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Chapter 1 

 

Introduction 
 

Abstract 

Several solar cell technologies are presented to introduce the reader to the topic 
of solar cell research. Specifically, the basic characteristics and working principles 
of organic solar cells are presented as well as methods of device evaluation. Some 
organic semiconductor materials that have influenced the organic solar cell 
research field are discussed. In particular, the suitability of the 
diketopyrrolopyrrole segment as an electron withdrawing segment for 
semiconducting materials suitable for organic solar cells is discussed. All of this 
serves as an introduction to this thesis which focuses on the application of 
unconventional chromophores in organic solar cells. 
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1.1. Introduction 
Through the development of new technologies, science aims to ameliorate the 
quality of life. Ever smarter and ever more advanced technologies try to simplify 
our ways of living. Solar panels nowadays allow for straightforward light-to-
electrical energy conversion right where it is desired. At the same time, once in 
operation, their environmental impact is low. Most likely, when they first 
reported on the photovoltaic effect in the 19th century, the vision that solar 
panels provide us with one of the most sustainable ways of energy 
transformation is not what Bequerel and Smith had imagined.1–3 About a century 
after, Daryl Chapin, Calvin Fuller and Gerald Pearson developed the first silicon 
based solar cells in the mid-1950s.4,5 It became apparent that one of Earth’s most 
abundant elements, silicon, is highly suitable for the production of solar panels. 
Single-crystal silicon-based solar cells were optimized to be cheap to produce, 
provide systems with light-to-energy conversion efficiencies of up to ~25% and 
last for several decades.6 All in all, the technology became a prime candidate for 
robust long-term large scale energy production.  

Several alternative solar cell technologies have challenged and still are 
challenging crystalline silicon solar cells for the purpose of large scale electricity 
generation (Table 1.1). Among these are cadmium telluride (CdTe), copper 
indium gallium selenide (CIGS), perovskites and organic solar cells, but none 
has so far been able to outcompete the state-of-the-art silicon solar cells. Even 
though some of those competitors might outperform crystalline silicon solar 
cells on some of their aspects, the combined package crystalline silicon offers, 
makes it still the most preferred technology with a market share of about 95%.7 

 
Type 

lab PCE 
(%)8 

module PCE 
(%)9,10,a 

 
notes 

c-Si 26.1 24.4 requires single-crystal Si growth 
m-Si 23.2 19.9 cheaper production than c-Si 
GaAs 29.1 25.1 thin film, heavy metals 
CIGS 23.4 19.2 thin film, heavy metals 
CdTe 22.1 18.6 thin film, heavy metals 
Perovskite 25.2 11.6 cheap, thin film, heavy metals 
Organic 17.4 8.7 cheap, thin film, organic 

Table 1.1: lab and module power conversion efficiencies (PCE) for various single-junction solar cell 
technologies.9 c-Si: crystalline silicon; m-Si: multicrystalline silicon; CIGS: copper indium gallium selenide; 
aconfirmed terrestrial module efficiencies measured under AM1.5 G (1000 W/m2) at a cell temperature of 
25°C (IEC 60904 – 3: 2008, ASTM G – 173 – 03 global)9 Data accessed on 16/06/2020. 



Introduction 

11 

The achieved performances of these alternative photovoltaic (PV) technologies 
come close to what crystalline silicon offers. In addition, further development 
of alternative technologies has enabled researchers to produce solar cells that are 
flexible,11–14 (semi-)transparent,15,16 lightweight,17 fully biodegradable,11 or 
responsive to external stimuli.18–21 Because the materials used for these 
alternative solar cell technologies do not necessarily need to be grown into 
extremely pure crystals, various other processing methods can be applied. 
Solutions containing photoactive components or precursors can be coated, 
printed, stamped, evaporated, and so on. All in all, this enables these newer 
generations of solar cells to be applied more widely. For alternative PV 
technologies to become commercially profitable, efficiency, lifetime and cost 
requirements must all be -at least - met next to offering a specific advantage over 
existing c-Si technology. 

1.2. Organic photovoltaics 
Organic solar cells (OSCs) utilize organic materials in the photoactive layer 
(PAL) as the active components. For this purpose, highly absorptive organic 
materials are used. These materials are mostly composed of carbon and 
hydrogen atoms together with a few other elements (N, S, O, …), all fused 
together by covalent bonds. With appropriate tuning of material properties, they 
can be made into semiconductors suitable for application in solar cells.  

The photoactive layers of organic solar cells are very thin compared to those of 
crystalline silicon cells (50-200 nm rather than 160-240 μm). Such thin layers can 
be used because of the high extinction coefficients associated with organic 
materials designed for light absorption (ε ≈ 105 - 106 cm−1). Only a thin layer of 
material is needed to absorb most of the incoming light. At the same time, the 
PAL thickness in an OSC is limited to a similar length scale by the relatively low 
exciton and charge carrier diffusion lengths for organic materials.22 

As only low quantities of the organic semiconductor materials are required and 
most of the essential layers in OSCs can be processed from solution, the 
economical as well as environmental footprints of OSCs are low. Once research 
leads to worthwhile efficiencies for market ready modules, energy payback times 
of these will most likely be far lower than of alternative solar cell technologies.23,24 
However, the lifetime of OSCs is intrinsically lower than of crystalline silicon 
cells due to the inevitable photodegradation of organic dyes. Even though the 
design of OSC semiconductors can be focused on dye longevity and materials 
such as radical scavengers can be included, other parameters of the devices such 
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as the performance will suffer as a result.25–27 Predicted lifetimes of state-of-the 
art OSC materials are around ten years.28 

1.3. Operating principles 
In OSCs with a bulk-heterojunction (BHJ) architecture, donor and acceptor 
materials are together responsible for the absorption of light and, ultimately, 
collection of free charges at the respective electrodes. In order for light-to-
electrical energy conversion to take place, a series of sequential events must 
happen:29  

a. Light absorption by photoactive material, formation of an exciton 
b. Exciton migration to a donor/acceptor interfacial site 
c. Dissociation of the exciton to form a bound charge transfer (CT) state 
d. Charge separation at the donor/acceptor interface to form free charges 
e. Charge carrier transport to the respective electrodes 
f. Collection of charge carriers at the electrodes 

This entire process has been visualized in Figures 1.1 and 1.2. 

If any of these processes fails to proceed in the PAL, the light-to-electrical energy 
conversion cannot be completed and the device will not function as a solar cell. 
These individual steps and ways to minimize losses during those steps are 
discussed in more detail in the next paragraphs. 

Photovoltaic energy conversion is initiated by light absorption by photoactive 
materials (Figure 1.1a and 1.2a). Losses of light prior to it entering the PAL 
should be limited. This means that layers on top of the PAL, such as protective 
layers, transparent electrodes and charge carrier transport materials, should not 
incur losses due to parasitic absorption or unnecessary reflection and scattering. 
Photoactive materials should be designed to have high absorption coefficients 
and the concentration of them in the PAL should be as high as possible. Also, 
the photoactive layer should have an appropriate optical band gap for the 
absorption of a significant fraction of (sun)light. 
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Figure 1.1: the BHJ PAL of an OSC and the various processes required for the photovoltaic effect to 
occur. a. light absorption; b. exciton diffusion to a donor/acceptor interface; c. exciton dissociation into a 
bound charge transfer state; d. charge separation; e. charge carrier transport; f. charge collection at the 
electrodes. 

 
Figure 1.2: the different processes to occur within the OSC PAL and related energy levels. Even though 
the figure depicts photoexcitation of the donor, photoexcitation of the acceptor can also result in charge 
carrier collection using the same steps as indicated. HOMO and LUMO represent highest-occupied and 
lowest-unoccupied molecular orbitals of donor (D) and acceptor (A).  

For single junction solar cells the detailed balance or Shockley–Queisser limit 
for the efficiency to convert sunlight (Air Mass 1.5 Global; AM1.5 G) into 
electrical energy is 33.16%, which is reached at a band gap of 1.34 eV (Figure 
1.3).30 At first, it might seem advantageous to absorb all of the incident light 
emitted by the sun. For a monochromatic light source, this would indeed be the 
case. Yet for any light source that emits a broader spectrum of light, there is 
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compromise between optimizing the photocurrent and photovoltage and the 
optimum band gap has to be carefully selected. 

Photoexcitation of organic molecules with energies higher than their optical 
band gap results in the formation of an excited state, often referred to as an 
exciton to indicate that the hole and electron are Coulombically bound. The 
initially formed excited state almost instantaneously relaxes to the vibrational 
level of the lowest electronically excited state. In most cases this excited state 
corresponds to a transition of an electron from the highest occupied molecular 
orbital (HOMO) to the lowest unoccupied molecular orbitals (LUMO).31 
Thermal energy is released under the relaxation. Photons with energies lower 
than the optical band gap will not be absorbed. When considering the AM1.5 G 
sunlight spectrum, the compromise between thermalization losses and 
transmission of photons with insufficient energy lies at a band gap energy of 
1.34 eV for any single junction solar cell (Figure 1.3).30  

In OSCs absorption of light results in the formation of a localized exciton 
(Figure 1.1a and 1.2a). To separate an exciton into free charge carriers, a driving 
force must be present. For inorganic materials, the thermal energy available at 
room temperature is sufficient due to the low exciton binding energies of several 
tens of meVs. Exciton binding energies of organic molecules rather lie within 
the range of hundreds of meVs. Photoexcitations of organic materials thus 
rather lead to the generation of Frenkel-type tightly bound localized excitons 
whereas the low exciton binding energies for most inorganic materials allow for 
the exciton to disperse over longer distances by being bound more loosely 
(Wannier-Mott exciton). In organic BHJ solar cells, the driving force to split an 
exciton into free charge carriers is provided by the energy difference between 
the HOMO and LUMO levels of intermixed donor and acceptor materials. 
Hence, for charge generation it is essential that the exciton migrates from the 
site of photoexcitation to an interfacial site (Figure 1.1b and 1.2b). Exciton 
migration towards such an interfacial site can occur through either Förster 
resonance electron transfer (FRET) or Dexter energy transfer.32–34 Any exciton 
with a lifetime shorter than the time required for migration to a donor/acceptor 
interface site will decay in either a non-radiative or radiative way. 
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Figure 1.3: the AM1.5 G solar spectrum. The grey shaded area indicates the photon flux not absorbed by 
a solar cell with the ideal 1.34 eV band gap, the white shaded area suffers from thermalization losses for 
photons with energies higher than 1.34 eV. 

Once the exciton has arrived at a site where donor and acceptor materials are in 
close proximity of each other and in suitable relative molecular orientation, the 
exciton dissociates and forms a CT state that is spread over at least two 
molecules (Figure 1.1c and 1.2c).35,36 The energy of this CT state is largely 
dependent on the energies of the HOMO of the donor and the LUMO of the 
acceptor, and their distance.36–38 From this charge transfer state, separate charge 
carriers (electrons and holes) must be generated. If a sufficient driving force is 
not available, geminate recombination will occur and the electron-hole pair is 
lost.  

The driving force required for the conversion of a bound exciton into free 
charge carriers is related to the offset of the frontier orbital energy levels. 
Empirically, a threshold for the LUMO offset (ΔLUMO) of around 0.3 eV has 
been established for electron transfer.39,40 Determining the threshold for 
corresponding ΔHOMO offset has not received much attention, although it has 
been found to be higher than 0.6 eV for fullerenes in combination with 
diketopyrrolopyrrole-based polymers.41 Surprisingly, for the recent non-
fullerene acceptors (NFAs), studies have reported that for some NFAs, hole 
transfer only requires a minimal ΔHOMO offset, or even no offset at all.35,42,43 
The details of the required energy offsets are still under discussion. 

After charge separation, the charge carriers (in the form of electrons and holes) 
have to be transported to their respective electrodes for collection. Percolating 
pathways through donor and acceptor domains are required for charge carrier 
transport to be possible. As the electrons travel through a percolating acceptor 
phase and the holes through percolating domains of donor material, the voltage 
of the cell is determined by the difference between the LUMO level of the 
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acceptor and the HOMO level of the donor.36 Of course not all charge carriers 
reach the electrodes for collection. Charge carriers that have been transported 
away from their native sites can still be lost through non-geminate 
recombination.44 This process is one of the most detrimental processes to the 
performance of a solar cell. 

Research on organic photovoltaics started with bilayered PAL structures where 
donor and acceptor materials were sequentially deposited onto a substrate, 
forming distinct pure layers of both materials.45Transport of generated free 
charge carriers in such an architecture is usually effective, as any interfacial site 
is connected to both electrodes through pure phases of donor and acceptor and 
non-geminate recombination losses are minimized. The current generated with 
such an architecture is however severely limited by the exciton diffusion length. 
Most organic materials face an exciton diffusion length of 5-20 nm, meaning 
that any exciton generated further away from the donor/acceptor interface is 
lost with regards to photovoltaic energy conversion.46 To cope with the low 
exciton diffusion length, the PAL can be deposited as a mixture of donor and 
acceptor materials. When the affinities of the donor and acceptor molecules 
towards each other and themselves are properly matched, a BHJ structure as 
depicted in Figure 1.1 will form. The donor and acceptor materials are intimately 
mixed, yet percolating pathways from interfacial sites towards the respective 
electrodes are available throughout most of the layer. Even though more 
intricate architectures can be conceived,47 the BHJ structure is often preferred as 
a practical compromise between ease of access and performance. 

1.4. Characterization 
In order to properly evaluate the performance of solar cells, a standard 
measurement method has been devised. The maximum power that can be 
produced by a solar cell is defined by the product of the current and voltage 
under maximum power operating conditions. 

𝑃 𝐽 𝑉  

By introducing a correction factor, instead of the current and voltage under 
maximum power operating conditions (Jmax and Vmax), the short-circuit current 
(JSC) and open-circuit voltage (VOC) can be used. The correction factor is called 
the fill factor (FF) and describes the ratio of the powers obtained by the product 
of Jmax and Vmax and by the product of JSC and VOC. 
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JSC and VOC can be directly measured through JV-measurements provided that 
an adequate light source is available (Figure 1.4a). However, the AM1.5 G solar 
spectrum is difficult to mimic in a lab environment. It is common to use a solar 
simulator during JV-measurements and to more accurately determine JSC 
independently. By measuring the wavelength-specific external quantum 
efficiency (EQE) of the solar cell and integrating the measured EQE with the 
AM1.5 G spectrum, the JSC can be determined accurately (Figure 1.4b).  

𝐽 𝑆 𝜆 𝐸 . 𝜆 𝑑𝜆 

𝑆 𝜆 𝐸𝑄𝐸 𝜆
𝑒𝜆
ℎ𝑐

 

With this JSC, an exact power conversion efficiency (PCE) can be determined 
based on the incident illumination power (Pin).  

𝑃𝐶𝐸
𝑃
𝑃

𝐽 𝑉 𝐹𝐹
𝑃
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Figure 1.4: a) a representative JV-curve used to evaluate the performance of a solar cell. In the JV-curve, 
the dashed line indicates a dark-current measurement, the solid line a measurement under illumination. The 
dotted line depicts the calculated power as a product of the voltage and current. b) the wavelength-specific 
external quantum efficiency (EQE) of the solar cell. 

Solar cell performance evaluations in this thesis are done by measuring the JV-
characteristics of the cell in a solar simulator (Pin = 100 W/cm2) and correcting 
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the measured JSC with integrated EQE measurements. Using JSC, VOC, FF, and 
PCE, the performance of a solar cell can be effectively summarized. The 
different parameters describe different characteristics of the cell: 

 The JSC describes the photocurrent generated by the cell at short circuit. 
The photocurrent is maximized by the flux of photons with energies 
higher than the optical band gap of the PAL. For a high JSC, light 
absorption should be maximized and charge generation and extraction 
effective. In practice this often results in a compromise of the PAL 
thickness, which should be large for maximum light absorption and 
small for effective charge collection. A low JSC can often be related to a 
suboptimal light absorption, poor charge generation, or low bulk charge 
carrier mobilities that slow down charge extraction and result in charge 
recombination.   

 The VOC is limited by the effective band gap of the PAL (see Figure 1.5) 
and further determined by radiative and nonradiative recombination 
losses. Hence, the VOC of an OSC strongly depends on the donor-
acceptor pair used but can also be affected by the morphology of the 
BHJ. 

 The FF gives an indication of the shape of the JV-curve. More 
information can be derived from the exact shape of the JV-curve and 
information is inevitably lost by condensing this information into a single 
parameter. Thus, a low FF can indicate either field-dependent charge 
extraction due to a low mobility, a suboptimal PAL morphology or can 
be due to extraction barriers at the interface between the PAL and the 
electrodes.  

 As the PCE is a parameter that combines all of the above parameters, it 
is useful for an even faster evaluation of device performance. Yet, even 
more information is lost by condensing the three parameters (JSC, VOC, 
FF) into one. 

1.5. Energy levels 
As mentioned, both a donor and acceptor material are needed to construct an 
OSC. Most commonly, either polymers or small molecules are used as donors 
and small molecules are used as acceptors. The relative positioning of the 
HOMO and LUMO energy levels of the used materials are important (Figure 
1.5). Nowadays, most high performing organic solar cells include a (polymer) 
donor material with a wide band gap and an acceptor material with a narrow 
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band gap.48–50 In these systems, the ΔLUMO (1) is kept at ≥ 0.3 eV while 
ΔHOMO (3) can be as low as 0 eV.35,42,43 The effective band gap (Eg,eff (2)) of the 
solar cell as described by the HOMOD to LUMOA offset is maximized. These 
design rules allow for complementary absorption of the donor and acceptor to 
broaden the absorption spectrum of the PAL. In addition to light absorption by 
the individual components of the PAL, charge-transfer from the HOMOD to 
the LUMOA is also possible. Thus the Eg,eff can also be designated ECT and 
describes the smallest effective optical band gap and absorption onset of the 
PAL.  

 

Figure 1.5: a) relative energy levels of the donor (left) and acceptor (right) materials in OSCs and b) 
correlation between ECT and VOC under 1 sun illumination for various fullerene-based OSCs. Voltage losses 
decrease with increasing ECT. The red line shows the maximum VOC attainable under Shockley–Queisser 
(SQ) assumptions, as a function of ECT. BHJ, bulk heterojunction; SM, small molecule; PHJ, planar 
heterojunction. Graph adopted from Benduhn et al.51 

Still, there will be a discrepancy between the Eg, eff and eVOC. Apart from 
fundamental losses due to radiative recombination, additional losses are incurred 
as a result of non-radiative recombination, e.g. at trap states. In addition it must 
remembered that organic semiconductors are often amorphous materials which 
implies that site dependent energetic disorder is present. The encountered losses 
can be expressed as: 

𝐸 𝐸 , 𝑒𝑉  

Hence, Eloss can be derived from the Eg,eff and eVOC. As of today, the Eloss of 
OSCs is higher than that of most other emerging PV solar cell technologies 
(Table 1.1). Eg,eff is related to the attainable VOC as shown by Figure 1.5b. 

1.6. Organic solar cell materials 
The materials used are either polymers or molecules with well-defined molecular 
structure, often referred to as small molecules. Each of these types of materials 
exhibit their own traits and thus advantages and disadvantages. Generally, small 
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molecules are easier to purify because of their well-defined structure, yet 
polymers often more easily condense into solid films that exhibit decent charge 
carrier mobilities. Though, polymers suffer from batch-to-batch variation 
resulting from variations in polymer chain lengths, record efficiencies of small-
molecule based solar cells always lagged behind the record efficiencies of 
polymer/small molecule cells. 

 
Figure 1.6: popular small molecule acceptors: PC61BM (top left), ITIC (top right) and Y6 (bottom) 

As small molecule acceptors, the [6,6]-phenyl-C61-butyric acid methyl ester 
(PC61BM, Figure 1.6) and [6,6]-phenyl-C71-butyric acid methyl ester (PC71BM) 
fullerenes have been widely popular for decades.52–54 These fullerenes have the 
advantage of providing high isotropic charge carrier transport mobilities and 
high tolerances for PAL morphology, especially compared to acceptors with 
anisotropic charge carrier transport characteristics. In order to enable solution 
processing, PC61BM and PC71BM feature butyric acid methyl esters. The 
development of PC71BM as a replacement of PC61BM was motivated by the 
higher transition dipole moment for the S0-S1 transition due to reduced 
molecular symmetry, giving rise to an increased absorbance within the visible 
region of the spectrum.55  
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More recently, organic species with most notably more intense light absorbing 
characteristics have led to an increase in performance in the OSC research field. 
ITIC and Y6 are examples of such non-fullerene acceptors (NFAs) that have 
brought the record lab efficiencies to around 18%.48 Generally, NFAs follow a 
design where a conjugated backbone is appended with solubilizing side chains. 
Common segments used to further increase solubility are spiro-carbon centers 
(ITIC) or backbone twists induced by steric congestion of the side chains (Y6). 
The most successful NFAs follow an acceptor-donor-acceptor (A-D-A) design, 
which describes the shape of the molecule: two electron-deficient acceptor (A) 
segments are linked together by an electron-rich donor (D) segment. In this way, 
the optical band gap of the system is lowered, and the absorption coefficient of 
the dye increased. By using acceptor segments at the periphery of the molecule, 
the LUMO is mostly located there. This aspect is assumed to improve electron 
transport along pure acceptor phases.56 

Historically, the variety in donor materials has been much broader. This is mostly 
due to the low synthetic flexibility of the fullerene derivatives: as synthetic 
modification of fullerenes is costly and challenging and provides little possible 
variation in the electronic energy levels or optical absorption, it were mostly the 
donor materials that were synthetically modified.  

Donor materials are composed of a conjugated backbone appended with 
solubilizing side chains. Most often, the side chains are fully saturated alkyl 
chains to ensure high chemical inertness to limit undesired reactions both during 
synthesis and later within the solar cell. To allow for a fast screening of materials, 
usually donor segments and acceptor segments are synthesized separately. They 
are fused together in a final synthesis step through Suzuki polymerization with 
boronic acid derivatives or Stille polymerization with stannyl derivatives. By 
using a library of available donor and acceptor synthons, fast production of 
novel semiconductor polymers is possible. Out of the thousands of donor 
materials reported in literature, some successful materials have been selected in 
Figure 1.7. 
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Figure 1.7: chemical structures of some organic solar cell donor semiconductor polymers. 

As a benchmark for organic solar cells, poly(3-hexylthiophene) (P3HT) deserves 
to be mentioned. Even though cells based on P3HT only ever reached a 
maximum performance of 4-5% with PC61BM, it has been used as a model 
compound for many years due to its simple chemical structure.57,58 Fundamental 
investigations involving this polymer are still ongoing as of present and the 
polymer has been reported to afford cells with a record efficiency of 7% with 
O-IDTBR as NFA.59–62 

Another polymer that had high impact on the research field was PTB7-Th.63 Its 
development pioneered the success of the bithienyl benzodithiophene segment 
in OSC donor materials and this segment has often featured in state-of-the-art 
donor materials ever since. It was developed as an improvement over PTB7 
which did not feature the thiophene units perpendicularly linked to the 
benzodithiophene segment. Yet whilst PTB7 afforded solar cells with 
efficiencies of up to 9.5% combined with PC71BM, PTB7-Th yielded solar cells 
of up to 10.8%.64,65 When used with NFAs, PTB7-Th gave solar cells with 
efficiencies of up to 11.5%.66 

The thiophene-appended benzodithiophene was thenceforth further modified 
and combined with a plethora of acceptor segments, some of which afforded 
polymers that gave even higher efficiencies. When the thiophene-appended 
benzodithiophene was condensed with a dithienobenzothiadiazole to yield D18, 
a material was made that afforded 18.2% solar cells in combination with the Y6 
NFA. Remarkably, most of the high performance donor polymers include the 
bithienyl benzodithiophene segment.67–70 
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1.7. Diketopyrrolopyrroles for organic electronics 
As a dye segment in general, diketopyrrolopyrrole (DPP) has been popular over 
the past decades.71,72 It has also known popularity for use in OSCs.73–75 Its 
popularity can be attributed to its high electronegativity, crystallinity and charge 
carrier transport capabilities as well as ease of synthesis and synthetic 
modification.76–85 The general synthesis route for the fabrication of symmetrical 
DPP-based OSC semiconductors starts with the construction of the DPP core 
(Figure 1.8).  

 
Figure 1.8: general synthesis route for the fabrication of DPP-based semiconducting polymers for 
application in OSCs. 

In this step, the two donor segments adjoining the DPP core are fused together 
in a condensation reaction and therefore, this procedure is only viable for 
symmetric DPP-based molecules. The condensation step affords material that is 
highly insoluble, so alkylation with solubilizing side chains is required. The 
appended side chains are required both for subsequent synthesis steps as well as 
to tune the material properties for solution processing. The bromination step is 
required to prepare the molecule for polymerization. In order to make high 
molecular weight polymers, either Stille, Suzuki or direct arylation 
polymerization are used. By combining the electron-deficient DPP core with 
electron-rich donor segments, a wide range of materials can be easily accessed. 
For the synthesis of small molecule DPP-based chromophores, near-identical 
synthetic pathways are generally used where the fusion of the DPP core with 
other segments is one of the final steps. 

A selection of DPP-incorporating OSC semiconductors is shown in Figure 1.9. 
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Figure 1.9: chemical structures of selected DPP-based semiconductors. EH = 2’-ethylhexyl, BO = 2’-
butyloctyl, DT = 2'-decyltetradecyl. 

DPP polymers a and b were found to demonstrate high p-type mobilities of 8.2 
cm2/Vs and a record high 11.16 cm2/Vs in organic field effect transistors 
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(OFETs).86–89 More balanced mobilities were measured for polymer c with a high 
p-type mobility 4.16 cm2/Vs and high n-type mobility 3.01 cm2/Vs.90 In organic 
solar cells, record devices using donor materials with the DPP segment have 
reached efficiencies of 9.6% for devices with fullerene acceptors and 12.1% for 
devices with NFAs.91–93 These devices were made with respectively polymers d 
and e. A polymer in which the DPP segment is combined with the successful 
bithienyl benzodithiophene unit (f) affords solar cells with an efficiency of 9.7% 
when processed with the IEICO-4F NFA.76  

All these examples feature thiophene rings adjacent to the DPP unit. The five-
membered heterocycle fits right in the gap next to the DPP unit. Similar 
coplanarity with the DPP unit is observed when other five-membered 
heterocycles are used such as furan, thiazole, selenophene, or thienothiophene. 
When six-membered rings such as phenyl groups are used instead, a twist is 
induced in the backbone and strong intermolecular π-π stacking interactions are 
prevented.94 This is known to hamper charge transport capabilities.85 The only 
six-membered rings that still enable coplanar configurations are pyridine and 
thieno[2,3-b]pyridine, where the nitrogen atom reduces the steric hindrance with 
the alkyl chain.95 In a similar way, the branching position of the solubilizing alkyl 
chains is known to affect charge transport capabilities. Whilst linear alkyl chains 
allow full coplanarity of adjacent molecules, 2’-branched side chains hamper the 
π- π stackability to some extent.96 

 
Figure 1.10: three polymers based on a TT-DPP-TT-T backbone motif of which the branching point was 
systematically moved away further from the backbone.  

In a study where the branching point was systematically moved further away 
from the DPP core, an otherwise isomeric polymer (Figure 1.10, h-j) yet with 
3’-branched alkyl chains (i) rather than 2’-branched ones (h) proved to yield a 
higher performance in resulting OSCs.97 Most notably, the FF improved, 
indicating that likely charge extraction was more efficient with this material.  
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1.8. Aim and outline of the thesis 
This thesis describes modifications of organic chromophores that, rather than 
to aim to further improve the performance of resulting OSCs, result in 
unconventional chemical structures with the aim of generating new functionality 
for OSCs or substantially modifying the aggregation behavior. Chapters two and 
three focus on the construction of a photochromic organic solar cell (POSC) 
with a BHJ PAL structure. Chapters four to six focus on the introduction of α-
branched alkylation on the DPP segment and the implications of this alkylation 
motif on optoelectronic and physical properties of resulting small molecules and 
polymers. 

In the second chapter, the concept of a photochromic organic solar cell (POSC) 
is introduced. Several possible families of dyes are discussed that can serve as a 
photochromic component within the PAL. The chapter then continues with the 
application of three different spiropyran/chromene dyes in OSCs. The PAL 
architecture chosen, corresponds to a ternary blend system. In this system, a 
blend of poly-TPD and PC61BM that is visibly transparent is used as a ‘host’ in 
which the photochromic dyes are mixed in to work in a way similar to sensitizers. 
The aim here is to alleviate the requirements set for the photochromic dyes: 
when embedded in a host system with good charge transport characteristics, the 
dyes themselves don not have to be able to effectively transport charge carriers 
anymore, at the expense of the dye concentration within the layer. 

Devices that are made according to this design exhibit the photovoltaic effect, 
yet the PCE is limited. UV-illumination and thermal reversion can be used as 
stimuli to reversibly switch the performance of the devices. Upon UV-
illumination, the PAL layers become more colored, yet the solar cell 
performances concomitantly decrease. EQE measurements clearly show a 
reversible JSC as a function of consecutive UV-illumination and thermal 
relaxation. The measurements also show that photons absorbed by the colored 
isomers of the photochromes do not result in charge carrier collection at the 
electrodes. The in-situ generation of the colored isomer of the photochromic 
dyes is thought to lead to a species that hinders the operation of the solar cell 
rather than to improve its performance.   

In order to test this hypothesis, devices are made with minimal photochrome 
content (2 wt%). If the colored isomers of the photochromes are indeed acting 
as traps within the system, a non-linear correlation should be found between the 
colored isomer concentration and its detrimental effect on the JSC. The inclusion 
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of 2% of photochromic dye rather than 30-60% results in a reversible 
detrimental effect on the JSC of a similar order of magnitude, demonstrating that 
the colored isomers of the photochromes provide trap states within the PAL 
that are detrimental to the performance of the devices. 

The investigations on POSCs continue in chapter three, where diarylethene dyes 
are tested as photochromes. For the three dyes, the same ternary PAL blend was 
used as in chapter two. Cyclic voltammetry measurements were performed to 
see how energy levels of the three dyes match with the poly-TPD donor and 
PC61BM acceptor. Preferentially, the colored isomer of the photochromic dyes 
has a HOMO that is deeper than the HOMO of poly-TPD and a LUMO that is 
higher than that of PC61BM. Whereas this was the case for the colored isomer 
of the one of the dyes, the energy levels of the colored isomers of the other dyes 
were less well aligned. For the first dye, photochromic solar cells were made that 
showed a small but distinct contribution in the EQE spectrum of the colored 
isomer. Devices made with this dye could reversibly be switched between 
colorless and colored states, with different performance. As such a proof-of-
principle POSC with a bulk-heterojunction PAL structure has been achieved. 

The fourth chapter describes the synthesis of a polymer analogous to the 
previously studied PDPP3T polymer. PDPP3T features an alteration between a 
DPP segment and three thiophene (T) heterocycles. This backbone is appended 
with 2-hexyldecyl side chains branching at the β-carbon from the DPP segment. 
Whilst studies in literature have investigated the consequences of moving this 
branching point further away or even the use of linear alkyl chains instead, the 
use of alkyl chains that branch at the α-carbon atom of the DPP segment had 
not been studied before. This is exactly what was done in chapter four for the 
α-branched analogue of PDPP3T. 

Already during the synthesis process, stark differences were found related to the 
difference in branching motif. A lower reaction yield for the alkylation reaction 
was expected as the used bromoalkane in this case was a secondary bromoalkane 
rather than a primary one used for β-branched DPP alkylation. Resultingly, the 
alkylation yield for α-branched alkylation was found to be as low as 2-4%. The 
obtained α-HD-DPP small molecule needed for further synthesis visibly 
differentiated itself from alkylated DPP molecules synthesized in the past by 
being highly fluorescent in its crystallized form. This was an early indicator of 
the extreme effects imposed by long α-branched alkyl side chains: the side chains 
seemed to prevent the chromophoric core from π-π stacking. Thus generated 
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excitons following from photoexcitation are less likely to decay radiationless, 
resulting in a higher fluorescence signal. In the past, high fluorescence intensity 
for thiophene-flanked DPP derivatives in the solid phase had only been 
observed upon molecular encapsulation of the DPP core. 

The resulting PDPP3T polymer with α-branched side chains behaved as could 
be expected from the indications given by precursor molecules. The alkyl chains 
prevented aggregation of the polymer backbone to such an extent that the 
optical and electrochemical band gaps of the material were higher. OSCs 
incorporating the material differentiated themselves from cells with the β-
branched material as could be expected: a lower JSC and FF could be explained 
by the worsened charge carrier mobility of the material whilst the increased VOC 

could be attributed to the deeper HOMO level of the polymer. To demonstrate 
the interrupted aggregation, organic light emitting diodes (OLEDs) were 
constructed with both materials as emitters. Here, the light outcoupling of 
OLEDs based on the α-branched material was found to be about an order of 
magnitude higher than of the OLEDs based on the β-branched material.  

Chapter five describes the implications of α-branching for small molecules with 
a T-T-DPP-T-T backbone structure. A systematic study was practiced where 
two sets of molecules were compared against each other. Both of these sets 
featured molecules with n-hexyl side chains appended on different positions at 
the peripheral thiophenes. What differentiated the sets from each other was the 
alkylation motif on the core DPP segment. Earlier investigations had focused on 
such a set of materials with 2-ethylhexyl (β-branched) alkyl chains on the DPP 
segment. The now studied materials featured either the linear n-hexyl or α-
branched 3-pentyl chains. The expansion of the data set with these materials 
provides us with a better understanding of the effect of branching point 
modification on these molecules.  

In solution, the optical properties of the molecules differ marginally but are in 
subtle way depending on the presence and position of the alkyl chains. The main 
difference between similar members of the different sets was their solubility – 
which was higher for the α-branched materials. When processed into a 
condensed phase through various ways (spin-coating, crystallization), the solid 
phases differentiated themselves from each other clearly. Once again, the steric 
congestion that the α-branched side chains generate around the DPP core 
prevented π-π stacking of the DPP segment. This was evidenced by solid state 
UV-visible light spectroscopy, spectral photoluminescence, photoluminescence 
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lifetime and single-crystal X-ray diffraction measurements. Density functional 
theory (DFT) calculations were used to support our hypotheses. Using the 
crystal structures, the optical absorption of the molecules in the solid state is 
predicted and in agreement with experiments. For the derivative with the α-
branched side a single resonance frequency is obtained, while for the linear side 
chain isomer two transitions are seen, with the lower-energy transition being less 
intense.  

In chapter six, α-branching on the DPP segment is investigated as a tool for the 
construction of a DPP-based NFAs. An A’-D-A-D-A’ backbone structure is 
synthesized where the peripheral acceptor (A’) unit is an indanone unit, the 
donor (D) unit is a thiophene unit and the central acceptor (A) unit is a DPP 
segment. The DPP core was appended with either α- or β-branched side chains 
that comprised either twelve (2’-butyloctyl) or sixteen (2’-hexyldecyl) carbon 
atoms to allow for a systematic investigation of the effect of α-branching on a 
molecule that follows an A’-D-A-D-A’ design motif. Once again, it was found 
that in solution, the molecules behaved similarly as evidenced by UV-vis 
spectroscopy. The solubility of the β-branched materials was observed to be 
substantially lower than that of the α-branched equivalents which demonstrated 
comparatively high solubilities in common organic solvents. In thin film, the 
molecules could be distinguished based on their branching motifs as evidenced 
by UV-vis spectroscopy, photoluminescence measurements and square-wave 
voltammetry. Unfortunately, experiments towards solar cells with these 
materials were not successful.  

