), the high solubility likely originates from the significant 

torsional angle between the phenyl unit and the adjacent DPP and DTP units, which prevents 

close π-π stacking.[47−50]  

Scheme 7.1 Polymerization procedure of (a) P(DPP-Py-DTP-T) and (b) P(DPP-Ph-DTP-Ph). (i) 

Pd2(dba)3/PPh3, toluene/DMF, 115 ℃.  
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Gel permeation chromatography (GPC) at elevated temperature (140 °C) resulted in 

a number-average molecular weight (Mn) of 6 kg mol−1 for P(DPP-Py-DTP-T) and a Mn of 

16 kg mol−1 for P(DPP-Ph-DTP-Ph). The molecular weights of the other DPP-DTP 

copolymers were obtained from the literature[44−46] and are included in Table 7.1 for 

comparison. Although the estimated molecular weight of P(DPP-Py-DTP-T) is low, the 

similarity between its optical absorption spectra in solution and thin film (vide infra) and its 

good photovoltaic performance (Jsc = 15.2 mA cm−2, PCE = 4.2%) in a blend with [6,6]-

phenyl-C71-butylric acid methyl ester ([70]PCBM), processed from chloroform with 5 vol.-

% of diphenyl ether (DPE), provide evidence for a reliable comparison with the other 

materials.  

Table 7.1 Physical properties of the DPP-DTP copolymers.  

Linker e Mn 

[kg mol−1] 

Đ 

 

Eg,opt. 
a
 

[eV] 

HOMO b 

[eV] 

LUMO b 

[eV] 

Eg,swv 
c 

[eV] 

Eb 
d 

[eV] 

Ref.  

Tz  88.5 3.1 1.28 −4.99 −3.27 1.72 0.44 44 

Py 55.6 4.4 1.54 −4.86 −3.16 1.70 0.16 45 

Ph 16.0 2.6 1.80 −4.83 −2.94 1.89 0.09 this work 

Py/T 6.1 2.7 1.37 −4.71 −3.10 1.61 0.24 this work 

T / / 1.23 −4.61 −3.03 1.58 0.35 46 

Se / / 1.13 −4.54 −3.08 1.46 0.33 46 

a From the absorption onset in thin films. b From square-wave voltammetry using −4.59 eV[41] for the 

energy of Fc/Fc+. c Electrochemical bandgap. d Eb = Eg,swv − Eg,opt. e Se = selenophene, T = thiophene, 

Tz = thiazole, Py = pyridine, and Ph = phenyl.  

 

7.2.2 Optical properties  

UV-vis-NIR absorption spectra of P(DPP-Py-DTP-T) and P(DPP-Ph-DTP-Ph) in 

chloroform solution and as thin films on glass are displayed in Figure 7.2. Optical bandgaps 

were extracted from the onsets of absorption in thin films and are given in Table 7.1. The 

absorption spectra and optical bandgaps of the other DPP-DTP copolymers in Figure 7.1 

correspond to literature values[44−46] and were added to Figure 7.2 and Table 7.1 for 

comparison. As we will show below in more detail, the optical bandgap is primarily related 

to the electron-donating or electron-withdrawing properties of the linker and increases from 

1.13 eV for selenophene as linker to 1.80 eV for phenyl and then decreases again to 1.28 eV 

for thiazole. We note that the backbone planarity in P(DPP-Ph-DTP-Ph) is reduced by steric 

hindrance between the aromatic hydrogen atoms of the phenyl linker and the two hydrogen 

atoms on the first carbon atom of the 2'-hexyldecyl unit.[47−50] In a single crystal of a Ph-DPP-

Ph derivative with 2'-ethylhexyl substituents this angle was found to be 37.6°.[49] This torsion 
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results in a decreased overlap between the π-orbitals and lowers the effective π-conjugation. 

The other five linkers do not cause significant torsion. In accordance, the main absorption 

bands of the polymers with Se, T, Tz, Py/T, and Py linkers all show vibrational fine structure 

as a consequence of π-π stacking. In contrast, a featureless signal is observed for the Ph-

linked copolymer, which indicates the absence of strongly aggregated polymer chains. Likely 

the out-of-plane twist of the phenyl linkers[47−50] prevents close π-π stacking, which reduces 

the tendency of P(DPP-Ph-DTP-Ph) to aggregate and increases its solubility. The optical 

bandgap of P(DPP-Py-DTP-T) lies close to the mathematical average (1.39 eV) of the 

bandgaps of P(DPP-Py-DTP-Py)[45] and P(DPP-T-DTP-T).[46] This has also been reported 

for other asymmetric DPP polymers.[51]  
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Figure 7.2 UV-vis-NIR absorption spectra of the DPP-DTP copolymers (a) in chloroform solution and 

(b) as thin film on glass. The spectra of the DPP-DTP copolymers with Se, T, Tz, and Py linkers were 

extracted from literature.[44−46] Se = selenophene, T = thiophene, Tz = thiazole, Py = pyridine, and Ph 

= phenyl.  

