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Chapter 1.   Introduction 
Abstract 

This chapter provides an overview of the motivation, background, current state and focus of 
my research on organic photovoltaics (OPV). In brief, environmental changes and the energy 
demand of human beings constitute the motive to explore renewable energy sources with the aim 
to alleviate the global dependence on fossil fuels. Although there are difficulties in transitioning to 
new energy sources, the goal is worth the effort. To make solar energy conversion cheaper, more 
versatile and more competitive compared to energy generation from fossil fuels, new technologies 
are being developed, among which the organic solar cell (OSC) has shown a promising potential and 
significant progress during last decade. The focus of my research is to investigate the structure-
performance relationship for organic solar cells based on newly designed small molecules that 
contain diketopyrrolopyrrole (DPP) units to obtain insights that provide guidance to future material 
design. 
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Chapter 1 

1.1 Source of energy 
Nowadays, electricity can be accessed by simply plugging into sockets. Most of the time, 

people are more concerned with electricity bills rather than where the power comes from. In fact, 
we are paying the bills with other cost than money: our health and the environment of our 
descendants.  

The content of carbon dioxide (CO2) in the atmosphere increases dramatically ever since the 
Industrial Revolution (Figure 1.1), during which period animal and man power was replaced by heat 
and steam engines. When it came to the late 19th century (Second Industrial Revolution), electrical 
power was utilized as the driving force of our modern world. The generation of electricity, until now, 
is mainly based on burning fossil fuels (coal, gas and oil). One of the side effects of this fossil fuel 
dependence is the fundamental increase of the CO2 concentration in the atmosphere. CO2 blocks the 
radiation of heat from Earth into space, and thereby increases the global temperature. The 
consequences of global warming have been shown in our generation, e.g. the retreat of glaciers, the 
rise of sea level and the extinction of species. More importantly, with the increasing global energy 
demand, it can be expected that the greenhouse effect will only be aggravated. 
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Figure 1.1 Change of CO2 concentration (ppm) in the atmosphere. 

Nowadays, around 80% of the global energy supply comes from burning fossil fuels.1 The 
replenishment of fossil fuels is, however, not fast enough, because they are mainly formed from 
plants buried millions of years ago. It is only a matter of time when fossil fuels will run out. According 
to literature,2 our known oil deposits will run out by 2044 at the current rate of consumption. The 
gas reserves will last for another 37 years (until 2081). The known coal deposits can last longer, 
which can satisfy our energy demand until around 2189. However this would accompanied by vast 
amounts of CO2 released into the atmosphere. It is noteworthy that the aforementioned calculations 
are based on a constant energy consumption rate, which is unlikely the case because the energy 
consumption rate increases with the world’s population and with living standards. The median 
United Nations estimation of world population in 2050 reaches 9.7 billion and 11.2 billion in 2100.3 It 
is also critical to consider that there are 1.2 billion people around the world who do not have access 
to electricity.4 It is not hard to imagine that the fossil fuels will be consumed faster than expected. 
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The possibility that new reserves will be found does exist, and will help to extend this deadline 
slightly, but it cannot last forever. It is known that new reserves are more difficult to find and 
becoming smaller compared to the existing ones. For example, the newest found top-10 producing 
field was discovered in 1976 (Cantarell, Mexico), the production of which has declined since 2003. 
The youngest of the top-20 producing fields was discovered in 1985 (Marlim, Brazil). The average 
age of the 19 largest oil fields is almost 70 years. 

 
Figure 1.2 Schematic illustration of energy potential (Terawatt-years) of different sources. 

People may argue that: “peak has passed” does not mean “running out”; transitioning from 
one fuel to another is not easy. Renewable energies like wind, solar, nuclear, geothermal, tidal and 
hydro powers, remain challenging to be relied on. Wind and solar energy supplies are not constant 
round the clock, nuclear power is concerned with safety issues as well as radiation impact, while the 
exploit of geothermal, tidal and hydro powers is limited by geographical and local factors. Most 
importantly, energy generated from these renewable sources is often more expensive and hence 
less competitive than that from fossil fuels. 

The consensus is that a transition from fossil fuels to renewable energy sources takes time 
and effort. It is not as easy as switching on a flashlight. But we can either wait for the consequences 
of fossil fuel depletion and pollution, or keep moving forward towards clean and plentiful energy 
supply for future generations. Among all the energy sources, the potential of solar energy (23000 
terawatt-years per year) is the largest and exceeds the present yearly consumption of 18.5 TWy by 
far (Figure 1.2).5 

11



Chapter 1 

1.2 Solar energy conversion 

1.2.1 Photosynthesis 
Solar energy has long been utilized in nature and is the basis of all natural life on our planet. 

In photosynthesis, green plants absorb sunlight via their leaves and convert the solar energy into 
energy stored in chemical bonds, e.g. in the form of sugars that can be used by the plant itself or by 
other organisms. Photosynthesis is very important for life on Earth. Most, if not all, organisms 
depend on it.  

During natural photosynthesis, carbon dioxide and water are converted into sugar and 
oxygen in a process called carbon fixation. Free electrons are needed to reduce CO2 to form 
carbohydrates (sugar). When a chlorophyll molecule in the photosynthetic reaction center absorbs a 
photon, directly or indirectly via energy transfer, it passes an electron to a nearby pheophytin 
molecule, which passes the electron further to a quinone molecule. Eventually, the electron reduces 
NADP+ to NADPH. This chain of electron transfer reactions provides the driving force (proton 
gradient) to synthesize ATP. Water is oxidized to protons and oxygen, catalyzed by the oxygen-
evolving complex. The electrons donated by water are used to reduce the previously oxidized 
chlorophyll (Figure 1.3).  

 

Figure 1.3 Schematic illustration of photosynthesis. 

The carbon fixation and sugar production occur in a process called the Calvin cycle. CO2 from 
the air is bound to an enzyme RuBisCo and reacted with ribulose-1,5-bisphosphate (RuBP), driven by 
the energy released from ATP and NADPH. Glyceraldehyde 3-phosphate also known as PGAL or G3P 
is produced, most of which (5/6) will be converted back to RuBP with the energy released from ATP, 
the rest (1/6) PGAL product can form the desired glucose or other carbohydrates. There have been 
intense discussions on the energy efficiency of photosynthesis in comparison to solar cells; plants in 
ocean or on land can convert sunlight into chemical energy with a photosynthesis efficiency of 3-
6%.6  
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1.2.2 Solar cell 
Early in the 7th century BC, humans discovered that sunlight concentrated by certain kind of 

glass can heat and even make objects catch fire. The solar ovens nowadays are based on the same 
principle: solar to heat conversion. Water, for instance, is a good candidate to store heat generated 
by sunlight due to its large thermal capacity and abundancy. With the evacuated tube technology, 
home-used hot water can be provided during summer and winter by a solar water heater. Water can 
also be boiled by mirror-concentrated sunlight, the high-energy steam generated can turn a turbine 
generator to produce electricity. The Ivanpah Solar Electric Generating System in California’s Mojave 
desert can power 140,000 homes. 

Since ancient times, people know how to produce salt and drinkable water with solar 
distillation, which mimics the water cycle in nature. Nowadays, solar powered reverse osmosis 
desalination, electromagnetic desalination as well as pumping are playing more and more important 
roles in producing water suitable for human consumption and irrigation. 

Another way to utilize solar energy is by taking advantage of the photovoltaic (PV) effect, 
which denotes the process of sunlight to electricity conversion. This effect was first discovered in 
1839, by Edmond Becquerel, a 19-year old French physicist at that time. Just like many other 
discoveries, it was a coincidence. When Becquerel placed silver chloride into an acidic solution, 
which was illuminated while connected with platinum electrodes, he observed voltage and current 
generated. Therefore, the photovoltaic effect is also known as "Becquerel effect". 

In 1873, Willoughby Smith was trying to develop a method to test the underwater cables. He 
needed a semiconducting material with a high resistance. A selenium rod was selected for that 
purpose. In theory, the selenium should do the job properly, however, the measured results were 
inconsistent. It was found that the conductivity of the selenium rod fluctuated, depending on the 
light intensity shining on it. In 1876 William Grylls Adams and his student, Richard Evans Day, 
discovered that current could be generated by selenium when exposed to light. These two 
discoveries are the foundation for the selenium solar cell. Charles Fritts, an American inventor, 
created the first selenium solar cell in 1883. Fritts coated the selenium with an extremely thin layer 
of gold. This solar cell exhibited a power conversion efficiency (PCE) around 1%. With Fritts’ selenium 
cell, the first solar panel was mounted on a rooftop in New York. However, because of the high 
material cost and low efficiency, the use of selenium solar cell is limited.  