  



Chapter 1 

30 

1.9. References 
1. A. E. Becquerel, Comptes Rendus L’Academie des Sciences 1839, 9, 561 

2. A. E. Becquerel, Comptes Rendus L’Academie des Sciences 1839, 9, 145 

3. W. Smith, Nature 1873, 7, 303 

4. J. Perlin, NREL Report No. BR-520-33947, 2004, DOI: 

10.1017/CBO9781107415324.004 

5. D. M. Chapin, C. S. Fuller, G. L. Pearson, J. Appl. Phys., 1954, 25, 676 

6. C. Battaglia, A. Cuevas, S. De Wolf, Energy Environ. Sci 2016, 9, 1552 

7. S. Philipps, W. Warmuth, ©Fraunhofer ISE: Photovoltaics Report, 

updated: 23 June 2020 

8. NREL Best Research-Cell Efficiencies Chart, accessed at 
https://www.nrel.gov/pv/cell-efficiency.html on 07/07/2020 

9. M. A. Green, Y. Hishikawa, E. D. Dunlop, D. H. Levi, J. Hohl-Ebinger, 
M. Yoshita, A. W. Y. Ho-Baillie, Prog. Photovolt. Res. Appl. 2019, 27, 3 

10. NREL Champion Module Efficiencies Chart, accessed at 
https://www.nrel.gov/pv/module-efficiency.html on 07/07/2020 

11. K. K. Sadasivuni, K. Deshmukh, T. N. Ahipa, A. Muzaffar, M. B. 
Ahamed, S. K. K. Pasha, M. A.-A. Al-Maadeed, J. Mater. Sci.-Mater. El. 
2019, 30, 951 

12. M. A. Putyato, N. A. Valisheva, M. O. Petrushkov, V. V. Preobrazhenskii, 
I. B. Chistokhin, B. R. Semyagin, E. A. Emel’yanov, A. V. Vasev, A. F. 
Skachkov, G. I. Yurko, I. I. Nesterenko, Tech. Phys. 2019, 64, 1010 

13. W.-H. Chen, L. Qiu, Z. Zhuang, L. Song, P. Du, J. Xiong, F. Ko, J. Power 
Sources, 2019, 442, 227216 

14. S. Xiong, L. Hu, L. Hu, L. Sun, F. Qin, X. Liu, M. Fahlman, Y. Zhou, 
Adv. Mater. 2019, 31, 1806616 

15. C.-K. Wang, B.-H. Jiang, J.-H. Lu, M.-T. Cheng, R.-J. Jeng, Y.-W. Lu, C.-
P. Chen, K.-T. Wong, ChemSusChem, 2020, 13, 903 

16. W. Song, B. Fanady, R. Peng, L. Hong, L. Wu, W. Zhang, T. Yan, T. Wu, 
S. Chen, Z. Ge, Adv. Energy Mater. 2020, 10, 2000136 



Introduction 

31 

17. J. Jean, A. Wang, V. Bulović, Org. Electron. 2016, 31, 120 

18. J.-J. Wu, M.-D. Hsieh, W.-P. Liao, W.-T. Wu, J.-S. Chen, ACS Nano 2009, 
3, 2297 

19. W. Wu, J. Wang, Z. Zheng, Y. Hu, J. Jin, Q. Zhang, J. Hua, Sci. Rep. 2015, 
5, 8592 

20. N. M. Johnson, Y. Y. Smolin, C. Shindler, D. Hagaman, M. Soroush, K. 
K. S. Lau, H.-F. Ji, AIMS Mater. Sci. 2015, 2, 503 

21. J. Lin, M. Lai, L. Dou, C. S. Kley, H. Chen, F. Peng, J. Sun, D. Lu, S. A. 
Hawks, C. Xie, F. Cui, A. P. Alivisatos, D. T. Limmer, P. Yang, Nat. 
Mater. 2018, 17, 261 

22. C. J. Brabec, M. Heeney, I. McCulloch, J. Nelson, Chem. Soc. Rev. 2011, 40, 
1185 

23. M. P. Tsang, G. W. Sonnemann, D. M. Bassani, Sol. Energy Mater. Sol. Cells 
2016, 156, 37 

24. N. Espinosa, M. Hösel, D. Angmo, F. C. Krebs, Energy Environ. Sci. 2012, 
5, 5117 

25. L. Duan, A. Uddin, Adv. Sci. 2020, 7, 1903259 

26. V. Turkovic, S. Engmann, N. Tsierkezos, H. Hoppe, M. Madsen, H.-G. 
Rubahn, U. Ritter, G. Gobsch, Appl. Phys. A 2016, 122, 255 

27. Q. Burlingame, X. Huang, X. Liu, C. Jeong, C. Coburn, S. R. Forrest, 
Nature 2019, 573, 394 

28. X. Du, T. Heumueller, W. Gruber, A. Classen, T. Unruh, N. Li, C. J. 
Brabec, Joule 2019, 3, 215 

29. G. J. Hedley, A. Ruseckas, I. D. W. Samuel, Chem. Rev. 2016, 117, 796 

30. S. Rühle, Solar Energy 2016, 130, 139 

31. M. Pope, C. E. Swenberg, ‘Electronic Processes in Organic Crystals’ 1982, 
Oxford University Press 

32. D. L. Dexter, J. Chem. Phys. 1953, 21, 836-850 

33. T. Förster, Ann. Phys. 1948, 2, 55 

34. G. D. Scholes, Annu. Rev. Phys. Chem. 2003, 54, 57 



Chapter 1 

32 

35. Y. Zhong, M. Causa, G. J. Moore, P. Krauspe, B. Xiao, F. Günther, J. 
Kublitski, R. Shivhare, J. Benduhn, E. BarOr, S. Mukherjee, K. M. 
Yallum, J. Réhault, S. C. B. Mannsfeld, D. Neher, L. J. Richter, D. M. 
DeLongchamp, F. Ortmann, K. Vandewal, E. Zhou, N. Banerji, Nat. 
Commun. 2020, 11, 1 

36. K. Vandewal, S. Mertens, J. Benduhn, Q. Liu, J. Phys. Chem. Lett. 2020, 
11, 129 

37. D. Veldman, S. C. J. Meskers, R. A. J. Janssen, Adv. Funct. Mater 2009, 19, 
1939 

38. M. List, T. Sarkar, P. Perkhun, J. Ackermann, C. Luo, U. Würfel, Nat. 
Commun. 2018, 9, 1 

39. T. M. Clarke, J. R. Durrant, Chem. Rev. 2010, 110, 6736 

40. R. A. J. Janssen, J. Nelson, Adv. Mater. 2013, 25, 1847 

41. K. H. Hendriks, A. S. G. Wijpkema, J. J. Van Franeker, M. M. Wienk, R. 
A. J. Janssen, J. Am. Chem. Soc. 2016, 138, 10026 

42. S. Li, L. Zhan, C. Sun, H. Zhu, G. Zhou, W. Yang, M. Shi, C.-Z. Li, J. 
Hou, Y. Li, H. Chen, J. Am. Chem. Soc., 2019, 141, 3073 

43. Y. Zou, Y. Dong, C. Sun, Y. Wu, H. Yang, C. Cui, Y. Li, Chem. Mater. 
2019, 31, 4222 

44. C. Göhler, A. Wagenpfahl, C. Deibel, Adv. Electron. Mater. 2018, 4, 1 

45. C. W. Tang, Appl. Phys. Lett. 1986, 48, 183 

46. O. V. Mikhnenko, P. W. M. Blom, T.-Q. Nguyen, Energy Environ. Sci. 
2015, 8, 1867 

47. X. He, F. Gao, G. Tu, D. Hasko, S. Hüttner, U. Steiner, N. C. Greenham, 
R. H. Friend, W. T. S. Huck, Nano Lett. 2010, 10, 1302 

48. Q. Liu, Y. Jiang, K. Jin, J. Qin, J. Xu, W. Li, J. Xiong, J. Liu, Z. Xiao, K. 
Sun, S. Yang, X. Zhang, L. Ding, Sci. Bull. 2020, 6, 16 

49. Y. Lin, B. Adilbekova, Y. Firdaus, E. Yengel, H. Faber, M. Sajjad, X. 
Zheng, E. Yarali, A. Seitkhan, O. M. Bakr, A. El-Labban, U. 
Schwingenschlögl, V. Tung, I. McCulloch, F. Laquai, T. D. Anthopoulos, 
Adv. Mater. 2019, 1902965 

50. J. Yuan, Y. Zhang, L. Zhou, G. Zhang, H.-L. Yip, T.-K. Lau, X. Lu, C. 



Introduction 

33 

Zhu, H. Peng, P. A. Johnson, M. Leclerc, Y. Cao, J. Ulanski, Y. Li, Y. 
Zou, Joule 2019, 3, 1 

51. J. Benduhn, K. Tvingstedt, F. Piersimoni, S. Ullbrich, Y. Fan, M. 
Tropiano, K. A. McGarry, O. Zeika, M. K. Riede, C. J. Douglas, S. 
Barlow, S. R. Marder, D. Neher, D. Spoltore, K. Vandewal, Nat. Energy, 
2017, 2, 17053 

52.  C. McDowell, M. Abdelsamie, M. F. Toney, G. C. Bazan, Adv. Mater. 
2018, 30, 1707114 

53.  H. Hu, P. C. Y. Chow, G. Zhang, T. Ma, J. Liu, G. Yang, H. Yan, Acc. 
Chem. Res. 2017, 50, 2519 

54. M. Wright, R. Lin, M. J. Y. Tayebjee, G. Conibeer, Sol. RRL 2017, 1, 
1700035 

55. M. M. Wienk, J. M. Kroon, W. J. H. Verhees, J. Knol, J. C. Hummelen, 
P. A. Van Hal, R. A. J. Janssen, Angew. Chem. 2003, 115, 3493 

56. S. M. Swick, T. Gebraad, L. Jones, B. Fu, T. J. Aldrich, K. L. Kohlstedt, 
G. C. Schatz, A. Facchetti, T. J. Marks, ChemPhysChem 2019, 20, 2608 

57. W. Farooq, A. D. Khan, A. D. Khan, M. Noman, Optik (Stuttg). 2019, 208, 
164093 

58. Y. Tang, Y. Pang, X. Li, B. Zong, B. Kang, S. R. P. Silva, G. Lu, J. Colloid 
Interface Sci. 2020, 562, 142 

59. K. An, W. Zhong, L. Ying, Org. Electron. 2020, 82, 105701 

60. M. Rangel, M. Güizado-Rodríguez, J. L. Maldonado, R. Olayo-Valles, V. 
Barba, J. U. Reveles, Polymer 2020, 193, 122348 

61. B. Xiao, M. Du, X. Wang, Z. Xiao, G. Li, A. Tang, L. Ding, Y. Geng, X. 
Sun, E. Zhou, ACS Appl. Mater. Interfaces 2020, 12, 1094 

62. B. Xiao, Q. Zhang, G. Li, M. Du, Y. Geng, X. Sun, A. Tang, Y. Liu, Q. 
Guo, E. Zhou, Sci. China Chem. 2020, 63, 254 

63. S.-H. Liao, H.-J. Jhuo, Y.-S. Cheng, S.-A. Chen, Adv. Mater. 2013, 25, 4766 

64. Q. Wan, X. Guo, Z. Wang, W. Li, B. Guo, W. Ma, M. Zhang, Y. Li, Adv. 
Funct. Mater. 2016, 26, 6635 

65. Y. Zheng, G. Wang, D. Huang, J. Kong, T. Goh, W. Huang, J. Yu, A. D. 
Taylor, Sol. RRL 2018, 2, 1700144 



Chapter 1 

34 

66. S. Oh, C. E. Song, T. Lee, A. Cho, H. K. Lee, J.-C. Lee, S.-J. Moon, E. 
Lim, S. K. Lee, W. S. Shin, J. Mater. Chem. A 2019, 7, 22044 

67. B. Fan, D. Zhang, M. Li, W. Zhong, Z. Zeng, L. Ying, F. Huang, Y. Cao, 
Sci. China Chem. 2019, 62, 746 

68. M. Zhang, X. Guo, W. Ma, H. Ade, J. Hou, Adv. Mater. 2015, 27, 4655 

69. T. Wang, J. Qin, Z. Xiao, X. Meng, C. Zuo, B. Yang, H. Tan, J. Yang, S. 
Yang, K. Sun, S. Xie, L. Ding, Sci. Bull. 2020, 65, 179 

70. J. Xiong, K. Jin, Y. Jiang, J. Qin, T. Wang, J. Liu, Q. Liu, H. Peng, X. Li, 
A. Sun, X. Meng, L. Zhang, L. Liu, W. Li, Z. Fang, X. Jia, Z. Xiao, Y. 
Feng, X. Zhang, K. Sun, S. Yang, S. Shi, L. Ding, Sci. Bull. 2019, 64, 1573 

71. R. Lenz, O. Wallquist, Surf. Coat. Int. B: Coat. Trans. 2002, 85, 19 

72. M. Grzybowski, D. T. Gryko, Adv. Opt. Mater. 2015, 3, 280 

73. S. Qu, H. Tian, Chem. Commun. 2012, 48, 3039 

74. C. Zhao, Y. Guo, Y. Zhang, N. Yan, S. You, W. Li, J. Mater. Chem. A 
2019, 7, 10174 

75. Y. Li, P. Sonar, L. Murphy, W. Hong, Energy Environ. Sci. 2013, 6, 1684 

76. X. Song, N. Gasparini, M. M. Nahid, S. H. K. Paleti, C. Li, W. Li, H. Ade, 
D. Baran, Adv. Funct. Mater. 2019, 29, 1902441 

77. W. Li, K. H. Hendriks, A. Furlan, W. S. C. Roelofs, S. C. J. Meskers, M. 
M. Wienk, R. A. J. Janssen, Adv. Mater. 2014, 26, 1565 

78. W. Li, K. H. Hendriks, A. Furlan, W. S. C. Roelofs, M. M. Wienk, R. A. 
J. Janssen, J. Am. Chem. Soc. 2013, 135, 18942 

79. R. Di Pietro, T. Erdmann, J. H. Carpenter, N. Wang, R. R. Shivhare, P. 
Formanek, C. Heintze, B. Voit, D. Neher, H. Ade,A. Kiriy, Chem. Mater. 
2017, 29, 10220 

80. A. Kim, D. H. Lee, H. A. Um, J. Shin, M. J. Cho, D. H. Choi, Polym. Chem. 
2015, 6, 5478 

81. S.-L. Wu, Y.-F. Huang, C.-T. Hsieh, B.-H. Lai, P.-S. Tseng, J.-T. Ou, S.-
T. Liao, S.-Y. Chou, K.-Y. Wu, C.-L. Wang, ACS Appl. Mater. Interfaces 
2017, 9, 14967 

82. K.-H. Kim, S. Park, H. Yu, H. Kang, I. Song, J. H. Oh, B. J. Kim, Chem. 



Introduction 

35 

Mater. 2014, 26, 6963 

83. B. Lim, H. Sun, J. Lee, Y.-Y. Noh, Sci. Rep. 2017, 7, 1 

84. A. K. Palai, J. Lee, T. J. Shin, A. Kumar, S.-U. Park, S. Pyo, Chem. Commun. 
2014, 50, 8845 

85. C.B. Nielsen, M. Turbiez, I. McCulloch, Adv. Mater. 2013, 25, 1859 

86. H. Chen, Y. Guo, G. Yu, Y. Zhao, J. Zhang, D. Gao, H. Liu, Y. Liu, Adv. 
Mater. 2012, 24, 4618 

87. G. H. L. Heintges, K. H. Hendriks, F. J. M. Colberts, M. Li, J. Li, R. A. J. 
Janssen, RSC Adv., 2019, 9, 8740 

88. Q. Liu, S. E. Bottle, P. Sonar, Adv. Mater. 2020, 32, 1 

89. A. Zhang, C. Xiao, Y. Wu, C. Li, Y. Ji, L. Li, W. Hu, Z. Wang, W. Ma, W. 
Li, Macromolecules 2016, 49, 6431 

90. J. Yang, H. Wang, J. Chen, J. Huang, Y. Jiang, J. Zhang, L. Shi, Y. Sun, 
Z. Wei, Y. Guo, S. Wang, Y. Liu, Adv. Mater. 2017, 29, 1606162 

91. H. Choi, S.-J. Ko, T. Kim, P.-O. Morin, B. Walker, B. H. Lee, M. Leclerc, 
J. Y. Kim, A. J. Heeger, Adv. Mater. 2015, 27, 3318 

92. K. Gao, S. B. Jo, X. Shi, L. Nian, M. Zhang, Y. Kan, F. Lin, B. Kan, B. 
Xu, Q. Rong, L. Shui, F. Liu, X. Peng, G. Zhou, Y. Cao, A. K.-Y. Jen, 
Adv. Mater. 2019, 31, 1807842 

93. M. Li, J. Li, D. Di Carlo Rasi, F. J. M. Colberts, J. Wang, G. H. L. 
Heintges, B. Lin, W. Li, W. Ma, M. M. Wienk, R. A. J. Janssen, Adv. Energy 
Mater. 2018, 8, 1800550 

94. J. Mizuguchi, A. Grubenmann, G. Wooden, G. Rihs, Acta Crystallogr. Sect. 
B Struct. Sci. Cryst. Eng. Mater. 1992, B48(5), 696 

95. H.-Y. Chen, M. Nikolka, A. Wadsworth, W. Yue, A. Onwubiko, M. Xiao, 
A. J. P. White, D. Baran, H. Sirringhaus, I. McCulloch, Macromolecules 
2018, 51, 71 

96. A. T. You, P. M. Beaujuge, O. P. Lee, C. H. Woo, M. F. Toney, J. M. 
Fréchet, J. Am. Chem. Soc. 2012, 134, 2180 

97. I. Meager, R. S. Ashraf, S. Mollinger, B. C. Schroeder, H. Bronstein, D. 
Beatrup, M. S. Vezie, T. Kirchartz, A. Salleo, J. Nelson, I. McCulloch, J. 
Am. Chem. Soc. 2013, 135, 11537 



Chapter 1 

36 

 

 



 
 

 

 

Chapter 2 

 

Photochromic Organic Solar Cells Based on 
Spiropyrans/Chromenes 

 
Abstract 

Films that respond to illumination by coloration are used to provide shading that 
scales with the light intensity. They can be applied to windows or used as 
sunglasses. The energy absorbed by the layer is lost through thermalization. A 
photovoltaic device with similar light response would ideally show the same 
behavior yet allow for the conversion of a part of the absorbed energy into 
useable electrical energy. Here, commercially available spiropyran and chromene 
dyes are used as a sensitizer in a ternary bulk heterojunction blend, with poly(4-
butylphenyldiphenylamine) (poly-TPD) and [6,6]-phenyl-C61-butyric acid methyl 
ester (PC61BM) as hole- and electron transport materials. The photoactive layer 
is sandwiched between electrodes to afford photochromic devices that exhibit a 
photovoltaic effect. The characteristics of the devices are examined under 
different light illumination conditions.   
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2.1. Introduction 
2.1.1. Context 
Organic solar cells (OSCs) offer a unique combination of appealing features that 
cannot easily be achieved by other photovoltaic technologies, as they can be 
transparent, colored, flexible, and lightweight. Hence, current efforts to bring 
OSC technology to the market often focus on making use of those 
characteristics, rather than to aim for the highest performance in terms of power 
conversion efficiency (PCE).1,2 OSC characteristics allow, for example, for the 
development of fully transparent solar windows.3–5 With those, glass building 
façade surfaces unfit for conventional solar panels would become suitable for 
energy harvesting. 

For windows, it can be desirable to have a shading effect. At the same time, it 
might sometimes be rather more practical to have a fully transparent colorless 
window. The aim of this chapter is to explore the possibility of an OSC device 
that combines both in one. It is investigated if the inclusion of a photochromic 
dye allows for the making of an OSC that is fully transparent and colorless under 
night conditions but turns semi-transparent and colored under sunlight 
illumination and then produces electrical energy. When light dims, the OSC 
should be able to revert back to the uncolored state spontaneously and complete 
a fully reversible coloration/discoloration sequence in synchronization with the 
day/night cycle. The application of such a system in building façades would offer 
a solution that simultaneously reduces building climate control costs under 
sunny daylight conditions and still allows for a fully colorless transparent façade 
when illumination is only mildly present. Like this, the glass does not block 
vision under dim light conditions. The working principle is summarized in 
Figure 2.1.  

Although this concept in itself is not novel, up to recently, reports found in 
literature either decouple the light harvesting and coloration functionalities into 
two devices,6–8 show nearly no power output at all,9–11 require the power 
generated for the device itself to perform the reverse decoloration12,13 or show a 
significant decrease in device performance upon coloration.14 For dye-sensitized 
solar cells (DSSC) device architectures, the described device has been recently 
reported with efficient on/off switching and respectable performances at their 
photostationary state (PSS) with a maximum PCE of 4.17%.15 Improvement 
with regards to reports found in literature on devices based on this concept is 
most likely still possible. In the current study it is attempted to obtain such an 
improved device by making use of a bulk heterojunction (BHJ) structured OSC 
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device architecture for the active layer of the device. This device would be best 
regarded as a photochromic organic solar cell (POSC).  

 
Figure 2.1: schematic of the working principle of a photochromic organic solar cell (POSC). 

2.1.2. Organic photochromes 
A variety of organic photochromes that could be functioning in the way as 
desired for a photochromic organic solar cell (POSC) is known in literature.16–22 
Based on their chemical structures, they exhibit different properties. Most 
organic photochromic systems use either a cis/trans isomerization or a pericyclic 
reaction to achieve photochromicity. Some exemplary structures representative 
of the most common photochrome families are shown in Figure 2.2. 
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Figure 2.2: representative examples of organic photochromic systems. a) azobenzene (trans/cis), b) 
spiropyran/merocyanine (ring opening/closing), c) dihydroazulene/vinylheptafulvene (ring 
opening/closing), d) diarylethene (ring closing/opening). 

Azobenzenes are one of the most well-known cis/trans photochromes (Figure 
2.2a). As usually both isomers of the molecule absorb light within the visible 
range of the spectrum, these molecules change in color rather than to switch 
between a colorless and a colored state. Also, for most of the members of this 
family, the quantum yield for the trans-cis isomerization is not markedly higher 
than the quantum yield for the cis-trans isomerization. Thus, under sunlight 
irradiation, the PSS will only yield a mixture of isomers with a composition close 
to 1 : 1 cis/trans isomer.23–27 This composition is however still influenced by 
system parameters as temperature, medium polarity and viscosity. This intrinsic 
limitation on the amount of converted isomer severely limits the potential 
performance of resulting POSCs.  
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Spiropyrans (SPs) constitute to one of the most thoroughly investigated family 
of photochromes (Figure 2.2b).28,29 Their photochromism is based on a 6π 
electrocyclic reaction.30,31 Irradiation of the SP derivative shown in Figure 2.2b 
using UV-light (λ ≈ 365 nm) opens the structure by cleaving the spiro-carbon-
oxygen bond to produce the merocyanine (MC) isomer. The reverse cyclisation 
can either occur spontaneously as a thermally driven reaction or be initiated 
photochemically by visible light.30–35 Structural control allows for the precise 
tuning of the photochromic behavior of SPs. Theoretical studies have shown 
that the substituent effect on the energy difference between the SP and MC 
isomers correlates strongly with associated Hammett constants.36–38 At the same 
time, it has been experimentally shown to be possible to shift the equilibrium of 
the PSS from the point where either the closed SP isomer or the open MC 
isomer dominates.28,36,39–44 SP photochromes have also been investigated in solid 
form and in matrices.45,46,55,47–54 Due to strong dipole-dipole and simultaneous π-
π stacking interactions, the MC isomers show a strong tendency to aggregate.56–

59 Stabilization of the MC isomer in aggregation significantly retards the 
cyclisation rate and sufficient stabilization of the MC isomer can even lock the 
photochromism completely. For application in a POSC, the increased 
stabilization of the MC isomer within a solid host matrix is not necessarily 
disadvantageous. After all, it is the colored isomer of the photochromic system 
that is to absorb light, and to supply harvestable excitons. Non-photochromic 
merocyanine dyes that share a lot of structural features with the MC isomer of 
the SP/MC pair have been applied as donor dyes in either a bilayer or bulk 
heterojunction (BHJ) structure in OSCs.60–68 Just like for the MC isomers, a 
dipole induced head-to-tail π-π stacking of the dye in aggregates is observed, 
even when blended with PC61BM.60,64,65 Optimized OSCs based on merocyanine 
dyes have a thin photoactive layer (PAL), typically of 5-60 nm.60–68 If this 
property is representative for the performance of the MC isomer of the SP/MC 
photochrome system, it limits the colorability of the proposed POSC as a result 
of the limited layer thickness that can be used.  

A third photochrome is the dihydroazulene/vinylheptafulvene (DHA/VHF) 
system (Figure 2.2c).69–71 In this system, a photoinduced ring-opening reaction 
yields the colored VHF and a thermally governed cyclization restores the 
colorless DHA. For the DHA/VHF system, the photoinduced reaction is a 10π 
electrocyclic reaction, which according to the Woodward-Hoffmann rules 
follows the same mechanism as the SPs.30,31 If the system bears a substituent in 
the seven-membered ring, the system can thermally revert by two different 
pathways to afford a mixture of two dihydroazulene isomers.69,72–75 It goes 
without saying that this complicates the system with regards to its application in 
a POSC. For the sake of simplicity, this system is considered less suitable because 
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of this reason. On another note, the system is considered well-suited for 
application in solar heat batteries.76,77 

Diarylethenes (DAEs) follow a similar 6π electrocyclic reaction to ring-open and 
close the molecule as the SP dyes (Figure 2.2d). In contrast to the SP system, for 
DAEs the ring-closing reaction is the reaction that affords the colored molecule 
and the reverse ring-opening reaction is the one that affords the uncolored 
molecule.16,78–81 Similar to the SP system, the uncolored isomer is the thermally 
more stable isomer. In general, the colored state of a DAE has a high activation 
barrier to revert to the uncolored state. So, the thermal lifetime of the colored 
form of this type of dye can be extremely long up to a half-lifetime of 4.7 × 105 
years at 30 °C in solution.82,83 The high thermal stability of most of those 
photochromes allows for a significant simplification of the analysis of both 
photochrome isomers in isolation.84–89 It has been shown for this system that the 
photoinduced cyclization of the system to afford the conjugated colored 
structure is accompanied by respectively a decrease in the lowest unoccupied 
molecular orbital (LUMO) level and an increase in the highest occupied 
molecular orbital (HOMO) level.80,84 Conversely, structural modifications and a 
careful choice of the medium also allow for a decrease in lifetime to up to just 
mere seconds.90 The system shows high photoswitchability, even when dispersed 
in a polymer matrix, included in a polymer backbone or in solid crystalline 
form.79,91–94 This is thought to be related to the small spatial reorganization 
required for the photochromic reaction to proceed.79,95–101 Added to this, the 
system can be highly fatigue resistant, having demonstrated repeatable cycle 
numbers of over 70,000.78,79,84 The combination of all those properties has led to 
the idea that DAEs are ideally suitable for optical memories and switches. DAEs 
have already been applied in a dye-sensitized solar cell (DSSC) and, after 
treatment with UV-light (λ ≈ 365 nm), showed a spectral absorption change in 
ultraviolet-visible light (UV-vis) spectroscopy and an increase in performance.10 
The performance of the demonstrated device still lacked though, affording a 
short-circuit current density (JSC) of 0.37 mA/cm2, an open-circuit voltage (VOC) 
of 0.45 V and a fill factor (FF) of 0.66 under simulated solar illumination, 
resulting in a PCE of 0.11% before UV treatment which increased after UV 
treatment to JSC = 0.76 mA/cm2, VOC = 0.42 V, FF = 0.63 and PCE = 0.20%. 
Thermal bleaching does not occur at ambient temperature for most 
diarylethenes, so for the development of a POSC with the properties as 
described before, structural modifications to conventional DAEs would still be 
required. 
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2.1.3. Dye selection and structures 
The dyes that were selected for this study, were the commercial dyes known as 
Plum Red, Berry Red and Rush Yellow of which the structures are shown in 
Figure 2.3. The dyes were selected as they fulfil most of the requirements stated 
above and because they were available without the need of further structural 
modification before application in BHJ devices. They have been reported to 
behave as ‘heliochromes’, meaning that, in appropriate media, they converge to 
a colored PSS under sunlight and revert back to a colorless state under room 
temperature conditions in the dark.17,21 The three selected dyes show similar 
behavior to the SP dyes discussed above. The uncolored structures of the dyes 
will be referred to as the SP isomer and the colored structure as the MC isomer, 
even though the dyes comprise one spirooxazine (Plum Red) and two 
chromenes (Berry Red, Rush Yellow). 

 

Figure 2.3: chemical structures of the selected dyes with their corresponding colors for the SP (top) and 
MC (bottom) isomers. a) Plum Red, a spirooxazine that turns purple, b) Berry Red, a chromene that turns 
orange and c) Rush Yellow, a chromene that turns yellow under sunlight illumination.  

As with the spiropyran dyes, the colorability of these dyes depends on the 
medium in which the molecule is dispersed.33,47,49,102–104 Generally, more polar 
environments stabilize the MC structure, thus increasing the colorability of the 
system. It can be expected that the photochromic behavior of these dyes in a 
solid film such as the PAL of an OSC is reduced compared to the same dye in 
solution due to restricted conformational freedom. Based on this, the 
photocoloration quantum yield is expected to be appreciably reduced compared 
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to the quantum yield measured in solution. At the same time, the thermal 
bleaching rate is expected to be retarded by incorporation in a solid matrix. 

2.1.4. Device design 
For the creation of a POSC, different device architectures are imaginable. The 
coloration of the device is to be caused by an increase in light absorption of a 
photochrome. Ideally, all the energy of the additionally absorbed photons is then 
converted. Consequently, the photochrome must be incorporated in the PAL. 
A design in which the photochrome is used in a binary system, either as the 
acceptor or donor in the PAL, is expected to give a low device performance as 
in this case the photochrome is also tasked with the transport of electrons or 
holes. Having the capacity to do so is not obvious for the SP or MC isomers of 
the three dyes. Other materials known to have good charge transport capabilities 
can be blended within the PAL to facilitate charge transport. In such case the 
converted photochrome effectively acts as a sensitizer. For the transport 
materials poly(4-butylphenyldiphenylamine) (poly-TPD) and [6,6]-phenyl-C61 
butyric acid methyl ester (PC61BM) were chosen and blended in the PAL 
together with the photochromic dye. Poly-TPD and PC61BM have low 
absorption coefficients in the visible region of the solar spectrum and are known 
to well-suited as hole and electron transporters respectively. 

 

Figure 2.4: device structure showing the different layers. From bottom to top: glass substrate on which 
the cell is cast, indium tin oxide (ITO) transparent bottom electrode, poly(3,4-ethylenedioxythiophene) 
polystyrene sulfonate (PEDOT:PSS) as hole transport layer (HTL), PAL compromising the donor (poly-
TPD), acceptor (PC61BM) and photochrome as a ternary blend, LiF/Al top electrode.  
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For initial exploration, a device architecture common for OSCs can be used.105–

107 The POSC requirements state that in the absence of sunlight it should be 
largely colorless. So, all layers should exhibit only limited absorption of visible 
light. In the configuration as shown in Figure 2.4, all the layers are close to 
colorless in the dark, except for the reflective LiF/Al back contact. This contact 
is used to simplify the device fabrication and optimization process. At a later 
stage the non-transparent LiF/Al can be replaced by a suitable transparent top 
contact, for which several options are known. 

Figure 2.5 schematically shows the intended energy level alignments in the POSC 
before (left) and after (right) the conversion of the SP into the MC isomer. Upon 
UV-irradiation, the SP is to convert into the MC that should switch back into 
the SP thermally as shown in Figure 2.3. For the uncolored SP, the band gap 
between the HOMO and LUMO is likely larger than for the colored MC isomer. 
This follows from the SP having its two (or three) conjugated domains separated 
by a sp3-hybridized carbon. The sp3-site breaks the π-conjugation in the 
molecule. The absorption profile of the SP thus mainly relies on excitations 
within the independent π-conjugated segments. Following the conversion to the 
MC isomer, the sp3-carbon is converted into a sp2-carbon, simultaneously 
creating two additional π-electrons from a -bond. The two additional π-
electrons participate in the π-conjugation and form an extended π-conjugated 
system. As the size of the π-conjugated system is increased, the HOMO-LUMO 
gap decreases and the energies of the photoexcitations are decreased to within 
the visible range of the spectrum, resulting in the molecule to appear colored.18,30  
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Figure 2.5: design of the energy level alignment in the POSC. The photochrome is included in the PAL 
and is to switch upon UV-irradiation into its MC isomer thereby affecting the HOMO and LUMO levels.  

As the goal is to develop a POSC that affords a device that shows improved 
performance in its colored state, the energy level matching of the MC with the 
hole transporting material (donor) and the electron transporting material 
(acceptor) is more important than that of the SP. Studies on classical donor-
acceptor BHJ OSCs have revealed that in general the LUMO of the donor 
should lie at least 0.3 eV higher than the LUMO of the acceptor.108,109 This 0.3 
eV energy offset overcomes the exciton binding energy and allows the 
dissociation of the exciton into free charges.110 In this situation, the assumption 
is made that the absorption of photons is mostly accounted for by the donor in 
the blend. It has also been shown that absorption of light by the acceptor can 
likewise result in photocurrent generation, in which case the HOMO-HOMO 
offset is responsible for exciton dissociation.111 In the case of the POSC, the 
absorption of visible light is fully to be accounted for by the photochrome, thus 
the energy level matching between the photochrome LUMO and LUMO of the 
electron transporting material is of highest importance. 
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2.2. Results and discussion 
2.2.1. Optical and electrochemical properties 
The photochromic behavior and the SP to MC isomerization of Plum Red, Berry 
Red and Rush Yellow were first studied in solvents of different polarity, i.e. 
toluene (PhMe), dichloromethane (DCM) and N,N-dimethylformamide (DMF), 
using UV-vis spectroscopy (Figure 2.6). Measurements were done by recording 
the UV-vis spectrum before and after UV-irradiation of the samples using an 
UV LED (λ ≈ 405 nm). Such experiments are hampered by measurement time 
of about 40 s during which the reverse reaction (MC → SP) occurs, which 
contaminates the resulting spectra. Before UV-illumination, the three systems 
show little to no optical absorption in the visible range of the spectrum, 
indicating that the relative amount of the SP isomer is close to 100%. In this 
initial state, UV-light absorbed by the SP isomers generates the MC isomers as 
evidenced by new absorption bands at λ > 400 nm. Figure 2.6 also shows that 
the absorbance in the 300 < λ < 400 nm wavelength range does not decrease 
and actually even increases for Berry Red. Apparently, the MC isomer also 
absorbs light in this range. Absorption of UV-light by the MC isomer will shield 
the SP isomer from absorbing UV-light. As a result, the conversion SP → MC 
eventually reaches a PSS that is in equilibrium, for the light-driven and thermal 
conversions occur at the same rate. 

Figure 2.6 shows distinct differences for the three dyes. Dissolved in PhMe, 
Plum Red reaches a maximum absorption of the MC state at λ = 570 nm after 5 
s. For longer illumination times the signal decays. In DCM Plum Red converts 
to the MC state much more slowly. A peak at λ = 630 nm develops, but at longer 
illuminations times, t > 30 s, a second product is formed with a peak at λ = 530 
nm. Prolonged UV-illumination causes this signal to decay as well. In DCM a 
significant decrease of the original signal around 365 nm of SP Plum Red can be 
observed. In this specific measurement a blue hue developed that did not fade 
thermally. Coupled to this observation, after thermal reversion a spectrum 
different from the initial spectrum was obtained that exhibited an absorption 
peak within the visible range (λ = 575 nm; orange curve in Figure 2.6, top row, 
middle panel). This may point to the formation of aggregates or precipitates of 
the MC isomer. In the most polar solvent, DMF, the MC isomer is not formed 
to an appreciable extent. 

Berry Red converts within seconds from the SP to the MC isomer, and offers a 
thermally more stable product, showing a maximum absorption at λ = 490-500 
nm, that is only weakly dependent on the polarity of the solvent. At times t > 10 
s, some decay of the MC product can be seen.  
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Figure 2.6: UV-vis spectra of Plum Red, Berry Red and Rush Yellow in PhMe, DCM, and DMF at 10-4 
M. Indicated times correspond to the duration of UV-irradiation (λ ≈ 405 nm) at 1000 mA prior to running 
the measurement from 850 to 300 nm at a scan speed of 950 nm/min.  
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Rush yellow shows a rather slow conversion from the SP to the MC state in 
PhMe resulting in a peak that maximizes at λ = 420 nm. In DCM and DMF the 
conversion seems faster, but the product also seems to deteriorate. 

For neither of the three dyes a stable PSS is reached within the scope of the 
measurements. Also there is no clear evidence of an isosbestic point that would 
indicate the clean conversion between two isomers. It should however still be 
taken in consideration that the described experiments are highly prone to 
artificial defects caused by inconsistent sample handling durations. 
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Figure 2.7: development of absorption signals at their absorption maxima over time for Plum Red, Berry 
Red and Rush Yellow in PhMe at 10-4 M. The decrease in absorbance intensity is related to the thermal 
conversion of the MC isomers of the dyes into their SP isomers. Straight lines are fits to the data according 
to Equations (1) and (2).  

The reaction rates of thermal MC → SP back conversion of the three dyes were 
investigated at room temperature by monitoring the absorption intensities at the 
absorption maxima of the dyes over time. The absorption maxima of Plum Red, 
Berry Red and Rush Yellow in PhMe solution lie around respectively 570, 490 
and 430 nm as can be seen in Figure 2.6. In the experiment, a sample of the dyes 
in PhMe solution (50 µM) was illuminated with UV-light (λ ≈ 405 nm) to partially 
convert the system. Then, the sample was swiftly transferred to the UV-vis 
spectrometer and the absorption signal was tracked over time at the respective 
absorption maxima. The results for the three dyes are depicted in Figure 2.7. 

Figure 2.7 shows a linear relationship for the decay of the absorbance over time 
in a semi-logarithmic plot, indicating a first-order decay. For a first-order 
reaction, the reaction rate can be described by Equation (1).112 

ln D D⁄ 𝑘𝑡 (1) 
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𝐴 ε D 𝑙 (2) 

Where [D] is the concentration of the dye undergoing the first-order reaction, k 
is the reaction rate in s-1 and t is the elapsed time in s. By plotting ln D D⁄  
versus t, k can be determined from the slope. In fact, following the Beer-Lambert 
law (2) the absorbance of a colored species is linearly correlated to its 
concentration, so it suffices to plot the natural logarithm of the absorbance (A) 
to directly determine the reaction rate. In Equation (2) ε is the molar absorption 
coefficient and 𝑙 the path length. Figure 2.7 shows that the conversion of the 
MC isomer is fastest for Rush Yellow at k = 0.046 s-1, slightly slower for Plum 
Red at k = 0.036 s-1 and slowest for Berry Red at k = 0.009 s-1. Those rates 
correspond to half-life times of 15, 19 and 77 s, respectively.  

To gain insight into the photoswitching behavior in PAL blends, layers were cast 
from solutions containing the photochromic dyes, PC61BM and poly-TPD on 
glass substrates. The substrates were subsequently exposed to UV-light (λ ≈ 365 
nm) for exposure times as indicated in Figure 2.8 and photographs were taken 
after each exposure. To cast the layers, solutions of the photochromic dyes and 
a poly-TPD/PC61BM mixture (ratio 1:4 w/w) in CB were made. The relative 
weight ratios between the dyes and the poly-TPD/PC61BM blend were 3:1, 1:1 
and 1:3. The total concentration of the solutions was kept at 30 mg/ml. Figure 
2.8 shows that for each photochromic dye the layer exhibits a decreased 
photoswitchability when the relative amount of poly-TPD/PC61BM blend 
increased. In part, the decreased absorbance of visible light can be expected from 
a relative lower dye content due to a higher relative concentration of poly-
TPD/PC61BM blend. However, in a 1:3 w/w ratio, near to no absorption 
resulting from the MC isomers of the photochromic dyes is observed anymore. 
This indicates that the photoswitchability is severely hampered in layers with a 
low relative content of photochromic dye.  
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Figure 2.8: photoswitchability of the selected dyes under UV-illumination (λ ≈ 365 nm) in poly-
TPD/PC61BM blends. From top to bottom: Plum Red, Berry Red and Rush Yellow after the indicated 
duration of consecutive UV-illumination. From left to right, weight ratio variations between the dyes and 
a poly-TPD/ PC61BM blend (1:4) ranging from 3:1 to 1:1 to 1:3. Layer thicknesses were all around 80 nm. 

 
Figure 2.9: setup as used for the UV-dependent UV-vis analysis of POSC PALs.18  
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Figure 2.10: UV-vis spectra of poly-TPD/PC61BM/dye PALs before and under UV-illumination (λ ≈ 405 
nm). Incorporated photochromic dyes, layer thicknesses and the weight ratio between poly-
TPD/PC61BM/dye from left to right: a) Plum Red, 85 nm, 1:2:1.5; b) Berry Red, 65 nm, 1:3:3; c) Rush 
Yellow, 75 nm, 1:2:4. 

To measure the UV-vis spectra of the PALs under UV-illumination, a setup was 
designed as shown in Figure 2.9. The setup allows for the simultaneous 
illumination of the sample and the probing of the absorbance.18 A tungsten lamp 
provides light suitable to evaluate the absorption spectrum from 300-900 nm. 
The light is passed through a beam chopper, the probing wavelength is selected 
using a monochromator and a beam splitter is used to combine the incoming 
beam with bias light from a UV-light emitting diode (LED) that is used to keep 
the system in a PSS. The combined beam propagates further and travels through 
the sample under investigation after which it reaches a silicon photodiode which 
is connected to a lock-in amplifier to record the intensity of the monochromatic 
light. Overall, this setup allowed for adequate spectroscopic analyses of the 
POSCs. 

UV-vis measurements under UV-irradiation were done as described and the 
results are shown in Figure 2.10. This experiment shows for the Plum Red 
containing PAL a visible change in the absorption spectrum. For Berry Red and 
Rush Yellow, the change in UV-vis absorption is less clear, even though the 
sample devices contained relatively more photochromic dye than the device with 
Plum Red. For Rush Yellow, the absorption increased slightly in the range from 
400-600 nm, but for Berry Red a significant absorption change was not 
observed.  

2.2.2. Cyclic voltammetry 
To determine the energy levels of the selected dyes, cyclic voltammetry (CV) 
measurements were done. Generally, the onsets of the peaks observed in CV are 
taken as indications of the energies required to either remove an electron from 
the HOMO or to add an electron to the LUMO.113 The difference between 
HOMO and LUMO levels as determined in this fashion is reported as the 
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electrochemical band gap (Eg
CV). The CV measurements on the photochromic 

dyes have been summarized in Figure 2.11.  