 

7.2.3 Electrochemical properties 

The redox behavior of P(DPP-Py-DTP-T) and P(DPP-Ph-DTP-Ph) (Figure 7.3a, 

dark blue and purple lines) was obtained from square-wave voltammetry (SWV) experiments 

on polymer thin films coated on a platinum wire working electrode under the same 

experimental conditions as for 19 DPP polymers (Figure A.2, see Appendix) reported by 

Willems et al.[41] To enable a direct comparison, the oxidation and reduction waves of the 

DPP-DTP copolymers with Se, T, Py, and Tz linkers (Figure 7.1) extracted from the work of 

Willems et al.[41] are added to Figure 7.3a. The frontier molecular orbital energy levels 

(HOMO and LUMO) were calculated from the onset of the redox potentials by using a value 

of −4.59 eV for the energy level of ferrocene/ferrocenium vs vacuum and are displayed in 

Table 7.1 and Figure 7.3b. The effect of the linkers on HOMO and LUMO levels of the 

polymers is twofold. First, for an electron-deficient linker the HOMO and LUMO are 
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lowered, while for an electron-rich linker the HOMO and LUMO are raised. Second, the 

linker affects the coupling between DTP and DPP units where stronger coupling results in a 

lower bandgap raising the HOMO and lowering the LUMO level and vice versa. As can be 

seen in Table 7.1 and Figure 7.3b the HOMO levels increase following the sequence Tz < Py 

< Ph < Py/T < T < Se in accordance with the electron withdrawing/donating character of the 

linkers. The LUMO levels vary less but increase in almost the same sequence. The most 

noticeable exception is P(DPP-Ph-DTP-Ph) which has a higher LUMO level because of a 

reduced coupling between the DTP and DPP units. Furthermore, the sequence for the T and 

Se linkers is reversed, but the difference is small.  
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Figure 7.3 (a) Square-wave voltammograms of the DPP-DTP copolymers referenced against the 

potential of ferrocene/ferrocenium (Fc/Fc+). The redox waves of the DPP-DTP copolymers with Se, T, 

Tz, and Py linkers were extracted from literature.[44−46] (b) HOMO and LUMO energy levels of DPP-

DTP copolymers for different linkers.  

 

7.2.4 Correlation between the optical and electrochemical bandgap 

Adding the optical and electrochemical bandgaps (Table 7.1) of the DPP-DTP 

copolymers with Py/T and Ph linkers to the plot of Willems et al.[41] (Figure A.1) results in 

the updated plot shown in Figure 7.4a. In this new plot, it is hard to find a good correlation 

between the optical and electrochemical bandgaps for all 21 DPP polymers (R2 of the best 

linear fit to the data points is only 0.57). Rather, two separate trends seem to arise: one for 

the DPP-DTP copolymers with Se, T, Py/T, Py, and Ph linkers for which a linear regression 

with a slope of 1.63 and an outstanding R2 value of 0.97 are obtained (red dashed line in 

Figure 7.4a) and a second trend for the other DPP polymers for which a good linear regression 

(R2 = 0.81) with a slope close to unity (0.97) and an average Eb of 0.41 eV are obtained (black 

dashed lined in Figure 7.4a). Note that the copolymer with the Tz linker does not really fit to 

the trend of the DPP-DTP copolymers but is close to the trend for the other DPP polymers.  
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Figure 7.4b shows that Eb anti-correlates with the optical bandgap. The Eb of the DPP-

DTP copolymer with Py/T linkers (0.24 eV) lies very close to the mathematical average (0.26 

eV) of the exciton binding energies of the DPP-DTP copolymers with Py and T linkers. This 

suggests that there is a functional relation between the nature of the π-conjugated linkers and 

Eb. The effective exciton binding energy of the DPP-DTP copolymer with Ph linkers is 

reduced to 0.09 eV, which is 0.07 eV lower than the 0.16 eV reported for the exciton binding 

energy of P(DPP-Py-DTP-Py).[41]  
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Figure 7.4 (a) Correlation between the optical and electrochemical bandgaps of 21 DPP polymers. 

Bandgaps of the two DPP-DTP copolymers synthesized in this work are added as red stars. The 

structures of the other polymers are shown in Figure A.2 (see Appendix). The dashed lines are linear 

fits to the data. Results for polymers 1−19 were extracted from literature.[41] Numbers 8, 9, 18 and 19 

correspond to the DPP-DTP polymers with Py, Tz, T, and Se linkers respectively. (b) Plot of the 

effective exciton binding energy (Eb) as function of the optical bandgap Eg,opt for the six DPP-DTP 

copolymers. 

 

7.2.5 Correlation between exciton binding energy and polymer properties 

To investigate whether the magnitude of Eb scales with the spatial overlap of the 

frontier molecular orbitals of the DPP-DTP copolymers, we determined the molar absorption 

coefficients per repeat unit of the six polymers in solution. The electronic transition dipole 

moment and the associated molar absorption coefficient are related to the spatial overlap of 

the wavefunctions of the initial and final states.[52] The expectation is that for a HOMO and 

LUMO that are localized on different segments the transition dipole moment is smaller than 

when the HOMO and LUMO share the same atoms. Hence, the molar absorption coefficients 

provide a measure for the spatial overlap of the HOMO and LUMO orbitals. We further note 

that each polymer contains the same number of π-electrons per repeat unit, which implies 

that considering the absorption coefficient is a fair comparison. The assumption made in this 

comparison is that all polymers have reached a length in which one additional repeat unit no 

longer shifts the spectrum and that the degree of polymerization exceeds the maximum 
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effective conjugation length. Figure 7.5 shows the molar extinction coefficient per repeat unit 

(ε) measured for the polymers in solution as function of Eb and reveals a link between the 

two quantities, albeit with moderate correlation (R2 = 0.59). The molar absorption coefficient 

of the DPP-DTP copolymer with phenyl linkers is lower than for any of the heterocyclic 

linkers. Of course there are limitations to the attempted correlation because it assumes  that 

the effective conjugation length is similar and the spectral shape does not vary strongly. In 

this respect, the moderate correlation can – at least in part – be ascribed to a different extent 

of aggregation. As a consequence of the random structure of its backbone, the copolymer 

containing the Py and T linkers has a significantly higher solubility than the copolymers with 

only Py or only T linkers. The UV-vis-NIR absorption for this Py/T polymer also shows a 

higher contribution of the vibronic shoulder at shorter wavelengths in comparison to the Py 

and T polymers (Figure 7.2a), resulting in a reduced peak height and molar absorption 

coefficient.  
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Figure 7.5 Correlation between the effective exciton binding energy and the molar extinction 

coefficient per repeat unit for the different polymers.  