In 1918, Jan Czochralski, a Polish scientist, found out a way to grow high purity 
monocrystalline silicon (c-Si), laying the foundation for c-Si solar cells. In 1940, Russell Shoemaker 
Ohl, surprisingly found that current could be generated from a silicon sample with a crack inside. 
Upon investigation, he figured out that the crack separated two silicon layers with different 
impurities (dopants). This creates a p-n junction. Within this p-n junction, electrons and holes 
generated by photon absorption are forced to move in opposite directions by the internal electric 
field created by joining the two materials. Photon to electron conversion efficiency of Ohl’s silicon-
based solar cell was around 1%. 

The light-to-electricity conversion efficiency of silicon solar cell was largely enhanced by 
three researchers in Bell Telephone Laboratories: Daryl Chapin, Calvin Fuller and Gerald Pearson. 
The discovery originates from Chapin’s project, where he tried to solve the power supply problem 
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for telephone systems in remote and humid places. Solar power utilization was considered as a good 
choice. However, the PCE of existing selenium solar cell was too low (< 1%), which made it 
impractical toward this purpose. At the same time, Chapin’s colleague Pearson was testing the p-n 
junction diode made by Fuller and noticed that some diodes with certain impurities were light 
sensitive. After sharing this information, Pearson and Chapin began to test the photovoltaic 
performance of this silicon-based diode. To their surprise, a 4% efficiency was achieved, which is 
almost 5 times that of the selenium solar cell. This solar cell contains lithium as dopant which can 
easily migrate within the silicon layer, making the solar cell very unstable. With Fuller’s effort, this 
problem was solved by replacing lithium with boron. This enabled the production of a stable p-n 
junction. Moreover, a higher efficiency (6%) was achieved. This discovery was published by the three 
researchers jointly in 1954. Their paper is a landmark that has laid the foundation for our modern 
silicon solar cell technology. 7  

The silicon solar cells at that time were expensive to produce, therefore industrialization was 
not successful. Thanks to the growing interest for space exploration, solar cells were commonly 
mounted on satellites. In this application, manufacturing costs are not a big problem. Eventually, the 
large scale manufacturing of silicon solar panels reduced the cost. According to the learning curve of 
photovoltaics, the silicon solar cell modules drop in price by 20% when the cumulative shipped 
volume doubles. Module costs are now less than $ 0.50/Watt, down by more than two orders of 
magnitude compared to the mid-seventies. 

The production costs of c-Si solar cell are mainly determined by two factors: first, high purity 
mono-crystalline silicon is only produced at high temperature, and second, the thickness of a silicon 
solar cell is on the order of hundreds of micrometers. This results in a significant use of material 
when producing large areas. To overcome these problems, multi-crystalline (m-Si) and amorphous 
(a-Si) silicon solar cells were developed. This reduced production costs, but the device efficiency is 
also lower compared to that of c-Si solar cells.  

Together with enlarging production scale and reducing cost, other photovoltaic materials 
with higher absorption coefficients are being developed. In this way, device weight and thickness 
can be largely reduced (down to hundreds of nanometers). This saves materials and potentially also 
reduces transporting and mounting costs. These so-called second generation solar cells, based on 
thin-film technology, include cadmium telluride (CdTe) and copper indium gallium selenide (CIGS). 
Unfortunately, these materials contain rare elements like telluride and indium and toxic elements 
like cadmium, which limit their mass production. 

The dye-sensitized solar cell (DSSC) was co-invented in 1988 by Brian O'Regan and Michael 
Grätzel. The cell consists of transition metal-based or purely organic dye molecules attached to a 
mesoporous titanium oxide immersed in a liquid electrolyte. The solar cell is simple to make using 
conventional techniques, but requires expensive materials, e.g. platinum and ruthenium dyes. It is 
more difficult to make it flexible, because the titanium oxide must be sintered at high temperatures 
and the choice of substrates for that is limited. Also, the liquid electrolyte presents challenges in the 
stability of the device and the packaging.  

Recently, lead halide perovskite solar cells have become the rising star in the field of 
photovoltaics. Originally used as an inorganic sensitizer in a DSSC configuration, lead halide 
perovskite solar cell have evolved quickly to one of the most promising solid-state thin-film 
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technologies. With record efficiencies well over 20%, the performance is similar to the best thin-film 
technologies and it approaches the record cell for c-Si (26.6%). However, there are concerns 
regarding the environmental and health issues related to lead. Due to the instability of the lead 
halide perovskite, lead may eventually be exposed to soil or water. Hence, possible replacements for 
lead are actively sought for. 

Organic solar cells (OSCs) are also attracting considerable attention in the last decade 
because of their potential low cost, earth-abundant materials, non-toxicity, lightweight, color and 
form freedom. Solution-processing of the photoactive layers can be performed at low temperature 
and works well with roll-to-roll printing, which is suitable for high-throughput production. Tang was 
the first to fabricate a working organic solar cell in 1986,8 using organic donor and acceptor 
molecules. In a two-layer configuration, fabricated from copper phthalocyanine (CuPc) and a 
perylene tetracarboxylic derivative as the p- and n-type materials respectively, Tang achieved an 
efficiency of 1% under simulated AM2 illumination. To harvest the majority of incident light, a 
minimum thickness around 100 nm of organic semiconductor is needed, however, only excitons 
generated close to the interface of two layers can dissociate into charges due to the limited exciton 
diffusion length of organic semiconductors (round 10 nm). A bulk heterojunction (BHJ) structure 
proposed by Heeger et al. in 1995 solved this problem.9 By intimately mixing electron donating and 
accepting materials, small domain size (10-20 nm) together with bi-continuous pathways for charge 
transportation can be achieved simultaneously. As a result, efficient absorption, charge generation 
and collection can happen in relatively thick film (100-500 nm). Based on this milestone, the 
development of organic solar cell has been rapid during the last two decades. Record efficiency has 
been improved from 2.5 % to over 13%.10  

1.3 Organic solar cell 

1.3.1 Device structure 
The typical structure of an organic solar cell is shown in Figure 1.4: on top of a substrate, two 

electrodes, usually metal or metal oxides, e.g. Al, Ag, Au, or indium tin oxide (ITO), sandwich the 
active layer together with two interlayers in between. One of the two electrodes is transparent to 
light. The active layer absorbs sunlight and generates electricity. In most organic solar cells the active 
layer contains two different organic semiconductor materials blended together in a bulk 
heterojunction (BHJ) or deposited in a bilayer fashion.  

 
Figure 1.4 Typical structure of an organic solar cell. 
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1.3.2 Working principle 

The working principle of an organic solar cell is related to that of the p-n junction in silicon 
solar cell. Instead of combining p-doped and n-doped silicon layers, two organic materials with 
different ionization potentials and electron affinities (energy levels) are incorporated to induce the 
electron transfer from one material (electron donor) to the other (electron acceptor) after 
photoexcitation of either one. 

When a photon is absorbed, an electron can be excited from the valence band to conduction 
band. In organic semiconductor terminology these levels are often referred to as highest occupied 
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). The small dielectric 
constant of most organic semiconductors makes that photoexcitation results in a tightly-bound 
electron-hole pair (Frenkel exciton) instead of a loosely-bound electron-hole pair (Wannier-Mott 
exciton) that is generated in many inorganic semiconductors (Figure 1.5). The energy required to 
overcome the Coulomb attraction in this tightly-bound electron-hole pair and separate it into a non-
correlated electron and hole (also known as exciton binding energy) can be of the order of 0.1-1 eV 
in the case of organic semiconductors, while in many inorganic semiconductors it is less than 0.01 eV. 
Therefore, at room temperature the thermal energy (kT = 25.7 meV) is large enough to break the 
Wannier-Mott exciton into free charges but insufficient to break-up the Frenkel exciton.  

 

 
Figure 1.5 Schematic illustration of Frenkel exciton (a) and Wannier-Mott exciton (b). 