As the used photochromic dyes turn from colorless to colored upon UV-
illumination, the energy gap between the HOMO and LUMO is expected to 
decrease accordingly. Illumination of the samples to increase the concentration 
of the MC isomer results in an observed change in both the oxidation and 
reduction regimes. Within the oxidation regime, all dyes show a similar effect of 
UV-illumination: the oxidation potential increases slightly at increased MC 
concentration. Within the reduction regime, the signals are much less 
pronounced. The reason for this is unknown. For Berry Red and Rush Yellow, 
a difference between the measurements in dark and under illumination is seen. 
The measurements in dark do not exhibit any reduction signal within the 
measurement range but the illuminated samples show a reduction wave at an 
applied potential of −1.25 V. For Plum Red, a similar signal is observed, however 
for this dye the signal is also discernable in the dark. A possible explanation for 
this might be provided by the observation that a full discoloration of the Plum 
Red solutions does not occur in the used DCM electrolyte. Although 
discoloration over time does occur in solutions of Plum Red in pure DCM (see 
UV-vis results), even leaving the Plum Red DCM electrolyte solutions overnight 
did not result in full discoloration of the solutions. This could be due to the 
presence of the TBAPF6 salt ions in solution stabilizing the MC isomer of Plum 
Red. Polar media and ionic interactions are capable of stabilizing the MC isomer 
of spiropyran dyes.32,51,114 The results are summarized in Table 2.1 and Figure 
2.12. The formation of a conjugated ketone in the MC isomer is consistent with 
a lower reduction potential and a higher reduction potential of coloration. 
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Figure 2.11: cyclic voltammograms of Plum Red, Berry Red and Rush Yellow at 10-4 M in DCM in the 
dark (black lines) and under UV (λ = 405 nm) illumination (1 A) (colored lines). Each scan was composed 
of three scan cycles and has been referenced against the Fc/Fc+ redox couple to obtain HOMO/LUMO 
levels using 𝐸 / 5.23 eV. The graphs show the first scans of the voltammograms against Fc/Fc+.  

Table 2.1: summary of the HOMO and LUMO energies and the electrochemical band gaps (in eV) 
determined from the CV measurements in DCM for the three photochromic dyes in the colorless and 
colored states. 
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Figure 2.12: energy levels of the three photochromic dyes in the colorless and colored states, poly-TPD 
and PC61BM. The bottoms of the bars represent the HOMO levels, the tops the LUMO levels. 

  

 Plum Red Berry Red Rush Yellow 
 EHOMO ELUMO Eg

CV  EHOMO ELUMO Eg
CV EHOMO ELUMO Eg

CV 
Colorless -5.38 < -3.0 >2.4  -5.65 < -3.0 > 2.6  -5.97 < -3.3 > 2.7  
Colored -5.45 -3.56 1.89 -5.78 -3.64 2.14  -5.98 -3.83 2.15  
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2.2.3. Device fabrication 
As a reference to compare the future POSCs to, binary blend devices were made 
containing only the hole and electron transporting materials poly-TPD and 
PC61BM.115 As there is no chromophore present able to substantially absorb 
photons with an energy smaller than 3.3 eV in these solar cells, the device 
performance is intrinsically limited by a low JSC because only a small part of the 
solar spectrum is absorbed. In the device optimization, the ratio between poly-
TPD and PC61BM was varied. The performance rises with the relative amount 
of PC61BM (Table 2.2), primarily caused by an increase in JSC due to the nonzero 
absorbance of PC61BM in the visible spectral range. Also the FF increases, but  
VOC remains constant. 

Ratio 1 : 1 1 : 1½ 1 : 2 1 : 2½ 1 : 3 1 : 3½ 1 : 4 1 : 4½ 1 : 5 
JSC (mA/cm2) 0.08 0.27 0.63 0.77 1.07 1.41 1.73 1.58 1.98 
VOC (V) 0.76 0.76 0.76 0.76 0.75 0.75 0.76 0.76 0.76 
FF 0.36 0.40 0.41 0.41 0.43 0.44 0.44 0.44 0.45 
Pmax (mW/cm2) 0.02 0.08 0.20 0.24 0.35 0.46 0.58 0.53 0.67 
d (nm) 260 210 205 205 205 180 190 200 160 

Table 2.2: photovoltaic parameters for solar cells at different poly-TPD/PC61BM weight ratios in the PAL. 

Following up on the poly-TPD/PC61BM binary blend, a stable chromophore 
with energy levels close to the expected energy levels of the photochromic dyes 
was incorporated in the PAL. This experiment can demonstrate the viability of 
the proposed ternary blend PAL. As a model dye, 2,5-bis(2-ethylhexyl)-3,6-bis(5-
(4-hexylthiophen-2-yl)pyridin-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione 
(4-TDPPPy) (Figure 2.13) was used.116 Inclusion of 4-TDPPPy in a weight ratio 
of 1 : 1 : 4 (4-TDPPPy/poly-TPD/PC61BM) led to a device with JSC = 1.87 
mA/cm2, VOC = 0.75 V, FF = 0.37, and a resulting Pmax = 0.51 mW/cm2 at a 
PAL thickness of 70 nm (Figure2.13.). The external quantum efficiency (EQE) 
spectrum shows that the dye contributes to the photocurrent generation, 
demonstrated by the peak around 570 nm. This contribution to the EQE is, 
however, accompanied by a reduction of the EQE in the region that 
corresponds to the absorption ranges of poly-TPD and PC61BM, leading to a 
small overall decrease in performance relative to the poly-TPD PC61BM binary 
reference. 
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Next, devices were made in which Plum Red, Berry Red and Rush Yellow were 
incorporated in the PAL to act as the chromophore. Based on the results 
obtained with the 4-TDPPPy dye, a contribution of the colored chromophores 
was expected in the EQE measurements, at least for Plum Red which shows 
formation of the MC isomer in this blend (Figure 2.10) under UV-illumination.   

To probe whether the ratio between poly-TPD, PC61BM and photochromic dye 
had any effect, devices were cast in which this ratio was varied. It was found that 
when devices were cast with relatively low PC61BM ratio (i.e. around 1:1:1 
w/w/w poly-TPD/PC61BM/dye) the device performance turned out to be 
exceptionally low. The devices not only lacked voltage (~ 0.5 V) and fill factor 
(~ 0.25) but mostly had a low photocurrent (~ 0.10 mA/cm2). UV-vis analysis 
has already shown that when the relative amount of poly-TPD/PC61BM is 
increased, the photoswitchability of the dyes goes down. A compromise had to 
be struck for each of the photochromic dyes between their photoswitchability 
in the PALs and the device performance. This optimization led to the weight 
ratios reported in Table 2.3. Even though the performance of the POSCs as 
shown by their current density – voltage (J-V) characteristics is ostensibly low 
when compared to the current status of the BHJ OSC research field, the 
measurements still enabled to observe the effect of UV-light on the device 
performance. 
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Figure 2.13: chemical structure of 4-TDPPPy (top) and current density – voltage (JV)-characteristics 
(bottom left) and EQE (bottom right) of the 4-TDPPPy/poly-TPD/PC61BM and poly-TPD/PC61BM 
devices. 
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  Plum 
Red 

Berry 
Red 

Rush 
Yellow 

Reference 
1:2 

Reference 
1:3 

Ratioa 2:4:3 1:3:3 1:2:4 1:2:0 1:3:0 
JSC (mA/cm2) 0.17 0.34 0.21 0.63 1.07 
VOC (V) 0.38 0.90 0.90 0.76 0.75 
FF 0.30 0.36 0.32 0.41 0.43 
PMAX (mW/cm2) 0.02 0.11 0.06 0.20 0.35 
d (nm) 75 75 90 210 210 

Table 2.3: characteristics of optimized devices based on photochromic dyes embedded in the binary blend 
poly-TPD/PC61BM. The binary blend also serves as a reference for direct comparison. aIndicates the 
weight ratio between poly-TPD/PC61BM/photochromic dyes. 

JV-curves of the optimized devices are shown in Figure 2.14. The JV-curves as 
shown were measured before UV-illumination of the device. As is directly 
apparent from the data, the inclusion of the photochromic dye results in overall 
device performances that are lower than that of the poly-TPD/PC61BM 
reference cells. The effect of UV-illumination was investigated by comparing the 
EQE of the devices before and under UV-irradiation of light with a wavelength 
of 405 nm. After recording the EQE under simultaneous UV-light illumination, 
the devices were kept in the dark for 24 h after which the EQE was measured 
again before and under UV-illumination. The EQE data are collected in Figure 
2.15.  
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Figure 2.14: JV-characteristics for the reference poly-TPD/PC61BM (weight ratio 1:2 and 1:3) devices and 
for the optimized POSCs based on Plum Red, Berry Red and Rush Yellow before UV-illumination. 
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Figure 2.15: EQE responses of various poly-TPD/PC61BM/photochrome blends. a) reference poly-
TPD/PC61BM (weight ratio 1:2) device before and after UV-illumination. No significant change upon UV-
illumination was observed for this device. b)-d): optimized poly-TPD/PC61BM/photochrome devices 
before and under UV-illumination and spectral response after a recovery time of 24h before and under 
UV-illumination. The used photochrome for the different devices were: b) Plum Red, c) Berry Red, d) Rush 
Yellow. 

The EQE spectra in Figure 2.15 show that upon UV-illumination, the EQE 
reversibly decreases nearly over the entire range of the spectrum for each of the 
photochromic dyes. The reference device consisting of poly-TPD/PC61BM does 
not show this behavior, which strongly points to the photochromic dyes as the 
responsible component. Leaving the devices in the dark for 24 h allowed for the 
near complete recovery of the initial performance, which is reduced again under 
UV-illumination. There is no increase in EQE in the absorption range of the 
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MC isomers of any of the dyes under UV-illumination and, hence, there is no 
contribution of the MC isomer to the photovoltaic effect in these OSCs. The 
inclusion of the photochromes hinders the light-to-electrical energy 
transformation. One of the primary requirements for a POSC in the design used 
to increase in performance after the UV-induced coloration of the device is that 
the photochrome absorbs photons that otherwise are not absorbed by the PAL 
and converts this into collectable charges. So far, this full event has not been 
observed.  

Neither of the photochromic dyes tested acts according to the operation mode 
proposed in Figure 2.5. In the cases of the Berry Red and Rush Yellow-based 
devices, no significant change in UV-vis absorption spectrum is observed for 
their PALs under UV-illumination as seen in Figure 2.10. The photochromism 
of the photochromes might have been locked as also observed in literature in 
solid phases.102,117 However, it is still notable that UV-irradiation of the devices 
has a near fully reversible detrimental effect on the EQE similar to the effect on 
the device incorporating Plum Red. Possibly, the presence of just minor amounts 
of MC isomer of either photochrome in the PAL hampers the performance of 
the cell. Possibly, this negative effect on the performance is due to the generation 
of trap states through the photoconversion of the SP to the MC isomer.  

To verify the hypothesis that the generation of MC isomers of the dyes leads to 
the formation of trap states, an additional experiment was done. In this 
experiment, only a small fraction of 2% of the photochromic dyes relative to the 
poly-TPD/PC61BM blend (ratio 1:4 w/w) was included in the spin coating 
solutions. Earlier experiments had demonstrated that the photoswitchability of 
the PAL decreases as the relative amount of PC61BM with respect to the dye is 
increased. Nevertheless, for cells containing only 2% of photochrome, similar 
reversible responses to UV-illumination (λ = 405 nm) were measured as for the 
cells with higher photochrome concentrations (Figure 2.16 and Table 2.4). 
Under UV-illumination the performance was again lower than before UV-
illumination, mostly due to a decrease in JSC. However, at lower photochrome 
content the extent of the deterioration was less. As the initial performance could 
be fully reacquired after 24 h under inert atmosphere, it is most likely that no 
irreversible changes are caused under UV-illumination. So, even though the 
photochromes generally show a lower photoswitchability with increasing 
PC61BM content, the observed changes in performance in this experiment are 
thought to be linked to the photochromic SP → MC conversion in the PAL, 
with the MC isomer as the malefactor. 

A possible explanation for the obtained result is that the driving forces provided 
by the differences between the LUMO energy levels of the MC isomers and 
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PC61BM and the HOMO energy levels of the MC isomers and poly-TPD are not 
large enough to induce exciton splitting. If this is the case, the MC isomer only 
causes trap states within the device, and thus even low concentrations would 
severely limit the diffusion length of either or even both electrons and holes. 

photochrome conditions JSC 

(mA/cm2) 
VOC 
(V) 

FF Pmax 

(mW/cm2) 
d 

(nm) 
Plum Red No UV 1.72 0.77 0.41 0.54 

60 After UV 1.12 0.61 0.32 0.22 
Berry Red No UV 1.69 0.77 0.38 0.49 

60 After UV 1.23 0.74 0.35 0.32 
Rush Yellow No UV 1.68 0.76 0.39 0.50 

60 After UV 1.32 0.77 0.40 0.41 
Table 2.4: performance of poly-TPD/PC61BM (weight ratio 1:4) devices with 2 wt% photochromic dye 
content. The device status indicates whether the data were measured before or after UV-illumination, 
similar to the standard EQE measurement procedure (see experimental section). 
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Figure 2.16: EQE responses of various poly-TPD/PC61BM/photochrome blends incorporating only 2% 
photochrome.  

Alternatively, the inclusion of the photochromic dyes leads to a substantial 
change in morphology. Transmission electron microscopy (TEM) images 
(Figure 2.17) of the PAL of a Plum Red POSC and a reference poly-
TPD/PC61BM cell were made to check for possible morphological differences. 
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Figure 2.17: TEM images of PAL blends of a) a poly-TPD/PC61BM/Plum Red cell (weight ratio 2:4:3, as 
optimized) and b) a poly-TPD/PC61BM reference cell (right, weight ratio 1:3). The scale bars are 50 nm. 

Figure 2.17 shows no distinguishable differences between the two layers. Both 
phases appear to be very thoroughly intermixed as no distinct phases can be 
observed in either image.  

2.3. Conclusion 
The aim described at the start of this chapter proved to be unattainable. There 
are several reasons that can be identified. First, the three photochromic dyes 
only show a very limited photocolorability in the poly-TPD/PC61BM blend. 
Only Plum Red demonstrated significant conversion from the uncolored SP to 
the colored MC isomer in this blend. Second, the presence of the photochrome 
reduces the performance of the poly-TPD/PC61BM host. This effect is 
considerably enhanced under UV-illumination even at low dye content, 
suggesting that the MC isomer effectively inhibits either charge carrier 
formation, transport or collection. No evidence was obtained that either of the 
SP or MC isomers can generate collectable charges in the poly-TPD/PC61BM 
host. In contrast, the ternary system of the poly-TPD/PC61BM host with the 4-
TDPPPy dye did provide a distinct, albeit small, contribution from the dye to 
the EQE. This shows that charge generation via a suitable sensitizer in the poly-
TPD/PC61BM host is possible, but that –apparently– the selection of 
photochromic dyes tested here was unsuitable. Therefore, it was decided to 
conclude the study of the inclusion of this type of photochrome within a POSC. 
Nevertheless, we feel that it is possible to resolve some of the critical issues 
encountered in this chapter by a more judicious design, taking motivation from 
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the fact that many other types of solar cells showed low or moderate 
performance,118–121 before reaching their current high efficiencies. 

2.4. Experimental section 
2.4.1. Materials and methods 
Plum Red, Berry Red, Rush Yellow (Aako) and used solvents (SAF) were used 
as received. PC61BM was obtained from Sollene B.V. and poly-TPD from 
American Dye Source, Inc.  

UV-vis spectroscopy was conducted on a PerkinElmer Lambda 1050 
spectrophotometer equipped with a 3D WB PMT/InGaAs/PbS detector 
module. Cyclic voltammetry was carried out using an Autolab PGSTAT 30 in 
inert atmosphere. The electrolyte consisted of 0.1 M tetrabutylammonium 
hexafluorophosphate in DCM. A silver rod was used as counter electrode and a 
silver chloride coated silver rod (Ag/AgCl) as quasi-reference electrode. The 
measurements were performed at a scan speed of 0.1 V/s and potentials are 
quoted against the Fc/Fc+ redox couple as external standard. For conversion to 
energy levels versus vacuum, 𝐸 / 5.23 eV was used. CV on 
photochromic dyes was conducted both in the dark and under illumination using 
an LED (λ ≈ 405 nm, 3.4 W electrical power) at 1 A operating current as the 
light source. 

Photovoltaic devices with an active area of 0.09 and 0.16 cm2 were fabricated by 
spin coating poly(ethylenedioxythiophene):poly(styrenesulfonate) 
(PEDOT:PSS) (Clevios P, VP Al4083) on pre-cleaned, patterned indium tin 
oxide (ITO) glass substrates (Naranjo Substrates). The PAL was spin coated at 
2000 rpm in air from a CB solution at 100 °C always at a total concentration of 
30 mg/ml. For optimized 4-TDDPPy devices, the weight ratio between poly-
TPD/PC61BM/4-TDDPPy was 1:4:1, respectively. For optimized poly-
TPD/PC61BM devices, a range of weight ratios was made from 1:2 to 1:5 poly-
TPD:PC61BM. For optimized POSC devices, the weight ratios used between 
poly-TPD/PC61BM/dye were respectively 2:4:3 for Plum Red, 1:3:3 for Berry 
Red and 1:2:4 for Rush Yellow. The back electrode was deposited on the PAL 
using high vacuum (~5 × 10-7 mbar) deposition by evaporation and consisted of 
consecutively a layer of LiF (1 nm) and Al (100 nm). Cells with active areas of 
0.09 or 0.16 cm2 gave virtually identical results and showed no consistent trends 
in size-dependent differences.  

JV-characteristics were measured using a Keithley 2400 source meter under 
~100 mW/cm2 white light illumination from a tungsten-halogen lamp filtered 
by a Hoya LB120 daylight filter. Short-circuit currents and PCEs were calculated 
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by integrating the solar spectrum and the spectral response of the cells. EQEs 
were determined using modulated monochromatic light from a 50 W tungsten-
halogen lamp (Philips Focusline) passing through a monochromator (Oriel 
Cornerstone 130) with the use of a mechanical beam chopper. The response was 
recorded as a voltage over a 50 Ω resistor (Stanford Research Systems SR570) 
using a lock-in amplifier (Stanford Research Systems SR830). A calibrated silicon 
cell with a known spectral response was used as a reference. Bias light for 
photochromic conversions was supplied by an LED (λ ≈ 405 nm, Edmund 
Optics) operating at 1 A. During the measurement, the device was kept in a 
nitrogen-filled box behind a quartz window. The thicknesses of the active layers 
on the devices were determined using a Veeco Dektak 150 profilometer, 
subtracting the thicknesses of any underlying layers. 
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Chapter 3 

 

Photochromic Organic Solar Cells Based on 
Diarylethenes 

 
Abstract 

Photovoltaic devices that switch color depending on illumination conditions 
may find application in smart windows. Here a photochromic diarylethene 
molecule is used as a sensitizer in a ternary bulk heterojunction blend, employing 
poly(4-butylphenyldiphenylamine) (poly-TPD) and [6,6]-phenyl-C61-butyric acid 
methyl ester (PC61BM) for the transport of holes and electrons, respectively. 
Sandwiched between two electrodes, the blend creates a photochromic 
photovoltaic device that changes color, light absorption, and photon-to-electron 
conversion efficiency in the visible spectral range after having been illuminated 
with ultraviolet (UV) light.  
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3.1. Introduction 
3.1.1. Context 
Organic bulk heterojunction (BHJ) solar cells have received considerable 
attention in recent years as they promise to combine high performance and 
device flexibility with low cost.1–3 However, in terms of large scale photovoltaic 
energy production, alternative technologies are better suited at present.4,5 It is 
therefore also of interest to explore alternative application areas for organic solar 
cells to exploit the unique properties of organic molecules. Here we propose a 
proof of concept for a photochromic organic solar cell (POSC). A POSC should 
change its absorption spectrum under the influence of selective illumination. 
Even more ideal, a future practically useful POSC would be able to provide full 
transparency during low-light conditions and transform into a light-absorbing 
state and solar cell in daylight by using a reversible photochromic system 
matched to the day/night cycle of sunlight. Such device does not exist. Some 
previous work on photochromic solar cells has been reported, yet to our 
knowledge none utilizing the BHJ concept,6–9 so we took it as our aim to explore 
the possibilities for a POSC and develop a first example of a working device that 
changes color under illumination, provides a photovoltaic effect, and can be 
switched between a colorless and colored state.  

In a conventional BHJ solar cell, the photoactive layer (PAL) consists of a binary 
blend of organic semiconductors with electron donating and accepting 
properties, respectively. The PAL is sandwiched between two electrodes of 
which at least one is transparent to light. At the interface between the donor and 
acceptor, photoinduced electron transfer generates holes and electrons that can 
be collected at the electrodes after being transported through percolated donor 
and acceptor domains. As most existing photochromic dyes are not capable of 
efficient charge transport, it is appropriate to incorporate photochromic 
molecules as sensitizers in a ternary blend in which the donor and acceptor 
materials ensure adequate charge transport, but are weakly absorbing in the 
visible range of the spectrum (Figure 3.1). After absorbing UV light, the colorless 
photochromic dye first partly converts to the colored isomer. Subsequent 
absorption of visible light by the colored isomer of the photochromic dye 
generates an excited state which dissociates into a hole and electron on the donor 
and acceptor materials (Figure3.1a).  
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Figure 3.1: a) energy diagram of a photochromic organic solar cell. The PAL is a ternary blend containing 
a photo-switchable dye (DAE) and organic donor and acceptor semiconductors for hole (poly-TPD) and 
electron transport (PC61BM). After switching the DAE dye with UV light from the colorless open-ring to 
the colored closed-ring isomer, absorption of visible light generates holes on the donor and electrons on 
the acceptor. b) structures of a DAE dye, poly-TPD, and PC61BM. 

For efficient charge carrier generation, the energy level of the highest occupied 
molecular orbital (HOMO) of the colored isomer of the photochromic dye 
should be positioned below the HOMO level of the donor, while the lowest 
unoccupied molecular orbital (LUMO) should be higher than that of the 
acceptor. In addition, the photochromic dye has to be spatially arranged to be 
simultaneously in electronic contact with the donor and acceptor materials. In 
this way, holes and electrons generated on the dye can be transported to the 
electrodes via the HOMO of the donor and LUMO of the acceptor. In this 
concept, the donor and acceptor govern the effective transport gap and thereby 
the open-circuit voltage. The short-circuit current is determined by the fraction 
of absorbed photons by the dye, poly-TPD and PC61BM and the quantum 
efficiency by which excitons on the dye can generate charges that can be 
collected. 

DAE
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PC61BM DAE
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3.1.2. Dye selection and structures 
Irie’s diarylethene (DAE) dyes are a versatile class of photochromic molecules.10 
DAEs possess two thermally stable isomers (Figure 3.1b) that can be 
interconverted selectively by illumination by UV or visible light. The colorless 
open-ring isomer and colored closed-ring isomer can retain switchability and 
fatigue resistance of the interconversion in the solid state and when dispersed in 
a polymer matrix.11,12,21,13–20 Hence, DAEs promise to be suitable candidates to 
construct photochromic devices. So far, DAE dyes have been used in functional 
electronic devices such as organic optical memories,11,20,22–27 organic electronic 
switches,12,26,28–34 transistors,12,35 and organic light-emitting diodes (OLEDs).36,37 
In a bilayer structure with N,N'-di(1-naphthyl)-N,N'-diphenylbenzidine (NPB), 
DAEs generate a photocurrent 38 

For this study three DAEs 1-3 were selected (Figure 3.2). Their ring-open 
isomers (1a-3a) absorb light in the UV range at wavelengths λ < 350 nm, while 
the corresponding ring-closed isomers (1b-3b) absorb light across the entire 
visible part of the spectrum, i.e. at 450 nm < λ < 650 nm. For 1-3, the quantum 
yields both for the cyclization (φO-C) and cycloreversion (φC-O) reactions in various 
solvents and in solid matrices have been reported.11,39,40 DAEs 1a-3a exhibit high 
cyclization quantum yields (φO-C) of 0.40-0.65 in solution, but the cycloreversion 
quantum yields (φC-O) of the corresponding 1b-3b isomers are considerably 
lower: 0.01-0.02. This is a useful asset since a high φO-C/φC-O ratio is required to 
reach a significantly colored film in ambient sunlight which has relatively low 
intensity in the UV range compared to the visible range. The open-ring and 
closed-ring isomers of 1-3 have been reported to be thermally stable up to 
temperatures of 100 °C.11,39,40 This enables analysis of the properties of the 
uncolored and various photostationary states. 

The colorability of DAEs is lower in thin film than in solution.23,41,42 This has 
been explained by considering that the open-ring isomer of DAE photochromes 
exists as a near 1:1 mixture of two conformational isomers. One in which the 
aryl rings are oriented parallel to each other and one with these rings in an anti-
parallel orientation (Figure 3.3). Only the anti-parallel conformation can convert 
to the closed-ring isomer upon UV illumination.41,43–51 in accordance with a 
conrotatory mechanism for the photoinduced ring-closing.52–54 In solution, 
thermal interconversion between both the two conformers of the open-ring 
isomer proceeds rapidly at room temperature, but decreased orientational 
freedom in the solid state can restrict this interconversion. 
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Figure 3.2: structures of the open-ring (1a-3a) and closed-ring (1b-3b) DAE isomers. Selective illumination 
with UV or visible light results in their interconversion. 

 

Figure 3.3: the parallel and antiparallel conformations of 1a that are interswitchable in solution but are less 
likely to interconvert in the solid phase. Correspondingly in the solid state the photochromic ring closure 
to 1b will only occur from the antiparallel conformation of 1a.  

This work aims to provide a proof-of-principle photochromic organic solar cell 
based on a ternary blend BHJ using DAE dyes. Out of the three dyes selected, 
one (1) exhibits the desired functionality, giving a clear difference in 
photoresponse in the visible range after UV illumination converted the ring-
open (1a) to the ring-closed (1b) isomer. The other two selected dyes do not 
exhibit this behavior, which is explained by either a poor photoconversion (2), 
or inappropriate positioning of the energy levels to act as a sensitizer (3). 

3.2. Results and discussion 
3.2.1. Optical and electrochemical properties 
Table 3.1 lists the wavelengths of maximum absorption (λmax), the onsets of the 
optical absorption (λg), the optical band gaps (Eg), the molar absorption 
coefficients (ε) and the quantum yields (φO-C and φC-O) inferred from 
measurements on solutions of the ring-open and ring-closed isomers of 1-3 
before and after UV illumination in either hexane (1, 2) or acetonitrile (3).16,40,55 
In all cases, the ring-open isomer is colorless and only absorbs light with 
wavelength λ < 350 nm.   
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 open-ring isomer closed-ring isomer 

 λmax
 

(nm) 

λg/Eg
 a 

(nm/eV) 

ε 

(M-1 cm-1) 

φO-C 

(at λmax) 

λmax
 

(nm) 

λg/Eg
 a 

(nm/eV) 

ε 

(M-1 cm-1) 

φC-O 

(at 492 nm) 

1 285 330/3.76 3.99 × 104 0.59 580 680/1.82 1.81 × 104 0.013 

2 262 310/4.00 2.80 × 104 0.46 562 655/1.89 1.10 × 104 0.015 

3 279 340/3.65 3.45 × 104 0.43 522 600/2.07 1.97 × 104 0.01 

Table 3.1: optical properties and quantum yields for interconversion from references 16,40,55. a Optical 
bandgaps were determined from the onset of the absorption. For 1 and 2 solutions in hexane;16,40 for 3 
solution in acetonitrile.55 

For several covalently linked DAE-C60 adducts it has been shown that the 
photochromism is quenched severely when compared to the non-covalently 
linked DAE equivalents in isolation.56 It was concluded that, due their close 
proximity, electron transfer from the DAE moiety to the fullerene cage is the 
cause of the decreased photochromism. To determine the photoswitchability of 
DAE dyes 1-3 in blends with poly-TPD and PC61BM, UV-vis absorption 
measurements were performed consecutively on DAE/poly-TPD/PC61BM 
blends in pristine films, after UV illumination, and after illumination with visible 
light (Figure 3.4). In these experiments, the weight ratio between poly-TPD and 
PC61BM and was kept constant at 1:4. Figure 3.4 to 3.6 show the UV-vis spectra 
and photographs of the three dyes in thin film for a DAE to poly-TPD/PC61BM 
blend weight ratio of 2:1, 1:1 and 1:2. 

The 1a/poly-TPD/PC61BM blends show an increased absorbance at 600 nm 
after UV illumination, corresponding to the conversion of 1a to 1b. The 
conversion is reversible through illumination with white light from a tungsten 
halogen lamp. The cyclization and cycloreversion occur for each of the three 
blend ratios tested and the absorption at 600 nm is the most intense for the 2:1 
blend. In contrast, the 2a/poly-TPD/PC61BM blend shows almost no 
photochromism. Even for the 2:1 weight ratio of 2a to poly-TPD/PC61BM, the 
change in absorption upon UV illumination is marginal. At present, we have no 
conclusive explanation for the different behaviors of 1a and 2a. It might be that 
the methyl groups on 3-postion of the thienyl rings in 2a cause too much steric 
hindrance in the solid state for the aromatic rings to become coplanar with the 
bridging cyclopentene ring. 
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Figure3.4: UV-vis absorption spectra and photographs of ternary blends of 1-3, PC61BM, and poly-TPD. 
The ratio DAE/poly-TPD/PC61BM weight ratio was 10:1:4. The samples were consecutively measured as 
pristine samples, after UV illumination, and after illumination with visible light as detailed in the 
Experimental Section. The UV-vis spectra are offset vertically for clarity.  

 

Figure 3.5: UV-vis absorption spectra and photographs of ternary blends of 1-3, PC61BM, and poly-TPD. 
The ratio DAE/poly-TPD/PC61BM weight ratio was 5:1:4. The samples were consecutively measured as 
pristine samples, after UV illumination, and after illumination with visible light as detailed in the 
Experimental Section. The UV-vis spectra are offset vertically for clarity.  
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Figure 3.6: UV-vis absorption spectra and photographs of ternary blends of 1-3, PC61BM, and poly-TPD. 
The ratio DAE/poly-TPD/PC61BM weight ratio was 2.5:1:4. The samples were consecutively measured as 
pristine samples, after UV illumination, and after illumination with visible light as detailed in the 
Experimental Section. The UV-vis spectra are offset vertically for clarity.  

The 3a/poly-TPD/PC61BM blend showed a response to UV light in between 
that of 1a and 2a, generating a new band at ~550 nm. Like for 1, the absorbance 
at 550 nm increases with the concentration of the dye in the blend. In contrast 
to 1, however, illumination with white light resulted in further coloration of the 
layers instead of the expected discoloration. Apparently, under these conditions, 
the product of the flux of UV light present in the white light and the cyclization 
quantum yield of 3a is higher than the product of the flux of absorbed visible 
light and the cycloreversion quantum yield of 3b. The corresponding 
photographs of the films confirm the color change to blue for 1 and to red for 
3, but no change for 2, consistent with the changes in the UV-vis spectra. All 
films also show an additional brownish color, which is primarily due to the 
absorption of PC61BM. 

3.2.2. Cyclic voltammetry 
For an organic photochromic solar cell to perform well, the dyes must have 
appropriate energy levels for the highest occupied molecular orbital (HOMO) 
and lowest unoccupied molecular orbital (LUMO) compared to donor and 
acceptor materials used for charge transport to be able to generate free charges 
(Figure 3.1a) upon illumination. In this study poly-TPD and PC61BM are used as 
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donor as acceptor, respectively. Poly-TPD has an optical band gap of about 2.9 
eV and, hence, does not absorb in the visible spectral range. PC61BM has a much 
lower optical band gap of 1.75 eV, but the absorption coefficient is low in the 
visible range. Hence poly-TPD and PC61BM are suitable materials for a proof-
of-concept device. Cyclic voltammetry was used to determine the energy levels 
for 1-3,55,57–59 and to compare them to those of poly-TPD and PC61BM. The 
results are shown in Figure 3.7. 
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Figure 3.7: a-c) cyclic voltammograms of open-ring (black solid lines) and closed-ring isomers (colored 
solid lines) of 1-3 in acetonitrile. Potentials are versus Fc/Fc+. d) comparison of energy levels of 1-3 with 
those of poly-TPD and PC61BM.  

The open-ring isomers 1a-3a, all show irreversible oxidation waves (Figure 3.7). 
For 3a, the onset of the oxidation is at lower potential than for 1a and 2a as a 
result of the absence of the six electron withdrawing fluorine substituents on the 
cyclopentene ring. Compared to 1a, the onset of oxidation of 2a occurs at a 
slightly higher potential. A likely explanation is that the phenyl and thienyl rings 
cannot be coplanar in 2a because of steric hindrance by the methyl groups on 
the 3-position of the thienyl rings. This loss of coplanarity increases the 
oxidation potential. Interestingly, after oxidation of 1a and 3a, the signals in the 
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subsequent reduction waves occur at potentials also found in the cyclic 
voltammograms of the ring-closed isomers 1b and 3b (Figure 3.7a and 3.7c). 
This indicates that 1a and 3a undergo ring closure upon oxidation.60,61 For 2a 
this occurs to minor extent only. The reduction of the open-ring isomers 1a-3a 
occurs at potentials well below −2 V vs. Fc/Fc+. Only for 2a a reduction wave 
was observed (Figure 3.7b), which is irreversible.  

Of the closed-ring isomers, 1b and 3b show reversible oxidation waves. For 1b 
the oxidation involves two consecutive one-electron oxidations (Figure 3.7a), 
while for 3b three closely spaced one-electron oxidation waves can be seen 
(Figure 3.7c). The much lower oxidation potential of 3b compared to 1b is 
related to the electron-withdrawing fluorines on the cyclopentene ring in 3b. 
This also causes the occurrence of the third oxidation in 3b to the triple cation 
at relatively low potentials. The oxidation of 2b occurs at a higher potential than 
for 1b, because of steric hindrance by the methyl groups on the 3-position of 
the thienyl rings. In contrast to 1b and 3b, oxidation of 2b is irreversible, likely 
because of the absence of methyl groups on the para positions of the two phenyl 
rings. These methyl groups effectively hinder dimerization via carbon-carbon 
bond formation at the para positions after oxidation in 1b and 3b. After 
oxidation of 2b, the subsequent reduction wave shows signals at much lower 
potentials that probably result from the reduction of oxidized dimers of 2b that 
were coupled at the para positions. At negative potentials, 1b and 2b show an 
irreversible reduction wave. For 3b no reduction wave is observed, and the 
reduction potential is probably low and outside the potential window of 
acetonitrile electrolyte used, as a consequence of the lack of fluorine atoms. 

Based on the measured energy levels, some predictions for the performance in 
solar cells can be made. Compounds 1b and 2b have HOMOs that lie deeper 
than that of poly-TPD and LUMOs that are shallower than that of PC61BM, for 
3b the HOMO energy is higher than that of poly-TPD. As consequence 3b is 
unlikely to generate holes on poly-TPD after photoexcitation. For 1b and 2b the 
offsets (ΔEHOMO) of the HOMO energies with poly-TPD are 0.30 and 0.40 eV 
respectively, which is likely sufficient for charge transfer. The offsets (ΔELUMO) 
of the LUMO energies with PC61BM are 0.42 and 0.23 eV for 1b and 2b, 
respectively. A ΔELUMO of 0.23 eV for 2b is less than ~0.3 eV that is often used 
as phenomenological threshold for charge transfer to occur.62  
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The onsets of the oxidation and reduction waves were used to estimate the 
energy levels of the HOMO and LUMO for the ring-open and ring-closed 
isomers of 1-3 and are collected in Table 3.2. 

 EHOMO (eV)  ELUMO (eV) Eg
CV (eV) 

poly-TPD −4.66 > −2.3a - 

1a −5.57 > −2.3a - 

1b −4.96 −3.09 1.87 

2a −5.69 −2.39 3.29 

2b −5.06 −3.28 1.78 

3a −5.23 > −2.3a - 

3b −4.41 > −2.3a - 

PC61BM −5.60 −3.51 2.09 

Table 3.2: HOMO and LUMO levels derived from the onsets of the redox waves. Conversion using 
E(Fc/Fc+) = −4.59 eV against vacuum. aNo signal observed within the measured range. The LUMO energy 
must be > −2.3 eV.55,57–59 

3.2.3. Device fabrication 
Solar cells were made by sandwiching ternary blend films, consisting of the ring-
open isomers 1a-3a, poly-TPD, and PC61BM between a transparent indium tin 
oxide (ITO) (180 nm)/poly(3,4-ethylenedioxythiophene):polystyrene sulfonate 
(PEDOT:PSS) (40 nm) front contact and an opaque LiF (1 nm)/Al (100 nm) 
back contact.  The photovoltaic performance was first tested for as cast devices 
before any illumination had induced changes to the system, and then after UV 
illumination (λ ≈ 365 nm, 30 min). The assumption was made that the simulated 
AM1.5 G light used to evaluate the device performance did not significantly 
affect the state of the devices during the measurement. Figure 3.8 shows the 
current density – voltage (J-V) characteristics and the corresponding external 
quantum efficiency (EQE) spectra for the three different blends. The 
photovoltaic parameters are summarized in Table 3.3. The results obtained for 
a device comprising a binary blend of poly-TPD and PC61BM are also included 
in Table 3.3 as a reference and its performance is similar to previous reports.63  
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Figure 3.8: a, c, e) current density – voltage (JV)-characteristics of ternary DAE/poly-TPD/PC61BM solar 
cells before and after UV illumination to convert the ring-open isomer to the ring-closed isomer, measured 
under simulated AM1.5 G solar light. b), d), f) corresponding EQE spectra. (a, b) for DAE 1, (c, d) for 
DAE 2, (e, f) for DAE 3. 
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DAE Ratio d 
(nm) 

UV JSC 

(mA/cm2) 
VOC 

(V) 
FF 

 
PCE 
(%) 

1 2 : 1 : 5 107 ± 2 

No 
1.13  

± 0.02 

0.79  

± 0.06 

0.40 

± 0.03 

0.36  

± 0.05 

Yes 
1.18  

± 0.05 

0.76  

± 0.02 

0.39  

± 0.01 

0.35  

± 0.03 

2 3 : 1 : 5 109 ± 7 

No 
0.89 

± 0.06 

0.79  

± 0.04 

0.37  

± 0.01 

0.27  

± 0.02 

Yes 
0.84 

± 0.06 

0.75 

± 0.04 

0.37  

± 0.01 

0.24  

± 0.02 

3 3: 1 : 5 117 ± 13 

No 
0.64  

± 0.08 

0.83  

± 0.03 

0.33  

± 0.01 

0.18  

± 0.02 

Yes 
0.47  

± 0.04 

0.74  

± 0.02 

0.31  

± 0.00 

0.11  

± 0.01 

- 0 : 1 : 5 160 
No 1.79 0.77 0.43 0.59 

Yes 1.77 0.76 0.43 0.58 

Table 3.3: photovoltaic parameters for DAE/poly-TPD/PC61BM ternary blends before and after 
illumination with UV light. The average values and standard deviations were obtained over 13 devices. The 
poly-TPD/PC61BM reference cell data were measured on a single device. 

When compared to the poly-TPD/PC61BM binary reference, the inclusion of 
either 1a, 2a, or 3a in the corresponding ternary blend results in a decrease in 
short-circuit current (JSC), a small increase in open-circuit voltage (VOC), and a 
decrease in fill factor (FF) to result in an overall lower power conversion 
efficiency (PCE) (Table 3.3). These results can be understood by considering 
that the open-ring isomers of the DAE dyes have an overlapping absorption 
with both poly-TPD and PC61BM and dilute the blend, which reduces charge 
generation as absorption by the open-ring isomers of the DAEs does not result 
in charge generation. The 10% increase in VOC possibly relates to the fact that 
1a-3a have a significantly lower HOMO than poly-TPD in the binary blend 
system.64 
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UV illumination converts 1a to 1b and 3a to 3b but does not lead to ring closing 
to convert 2a to 2b in its blends with poly-TPD/PC61BM (Figures 3.4-3.6). For 
a solar cell based on a ternary blend of 1a with poly-TPD and PC61BM, UV 
illumination results in small increase in JSC from 1.19 ± 0.05 to 1.27 ± 0.09 
mA/cm2 that mainly originates from photons absorbed around 600 nm as 
shown by the EQE spectrum in Figure 3.8b. This spectral range corresponds to 
the absorption profile of 1b (Table 3.1, Figures 3.4-3.6) that is formed from 1a 
upon UV illumination. The small, but distinct contribution of 1b to the 
photocurrent in the EQE spectrum demonstrates that for DAE dye 1 charge 
generation occurs as postulated in Figure 3.1a, and that for excited species of 1b 
charge generation in the blend competes with the cycloreversion reaction. 
Whereas JSC has increased after UV illumination, the VOC decreases, and the FF 
remains virtually the same. The VOC (0.77 ± 0.01 V) is now similar to the VOC 
(0.76 V) of the cell with the binary poly-TPD/PC61BM blend.  