Even though it is clear that the π-conjugated linkers in DPP-DTP copolymers exert a 

strong effect on Eb, it is not yet clear which underlying property of the linker determines the 

magnitude of Eb. To answer this question we plot Eg,opt, Eg,SWV, Eb  ̧and ε as functions of the 

HOMO energy of the six DPP-DTP copolymers (Figure 7.6). Although the data points show 

quite some scattering, an interesting correlation appears. The optical bandgap (Eg,opt, black 

markers) first increases with lowering the HOMO energy of the polymers from selenophene 

to phenyl and then decreases again going to thiazole. In terms of donor-acceptor interactions 

this can qualitatively be rationalized by considering that when the DTP unit has less electron-

rich neighboring groups the donor becomes less strong such that the push-pull character 

decreases and the bandgap increases. At the point where the phenyl linker is replaced by more 

electron-deficient pyridine or thiazole linkers, it seems that we are increasing the acceptor 

strength of the DPP unit, which then increases the push-pull character and decreases the 

optical bandgap.  



Chapter 7 

160 

 

-5.0 -4.9 -4.8 -4.7 -4.6 -4.5
0.0

0.5

1.0

1.5

2.0

Eg,opt  Eg,SWV  Eb   e

E
 [
e

V
],
 e

 [
1

0
5

 L
 m

o
l-1

 c
m

-1
]

HOMO energy [eV]

Tz               Py  Ph            Py/T             T        Se

 
Figure 7.6 Correlation between the optical bandgap (Eg,opt), the electrochemical bandgap (Eg,SWV), the 

effective exciton binding energy (Eb) and the HOMO energy of the DTP-DPP copolymers for the six 

different linkers. 

The relation between the HOMO energy and bandgap can be rationalized using an 

elementary quantum chemical Hückel-type model that was recently used to describe the 

properties of donor-acceptor co- and terpolymers.[53] In this model the monomeric donor and 

acceptor units are described as each consisting of two atoms (i.e. D-D and A-A), 

parameterized by effective Coulomb (αD, αA) and resonance (βD, βA) energies as shown 

schematically in Figure 7.7a. The interaction between the D-D and A-A units along the chain 

is described by a third resonance integral (β). To determine the HOMO energy and bandgap 

of the infinite polymer (n = ∞) it suffices to calculate the four energies of the cyclized repeat 

unit (Figure 7.7a).[53] In fact, these can be solved analytically using the mirror plane (σv) 

symmetry to give:  
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Figure 7.7b and 7.7c show the resulting HOMO energies and bandgaps for different 

values of αD and αA, calculated using βD = βA = −2 eV and β = −1 eV as parameters. The 

black line in both graphs represents a hypothetical trajectory that connects a series of 

polymers where the donor strength decreases (reducing αD) and the acceptor strength 

increases (reducing αA). Figure 7.7b shows that along this trajectory the HOMO energy 

decreases. Figure 7.7c shows that along the same trajectory the bandgap first increases and 

then decreases. Figure A.3 (see Appendix) shows this relation for three circular trajectories. 

This analysis shows that the experimental behavior seen in Figure 7.6 for the optical bandgap 

can be rationalized using an elementary quantum chemical model.  
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The electrochemical bandgap Eg,SWV (red markers in Figure 7.6) follows the same 

trend as Eg,opt with the HOMO energy, but the changes are smaller. This results in a clear 

minimum for the effective exciton binding energy Eb (blue markers in Figure 7.6) for the 

phenyl linker. The molar absorption coefficient ε (green markers in Figure 7.6) also seems to 

correlate with Eb and shows a minimum for the phenyl linker. We note that the twist of the 

phenyl linkers out of the plane of the conjugated backbone,[47−50] also decreases the overlap 

between the π-orbitals of adjacent units and reduces the interaction between the DTP and the 

DPP units.  
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Figure 7.7 (a) Schematic representation of the model used to describe the π electrons in the copolymer. 

The acceptor and donor monomeric units are modelled as conjugated moieties, each with their own 

Coulomb (α) and resonance (β) integrals. (b) Contour plot of the HOMO energy calculated as function 

of αD and αA, using resonance integrals βD = βA = −2 eV and β = −1 eV. (c) Contour plot of the bandgap 

calculated as function of αD and αA, using resonance integrals βD = βA = −2 eV and β = −1 eV. 

We are well aware of the scatter in the data in Figure 7.6. This is almost inevitable 

when comparing different polymers. Nevertheless, we think that the suggested relations 

between the HOMO energy and the optical bandgap on one hand and between the optical 

bandgap and the effective binding energy on the other capture the essence for these donor-

acceptor polymers and form a principal understanding of the experimental results.  
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7.3 Conclusion 

The effect of the nature of the π-conjugated linker on the effective exciton binding 

energy (Eb) of DPP-DTP copolymers was studied. In these DPP-DTP copolymers a strong 

donor (DTP) alternates with a strong acceptor (DPP) and bandgaps significantly depend on 

the aromatic linker. Next to four DPP-DTP copolymers known from the literature, two new 

derivatives with Py/T and Ph linkers were synthesized. The differences between the 

electrochemical and optical bandgaps in thin films were compared for all six copolymers and 

an estimate for the effective exciton binding energies was provided. Two interesting results 

emerge from this work.  