 

When a Frenkel exciton is formed in organic semiconductors, it will diffuse from one spot 
(area of one or several molecules) to another. The molecular excitons typically have a lifetime on the 
order of nanoseconds. Intrinsic decay occurs when the excited electron recombines with the hole 
and decays to the ground state via emission of a photon (light) or a phonon (heat). Because of the 
short lifetime, the distance an exciton can diffuse before decaying (exciton diffusion length) is 
generally less than 10 nm in most organic semiconductors. Only when an exciton reaches the 
donor/acceptor (D/A) interface before its decay, the exciton can be separated in electrons and holes 
by the energy difference of two materials (Figure 1.6). The separated electron and hole can either 
diffuse away from each other or recombine (geminate recombination). 
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Figure 1.6 Schematic illustration of photoexcitation (a), exciton diffusion to D/A interface (b), charge 
separation (c), charge transportation (d) and charge collection (e) in an organic solar cell. 

Ideally, after electrons and holes separated from the interface where they were generated, 
they all move through the active layer (electrons in the acceptor material and holes in the donor 
material) to be collected at corresponding electrode where energy difference acts as the source of 
electrical power in an external circuit. However, during charge transport, electrons and holes can 
also meet and recombine in processes like non-geminate (bimolecular) recombination or trap-
assisted recombination.  

To improve the contacts (energy alignment) between active layer and electrodes, interlayers 
like hole-transporting layers (HTLs) and electron-transporting layers (ETLs) are often used. They 
facilitate carrier collection and can block the opposite charge carrier of reaching the electrode.  

1.3.3 Characterization 
The performance of (organic) solar cells can be characterized by current density to voltage 

(J-V) measurements, during which an external voltage bias is applied to the device and the output 
current density is measured. In dark, the J-V curve of an organic solar cell shows a diode-like 
behavior. While for c-Si solar the diode behavior originates from the internal p-n junction, it is 
different in an organic solar cell. For bulk heterojunction solar cells the diode behavior originates 
from the difference in work functions of the two electrodes and their alignment (or absence thereof) 
with the valance and conduction bands of the two organic semiconductors. As a result charge 
injection is possible at a sufficiently high forward bias, but restricted in the opposite direction. Under 
illumination, photocurrent is created and the J-V curve changes. Several parameters can be obtained 
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from the J-V curve which characterize the device performance in different aspects: the short-circuit 
current density (Jsc), the open-circuit voltage (Voc), maximum extractable power, (Pmax) and the fill 
factor (FF = Pmax/(JscVoc)) (Figure 1.7).  

Voc

C
ur

re
nt

 d
en

si
ty

 (m
A

 c
m

-2
)

 

Voltage (V)

Jsc

Pmax

 

Figure 1.7 Example of a J-V curve of a solar cell and the related solar cell parameters. 

The short-circuit current density (Jsc) quantifies the current density generated by an organic 
solar cell (OSC) when the external circuit is shorted (no work load). The open-circuit voltage (Voc) 
reflects the largest voltage (driving force of charge carriers) an OSC exerts when no charge carriers 
can make their way out (open circuit). However neither at short circuit or at open circuit the device 
delivers any power because the product of current density and voltage is zero. Ideally, the maximum 
output power of an OSC is the product of Jsc and Voc, but this situation cannot be reached because of 
fundamental limitations. The maximum power (Pmax) that can be extracted is where the product of J 
and V maximizes. The maximum power point is used to define the fill factor (FF), which is the ratio of 
the real output power (Pmax) to the product of Jsc and Voc.  

In organic solar cells the three important parameters Jsc, Voc and FF are determined by 
different material properties and their relation is quite complex. In first approximation the Jsc is 
determined by the amount of photons the cell can absorb and the quantum efficiency by which 
absorbed photons can be converted in electrons and holes that can be collected at the electrodes. 
Hence a lower optical band gap of the donor or the acceptor material can result in a higher 
photocurrent. The open-circuit voltage is primarily determined by the effective gap of the cell, being 
the energy difference between the HOMO of the donor and the LUMO of the acceptor as these are 
the energy levels of holes and electrons under illumination. These levels set the Voc as it would be 
measured at 0 K, provided that electrodes make Ohmic contacts. At normal operating temperatures 
the Voc is reduced because of non-radiative recombination of charge carriers. In organic solar cells 
this loss is comparatively large, on the order of 0.5 eV. The fill factor of organic solar cells is possibly 
the hardest parameter to understand. A high FF signifies that photo-generated charges can be 
collected efficiently under a very small internal electric field. High FFs are found when the mobilities 
of electrons and holes are high and well-balanced and when bimolecular (non-geminate) 
recombination is small. The FF is influenced mainly by charge carrier mobility and by morphology, 
but low FFs can have many different causes. In organic solar cells the FF often decreases with the 
increase of layer thickness because in such case the probability that carriers recombine 
bimolecularly is higher. 
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The J-V characteristics are measured when exposing an OSC to light from a solar simulator. 
The solar radiation spectrum that reaches the Earth’s surface is influenced by the atmosphere and 
depends on the optical path length. The air mass (AM) coefficient is defined as a ratio of real path 
length of sunlight to the shortest vertical path length. The AM1.5G (air mass 1.5 global) solar 
spectrum is a universal standard when characterizing terrestrial solar cells. It is equal to the light that 
reaches the Earth’s surface on a clear, cloudless day when the sun is at a 48.2° angle with the zenith, 
in which case the sunlight path is 1.5 times longer than atmosphere thickness. The intensity of the 
official AM1.5 G spectrum is set to 100 mW cm-2. In practice no solar simulator can provide an exact 
match with the AM1.5G spectrum. To check the deviation between a solar simulator and the 
AM1.5G spectrum, the external quantum efficiency (EQE) can be measured. The EQE is a measure of 
the number of charge carriers collected per incident photon as a function of photon energy 
(wavelength) and is determined by comparing the current generated by the test cell with the current 
generated by a calibrated reference cell of which the EQE is known accurately. Since the 
monochromatic light intensity is much weaker than that of the sunlight, an additional light bias is 
often applied to simulate the AM1.5G light intensity, since under low light intensity, the charge 
recombination could be less. Figure 1.8 shows an example of the EQE of an organic solar cell. Once 
the EQE has been determined it is possible to calculate the Jsc from the EQE by integrating with the 
tabulated AM1.5G spectrum. If carefully performed this can yield reliable numbers. In this thesis the 
procedure to determine the power conversion efficiency (PCE) is done by measuring Voc and FF with 
a solar simulator, and obtaining Jsc from the EQE spectrum. The PCE is then given by: PCE = 
JscVocFF/100. In some cases Pmax is reported, which is based on the Jsc determined from the J-V curve.   

400 500 600 700 800 900
0

10

20

30

40

50

60

 

EQ
E 

(%
)

Wavelength (nm)
 

Figure 1.8 Example of an EQE spectrum of organic solar cell. 

1.3.4 Small-molecule organic solar cells 
Over the last decade, fullerene derivatives such as [6,6]-phenyl-C61-butyric acid methyl ester 

([60]PCBM) and [6,6]-phenyl-C71-butyric acid methyl ester ([70]PCBM)11 are the most frequently 
used electron acceptor materials in the photoactive layer of organic solar cells. Recently, non-
fullerene electron acceptors, such as ITIC (an indacenodithieno[3,2-b]thiophene end-capped with 2-
(3-oxo-2,3-dihydroinden-1-ylidene)malononitrile) and perylene diimide (PDI) derivatives,12  have 
emerged and present comparable or even better performance in some cases. As electron-donor 
materials, both polymeric13 and small-molecule14 organic semiconductors have been applied. Small-
molecule donor materials intrinsically provide several advantages compared with their polymeric 
counterparts. Their well-defined chemical structure and the possibility to reach high purity levels 
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resulting in negligible batch-to-batch variations make them good candidates for industrialization as 
well as for studying relationships between molecular structure and device performance.  

In recent years, the PCE of small-molecule OPV systems has been enhanced to 10%,15 which 
is comparable to its polymeric counterpart. In 2011, Guillermo Bazan and co-workers found an 
efficient small-molecule donor material, which shows a PCE of 6.7% when blended with [70]PCBM in 
the active layer. This molecule (named DTS1 in Scheme 1.1) contains one electron-rich dithienosilole 
(DTS) core, which is connected with two electron-withdrawing [1,2,5]thiadiazolo[3,4-c]pyridine units 
having hexyl-bithiophene arms. In 2013, researchers from the same group further improved the 
device performance with a small structural variation: replacing the [1,2,5]thiadiazolo[3,4-c]pyridine 
units with 5-fluorobenzo[c][1,2,5]thiadiazole units. This molecule (DTS2) presents a PCE of 7.9% in an 
inverted-structure device16 and 8.0% in conventional-structure device.17 After applying zinc oxide 
(ZnO) as the electron transporting layer (ETL), the PCE of this system was further improved to 9.0%.18  

 

          

Scheme 1.1 Chemical structures of DTS1 and DTS2. 