As could be expected based on the absence of a photochromic conversion from 
2a to 2b in blends with poly-TPD and PC61BM as inferred from Figures 3.4-3.6, 
the JV-characteristics and EQE of a photovoltaic device consisting of a 2a/poly-
TPD/PC61BM ternary blend are virtually identical before and after UV 
illumination (Figures 3.8c, d). The only relevant change is a small decrease of 
VOC that is seen for all three DAE/poly-TPD/PC61BM cells.  

For 3a, an overall decrease in photovoltaic performance is observed after UV 
illumination (Figures 3.8e, f). The EQE spectrum shows a decrease in 
photocurrent generation over the entire spectrum. A plausible explanation is that 
the shallow HOMO energy of 3b impedes charge transport via poly-TPD by 
acting as a trap for the transport of holes. An alternative explanation for the 
reduced performance could be UV degradation of 3. The switching and 
photostability of analogs of 1 and 3 in solution has been studied by van Esch et 
al.65 They find that the perhydrocyclopentene is very stable towards 
photochemical decomposition, but roughly 2-3 times less than the 
corresponding perfluorocyclopentene. Because of the small difference and 
bearing in mind that 1 survives several cycles of 30 min. UV illumination, we 
consider it unlikely that 3 degrades significantly already in the first cycle. Also, 
the red color and the corresponding change in the UV-vis spectrum after UV 
illumination (Figures 3.4-3.6) show that 3 is largely converted to the closed form. 

Figures 3.4-3.6 show that prolonged irradiation with visible light converts 1b 
back to 1a in blends with poly-TPD and PC61BM. This suggests that solar cells 
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based on dye 1 are interconvertible between colored and colorless states. Figure 
3.9 shows the effect of exposing 1/poly-TPD/PC61BM solar cells to alternating 
30 min. periods of UV and visible illumination and recording the JV-
characteristics after each illumination period. The results show that Jsc increases 
after each UV illumination and then decreases after subsequent exposure to 
visible light. The switching of Jsc occurs over at least five consecutive cycles (total 
5 hour illumination). Some oscillatory behavior can also be seen for the FF and 
Voc. Overall the parameters decrease with consecutive cycles, possibly due to 
burn-in. Figure 3.10 shows the JV-characteristics of the pristine cell, and of the 
cell in the 1st and 5th cycle recorded in this experiment. 
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Figure 3.9: normalized photovoltaic parameters of solar cells based on 1/poly-TPD/PC61BM blends in 
five cycles of 30 min. of UV illumination followed by 30 min. exposure to visible light.  
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Figure 3.10: current density – voltage (JV)-characteristics of a ternary 1/poly-TPD/PC61BM solar cell, 
exposed to alternating UV and visible light for periods of 30 min. The experiment shows the stability of 
switching the device between the open-ring isomer (1a) and closed-ring isomer (1b). UV illumination 
switches the cell to the colored ring-closed isomer 1b, while illumination with visible light switches it back 
to the open-ring isomer 1a. Results are shown for the 1st and 5th cycle. Figure 3.9 shows the photovoltaic 
parameters obtained in each cycle.  
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3.3.  Conclusions 
DAE dyes 1-3 were evaluated to investigate the possibility of creating a 
photochromic organic solar cell. In combination with poly-TPD and PC61BM 
for hole and electron transport, DAE dye 1 afforded a photochromic layer that 
can be reversibly interconverted. A colorless ring-open (1a) and a colored ring-
closed (1b) isomer are responsible for the photochromism. An organic solar cell 
based on a ternary blend of 1a/poly-TPD/PC61BM exhibited a distinct induced 
contribution at 600 nm in the EQE spectrum of the ring-closed isomer 1b after 
illuminating the cell with UV light. Hence, the ternary 1a/poly-TPD/PC61BM 
blend provides a proof-of-principle for a BHJ photochromic organic solar cell, 
exhibiting an increased EQE in the visible region of the solar spectrum after 
illumination with UV light to convert 1a to 1b. Despite the increased EQE, there 
is no increase in power conversion efficiency because of a concomitant 
reduction of open-circuit voltage and fill factor. The other two DAE dyes (2 and 
3) did not yield photochromic organic solar cells. Dye 2 showed very limited 
photoswitchability from 2a to 2b in a blend with poly-TPD and PC61BM, such 
that UV illumination did not change the photovoltaic characteristics. For 3, the 
HOMO energy of the colored closed-ring isomer 3b is higher than that of poly-
TPD which, such that it could act as a trap for hole transport.  

While the 1a/poly-TPD/PC61BM shows the desired effect, the PCE of 0.35 ± 
0.03 % is very modest. There are some obvious reasons for the low overall PCE. 
First, the poly-TPD/ PC61BM blend is not optimal for charge transport as 
evidenced by the low FF of the reference devices without DAE dyes. Second, 
the concentration of 1 in the optimized blend is only 25% (by weight) and with 
an optimized layer thickness of 110 nm, not all light will be absorbed even if the 
conversion of 1a to 1b would be, and remain, quantitative. Third, for optimal 
charge generation the DAE dyes should be solely positioned at the sites where 
both electron transfer to PC61BM and hole transfer to poly-TPD can occur. It is 
unlikely that this condition is met in the cast blends.  

Future optimization of charge transport materials and photochromic dyes may 
alleviate some of the present limitations. In a later stage, after it has become 
clearer how to increase the PCE of photochromic organic solar cells, the dyes 
can possibly be tuned to become thermally unstable in the closed-ring isomer. 
The future, perfect photochromic dye would be one that switches irreversibly to 
a colored form by using the UV part of sunlight and only relaxes via a thermal 
process to a colorless isomer in the absence of sunlight. In combination with 
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transparent electrodes, this would enable creating a device that absorbs light and 
produces electrical energy in sunlight but returns to a colorless and transparent 
configuration in dim light and in the dark. Methods to tune the thermal stability 
of DAE dyes have been described in literature to such an extent that the thermal 
stability of both the both ring-open and ring-closed isomers can be selectively 
altered,23,66–70 even independently of the electronic properties of the DAE.68,71,72  

3.4.  Experimental section 
DAE dyes 1 and 3 were provided by Michael Pätzel and Stefan Hecht of the 
Humboldt-Universität zu Berlin. DAE dye 2 was obtained from TCI and used 
as received. Poly-TPD with a molecular weight of 10 - 120 kg/mol was obtained 
from American Dye Source, Inc. PC61BM was purchased from Solenne BV. 
Processing solvents (SAF) were used as received.  

UV-vis spectroscopy was conducted on a PerkinElmer Lambda 1050 
spectrophotometer equipped with a 3D WB PMT/InGaAs/PbS detector 
module. UV illumination of samples was performed with a benchtop UV light 
(TL 8W BLB 1FM/10X25CC, λ ≈ 365 nm, 30 min at a distance of ≈ 10 cm). 
Illumination with visible light was achieved with light from an unfiltered 
OSRAM 64610 HLX G6.35 50 W 12 V tungsten halogen lamp, for 30 min. at a 
distance of ≈ 10 cm. Cyclic voltammetry was carried out using an Autolab 
PGSTAT 30 in inert atmosphere. The electrolyte consisted of 0.1 M 
tetrabutylammonium hexafluorophosphate (TBAPF6) in acetonitrile. A silver 
rod was used as counter electrode and a silver chloride coated silver rod 
(Ag/AgCl) as quasi-reference electrode. The measurements were performed at 
a scan speed of 0.1 V/s and potentials are quoted against the 
ferrocene/ferrocenium (Fc/Fc+) redox couple as external standard. For 
conversion to energy levels versus vacuum, E(Fc/Fc+) = −4.59 eV was used, 
based on a recent study.73 Values in the literature vary between −4.4 and −5.4 
eV.74 Cyclic voltammetry (CV) was conducted both in the dark and under 
continuous illumination using a benchtop UV light (TL 8W BLB 
1FM/10X25CC, λ ≈ 365 nm) as the light source. The assumption was made that 
the in-situ generated concentration of ring-closed product would be sufficient 
for detection in CV. 

Photovoltaic devices with an active area of 0.09 and 0.16 cm2 were fabricated by 
spin coating poly(ethylenedioxythiophene):poly(styrenesulfonate) 
(PEDOT:PSS) (Clevios P, VP Al4083) on pre-cleaned, patterned indium tin 
oxide (ITO) glass substrates (Naranjo Substrates). The PAL was spin coated at 
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2000 rpm in air from a chlorobenzene solution at 100 °C always at a total 
concentration of 30 mg/mL. For optimized devices, the weight ratios between 
DAE/poly-TPD/PC61BM were 2:1:5, 3:1:5 and 3:1:5, for 1, 2, and 3 respectively. 
For optimized poly-TPD/PC61BM reference devices, a range of ratios from 1:2 
to 1:5 poly-TPD:PC61BM was tested. Ratios of 1:4 and 1:5 gave similar 
performance. The back electrode was deposited using high vacuum (≈ 5 × 10−7 
mbar) thermal evaporation and consisted of a layer of LiF (1 nm) and Al (100 
nm). Cells with active areas of 0.09 or 0.16 cm2 gave virtually identical results 
and showed no consistent trends in size-dependent differences.  

JV-characteristics were measured using a Keithley 2400 source meter under ≈ 
100 mW/cm2 white light illumination from a tungsten-halogen lamp filtered by 
a Hoya LB120 daylight filter. Short-circuit current densities and PCEs were 
calculated by integrating the AM1.5G solar spectrum and the spectral response 
of the cells. EQEs were determined using modulated monochromatic light from 
a 50 W tungsten-halogen lamp (Philips Focusline) passing through a 
monochromator (Oriel Cornerstone 130) with the use of a mechanical beam 
chopper. The response was recorded as a voltage over a 50 Ω resistor (Stanford 
Research Systems SR570) using a lock-in amplifier (Stanford Research Systems 
SR830). A calibrated silicon cell with a known spectral response was used as a 
reference. During the measurement, the device was kept in a nitrogen-filled box 
behind a quartz window. UV illumination to switch the DAE dyes to the closed-
ring isomers was afforded by a benchtop UV light (TL 8W BLB 1FM/10X25CC, 
λ ≈ 365 nm, 30 min. at a distance of ≈ 10 cm). 

The thicknesses of the active layers on the devices were determined using a 
Veeco Dektak 150 profilometer, subtracting the thicknesses of any underlying 
layers. 
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Chapter 4 

 

Tuning the Optical Characteristics of 
Diketopyrrolopyrrole Molecules in Solid State 

 

 

Abstract  

The optical properties of two sets of donor-acceptor-donor molecules with 
terminal bithiophene donor units and a central diketopyrrolopyrrole (DPP) 
acceptor unit are studied. The two sets differ in the alkyl chains on the DPP, 
which are either branched at the α-carbon (3-pentyl) (1-4) or linear (n-hexyl) (5-
8). Within each set the molecules differ by the absence or presence of n-hexyl 
chains on the terminal thiophene rings in the 3', 4', or 5' positions. While in 
solution, the optical spectra differ only subtly, they differ dramatically in the solid 
state. In contrast to 5-8, 1-4 are nonplanar as consequence of the sterically 
demanding 3-pentyl groups that inhibit π-stacking of the DPP units. Using the 
crystal structures of 2 (brick layer stacking) and 6 (slipped stacking), we 
quantitatively explain the solid-state absorption spectra. By computing the 
molecular transition charge density and solving the dispersion relation, the 
optical absorption of the molecules in the crystal is predicted and in agreement 
with experiments. For 2 a single resonance frequency is obtained, while for 6 
two transitions are seen, with the lower-energy transition being less intense. The 
results demonstrate how subtle changes in substitution exert large effects in 
optical properties. 
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4.1. Introduction 
Diketopyrrolopyrrole (DPP) based molecules and polymers attract considerable 
attention for a variety of applications, e.g. as pigments, in organic solar cells, 
organic field-effect transistors, as fluorescent probes and in photodynamic and 
photothermal therapy.1–12 DPP derivatives have a characteristic intense low-
energy optical absorption and high charge carrier mobility. They can be 
conveniently synthesized and offer flexibility in terms of introducing different 
side chains and functional groups, which enables tailoring of their optical and 
electronic properties. The low-energy optical absorption of DPP molecules 
arises from their extended π-conjugation and the donor-acceptor interaction 
between the aromatic heterocycles that are adjacent to the DPP units.  

DPP derivatives tend to aggregate strongly through π-π stacking interactions. To 
enable solution processing, the DPP derivatives are generally appended with 
linear or branched solubilizing side chains at the 2,5-N-lactam positions. The use 
of bulky side chains with high spatial density oriented perpendicular to the DPP 
plane reduces or even inhibits the aggregation behavior.13 Alkyl chains that are 
introduced on the DPP moieties or on accompanying heterocycles, generally 
have a small effect on the optical properties in solution. Yet, they strongly affect 
the absorption and emission spectra in the solid state as they influence the three 
dimensional packing of the chromophores.14–18 Such effects, known as 
crystallochromy,19 have been explained using tight-binding extended Hückel 
calculations on infinite stacks,20 and in terms of exciton coupling based on the 
interaction between transition dipoles.21 For DPP molecules with known crystal 
structures,14,22–34 it possible to relate the optical and electronic properties to the 
three-dimensional packing. The relative orientation of adjacent molecules is 
particularly relevant regarding singlet-fission in which absorption of a photon by 
an assembly of two or more chromophores results in singlet excited state that 
decays via a spin-allowed formation of two triplet states.35 Michl et al. have 
demonstrated the importance of inter molecular orientation in relation to the 
singlet fission rate.36,37 Singlet fission has been identified for DPP several 
molecules.24,31,32,38–43 For DPP-based molecules specifically, it is known that 
charge-transfer states between DPP units play a role in singlet fission, and that 
favorable relative orientations between minimally two chromophores are 
required for triplet formation.24,44 

Here we investigate the role of the alkyl chains on the optical properties of two 
sets of DPP derivatives with terminal bithiophene donor units (Figure 4.1). The 



Tuning the Optical Characteristics of Diketopyrrolopyrrole Molecules in Solid State 

97 

two sets differ in the alkyl chains on the DPP, which are either branched at the 
α-carbon (3-pentyl) (1-4) or linear (n-hexyl) (5-8). The 3-pentyl substituent is 
sterically much more demanding then the linear n-hexyl chain, which was 
expected to change the molecular conformation and packing in the solid state. 
Within each set the molecules differ further by the absence or presence of n-
hexyl chains on the terminal thiophene rings in the 3', 4', or 5' positions. We find 
that while the absorption and emission spectra differ only slightly in solution, 
the spectra are markedly different in solid films. Using the crystal structures of 
representative molecules from each set, 2 and 6, we show that simple arguments 
based on the orientation of nearest neighbor molecules in terms of J or H 
aggregates cannot explain the spectra. Instead, by summing all contributions to 
the total transition dipole and solving the dispersion relation, the optical 
absorption of the molecules in the crystal is predicted and in agreement with 
experiments. The main difference is caused by the sterically demanding 3-pentyl 
group in 2 that precludes π-stacking of the DPP core, resulting in a brick layer 
stacking of 2 in the solid state, while for 6 a slipped co-facial π-stacking 
arrangement occurs.  

 
Figure 4.1: molecular structures of TT-DPP-TT derivatives (1-8) 
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4.2. Results and discussion 
4.2.1. Synthesis 
Molecules 1-8 were synthesized in three steps from 3,6-di(thiophen-2-yl)-2,5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione45 by alkylation, bromination, and a 
palladium catalyzed cross-coupling reaction (Figure 4.2).  

Figure 4.2: synthesis of DPP derivatives 1-8 

The yield of the alkylation reaction where the 3-pentyl substituents, i.e. α-
branched side chains, are introduced to obtain a, was ostensibly low (3.8%) 
compared to yields of up to 70% for β-branched alkyl chains, and up to 80% 
found for linear, unbranched alkyl chains.45 The low reaction yield for a is related 
to the use of a secondary bromoalkane, rather than a primary one, and is typical 
for the synthesis of α-branched DPP molecules.46 Subsequent bromination to c 
gave a yield of 86%. The yield of the bromination reaction with NBS is not 
strongly influenced by the branching of the alkyl side chain. The corresponding 
molecule with a linear hexyl side chain d was obtained from b as described 
previously.47 

Molecules 1-8 were obtained from c and d in either Stille or Suzuki cross-
coupling reactions. In our experience, coupling cross-coupling reactions 
involving thiophene derivatives proceed better via Stille than via Suzuki 
reactions. Accordingly, 3 and 4, were successfully obtained via Stille cross-
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coupling of c with tributyl(4-hexylthiophen-2-yl)stannane and tributyl(5-
hexylthiophen-2-yl)stannane, which were obtained following a literature 
procedure.48 The attempted synthesis of 2 by Stille cross-coupling was, however, 
unsuccessful and resulted in a wide range of products. The reason for this failure 
is attributed to the inability to properly purify the oily (3-hexylthiophen-2-
yl)stannyl reagent. We decided to use Suzuki cross-coupling reactions for 1-2 and 
5-8. The required boronic acids and esters are easier to purify and commercially 
available. As a general observation for these reactions, we found that crude 
reaction yields could be as high as >99%, but recrystallizing the materials 
sometimes proved difficult, dropping the yield to as low as 27%. 

4.2.2. Optical properties 
The normalized UV-vis-NIR spectra (Figure 4.3a and b) of 1-8 in chloroform 
(CF) solution show a strong π-π* absorption band between 500 and 650 nm. 
The relevant spectral data are collected in Table 4.1. The interaction between the 
electron-rich thiophene rings and electron-deficient DPP moiety causes the π-
π* transition to have charge-transfer character. The 3-pentyl derivatives 1-4 show 
a largely unstructured band with a wavelength of maximum absorption (λmax) of 

573 ± 5 nm. In contrast, the n-hexyl derivatives 5-8 show two vibronic peaks at 
615 ± 5 nm (0←0) and 578 ± 3 nm (1←0). The Huang-Rhys parameter (S) 
determined from the relative intensities of the vibronic peaks is between 0.90 
and 0.95 and results in a prediction of a third vibronic peak with an intensity of 
0.43, expected at around 545 nm. This transition is indeed visible in the spectra 
as a vague shoulder (Figure 4.3b). Also for the 3-pentyl derivatives 1-4 a shoulder 
at longer wavelengths than λmax is observed, hinting at an unresolved vibronic 
progression. From the intensity of the shoulder the Huang-Rhys parameter for 
1-4 is estimated to be S ≈ 1.2. As the Huang-Rhys parameter relates to the 
geometric distortion in the excited state, the distortion is larger for 1-4 than for 
5-8. Small Huang-Rhys parameters are generally associated with structurally 
defined molecules and, concomitantly, a larger Huang-Rhys parameter often 
represents a more distorted or flexible molecular geometry. The UV-vis-NIR 
spectra therefore suggest that the sterically demanding 3-pentyl chains on the 
DPP moiety cause a geometric distortion of the chromophore that is larger than 
that caused by n-hexyl chains.  
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Figure 4.3: normalized UV-vis-NIR spectra. a) 1-4 in CHCl3, b) 5-8 in CHCl3, c) 1-4 as thin films, d) 5-8 
as thin films.  

 absorption  fluorescence 
 solution  film  solution  film 
 λ 

(nm) 
(0←0) 

λ 
(nm) 

(1←0) 

 λ 
(nm) 

1st 

λ 
(nm) 
2nd 

λ 
(nm) 
3rd 

 λ 
(nm) 

(0→0) 

λ 
(nm) 

(0→1) 

τ 
(ns) 

 λ 
(nm) 

(0→0) 

λ 
(nm) 

(0→1) 

τ 
(ps) 

1  569  618 584   641 692 a 2.16  670 723 54 
2  568  603 581 a   643 691 a 2.27  678 a 724 37 
3  575  627 577   647 700 a 2.02  672 720 42 
4  581  632 592   655 705 a 1.81  670 719 165 
5 613 574  672 623 523  641 698 2.62  810 b  
6 603 576 a  668 665 a 558  643 697 a 2.72  810 b  
7 620 579  678 629 a 560  646 700 2.44  870 b  
8 623 582  673 630 517  655 710 2.20  810 b  

Table 4.1: optical characteristics of DPP molecules 1-8. a shoulder. b very broad signal 

For each set of molecules the presence and position of the n-hexyl chain on the 
terminal thiophene rings also affects λmax. In each case λmax increases going from 
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3'-hexyl, via 4'-hexyl, to 5'-hexyl substitution, with λmax of the unsubstituted 
thiophene ring derivatives in between those of 3' and 4'-hexyl (Table 4.1). This 
sequence results from a combination of electronic and steric effects. The 
electron donating hexyl substituents make the thiophene rings more electron 
rich and shift λmax to longer wavelengths. The electronic effect is expected to be 
stronger for the 3' and 5' positions that are in conjugation with the DPP core, 
and less for 4' position that is cross-conjugated. The fact that the λmax of the 3'-
hexyl derivatives is much lower than that of the 4' and 5' derivatives is ascribed 
to steric congestion of the terminal n-hexyl side chains with the conjugated 
backbone of 2 and 6, which can result in a less planar molecular structure and 
decreases λmax to values lower than those of 1 and 5. For 6 this geometric 
distortion is also reflected in the less-resolved vibronic coupling and having the 
higher intensity of the second vibronic peak in the absorption spectra compared 
to 5, 7, and 8, pointing at a higher Huang-Rhys factor. 

In thin films (Figure 4.3c and d), the UV-vis-NIR absorption spectra of the 3-
pentyl derivatives 1-4 reveal two peaks of comparable intensity with maxima at 
584 ± 6 nm and 620 ± 11 nm. The splitting can be due to vibrational coupling 
or exciton coupling, or a superposition of these two effects.49,50 For 1-3, the peak 
at shorter wavelength is more intense, but for 4 the highest intensity is found at 
longer wavelengths. Like in solution, the absorption band redshifts going from 
3'-hexyl, via 4'-hexyl, to the 5'-hexyl derivative in the solid state with the band of 
the unsubstituted derivative in between those of 3' and 4'-hexyl. Overall, the 
spectral changes that occur for 1-4 when going from solution (Figure 4.3a) to 
the solid state (Figure 4.3c) are limited and suggest that no significant changes 
occur in the molecular geometry and that exciton coupling effects are moderate 
or have little net effect on the absorption spectrum. 

In contrast, the UV-vis-NIR absorption spectra of thin films of the n-hexyl 
derivatives 5-8 (Figure 4.3d) strongly differ from the corresponding spectra in 
solution (Figure 4.3b). The spectra are much broader, show multiple peaks, and 
reach their highest intensity at shorter wavelength than the spectra in solution, 
while the peak at longest wavelength is significantly redshifted and has the lowest 
intensity. While these are characteristics of H aggregates, the long wavelength 
peak still has considerable intensity, indicating that the actual explanation is more 
complex. Previously, for molecules similar to 1-8, yet with two 2'-ethylhexyl side 
chains on the DPP moiety, we found H-type aggregation when the n-hexyl chain 
is on the 4'-position, J-type aggregation for the 3'-position, and an intermediate 
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situation or the molecule substituted at the 5'-position.Fout! Bladwijzer niet gedefinieerd. In 
the case of 5-8, there is a clear tendency to form aggregates that feature a high 
wavelength absorption with a moderate intensity. The details of the 
intermolecular interaction and relative spatial organization seem to differ 
between 5 and 8 (λmax

 = 520 ± 3 nm), and 6 and 7 (λmax
 = 559 ± 1 nm). 

We thus see clear differences in the UV-vis-NIR spectra of 1-4 and 5-8. These 
are likely related to the fact that the linear n-hexyl is sterically less demanding 
than 3-pentyl substituents in 1-4. 

Photoluminescence (PL) spectra of solution of 1-8 show a vibronically 
structured emission with the (0→0) transition at 646 ± 5 nm and the (0→1) peak 
at 699 ± 6 nm (Figure 4.4a,b and Table 4.1). In contrast to the absorption, the 
alkyl chain on DPP has virtually no effect on the position of the (0→0) emission, 
but only affects the (0→1) band which is present as a shoulder for 1-4 and as a 
resolved peak for 5-8. The Huang-Rhys factor for the emission spectra is 
marginally lower for 1-4 than for 5-8. These similarities suggest that in the excited 
state the geometries of 1-8 are virtually identical. It is further remarkable that 
despite the minor differences in the position of the (0→0) bands between those 
of the 3-pentyl and the n-hexyl DPP derivatives, the positions differ more by the 
presence and position of the n-hexyl chain on the terminal thiophene rings 
because the pairs 1 and 5, 2 and 6, 3 and 7, and 4 and 8 have identical wavelengths 
of maximum emission.  

In thin films, the fluorescence of 1-4 is shifted to longer wavelengths by about 
25 nm and the spectral shape has changed (Figure 4.4c, Table 4.1). In each case 
two bands are visible, but their relative intensities differ. For 1 and 4, the first 
peak at shorter wavelength is most intense, while for 2 and 3 the most intense 
peak is at longer wavelength. These differences in intensity may be related to 
differences in the coupling of transition dipole moments. For 5-8, the 
fluorescence spectra in films differ dramatically from those in solution. Weak, 
mostly unstructured broad bands in the 700 – 1000 nm region are observed. 
Such emission spectra are typical for strongly aggregated systems with a 
forbidden or weakly dipole-allowed lowest optical transition. In such a case the 
emission is slow and nonradiative decay, e.g. via exciton quenching, may occur. 
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Figure 4.4: fluorescence spectra. a) 1-4 in CHCl3, b) 5-8 in CHCl3, c) 1-4 as thin films, d) 5-8 as thin films. 
Excitation wavelengths are 540 nm (a,b) and 550 nm (b,c). Spectra shown in panels (a-c) are normalized to 
enable direct comparison.  
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Figure 4.5: time-resolved florescence. a) 1-4 in chloroform, b) 5-8 in chloroform, c) 1-4 in thin film.  

Time-resolved fluorescence measurements on 1-8 in solution and thin film were 
used to determine excited-state lifetimes (Table 4.1, Figure 4.5). Similar excited 
state lifetimes were found for these molecules in CHCl3, although they are 
slightly shorter for 1-4 (2.07 ± 0.17 ns) than for 5-8 (2.50 ± 0.20 ns). Also the 
presence and position of the n-hexyl chains has a remarkably consistent effect 
on the lifetime: τ(3') > τ(unsubstituted) > τ(4') > τ(5') (Table 4.1). While the 
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absolute differences are small, the consistent effects show that the origin of the 
differences lies in the details of the molecular structure. In thin films of 1-4, the 
excited-state lifetime is reduced the picosecond regime, with 4 having the slowest 
decay of around 165 ps. For 5-8, the low fluorescence intensity precluded 
determining the lifetime. 

4.2.3. Structural properties 
Crystals adequate for single crystal structure determination were obtained by 
vapor diffusion of cyclohexane into THF solutions of 2 and 6. Repeatedly, 
crystallization attempts for 1, 3-5, 7 and 8 under various conditions were 
unsuccessful. In 2 and 6 the n-hexyl chain on the terminal thiophenes is in the 3' 
position. 

Molecule 2 crystallizes with one molecule (Z = 1) in a triclinic ( P1 ) unit cell. 
The molecule is positioned at the crystallographic inversion center. The torsion 
angle (Figure 4.6) around the bonds between the DPP unit and the adjacent 
thiophene rings α is  152.86(11)° (Table 4.2, Figure 4.10, Experimental 
methods), demonstrating a significant twist in the backbone as a consequence of 
the steric congestion of the 3-pentyl substituents on DPP. The torsion angle β 
around the bond between the two thiophene rings is ±176.64(7)° (Table 4.2) 
and indicates a virtually coplanar bithiophene unit.  

Molecule 6 crystallizes with three molecules (Z = 3) in the triclinic ( P1 ) unit 
cell. One of these (6') is centered at the crystallographic inversion center, while 
the other two molecules (6'') have no internal symmetry but are identical by 
inversion symmetry (Figure 4.11, Experimental methods). The centrosymmetric 
molecule 6' has α = ±176.3(4)° and β =  172.3(3)°. The two symmetry-related 
molecules 6'', resemble the centrosymmetric molecule with α = −173.0(4)° and 
β = +173.4(3)° on one side and α' = +179.5(7)° and β' = +170.6(3)° on the other 
side. Hence, the torsion angles α and α' are significantly smaller in 6 than in 2, 
pointing at a nearly coplanar thiophene-DPP-thiophene conjugated segment, 
although the torsion angles β and β' are slightly higher in 6 than in 2. The main 
difference between 6' and 6'' is the conformation of the n-hexyl chain at the 
DPP moiety (Figure 4.12, Experimental methods). For 6' the n-hexyl chain has 
an exclusive trans conformation, while in 6'' one of the two n-hexyl chains has 
a gauche conformation for the C(2)-C(3) bond.  
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Figure 4.6: Definition of the torsion angles α, α', β and β'. The signs were defined by looking from the 
termini to the center of the molecule. 

 α α'  β β' 
2 152.86(11)°  176.64(7)° 
6' 176.3(4)°  172.3(3)° 
6'' −173.0(4)° +179.5(7)°  +173.4(3)° +170.6(3)° 

Table 4.2: torsion angles α and β in 2 and 6. 2 and 6’ are centrosymmetric. 

1H-NMR spectroscopy indicates that the conformations of molecules 1-4 and 5-
8 in solution are similar as found for 2 and 6 in the solid state. The α and α' angles 
of 6 deviate only a few degrees from planarity in the crystal (Table 4.2) and make 
that the hydrogen atom on the 3-position (H(3)) of the thiophene ring next to 
the DPP is close to oxygen atom of the carbonyl group (Figure 4.6). In the crystal 
these distances are 2.20 Å for 6', and for 6'' 2.26 Å and 2.19 Å. The near-
coplanar structure and spatial proximity causes a downfield chemical shift of the 
H(3) to δ = 8.94 ± 0.05 ppm in the 1H-NMR spectra of 5-8 in CHCl3 solution, 
compared to δ = 6.7 to 7.3 ppm for the other thiophene protons. The shift is 
due to an anisotropic induced magnetic field created by the neighboring carbonyl 
and is expected be the largest when the proton is in the plane of the DPP moiety. 

For 2 on the other hand, the oxygen-hydrogen distance in the crystal is longer 
(2.35 Å) and with α = 152.86(11)° the proton is no longer in the plane spanned 
by the DPP. This non-planar configuration is also reflected in the chemical shift 
of H(3) which is at δ = 8.55 ± 0.05 ppm in 1-4, and thus about 0.4 ppm upfield 
from the protons at the same position in 5-8, while for the other thiophene 
protons δ is in the same range of 6.7 to 7.3 ppm for 1-4 as for 5-8.  

To investigate the differences in measured dihedral angles between the DPP 
segments and adjacent thiophene rings of 2 and 6, force field (MM2) and density 
functional theory (DFT) calculations using the local density approximation 
(LDA) were performed. Using the crystallographic data as starting 
conformations, scans were performed for the torsion angle α for 2 and 6 (Figure 
4.7). Both methods predict absolute potential minima for 2 at α = −160° and for 
6 at α = ±180° that are very close to experimental torsion angles in the crystal 
structures. Hence, the calculations confirm a nonplanar structure for 2 and a 
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virtually planar structure for 6. Both methods predict local potential energy 
minima α = −25° and α = 30° for 2 and at α = −15° and α = 20° for 6, separated 
by a local maximum in the energy close to α = 0°. The relative energies of the 
local minima match surprisingly well for the MM2 and DFT methods, but 
predicted rotational barriers differ significantly, by approximately a factor of 2.5. 
In any case the rotation barrier is much higher than the thermal energy at room 
temperature, such that interconversion between the minima is not possible.  
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Figure 4.7: a) Potential energy of 2 as function of the torsion angle α calculated with DFT and MM2 force 
field (MM2 FF). The blue arrow indicates the α in the crystal structure b) Same for 6. In the crystal structure 
of 6, α is close to ±180°. 

4.2.4. Modeling absorption spectra in the solid state  
Because the π-overlap of neighboring ring systems depends on the cosine of the 
torsion angle, the effect of α = 152.9(1)° in 2 versus α,α' ≥ 173.0(4)° in 6 on the 
extent of π-conjugation is expected to be small. As a consequence, the spectra 
of solutions of 2 and 6 differ only marginally (Figure 4.3a,b). It is clear that the 
difference in torsion angles cannot explain the dramatic difference between the 
spectra of 1-4 and of 5-8 in thin films. The origin must be related to differences 
in intermolecular interactions and it useful to attempt to rationalize these 
differences. For that we first consider the π-stacking motifs for 2 and 6 as they 
occur in the solid state.  

In the crystal of 2, the bithiophene unit π-stacks with bithiophene units of 
neighboring molecules (Figure 4.8a). Figure 4.8a clearly shows that the non-
planar conformation around the DPP unit and the sterically demanding 3-pentyl 
substituents cause that the DPP units are not participating in π-stacking. 
Considering that the transition dipole moment in 2 is largely oriented along the 
long axis of the molecule, the angle θ of the transition dipole moment of 2 and 
the intermolecular vector is 15.0° and much smaller than the magic angle of 
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54.7° such that the relative orientation of the two molecules formally 
corresponds to that of a J aggregate. The spectra of films of 2 might be consistent 
with that, but do not clearly show the expected high intensity absorption at long 
wavelengths that is typical for J aggregates.  

 

 
 

Figure 4.8: a) Crystal structure of 2 viewed along the a axis showing two molecules in adjacent unit cells 
of which the bithiophene units are π-stacked. The slipping angle is 15.0°. b) Crystal structure of 6 showing 
the π-stacking of two centrosymmetric molecules (6') (left) and two non-centrosymmetric molecules (6'') 
(right). Separate panels are used for clarity. In both cases a molecule from an adjacent cell is shown. For 6' 
and 6'', π-stacking is similar with slipped co-facial arrangement and slipping angles of 45.4° for 6' and 47.6° 
for 6''.  

The π-stacking of 6 in the solid state is dramatically different. π-Stacking of 6 
occurs primarily via interactions between the 6'-6' and 6''-6'' pairs of isomers 
(Figure 4.8b). As a consequence of its planar structure, molecules of 6' and 6'' 
pack in a slipped co-facial arrangement (Figure 4.8b). The angle θ in this case is 
45.4° for 6' and 47.6° for 6'', both slightly smaller than the magic angle of 54.7°. 
At the magic angle, the difference between H and J aggregates and the net 
coupling of transition dipole moments disappears, which would not give rise to 
rather complex spectra shown in Figure 4.3d. Therefore, simple arguments 

a 

b 
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based on nearest neighbor interaction and invoking J or H aggregation cannot 
explain the features seen in the absorption spectra of 2 and 6 in the solid state. 

To explain the spectra we consider that in the singly excited state of a molecular 
crystal, the individual molecular transition dipoles can couple leading to a 
delocalized excited state with a transition dipole moment for the transition to 
the ground state that is much larger than for the isolated molecule. As a result 
of the formation of such a large transition dipole moment, the interaction 
between light and the delocalized oscillating transition charge density can be 
strong and may no longer be accurately described by perturbation theory. 
Instead, the electromagnetic and electronic degrees of freedom can be strongly 
coupled and a solution of the coupled equations of motion can be sought. 
Obviously such a solution combines the characteristics of a photon and an 
exciton and is known as a polariton.51–53 The properties of this quasi-particle are 
encoded in its dispersion relation k() = n() with k the wavevector, n() the 
refractive index, and ω the frequency. In principle, optical properties of the 
crystalline state such as reflectivity and transmittivity can be obtained from the 
dispersion relation. In the section below we try to calculate the dispersion 
relation for crystals of 2 and 6.  

In zero order of a perturbative approach, we neglect the structural details of the 
crystal and treat all molecules as equal. For the crystals of 2 and 6 this approach 
is aided by the fact that all molecules are oriented with their long axis in the same 
direction. Next we introduce the complex refractive index ñ() = n() + i (). 
In lowest order, the absorption in index  is taken to have a single sharp 
maximum around the frequency of the lowest allowed transition of the isolated 
molecule D: 

   P
D
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where δ denotes the Dirac delta function. The normalization follows from the 
Thomas-Reiche-Kuhn sum rule:54 
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where P
2 represent the square of the plasma frequency: 
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N denotes the number density of molecules with oscillator strength q2 and 
electron mass me. Finally, the Kramers-Kronig relation55,56 between real and 
imaginary part of the refractive index57,58: 
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with P indicating the principal value, yields the real part of the refractive index 
and implicitly also the dispersion relation:  
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Equation 4.5 can also be derived in a more elaborate manner by summing 
secondary radiation waves emitted by Lorentz dipole oscillators.59 From this 
more involved approach it becomes clear that Equation 4.5 pertains to waves 
with their propagation direction perpendicular to the dipole axes with 
polarization parallel to the oscillators. Furthermore Equation 4.5 is part of a 
description involving the fully retarded Lorenz gauge for the electromagnetic 
field.  

In a next iterative improvement upon Equation 4.5, we want to consider 
structural details of the crystals. We note that in the crystal, the transition charge 
densities of neighboring molecules will interact, leading to a renormalization of 
the resonance frequencies. First we calculate the transition charge density for the 
lowest allowed S0-S1 electronic transition under the simplifying assumption that 
it can be described by an excitation of one electron from HOMO to LUMO. 
The transition charge density is then approximated by a set of point charges 
located at the centers of the atoms in the molecule. Next we sum the interaction 
energies between point charges of different molecules using the Ewald 
method.60,61 For the crystal of 6 with its three molecules in the unit cell, 
renormalized resonance energies are obtained by diagonalizing the 3 × 3 
Hamilton matrix containing as the off-diagonal elements the summed 
interaction energies for each molecule in the unit cell. From the eigenvectors a 
renormalized plasma frequency is calculated. The renormalized plasma and 
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resonance frequencies depend on wavevector and frequency, resulting in 
Equation 4.6:  
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Using a numerical procedure, we search for self-consistent solutions of Equation 
6 in terms of k(). We note that the intermolecular interactions are calculated 
including retardation in order to be consistent with the adopted Lorenz gauge in 
the zero-order approach. The inclusion retardation has the additional advantage 
that the contribution of surface charges induced at the boundary of the crystal 
on the local potential inside goes to zero in the limit of a macroscopic crystal. 
Hence the solution obtained is independent of the macroscopic shape of the 
crystal. The problems with the non-analytic behavior of the unretarded dipole 
sums in Coulomb gauge in the limit k  0 associated with surface charge can 
be avoided.62–64 
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Figure 4.9: a) Dispersion relation for crystalline 2 calculated from Equation 4.6 for wavevectors 
perpendicular to the transition dipole moment using the crystal structure as input together D = 2.25 eV 
from the onset of the solution absorption spectrum and P = 0.73 eV using the number density of 
molecules from the X-ray crystal structure and the oscillator strength from the integrated solution 
spectrum.65 The green dashed line shows the photon dispersion relation k = . The right panel show a 
stylized absorption spectrum corresponding to the Kramers-Kronig transform of the dispersion relation. 
b) Dispersion relation for crystalline 6 with D = 2.07 eV and P = 0.83 eV and corresponding absorption 
spectrum.  