First, by decreasing the electron donating character of the linker, the optical bandgap 

of the polymers in thin films first increases from 1.13 eV for selenophene to 1.80 eV for 

phenyl and then decreases again to 1.28 eV for thiazole. As a result, a Λ-shaped relation is 

found for the optical bandgap as function of the HOMO energy of the polymer. This behavior 

is rationalized by considering that when the DTP unit has less electron-rich neighboring 

groups its donor strength diminishes such that the push-pull character decreases and the 

bandgap increases. Upon reducing the electron donating strength beyond the point of the 

phenyl linker, the linker switches from electron-rich to electron-deficient. At that point the 

acceptor strength of the DPP unit rises and this increases the push-pull character resulting in 

a decrease in the optical bandgap. An elementary quantum chemical model was found to 

support this explanation. 

Second, the electrochemical bandgap of the six copolymers is always higher than the 

optical bandgap and follows the same trend with the HOMO energy as the optical bandgap 

but the trend is weaker. As a result, the effective exciton binding energy (Eb) defined as the 

difference between the electrochemical and optical bandgaps strongly depends on the linker 

used and reaches a remarkably low minimum of 0.09 eV for the polymer with phenyl linkers. 

The reduction in Eb with increasing bandgap is tentatively explained by a reduced electronic 

interaction between the electron-rich DTP and electron-deficient DPP units. In such a case, 

the HOMO is expected to localize on DTP and the LUMO is expected to localize on DPP. 

Support for this explanation is found in the molar absorption coefficient of the copolymers 

which shows an overall decreasing trend with decreasing Eb. Although the Hückel model 

nicely explains how the change in push-pull character translates into a change in the optical 

bandgap, it does not explain the related change in the exciton binding energy. Hence, it 

captures only part of the complete picture. 
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7.4 Experimental Section 

7.4.1 Materials and methods 

All chemicals and (dry) solvents were purchased from Sigma-Aldrich, Acros 

Organics, or Tokyo Chemical Industry Co. and used without additional purification steps 

unless stated otherwise. Tris(dibenzylideneacetone)dipalladium (Pd2(dba)3) (Strem 

Chemicals Inc.) and 4-(2-ethylhexyl)-2,6-bis(trimethylstannyl)-4H-dithieno[3,2-b:2',3'-

d]pyrrole (DTP) (Solarmer Energy Inc) were used as received. Triphenylphosphine (PPh3) 

was recrystallized from methanol before use. Synthesis and characterization of monomer M1 

is given in the Experimental Section of Chapter 2. Monomer M9 was synthesized by Turbiez 

et al. [54] and recrystallized from methanol before use. Polymerization conditions were based 

on previously optimized procedures.[46, 55] The purity of all monomers was checked with 1H-

NMR before polymerization. 

Polymer solution and thin-film UV-vis-NIR spectra were measured on a Perkin Elmer 

Lambda 1050 spectrophotometer at room temperature. Stock solutions of the polymers (6 mg 

mL−1) were prepared in 9/1 (v/v) chloroform/o-dichlorobenzene. For UV-vis-NIR spectra 

one drop of the stock solution was added to a quartz cuvette filled with chloroform. Polymer 

films were prepared by applying the stock solutions onto a glass substrate, followed by spin 

coating at 1500 rpm for 60 s. The glass substrates were washed with acetone and isopropanol 

and treated with UV-ozone for 30 min before use. To determine the molar absorption 

coefficients of the polymer repeat units, the absorbance was measured for different 

concentrations of the polymers in chloroform. The molar absorption coefficients were 

obtained by fitting the Beer-Lambert law to a plot of the absorbance at the wavelength of 

maximum absorption versus the molar concentration of the polymeric repeat unit.  

Polymer weight distributions were estimated through gel permeation chromatography 

(GPC) on an Agilent Technologies PL-GPC 220 high-temperature chromatograph with a PL-

GEL 10 mm MIXED-C column, calibrated with polystyrene internal standards and with o-

dichlorobenzene at 140 °C as eluent. Prior to measurement the samples were stirred at 140 

°C until the polymer was dissolved completely.  

Square-wave voltammetry (SWV) was measured on an AutoLab PGSTAT30 or 

PGSTAT12 potentiostat under inert atmosphere. The measurements were performed with a 

polymer-coated Pt wire as work electrode, a Ag wire as counter electrode, and a AgCl-coated 

Ag wire, calibrated vs. Fc/Fc+, as quasi-reference electrode. The Pt wire was coated by 

dipping it in a 2 mg mL−1 polymer solution in chloroform, which had been heated for 2 h at 

90 °C. A 0.1 M solution of tetrabutylammonium hexafluorophosphate (TBAPF6) in 
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acetonitrile was used as electrolyte. The energy level of the ferrocene/ferrocenium couple 

(EFc/Fc+) was set at −4.59 eV[41] vs. vacuum.  

 

7.4.2 Synthesis 

P(DPP-Py-DTP-T) 

4-(2-Ethylhexyl)-2,6-bis(trimethylstannyl)-4H-dithieno[3,2-b:2',3'-d]pyrrole (DTP) 

(54.8 mg, 88.8 µmol),  monomer M1 (80.0 mg, 88.7 µmol), Pd2(dba)3 (1.19 mg, 1.30 µmol), 

and PPh3 (1.42 mg, 5.39 µmol) were weighed in a dried Schlenk vial with stirring bar. Dry 

toluene (1.8 mL) and dry DMF (0.2 mL) were subsequently added, and the reaction mixture 

was bubbled with argon for 15 min. Then, the mixture was heated to 115 °C overnight under 

argon. After reaction, 1,1,2,2-tetrachloroethane (4 mL) was added, and the solution was 

stirred at 90 °C for 15 min. After precipitation in methanol, the precipitate was vacuum 

filtered, and subjected to Soxhlet extraction with acetone, hexane, and dichloromethane. The 

dichloromethane fraction was concentrated under reduced pressure, precipitated in methanol, 

and filtered, to yield the polymer as 70 mg of dark purple flakes (76% yield). GPC (o-DCB, 

140°C): Mn = 6.1 kg mol−1, Mw = 16.7 kg mol−1, Ð = 2.75.  