In 2012, Yongsheng Chen and co-workers introduced the benzo[1,2-b:4,5-b’]dithiophene 
(BDT) and 3-ethylrhodanine (Rho) units into the molecule BDT1 (Scheme 1.2). The device made of 
BDT1 and [70]PCBM exhibits a 7.4% efficiency,19 which was a record for solution processed small-
molecule OPV systems at that time. The BDT core was chosen as the central unit because of its 
extended conjugation, planar structure, and its good performance in polymeric organic photovoltaic 
(P-OPV) systems.20,21 The terthiophene units with octyl groups are connected with the BDT core to 
extend the conjugation and guarantee good solubility and film forming ability. The two 3-
ethylrhodanines were introduced as end groups because of their ability to improve the light 
absorption.  

 

Scheme 1.2 Chemical structures of BDT1, BDT2 and BDT3. 

Later, researchers from the same group, replaced the alkoxyl groups on the BDT core with 5-
(2-ethylhexyl)thiophen-2-yl units (BDT2, Scheme 1.2) by which the device performance was further 
enhanced to 8.1%, as a result of an increased short-circuit current density (Jsc).22  Another 
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improvement of this system was achieved by replacing the alkoxyl groups on the BDT unit with 
alkylthio side chains (BDT3), by which both Jsc and FF were promoted. As a result, the overall 
efficiency was enhanced to 9.6%.23 

A molecule containing a seven-unit oligothiophene, without the BDT core, but with two 3-
ethylrhodanine (Rho) end groups (OTR1, Scheme 1.3) provides a 6.1% efficiency in an OSC device. 
The fill factor however is moderate (0.47).24 When replacing the Rho end groups with its derivative, 
2-(1,1-dicyanomethylene)rhodanine (RCN), the device performance of OTR2 was boosted to 9.3% 
with an improved fill factor of 0.69.25 When reducing the number of thiophene ring from 7 to 5 with 
the same end groups of RCN (OTR4), 10.0% efficiency was achieved (Jsc = 15.7 mA cm-2), which is the 
state of the art for small-molecule OPV system.15 The molecule (OTR3) with five-unit oligothiophene 
(5T) and Rho end groups only presents an efficiency of 4.6% due to a limited Jsc (9.3 mA cm-2) and FF 
(0.49).26 

 

                 

Scheme 1.3 Chemical structure of OTR1, OTR2, ORT3 and OTR4. 

 

The diketopyrrolopyrrole (DPP) unit has also shown good performance in polymeric27-31 and 
small-molecule32-39 OPV systems. When combined with a BDT unit, the DPP small molecules (DPP1-
DPP3) generally exhibit relatively good efficiencies around 6% (Scheme 1.4). 35,36,38 Another efficient 
DPP small-molecule system includes the porphyrin unit, which is connected with two DPP units via 
alkyne linkers to reduce the steric hindrance (Scheme 1.5).40 It was firstly synthesized with two 
benzylalkoxyl groups attached to the porphyrin core to guarantee a good solubility (DPP4), device of 
which exhibits a 4.8% efficiency.39 By replacing the benzylalkoxyl group to a less bulky one (DPP5), 
the device performance was improved to 7.2% with both increased Jsc and FF but a slightly lower 
Voc.37 When replacing the appending groups from phenyl to thiophene derivatives, the device 
performance was improved to 8.1% (DPP6) 34 and 9.1% (DPP7) 33 with different alkyl chains attached 
to the thiophene ring.  
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Scheme 1.4 Chemical structures of DPP1 to DPP3. 

 

Scheme 1.5 Chemical structures of DPP4 to DPP7. 

Although the efficiency of the best small-molecule OPV systems is comparable to the state-
of-the-art polymeric single junction devices (~11%),41 the number of small molecules that reach such 
high performance is limited. Although the variation in molecular structure is almost unlimited, the 
chances of obtaining higher efficiency materials becomes increasingly difficult without rational 
design rules. Moreover, from a scientific point of view, it is interesting to investigate structure-
performance relationships, which in turn will provide guidance to future material design.  

To achieve an efficient photovoltaic material, several basic requirements need to be satisfied. 
Firstly, light absorption of photovoltaic materials should be efficient and cover a sufficiently broad 
part of the solar spectrum. Energy levels of the electron-donating material should be aligned with 
those of electron-accepting material to achieve a high voltage while providing enough energy 
difference (driving force) for efficient charge transfer. Since the active layer is a blend of two 
materials, the morphology (phase separation scale, domain geometry, purity and crystallinity) can 
exert a large influence on device performance. Domain size determines the percentage of excitons 
that can reach donor/acceptor (D/A) interface, where charge separation takes place. Therefore, 
towards efficient charge generation, small domain size (large D/A interface area) is preferable. On 
the other side, these generated charges need to be transported to electrodes efficiently. Toward this 
end, small domain sizes are detrimental, because they hinder the formation of bi-continuous 
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pathways. An optimal scenario is that efficient charge extraction can be ensured while not sacrificing 
charge generation too much. High crystallinity leads to high exciton/charge carrier mobility, which is 
favorable in both charge generation and transportation stages. However, the process of 
crystallization always induce phase separation. As a result, it is difficult to achieve proper domain 
size (10-20 nm) together with high domain crystallinity.  

Because the optical absorption coefficients of organic materials are generally high, and the 
HOMO and LUMO energy levels can be fine-tuned by choosing building blocks that possess different 
electron-push or -pull strengths, morphology control remains the major challenge. 

1.4 Goal and outline of this thesis 
The objective of this thesis is to develop structure-morphology-performance relationships 

for small molecules applied in solution-processed organic solar cells as electron-donating material. 
This involves the design, synthesis and molecular characterization of new molecules, determining 
their opto-electronic properties in terms of band gap and energy levels, and the optimization of solar 
cell devices as well as characterizing the optimized morphology of active layers. The investigations 
and most salient results are outlined in brief as follows: 

We investigate the effect of molecular structure on domain size and device performance for 
small-molecule organic solar cells in chapter 2. In particular, new diketopyrrolopyrrole (DPP) based-
molecules, in which the DPP unit is flanked by two quaterthiophene units that carry polar end 
groups, such as aldehyde (CHO), rhodanine derivatives (Rho, RCN), or 1,3-indandione (IDD) were 
designed and synthesized. These end groups do not significantly influence the optoelectronic 
properties that are relevant to the photovoltaic behavior, but do affect the morphology formed in 
combination with fullerene acceptors. For the larger Rho, RCN, and IDD end groups, semi-crystalline 
domains are formed, of which the size limits the short-circuit current density and power conversion 
efficiency (PCE) when it becomes larger than the exciton diffusion length. We establish a semi-
quantitative relation between domain size and power conversion efficiency (PCE). The highest PCE of 
3.8% is found for the rhodanine derivative as donor in combination with a fullerene acceptor. 

In chapter 3, the synthesis and properties of two flexible polymers containing precisely 
defined conjugation lengths is described, that have non-conjugated 1,2-ethanediyl units in between 
the conjugated DPP units. By comparing these flexible polymers to small molecules with the same 
conjugated segment and composition, the effects of molecular size on morphology and photovoltaic 
performance can be distinguished without affecting the conjugation length. It was found that the 
fibrillary domain feature is a result of the high molecular weights in combination with the 
aggregating properties of the DPP conjugated segment, which itself is not enough to provide the 
fibrillary structure.  

The effect of fluorination on morphology as well as device performance is studied in chapter 
4. Three bis-DPP compounds carrying different numbers of fluorine atoms (0, 2 and 4) were designed 
and synthesized. By varying the number of fluorine atoms, the nanoscale phase separation can be 
fined-tuned. As a result, a higher efficiency has been achieved compared with the non-fluorinated 
counterpart. This work provides a way to optimize the short-circuit current density and fill factor 
without significantly affecting the open-circuit voltage and optical band gap. A good correlation 
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between the number of fluorine atoms per molecule and phase separation scale is observed, which, 
to some extent, can be explained by the surface energy difference of DPP molecules. Other 
influencing factors cannot be excluded.  