The renormalized dispersion relations for the crystals of 2 and of 6 are shown 
in Figure 4.9. For 2 the dispersion relation shows a single divergence. Calculating 
n() = k() /  and subsequent Kramers-Kronig transformation yields an 
absorption spectrum. This is essentially a stick spectrum because our treatment 
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ignores coupling with vibrations and so information on the band shape is fully 
absent. For 2 we find a single resonance frequency at 2.19 eV. Thus the 
calculations predict a small shift in resonance frequency in comparison to the 
isolated molecule in solution. This prediction is largely consistent with the 
experiment seen in Figure 4.3. For 6 we predict two divergencies in the 
dispersion curve and, correspondingly, two resonance frequencies in absorption 
located at 1.81 and 1.70 eV. The resonance at 1.81 eV has a wider splitting 
between the positive and negative branch and so the coupling between light and 
the mechanical motion at 1.81 eV must be considerably stronger than at 1.70 
eV. Consequently, the absorption at 1.81 eV is predicted to be stronger than at 
1.70 eV. Following Davydov,66 for a crystal with three molecules in the unit cell, 
one expects at most 3 resonance frequencies. For the space group of the crystal 

at hand ( 1(2)P ), the factor group (Ci) has the inversion symmetry. It follows 
then that of the three symmetry adapted combinations that can be made from 
the three molecular transition dipoles in the unit cell, one combination has no 
dipole strength because of its even symmetry under inversion. Hence symmetry 
considerations suggest only two allowed transitions. The experimental 
absorption spectrum for solid films of 6, see Figure 4.3, shows two maxima, one 
at 2.22 eV and the other at 1.85 eV. Consistent with the predictions, the 
absorption at the low energy resonance has lower intensity.  

4.3. Conclusion 
Two sets of bis(bithiophene)-DPP molecules were synthesized to study the 
effect of α-branching of the alkyl side chains on the DPP unit on the optical 
properties. In both sets (1-4 and 5-8) the molecules differ by the absence or 
presence of additional n-hexyl side chains on the terminal thiophene rings in the 
3', 4', or 5' positions. The incorporation of α-branched 3-pentyl side chains in 
molecules 1-4 resulted in markedly different optical properties in absorption and 
emission in thin films compared to derivatives 5-8 with linear n-hexyl side chains 
on the DPP, while in solution, the spectral characteristics differ in a much more 
subtle way.  

In thin film, the optical absorption spectra of 5-8 show clear evidence of 
intermolecular interactions that result in a significant broadening of the 
absorption spectra compared to those in solution, exhibiting a long-wavelength 
absorption that is less intense than at shorter wavelength. In contrast, for 1-4 the 
spectra of solid films and solutions are much more alike apart from a small 
redshift and somewhat more pronounced vibrational coupling. These different 



Chapter 4 

112 

characteristics are also evident in fluorescence spectra, which show a very weak, 
broad emission for 5-8 and an almost molecular emission for 1-4. 

Crystals grown from 2 and 6 allowed for the determination of their crystal 
structures. The main difference is that due to the sterically congested 3-pentyl 
substituents, molecule 2 is non-planar and exhibits a significant torsion angle for 
the bonds between DPP and thiophene. In contrast, molecule 6 is virtually 
planar. NMR spectroscopy in solution and DFT calculations confirm the 
characteristics of the crystal structures found and suggest that these are intrinsic 
properties of the molecules. The important result of the non-planarity is a 
different three-dimensional packing in the solid state, because it affects the slip 
angle.67 Whereas 2 crystallizes in a brick layer stacking mode with a slip angle of 
15°, crystals of 6 grow in a slip stacking mode with slip angle of 46.5 ± 1°. The 
α-branched side chains on DPP inhibit the DPP segment to π-stack in crystals 
of 2. To explain the absorption spectra in the solid state we approximated the 
transition charge density for the lowest allowed S0-S1 electronic transition as a 
HOMO to LUMO excitation by a set of point charges located at the centers of 
the atoms in the molecules and sum the interaction energies between point 
charges of different molecules in the crystal using the Ewald method. By solving 
the dispersion relation and performing a Kramers-Kronig transformation an 
absorption spectrum could be obtained that represents the optical absorption of 
the molecules in the crystal. The results of the calculations match with the 
experimental observations in Figure 4.2c and 2d in the sense that for 2 a single 
resonance frequency at 2.19 eV is obtained, while for 6 two transitions are 
predicted at 1.81 and 1.70 eV, with the lower-energy transition being less intense. 
As such a qualitative explanation has been reached.  
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4.4. Experimental section 
Tris(dibenzylideneacetone)dipalladium (Pd2(dba)3) (Strem Chemicals Inc), 2-
bromo-3-hexylthiophene (TCI Chemicals), 2-bromo-4-hexylthiophene (TCI 
Chemicals), 2-bromo-5-hexylthiophene (Merck) used to synthesize 
stannylthiophene derivatives, thienyl boronic acids (4,4,5,5-tetramethyl-2-
(thiophen-2-yl)-1,3,2-dioxaborolane (Merck), 2-(3-hexylthiophen-2-yl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (TCI Chemicals), 2-(4-hexylthiophen-2-yl)-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane (TCI Chemicals), and 2-(5-
hexylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (Merck)), and 3-
bromopentane (Merck) were used as received. Triphenylphosphine (PPh3) (AK 
Scientific) was recrystallized from absolute ethanol. N-bromosuccinimide (NBS) 
(Merck) was recrystallized from water. 3,6-Di(thiophen-2-yl)-2,5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione was synthesized according to literature 
procedures.68 Dry solvents were obtained from a solvent purification system.  

1H and 13C NMR spectra were recorded at respectively 400 and 100 MHz on a 
Bruker Avance III spectrometer at 25 °C. Molecular weights were determined 
using matrix assisted laser desorption ionization time-of-flight (MALDI-TOF) 
mass spectroscopy (Bruker Autoflex Speed spectrometer). 

UV-vis-NIR spectra were measured using a PerkinElmer Lambda 1050 
spectrophotometer equipped with a 3D WB PMT/InGaAs/PbS detector 
module. Emission spectra were recorded on an Edinburgh Instruments FS920 
double-monochromator spectrophotometer equipped with a red sensitive 
photomultiplier (Hamamatsu R928P) operating at −20 °C and a nitrogen cooled 
near-IR sensitive photomultiplier (Hamamatsu R5509-73) operating at −80 °C. 
Time-resolved photoluminescence measurements were performed on an 
Edinburgh Instruments LifeSpec-PS spectrophotometer with excitation at 405 
nm. MM2 and DFT calculations were performed with ADF (Amsterdam 
Density Functional) program.69 

The diffraction experiment was performed on a Bruker Kappa ApexII 
diffractometer with sealed tube and Triumph monochromator ( = 0.71073 Å) 
at a temperature of 150(2) K up to a resolution of (sin /)max = 0.65 Å-1.  
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4.4.1. Synthesis 
2,5-Di(pentan-3-yl)-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-
c]pyrrole-1,4-dione (a) 

 

3,6-Di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (20 g, 66.6 
mmol) and K2CO3 (27.9 g, 199.8 mmol, 3.0 eq) were combined in DMF (250 
ml) under Ar at 140 °C. 3-Bromopentane (45.0 g, 297.9 mmol, 4.5 eq) was added 
dropwise over the course of 1.5 h and the mixture stirred at reflux overnight. 
The mixture was cooled to room temperature and extracted with heptane (3 × 
500 ml). The DMF phase was reheated to 140 °C under Ar and another aliquot 
of 3-bromopentane (25.0 g, 165.5 mmol, 2.5 eq) was added dropwise over the 
course of 1 h. The mixture was stirred overnight at reflux. The mixture was once 
again cooled to room temperature and extracted with heptane (3 × 500 ml). The 
combined heptane fractions were concentrated. The concentrate was 
redissolved in 1,4-dioxane (200 ml), H2O (50 ml), HCl (aq. conc., 2 ml), and 
heated to reflux for 1 h. The mixture was cooled to room temperature, washed 
(H2O), dried (Na2SO4), and concentrated. The crude product was further 
purified using column chromatography (EtOAc/heptane 1:4, then 1:3). 
Recrystallization (EtOH) afforded the pure product as a red powder (1.12 g, 2.54 
mmol, 3.82%). 1H-NMR (400 MHz, CDCl3): δ 8.39 (d, J = 3.8 Hz, 2H, Ar-H), 
7.60 (d, J = 5.1 Hz, 2H, Ar-H), 7.24 (dd, J = 3.9; 5.1 Hz, 2H, Ar-H), 4.25 (tt, J 
= 5.7; 9.2 Hz, 2H, N-CH-), 2.31 (dp, J = 7.6; 15.5 Hz, 4H, N-CH-CH2-), 1.84 
(dq, J = 6.7; 7.4; 13.5 Hz, 4H, N-CH-CH2-), 0.93 (t, J = 7.5 Hz, 12H, -CH3). 13C-
NMR (100 MHz, CDCl3): δ 162.19, 142.47, 134.33, 130.15, 129.13, 128.18, 
109.17, 60.80, 25.71, 11.48. MALDI-TOF-MS (DCTB): calculated m/z 440.16; 
found m/z 440.17. 

3,6-Bis(5-bromothiophen-2-yl)-2,5-di(pentan-3-yl)-2,5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione (b).  
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2,5-Di(pentan-3-yl)-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-
dione (500 mg, 1.13 mmol) was dissolved in CHCl3 under Ar at 0 °C in the dark. 
NBS was added portion wise (422 mg, 2.37 mmol, 2.10 eq) and the mixture was 
stirred for 1 h. It was then quenched (ice water), dried (Na2SO4), concentrated, 
and recrystallized (EtOH + 2% PhMe) to afford the pure product as a red 
powder (583 mg, 0.97 mmol, 86.2%). 1H-NMR (400 MHz, CDCl3): δ 8.21 (d, J 
= 4.1 Hz, 2H, Ar-H), 7.20 (d, J = 4.1 Hz, 2H, Ar-H), 4.11 (dqui, J = 3.5; 4.7; 9.3 
Hz, 2H, N-CH-), 2.29 (dt, J = 7.9; 15.5 Hz, 4H, N-CH-CH2-), 1.85 (ddd, J = 5.9; 
7.4; 13.8 Hz, 4H, N-CH-CH2-), 0.93 (t, J = 7.5 Hz, 12H, -CH3). 13C-NMR (100 
MHz, CDCl3): δ 161.84, 141.51, 134.71, 131.18, 130.38, 118.55, 109.24, 61.30, 
25.71, 11.48. MALDI-TOF-MS (DCTB): calculated m/z 597.98; found m/z 
597.98.  

3,6-Di([2,2'-bithiophen]-5-yl)-2,5-di(pentan-3-yl)-2,5-dihydropyrrolo[3,4-
c]pyrrole-1,4-dione (1) 

 

3,6-Bis(5-bromothiophen-2-yl)-2,5-di(pentan-3-yl)-2,5-dihydropyrrolo[3,4-
c]pyrrole-1,4-dione (50 mg, 0.084 mmol) was combined under Ar with 4,4,5,5-
tetramethyl-2-(thiophen-2-yl)-1,3,2-dioxaborolane (52 mg, 0.248 mmol, 3 eq) 
and PhMe (1.5 ml), K2CO3 (2 M, 1 ml) and Aliquat 336 (1 drop) were added. 
The mixture was degassed (Ar, 30 min) and Pd(PPh3)4 (5 mg) was added. The 
vessel was sealed and heated to 115 °C for 18 h. The reaction mixture was 
separated, the organic phase concentrated in vacuo and purified using column 
chromatography (EtOAc/heptane 1:5). Precipitation from water afforded 20 mg 
(0.033 mmol, 39.6%) of dark purple/blue solid. 1H-NMR (400 MHz, CDCl3): δ 
8.51 (d, J = 4.1 Hz, 2H, Ar-H), 7.32 (d, J = 4.4 Hz, 4H, Ar-H), 7.29 (d, J = 4.1 
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Hz, 2H, Ar-H), 7.07 (t, J = 4.4 Hz, 2H, Ar-H), 4.30 (tt, J = 5.5; 9.4 Hz, 2H, N-
CH-), 2.36 (dt, J = 7.9; 15.5 Hz, 4H, N-CH-CH2-), 1.89 (dp, J = 7.1; 13.8 Hz, 
4H, N-CH-CH2-), 0.97 (t, J = 7.4 Hz, 12H, -CH3). 13C-NMR (100 MHz, CDCl3): 
δ 162.15, 142.39, 136.08, 136.04, 128.20, 127.50, 126.17, 125.23, 124.66, 25.78, 
11.55. MALDI-TOF-MS (DCTB): calculated m/z 604.13; found m/z 604.14. 

3,6-Bis(3'-hexyl-[2,2'-bithiophen]-5-yl)-2,5-di(pentan-3-yl)-2,5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione (2) 

 

3,6-Bis(5-bromothiophen-2-yl)-2,5-di(pentan-3-yl)-2,5-dihydropyrrolo[3,4-
c]pyrrole-1,4-dione (50 mg, 0.084 mmol) was combined under Ar with 2-(3-
hexylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (73.7 mg, 0.251 
mmol, 3 eq) and PhMe (1.5 ml). K2CO3 (2M, 1 ml) and Aliquat 336 (1 drop) 
were added. The mixture was degassed (Ar, 30 min) and Pd(PPh3)4 (5 mg) was 
added. The vessel was sealed and heated to 115 °C for 18 h. The reaction mixture 
was separated, the organic phase concentrated in vacuo and purified using 
column chromatography (EtOAc/heptane 1:5). Precipitation in MeOH 
afforded 20 mg (0.033 mmol, 39.6%) of dark blue solid. 1H-NMR (400 MHz, 
CDCl3): δ 8.64 (d, J = 3.9 Hz, 2H, Ar-H), 7.25 (m, 4H, Ar-H), 6.97 (d, J = 5.2 
Hz, 2H, Ar-H), 4.34 (hept, J = 5.6 Hz, 2H, N-CH-), 2.80 (t, J = 8.0 Hz, 4H, Th-
CH2-), 2.36 (dt, J = 7.4; 14.5 Hz, 4H, N-CH-CH2-), 1.89 (dp, J = 7.1; 13.9 Hz, 
4H, N-CH-CH2-), 1.66 (p, J = 7.8 Hz, 4H, Th-CH-CH2-), 1.44-1.35 (m, 4H, -
CH2-), 1.35-1.26 (m, 8H, -CH2-), 0.97 (t, J = 7.4 Hz, 12H, N-CH-CH2-CH3), 0.89 
(t, J = 7.4 Hz, 6H, hexyl-CH3). 13C-NMR (100 MHz, CDCl3): δ 162.20, 141.73, 
141.24, 135.92, 130.51, 129.52, 128.21, 126.56, 125.17, 31.68, 30.71, 29.64, 29.34, 
25.79, 22.65, 14.07, 11.56. MALDI-TOF-MS (DCTB): calculated m/z 772.32; 
found m/z 772.33. 

3,6-Bis(4'-hexyl-[2,2'-bithiophen]-5-yl)-2,5-di(pentan-3-yl)-2,5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione (3) 
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3,6-Bis(5-bromothiophen-2-yl)-2,5-di(pentan-3-yl)-2,5-dihydropyrrolo[3,4-
c]pyrrole-1,4-dione (50 mg, 0.084 mmol) was combined under Ar with PPh3 (1.4 
mg, 5 µmol, 6 mol%) and Pd2(dba)3 (1.2 mg, 1.2 µmol, 1.5%). Tributyl (4-
hexylthiophen-2-yl)stannane (230 mg, 0.50 mmol, 6 eq) was dissolved in PhMe 
(0.85 ml) and the solution transferred to the reaction mixture, together with 
DMF (0.15 ml). The mixture was degassed (Ar, 15 min), the vessel sealed and 
heated to 115 °C for 4 h. The mixture was filtered and the residue purified using 
column chromatography (EtOAc/heptane 1:5). Recrystallization (MeOH) 
afforded 48 mg of product as a blue solid (0.062 mmol, 74.3%). 1H-NMR (400 
MHz, CDCl3): δ 8.51 (d, J = 4.1 Hz, 2H, Ar-H), 7.25 (d, 2H, Ar-H), 7.15 (s, 2H, 
Ar-H), 6.91 (s, 2H, Ar-H), 4.30 (hept, J = 5.6, 2H, N-CH-), 2.60 (t, J = 7.7 Hz, 
4H, Th-CH2-), 2.36 (dt, J = 8.1; 14.6 Hz, 4H, N-CH-CH2-), 1.88 (tt, J = 6.6; 13.8 
Hz, 4H, N-CH-CH2-), 1.64 (p, J = 7.1, 7.6 Hz, 4H, Th-CH-CH2-), 1.41-1.28 (m, 
12H, -CH2-), 0.96 (t, J = 7.4 Hz, 12H, N-CH-CH2-CH3), 0.90, (t, J = 6.7 Hz, 6H, 
hexyl-CH3). 13C-NMR (100 MHz, CDCl3): δ 161.13, 143.57, 141.80, 140.69, 
135.00, 134.64, 126.22, 125.51, 123.28, 119.94, 108.34, 30.63, 29.44, 29.37, 27.95, 
24.75, 21.59, 13.07, 10.51. MALDI-TOF-MS (DCTB): calculated m/z 772.32; 
found m/z 772.35. 

3,6-Bis(5'-hexyl-[2,2'-bithiophen]-5-yl)-2,5-di(pentan-3-yl)-2,5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione (4) 

 

3,6-Bis(5-bromothiophen-2-yl)-2,5-di(pentan-3-yl)-2,5-dihydropyrrolo[3,4-
c]pyrrole-1,4-dione (50 mg, 0.084 mmol) was combined under Ar with PPh3 (1.4 
mg, 5 µmol, 6 mol%) and Pd2(dba)3 (1.2 mg, 1.2 µmol, 1.5%). Tributyl(5-
hexylthiophen-2-yl)stannane (230 mg, 0.50 mmol, 6 eq) was dissolved in PhMe 
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(0.85 ml) and the solution transferred to the reaction mixture, together with 
DMF (0.15 ml). The mixture was degassed (Ar, 15 min), the vessel sealed and 
heated to 115 °C for 4 h. The mixture was filtered and the residue purified using 
column chromatography (EtOAc/heptane 1:5). Recrystallization (MeOH) 
afforded 42 mg of product as a blue solid (0.054 mmol, 65.1%). 1H-NMR (400 
MHz, CDCl3): δ 8.54 (d, J = 4.1 Hz, 2H, Ar-H), 7.21 (d, J = 4.1 Hz, 2H, Ar-H), 
7.13 (d, J = 3.6 Hz, 2H, Ar-H), 6.73 (d, J = 3.6 Hz, 2H, Ar-H), 4.30 (tt, J = 5.6; 
9.4 Hz, 2H, N-CH-), 2.81 (t, J = 7.6 Hz, 4H, Th-CH2-), 2.36 (dp, J = 7.7; 15.6 
Hz, 4H, N-CH-CH2-), 1.88 (dp, J = 7.0; 15.3 Hz, 4H, N-CH-CH2-), 1.69 (p, J = 
7.7 Hz, 4H, Th-CH-CH2-), 1.45-1.26 (m, 12H, -CH2-), 0.96 (t, J = 7.4 Hz, 12H, 
N-CH-CH2-CH3), 0.91, (t, J = 7.0 Hz, 6H, hexyl-CH3). 13C-NMR (100 MHz, 
CDCl3): δ 162.17, 147.64, 143.04, 141.68, 136.21, 133.48, 125.85, 125.27, 125.00, 
123.86, 109.26, 31.54, 30.30, 28.75, 25.77, 22.57, 14.08, 11.53. MALDI-TOF-MS 
(DCTB): calculated m/z 772.32; found m/z 772.34. 

3,6-Di([2,2'-bithiophen]-5-yl)-2,5-dihexyl-2,5-dihydropyrrolo[3,4-
c]pyrrole-1,4-dione (5) 

 

3,6-Bis(5-bromothiophen-2-yl)-2,5-dihexyl-2,5-dihydropyrrolo[3,4-c]pyrrole-
1,4-dione (100 mg, 0.160 mmol) was combined under Ar with 4,4,5,5-
tetramethyl-2-(thiophen-2-yl)-1,3,2-dioxaborolane (100 mg, 0.476 mmol, 3 eq), 
Aliquat 336 (1 drop), PhMe (3 ml) and K2CO3 (2 M, 2 ml). The mixture was 
degassed (Ar, 15 min). Pd(PPh3)4 (10 mg, 8 µmol, 5%) was added, the tube sealed 
and the mixture stirred at 115 °C for 18 h. The mixture was filtered and the 
residue purified using column chromatography (EtOAc/heptane 1:5). 
Precipitation in MeOH afforded 41 mg of product as a blue solid (0.065 mmol, 
40.6%). 1H-NMR (400 MHz, CDCl3): δ 8.92 (d, J = 4.1 Hz, 2H, Ar-H), 7.30-7.36 
(m, 6H, Ar-H), 7.08 (t, J = 4.3 Hz, 2H, Ar-H), 4.09 (t, J = 7.8 Hz, 4H, N-CH2-), 
1.78 (p, J = 7.8 Hz, 4H, N-CH2-CH2-), 1.40-1.49 (m, 4H, -CH2-), 1.29-1.40 (m, 
8H, -CH2-), 0.90 (t, J = 7.0 Hz, 6H, -CH3). 13C-NMR (100 MHz, CDCl3): δ 
161.29, 142.85, 139.15, 136.51, 136.17, 128.30, 128.12, 126.35, 125.27, 125.01, 
108.17, 77.22, 42.29, 31.42, 29.98, 26.56, 22.56, 14.04. MALDI-TOF-MS 
(DCTB): calculated m/z 632.17; found m/z 632.19. 
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2,5-Dihexyl-3,6-bis(3'-hexyl-[2,2'-bithiophen]-5-yl)-2,5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione (6) 

 

3,6-Bis(5-bromothiophen-2-yl)-2,5-dihexyl-2,5-dihydropyrrolo[3,4-c]pyrrole-
1,4-dione (100 mg, 0.160 mmol) was combined under Ar with 2-(3-
hexylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (140 mg, 0.476 
mmol, 3 eq), Aliquat 336 (1 drop), PhMe (3 ml) and K2CO3 (2 M, 2 ml). The 
mixture was degassed (Ar, 15 min). Pd(PPh3)4 (10 mg, 8 µmol, 5%) was added, 
the tube sealed and the mixture stirred at 115 °C for 18 h. The mixture was 
filtered and the residue purified using column chromatography (EtOAc/heptane 
1:5). Recrystallization (EtOH; 1% PhMe) afforded 41 mg of product as a blue 
solid (0.051 mmol, 32.3%).1H-NMR (400 MHz, CDCl3): δ 9.02 (d, J = 4.2 Hz, 
2H, Ar-H), 7.27-7.31 (m, 4H, Ar-H), 6.98 (d, J = 5.2 Hz, 2H, Ar-H), 4.11 (t, J = 
7.8 Hz, 4H, N-CH2-), 2.83 (t, J = 7.8 Hz, 4H, Ar-CH2-), 1.79 (p, J = 7.9 Hz, 4H, 
N-CH2-CH2-), 1.68 (p, J = 7.6 Hz, 4H, Ar-CH2-CH2-), 1.26-1.48 (m, 24H, -CH2-
), 0.84-0.95 (m, 12H, -CH3). 13C-NMR (100 MHz, CDCl3): δ 161.32, 142.23, 
141.31, 139.31, 136.26, 130.59, 128.84, 126.91, 125.32, 125.29, 77.21, 42.37, 
31.71, 31.48, 30.57, 30.08, 29.66, 29.30, 26.63, 22.63, 22.60, 14.07, 14.03. 
MALDI-TOF-MS (DCTB): calculated m/z 800.35; found m/z 800.41. 

2,5-Dihexyl-3,6-bis(4'-hexyl-[2,2'-bithiophen]-5-yl)-2,5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione (7) 

 

3,6-Bis(5-bromothiophen-2-yl)-2,5-dihexyl-2,5-dihydropyrrolo[3,4-c]pyrrole-
1,4-dione (100 mg, 0.160 mmol) was combined under Ar with 2-(4-
hexylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (140 mg, 0.476 
mmol, 3 eq), Aliquat 336 (1 drop), PhMe (3 ml) and K2CO3 (2 M, 2 ml). The 
mixture was degassed (Ar, 15 min). Pd(PPh3)4 (10 mg, 8 µmol, 5%) was added, 
the tube sealed and the mixture stirred at 115 °C for 18 h. The mixture was 
filtered and the residue purified using column chromatography (EtOAc/heptane 
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1:10). Precipitation in MeOH afforded 34 mg of product as a blue solid (0.042 
mmol, 26.6%). 1H-NMR (400 MHz, CDCl3): δ 8.89 (d, J = 4.2 Hz, 2H, Ar-H), 
7.28 (d, J = 4.1 Hz, 2H, Ar-H), 7.16 (s, 2H, Th-H), 6.92 (s, 2H, Th-H), 4.09 (t, J 
= 7.8 Hz, 4H, N-CH2-), 2.60 (t, J = 7.7 Hz, 4H, Ar-CH2-), 1.77 (p, 4H, J = 7.6; 
8.0 Hz, N-CH2-CH2-), 1.63 (p, 4H, J = 7.0; 7.7 Hz, Th-CH2-CH2-), 1.27-1.50 (m, 
24H, -CH2-), 0.87-0.93 (m, 12H, -CH3). 13C-NMR (100 MHz, CDCl3): δ 161.27, 
144.69, 143.28, 139.06, 136.43, 135.75, 127.87, 126.57, 124.65, 121.14, 108.08, 
77.22, 42.28, 31.66, 31.43, 30.94, 30.47, 30.39, 29.96, 28.98, 26.57, 22.62, 22.57, 
14.11, 14.06. MALDI-TOF-MS (DCTB): calculated m/z 800.35; found m/z 
800.39. 

2,5-Dihexyl-3,6-bis(5'-hexyl-[2,2'-bithiophen]-5-yl)-2,5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione (8) 

 

3,6-Bis(5-bromothiophen-2-yl)-2,5-dihexyl-2,5-dihydropyrrolo[3,4-c]pyrrole-
1,4-dione (100 mg, 0.160 mmol) was combined under Ar with 2-(5-
hexylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (140 mg, 0.476 
mmol, 3 eq), Aliquat 336 (1 drop), PhMe (3 ml) and K2CO3 (2 M, 2 ml). The 
mixture was degassed (Ar, 15 min). Pd(PPh3)4 (10 mg, 8 µmol, 5%) was added, 
the tube sealed and the mixture stirred at 115 °C for 18 h. The mixture was 
filtered and the residue purified using column chromatography (EtOAc/heptane 
1:10). Precipitation in MeOH afforded 73 mg of product as a blue solid (0.091 
mmol, 57.0%). 1H-NMR (400 MHz, CDCl3): δ 8.92 (d, J = 4.1 Hz, 2H, Ar-H), 
7.24 (d, J = 4.2 Hz, 2H, Ar-H), 7.15 (d, J = 3.6 Hz, 2H, Th-H), 6.74 (d, J = 3.7 
Hz, 2H, Th-H), 4.08 (t, J = 7.8 Hz, 4H, N-CH2-), 2.82 (t, J = 7.6 Hz, 4H, Ar-
CH2-), 1.76 (p, J = 7.6 Hz, 4H, N-CH2-CH2-), 1.69 (p, J = 7.6 Hz, 4H, Th-CH2-
CH2-), 1.27-1.49 (m, 24H, -CH2-), 0.85-0.95 (m, 12H, -CH3). 13C-NMR (100 
MHz, CDCl3): δ 161.27, 147.86, 143.48, 139.02, 136.59, 133.57, 127.46, 125.36, 
125.06, 124.21, 107.95, 77.21 42.27, 31.55, 31.52, 31.43, 30.94, 30.80, 29.97, 
28.74, 26.57, 22.57, 14.08, 14.05. MALDI-TOF-MS (DCTB): calculated m/z 
800.35; found m/z 800.39. 
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4.4.2. X-ray crystal structure determination of compound 2 
C44H56N2O2S4, Fw = 773.14, red plate, 0.37  0.21  0.04 mm3, triclinic, P 1   

(no. 2), a = 7.50808(16), b = 11.7430(3), c = 12.4569(3) Å, α = 77.752(2), β = 
75.667(1), γ = 74.950(2)°, V = 1014.69(5) Å3, Z = 1, Dx = 1.265 g/cm3,  = 0.27 
mm-1. The diffraction experiment was performed on a Bruker Kappa ApexII 
diffractometer with sealed tube and Triumph monochromator ( = 0.71073 Å) 
at a temperature of 150(2) K up to a resolution of (sin /)max = 0.65 Å-1. The 
Eval15 software70 was used for the intensity integration. A numerical absorption 
correction and scaling was performed with SADABS71 (correction range 0.88-
1.00). A total of 34816 reflections was measured, 4666 reflections were unique 
(Rint = 0.031), 4096 reflections were observed [I > 2(I)]. The structure was 
solved with direct methods using SHELXS.72 Structure refinement was 
performed with SHELXL-201873 on F2 of all reflections. Non-hydrogen atoms 
were refined freely with anisotropic displacement parameters. All hydrogen 
atoms were located in difference Fourier maps and refined with a riding model. 
238 Parameters were refined with no restraints. R1/wR2 [I > 2(I)]: 0.0309 / 
0.0811. R1/wR2 [all refl.]: 0.0363 / 0.0842. S = 1.034. Residual electron density 
between -0.19 and 0.38 e/Å3. Geometry calculations and checking for higher 
symmetry was performed with the PLATON program.74 

 
Figure 4.10. Displacement ellipsoid plot of 2 (50% probability level). Hydrogen atoms are omitted for 
clarity. Symmetry code i: 1−x, 1−y, 1−z. 
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4.4.3. X-ray crystal structure determination of compound 6 
C46H60N2O2S4, Fw = 801.20, red needle, 0.35  0.15  0.04 mm3, triclinic, P 1   

(no. 2), a = 5.1707(2), b = 24.5021(10), c = 25.5000(10) Å, α = 82.729(2), β = 
87.173(2), γ = 89.728(2)°, V = 3200.8(2) Å3, Z = 3, Dx = 1.247 g/cm3,  = 0.26 
mm-1. The diffraction experiment was performed on a Bruker Kappa ApexII 
diffractometer with sealed tube and Triumph monochromator ( = 0.71073 Å) 
at a temperature of 150(2) K up to a resolution of (sin /)max = 0.65 Å-1. The 
Eval15 software70 was used for the intensity integration. A multi-scan absorption 
correction and scaling was performed with SADABS71 (correction range 0.51-
0.75). A total of 70226 reflections was measured, 14743 reflections were unique 
(Rint = 0.128), 7086 reflections were observed [I > 2(I)]. The structure was 
solved with Patterson superposition methods using SHELXT.75 Structure 
refinement was performed with SHELXL-201873 on F2 of all reflections. Non-
hydrogen atoms were refined freely with anisotropic displacement parameters. 
All hydrogen atoms were introduced in calculated positions and refined with a 
riding model. 736 Parameters were refined with 1251 restraints (concerning the 
displacement parameters and the identical geometries of the independent 
molecular subunits). R1/wR2 [I > 2(I)]: 0.0941 / 0.2374. R1/wR2 [all refl.]: 
0.1922 / 0.2994. S = 1.042. Residual electron density between -0.77 and 1.22 
e/Å3. Geometry calculations and checking for higher symmetry was performed 
with the PLATON program.74  
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Figure 4.11. Displacement ellipsoid plot of 6 (50% probability level). Hydrogen atoms are omitted for 
clarity. Symmetry code i: 1−x, 1−y, 1−z. 

 
Figure 4.12: quaternion fit of the two independent molecules in 6. The atoms of the DPP subunit were 
used for the calculation of the fit.  
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Chapter 5 

 

Effects of α-Branched Side Chains on the Properties 
of Poly(diketopyrrolopyrrole-alt-terthiophene) 

 
Abstract 

Introducing solubilizing α-branched alkyl chains on a poly(diketopyrrolopyrrole-
alt-terthiophene) results in a dramatic change of the structural, optical, and 
electronic properties compared to the isomeric polymer carrying -branched 
alkyl side chains. When branched at the α-position the alkyl substituent creates 
a steric hindrance that reduces the tendency of the polymer to π-π stack and 
endows the material with a much higher solubility in common organic solvents. 
The wider π-π stacking and reduced tendency to crystallize, evidenced from 
grazing-incidence wide-angle X-ray scattering, result in a wider optical band gap 
in the solid state. In solar cells with a fullerene acceptor, the α-branched isomer 
affords a higher open-circuit voltage, but an overall lower power conversion 
efficiency as a result of a too well-mixed nanomorphology. Due its reduced π-π 
stacking, the α-branched isomer fluoresces and affords near-infrared light-
emitting diodes emitting at 820 nm.  
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5.1. Introduction 
Semiconducting polymers can be made solution-processable by grafting 
solubilizing alkyl groups onto the π-conjugated backbone.1–4 The solubilizing 
groups serve an important role in defining the three-dimensional structure in 
solid state thin films, but generally do not have a direct effect on the opto-
electronic properties, other than modulating chain-chain interactions. In 
essence, there is no real need for the side chains after the microscopic 
organization of the polymer materials has been established. 

For saturated alkyl side chains, the only design variables are their length and 
branching. Compared to linear side chains, alkyl chains that comprise branching 
points at tertiary carbon atoms provide the polymer with a strongly reduced 
tendency to aggregate, and consequently a higher degree of solubility, and 
reduced melting point.1 The most commonly investigated branched side chains, 
have a branching point at the β-carbon relative to the π-conjugated backbone, 
or at a carbon atom further away. For several polymers, a shift of the branching 
point position away from the polymer backbone resulted in tighter π-π 
stacking.3,5–8 However, this is not always coupled to an increased charge carrier 
mobility as measured in organic field-effect transistors. The alkyl chain can also 
influence the preferred orientation (edge-on versus face-on) of the π-conjugated 
main chain with respect to the substrate after depositing the polymers from 
solution.6,7,9 

For diketopyrrolopyrrole (DPP) based polymers, branched side chains reduce 
the strong π-π stacking interactions and are essential to afford solution-
processable polymers.4,10–13 Bulky side chains on the DPP unit reduce 
aggregation or even completely prevent it.14 For DPP-based polymers similar 
trends have been reported as for other conjugated polymers when the distance 
between the branching point and the main chain is increased.15 In this study, we 
investigate the effect of moving the branching point of the alkyl side chains on 
the DPP unit from the β-carbon to the α-carbon in a polymer (PDDP3T) in 
which the DPP unit alternates with a terthiophene (3T) moiety along the main 
chain. The two isomeric polymers α-HD-PDPP3T and β-HD-PDDP3T are 
shown in Figure 5.1. 

By positioning the branching point closer to the conjugated backbone, the π-π 
stacking of the DPP units must be affected because the two alkyl chains that 
emerge from the branching point cannot be coplanar with the polymer main 
chain. As shown in Chapter four, they are expected to be pointing up and down 
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from the π-conjugated plane because of steric hindrance with the nearby oxygen 
and sulfur atoms. As a result, the solubility of the polymer will be enhanced. In 
the remainder of this chapter the synthesis and optical and electronic properties 
of α-HD-PDDP3T are discussed and compared to that of β-HD-PDDP3T. 

 
Figure 5.1: structures of α-HD-PDPP3T and β-HD-PDPP3T with the branching points of the hexyldecyl 
side chains on the α and  positions. 

5.2. Results and discussion 
5.2.1. Synthesis 
The synthetic route to α-HD-PDPP3T is shown in Figure 5.2. First, 7-
bromohexadecane was synthesized from 1-bromohexane by converting it into a 
Grignard reagent that was condensed with decanal to afford hexadecan-7-ol (1) 
in 81% yield. Hexadecane-7-ol (1) was converted into 7-bromohexadecane (2) 
through an Appel reaction in about 66% yield. The obtained crude oil was used 
to alkylate 3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (3) 
under standard alkylation conditions16 to afford 4 in a very low yield of 2.1%. 

It was attempted to improve the yield of the alkylation reaction by extracting the 
product from the reaction with heptane and feeding more 7-bromohexadecane 
to the reaction mixture, yet the yield remained 2.1%. This yield is significantly 
lower than the yields of about 40% that are usually obtained in alkylation of 3 by 
linear 1-bromoalkanes or 1-bromoalkanes branched in the β-position. We reason 
that the yield is low because deprotonated 3 is a sterically hindered nucleophile 
and nucleophilic substitution at a tertiary carbon atom is not favored. Competing 
degradation reactions such elimination, are less affected by this change in the 
nature of the bromoalkane. Possibly, it is this low yield that has previously 
discouraged investigations on α--branched DPP chromophores. Bromination of 
4 by N-bromosuccinimide (NBS) afforded monomer 5 in about 75% yield. 
Monomer 5 was then polymerized with 2,5-bis(trimethylstannyl)thiophene in a 
palladium catalyzed Stille reaction to afford α-HD-PDDP3T, which was isolated 
by Soxhlet extraction with hexane. 
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Figure 5.2: synthesis of α-HD-PDPP3T. 

The solubility of α-HD-PDDP3T in hexane, strongly contrasts with that of β-
HD-PDDP3T for which 1,1,2,2-tetrachloroethane (TCE) is needed to extract 
the higher molecular weight fractions from the polymerization reaction 
mixture.17,18 A PDPP3T derivative with much shorter α-branched side chains (1'-
ethylpropyl), however, turned out to be too insoluble. A sample of β-HD-
PDDP3T previously prepared was used to compare the two materials.  

Gel permeation chromatography (GPC) at 140 °C using ortho-dichlorobenzene 
(o-DCB) as eluent revealed that the number average molecular weights (Mn) of 
α-HD-PDDP3T (83 kDa) and β-HD-PDDP3T (67 kDa) are high and have 
polydispersities (Đ) of 2.8 and 2.1 (Table 5.1). 

  



Effects of α-Branched Side Chains on the Properties of Poly(DPP-alt-terthiophene) 

 

133 

 

 Mn (kDa) Mw (kDa) Đ 
α-HD-PDPP3T 83 232 2.8 
β-HD-PDPP3T 67 143 2.1 

Table 5.1: molecular weights. 

5.2.2. Optical, electronic and structural properties 
Figure 5.3 shows the temperature-dependent UV-vis-NIR absorption spectra of 
α-HD-PDPP3T and β-HD-PDPP3T in TCE. At room temperature, α-HD-
PDPP3T shows a strong, unstructured absorption band maximizing at 693 nm, 
while β-HD-PDPP3T exhibits a structured band with a maximum at 821 nm 
and a shoulder at ~620 nm. The structured optical absorption spectrum of β-
HD-PDPP3T originates from π-π stacking interactions between polymer chains 
and is typical for aggregated DPP polymers. In contrast, for α-HD-PDPP3T, the 
unstructured absorption gives suggests that the polymer chains are molecularly 
dissolved. Upon raising the temperature in TCE, both absorption spectra exhibit 
a blue shift, but the details are different. For α-HD-PDPP3T there is a shift of 
the absorption maximum from 693 to 668 nm, but the onset of the spectrum 
remains at about 800 nm (Figure 5.3a). These are the signatures of a conjugated 
polymer chain that becomes more disordered at higher temperatures by reducing 
its co-planarity through increased dihedral angles between adjacent heterocycles. 
In this manner the effective conjugation length is reduced and a concomitant 
blue shifted absorption maximum is observed.19,20 The constant onset at 800 nm 
signifies that some chain segments remain essentially co-planar, but their number 
reduces as the intensity becomes less. On the other hand, for β-HD-PDPP3T 
both the maximum (from 821 to 787 nm) and the onset (from about 950 to 900 
nm) shift when increasing the temperature (Figure 5.3b). The intensity ratio of 
the main absorption band and the shoulder at lower wavelength also decreases. 
These are the clear signatures of a reduced aggregation when the temperature 
increases. The fact that even at 100 °C in TCE, the UV-vis-NIR spectra of β-
HD-PDPP3T show a structured absorption band, indicates that the chains are 
not fully molecularly dissolved under these conditions. α-HD-PDPP3T and β-
HD-PDPP3T both exhibit weak fluorescence in the (near) infrared region at 
around 800 nm for α-HD-PDPP3T and around 900 nm for β-HD-PDPP3T 
when dissolved in chloroform (Figure 5.3a,b).  