 

P(DPP-Ph-DTP-Ph) 

4-(2-Ethylhexyl)-2,6-bis(trimethylstannyl)-4H-dithieno[3,2-b:2',3'-d]pyrrole (DTP) 

(68.9 mg , 112 µmol), monomer M9 (100 mg, 112 µmol), Pd2(dba)3 (1.54 mg, 1.68 µmol), 

and PPh3 (1.76 mg, 6.70 µmol) were placed inside a dried Schlenk tube with stirring bar. Dry 

toluene (1.7 mL) and dry DMF (0.2 mL) were added, and the resulting solution was bubbled 

with argon for 15 min, lowered into an oil bath, and heated to 115 °C. After reaction overnight 

under argon, chloroform (4 mL) was added at 80 °C, and the solution was stirred for 15 min. 

The solution was then precipitated in methanol, and the precipitate was subjected to Soxhlet 

extraction in acetone and hexane. The hexane fraction was concentrated under reduced 

pressure and precipitated in methanol, to yield 92 mg of copper-colored polymer (80% yield). 

GPC (o-DCB, 140 °C): Mn = 16.0 kg mol−1, Mw = 41.7 kg mol−1, Ð = 2.60. 
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7.5 Appendix 
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Figure A.1 Correlation between the optical and electrochemical bandgap of the 19 DPP polymers 

reported by Willems et al.[41] The dashed line is a linear fit with fixed slope of 1. The numbers 

correspond to the chemical structures shown in Figure A.2. Numbers 8, 9, 18 and 19 correspond to the 

DPP-DTP copolymers with Py, Tz, T and Se linkers respectively. Se = selenophene, T = thiophene, Tz 

= thiazole, and Py = pyridine.  
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Figure A.2 Structures of the DPP polymers corresponding to the numbers used in Figure 7.4a and 

Figure A.1. Se = selenophene , T = thiophene, Tz = thiazole, and Py = pyridine. 
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Figure A.3 Dependence of the bandgap on the HOMO energy according to the model described in 

paragraph 7.2.6 for three circular trajectories described by the relation (αD − 2)2 + (αA + 2)2 = R2, for R 

= 2.0, 1.8, and 1.6 eV and using βD = βA = −2 eV and β = −1 eV. The data for R = 1.6 eV correspond 

to the trajectories depicted in Figures 7.7b and c.  
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Summary 

Controlling the Optoelectronic Properties and Structural Organization of 

Diketopyrrolopyrrole Polymers via Specialized Design Motifs 

Diketopyrrolopyrrole (DPP) polymers have been extensively exploited in various 

organic optoelectronic devices, of which the most popular ones are organic field-effect 

transistors (OFETs) and organic solar cells. The major strengths of these polymers for 

application in such devices lie in their strong optical absorption and facile chemical 

modification, which allows to easily tune the properties of these polymers over a wide range 

and so optimize device performance. In this thesis, less well-known (“specialized”) design 

motifs for DPP polymers are explored. It is investigated how these specialized motifs exert 

critical effects on the optoelectronic properties, processability and structural organization of 

DPP polymers and how this influences the performance of OFETs and organic solar cells.    

The first interesting specialized design motif for DPP polymers that is investigated in 

this thesis is based on asymmetry. By using DPP monomers that are equipped with two 

different aryl groups adjacent to the DPP unit in the polymerization reaction, asymmetry is 

incorporated into the π-conjugated backbone of DPP polymers. As a consequence of this one-

pot polymerization with an asymmetric monomer, three distinct segments can be formed in 

the polymer backbone, which are presumed to have a random distribution. Usually, 

regiorandom polymers display different optoelectronic properties and device performance 

than regioregular polymers. However, very similar optical absorption spectra, energy levels 

and photovoltaic performance are obtained for asymmetric thiophene (T)/pyridine (Py) 

flanked DPP polymers with a regiorandom and a regioregular backbone. Because the reaction 

rate constants of the two termini of the asymmetric DPP monomer, investigated by a model 

reaction, differ by a factor of 19, the similarity in properties and solar cell performance might 

be explained by formation of a semiregioregular conjugated backbone in the one-pot 

polymerization. Nevertheless, kinetic Monte Carlo simulations reveal that a truly random 

polymer is always obtained in the one-pot polymerization reaction of asymmetric monomers, 

independent of the reactivity difference between the two termini of the monomer. Averaging 

of the electronic structure over the different donor segments within the effective conjugation 

length, as evidenced by the optical absorption spectra of the three extended chromophores, 

explains the found similarity in optoelectronic properties between both polymers. 

Another property that is created by an asymmetric design motif in DPP polymers is a 

higher solubility than for symmetric DPP polymers. Indeed, it is observed that asymmetric 

T/Py flanked DPP polymers with a relatively long conjugated repeat unit but relatively short 

branched alkyl side chains can still be solubilized in chloroform. For these polymers, 
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polymer-fullerene solar cells processed from chloroform with diphenyl ether as cosolvent 

yield high power conversion efficiencies (PCEs) up to 7.4%. Interestingly, asymmetric T/Py 

flanked DPP polymers with properly balanced lengths of the branched alkyl side chains and 

size of the comonomer can also be solubilized in toluene, which is a more environmentally 

friendly solvent than chloroform. For these polymers, polymer-fullerene solar cells processed 

from toluene show similar PCEs (3.4−6.7%) as for cells processed from chloroform, due to 

a similar morphology. Polymers with a lower solubility and a higher molecular weight show 

improved PCEs, because of smaller phase-separated polymer/fullerene domains.  