In chapter 5, we studied the structure-morphology-performance relationship of bis-DPP 
molecules by systematically varying different parts of the molecule: the central core, the solubilizing 
side chain and the end groups. It was found that compared to DPP polymers, the bis-DPP small 
molecules phase separated much easier in blends with fullerene derivatives. All three best 
performing DPP molecules in this series show comparable efficiency (~4.4%) as well as morphology 
features: small and distinguishable domains. Other molecules either with higher tendency of 
aggregation/crystallization or solubility are more phase separated from fullerene acceptor. It was 
concluded that small structural variation can induce large morphology alteration, which plays a key 
role in influencing device performance of bis-DPP molecules (can double the efficiency in this case). 
The tendency of aggregation/crystallization and solubility of bis-DPP molecules are the key factors 
influencing morphology feature and hence device performance. 

From Prof. Ken-Tsung Wong of National Taiwan University, we received two nitrogen-
bridged terthiophene (NBTT) molecules. The photovoltaic performance of the NBTT derivatives as 
electron donor has been optimized in organic solar cell as described in chapter 6. It was found that 5% 
efficiency can be achieved in both cases without any co-solvent or post-annealing treatment. The 
optimized active layers show a surprisingly well-mixed morphology. By comparing the crystallinity as 
well as solubility with DPP molecules in chapter 2, the well-mixed morphology has been attributed to 
the affinity between the NBTT unit and the fullerene. This affinity can be explained by the large 
fused aromatic ring of NBTT unit together with the aligned sulfur atoms as well as the side-chain 
position. 

Based on the findings in chapter 5, it seems that the interaction between DPP small 
molecule and fullerene is relatively weak (coarse phase separation can easily occur). Therefore we 
introduce building blocks with high affinity to fullerene. The interaction between porphyrin and 
fullerene derivatives has been shown in literature.42 Moreover, the combination of porphyrin and 
DPP unit has shown good performance as an efficient OPV system (see Scheme 1.5). However, it is 
known that the synthesis of porphyrin derivatives provides notoriously low yields and is tedious 
(long synthetic path), especially for those that lack four-fold symmetry. To simplify the synthesis and 
reduce material cost in the future application, we designed a molecule with four-fold rotational 
symmetry in which the porphyrin core is linked to four thiophene-flanked DPP units via alkynes in 
chapter 7. This molecule has been synthesized with a shorter synthetic path and higher overall yield 
compared with its lower symmetry counterparts. After preliminary device optimization, an efficiency 
of 3.2% has been achieved. This work proved the feasibility of this star-shaped DPP-porphyrin 
molecular design motif and provides a foundation for future structural variation as well as structure-
performance relationship study. 

This thesis has provided new insights into the relation between molecular structure, solution 
processing, morphology and performance of small-molecule organic solar cells, which contributes to 
rational design of materials with higher efficiency. 
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Chapter 2. Domain size effects on photovoltaic performance of end-group substituted diketopyrrolopyrrole small-molecules 
Abstract 

Unlike the characteristic fibrillary morphologies encountered in efficient polymer-based 
organic solar cells, the nanophase separations in small-molecule organic solar cells are more diverse 
and notoriously difficult to predict. In the chapter we investigate the effect of molecular structure on 
domain size and device performance for small-molecule photoactive layers to establish structure-
performance relationships that will enable rational design of efficient small-molecule materials. In 
particular, we investigate a diketopyrrolopyrrole (DPP) based-molecule, in which the DPP unit is 
flanked by two quaterthiophene units that carry polar end groups, such as aldehyde (CHO), 
rhodanine derivatives (Rho, RCN), or 1,3-indandione (IDD). These end groups do not significantly 
influence the optoelectronic properties that are relevant to the photovoltaic behavior, but do affect 
the morphology formed in combination with fullerene acceptors. For the larger Rho, RCN, and IDD 
end groups, semi-crystalline domains are formed of which the size limits the short-circuit current 
density and power conversion efficiency (PCE) when it becomes larger than the exciton diffusion 
length. We establish a semi-quantitative relation between domain size and PCE. The highest PCE of 
3.8% is found for the rhodamine derivative as donor in combination with a fullerene acceptor, where 
the average lateral domains size is 36 nm. 
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2.1 Introduction 
In the last decade, the record efficiency of single junction donor-acceptor organic 

photovoltaics (OPVs) has increased from 2.5% to over 12%. 1  The improvement of device 
performance mainly resulted from a significant synthetic effort to design and establish new 
polymers and small molecular materials as electron donor. To achieve an efficient organic solar cell 
(OSC), the absorption spectrum of the photoactive layer preferably covers a broad range of 
wavelengths with high extinction coefficients, while energy levels of electron donor and electron 
acceptor should be carefully aligned to ensure a high quantum yield for photoinduced charge 
transfer and, simultaneously, a high energy of the charge-separated state. To ensure a high quantum 
yield for charge generation and collection the electron donor and acceptor semiconductors should 
form an interpenetrating and bi-continuous phase-separated morphology with a characteristic 
domain size comparable to the exciton diffusion length (~10 nm). Furthermore the semiconductors 
should possess high charge carrier mobility. 

Diketopyrrolopyrrole (DPP) has emerged as a versatile building block for organic 
photovoltaic (OPV) materials because it fulfils several of the aforementioned requirements. DPP 
based organic semiconductors show intense light absorption,2 photochemical stability,3,4 good 
charge carrier mobility in field-effect transistor (FET) devices,5-7 and also good device performance as 
a building block in polymeric8-10 and small-molecule11,12 OPV materials. Moreover, due to the 
easiness of structural modification,8 energy levels can be fine-tuned.13-15 Morphology control, 
however, remains as a challenge because there are few guidelines on how to achieve the desired 
bulk heterojunction phase separation in the photoactive layer. 

For active layers of DPP-based polymers as electron donor with [6,6]-phenyl-C61-butyric acid 
methyl ester ([60]PCBM) or its C71 analog ([70]PCBM) as electron acceptor, It has been reported that 
a fibrillary domain feature with narrow (~5 nm) fiber width is crucial for efficient organic solar cells 
(OSCs) based on bulk heterojunctions. The fiber width is determined by the solubility of DPP 
polymers in the solvent mixture, which can be modulated by the molecular structure, the choice of 
co-solvent, and the molecular weight of the polymer.16-18 However, such knowledge cannot be 
transferred to DPP small-molecule systems, since the morphology of small - molecule - fullerene 
blends is more diverse and the fibrillary domain feature is rarely observed.19 In this chapter, we 
investigate OSCs and morphologies of four molecules that consist of a DPP core flanked by two 
quaterthiophenes (4T), and having different terminal polar end groups that can influence 
aggregation behavior (Scheme 2.1). As for end groups we use aldehyde (CHO), rhodanine (Rho), the 
dicyano derivative of rhodanine (RCN), and 1,3-indandione (IDD). The particular choice of these units 
is based on the fact they have shown very good performance when used as end groups for 
oligothiophenes in OSCs by increasing the optical absorption range and intensity.20-31 Although some 
of these end groups have previously been introduced into DPP small-molecule systems for 
OPV,27,28,31 their influence on morphology and eventually device performance remains to be 
elucidated. We show that these end groups result in isolated domains of the donor molecules in 
blends with [60]PCBM and [70]PCBM. The size of these domains differs with the nature of the end 
groups. By comparing to the solar cell performance, this feature enables to rationalize the structure-
morphology-performance relationships semi-quantitatively.  
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Scheme 2.1 Synthetic routes to DPP-CHO, DPP-Rho, DPP-RCN and DPP-IDD. Note that for Rho and 
RCN derivatives the Z,Z configurations are formed preferentially.32,33 
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2.2 Results and discussion 

2.2.1. Synthesis 
DPP-CHO was synthesized via palladium catalyzed Stille reaction from 2,5-bis(2-ethylhexyl)-

3,6-bis(5-(trimethylstannyl)thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (1) and 5''-
bromo-3,3''-dioctyl-[2,2':5',2''-terthiophene]-5-carbaldehyde (2) (Scheme 2.1). DPP-CHO was then 
used as the starting material to synthesize DPP-Rho, DPP-RCN, and DPP-IDD, using 3-ethyl-2-
thioxothiazolidin-4-one, 2-(3-ethyl-4-oxothiazolidin-2-ylidene)malononitrile, and 1,3-indanedione 
respectively, under influence of amines as a base. The compounds were characterized with 1H NMR 
and mass spectrometry. The details of the synthesis, purification, and characterizations can be found 
in the Experimental (Section 2.4) 