The strong differences between the absorption spectra of α-HD-PDPP3T and 
β-HD-PDPP3T observed in solution remain in thin films (Figure 5.3c). The 



Chapter 5 

134 

optical band gaps (Eg) determined at the onsets of the absorption bands are 1.50 
eV for α-HD-PDPP3T and 1.32 eV for β-HD-PDPP3T. The significant 
difference shows that also in the solid state the interaction between α-HD-
PDPP3T chains is much less than for β-HD-PDPP3T chains. By comparing the 
spectra in Figure 5.3, the redshift occurring between solution and thin film is 
somewhat larger than for α-HD-PDPP3T than for β-HD-PDPP3T. This can be 
understood by considering that β-HD-PDPP3T chains are aggregated under 
both conditions. In thin films α-HD-PDPP3T and β-HD-PDPP3T also exhibit 
weak fluorescence (Figure 5.3c). 
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Figure 5.3: (a) temperature dependent UV-vis-NIR absorption spectra of α-HD-PDPP3T in TCE and 
photoluminescence spectrum of α-HD-PDPP3T in chloroform at room temperature with excitation at 600 
nm. (b) temperature dependent UV-vis-NIR absorption spectra of β-HD-PDPP3T in TCE and 
photoluminescence spectrum of β-HD-PDPP3T in chloroform at room temperature with excitation at 700 
nm. (c) UV-vis-NIR spectra of films (40 nm) of α-HD-PDPP3T and β-HD-PDPP3T and their 
corresponding thin film photoluminescence spectra recorded with excitation at 600 and 700 nm 
respectively. (d) square-wave voltammetry of films of α-HD-PDPP3T and β-HD-PDPP3T on a Pt wire in 
an acetonitrile electrolyte. Voltage is versus Fc/Fc+. The two curves are offset vertically for clarity. 
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Square wave voltammetry (SWV) of thin films immerged in an acetonitrile 
electrolyte was used to determine the oxidation and reduction potentials (Figure 
5.3d). In SWV, the onsets of the oxidation waves are found at +0.48 V for α-
HD-PDPP3T and +0.34 V for β-HD-PDPP3T versus the 
ferrocene/ferrocenium redox couple (Fc/Fc+). The reduction potentials are 
even closer at −1.45 and −1.46 V, respectively. Using a value of E(Fc/Fc+) = 
−4.59 eV versus vacuum the energies of the HOMO (EHOMO) and LUMO 
(ELUMO) levels are obtained (Table 5.2).21 The electrochemical band gaps (Eg

SWV 

= ELUMO− EHOMO) are larger than the optical band gaps by 0.43 and 0.48 eV 
respectively in excellent agreement with the average of 0.44 ± 0.02 eV, found 
for a collection of nineteen different DPP polymers.21  

 Eg (eV) EHOMO (eV) ELUMO (eV) Eg
SWV (eV) 

α-HD-PDPP3T 1.50 −5.07 −3.13 1.93 
β-HD-PDPP3T 1.32 −4.93 −3.13 1.80 

Table 5.2: optical band gaps, HOMO and LOMO energies, and electrochemical band gaps. 

The hole mobility of α-HD-PDPP3T and β-HD-PDPP3T was determined in 
planar devices in which the polymers were sandwiched between 
ITO/PEDOT:PSS and MoO3/Ag electrodes. The current density (J) vs voltage 
(V)-characteristics (Figure 5.4) were fitted to the Murgatroyd relation for space 
charge limited current with field-dependent mobility: J = 
(9/8)ε0εrμ0(V2/L3)exp[0.89γ(V/L)1/2],22,23 with ε0 the vacuum permittivity, εr the 
relative permittivity of the polymers (approximated to be 3), 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 at an electric field of 105 V/cm is about 1.6 × 10−3 cm2/Vs for α-HD-
PDPP3T and 2.6 × 10-2 cm2/Vs for β-HD-PDPP3T and therefore more than 
one order of magnitude larger for β-HD-PDPP3T. 

 



Chapter 5 

136 

0.1 1
10-2

10-1

100

101

102

103

104


C

ur
re

nt
 d

e
ns

ity
 (

m
A

/c
m

2 )

Vint (V)  

Figure 5.4: JV‐characteristics of the hole‐only devices for α‐HD‐PDPP3T (L = 275 nm) and β‐HD‐PDPP3T 
(L = 310 nm). The solid lines represent fits to the Murgatroyd relation, the symbols are experimental 
data. The voltage was corrected for the built‐in potential and series resistance. 

Two-dimensional grazing-incidence wide-angle X-ray scattering (2D-GIWAXS) 
measurements on neat films of α-HD-PDPP3T and β-HD-PDPP3T are shown 
in Figure 5.5 together with the corresponding out-of-plane and in-plane line cut 
profiles. β-HD-PDPP3T shows a lamellar stacking peak at q = 0.32 Å−1 and 
broad π-π stacking signal at q = 1.70 Å−1 in the in-plane and out-of-plane 
directions. These correspond to distances of 19.7 Å and 3.70 Å, respectively and 
are in accordance with previous studies on this polymer.18

  For α-HD-PDPP3T, 
the scattering signal intensity is much lower and shows a vague lamellar stacking 
peak at q = 0.36 Å−1 (17.4 Å) and π-π stacking signal at q = 1.44 Å−1 (4.36 Å). 
These results indicate that α-HD-PDPP3T has a lesser tendency to crystallize 
than β-HD-PDPP3T. The result that the lamellar spacing is slightly reduced in 
α-HD-PDPP3T compared to β-HD-PDPP3T, indicates that the alkyl side 
chains in α-HD-PDPP3T are more orthogonal to the main chain. The longer π-
π stacking distance of 4.36 Å for α-HD-PDPP3T compared to 3.70 Å for β-HD-
PDPP3T shows that α-branching effectively reduces the tendency for π-π 
stacking, enforced by an out of plane orientation of the alkyl side chains. The 
large difference in π-π stacking distance is consistent with the large difference in 
hole mobility.  



Effects of α-Branched Side Chains on the Properties of Poly(DPP-alt-terthiophene) 

 

137 

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2
q z

 (
Å

-1
)

qr (Å
-1)

(a)

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

q z
 (

Å
-1

)

qr (Å
-1)

(b)

 

 



Chapter 5 

138 

0.2 0.5 21

10

100

1000

q (Å-1)

-HD-PDPP3T
 in plane
 out of plane

In
te

ns
ity

-HD-PDPP3T
 in plane
 out of plane

(c)

 

Figure  5.5:  2D‐GIWAXS  patterns  of  neat  (a)  α‐HD‐PDPP3T  and  (b)  β‐HD‐PDPP3T  films.  (c) 
Corresponding in‐plane and out‐of‐plane line cut profiles as function of the scattering vector q. 

5.2.3. Photovoltaic properties 
Solar cells were made using α-HD-PDPP3T as donor and [6,6]-phenyl C71 

butyric acid methyl ester (PC71BM) as acceptor in a device configuration in which 
the photoactive layer is sandwiched between a transparent front electrode 
consisting of indium tin oxide (ITO) covered with poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) and an opaque 
back contact of LiF and Al. Figure 5.6 shows the current density – voltage (JV)-
characteristics and external quantum efficiency (EQE) spectra of the cells in 
which α-HD-PDPP3T and PC71BM are mixed in a 1:2 weight ratio. Layers were 
cast from chloroform using 2% of diphenyl ether (DPE) as co-solvent. They are 
compared to previously reported β-HD-PDPP3T:PC71BM cells (1:2 w/w). The 
photovoltaic parameters, listed in Table 5.3, show that α-HD-PDPP3T achieves 
a lower short-circuit current (Jsc) and a higher open-circuit voltage (Voc). The 
EQE spectra reveal that for α-HD-PDPP3T cells, the Jsc is reduced because of 
the wider optical band gap compared to β-HD-PDPP3T, but also because of a 
lower EQE, which indicates less efficient charge generation and collection. The 
Voc, however, increases by 0.22 V. This is more than the expected increase of 
0.14 V, which is the difference between the EHOMO of the two polymers (Table 
5.2). The FF of the α-HD-PDPP3T cells (0.38) is significantly lower than that of 
β-HD-PDPP3T (0.69). The low FF indicates to poor charge transport for α-
HD-PDPP3T of which the hole mobility is one order of magnitude lower than 
for β-HD-PDPP3T. The reduced mobility leads to more non-geminate charge 
recombination and therefore a low FF.24 Because α-HD-PDPP3T is much less 
crystalline than β-HD-PDPP3T and the π-π stacking distance is larger, it is not 
surprising that the FF is lower because both factors reduce the carrier mobility. 
The JV curve of the α-HD-PDPP3T cell (Figure 5.6a) shows an increase in 
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photocurrent when the voltage bias is reduced. This is a signature of charges that 
can only be collected by applying an electric field. In total the power conversion 
efficiency (PCE) of the α-HD-PDPP3T:PC71BM cell (2.35%) is significantly 
lower than that of the β-HD-PDPP3T:PC71BM cell (7.1%).17  

It is of interest to compare the minimal photon energy loss (Eloss) incurred in the 
solar cells based on α-HD-PDPP3T and β-HD-PDPP3T. This parameter is 
defined as Eloss = Eg − qVoc and equals the minimal energy loss photogenerated 
charges incur from the initial photon energy. For α-HD-PDPP3T:PC71BM cells, 
Eloss is 0.59 eV, while it is 0.65 eV for β-HD-PDPP3T:PC71BM cells. While the 
difference is small, it is close to the empirical threshold of Eloss = 0.60 eV, 
required for efficient charge generation.25 Close to this threshold small 
differences become important and in this case it may contribute to the reduced 
EQE for the α-HD-PDPP3T:PC71BM cells.  

 d a 
(nm) 

Processingb Voc a 

(V) 
FFa 

 
Jsc,EQEa,c 

(mA/cm2) 
PCEa,b 
(%) 

α 105 ± 1 CF 0.89 ± 0.00 0.38 ± 0.00 6.97 ± 0.10 2.35 ± 0.04 
α 83 ± 3 CF/ 

150 °C 30 s 
0.65 ± 0.05 0.33 ± 0.02 7.40 ± 0.04 1.58 ± 0.24 

α 95 ± 1 PhMe 0.88 ± 0.00 0.40 ± 0.00 7.78 ± 0.02 2.75 ± 0.04 
α 95 ± 1 PhMe/ 

150 °C 30 s 
0.88 ± 0.01 0.56 ± 0.03 8.00 ± 0.04 3.96 ± 0.05 

βc 134 CF 0.67 0.69 15.4 7.1 
Table 5.3: photovoltaic parameters of α-HD-PDPP3T:PC71BM (α) and β-HD-PDPP3T:PC71BM (β) solar 
cells. aAverage values and standard deviations were obtained over 3 devices. bFor α-HD-PDPP3T 2% DPE 
was used as co-solvent; for β-HD-PDPP3T 7.5% 1,2-dichlorobenzene. Temperatures and times indicate 
TA treatments. cJsc was determined from EQE measurements by integration with the AM.15G spectrum. 
dFrom Ref. 17. 

A clear advantage of the enhanced solubility of α-HD-PDPP3T in common 
solvents is that it enables casting the photoactive layer from non-chlorinated 
solvents. In contrast, β-HD-PDPP3T can only be processed from chloroform 
or TCE. Figure 5.6 shows the device characteristics of α-HD-PDPP3T:PC71BM 
cells, cast from toluene using 2% DPE as co-solvent. The device performance 
and the solar cells parameters (Table 5.3) are very similar to the cells cast from 
chloroform. Thermal annealing (TA) of the devices cast from toluene/DPE at 
150 °C resulted in considerably improved FF as well as a small increase in 
photocurrent density, improving the overall efficiency to close to 4.0%. Thermal 
annealing also results in a change of the EQE spectrum which increases for 
wavelengths below 600 nm, but decreases at higher wavelengths. This suggests 
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that annealing increases the contribution of photons absorbed by PC71BM, but 
decreases the contribution from α-HD-PDPP3T. Thermal annealing for 30 sec. 
at 150 °C of α-HD-PDPP3T:PC71BM blends cast from chloroform/DPE, gave 
a similar change in the EQE spectrum, but in this case there was a loss in Voc 
and FF. 
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Figure 5.6: (a) JV‐characteristics of α‐HD‐PDPP3T:PC71BM (α) and β‐HD‐PDPP3T:PC71BM (β) solar cells. 
Solids  line were measured under  simulated AM1.5G  (100 mW/cm2)  illumination and dashed  lines 
were recorded in the dark. (b) Corresponding EQE spectra. Data for β‐HD‐PDPP3T:PC71BM were taken 
Ref. 17. 

The photovoltaic performance of bulk heterojunction solar cells is strongly 
related to the morphology of the blend.26–28 Figure 5.7 shows transmission 
electron microscopy (TEM) images of the optimized photoactive layers of α-
HD-PDPP3T:PC71BM and β-HD-PDPP3T:PC71BM blends. The β-HD-
PDPP3T:PC71BM blend (Figure 5.7c) shows the well-established fibrillar 
nanostructure encountered for many DPP-polymer based solar cells in which a 
dense network of thin semi-crystalline polymer fibrils is percolating in a 
continuous matrix that is richer in PC71BM and appears darker in the TEM 
images as result of the higher density of the fullerene.29–31

 In comparison, the 
TEM image of the α-HD-PDPP3T:PC71BM blend cast from chloroform/DPE 
(Figure 5.7a) shows much less contrast indicating a more homogenous mixing. 
Apart from indistinct features with the size of tens of nanometers, the TEM 
image is virtually structureless, pointing to a well-intermixed nanomorphology. 
A highly intimate mixed blend is expected to perform poorly for charge 
separation and transport and leads to enhanced geminate recombination of 
charges that cannot escape form the interface and enhanced non-geminate 
recombination when opposite charge carriers meet frequently because pure 
domains of the donor and acceptor material are virtually absent. As a 
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consequence of the enhanced geminate recombination in α-HD-
PDPP3T:PC71BM blends the EQE of these cells is less that of the β-HD-
PDPP3T:PC71BM cells, while the enhanced non-geminate recombination is 
reflected in the reduced FF of 0.38 compared to 0.69 and an enhanced voltage 
bias dependence of the photocurrent seen in the JV-characteristics.24 α-HD-
DPP3T:PC71BM blends cast from toluene/DPE (Figure 5.7b), show a very 
similar morphology and also the photovoltaic parameters (Table 5.3) are close 
to those found when using chloroform/DPE. After thermal annealing of α-HD-
PDPP3T:PC71BM blends, their TEM images shows a more phase-separated 
nanomorphology with lighter polymer-rich and darker fullerene-rich domains 
(Figure 5.7d,e). The change towards more pure domains reduces the EQE, 
especially in the wavelength range were the polymer absorbs light (Figure 5.6b). 
The change is very similar for both casting solvents. This can be understood by 
the fact that the increased phase separation reduces the interfacial donor-
acceptor area where charges are created. Because of the short-exciton diffusion 
length, excitons created further than a few nanometers from the donor-acceptor 
interface do not contribute to charge generation. Upon annealing the FF 
decreases for the blends cast from chloroform/DPE (from 0.38 to 0.33), while 
the FF increase for blends cast from toluene/DPE increase (from 0.40 to 0.56). 
The higher contrast and the smaller feature size for the annealed toluene/DPE 
cast films compared to the chloroform/DPE cast films indicates higher purity 
domains for which charge carrier mobility can be higher resulting in an improved 
FF. The reduced FF and Voc for the annealed chloroform/DPE cast blends can 
at least in part be attributed to the reduced shunt resistance for these cells. The 
dark current (dashed light blue line in Figure 5.6a) shows a substantial Ohmic 
contribution, indicating the presence of physical shunts. The bright region in 
Figure 5.7d suggest that the film can be locally very thin in these blends.   
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Figure 5.7: a) TEM  image of optimized α‐HD‐PDPP3T:PC71BM blends cast  from chloroform/DPE. b) 
TEM  image  of  optimized  α‐HD‐PDPP3T:PC71BM  blends  cast  from  toluene/DPE.  c)  TEM  image  of 
optimized β‐HD‐PDPP3T:PC71BM blends cast from chloroform/o‐DCB.17 d) Same as a) after thermal 
annealing at 150 °C for 30 s. e) Same as b) after thermal annealing at 150 °C for 30 s. White scale bars 
represent 100 nm. 

5.2.4. Near infrared light-emitting diode 
Light-emitting diodes were constructed by sandwiching α-HD-PDPP3T and β-
HD-PDPP3T layers between ITO/PEDOT:PSS and LiF/Al electrodes. Figure 
5.8 shows the electroluminescence spectra and current density – light intensity 
– voltage (JLV)-characteristics. The electroluminescence emitted by α-HD-
PDPP3T maximizes at 820 nm while for β-HD-PDPP3T the maximum 
emission is found at 930 nm (Figure 5.8a). 
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Figure  5.8.  a)  Electroluminescence  spectra  of  α‐HD‐PDPP3T  and  β‐HD‐PDPP3T  based  OLEDs.  b) 
Corresponding  JV‐characteristics  for α‐HD‐PDPP3T  (L = 85 nm) and β‐HD‐PDPP3T  (L = 65 nm, solid 
lines)  OLEDs  and  the  simultaneously  recorded  LV‐characteristics  recorded  with  a  Si  photodiode 
(dashed lines).  

The devices were characterized by recording the JLV-characteristics by 
measuring the light output using a silicon photodetector positioned on top of 
the OLED. As expected from the lower band gap, the threshold voltage for light 
output is lower for β-HD-PDPP3T than for α-HD-PDPP3T. On the other 
hand, the light output of the α-HD-PDPP3T devices is considerably higher. This 
is attributed to a reduced aggregation of the polymer which increases the 
luminescence quantum yield. The large difference in current density of the 
OLED and the Si detector, however, indicates a low external quantum 
efficiency.  

5.3. Conclusions 
The properties of α-HD-PDPP3T with α-branched side chains on the DPP units 
differ dramatically from the characteristics of the β-HD-PDPP3T isomer with 
-branched side chains. The branching at the α-position enforces an out-of-
plane orientation of the alkyl side chains, which creates a strongly reduced 
tendency of the polymer to aggregate. Consequently, α-HD-PDPP3T can be 
molecularly dissolved in common organic solvents, in contrast to β-HD-
PDPP3T which has limited solubility in chloroform and TCE but is virtually 
insoluble in other media. Because of branching at the α-position, the crystallinity 
of α-HD-PDPP3T is much less than that of β-HD-PDPP3T. By reducing the 
tendency to aggregate, the α-branched side chains create a wider optical band 
gap for α-HD-PDPP3T in solution and thin films than for β-HD-PDPP3T. 
Also, the electrochemical band gap of α-HD-PDPP3T is higher. The increased 
π-π stacking distance of 4.36 Å for α-HD-PDPP3T inferred from 2D-GIWAXS 
compared to 3.70 Å for β-HD-PDPP3T, explains the one-order of magnitude 
lower hole mobility for the α-branched isomer. 

Solar cells with α-HD-PDPP3T as a donor and PC71BM as an acceptor are less 
efficient (PCE = 4.0%) than cells based on β-HD-PDPP3T and PC71BM (PCE 
= 7.1%). Compared to cells with β-HD-PDPP3T, the cells with α-HD-PDPP3T 
mostly suffer in terms of EQE and FF. The open-circuit voltage, however, is 
higher and the minimal photon energy loss of 0.59 eV is close to the empirical 
threshold of 0.60 eV.25 TEM analysis shows that α-HD-PDPP3T:PC71BM 
blends possess an intimately mixed nanomorphology that prevents efficient 
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charge separation and charge transport, explaining the reduced EQE and FF. 
Interestingly, the increased solubility of the polymer in common solvents 
allowed for devices made from a non-chlorinated solvent mixture. The low 
tendency of α-HD-PDPP3T to aggregate enables a clear near infrared 
electroluminescence in thin solid films. 

In conclusion by repositioning the hexyl substituent from the  to the α position 
on a decyl side chain of a DPP polymer, an isomeric polymer was obtained, that 
has markedly different structural, solubility, optical, and electronic properties. 
The combination of near infrared photovoltaic response and near infrared 
electroluminescence for the single conjugated polymer is remarkable. 

5.4. Experimental section 
Tris(dibenzylideneacetone)dipalladium (Pd2(dba)3) (Strem Chemicals Inc) and 7-
hexadecanol were used as received. Triphenylphosphine (PPh3) was 
recrystallized from absolute ethanol. N-bromosuccinimide (NBS) was 
recrystallized from water. 3,5-Bis(trimethylstannyl)thiophene was recrystallized 
from absolute ethanol. 3,6-Di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-
1,4-dione was synthesized according to literature procedures.32 Dry solvents 
were obtained from a solvent purification system.  

1H and 13C NMR spectra were recorded at respectively 400 and 100 MHz on a 
Bruker Avance III spectrometer at 25 °C. Molecular weights of intermediates 
were determined using matrix assisted laser desorption ionization time-of-flight 
(MALDI-TOF) mass spectroscopy (Bruker Autoflex Speed spectrometer). 
Molecular weight distributions of polymers were determined by gel permeation 
chromatography (GPC) on a PL-GPC 220 using a PL-GED 10 µm MIXED-B 
column. The system was operated at 140 °C with ortho-dichlorobenzene (o-DCB) 
as the eluent. Samples, dissolved at 0.1 mg/ml, were measured against 
polystyrene standards.  

UV-vis-NIR spectra were measured using a PerkinElmer Lambda 1050 
spectrophotometer equipped with a 3D WB PMT/InGaAs/PbS detector 
module. Temperature-dependent measurements were performed using a 
PerkinElmer PTP1 Peltier temperature programmer. Photo- and 
electroluminescence spectra were recorded on an Edinburgh Instruments 
FLSP920 double-monochromator spectrophotometer equipped with a red 
sensitive photomultiplier (Hamamatsu R928P) operating at −20 °C in a Peltier 
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(air cooled) housing and a nitrogen cooled near-IR sensitive photomultiplier 
(Hamamatsu R5509-73) operating at −80 °C. 

Square wave voltammetry (SWV) was performed using an AutoLab PGSTAT 
12 under inert atmosphere. The electrolyte consisted of 0.1 M 
tetrabutylammonium hexafluorophosphate (TBAPF6) in acetonitrile. The 
polymers were applied as a thin film by dipping a flame-cleaned platinum wire 
electrode in a polymer solution (2 mg/ml) at room temperature and allowing the 
solvent to evaporate. As counter electrode a silver rod was used and as quasi-
reference electrode a freshly prepared silver chloride coated silver rod 
(Ag/AgCl). The measurements were referenced against the 
ferrocene/ferrocenium (Fc/Fc+) redox couple. The scan speed was 0.125 V/s, 
and the modulation amplitude 20 mV at a frequency of 25 Hz.  

Transmission electron microscopy (TEM) was performed on a Tecnai G2 
Sphera transmission electron microscope (FEI) operating at 200 kV.  

Hole mobilities were determined from space-charge limited hole-only devices 
with ITO/PEDOT and MoO3/Ag contacts on 0.09 cm2 devices. The voltage 
was corrected for series resistance and built-in potential and the data were fitted 
to the Murgatroyd expression following a recommended protocol.23   

Two-dimensional grazing incidence wide angle X-ray scattering (2D-GIWAXS) 
measurements were carried out on a GANESHA 300XL+ system from JJ X-ray 
in the X-ray lab at DSM Materials Sciences Center (DMSC). 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 is λ ≈ 1.5408 Å. The detector moves in a vacuum 
chamber with sample-to-detector distance varied between 0.115 m and 1.47 m 
depending on the configuration used, as calibrated using silver behenate (d001 = 
58.380 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. A small beam was used to 
obtain sharper features in the scattering pattern. 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 the GIXSGUI33 and SAXSGUI programs.  



Chapter 5 

146 

Photovoltaic devices were fabricated with active areas of 0.09 and 0.16 cm2. 
Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) (Clevios 
P, VP Al4083) was spin coated at 3000 rpm on pre-cleaned, patterned indium 
tin oxide (ITO)/glass substrates (Naranjo substrates) that had been given an 
UV-ozone treatment for 30 min. The active layer was then spin coated from a 
solution of the polymer and [6,6]-phenyl C71 butyric acid methyl ester (PC71BM). 
Optimized deposition conditions listed in Table 5.3 for α-HD-PDPP3T are: (1) 
solvent: chloroform with 2% DPE, spin rate: 2000 rpm, concentrations: 5 
mg/ml polymer, 10 mg/ml PC71BM; (2) solvent: toluene with 2% DPE, spin 
rate: 1000 rpm, concentrations: 5 mg/ml polymer, 10 mg/ml PC71BM. For β-
HD-PDPP3T optimized conditions are chloroform with 7.5% o-DCB as a 
solvent, a spin rate of 1100 rpm, and concentrations of 3 mg/ml polymer and 6 
mg/ml PC71BM. The layer thickness was controlled by adjusting the spin speed. 
The back electrode was thermally evaporated at a pressure of about 10-7 mbar 
and consisted of lithium fluoride (1 nm) and aluminum (100 nm). Current 
density–voltage (JV)-characteristics were recorded with a Keithley 2400 source 
meter using a tungsten-halogen lamp as a light source. The illumination light was 
filtered by a Schott GG385 UV filter and a Hoya LB120 daylight filter to 
approximate 100 mW/cm2 AM1.5 G light. Short-circuit currents were calculated 
by integrating the spectral response of the cells with the solar spectrum. External 
quantum efficiencies (EQEs) were determined using modulated monochromatic 
light from a 50 W tungsten-halogen lamp (Osram 64610 HLX G6.35 NAED 
54249) passing through a monochromator (Oriel, Cornerstone 130) and a 
mechanical chopper. The response was recorded as the voltage produced by a 
preamplifier (Stanford Research Systems SR570) with a lock-in amplifier 
(SR830). All measurements were referenced against a calibrated silicon (Si) 
reference cell. 

Light-emitting diodes with active areas of 0.09 and 0.16 cm2 were made by spin 
coating PEDOT:PSS at 3000 rpm on pre-cleaned, patterned ITO/glass 
substrates that had been given an UV-ozone treatment for 30 min. The active 
layer was then spin coated. The back electrode was evaporated at a pressure of 
about 10-7 mbar and consisted of a LiF (1 nm) and Al (100 nm) layer. JV-
characteristics were recorded using an Agilent 4155C semiconductor parameter 
analyzer. To probe the emitted light, a silicon photodetector with an area of 0.36 
cm2 was placed on top of the OLED. 

Layer thicknesses were determined using a Veeco Dektak 150 profilometer.  
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7-Hexadecanol (1) 

 

Magnesium turnings (8.44 g, 347 mmol) were put under argon together with a 
crystal of iodine. Dry diethyl ether (30 ml) was added together with 1-
bromohexane (4.24 g, 25.7 mmol). Another portion of dry diethyl ether (120 ml) 
was added, followed by the drop wise addition of 1-bromohexane (66.6 g, 404 
mmol) in dry diethyl ether (40 ml) over the course of 2 h. The solution was 
heated to 50 °C and decanal (43.2 g, 276 mmol) was added over the course of 
2.5 h. The mixture was allowed to cool to room temperature and carefully 
quenched with ice water (100 ml). The mixture was acidified (HCl, conc, aq) and 
the organic phase dried (Na2SO4), and concentrated to afford a white waxy 
substance (54 g, 223 mmol, 80.9%). 1H-NMR (400 MHz, CDCl3): δ 3.58 (m, 1H, 
-CH-OH), 1.42 (m, 4H, -CH2-CH-OH), 1.29 (m, 22H, -CH2-), 0.88 (t, J = 6.5 
Hz, 6H, -CH3).  

7-Bromohexadecane (2) 

 

7-Hexadecanol (1) (54 g, 223 mmol) was dissolved in dichloromethane (300 ml) 
under argon at 0 °C. Triphenylphosphine (PPh3) (64.3 g, 1.1 eq., 245 mmol) was 
added portion wise. The mixture was stirred for 30 min. when N-
bromosuccinimide (NBS) (39.7 g, 223 mmol, 1.0 eq.) was added in small 
portions over 1 h whilst the mixture was kept at 0 °C. The mixture was then 
stirred overnight and washed (H2O, 3 × 200 ml), dried (Na2SO4), and 
concentrated. Hexane was added to induce precipitation of PPh3 and formed 
triphenylphosphine oxide. The brown organic phase was run through a silica 
plug with hexane to yield the product as a mixture with unreacted 1-
bromohexane (roughly 4:1) (60.7 g, 198.8 mmol, ≈ 90%). 1H-NMR (400 MHz, 
CDCl3): δ 4.02 (ddd, J = 5.3; 7.8; 13.0 Hz, -CH-Br), 1.81 (m, 4H, -CH2-CH-Br), 
1.28 (m, 22H, -CH2-), 0.88 (t, 6H, J = 6.7 Hz, -CH3).  

2,5-Di(hexadecan-7-yl)-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-
c]pyrrole-1,4-dione (4)  
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3,6-Di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (3) (10 g, 33.3 
mmol) and K2CO3 (13.8 g, 100 mmol, 3.0 eq, dried) were combined in N,N-
dimethylformamide (DMF) (130 ml) under argon at 130 °C. 7-
Bromohexadecane (2) (30 g, 100 mmol, 3.0 eq) was added over the course of 0.5 
h and the mixture stirred for 4 h. The mixture was cooled to room temperature 
and extracted with heptane (3 × 250 ml). The DMF phase was reheated to 130 
°C under argon when another aliquot of 7-bromohexadecane (30 g, 100 mmol, 
3.0 eq) was added and the mixture was stirred overnight. The reaction mixture 
was once again cooled to room temperature and extracted (heptane, 3 × 250 ml). 
The heptane fractions were combined, concentrated, and the concentrate diluted 
with 1,4-dioxane (120 ml), H2O (5 ml) and HCl (aq, conc, 2 ml). The mixture 
was heated to reflux for 1 h under argon. The organic phase was washed (H2O, 
brine), dried (Na2SO4), and concentrated. The concentrate was purified using 
column chromatography (ethyl acetate/heptane 0:1 to 1:0) to allow for the 
recrystallization (ethanol) of the desired product as a highly luminescent orange 
powder (532 mg, 0.71 mmol, 2.1%). 1H-NMR (400 MHz, CDCl3): δ 8.40 (s, 2H, 
Ar-H), 7.59 (d, J = 5.0 Hz, 2H, Ar-H), 7.24 (t, J = 4.5 Hz, 2H, Ar-H), 4.35 (qui, 
J = 7.0 Hz, 2H, N-CH-), 2.27 (s, 4H, N-CH-CH2-), 1.80 (s, 4H, N-CH-CH2-), 
1.22 (m, 22H, -CH2-), 0.85 (m, 12H, -CH3). 13C-NMR (400 MHz, CDCl3): δ 
162.21, 134.34, 130.10, 129.12, 128.15, 57.90, 32.80, 31.87, 31.72, 29.55, 29.51, 
29.26, 29.17, 26.95, 26.92, 22.67, 22.60, 14.10, 14.04 MALDI-TOF-MS (DCTB): 
calculated m/z 748.50; found m/z 748.53. 

3,6-Bis(5-bromothiophen-2-yl)-2,5-di(hexadecan-7-yl)-2,5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione (5) 
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2,5-Di(hexadecan-7-yl)-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-
1,4-dione (4) (250 mg, 33.3 mmol) was dissolved in CHCl3 (5 ml) under argon at 
0 °C in the dark. NBS (125 mg, 2.1 eq) was added portion wise. After 1 h of 
stirring, another portion of NBS (25 mg, 0.42 eq) was added and the mixture 
stirred for another 3 h. The mixture was washed with ice water (10 ml), dried 
(Na2SO4), and concentrated. Recrystallization from ethanol gave the product as 
a red-orange powder (225 mg, 24.8 mmol, 74.5%). 1H-NMR (400 MHz, CDCl3): 
δ 8.21 (2H, d, J = 4.2 Hz, Ar-H), 7.20 (2H, d, J = 4.1 Hz, Ar-H), 4.20 (2H, qui, 
J = 8.4 Hz, N-CH-), 2.25 (4H, s, N-CH-CH2-), 1.79 (4H, s, N-CH-CH2-), 1.24 
(m, 22H, -CH2-), 0.85 (m, 12H, -CH3). 13C-NMR (400 MHz, CDCl3): δ 161.87, 
134.70, 131.17, 130.41, 118.51, 58.46, 32.79, 31.88, 31.70, 29.56, 29.49, 29.26, 
29.18, 26.95, 22.67, 22.62, 14.11, 14.04. MALDI-TOF-MS (DCTB): calculated 
m/z 904.32; found m/z 904.32 

α-HD-DPP3T  

 

3,6-Bis(5-bromothiophen-2-yl)-2,5-di(hexadecan-7-yl)-2,5-dihydropyrrolo[3,4-
c]pyrrole-1,4-dione (5) (100 mg, 110 µmol), 2,5-bis(trimethylstannyl)thiophene 
(45.5 mg, 111 µmol, 1.0 eq), Pd2(dba)3 (1.5 mg, 1.6 µmol, 1.5%) and PPh3 (1.7 
mg, 6.6 µmol, 6%) were combined under argon in toluene (1.7 ml, dry) and DMF 
(0.3 ml, dry). The mixture was degassed (argon, 15 min.), the vessel sealed and 
heated overnight to 115 °C under stirring. Then it was cooled to room 
temperature, liquefied with CHCl3 (2 ml) and precipitated in methanol (250 ml). 
The formed blue solid was filtered and re-dissolved in CHCl3 (100 ml). A 
spoonful of ethylenediaminetetraacetic acid (EDTA) was added and the mixture 
refluxed under argon for 1 h. The mixture was cooled to room temperature and 
washed (H2O). The organic phase was concentrated, filtered and precipitated in 
methanol. The collected solids were fractioned using Soxhlet extraction 
(acetone, hexane). The hexane fraction was concentrated and precipitated in 
methanol to afford blue solid (90 mg, 108 µmol, 98%). 
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Chapter 6 

Studies into the Viability of Diketopyrrolopyrrole as 
a Core Segment of a Non-Fullerene Acceptor 

 

 

Abstract 

As demonstrated in Chapters four and five, α-branching on the 
diketopyrrolopyrrole (DPP) segment leads to a diminution in stackabillity and 
an increase in the solubility of resulting materials. For non-fullerene acceptors 
(NFAs), contemporary views regard a design with a sterically congested core and 
highly stackable peripheries as highly promising towards successful materials. In 
this chapter, α-branching is employed on a molecule with an A'-D-A-D-A' 
design where A' corresponds to electron withdrawing dicyanoindanone 
segments, D to electron rich thiophene segments and A to DPP. Four different 
molecules are synthesized that demonstrate a variation in the side chain length 
on the DPP (either butyloctyl or hexyldecyl) or a variation in the branching 
position (either α-branching or β-branching). It is found that α-branching 
improves the solubility compared to β-branching to a higher degree than the side 
chain length does. At the same time, whilst the side chain length does not affect 
the electronic properties of the backbone, α-branching leads to higher Huang-
Rhys factors in solution as evidenced absorption measurements and to a higher 
highest occupied molecular orbital (HOMO) and lower lowest unoccupied 
molecular orbital (LUMO). Even though the solubility was enhanced with α-
branched side chains, the materials were unfit for solar cell fabrication through 
solution processing due to the materials forming large crystallites that were not 
incorporated within cast blends. 
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6.1 Introduction 
6.1.1. Context 
In the bulk-heterojunction (BHJ) photoactive layer (PAL) of an organic solar 
cell (OSC), a donor material is blended with an acceptor material. For several 
decades, fullerenes such as [6,6]-phenyl C61 butyric acid methyl ester (PC61BM) 
and [6,6]-phenyl C71 butyric acid methyl ester (PC71BM) have been widely used 
as acceptor materials.1,2 Yet, in more recent years, the popularity has shifted away 
from these fullerenes to non-fullerene acceptors (NFAs). Major motives for this 
transition are the low light absorption capabilities of fullerene derivatives due to 
a symmetry-forbidden electronic transition, difficulties of synthetic modification 
to fullerenes in general, and voltage losses encountered with donor/fullerene 
systems.3–6 The shift to NFAs has since resulted in an increase in efficiency from 
≈12% for fullerene-based systems, to up to ≈18%, and new records are being 
reported regularly.7–10  

The transition from fullerene acceptors to NFAs opened up a whole new 
variable in the optimization of OSCs. Now, with NFAs, synthetic modification 
is not only viable for the OSC donor materials (whether small molecules or 
polymers), but also for the acceptor materials. Whilst promising in terms of the 
attainable power conversion efficiency (PCE), the introduction of high 
variability in the chemical and physical properties of the acceptor materials 
brings about additional challenges. For fullerene-based systems, it has by now 
become rather clear how the formation of the nanomorphology of the blends 
occurs. There is a general understanding on how donor materials can be 
specifically tuned to be compatible with the physical characteristics of the 
fullerene acceptors and form optimized morphologies.11–13 This is not yet the 
case for NFAs.  

Even though, general design guidelines can be formed based on our current 
understanding of NFAs that yield high performance OSCs (Figure 6.1). 
Contemporary views state that the design of the NFAs should meet several 
requirements. Some of those are accessible and can be measured accurately, 
others less so. A complementary absorption with the donor material can be easily 
verified with optical spectroscopy and can also easily be tuned synthetically. The 
same applies to the energy level matching of NFAs with donor materials, by 
comparing and adjusting redox potentials. 
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Figure 6.1: general properties of acceptor molecules and relationships between structure and intra- and 
intermolecular forces tunable by synthesis. Image adopted from Swick et al.14 

A requirement that is less easily precisely tuned is the preferential stacking mode 
of the NFA (Figure 6.2). Ideally, the NFAs stack into a phase that ensures good 
electron mobility. It is thought that a phase where the acceptor parts of acceptor-
donor-acceptor (A-D-A) shaped NFAs stack onto each other, leads to good 
electron mobility.14 Often, this type of stacking is obtained by appending the 
donor core of a molecule with bulky groups that prevent π-π stacking of the core 
together with providing peripheral acceptor groups that readily stack.  

 

 

Figure 6.2: schematic representation of possible aggregation modes of NFAs 

The intermolecular π-π stacking distance is known to scale inversely with the 
electron mobility of the pure acceptor phase. Going from an acceptor segment 
packing distance of 3.5 to 4.4 Å can decrease device performance by ~90%, with 
the parameters that suffer most being the current (~80%) and fill factor 
(~35%).15 Whilst the DPP core is known to readily stack onto itself, NFAs with 
the A-D-A design where DPP is used as the peripheral acceptor only give limited 
performance.16 For DPP-based NFAs where the DPP segment with 2'-
ethylhexyl (EH) side chains is used at the periphery of the molecule, lamellar π-
π stacking distances are found of 4.1-4.6 Å through GIWAXS measurements.17,18 
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Possibly, the charge carrier mobilities through morphologies constructed from 
these molecules are limited because of this relatively long intermolecular 
distance.  

Yet, even if molecules stack in a right way, as a final requirement it still has to 
show a good balance in affinity between itself and the electron donor used. If a 
well and intimately intermixed donor-acceptor blend is obtained, exciton 
dissociation is enhanced but carrier extraction is less efficient, whilst a too coarse 
phase separation reduces charge generation, but favors charge collection. 
Evidently, a compromise is needed between mixing and demixing of donor and 
acceptor to obtain the highest performance. 