The second specialized design motif that is used for the DPP polymers in this thesis 

comprises DPP polymers that contain 2'-branched alkyl side chains at the 4-position of the 

thiophenes adjacent to the DPP core. When 2'-hexyldecyl side chains are placed on these 

positions and linear alkyl chains are placed on the DPP units, alternating 

DPP−quaterthiophene polymers (PDPP4T) can be designed that display two distinct semi-

crystalline phases (β1 and β2) in solution and in the solid state. It is found that the β2 phase 

structurally differs from the β1 phase by a smaller π-π stacking distance, which is consistent 

with the redshifted absorption and photoluminescence spectra for this second phase. By 

tuning the length of the linear side chains, and thus the solubility of the polymers, the 

formation of the β1 and β2 phases can be controlled. Whereas both phases can be obtained for 

polymers with linear nonyl and dodecyl side chains, shorter hexyl and longer pentadecyl side 

chains favor the β2 and β1 phase respectively. Kinetic experiments show that the rate of 

formation of the β2 phase for the pentadecyl polymer is slower than for the other polymers, 

indicating that a lower polymer solubility enhances the tendency to form the β2 phase. 

Because of the tighter packing and the redshifted absorption of the β2 phase compared to the 

β1 phase, the field-effect mobility in OFETs is increased and the external quantum efficiency 

spectrum of solar cells extended.  

To investigate if polymorphism occurs for more DPP polymers that contain 2'-

branched alkyl side chains on the neighboring thiophenes of the DPP unit and linear side 

chains on the DPP unit, two alternating DPP−terthiophene polymers (PDPP3T) with this 

design motif are synthesized. For the PDPP3T polymer with 2'-hexyldecyl side chains on the 

thiophenes and hexyl side chains on the DPP unit, it is found that polymorphism does not 

occur because the polymer is highly soluble and virtually amorphous in solution and in the 

solid state. However, when the polymer solubility is properly adjusted so that aggregation 

occurs, two semi-crystalline phases can again be distinguished for the polymer with 2'-

ethylhexyl side chains on the thiophenes and dodecyl chains on the DPP units. This shows 

that polymorphism is not inhibited by the different relative orientation of the DPP units along 

the backbone of these polymers compared to PDPP4T. Here as well the β2 phase has a lower 
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optical bandgap, a smaller π-π stacking distance and a higher charge carrier mobility in 

OFETs compared to the β1 phase.  

Eventually, more insight is obtained in the structural characteristics that determine 

polymorphism in DPP polymers by synthesizing five DPP polymers with different side chain 

design motifs or a different conjugated backbone. Under the studied conditions, the β2 phase 

cannot be induced for thienothiophene-based DPP polymers, or for PDPP4T polymers with 

branched side chains on the DPP units, or for PDPP4T polymers with short 2'-ethylhexyl side 

chains on the thiophenes adjacent to the DPP units. Therefore, it is concluded that 

polymorphism of DPP polymers is quite sensitive to the exact chemical structure of the 

polymers and is likely very specific for alternating DPP−oligothiophene polymers with  

linear side chains on the DPP unit and 2'-branched alkyl side chains on the oligothiophene 

segment, within a narrow solubility window.  

The last (specialized) design motif makes use of different π-conjugated linkers 

between the DPP acceptor and the dithienopyrrole (DTP) donor units in alternating DPP-

DTP copolymers in order to control the electrochemical and optical bandgaps and the 

effective exciton binding energy (Eb) of the polymers, which is specified as the difference 

between both bandgaps. In total, six different linkers are employed. By decreasing the 

electron-rich character of the linkers – which is related to the HOMO energy of the polymers 

− from selenophene to phenyl, the optical bandgaps of the corresponding polymers increase 

from 1.13 to 1.80 eV. By changing the linkers to electron-poor thiazole, the optical bandgap 

decreases again to 1.28 eV. While a similar trend is present for the electrochemical bandgap, 

changes in this bandgap with the HOMO energy are not as steep as for the optical bandgap. 

Therefore, Eb varies sensitively with the nature of the π-conjugated linkers, ranging from 0.44 

eV for the polymer with thiazole linkers to a notably low value of 0.09 eV for the polymer 

with phenyl linkers. The change in bandgap with the HOMO energy level of the polymers is 

explained by considering that the π-conjugated linkers either increase the electron-donating 

strength of the DTP donor units or the electron-accepting strength of the DPP acceptor units 

and is supported by an elementary quantum chemical model. Furthermore, it is reasoned that 

the inverse correlation between Eb and bandgap originates from a reduced electronic 

interaction between the DPP and DTP units that is caused by the linkers. Evidence for this is 

obtained from the molar absorption coefficient which decreases for lower Eb values.  