2.2.2. Optical properties 
The optical absorption spectra of the four DPP compounds were measured in solution 

(chloroform) and in solid state (thin film). When dissolved in chloroform, the DPP molecules show a 
featureless absorption band with an onset between 707 and 739 nm (Figure 2.1a). The onsets shift 
to shorter wavelengths in the sequence DPP-RCN > DPP-IDD > DPP-Rho > DPP-CHO (Table 2.1), 
following the change in reduction potential of the electron with drawing end group (vide infra). 
Nevertheless, the influence of the end groups on the position of this absorption band is small and 
this supports the assignment that it predominantly originates from the 4T-DPP-4T oligomer. At lower 
wavelengths each molecule exhibits a second, less intense absorption band, which shifts more 
strongly with the nature of the end group. This second transition is tentatively assigned to a charge-
transfer absorption between the 4T segment and the end group. In the solid films, all absorption 
maxima are red shifted and additional shoulders appear at low photon energy, attributed to 
interaction of transition dipoles as a consequence of aggregation (Figure 2.1b). As a result the onsets 
of absorption are shifted to longer wavelengths. The shift is the largest for DPP-IDD in this series 
(Table 2.1), which suggests a stronger inter-molecular interaction compared with other three 
molecules.  
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Figure 2.1 UV-vis absorption spectra of DPP-CHO, DPP-Rho, DPP-RCN and DPP-IDD in (a) chloroform 
solution and (b) thin films.  
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Table 2.1 Optical properties of DPP-CHO, DPP-Rho, DPP-RCN and DPP-IDD. 

 λsol  
(nm) 

λfilm  
(nm) 

λfilm − λsol  
(nm) 

Eg
film  

(eV) 

DPP-CHO 707 830 123 1.49 

DPP-Rho 723 837 114 1.48 

DPP-RCN 739 845 106 1.47 

DPP-IDD 732 858 126 1.45 

 

2.2.3. Energy levels 
The energy levels of the four molecules were measured with cyclic voltammetry (CV) as thin 

films on ITO, immersed in an acetonitrile solution containing 1 M tetrabutylammonium 
hexafluorophosphate, using ferrocene/ferrocenium (−5.23 eV versus vacuum) as an internal 
standard. The energies of the highest occupied molecular orbital (HOMO) and the lowest 
unoccupied molecular orbital (LUMO) as determined from the onsets of the redox waves are 
collected in Table 2.2 and graphically shown in Figure 2.2. The data reveal that the stronger electron 
withdrawing character of the RCN and IDD terminal groups results in lower LUMO levels. The HOMO 
levels, differ less, except for DPP-IDD where the HOMO is deeper. For these molecules, the optical 
band gap (Eg

film, Table 2.1) is smaller than the electrochemical band gap (Eg
film, Table 2.2), but less so 

for DPP-RCN. Such difference are not unexpected, considering that different quantities are 
measured and different conditions apply. Often it is found that Eg

CV > Eg
film.  
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Figure 2.2 Energy levels of DPP-CHO, DPP-Rho, DPP-RCN and DPP-IDD determined from cyclic 
voltammetry measurement (Fc/Fc+ =-5.23 eV). 
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Table 2.2 Energy levels and band gaps calculated from electrochemistry.  

 LUMO (eV) a HOMO (eV) a Eg
CV (eV) 

DPP-CHO -3.7 -5.5 1.8 
DPP-Rho -3.7 -5.5 1.8 
DPP-RCN -4.0 -5.4 1.4 
DPP-IDD -3.9 -5.7 1.8 

a Potential vs. vacuum. 

2.2.4. Crystallinity 
X-ray diffraction (XRD) was used to assess the crystallinity of the four DPP compounds in the 

solid state. The materials were drop-cast from chloroform solution on top of a pre-cleaned glass 
substrate. The diffractograms shown in Figure 2.3 reveal that the DPP molecules form semi-
crystalline films, exhibiting a reflection at 2θ = 5.4° to 6.3° which suggests a lamellar packing motif, 
typical for side-chain substituted conjugate molecules. Higher order reflections are seen for DPP-
CHO and DPP-RCN. The intensity of the reflection of DPP-CHO is much higher than those of the other 
three molecules. This may be due to the higher solubility of DPP-CHO, compared to the other three 
derivatives, which provides a longer time for reorganization of the molecules in the drop-cast layer 
during drying, resulting in more and larger crystalline domains. The d spacing calculated from the 2θ 
values according to Bragg’s law are in the range from 1.39 to 1.62 nm (Table 2.3). 
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Figure 2.3 XRD traces of DPP-CHO, DPP-Rho, DPP-RCN and DPP-IDD.  

Table 2.3 Summary of 2θ and d spacing from XRD measurement. 

Material 2θ (degree) d spacing (nm) 
DPP-CHO 5.64 1.57 
DPP-Rho 5.44 1.62 
DPP-RCN 6.34 1.39 
DPP-IDD 5.69 1.55 

2.2.5. Solar cells and morphologies 
The four DPP molecules were used as electron donor, blended with [60]PCBM or [70]PCBM 

as electron acceptor to form the photoactive layer of solar cells with a 
glass/PEDOT:PSS/DPP:PCBM/LiF/Al device configuration. Device optimization involved testing 
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different donor:acceptor (D:A) ratios, solvents (chloroform or chlorobenzene), co-solvents (1,8-
diiodooctane, ortho-dichlorobenzene, or 1-chloronaphthalene), and post annealing (thermal or 
solvent vapor annealing). The optimized device fabrication conditions are collected in Table 2.4. For 
DPP-CHO, DPP-Rho, and DPP-IDD the best devices were cast from pure chloroform without any co-
solvent or post annealing in D:A ratios around 1:1 (Table 2.4). In the case of DPP-RCN, the addition of 
0.2 vol.% 1-chloronaphthalene (1-CN) as co-solvent to chloroform improved the device performance 
compared to layers from pure chloroform. When DPP-RCN was blended with [70]PCBM, thermal 
annealing (110 oC, 10 min) after spin coating, i.e. before evaporating the LiF/Al contact, was 
necessary to obtain the best device performance. 

Table 2.4 Optimized device performances of DPP-CHO, DPP-Rho, DPP-RCN and DPP-IDD.  

Donor 
 

Acceptor 
 

D : A 
 

Solvent 
 

Annealing 
 

Jsc
a 

(mA cm-2) 
Voc 
(V) 

FF 
 

PCE 
(%) 

DPP-CHO [60]PCBM  1 : 0.8 CHCl3 No 6.52 0.71 0.51 2.4 
  [70]PCBM 1 : 1b CHCl3 No 6.84 0.69 0.57 2.7 

DPP-Rho [60]PCBM  1 : 1b CHCl3 No 8.36 0.75 0.60 3.8 
  [70]PCBM 1 : 0.8 CHCl3 No 7.27 0.73 0.62 3.3 

DPP-RCN [60]PCBM  1 : 1 0.2% 1-CN/CHCl3 No 5.18 0.78 0.53 2.1 
  [70]PCBM 1 : 1b 0.2% 1-CN/CHCl3 Yes c 5.01 0.79 0.54 2.1 

DPP-IDD [60]PCBM  1 : 1b CHCl3 No 4.65 0.66 0.61 1.9 
  [70]PCBM 1 : 1 CHCl3 No 3.93 0.64 0.61 1.5 

a Current density integrated from the EQE data and the AM1.5 G spectrum. b Devices corresponding 
to AFM & TEM images. c 110 oC for 10 min. 
 

From the J-V characteristics, the external quantum efficiency (EQE) spectra of the optimized 
devices (Figure 2.4), and the corresponding solar cell parameters (Table 2.4) some characteristics can 
be seen. First, the differences between the optimized power conversion efficiencies (PCEs) for 
devices with either [60]PCBM or [70]PCBM as acceptor are small. The reason for this small difference 
is not understood at present, but unlikely related to a too low driving force for hole transfer.34 
Second, the highest PCEs are found for the DPP-Rho cells with [60]PCBM or [70]PCBM. Their higher 
performance is mainly a consequence of the higher short-circuit current density (Jsc), together with a 
reasonably good fill factor (FF) and open-circuit voltage (Voc). The cells with the highest Voc are those 
based on DPP-RCN. While the dicyano derivative of rhodanine is the strongest electron-accepting 
end group, cyclic voltammetry measurements indicated that the DPP-RCN derivative had the highest 
lying HOMO level, such that actually a lower Voc would be predicted. At present we have no 
explanation for this discrepancy. From Table 2.4 we can also see that the FFs (0.60-0.62) of optimized 
devices containing DPP-Rho and DPP-IDD are higher than those of DPP-CHO and DPP-RCN (0.51-
0.57), which suggest that charge transport is better in the former. 