6.1.2. The diketopyrrolopyrrole segment in NFAs 
In the development of new donor and acceptor materials for OSCs, a wide 
variety of functional moieties has been utilized. One of these is 
diketopyrrolopyrrole (DPP), an electron-deficient moiety that is easy to produce 
and incorporate, that exhibits intense light absorption and often results in 
materials with high crystallinity.16,19 Within our research group, it has also 
received considerable attention.20 DPP-based materials have found use as 
semiconductors in a variety of organic electronic devices. Organic field-effect 
transistors and photodetectors have been made successfully.21–23 DPP-based 
polymers demonstrate efficiencies up to ≈10% in cells with fullerene derivatives, 
but often much less with NFAs despite few exceptions.16,21,24 There are several 
possible reasons why the DPP core may fail to compete with state-of-the-art 
NFAs semiconductors, yet no study has demonstrated any concrete evidence as 
to why. 

As combining NFAs with DPP-based materials seems to be not as successful as 
with other semiconducting donors, the DPP segment can possibly be 
incorporated in the NFA itself. Previous attempts have demonstrated DPP-
based NFAs with efficiencies of mostly around 1-4%. A distinction can be made 
between two different designs of DPP-based NFAs. The first design motif 
features a DPP-cored design whilst the other design uses the DPP segment as a 
peripheral group. For DPP-end-capped materials, the high crystallizability and 
electron mobility of DPP-based materials are beneficial. 

Conversely, small molecules that follow a design where the DPP moiety is 
situated in the core of the molecule often stack either to form H aggregates with 
the DPP cores on top of each other or to form J aggregates where the DPP core 
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stacks onto the aryl group of a neighboring molecule. (Figure 6.2b).25–29 These 
stacking modes are different from the stacking mode postulated to be ideal for 
molecules used as NFAs (Figure 6.2c)14 Most NFAs only form π-π interactions 
with their terminal groups and through this form percolated pathways suitable 
for charge carrier transport.30 This stacking mode enables each NFA molecule 
to be electronically coupled with at least four neighboring molecules, if not six.14 
A co-facial packing of mode a) only leads to a coupling to at least two 
neighboring molecules. In a type of packing where each member only 
electronically communicates with two neighbors, the percolated charge carrier 
transport pathway is interrupted when the network has defects. A higher number 
of neighboring molecules through which charge carrier transport could take 
place increases the redundancy and limits the effects of defects in the packing 
structure, since no single charge carrier transport channel is critical to the charge 
extraction. 

A common denominator for organic semiconductors is that they feature a 
chromophoric backbone with solubilizing side chains. Common for DPPs are 
fully saturated β-branched alkyl chains.20 The nature of the side chains plays a 
major role in the dynamic processes involved in crystallization of the materials. 
Hence, resulting morphologies of blends of the NFAs and donor materials are 
heavily influenced by the side chain architecture. It is valuable to understand 
what the consequences are of specific alterations in the side chains. Our aim with 
this study is to find out how the use of α-branched side chains rather than β-
branched side chains affects the physical and optoelectronic properties of 
representative DPP-based NFA materials.  

Steric crowding of NFAs counteracts face-on aggregation and seems essential to 
increase the power conversion efficiency of resulting devices. Correspondingly,  
alkyl phenyl substituents present at quaternary carbon atoms in successful NFAs 
such as ITIC and IEICO are critical in locally limiting π-π interactions between 
the molecules.14 Various studies have shown that structures which are able to 
aggregate in a face-to-face stacking mode perform worse than identical 
structures in which steric crowding around their core segment that prevents such 
stacking.31–33  

6.1.3. Molecular design 
Even though they are capable of affording high performance OSCs, the 
synthesis of fused aromatic ring based NFAs requires a large number of steps.34 
Only for the fused core itself, up to seven steps can be necessary. This is why 
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investigations into easily accessible, yet unfused core NFAs are valuable. As an 
example, a NFA with a bithiophene structure appended with peripheral 
rhodanines has been shown to give OSCs with a PCE of 9.33%.35 The synthesis 
of this NFA requires only two synthesis steps, and is therefore cheap. Likewise, 
DPP-based NFAs can be synthesized in few synthetic steps, making them 
commercially attractive candidates, provided they lead to high PCEs.  

Here we investigate molecules with a bithienyl-DPP core and terminal 
dicyanoindanones (Figure 6.3).7–9,14 The suitability of dicyanoindanone as 
peripheral segment in a NFA is linked to a combination of its strong 
electronegativity able to localize the LUMO to the periphery of the molecule 
and good stackabillity with an intermolecular stacking distance of ≈ 3.5Å.14 Even 
when attached to the electron-deficient DPP core, the indanone units localize 
the LUMO towards the edges of the molecule away from the DPP core.29,36  

Previous studies found that this specific backbone with 2'-ethylhexyl side chains 
yields a material that is almost insoluble.29 For our investigations, longer side 
chains are used to enhance the solubility. The molecules feature alkyl side chains 
at the DPP core that are either α- or β-branched and either comprise twelve 
carbon atoms to form 1'- and 2'-butyloctyl (BO) side chains or sixteen carbon 
atoms to form 1'- and 2'-hexyldecyl (HD) side chains (Figure 6.3). Being electron 
deficient due to presence of electron withdrawing groups, the indanone and 
DPP segments act as electron acceptor (A) units. The thiophene segments, on 
the other hand, are relatively electron rich so will act as electron donors (D). The 
backbone will thereby have an A'-D-A-D-A' design.  

 

 
Figure 6.3: chemical structures of the synthesized DPP-based NFAs 
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As shown in chapters four and five, moving the branching point to the α-
position leads to substantial enhanced solubility. Compared to β-branched 
equivalents, α-branched systems feature less π-stacking in the solid state.  

6.2. Results and discussion 
6.2.1. Synthesis 
Four molecules with an A'-D-A-D-A' design were synthesized, where A' is 2-(3-
oxo-2,3-dihydro-1H-inden-1-ylidene)malononitrile, D is thiophene and A is 
diketopyrrolopyrrole (Figure 6.4). The DPP core was included for its low 
industrial synthesis cost and high aggregation affinity. As DPP-based materials 
are known to strongly aggregate, different alkyl branching motifs were used to 
tailor the aggregation strength of the DPP segment.  

Alkylation of DPP 2 was accomplished with the corresponding bromoalkanes 
and K2CO3 in dimethylformamide (DMF). The β-alkylated molecules 3c and 3d 
were obtained following literature procedures.37 Alkylation reactions to obtain 
3a and 3b gave the desired products in low yields of resp. 3.7% and 2.1%. These 
reaction yields are notably lower than alkylation yields reported in literature for 
DPP alkylation.38 Yet, the use of secondary bromoalkanes rather than primary 
bromoalkanes explains the lower reaction yield. Because, alkylation must occur 
twice on the same molecule, a decrease in reaction rate to form the desired 
product is amplified. Since alkylation is the first step in the synthesis with DPP 
as the starting material, the low yield for the reaction implies that larger quantities 
are required of the cheap-to-produce precursor 2 and bromoalkanes. Whereas 
in most synthesis procedures a reaction yield of a mere several percentages 
would be devastating, the low reaction yield for the first step in this synthesis is 
still tolerable as only relatively cheap materials are discarded. Optimization of 
the α-branched alkylation procedure has been attempted, yet alternative 
syntheses proved to be unfruitful (see Appendix A). 

Formylation of 3a-d in a Villsmeier-Haack reaction, where lithium 
diisopropylamide (LDA) is used instead of the usual trichlorophosphate, 
afforded the doubly formylated DPPs 4a-d in yields of 6-45%. The low yield is 
presumably due to the instability of the in-situ generated double anion DPP 
intermediate. A Knoevenagel condensation between 4a-d and 1,1-
dicyanomethylene-3-indanone yields the desired NFAs 1a-d which can be easily 
separated from the reaction mixture by precipitation in MeOH as unconsumed 
reactants will stay dissolved in the MeOH. Any generated mono-condensed 
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material was found to be sufficiently soluble in MeOH as to not contaminate the 
desired product. In the Knoevenagel condensation, two different isomers can 
be generated (E/Z). However, for a reaction between a thienyl aldehyde and 2-
(3-oxo-2,3-dihydro-1H-inden-1-ylidene)malononitrile, it has been established 
that the reaction only yields the Z-isomer, partly due to stabilizing S···O 
interactions.39  

 

Figure 6.4: synthetic procedure for the synthesis of DPP-based NFAs. 

6.2.2. Optical properties 
The optical absorption spectra of molecules 1a-d dissolved in chloroform share 
a similar onset at about 860 nm (Figure 6.5). Molecules 1a and 1b exhibit a broad, 
virtually structureless main absorption band that maximizes at λmax= 750 ± 1 nm. 
In contrast, the spectra of 1c and 1d show vibronic fine structure with the (0←0) 
transition at λmax = 786 nm. The first vibronic (1←0) transition appears as a 
shoulder at 730 nm in the spectra of 1c and 1d. The Huang-Rhys factor (S) 
determined from the relative intensities of the (0←0) and (1←0) transitions is S 
= 0.83 ± 0.01, indicating that in the excited state there a relatively small 
geometric relaxation. For S = 0.83, the (2←0) is expected to have a relative 
intensity of 0.34, which can indeed been seen as a vague hump at the high energy 
flank of the absorption bands. For 1a and 1b there is no real evidence of vibronic 
coupling, but the broad bands likely represent a combination of unresolved 
(0←0), (1←0) and (2←0) transitions with S close to or larger than 1. The spectra 
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of α-branched derivatives 1a and 1b and the β-branched derivatives 1c and 1d 
the can be compared to those of the 3-pentyl and n-hexyl substituted DPP 
derivatives discussed in Chapter four and show a strong analogy in spectral 
shape. Comparison also shows that the terminal 2-(3-oxo-2,3-dihydro-1H-
inden-1-ylidene)malononitrile substituents cause a significant (165 nm) redshift 
of the optical absorption compared to terminal thiophene rings. Based on the 
similarity of the spectral shape, we assume that also in 1a and 1b the α-branching 
results in steric congestion at the DPP moiety and causes a deviation from 
coplanarity of the DPP unit with the adjacent thiophene rings. In the excited 
state, the molecules attain more quinoidal character, resulting in relaxation to a 
more planar structure. For 1c and 1d, the ground state structure is already more 
coplanar, resulting in lower geometrical relaxation in the excited state and a 
corresponding lower Huang-Rhys factor for 1c and 1d than for 1a and 1b.   

These conclusions are corroborated by the 1H-NMR spectra of 1a-d. As a result 
of the preferential conformation around the DPP-thiophene bonds the protons 
at the 3-postions (H3) of the thiophene rings in 1a-d are close to the oxygen 
atoms of the adjacent DPP moieties. This causes a significant neighboring group 
effect that causes a downfield chemical shift for the H3 protons due an 
anisotropic induced magnetic field. The shift is larger when the H3 proton is in 
the plane of the carbonyl bond. The chemicals shifts for H3 are at δ = 8.79 ppm 
in 1a and 1b and at δ = 9.22 ppm for 1c and 1d. This provides independent 
evidence for a more planar molecular structure in 1c and 1d than in 1a and 1b. 
Note that the δ difference of 0.43 ppm is close to the 0.39 ppm chemical shift 
difference observed in Chapter four for DPP molecules with linear and short α-
branched side chains. 
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Figure 6.5: normalized optical absorption spectra of 1a-d in chloroform solution 
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In thin films, the optical absorption of molecules 1a and 1b with α-branched side 
chains is redshifted (Figure 6.6). The wavelength of maximum absorption is 826 
± 1 nm, and the main band is accompanied by a partially resolved peak at 762 ± 
1 nm. The splitting can be due to vibrational coupling or exciton coupling, or a 
superposition of these two effects. Thermal annealing results of films of 1a and 
1b result in further redshift of the optical absorption. This is more distinct for 
1a than for 1b. For 1b there is a redshift upon annealing at 120 and 140 °C, but 
the spectrum the blueshifts above 140 °C. Thermal annealing also results in an 
increased scattering, which can be seen from the higher base line. By eye, layers 
of 1a-d appear evenly spread over the substrate surface, indicating proper 
wetting, but also hazy and therefore likely include microcrystallites. Such 
crystallites increase the scattering of light resulting in a loss of transmitted light 
in UV-vis measurements. The scattering leads to an apparent increase of 
absorbance in the spectra of 1a-b. 
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Figure 6.6: absorption spectra of 1a-d in thin film as cast (black), during consecutive TA (red, see 
experimental procedures) and after CS2 SVA (blue). Indicated temperatures signify the temperatures after 
which further TA did not evidence any spectral changes. All spectra were recorded at room temperature. 
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For the β-branched molecules 1c and 1d, a different spectrum is obtained in thin 
films (Figure 6.6). Films cast from solution show an absorption that is 
significantly redshifted and features a maximum at λmax= 791 ± 1 nm and is 
accompanied by a second peak or shoulder at 891 ± 1 nm. The spectra are 
reminiscent of H aggregates, because the peak at shorter wavelengths has the 
highest intensity. However, as shown in Chapter 4, such assignment ignores the 
complexity of interaction of transition dipole moments in solid state. Especially 
the fact that the long wavelength band still has considerable intensity, suggests 
that these aggregates might not be pure H-type aggregates. Thermal annealing 
of films of 1c and 1d has a smaller effect on the optical spectra than seen for 1a 
and 1b. This indicates that casting the films of 1c and 1d already provides the 
thermodynamically favored film morphology. It should be noted that the 
scattering of light observed in the absorbance spectra by the non-zero baseline 
is very substantial for 1c and 1d. The scattering of the films was clearly visible, 
with crystallite of sizes even distinguishable by eye. 

Studies have shown that for a DPP derivative with two thiophene-benzofuran 
substituents (DPP(TBFu)2), solvent vapor annealing (SVA) induces a strong 
hypsochromic shift of the wavelength of maximum absorption, indicative of H-
type aggregation.40,41 On pristine samples, SVA with CS2 had a different effect 
on 1a-d. For 1a, the measured absorption widens by SVA lowering the optical 
band gap of the layer. For 1b, such an effect was not observed, instead SVA 
resulted in a higher intensity ratio between the peaks at 834 nm and 746 nm. On 
layers of β-branched 1c and 1d, SVA after casting does not cause significant 
spectral shifts. SVA with CS2 after thermal annealing on 1a-d also had little to 
no effect on any of the films, except for 1b. For 1b, SVA after thermal annealing 
had a similar effects as SVA on pristine layers. 

The photoluminescence spectra (PL) of 1a-d in chloroform (CF) solution are 
nearly identical with a main peak at 859 ± 3 nm (Figure 6.7a) and a (0→1) 
vibronic shoulder near 940 nm. The Huang-Rhys parameter for fluorescence is 
about 0.6 in each case and confirms a more coplanar structure for the singlet 
excited state of 1a-1d compared to their ground state, especially for 1a and 1b. 
The PL spectra of solid thin films are affected by the aggregation of the 
molecules (Figure 6.7b). For 1a and 1b, there is a redshift to 945 ± 5 nm. The α-
branched molecules retain a more intense PL signal in solid films than the β-
branched derivatives. After consecutive TA and SVA (blue lines in Figure 6.6), 
the PL intensity is lower. For 1a, the position of the PL maximum shifts even 
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further to 980 nm whilst the PL maximum of 1b does not shift upon SVA. The 
PL spectra of 1c and 1d are more complex and seem to consist of different 
contributions. At shorter wavelengths peaks are found at 885 ± 10 nm and at 
995 ± 10 nm. The higher energy peak is close to 891 ± 1 nm shoulders seen in 
the absorption spectra of 1c and 1d (Figure 6.6) and the two PL signals can be 
assigned to the (0→0) and (0→1) vibronic fluorescent transitions. In addition a 
third, broad and structureless, low-energy emission at 1245 ± 10 nm is observed 
for 1c and 1d. Without further information one can only speculate on its origin. 
It is possibly due to an intermolecular charge-transfer band. The aggregation of 
1c and 1d also reduces the intensity of the PL spectrum. This evidences that for 
1a-d, and especially for 1c and 1d, most excitations decay nonradiatively.   
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Figure 6.7: a) photoluminescence spectra of 1a-d in CF solution and b) in thin films. 

In the PAL of an OSC, it is beneficial for the acceptor molecule to retain a high 
PL in film as this is an indication of high exciton lifetimes and low thermalization 
losses, limiting the loss mechanisms present in the OSC.42  

6.2.3. Electrochemical properties 
The energy levels of 1a-d were measured by square-wave voltammetry (SWV) 
and referenced against ferrocene using E(Fc/Fc+) = −4.59 eV (Figure 6.9, Table 
6.2). For 1a and 1b, two oxidation signals are clearly separated. For 1c and 1d, 
the oxidation responses seem to be composed of two signals as well, yet their 
oxidation potentials are closer. Overall, 1c and 1d are slightly harder to oxidize 
than 1a and 1b. None of the signals were found to be reversible, likely due to 
desorption of charged material from the electrodes. Upon reduction, the 
molecules show one sharp peak each. Reduction is easier for 1a and 1b than for 
1c and 1d with LUMO energies of resp. -4.70 and -4.66 eV versus -4.58 and -
4.59 eV. It is interesting to note that the electrochemical band gaps (Eg

SWV) 
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determined from the oxidation and reduction potentials are smaller for 1a and 
1b (1.29-1.30 eV) and for 1c and 1d (1.52-1.57 eV). Yet, the optical band gaps in 
solution (Eg,opt

SOL) are identical (1.44 eV), and in thin films (Eg,opt
FILM) the optical 

band gaps are larger for  1a and 1b (1.32-1.33 eV) than for 1c and 1d (1.20-1.24 
eV). The explanation for these differences, could be related to the morphology 
of the film used for the electrochemical experiment. Because 1c and 1d are less 
soluble and aggregate more than 1a and 1b, the counter ions that have to go into 
the film in the redox process encounter a larger energy barrier and thereby widen 
the electrochemical band gap. A similar effect has been observed for C60 films 
in comparison to PC61BM.43  

-1.0 -0.5 0.0 0.5 1.0
-1.0

-0.5

0.0

0.5

1.0

N
or

m
al

iz
ed

 W
E

 C
u

rr
e

nt

Applied Potential vs Fc/Fc+ (V)

 1a
 1b
 1c
 1d

a)

1a 1b 1c 1d

-6.0

-5.5

-5.0

-4.5

E
ne

rg
y 

(e
V

)

b) LUMO

HOMO

 
Figure 6.9: a) normalized square-wave voltammetry measurements on 1a-d films and b) overview of energy 
levels as established through square-wave voltammetry. 

dye Eg, opt
SOL 

(eV) 
Eg, opt

FILM 
(eV) 

EHOMO (eV) ELUMO (eV) Eg
SWV (eV) 

1a 1.44 1.32 -5.99 -4.70 1.29 
1b 1.44 1.33 -5.95 -4.66 1.30 
1c 1.44 1.24 -6.10 -4.58 1.52 
1d 1.44 1.20 -6.16 -4.59 1.57 

Table 6.2: optical band gaps Eg, optSOL in solution, Eg, optFILM as cast film, HOMO and LUMO energies as 
determined by SWV and electrochemical band gaps EgSWV 

6.2.4. Solubility 
Previous investigations revealed that when appended with 2'-ethylhexyl side 
chains, chromophore 1 is too insoluble to be processed from solution.29 
Lengthening the side chains to 2'-butyloctyl (1c) and 2'-hexyldecyl (1d) improved 
the solubility. However, concentrations of solutions based on 1c and 1d were 
limited to ≪ 1 mg/ml in a variety of organic solvents, which precludes using 
them for device fabrication. The introduction of α-branched side chains (1'-
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butyloctyl and 1'-hexyldecyl) notably increased the solubility of 1a and 1b. 
However, when solutions of 1a or 1b with a variety of OSC donor polymers 
were spin coated, 1a and 1b formed large crystallites. This poor layer 
morphology prevented the production of suitable photovoltaic devices. 

6.3. Conclusions 
Four DPP-based NFA molecules with terminal dicyanoindanones (1a-d) were 
synthesized with variations in their alkyl side chain length and side chain 
branching. In solution, 1a-d exhibit similar absorption and fluorescence spectra. 
The A'-D-A-D-A' structure leads to an absorption spectrum that extends into 
the near-infrared. In thin films, the absorption spectrum of 1a-d broadens. For 
the α-branched molecules, the absorption broadens up to 900 nm, and thermal 
annealing further shifts the onset to 1000 nm but also results in the increase of 
scattering by the film. As-cast films from the β-branched materials also absorb 
light up to 1000 nm. Thermal annealing has little to no effect on these films, 
other than to slightly affect the relative intensity of the peaks. The energy levels 
of the molecules are not strongly affected by the length of the side chains. The 
branching position influences the energy levels, yielding higher HOMO and a 
lower LUMO energies for 1a and 1b than for 1c and 1d. The molecules proved 
unsuitable for the construction of OSCs through solution processing due to 
limited solubility. 

6.4. Experimental section 
Chemicals were used as received. Dry solvents were obtained from a solvent 
purification system. 1H and 13C NMR spectra were recorded at respectively 400 
and 100 MHz on a Bruker Avance III spectrometer at 25 °C. Molecular weights 
of intermediates were determined using matrix assisted laser desorption 
ionization time-of-flight (MALDI-TOF) mass spectroscopy (Bruker Autoflex 
Speed spectrometer). 

UV-vis-NIR spectra were measured using a PerkinElmer Lambda 1050 
spectrophotometer equipped with a 3D WB PMT/InGaAs/PbS detector 
module. Absorption measurements on TA samples were proceeded at room 
temperature after the samples had been heated to the indicated temperatures for 
1 min. Photoluminescence spectra were recorded on an Edinburgh Instruments 
FLSP920 double-monochromator spectrophotometer equipped with a red 
sensitive photomultiplier (Hamamatsu R928P) operating at −20 °C in a Peltier 
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(air cooled) housing and a nitrogen cooled near-IR sensitive photomultiplier 
(Hamamatsu R5509-73) operating at −80 °C. 

Square wave voltammetry (SWV) was performed using an AutoLab PGSTAT 
12 under inert atmosphere. The electrolyte consisted of 0.1 M 
tetrabutylammonium hexafluorophosphate (TBAPF6) in acetonitrile. The dyes 
were applied as a thin film by dipping a flame-cleaned platinum wire electrode 
in a dye solution (2 mg/ml) at room temperature and allowing the solvent to 
evaporate. As counter electrode a silver rod was used and as quasi-reference 
electrode a freshly prepared silver chloride coated silver rod (Ag/AgCl). The 
measurements were referenced against the ferrocene/ferrocenium (Fc/Fc+) 
redox couple. The scan speed was 0.125 V/s, and the modulation amplitude 20 
mV at a frequency of 25 Hz.  

5-Dodecanol 

OH

 

Octanal (23.1 g, 0.18 mol) was dissolved in Et2O (200 ml, dry, SPS) under Ar 

and cooled to -78 °C. n-BuLi (2.5 M in hexanes, 72.7 ml) was added dropwise 
over the course of 2 h. The mixture was then stirred overnight, gradually 
reaching room temperature. The mixture was quenched carefully (H2O, 50 ml) 
and acidified (HCl, 1M, 10 ml). The organic layer was separated, washed (brine, 
150 ml), dried (MgSO4) and concentrated to afford the desired product as a pale-
yellow oil (29.5 g, 0.158 mol, 88.0%). 1H-NMR (400 MHz, CDCl3): δ 3.58 (1H, 
m, CH-OH), 1.17-1.67 (18H, m, -CH2-), 0.84-0.94 (6H, m, -CH3). 13C-NMR (100 
MHz, CDCl3): δ 71.99 (C-OH), 37.48 (C-C-OH), 37.16 (C-C-OH), 31.84, 29.69, 
29.30, 27.85, 25.67, 22.77, 22.65, 14.06 (-CH3), 14.05 (-CH3).  

5-Bromododecane 

 

5-Dodecanol (29.3 g, 0.157 mol) was dissolved in dichloromethane (100 ml) at 
0 °C under Ar in the dark. PPh3 (45.37 g, 0.173 mol) was added portion wise 
over the course of 2 h. After complete addition, the mixture was stirred for 2 h. 
Then, NBS (28.0 g, 0.157 mol) was added portion wise over the course of 1.5 h. 
The solution was stirred overnight, gradually reaching room temperature. The 
mixture was filtered, and the filtrate washed (H2O, 3 × 50 ml). The organic phase 
was concentrated and loaded onto Celite®. Pentane was used to flush, which 



Chapter 6 

168 

was concentrated to afford the product as a pale-yellow oil (31.5 g, 0.134 mol, 
85.3%). 1H-NMR (400 MHz, CDCl3): δ 4.02 (1H, m, -CH-Br-), 1.75-1.86 (4H, 
m, -CH2-CHBr-), 1.18-1.44 (14H, m, -CH2-), 0.84-0.94 (6H, m, -CH3). 

2,5-di(dodecan-5-yl)-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-
c]pyrrole-1,4-dione (3a) 

 

3,6-Di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (9.3 g, 31.0 
mmol), K2CO3 (12.8 g, 92.6 mmol, dry) and 18-crown-6 (300 µl) were mixed in 
DMF (125 ml, dry) under Ar and heated to 130 °C. 5-Bromododecane (23.0 g, 
92.3 mmol) was added and the mixture stirred overnight. The mixture was 
allowed to cool to room temperature and extracted with heptane until colorless 
washings were obtained (total of 1000 ml). The combined heptane washings 
were concentrated in vacuo, the concentrate diluted (dioxane, 20 ml; HCl(aq, conc), 
1 ml; H2O, 2 ml) and the mixture was stirred at reflux temperature under Ar for 
2.5 h. The mixture was cooled to room temperature and washed (H2O, 2 × 50 
ml) and flushed over a silica plug (heptane). The organic phase was concentrated 
and purified using column chromatography (EtOAc/heptane 0:1 to 1:19) to 
afford the crude product (740 mg, 1.16 mmol, 3.7%). Recrystallization (EtOH 
+ 2% PhMe) yielded the isolated product as red crystals (176 mg, 0.28 mmol, 
0.9%). 1H-NMR (400 MHz, CDCl3): δ 8.41 (2H, s, Ar-H), 7.59 (2H, d, J = 7.9 
Hz, Ar-H), 7.24 (2H, t, J = 4.7 Hz, Ar-H), 4.36 (2H, p, J = 7.0 Hz, N-CH-), 2.27 
(2H, s, -N-CH-CH2-), 1.81 (2H, s, -N-CH-CH2-), 1.11-1.38 (28H, m, -CH2-), 
0.79-0.89 (12H, m, -CH3). 13C-NMR (100 MHz, CDCl3): δ 162.22, 134.37, 
130.13, 129.14, 128.18, 77.23, 57.95, 32.76, 31.80, 29.46, 29.17, 26.95, 22.65, 
22.60, 14.09, 14.05. MALDI-TOF-MS (DCTB): calculated m/z 636.38; found 
m/z 636.37. 

5,5'-(2,5-di(dodecan-5-yl)-3,6-dioxo-2,3,5,6-tetrahydropyrrolo[3,4-
c]pyrrole-1,4-diyl)bis(thiophene-2-carbaldehyde) (4a) 
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2,5-Di(dodecan-5-yl)-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-
1,4-dione (564 mg, 0.89 mmol) was dissolved in THF (20 ml, dry, SPS) and DMF 
(dry, 0.41 ml) under Ar. The solution was cooled to -78 °C and LDA (2 M in 
THF, 1.77 ml) was added dropwise. The mixture was stirred for 1.5 h when it 
was quenched (HCl(aq, 0.1 M), 10 ml). The mixture was then allowed to reach room 
temperature. The mixture was extracted with Et2O (2 × 25 ml). The combined 
organic phases were washed (H2O; 25 ml, brine; 25 ml) and column 
chromatography (EtOAc/heptane 1:7) was used to purify to afford the product 
as a powder (65 mg, 0.09 mmol, 10.6%). 1H-NMR (400 MHz, CDCl3): δ 10.02 
(2H, s, -CHO), 8.65 (2H, s, Ar-H), 7.86 (2H, d, J = 4.1 Hz, Ar-H), 4.38 (2H, s, 
N-CH-), 2.29 (2H, s, N-CH-CH2-), 1.81 (2H, s, N-CH-CH2-), 1.09-1.39 (28H, 
m, -CH2-), 0.81-0.92 (12H, m, -CH3). 13C-NMR (100 MHz, CDCl3): δ 182.85, 
146.25, 135.92, 77.22, 39.40, 39.10, 31.78, 29.83, 29.45, 29.19, 29.15, 26.96, 
25.78, 23.60, 22.64, 22.58, 14.08, 14.06, 14.01, 13.99 MALDI-TOF-MS (DCTB): 
calculated m/z 692.37; found m/z 692.38. 

 2,2'-((2Z,2'Z)-(((2,5-di(dodecan-5-yl)-3,6-dioxo-2,3,5,6-
tetrahydropyrrolo[3,4-c]pyrrole-1,4-diyl)bis(thiophene-5,2-
diyl))bis(methaneylylidene))bis(3-oxo-2,3-dihydro-1H-indene-2,1-
diylidene))dimalononitrile (1a) 

 

5,5'-(2,5-Di(dodecan-5-yl)-3,6-dioxo-2,3,5,6-tetrahydropyrrolo[3,4-c]pyrrole-
1,4-diyl)bis(thiophene-2-carbaldehyde) (65 mg, 0.09 mmol) and 2-(3-oxo-2,3-
dihydro-1H-inden-1-ylidene)malononitrile (76 mg, 0.39 mmol) were combined 
in CHCl3 (5 ml) and pyridine (160 µl) at room temperature under Ar. The 
mixture was sealed and heated overnight under stirring to 60 °C. The mixture 
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was poured out into MeOH (200 ml) and the residue filtered off. The residue 
was redissolved in CHCl3 and reprecipitated to yield the product as a dark green 
solid (13 mg, 0.01 mmol, 13.2%). 1H-NMR (400 MHz, CDCl3): δ 8.88 (2H, s, 
=CH-), 8.79 (2H, s, Ar-H), 8.74 (2H, d, J = 7.6 Hz, Ph-H), 7.97 (2H, d, J = 7.2 
Hz, Ph-H), 7.93 (2H, d, J = 4.3 Hz, Ar-H), 7.83 (2H, t, J = 7.4 Hz, Ph-H), 7.79 
(2H, t, J = 7.4 Hz, Ph-H), 4.59 (2H, p, J = 6.0 Hz, N-CH-), 2.36 (4H, s, N-CH-
CH2-), 1.94 (4H, s, N-CH-CH2-), 1.15-1.46 (28H, m, -CH2-), 0.91 (6H, t, J = 6.8 
Hz, -CH3), 0.82 (6H, t, J = 6.6 Hz, -CH3). 13C-NMR (100 MHz, CDCl3): δ 187.67, 
143.67, 140.97, 140.04, 137.01, 135.70, 134.94, 125.55, 125.52, 124.27, 77.22, 
71.69, 31.79, 29.49, 29.28, 29.21, 27.07, 22.72, 22.62, 14.10. MALDI-TOF-MS 
(DCTB): calculated m/z 1044.44; found m/z 1044.45. 

7-Hexadecanol 

 

Magnesium turnings (8.44 g, 347 mmol) were put under Ar together with a 
crystal of iodine. Dry diethyl ether (30 ml) was added together with 1-
bromohexane (4.24 g, 25.7 mmol). Another portion of dry diethyl ether (120 ml) 
was added, followed by the dropwise addition of 1-bromohexane (66.6 g, 404 
mmol) in dry diethyl ether (40 ml) over the course of 2 h. The solution was 
heated to 50 °C and decanal (43.2 g, 276 mmol) was added over the course of 
2.5 h. The mixture was allowed to cool to room temperature and carefully 
quenched with ice water (100 ml). The mixture was acidified (HCl, conc, aq) and 
the organic phase dried (Na2SO4) and concentrated to afford a white waxy 
substance (54 g, 223 mmol, 80.9%). 1H-NMR (400 MHz, CDCl3): δ 3.58 (m, 1H, 
-CH-OH), 1.42 (m, 4H, -CH2-CH-OH), 1.29 (m, 22H, -CH2-), 0.88 (t, J = 6.5 
Hz, 6H, -CH3).  

7-Bromohexadecane 

 

7-Hexadecanol (1) (54 g, 223 mmol) was dissolved in dichloromethane (300 ml) 
under Ar at 0 °C. Triphenylphosphine (PPh3) (64.3 g, 1.1 eq., 245 mmol) was 
added portion wise. The mixture was stirred for 30 min. when N-
bromosuccinimide (NBS) (39.7 g, 223 mmol, 1.0 eq.) was added in small 
portions over 1 h whilst the mixture was kept at 0 °C. The mixture was then 
stirred overnight and washed (H2O, 3 × 200 ml), dried (Na2SO4), and 
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concentrated. Hexane was added to induce precipitation of PPh3 and formed 
triphenylphosphine oxide. The brown organic phase was run through a silica 
plug with hexane to yield the product as a mixture with unreacted 1-
bromohexane (roughly 4:1) (60.7 g, 198.8 mmol, ≈ 90%). 1H-NMR (400 MHz, 
CDCl3): δ 4.02 (ddd, J = 5.3; 7.8; 13.0 Hz, -CH-Br), 1.81 (m, 4H, -CH2-CH-Br), 
1.28 (m, 22H, -CH2-), 0.88 (t, 6H, J = 6.7 Hz, -CH3).  

2,5-Di(hexadecan-7-yl)-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-
c]pyrrole-1,4-dione (3b) 

 

3,6-Di(thiophen-2-yl)-2,5-dihydropyrrolo-[3,4-c]pyrrole-1,4-dione (3) (10 g, 33.3 
mmol) and K2CO3 (13.8 g, 100 mmol, 3.0 eq, dried) were combined in N,N-
dimethylformamide (DMF) (130 ml) under Ar at 130 °C. 7-Bromohexadecane 
(2) (30 g, 100 mmol, 3.0 eq) was added over the course of 0.5 h and the mixture 
stirred for 4 h. The mixture was cooled to room temperature and extracted with 
heptane (3 × 250 ml). The DMF phase was reheated to 130 °C under Ar when 
another aliquot of 7-bromohexadecane (30 g, 100 mmol, 3.0 eq) was added and 
the mixture was stirred overnight. The reaction mixture was once again cooled 
to room temperature and extracted (heptane, 3 × 250 ml). The heptane fractions 
were combined and concentrated and the concentrate diluted with 1,4-dioxane 
(120 ml), H2O (5 ml) and HCl (aq, conc, 2 ml). The mixture was heated to reflux 
for 1 h under argon. The organic phase was washed (H2O, brine), dried 
(Na2SO4), and concentrated. The concentrate was purified using column 
chromatography (ethyl acetate/heptane 0:1 to 1:0) to allow for the 
recrystallization (ethanol) of the desired product as a highly luminescent orange 
powder (532 mg, 0.71 mmol, 2.1%). 1H-NMR (400 MHz, CDCl3): δ 8.40 (s, 2H, 
Ar-H), 7.59 (d, J = 5.0 Hz, 2H, Ar-H), 7.24 (t, J = 4.5 Hz, 2H, Ar-H), 4.35 (qui, 
J = 7.0 Hz, 2H, N-CH-), 2.27 (s, 4H, N-CH-CH2-), 1.80 (s, 4H, N-CH-CH2-), 
1.22 (m, 22H, -CH2-), 0.85 (m, 12H, -CH3). 13C-NMR (100 MHz, CDCl3): δ 
162.21, 134.34, 130.10, 129.12, 128.15, 77.21, 57.90, 32.80, 31.87, 31.72, 29.55, 
29.51, 29.26, 29.17, 26.95, 26.92, 22.67, 22.60, 14.10, 14.04 MALDI-TOF-MS 
(DCTB): calculated m/z 748.50; found m/z 748.53. 
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5,5'-(2,5-di(hexadecan-7-yl)-3,6-dioxo-2,3,5,6-tetrahydropyrrolo[3,4-
c]pyrrole-1,4-diyl)bis(thiophene-2-carbaldehyde) (4b) 

 

2,5-Di(hexadecan-7-yl)-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-
1,4-dione (200 mg, 0.27 mmol) was dissolved in THF (8 ml, dry, SPS) under Ar 
and DMF (0.08 ml) was added. The mixture was cooled to -78°C and LDA (2M 
in THF, 0.67 ml) was added dropwise under vigorous stirring. After complete 
addition over 30 min, the mixture was stirred for another 1.5 h at -78°C. After 
quenching (H2O, 1 ml), the mixture was heated to room temperature, extracted 
(CHCl3; 3 × 5 ml) and the organic phases combined and washed (brine; 10 ml). 
The product was isolated through column chromatography (EtOAc/heptane 
1:19) to afford the desired product as a purple powder (53 mg, 6.6 mmol, 24.7%). 
1H-NMR (400 MHz, CDCl3): δ 10.01 (2H, s, -CHO), 8.64 (2H, s, Ar-H), 7.86 
(2H, d, J = 4.1 Hz, Ar-H), 4.38 (2H, p, J = 6.4 Hz, N-CH-), 2.27 (4H, s, N-CH-
CH2-), 1.81 (4H, s, N-CH-CH2-), 1.01-1.44 (44H, m, -CH2-), 0.85 (6H, t, J = 6.7 
Hz, -CH3), 0.83 (6H, t, J = 6.7 Hz, -CH3). 13C-NMR (100 MHz, CDCl3): δ 182.80, 
161.72, 146.25, 135.88, 58.86, 77.22, 58.85, 32.85, 31.85, 31.67, 29.54, 29.51, 
29.47, 29.24, 29.18, 26.98, 26.95, 22.65, 22.60, 14.09, 14.01. MALDI-TOF-MS 
(DCTB): calculated m/z 804.49; found m/z 804.52. 

2,2'-((2Z,2'Z)-(((2,5-di(hexadecan-7-yl)-3,6-dioxo-2,3,5,6-
tetrahydropyrrolo[3,4-c]pyrrole-1,4-diyl)bis(thiophene-5,2-
diyl))bis(methaneylylidene))bis(3-oxo-2,3-dihydro-1H-indene-2,1-
diylidene))dimalononitrile (1b) 
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5,5'-(2,5-Di(hexadecan-7-yl)-3,6-dioxo-2,3,5,6-tetrahydropyrrolo[3,4-c]pyrrole-
1,4-diyl)bis(thiophene-2-carbaldehyde) (50 mg, 0.06 mmol) and 2-(3-oxo-2,3-
dihydro-1H-inden-1-ylidene)malononitrile (72 mg, 0.37 mmol) were combined 
in CHCl3 (5 ml) and pyridine (150 µl) at room temperature under Ar. The 
mixture was sealed and heated overnight under stirring to 60 °C. The mixture 
was poured out into MeOH (200 ml) and the residue filtered off. The residue 
was redissolved in CHCl3 and reprecipitated to yield the product as a dark green 
solid (43 mg, 0.04 mmol, 59.8%). 1H-NMR (400 MHz, CDCl3): δ 8.88 (2H, s, 
=CH-), 8.79 (2H, d, J = 4.2 Hz, Ar-H), 8.74 (2H, d, J = 7.7 Hz, Ph-H), 7.97 (2H, 
d, J = 7.2 Hz, Ph-H), 7.93 (2H, J = 4.3 Hz, Ar-H), 7.83 (2H, t, J = 7.1 Hz, Ph-
H), 7.79 (2H, t, J = 7.2 Hz, Ph-H), 4.59 (2H, p, J = 6.7 Hz, N-CH-), 2.36 (4H, 
s, N-CH-CH2-), 1.93 (4H, s, N-CH-CH2-), 1.01-1.52 (44H, m, -CH2-), 0.83 (6H, 
t, J = 7.0 Hz, -CH3), 0.82 (6H, t, J = 7.0 Hz, -CH3). 13C-NMR (100 MHz, CDCl3): 
δ 187.67, 161.86, 159.75, 143.68, 140.96, 140.03, 137.01, 136.11, 135.68, 135.59, 
134.92, 125.87, 125.56, 124.27, 113.97, 77.22, 71.69, 59.46, 32.92, 31.90, 31.75, 
29.57, 29.55, 29.32, 29.20, 27.07, 27.04, 22.68, 22.58, 14.10, 14.08. MALDI-
TOF-MS (DCTB): calculated m/z 1156.57; found m/z 1156.58. 