 

 

 

 



Summary 

174 

 

 



175 

Samenvatting 

Het Beheersen van de Opto-elektronische Eigenschappen en de Structurele 

Organisatie van Diketopyrrolopyrrool Polymeren via Gespecialiseerde 

Ontwerpmotieven

Diketopyrrolopyrrool (DPP) polymeren zijn uitgebreid benut in verschillende 

organische opto-elektronische apparaten, waarvan organische veld-effect transistoren 

(OFETs) en organische zonnecellen het meest populair zijn. De belangrijkste troeven van 

deze polymeren voor toepassing in zulke apparaten zijn hun sterke optische absorptie en het 

eenvoudige aanpassingsvermogen van hun chemische structuur, wat toelaat om de 

eigenschappen van deze polymeren gemakkelijk over een breed bereik aan te passen en zo 

de prestatie van deze apparaten te optimaliseren. Deze thesis spitst zich toe op het 

onderzoeken van minder bekende (“gespecialiseerde”) ontwerpmotieven voor DPP 

polymeren. Er wordt onderzocht hoe deze gespecialiseerde motieven belangrijke effecten 

uitoefenen op de opto-elektronische eigenschappen, op de verwerkbaarheid en op de 

structurele organisatie van DPP polymeren en hoe dit de prestatie van OFETs en organische 

zonnecellen beïnvloedt.  

Het eerste onderzochte ontwerpmotief voor DPP polymeren in deze thesis heeft te 

maken met asymmetrie. Door gebruik te maken van DPP monomeren die twee verschillende 

aromatische zijgroepen naast de DPP eenheid bevatten kan asymmetrie ingebouwd worden 

in de π-geconjugeerde hoofdketen van DPP polymeren. Als gevolg van zo’n 

polymerisatiereactie met een asymmetrisch monomeer in één reactievat kunnen drie 

verschillende segmenten gevormd worden in de hoofdketen van deze polymeren, waarbij 

verondersteld wordt dat de segmenten willekeurig verdeeld zijn. Normaal gezien vertonen 

polymeren die willekeurig alternerende segmenten bevatten verschillende opto-elektronische 

eigenschappen en prestaties in toepassingen dan polymeren waarbij de segmenten op een 

regelmatige wijze verdeeld zijn. Echter, voor willekeurig en regelmatig alternerende 

asymmetrische thiofeen (T)/pyridine (Py) geflankeerde DPP polymeren vinden we praktisch 

dezelfde optische absorptiespectra, energieniveaus en zonnecelefficiënties. Deze 

waarnemingen in combinatie met een factor 19 verschil tussen de reactiviteitsconstanten van 

de twee verschillende functionele eindgroepen van het asymmetrische DPP monomeer, 

bekomen via een modelreactie, doen vermoeden dat de gelijke eigenschappen en 

zonnecelprestaties van beide polymeren misschien uitgelegd kunnen worden door het 

vormen van een halfregelmatige geconjugeerde hoofdketen in de één-vat polymerisatie. 

Echter, kinetische Monte Carlo simulaties tonen aan dat compleet willekeurig alternerende 

polymeren altijd gevormd worden tijdens polymerisaties met asymmetrische monomeren die 
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uitgevoerd worden in één reactievat, onafhankelijk van het reactiviteitsverschil tussen de 

twee eindgroepen van het asymmetrische monomeer. Een goede uitleg voor de gevonden 

gelijkenissen in de opto-elektronische eigenschappen tussen beide polymeren vinden we in 

het uitmiddelen van de elektronische structuur over de verschillende donor segmenten binnen 

de effectieve conjugatielengte, zoals we aantonen via de optische absorptiespectra van de 

drie uitgebreide chromoforen.    

Een andere eigenschap die verkregen wordt door het asymmetrische ontwerp van DPP 

polymeren is een hogere oplosbaarheid dan voor symmetrische DPP polymeren. Voor 

asymmetrische T/Py geflankeerde DPP polymeren met een relatief lange geconjugeerde 

herhaaleenheid maar relatief korte vertakte alifatische zijstaarten blijkt dat deze polymeren 

nog steeds oplosbaar zijn in chloroform. Polymeer-fullereen zonnecellen gebaseerd op deze 

polymeren die gemaakt zijn uit chloroform met difenyl ether als co-solvent leveren dan ook 

een hoge vermogensefficiëntie tot wel 7.4%. Interessant genoeg kunnen asymmetrische T/Py 

geflankeerde DPP polymeren met de juiste lengte van de vertakte zijstaarten en grootte van 

het co-monomeer ook opgelost worden in tolueen, dat een milieuvriendelijker oplosmiddel 

is dan chloroform. Polymeer-fullereen zonnecellen gebaseerd op deze polymeren die 

gemaakt zijn uit tolueen leveren gelijke vermogensefficiënties (3.4−6.7%) als zonnecellen 

die gemaakt zijn uit chloroform, omwille van een soortgelijke morfologie. Polymeren met 

een lagere oplosbaarheid en een hoger moleculairgewicht resulteren in betere 

vermogensefficiënties vanwege kleinere fase-gescheiden polymeer/fullereen domeinen.  

Het tweede gespecialiseerde ontwerpmotief dat gebruikt wordt voor de DPP 

polymeren in deze thesis omhelst DPP polymeren die 2′-vertakte alifatische zijstaarten op de 

4-positie van de thiofenen naast de DPP kern bevatten. Wanneer 2′-hexyldecyl zijketens op 

deze posities en lineaire alkyl zijketens op de DPP eenheden geplaatst worden kunnen DPP 

polymeren waarin de DPP eenheden alterneren met vier opeenvolgende thiofenen (PDPP4T) 

ontworpen worden die twee verschillende halfkristallijne fases (β1 en β2) hebben in oplossing 

en in de vaste fase. We vinden dat de β2 fase structureel verschilt van de β1 fase door een 

kleinere π-π stapelafstand wat consistent is met de rood-verschoven absorptie en 

fotoluminescentie voor deze tweede fase. Door de lengte van de lineaire zijstaarten en dus de 

oplosbaarheid van de polymeren aan te passen kan de vorming van de β1 en β2 fases beheerst 

worden. Terwijl beide fases verkregen kunnen worden voor polymeren met lineaire nonyl en 

dodecyl zijketens, kunnen de β2 en β1 fases enkel afzonderlijk verkregen worden voor 

polymeren met respectievelijk korte hexyl en lange pentadecyl zijketens. Kinetische proeven 

laten zien dat de snelheid waarmee de β2 fase gevormd wordt voor het pentadecyl polymeer 

trager is dan voor de andere polymeren, wat aantoont dat polymeren met een lagere 

oplosbaarheid een grotere neiging bezitten om de β2 fase te vormen. Vanwege de dichtere 

pakking en de rood-verschoven absorptie van de β2 fase vergeleken met de β1 fase is de veld-
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effect mobiliteit in OFETs met β2 fase hoger en het externe kwantumefficiëntiespectrum van 

zonnecellen met β2 fase uitgebreider.  