The EQE spectra show onsets that are comparable to the absorption spectra of the pure 
compound is the solid state. This evidences that the aggregation of the DPP molecules in blend films 
is not hampered by the addition [60]PCBM or [70]PCBM. 
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Figure 2.4 (a) J−V characteristics and (b) external quantum efficiency (EQE) spectra of optimized 
devices of the four DPP molecules as donor with either [60]PCBM or [70]PCBM as electro acceptor. 

Transmission electron microscopy (TEM) was used to assess the nanoscale morphology of 
the blends and to relate this to the optimized device performance. TEM images of the active layers 
spin coated under optimized conditions show isolated domains with difference sizes (Figure 2.5). 
Apart from the size, there is distinct difference between the morphology of DPP-CHO:[70]PCBM 
(Figure 2.5a) and the three other blends (Figure 2.5b-d). The domain features in Figure 2.5b-d 
appear brighter than the surrounding continuous matrix, while in Figure 5a the darker domains are 
embedded in brighter surroundings. According to the atomic force microscopy (AFM) images (not 
shown), the active layers are smooth with a root mean squared roughness Rq  3 nm. Therefore, the 
contrast in brightness of the TEM images can be attributed to difference in density rather than 
thickness. Because the density of PCBM is much higher (up to 50%) that that of the DPP molecules, 
the light grey areas are attributed to donor-rich domains, while the dark areas are attributed to 
acceptor-rich domains. With this information, we can interpret the dark domains shown in Figure 
2.5a for DPP-CHO:[70]PCBM to be rich in fullerene, while for the other three layers the bright 
domains are rich in the DPP molecules.   

The spherical shape of the dark domains in DPP-CHO:[70]PCBM is reminiscent of polymer-
fullerene morphologies that form via liquid-liquid (L-L) spinodal phase separation during drying.35,36 
This process occurs when fast evaporation is combined with good solubility of both components. 
This causes a rapid quench into the spinodal regime of the phase diagram, where the solution phase 
separates into two solutions, each rich in one of the two component. Often fullerene-rich droplets 
phase separated from the donor-rich matrix.35,36 The solubility of [60]PCBM and [70]PCBM (> 30 mg 
mL-1) in chloroform is much higher than those of the electron-donor molecules (< 10 mg mL-1). 
Moreover, the solubility of DPP-CHO in chloroform (~8 mg mL-1) is clearly higher than those of the 
other three molecules (  5 mg mL-1). This may explain why dark blobs are only present in the active 
layer of DPP-CHO: the higher solubility of DPP-CHO allows it to stay in solution state for a longer 
time, while the lower solubility of DPP-Rho, DPP-RCN and DPP-IDD results in precipitation before 
liquid-liquid phase separation can occur.37  
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Figure 2.5 TEM images of active layers containing (a) DPP-CHO:[70]PCBM. (b) DPP-Rho:[60]PCBM. (c), 
DPP-RCN:[70]PCBM. (d) DPP-IDD:[60]PCBM. In each image 20 domains were randomly picked to 
estimate the average domain size. 

By randomly picking 20 island-shape domains in each TEM image (Figure 2.5), average 
domain sizes were determined and summarized in Table 2.5 together with optimized device 
parameters shown before. The average size of the fullerene-rich domains is 59 nm in DPP-
CHO:[70]PCBM films, and the size of the DPP-molecules increases from 36 nm (DPP-Rho:[60]PCBM), 
via 57 nm (DPP-RCN:[70]PCBM) to 73 nm (DPP-IDD[60]PCBM). It is worth noting that for the latter 
three the domain size increases with decreasing solubility of the DPP molecules in chloroform (DPP-
Rho > DPP-RCN > DPP-IDD, based on observing precipitates in spin-coated thin films at different 
concentrations). This supports the aforementioned hypothesis: the brighter domains result from 
aggregation of DPP molecules. Furthermore, the shape of the light grey domains shown in Figure 
2.5b-d is less spherical and more irregular as expected for the precipitation of aggregates. We 
propose that the light grey island-shape domains result from solid-liquid (S-L) phase separation.  
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Table 2.5 Summary of photovoltaic parameters change with domain size. 

 Domain size 
(nm) 

Jsc  
(mA cm-2) 

Voc
  

(V) FF PCE 

DPP-CHO 59 6.8 0.69 0.57 2.7 % 
DPP-Rho 36 8.4 0.75 0.60 3.8 % 
DPP-RCN 57 5.0 0.79 0.54 2.1 % 
DPP-IDD 73 4.7 0.66 0.61 1.9 % 
Max/Min 2.0 1.8 1.2 1.1 2.0 

 

The domain size determined from TEM nicely correlates with the device performance for the 
blends based on DPP-Rho, DPP-RCN, and DPP-IDD. Table 2.5 and Figure 2.6 show that when the 
domain size doubles, Jsc almost halves, while Voc and FF do not change significantly and their 
variations do not correlate with domain size. As a result, the PCE is halved. This behavior can be 
explained by the idea that exciton diffusion is a limiting factor for the device performance in these 
photoactive layers. When size of the domains exceeds twice of the exciton diffusion length, 
dissociation of excitons generated in the center of domains into charge carriers is no longer possible.  

Although the domain size of active layer containing DPP-CHO (59 nm) is close to that of DPP-
RCN (57 nm), the compositions of these island-shape domains are not comparable (acceptor-rich vs. 
donor-rich). Due to the difficulty in quantifying the average domain size of the light grey matrix 
shown in Figure 2.5a, we exclude DPP-CHO when studying the effect of domain size on device 
parameters. 
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Figure 2.6 Plots of solar cells parameters versus average domain size.  

2.3. Conclusions 
In summary, by attaching different terminal groups (CHO, Rho, RCN, and IDD) to conjugated 

molecule consisting of a DPP core flanked by two quaterthiophenes groups, it is possible to control 
the morphology of the photoactive layer of these derivatives in blends with [60]PCBM or [70]PCBM. 
For the larger end groups (Rho, RCN, and IDD) the moderate solubility of the DPP molecules 
compared to the one with CHO termini, causes the formation of island-shaped semi-crystalline 
domains embedded in a matrix that is rich in fullerene. The lateral dimensions of the domains, as 
inferred from the TEM images, correlate with the short-circuit current density and the power 
conversion efficiency of the photoactive layers in photovoltaic devices, but show no relation with the 
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open-circuit voltage or fill factor. Larger domains will result in lower currents and efficiencies when 
the domain sizes exceed the exciton diffusion length and thereby limit charge generation. As a result, 
the power conversion efficiency is inversely proportional to domain size. For the CHO derivative an 
inverted morphology is formed. The higher solubility of this compound allows liquid-liquid phase 
separation to occur, before the solubility limit is reached. As a result, more round-shaped fullerene 
domains are formed in a matrix rich in donor molecules. The best power conversion efficiency (3.8%) 
was found for DPP-Rho:[60]PCBM layers, which featured the smallest domains. The results provide 
credit to the idea that it is possible to rationally control morphology and efficiency in photovoltaic 
small molecule – fullerene blends via end-group variation.  

2.4 Experimental 
All synthetic procedures were performed under argon atmosphere. Commercial chemicals 

and dry solvents were used as received. [60]PCBM and [70]PCBM were purchased from Solenne BV. 
2,5-bis(2-ethylhexyl)-3,6-bis(5-(trimethylstannyl)thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-
dione (1), 5''-bromo-3,3''-dioctyl-[2,2':5',2''-terthiophene]-5-carbaldehyde (2) and 2-(3-ethyl-4-
oxothiazolidin-2-ylidene)malononitrile (RCN) were obtained from SunaTech. 3-Ethyl-2-
thioxothiazolidin-4-one (Rho) was purchased from TCI. 1,3-Indandione (IDD) was purchased from 
Sigma-Aldrich. 