5,5'-(2,5-bis(2-butyloctyl)-3,6-dioxo-2,3,5,6-tetrahydropyrrolo[3,4-
c]pyrrole-1,4-diyl)bis(thiophene-2-carbaldehyde) (4c) 

 

2,5-Bis(2-butyloctyl)-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-
dione (50 mg, 0.08 mmol) and DMF (23.5 µl) were dissolved in THF (dry, SPS, 
2 ml) under Ar. The mixture was cooled to -78 °C when LDA (2 M, 0.2 ml) was 
added drop wise. After having stirred at -78 °C for 30 min., another LDA aliquot 
(2 M, 0.04 ml) was added and the stirring continued for another 30 min. The 
mixture was heated to room temperature, washed (brine, 10 ml) and the organic 
phase dried (MgSO4) and concentrated. The crude product was purified using 
column chromatography (EtOAc/heptane 1:6) to afford the desired product as 
a solid (23 mg, 0.03 mmol, 45.0%). 1H-NMR (400 MHz, CDCl3): δ 10.03 (2H, s, 
CHO), 9.01 (2H, d, J = 4.2 Hz, Ar-H), 7.88 (2H, d, J = 4.2 Hz, Ar-H), 4.05 (4H, 
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d, J = 7.7 Hz, N-CH2-), 1.87 (2H, s, -CH-) 1.02-1.39 (32H, m, -CH2-), 0.79-0.88 
(12H, m, -CH3) 13C-NMR (100 MHz, CDCl3): δ 182.90, 161.53, 146.67, 140.74, 
136.90, 136.18, 136.10, 110.87, 77.36, 45.64, 38.07, 31.86, 31.21, 30.93, 29,76, 
28.46, 26.23, 23.15, 22.75, 14.21, 14.13. MALDI-TOF-MS (DCTB): calculated 
m/z 692.37; found m/z 692.36. 

 2,2'-((2Z,2'Z)-(((2,5-bis(2-butyloctyl)-3,6-dioxo-2,3,5,6-
tetrahydropyrrolo[3,4-c]pyrrole-1,4-diyl)bis(thiophene-5,2-
diyl))bis(methaneylylidene))bis(3-oxo-2,3-dihydro-1H-indene-2,1-
diylidene))dimalononitrile (1c) 

S

O

CN
NCN

N

O

O

S

O

CN
NC

 

5,5'-(2,5-Bis(2-butyloctyl)-3,6-dioxo-2,3,5,6-tetrahydropyrrolo[3,4-c]pyrrole-1,4-
diyl)bis(thiophene-2-carbaldehyde) (42 mg, 0.06 mmol) and 2-(3-oxo-2,3-
dihydro-1H-inden-1-ylidene)malononitrile (70 mg, 0.36 mmol) were combined 
in CHCl3 (4 ml) and pyridine (100 µl) at room temperature under Ar. The 
mixture was sealed and heated overnight under stirring to 60 °C. The mixture 
was poured out into MeOH (200 ml) and the residue filtered off (30 mg, 0.03 
mmol, 47.8%). 1H-NMR (400 MHz, CDCl3): δ 9.22 (2H, d, J = 4.5 Hz, Ar-H), 
8.90 (2H, s, =CH-), 8.72 (2H, d, J = 7.4 Hz, Ph-H), 7.96 (2H, d, J = 7.0 Hz, Ph-
H), 7.90 (2H, d, J = 4.3 Hz, Ar-H), 7.83 (2H, t, J = 7.3 Hz, Ph-H), 7.79 (2H, t, J 
= 7.3 Hz, Ph-H), 4.23 (4H, d, J = 7.8 Hz, N-CH2-), 2.01 (2H, s, -CH-), 1.17-1.47 
(32H, m, -CH2-), 0.87 (6H, t, J = 6.8 Hz, -CH3), 0.81 (6H, t, J = 6.8 Hz, -CH3). 
Material too insoluble for 13C-NMR. MALDI-TOF-MS (DCTB): calculated m/z 
1044.44; found m/z 1044.38. 

5,5'-(2,5-bis(2-hexyldecyl)-3,6-dioxo-2,3,5,6-tetrahydropyrrolo[3,4-
c]pyrrole-1,4-diyl)bis(thiophene-2-carbaldehyde) (4d) 
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2,5-bis(2-hexyldecyl)-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-
dione (1.00 gr, 1.33 mmol) and DMF (0.62 ml) were dissolved in THF (dry, SPS, 
40 ml) under Ar. The mixture was cooled to -78 °C when LDA (2 M, 2.66 ml) 
was added drop wise. After having stirred at -78 °C for 30 min., another LDA 
aliquot (2 M, 0.12 ml) was added and the stirring continued for another 30 min. 
The mixture was quenched at -78 °C (H2O, 50 ml), heated up to room 
temperature and the organic phase separated, the aqueous phase extracted (3 × 
25 ml CHCl3), the combined organic phases dried (MgSO4) and concentrated. 
The crude product was purified using column chromatography 
(EtOAc/heptane 1:7) to afford the desired product as a solid (328 mg, 0.41 
mmol, 30.6%). 1H-NMR (400 MHz, CDCl3): δ 9.95 (2H, s, CHO), 8.95 (2H, d, 
J = 4.2 Hz, Ar-H), 7.79 (2H, d, J = 4.2 Hz, Ar-H), 3.97 (4h, d, J = 7.7 Hz, N-
CH2-), 1.80 (2H, s, -CH-), 0.98-1.33 (48H, m, -CH2-), 0.69-0.85 (12H, m, -CH3). 
13C-NMR (100 MHz, CDCl3): δ 182.83, 161.46, 146.65, 140.69, 136.86, 136.18, 
136.03, 110.95, 77.36, 46.62, 38.06, 31.98, 31.84, 31.20, 30.08, 29.74, 29.58, 
29.39, 26.23, 26.20, 22.78, 22.73, 14.23, 14.19. MALDI-TOF-MS (DCTB): 
calculated m/z 804.49; found m/z 804.52. 
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2,2'-((2Z,2'Z)-(((2,5-bis(2-hexyldecyl)-3,6-dioxo-2,3,5,6-
tetrahydropyrrolo[3,4-c]pyrrole-1,4-diyl)bis(thiophene-5,2-
diyl))bis(methaneylylidene))bis(3-oxo-2,3-dihydro-1H-indene-2,1-
diylidene))dimalononitrile (1d) 
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5,5'-(2,5-Bis(2-hexyldecyl)-3,6-dioxo-2,3,5,6-tetrahydropyrrolo-[3,4-c]pyrrole-
1,4-diyl)bis(thiophene-2-carbaldehyde) (75 mg, 0.09 mmol) and 2-(3-oxo-2,3-
dihydro-1H-inden-1-ylidene)malononitrile (72 mg, 0.37 mmol) were combined 
in CHCl3 (5 ml) and pyridine (180 µl) at room temperature under Ar. The 
mixture was sealed and heated overnight under stirring to 70 °C. The mixture 
was poured out into MeOH (200 ml) and the residue filtered off. The residue 
was redissolved in CHCl3 and reprecipitated to yield the product as a dark green 
solid (72 mg, 0.06 mmol, 66.9%). 1H-NMR (400 MHz, CDCl3): δ 9.22 (2H, d, J 
= 4.4 Hz, Ar-H), 8.91 (2H, s, =CH-), 8.74 (2H, d, J = 7.7 Hz, Ph-H), 7.96 (2H, 
d, J = 7.1 Hz, Ph-H), 7.91 (2H, d, J = 4.0 Hz, Ar-H), 7.75-7.86 (4H, m, Ph-H), 
4.24 (4H, d, J = 7.8 Hz, N-CH2-), 2.00 (2H, s, -CH-), 1.08-1.46 (48H, m, -CH2-
), 0.82 (6H, t, J = 6.6 Hz, -CH3), 0.81 (6H, t, J = 6.6 Hz, -CH3). Material too 
insoluble for 13C-NMR. MALDI-TOF-MS (DCTB): calculated m/z 1156.57; 
found m/z 1156.56.   
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Optimization of α-branched DPP alkylation 
 

Abstract 

Throughout this thesis, several chapters can be found in which α-branched alkyl 
chains are appended to the diketopyrrolopyrrole (DPP) core. The yields 
obtained for the alkylation using a secondary bromoalkane are ostensibly low at 
0.3-3.8%. Increasing the effectiveness of the synthesis of α-branched DPP 
derivatives would tremendously improve their viability as organic solar cell 
chromophore segments. The optimization of the alkylation reaction using a 
secondary bromoalkane is discussed as well as several alternative synthesis 
pathways.  
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This thesis features several reactions that involve alkylation of 
diketopyrrolopyrrole with secondary bromoalkanes. The yield for the alkylation 
reactions is markedly lower using a secondary compared to a primary 
bromoalkene. Under the conditions that provide 40-70% yield using 2'-branched 
primary bromoalkanes, alkylation yields were only 2-4% when using secondary 
bromoalkanes. This can be explained by the secondary bromoalkane being 
sterically more congested around its reaction center (Figure 1) which hinders the 
substitution reaction. 

 
Figure 1: chemical structures for secondary and primary bromoalkanes and elimination reactions for 
secondary (top) and primary (middle and bottom) bromoalkenes. 

This steric hindrance is expected to lead to a lower reaction yield for the 
alkylation reaction. As the alkylation rate drops, the likelihood of side reactions 
increases. One major possible side reaction is elimination of HBr from the 
bromoalkane, initiated through the base or nucleophile present in the reaction 
mixture. For alkylation reactions with relatively short secondary bromoalkanes, 
the immediate generation of white fumes was observed upon addition of the 
bromoalkanes at 140 °C. Reactions with longer secondary bromoalkanes allowed 
for the isolation of the elimination products. In the reaction with 11-
bromotetracosane, tetracosenes are generated as evidenced by NMR.  

Another side reaction is the reaction that forms O-alkylated DPP (Figure 2). 
Whereas N-alkylation only slightly affects the optoelectronic properties of the 
DPP-core, O-alkylation severely alters the optoelectronic. In DPP alkylation 
with 3-(bromomethyl)heptane (EH-Br) using dimethylformamide (DMF) as the 
solvent and K2CO3 as the base in a reaction at 130 °C, the higher steric 
congestion around the nitrogen of the DPP leads to a product ratio of 
2.14:1:0.15 between N-,N-, N-,O-, and O-,O-alkylated DPP.1 The relative 
reaction rates between O-alkylation and N-alkylation that can be derived from 
this, are 1:4.28. The nature of the bromoalkane, base, solvent and temperature 
all have an effect on the relative reaction rate.2  
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Figure 2: Synthetic pathway depicting the alkylation of DPP leading to either N-alkylated (left) or O-
alkylated DPP (right).  

With this knowledge, we attempted to optimize the reaction conditions to favor 
the formation of N-,N-alkylated α-branched DPP. As a baseline the conditions 
were used in which the secondary bromoalkane was reacted with oven-dried 
K2CO3 and DPP in a molar ratio of 3 : 3 : 1 in DMF under argon (Table 1, entry 
1). The bromoalkane was added dropwise once the mixture of other materials 
had reached a temperature of 130 °C. The mixture was then stirred at 130 °C 
overnight. With 5-bromododecane this procedure gave the N-,N-dialkylated 
DPP in a yield of 3.8%.  

In order to improve the reaction yield for α-branched alkylation of DPP, several 
experiments were carried out. It was rationalized that with less reactive 
bromoalkanes, at high temperatures, the competing elimination reactions might 
be more significant. As a result, possibly more secondary bromoalkane should 
be used for the reaction to account for the in-situ degradation through 
elimination. Yet, when higher relative amounts of both secondary bromoalkane 
and K2CO3 were used (Table 1, entry 2) in portion wise additions the result was 
a yield of just 2.4%). 

To test the effect of temperature, a reaction was done with the 3 : 3 : 1 molar 
ratio of bromoalkene, K2CO3, and DPP at 80 °C instead of at 130 °C. To account 
for general lower reaction rates, the reaction was continued for 7 days. These 
conditions afforded the product in a low 0.7% yield (Table 1, entry 3). As a third 
experiment, a trial was done at 100 °C, with a constant feed of new bromoalkane 
in large excess into the reaction mixture to account for the loss of bromoalkane 
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through elimination. This reaction gave an even lower yield of only 0.3% (Table 
1, entry 4). 

In a final attempt, a reaction was proceeded as usual, yet after a full day of 
reaction at 140 °C, the product was extracted out of the reaction mixture 
together with leftover secondary bromoalkane and generated alkenes using 
heptane. Thereafter, a new aliquot of secondary bromoalkane was added to the 
reaction mixture and the reaction mixture stirred overnight another time at 140 
°C. This procedure afforded two product-containing organic phases, yet the 
phase generated in the second reaction contained significantly less product. 
Combined, the overall reaction yield was still only 3.8% (Table 1, entry 5). On a 
positive note, our explorations eased up the reaction work up by uncovering the 
possibility of product extraction from the crude DMF reaction mixture with 
heptane.  

entry DPP  K2CO3  Br-R T (°C) time (h) yield (%) 
1 1 3 31,2,3 130 18 1.71/2.13/3.82 

2 1 20 202 130 18 2.4 
3 1 3 34 80 168 0.7 
4 1 4 501 100 18 0.3 
5 1 3 4+21 140 18+18 3.8 

Table 1: molar ratios in and reaction conditions tested in the optimization of α-branched alkylation of 
DPP. Yield indicates isolated reaction yields for N-,N-alkylated DPP. aUsed bromoalkanes as follows: 13-
bromopentane, 25-bromododecane, 37-bromohexadecane, 44-bromoheptane 

Alternative reaction routes were also explored. The more alkaline NaH allowed 
for the generation of a purple to blueish mixture whose color could originate 
from the DPP double anion, yet this species did not react more preferentially 
with the used secondary bromoalkane to yield more product. Using the 
equivalent alcohols instead of bromoalkanes under Mitsunobu conditions 
((cyanomethylene)tributylphosphorane (CMBP), R-OH, DMF, 120 °C, argon), 
1a with 2'-branched side chains was found to be formed in minute quantities 
(Figure 3). However, the same reaction conditions yet with pentan-3-ol as the 
reactive alcohol did not demonstrate any N,N-alkylated product formation. 
Possibly, the low reaction yield is due to the high pKa of the DPP nitrogen of 
around 11.8.3 With some exceptions, Mitsunobu reactions only proceed 
smoothly if the pKa of the pronucleophile is lower than 11.4–6 The limited success 
of the Mitsunobu reaction for DPP alkylation is therefore not peculiar. 
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Figure 3: tested Mitsunobu conditions for the synthesis of α- and 2'-branched DPPs. 

The alkylation via a nucleophilic substitution with a secondary bromoalkane can 
possibly be circumvented when using the route depicted in Figure 4. The use of 
3,6-di(thiophen-2-yl)-1H,4H-furo[3,4-c]furan-1,4-dione (T-DFF, h) instead of 
DPP would allow for a transposition in the reaction, where the T-DFF acts as 
the electrophile and a primary amine can be used as a the nucleophile (Figure 4). 
Literature work shows that this procedure works with 3,6-diphenyl-1H,4H-
furo[3,4-c]furan-1,4-dione (Ph-DFF) which bears phenyl rings instead of 
thiophene rings.7 In the report, it allows for the synthesis of DPPs with anthryl 
or t-butylphenyl rings directly attached to the nitrogen of the DPP. 

 
Figure 4: synthetic procedure to afford α-branched DPPs through condensation with T-DFF. 

Our endeavors terminated however with the inability to form T-DFF (h in 
Figure 4). Attempted formation of T-DFF using the conditions for preparing 
Ph-DFF (300 °C under vacuum) resulted in a melt of the diester starting material, 
but no product was formed even under extended reaction times (≈ 18 h). 

A last option that was considered, was a two-step alkylation pathway (Figure 5). 
In this procedure, an initial alkylation of DPP is proceeded with bromoform 
(CHBr3). The use of a primary bromoalkane could allow for the reaction to be 



Appendix A   

186 

done at a lower temperature.2 However, being significantly bulkier than 
hydrogen atoms, bromines sterically congest the reaction center possibly even 
more. The low reaction rate for alkylation of DPP with secondary bromoalkanes 
should mean that further reaction of n with unreacted DPP will not happen. 
Then, the obtained secondary bromoalkane should be susceptible to react with 
an alkyllithium reagent. Ideally, this would allow for a straightforward procedure 
to obtain α-branched materials with side chains of equal length. Provided that 
the DPP core itself does not undergo any side reactions with the alkyllithium 
reagent under the used reaction conditions, the desired molecules might be 
afforded in this way in high reaction yields. Unfortunately, our attempts only 
allowed for reaction yields in the order of a few tenths of a percent.  

 
Figure 5: two-step alkylation of DPP to afford α-branched DPP. 
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Samenvatting 

Onconventionele Chromoforen voor Organische 
Zonnecellen 

Met rendementen van bijna 20% benaderen organische zonnecellen de efficiënte 
andere opkomende zonneceltechnologieën. Er wordt nog steeds vooruitgang 
geboekt in het celontwerp en in de organische chromoforen die als halfgeleider 
toegepast worden. Vaak beloven de minst conventionele routes het grootste 
effect. Dit proefschrift beschrijft onderzoek naar alternatieve en minder 
conventionele chromoforen voor organische zonnecellen. 

Na een algemene inleiding in organische zonnecellen in hoofdstuk één, 
beschrijven hoofdstukken twee en drie de ontwikkeling van een eerste voorbeeld 
van een fotochrome organische zonnecel met een bulk-heterojunctiestructuur. 
Uiteindelijk zou dit kunnen leiden tot een zonnecel die toegepast kan worden als 
een intelligent raam. Het raam zou dan in de ochtend kleurloos zijn, en – onder 
invloed van zonlicht – verkleuren gedurende de dag. In de vroege avond, 
wanneer de lichtintensiteit lager wordt en het raam weer meer licht moet 
doorlaten, zou dit raam ontkleuren en terugkeren naar de beginstatus. De 
verkleuring van een dergelijk raam gedurende belichting met hoge lichtintensiteit 
zou de noodzaak voor zonnewering verlagen en tegelijkertijd de geabsorbeerde 
zonne-energie kunnen omzetten in elektriciteit. 

Hoofdstuk twee focust op de ontwikkeling van een fotochrome zonnecel die 
onder invloed van licht van kleur verandert op basis van spiropyraan- en 
chromeenkleurstoffen. Deze commercieel beschikbare fotochrome kleurstoffen 
ondergaan gemakkelijk fotogeïnduceerde cycloreversie- en cyclisatiereacties naar 
respectievelijk gekleurde en ongekleurde isomeren. Het gekleurde isomeer is 
thermisch minder stabiel waardoor deze spontaan terug kan keren naar een 
ongekleurde vorm. De fotochromiciteit van deze kleurstoffen werkt het best in 
oplossing waar de moleculen een hoge beweeglijkheid hebben. Maar ook in 
bepaalde vaste gastheermaterialen blijft de fotochromie behouden. Fotochrome 
zonnebrillen of ramen bevatten bijvoorbeeld meestal 0.5-1% van de fotochrome 
kleurstof verdeeld in een polymeermatrix. 

Bij gebruik van de kleurstof als sensibilisator in een bulk-heterojunctie van zwak-
absorberende donor en acceptor materialen bleven de fotochromiciteit en 
reversibiliteit van de kleurstof tot op zekere hoogte behouden. Echter, de 
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conversie van de kleurloze in gekleurde isomeren gaf geen bijdrage aan de 
fotovoltaïsche energieconversie. Om de reden hiervoor te achterhalen zijn 
minimale hoeveelheden (1-2%) van de fotochrome kleurstof geïncorporeerd in 
de zonnecellen. Ofschoon kleine hoeveelheden van ongekleurde isomeren geen 
significant effect had op de werking van de zonnecellen, had gedeeltelijke 
omzetting naar de gekleurde isomeren een sterk nadelig effect. De initiële 
werking van de zonnecellen herstelde echter nagenoeg volledig met de tijd in het 
donker. Dit resultaat geeft aan dat de verlaagde werking al veroorzaakt wordt 
door kleine hoeveelheden gekleurde isomeren. De hypothese is dat de gekleurde 
isomeren een energieniveau hebben dat aanleiding geeft tot ladingsrecombinatie 
in plaats van ladingscollectie. 

Ondanks het gegeven dat het onderzoek beschreven in hoofdstuk twee geen 
zonnecellen met het beoogde gedrag opleverde, gaf het aanleiding te denken dat 
diaryletheenkleurstoffen meer geschikt zouden zijn voor fotochrome organische 
zonnecellen. Diaryletheenkleurstoffen behouden hun fotoschakelbaarheid in de 
meeste vaste matrices beter vanwege de beperkte moleculaire reorganisatie 
benodigd voor de fotoreactie. Dit verlaagt de invloed van de matrix waarin de 
fotochromen verwerkt is. Daarnaast vereenvoudigt de hogere thermische 
stabiliteit van de ongekleurde en de gekleurde isomeren de analyse van de 
materialen en de daaruit afgeleide zonnecellen. De mogelijkheid om thermisch 
terug te keren naar de ongekleurde toestand gaat echter verloren.  

Hoofdstuk drie beschrijft het gebruik van drie diaryletheenkleurstoffen in de 
foto-actieve laag van een organische zonnecel en toont aan dat het concept van 
een fotochrome bulk-heterojunctie organische zonnecel te verwezenlijken is. 
Van de drie kleurstoffen die getest zijn, was er één waarvan het gekleurde 
isomeer duidelijk bijdroeg aan het externe kwantumrendement van de zonnecel. 
Dit is een eerste voorbeeld van een fotochrome organische zonnecel met een 
bulk-heterojunctiestructuur, zij het met een beperkt energierendement. 

Het gelimiteerde succes kan worden toegeschreven aan verscheidene factoren. 
De eisen die gesteld worden aan de fotochrome kleurstof zijn hoog. Niet alleen 
moet de kleurstof efficiënt schakelen met licht en een kleurloos isomeer bezitten 
dat thermisch stabieler is dan het corresponderende intens gekleurde isomeer, 
het moet ook een voorkeur hebben voor exciton-dissociatie en ladingsgeneratie 
over fotogeïnduceerde ontkleuring welke intrinsiek is aan fotogeïnduceerde 
elektrocyclische reacties. Een deel van de ontwerpeisen van de fotochrome 
kleurstof kan worden overgedragen op andere materialen door de fotochrome 
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kleurstof in te bedden in een matrix van elektronendonor- en 
elektronenacceptormaterialen voor respectievelijk gaten- en 
elektronentransport. In dit ontwerp wordt de fotochrome kleurstof gebruikt als 
sensibilisator. Voor optimale prestaties moet de sensibilisator precies aan het 
donor/acceptor-grensvlak worden geplaatst en aan dat grensvlak de ruimtelijke 
herschikking moeten kunnen ondergaan die nodig is voor de fotochrome reactie. 
Het is niet waarschijnlijk dat een bulk-heterojunctie gemaakt uit een gemengde 
oplossing van een fotochrome kleurstof en donor- en acceptormaterialen deze 
gewenste morfologie spontaan vormt. Fotochrome kleurstof-gesensibiliseerde 
zonnecellen waarin de kleurstof wordt toegepast als een monolaag aan het 
grensvlak van een mesoporeus titaniumdioxide (voor elektronentransport) en 
een vloeibare elektrolyt (voor gatentransport) vormen dan een meer directe 
benadering en dit is onlangs aangetoond in de literatuur. 

Hoofdstukken vier tot zes beschrijven de effecten van synthetische modificaties 
aan diketopyrrolopyrrool (DPP) kleurstoffen  

De DPP-groep is onderdeel van veel succesvolle organische 
halfgeleidermaterialen met toepassingen in transistoren, organische zonnecellen 
en organische lichtgevende diodes. Om de oplosbaarheid te verhogen worden 
zijstaarten aangehecht. Meestal bestaan deze uit alkylgroepen, maar ook 
siloxanen of glycolen worden toegepast. Het gebruik van alkylzijstaarten is 
uitgebreid onderzocht en diverse substitutiepatronen en ketenlengtes zijn getest. 
In het algemeen, geven vertakte zijstaarten een hogere oplosbaarheid dan lineaire 
zijstaarten omdat de π-π stapelafstand toeneemt door sterische hindering. 
Naarmate het punt waar de zijstaarten zich vertakken dichterbij de chromofoor 
komt, wordt deze pakkingsafstand groter. Tot op dit moment was er geen 
voorbeeld van DPP-halfgeleiders met een vertakking in de zijstaart op het 
koolstofatoom direct verbonden met de DPP-kern. Alle bekende DPP-
materialen met vertakte alkylzijstaarten hebben vertakkingen verder weg van de 
kern. In dit proefschrift is bestudeerd wat er gebeurt als dit vertakkingspunt 
verschoven wordt naar het koolstofatoom direct gebonden aan de DPP-kern (α-
vertakking). 

In de synthese van DPP-moleculen is de alkylering van de DPP kern vaak een 
van de eerste stappen. Introductie van α-vertakte zijstaarten verloopt heel anders 
dan alkylering met lineaire of β-vertakte zijstaarten. Waar de opbrengst voor de 
conventionele alkylering meestal rond de 40-80% ligt, lag de opbrengst voor α-
vertakte alkylering rond de 1-4%. Dit houdt verband met de aard van het 
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alkyleringsreagens. Conventionele alkylering maakt gebruik van primaire 
broomalkanen terwijl voor α-vertakte zijstaarten de substantieel minder reactieve 
secondaire broomalkanen nodig zijn. Een scala aan syntheseroutes is 
onderzocht, maar er is tot op heden geen geschikt alternatief. Het is mogelijk dat 
de lage syntheseopbrengst de reden is waarom er geen literatuur beschikbaar is 
over α-vertakking op DPPs. 

Het positieve is dat de eigenschappen veroorzaakt door α-vertakking intrigerend 
zijn. Om te beginnen geeft dit vertakkingsmotief een significant hogere 
oplosbaarheid. Dit vereenvoudigt de zuivering van gesynthetiseerde materialen 
omdat heptaan gebruikt kan worden om het product te extraheren uit het 
reactiemengsel in dimethylformamide. Voor minder oplosbare DPP-derivaten is 
dit niet effectief omdat het product niet oplost in heptaan. In zuivere vorm, 
kristalliseren de producten uit als een materiaal dat zeer fluorescent is. Om DPP-
chromoforen fluorescent te maken in de kristalfase moet hun aggregatie 
geminimaliseerd worden. Tot nu was de enige bekende methode de hele 
structuur te kooien in een cyclische structuur. 

Het effect van α-vertakking is onderzocht in een studie van DPP-moleculen 
beschreven in hoofdstuk vier. Twee series van vier vergelijkbare moleculen met 
een TTDPPTT-structuur werden gemaakt. Eén serie had n-hexyl zijstaarten aan 
het DPP-segment en de andere (α-vertakte) 1-ethylpropyl zijstaarten. Deze 
moleculen, die verder n-hexyl groepen hadden op verschillende posities van de 
thiofeenringen (T) aan de uiteindes, maakten het mogelijk vast te stellen dat α-
vertakking aan de DPP-kern aggregatie tegengaat. Aanwijzingen daarvoor zijn 
gevonden met optische absorptiespectroscopie, fotoluminescentie-
spectroscopie, fluorescentielevensduur en röntgendiffractiemetingen aan 
éénkristallen. Op basis van de kristalstructuren was het mogelijk om de zeer 
verschillende absorptiespectra van DPP-moleculen met α-vertakte of lineaire 
alkylketens in de vaste fase te verklaren. 

α-Vertakking verandert ook sterk de eigenschappen van een polymeer met een 
alternerende structuur van drie opvolgende thiofeenringen (3T) en een DPP  
(PDPP3T). Dit wordt beschreven in hoofdstuk vijf. Het PDPP3T polymeer met 
β-vertakte hexyldecyl zijstaarten (β-PDPP3T) is in het verleden onderzocht. De 
resultaten tonen duidelijk aan dat de aggregatie van PDPP3T tegengegaan wordt 
door α-vertakte zijstaarten. De oplosbaarheid van α-PDPP3T is hoger, de 
optische absorptie van het polymeer begint bij een hogere fotonenergie, de 
hoogst bezette moleculaire orbitaal ligt dieper en de gatenmobiliteit is lager. Ten 
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gevolge hiervan hebben zonnecellen gemaakt van α-PDPP3T vergeleken met 
het β-PDPP3T een hogere openklemspanning, maar een lagere kortsluitstroom 
en vulfactor. Wanneer α-PDPP3T gebruikt wordt in een lichtgevende diode, 
waar aggregatie van het materiaal funest is voor fotoluminescentie, blijkt de 
geëmitteerde foton flux ongeveer tien keer hoger efficiënt dan van β-PDPP3T. 

Het effect van het introduceren van α- of β-vertakte alkylketens op een DPP-
molecuul ontworpen als niet-fullereen acceptor is beschreven in hoofdstuk zes. 
De vier gesynthetiseerde moleculen bestaan uit een DPP-segment in het midden 
die via thiofeenringen verbonden zijn met indanongroepen aan de uiteinden, 
leidend tot een A'-D-A-D-A' configuratie, met A en A' een elektronacceptor en 
D een elektrondonor. Vergeleken met β-vertakking, leidt α-vertakking van de 
alkylketens op het centrale DPP-segment tot een hogere oplosbaarheid en betere 
laagvorming. De eigenschappen van de nieuwe moleculen zijn bestudeerd met 
optische absorptie en fotoluminescentie spectroscopie en elektrochemische 
metingen. Ofschoon de opto-elektronische eigenschappen van deze moleculen 
veelbelovend zijn, waren films gevormd met een scala aan donormaterialen niet 
geschikt voor het maken van zonnecellen als gevolg van uitgebreide 
fasescheiding. 
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Summary 

Unconventional Chromophores for Organic Solar 
Cells 

With efficiencies approaching 20%, organic solar cells have reached the 
performance level of other emerging solar cell technologies. Progress is still 
made on cell design and on the organic chromophores that are used as 
semiconductors. Often the least conventional routes promise the highest 
possible rewards. This thesis summarizes research on some alternative and less 
conventional chromophores for organic solar cells.  

After a general introduction to organic solar cells in chapter one, chapters two 
and three describe the development of the first proof-of-concept of a 
photochromic bulk heterojunction organic solar cell. Ultimately this can lead to 
a solar cell that could function as a smart window. The window would start the 
day colorless, and – as the sun would come out – it would get gradually more 
colored during the day. At dusk, when light intensities would decrease and the 
demand for a visibly transparent window would rise again, the cell is to revert to 
the initial colorless state. The tint of such a window during high light intensity 
conditions would reduce the need for sun blinds whilst simultaneously 
converting some of the absorbed solar energy into electrical energy.  

Chapter two focuses on the development of such a solar cell that changes color 
depending on changes in illumination based on spiropyran and chromene dyes. 
These commercially available photochromic dyes readily undergo photoinduced 
cycloreversion and cyclization reactions to afford colored and uncolored 
isomers, respectively. The colored isomer is thermally less stable which implies 
that it spontaneously reverts to a colorless state. The photochromism of these 
dyes works best in solution where the molecules easily rearrange, but also in 
certain host materials the photochromism is retained. As an example, 
photochromic sunglasses or windows usually contain 0.5-1% of photochromic 
dye dispersed in a polymer matrix.  

When included as a sensitizer in a bulk heterojunction blend of weakly absorbing 
donor and acceptor materials, the photochromicity and reversibility of the dyes 
was retained to a limited extent. However, transformation of the colorless into 
the colored isomers did not contribute to the photovoltaic energy conversion. 
In order to elucidate the reasons for this failure, minute amounts (1-2%) of 



Unconventional Chromophores for Organic Solar Cells 

 

196 

photochromic dye were incorporated in solar cells. Whilst incorporation minute 
amounts of the uncolored isomers had no significant effect on the device 
performance, partial conversion to the colored isomers had a detrimental effect. 
The initial performance of the devices was recovered with time in the dark. This 
result indicated that the poor device performance was due to the presence of 
small amounts of the colored isomers. The hypothesis is that the colored isomers 
provide trap states within the device that lead to charge recombination instead 
of charge carrier collection. 

Even though the research described in chapter two did not yield any devices 
with the desired performance, it led to think that diarylethene dyes would be 
more suitable for application in a photochromic organic solar cell. Diarylethene 
dyes are known to retain their photoswitchability better in most matrices due to 
the smaller molecular reorganization in the photoconversion. This lowers the 
influence of the matrix in which the photochromes are embedded. Also, the 
higher thermal stability of both the colored and colorless isomers of 
diarylethenes simplifies the analysis of the materials and the devices, albeit 
sacrificing the ability to thermally revert to a colorless state.  

Thus, chapter three describes the inclusion of three diarylethene dyes into the 
photoactive layer of an organic solar cell and shows that from a conceptual 
standpoint, the idea of a photochromic bulk heterojunction organic solar cell is 
feasible. Out of the three dyes incorporated, one showed a distinct contribution 
of the colored isomer of the photochrome to the external quantum efficiency of 
the device. While this is a first demonstration of a photochromic organic solar 
cell with a bulk heterojunction structure, the overall device performance was 
limited.  

The limited success can be attributed to several factors. The demands put on the 
photochromic dye are high. Not only should the photochrome be an efficient 
photoswitch with a colorless thermally more stable isomer and a thermally more 
unstable and intensively colored isomer, it also should prefer the exciton 
dissociation and charge generation over the photoinduced discoloration reaction 
intrinsically accessible to many photoinduced electrocyclic processes. As shown 
in this study, part of the design requirements of the photochrome can be carried 
over to other materials by embedding the photochromes into a blend of electron 
donor and acceptor materials for hole and electron transport. In this design the 
photochrome is used as a sensitizer. For optimal performance, the sensitizer 
should be positioned exactly at the donor/acceptor interface and be able to 
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undergo the spatial rearrangements that accompany the photochromic 
transition. A bulk heterojunction cast from a mixed solution of a photochromic 
dye, donor, and acceptor materials unlikely forms this desired morphology 
spontaneously. Photochromic dye-sensitized solar cells in which the dye is 
applied as a monolayer at the interface of a mesoporous titanium dioxide (for 
electron transport) and a liquid electrolyte (for hole transport) is then a more 
direct approach and this has recently been shown in literature. 

Chapters four to six describe the effects of synthetic modifications to 
diketopyrrolopyrrole (DPP)-based solar cell chromophores.  

The DPP segment has often been incorporated into organic semiconductor 
materials, most notably for application in transistors, organic solar cells and 
organic light emitting diodes. In order to enhance the solubility of organic 
semiconductor materials, they are appended with side chains. Most commonly, 
these side chains are composed of alkyl groups, but can also include siloxanes or 
glycols. The use of alkyl side chains has been widely investigated and a variety of 
motifs and lengths tested. In general, branched alkyl chains improve the 
solubility compared to linear alkyl chains, because the steric congestion induced 
by branching increases the π-π stacking distance. As the branching point is 
moved further towards the core of the chromophore, the stacking distance 
increases. However, up to now there was no literature on organic semiconductor 
materials with DPP segments that bear branched alkyl side chains that branch at 
the carbon directly connected to the DPP core. All literature on DPP materials 
features branching points further away from the core. In our studies we 
investigated the effects of moving the branching point to the carbon atom bound 
directly to the DPP core (α-branching).  

For the synthesis of DPP semiconductors, the alkylation of the DPP core is 
generally one of the first steps in the entire synthesis plan. Introducing α-
branched side chains is very different from alkylation with linear or β-branched 
side chains. Whereas conventional alkylation yields range from about 40-80%, 
yields for α-branched alkylation were rather in the range of 1-4%. This can be 
explained with the nature of the alkylation reagent. Whereas conventional 
alkylation uses primary bromoalkanes, for α-branching secondary, considerably 
less reactive secondary bromoalkanes have to be used. We investigated a range 
of alternative syntheses yet came up short for alternatives. Possibly, this low 
reaction yield provides a prime reason as to why literature reports on α-
branching for DPPs are non-existent.  
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On the plus side, the properties caused by α-branching are intriguing. For one, 
the branching motif significantly improves the solubility of the chromophore. 
This simplifies the purification of the material because heptane can be used to 
extract the product from the reaction mixture in dimethylformamide. For less 
soluble DPP derivatives this is not effective because the product is insoluble in 
heptane, yet with α-branched side chains is works well. Once isolated, the 
product crystallizes in material that is highly fluorescent. For DPP 
chromophores to be fluorescent in crystalline phase π-π stacking has to be 
minimized. So far, the only known method to achieve this was encaging the 
entire backbone by a cyclic structure.  

The effect of α-branching was examined in a systematic study on DPP molecules 
as described in chapter four. Two series of four similar molecules with a 
TTDPPTT backbone were made. One of the series had n-hexyl chains at the 
DPP and the other (α-branched) 1-ethylpropyl chains. These molecules, that 
further included n-hexyl chains at the peripheral thiophenes in different 
positions, allowed us to observe that the α-branching hampers face-to-face 
aggregation of the DPP core. Indications that alluded to this conclusion were 
found using optical absorption spectroscopy, photoluminescence spectroscopy, 
photoluminescence lifetime and single-crystal X-ray diffraction. Based on the 
single crystal structures it was possible to explain the widely different 
absorptions spectra of α-branched and linear alkyl chain substituted DPP 
molecules.   

α-Branching also significantly alters the properties of a polymer with an 
alternating structure of three consecutive thiophene units and a DPP moiety 
(PDPP3T). This is described in chapter five. The PDPP3T polymer with β-
branched hexyldecyl side chains had been investigated in the past, providing a 
good baseline for comparison. The results clearly indicate that aggregation of the 
polymer backbone is hampered by α-branching. The solubility of α-PDPP3T is 
higher, the optical absorption starts at a higher photon energy, the highest 
occupied molecular orbital lies deeper and the hole mobility is lower. As a 
consequence, solar cells made from α-PDPP3T rather than from its β-branched 
equivalent (β -PDPP3T) display an increased open-circuit voltage (VOC) yet 
lower short-circuit current (JSC) and fill factor (FF). When α-PDPP3T is used in 
light-emitting diodes, where aggregation is detrimental to its photoluminescence, 
the material outperforms the β-PDPP3T by about a tenfold increase in emitted 
photon flux. 
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The effect of introducing α- or β-branched alkyl chains on a DPP molecule 
designed for use as a non-fullerene acceptor is described in chapter six. The 
molecules are composed of DPP at the core with bridging thiophenes and 
peripheral indanone units, leading to an A'-D-A-D-A' configuration where A 
and A' indicate an electron acceptor and D an electron donor. Compared to β-
branching, α-branching of the alkyl chain on the DPP core increases the 
solubility and layer forming properties. The properties of the new molecules 
were evaluated using optical absorption and photoluminescence spectroscopy, 
and electrochemical measurements. While the opto-electronic properties of 
these molecules were promising, films formed with a range of donor materials 
were not suitable for making solar cells due to extensive phase separation.    
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