Om te onderzoeken of polymorfisme voorkomt voor meer DPP polymeren die 2'-

vertakte alifatische zijketens dragen op de naburige thiofenen van de DPP eenheid en lineaire 

zijketens dragen op de DPP eenheid hebben we twee DPP polymeren ontworpen waarin de 

DPP eenheden alterneren met drie opeenvolgende thiofenen (PDPP3T). Voor het PDPP3T 

polymeer met 2'-hexyldecyl zijstaarten op de thiofenen en hexyl zijstaarten op de DPP 

eenheid vinden we dat polymorfisme niet voorkomt omdat het polymeer zeer oplosbaar en 

praktisch amorf is in oplossing en in de vaste fase. Echter, wanneer de oplosbaarheid van de 

polymeren op de juiste manier wordt aangepast zodat aggregatie kan optreden kunnen 

opnieuw twee verschillende halfkristallijne fases onderscheiden worden voor het polymeer 

met 2'-ethylhexyl zijketens op de thiofenen en dodecyl ketens op de DPP eenheden. Dit laat 

zien dat polymorfisme niet verhinderd wordt door de verschillende relatieve oriëntatie van 

de DPP eenheden in de hoofdketen van deze polymeren vergeleken met PDPP4T. Ook in dit 

geval vinden we dat de β2 fase een lagere optische bandkloof, een kleinere π-π stapelafstand 

en een hogere mobiliteit heeft van de ladingsdragers in OFETs vergeleken met de β1 fase. 

Uiteindelijk verkrijgen we meer inzicht in de structurele karakteristieken die bepalen 

of polymorfisme voorkomt in DPP polymeren door vijf DPP polymeren te synthetiseren met 

verschillende ontwerpmotieven voor de zijketens of met een verschillende geconjugeerde 

hoofdketen. Onder de bestudeerde omstandigheden kan de β2 fase niet veroorzaakt worden 

voor DPP polymeren gebaseerd op thienothiofeen, of voor PDPP4T polymeren met vertakte 

zijstaarten op de DPP eenheden, of voor PDPP4T polymeren met korte 2'-ethylhexyl 

zijketens op de thiofenen naast de DPP eenheden. Daarom concluderen we hier dat 

polymorfisme van DPP polymeren gevoelig is aan de exacte chemische structuur van de 

polymeren en hoogstwaarschijnlijk zeer specifiek is voor DPP polymeren waarin de DPP 

eenheden alterneren met oligothiofeensegmenten met lineaire zijketens op de DPP eenheden 

en 2'-vertakte alkyl zijketens op de oligothiofeen segmenten, en dit binnen een smal 

oplosbaarheidsbereik.  

Het laatste (gespecialiseerde) ontwerpmotief maakt gebruik van verschillende π-

geconjugeerde koppelaars tussen de DPP acceptor en de dithienopyrrool (DTP) donor 

eenheden in alternerende DPP-DTP co-polymeren om zo controle te krijgen over de 

elektrochemische en optische bandkloven en de effectieve exciton bindingsenergie (Eb) van 

de polymeren, die gedefinieerd wordt als het verschil tussen beide bandkloven. In totaal zijn 

er zes verschillende koppelaars toegepast. Door het elektronen-rijke karakter van de 

koppelaars – dat gerelateerd is aan het HOMO energieniveau van de polymeren – te laten 

afnemen van selenofeen naar fenyl nemen de optische bandkloven van de overeenkomstige 
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polymeren toe van 1.13 tot 1.80 eV. Door de koppelaars te veranderen in elektronen-arme 

thiazool neemt de optische bandkloof weer af tot 1.28 eV. Hoewel een soortgelijke trend 

aanwezig is voor de elektrochemische bandkloof verandert deze niet zo stijl met het HOMO 

energieniveau als de optische bandkloof. Hierdoor, is ook Eb gevoelig aan de aard van de π-

geconjugeerde koppelaars en varieert deze van 0.44 eV voor het polymeer met de thiazool 

koppelaars tot een opmerkelijk lage waarde van 0.09 eV voor het polymeer met de fenyl 

koppelaars. De verandering van de bandkloof met het HOMO energieniveau van de 

polymeren wordt uitgelegd door aan te nemen dat de π-geconjugeerde koppelaars de 

elektronen-stuwende kracht van de DTP donor eenheden ofwel de elektronen-zuigende 

kracht van de DPP acceptor eenheden laat toenemen en wordt onderbouwd door een 

elementair kwantumchemisch model. Verder, beredeneren we dat de inverse relatie tussen 

Eb en de bandkloof ontstaat door een verminderde elektronische interactie tussen de DPP en 

de DTP eenheden die veroorzaakt wordt door de koppelaars. Bewijs hiervoor wordt 

verkregen uit de molaire absorptiecoëfficiënt die afneemt voor lagere waardes van Eb.  
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