  1H NMR spectra (400 MHz or 500 MHz) were recorded at Bruker spectrometer with CDCl3 as 
the solvent and tetramethylsilane (TMS) as the internal standard. Matrix assisted laser desorption 
ionization time of flight (MALDI-TOF) mass spectroscopy was performed on a Bruker Autoflex Speed 
spectrometer. 

Optical absorption spectra were recorded on a Perkin Elmer Lambda 900 UV-vis-nearIR 
spectrophotometer. Cyclic voltammetry was performed under an inert atmosphere with a scan 
speed of 0.1 V/s in an acetonitrile solution of 1 M tetrabutylammonium hexafluorophosphate. An 
ITO glass slide covered with a thin layer of molecule (approx. 10 nm) was used as working electrode, 
a silver rod as counter electrode, and a silver rod coated with silver chloride (Ag/AgCl) as quasi-
reference electrode in combination with Fc/Fc+ as an internal standard.  

AFM images were taken on a Veeco MultiMode atomic force microscope connected to a 
Nanoscope III controller operating in tapping mode using PPP-NCH-50 probes (Nanosensors). For 
TEM, films were floated from the PEDOT-covered ITO substrates on 200 square mesh copper grids. 
TEM was performed with a Tecnai G2 Sphera (FEI) operating at 200 kV. XRD was measured on a 
Bruker D2 Endeavor diffractometer using Cu Kα radiation with a wavelength of 0.15406 nm. Scans 
were done from 2 – 30 degrees (2ϑ) with scan speed of 1 s/step and increments of 0.025 
degree/step. Samples for XRD were prepared by drop-casting 50 μL of a 1 mg mL-1 small molecule 
solution in chloroform on to a pre-cleaned glass substrate. 

  Photovoltaic devices were made by spin coating poly(ethylenedioxythiophene):poly(styrene 
sulfonate) (PEDOT:PSS) (Clevios P, VP AI 4083) onto pre-cleaned, patterned indium tin oxide (ITO) 
substrates (14 Ω per square) (Naranjo Substrates). The photoactive layer were deposited by spin 
coating a chloroform solution containing the molecules and [60]PCBM or [70]PCBM with different 
ratio and the appropriate amount of 1,8-diiodooctane (DIO), ortho-dichlorobenzene (o-DCB), or 1-
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chloronaphthalene (1-CN). LiF (1 nm) and Al (100 nm) were deposited by vacuum evaporation at ~2 
× 10-7 mbar as the back electrode. The active area of the cells was 0.09 cm2. J−V characteristics were 
measured under ~100 mW cm−2 white light from a tungsten-halogen lamp filtered by a Schott GG385 
UV filter and a Hoya LB 120 daylight filter, using a Keithley 2400 source meter. Short circuit currents 
under AM1.5G conditions were estimated from the spectral response and convolution with the solar 
spectrum. The spectral response was measured under simulated 1 sun operation conditions using 
bias light from a 532 nm solid state laser (Edmund Optics). Light from a 50 W tungsten halogen lamp 
(Osram64610) was used as probe light and modulated with a mechanical chopper before passing the 
monochromator (Oriel, Cornerstone 130) to select the wavelength. The response was recorded as 
the voltage over a 50 Ω resistance, using a lock-in amplifier (Stanford Research Systems SR 830). A 
calibrated Si cell was used as reference. The device was kept behind a quartz window in a nitrogen 
filled container. The thickness of the active layers in the photovoltaic devices was measured on a 
Veeco Dektak 150 profilometer. 

DPP-CHO 
Into a Schlenk tube were added 2,5-bis(2-ethylhexyl)-3,6-bis(5-(trimethylstannyl)thiophen-2-

yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (1) (100 mg, 0.12 mmol), 5''-bromo-3,3''-dioctyl-
[2,2':5',2''-terthiophene]-5-carbaldehyde (2) (140 mg, 0.24 mmol), 
tris(dibenzylideneacetone)dipalladium(0) (3 mg, 3 μmol), and triphenylphosphine (4 mg, 12 μmol). 
The Schlenk tube was degassed and refilled with argon for three times. Toluene (2 mL) and DMF (0.2 
mL) were injected under argon. After degassing and refilling with argon for 3 times, the reaction 
mixture was stirred at 115 °C for 12 h. The mixture was then extracted with dichloromethane, 
washed with water and brine, dried with Na2SO4 and concentrated by evaporating the solvent. The 
resulting solid was subjected to column chromatography (silica, eluent CHCl3) to isolate the crude 
product. The resulting solid was dissolved in chloroform (5 mL) and precipitated into methanol (100 
mL) to yield DPP-CHO (121 mg, 66 %) as a dark solid with metallic reflection. 1H NMR (400 MHz, 
chloroform-d) δ 9.83 (s, 2H), 8.91 (d, J = 4.1 Hz, 2H), 7.60 (s, 2H), 7.14 (d, J = 4.3 Hz, 4H), 4.06 (h, J = 
7.9 Hz, 4H), 2.81 (dt, J = 17.5, 7.9 Hz, 8H), 1.93 (p, J = 6.4 Hz, 2H), 1.70 (p, J = 7.5 Hz, 8H), 1.50 – 1.19 
(m, 65H), 0.90 (dt, J = 16.5, 7.1 Hz, 28H). MS (MALDI): calculated: 1520.67, found: 1520.67 (M+). 

DPP-Rho 
Into a 250 mL two-necked flask were added DPP-CHO (100 mg, 0.066 mmol) and 3-ethyl-2-

thioxothiazolidin-4-one (Rho) (106 mg, 0.66 mmol). The flask was degassed and refilled with argon 
for three times. Anhydrous chloroform (100 mL) was injected under argon. After degassing and 
refilling with argon for 3 times, 3 drops of piperdine were injected under argon. The reaction mixture 
was refluxed at 80 °C for 24 h. The mixture was then extracted with dichloromethane, washed with 
water and brine, dried with Na2SO4 and concentrated by evaporating the solvent. The resulting solid 
was subjected to column chromatography (silica, eluent CHCl3) to isolate the crude product. The 
resulting solid was dissolved in chloroform (5 mL) and precipitated into methanol (100 mL) to yield 
DPP-Rho (81 mg, 68 %) as a dark solid. 1H NMR (400 MHz, chloroform-d) δ 8.92 (d, J = 4.2 Hz, 2H), 
7.79 (s, 2H), δ 7.30 (d, J = 4.1 Hz, 2H), 7.25 – 7.23 (m, 4H), 7.18 – 7.15 (m, 4H). δ 4.20 (q, J = 7.2 Hz, 
4H), 4.07 (t, J = 7.6 Hz, 4H). 2.82 (q, J = 8.4 Hz, 8H), 1.92 (m, 2H), 1.71 (q, J = 7.6 Hz, 8H), 1.49 – 1.21 
(m, 66H), 0.97 – 0.81 (m, 25H). MS (MALDI): calculated: 1806.64, found: 1806.64 (M+). 
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DPP-RCN 
Into a 250 mL two-necked flask were added DPP-CHO (100 mg, 0.066 mmol) and 2-(3-ethyl-

4-oxothiazolidin-2-ylidene)malononitrile (RCN) (127 mg, 0.66 mmol). The flask was degassed and 
refilled with argon for three times. Anhydrous chloroform (100 mL) was injected under argon. After 
degassing and refilling with argon for 3 times, 3 drops of piperdine were injected under argon. The 
reaction mixture was refluxed at 80 °C for 24 h. The mixture was then extracted with 
dichloromethane, washed with water and brine, dried with Na2SO4 and concentrated by evaporating 
the solvent. The resulting solid was subjected to column chromatography (silica, eluent CHCl3) to 
isolate the crude product. The resulting solid was dissolved in dichloromethane (5 mL) and 
precipitated into acetone (100 mL) to yield DPP-RCN (70 mg, 56 %) as a dark solid. 1H NMR (500 MHz, 
chloroform-d, 50 oC) δ 8.89 (2H), 8.00 (2H), 7.33 (6H), 7.19 (4H), 4.35 (m, 4H), 4.08 (m, 4H), 2.97 – 
2.76 (m, 8H), 1.96 (m, 2H), 1.73 (m, 8H), 1.56 – 1.17 (m, 82H), 0.93 (m, 30H). Due to the limited 
solubility, the resolution of NMR is not high enough to attribute peak splitting. MS (MALDI): 
calculated: 1870.71, found: 1870.68 (M+). 

DPP-IDD 
Into a 250 mL two-necked flask were added DPP-IDD (152 mg, 0.1 mmol) and 1,3-indandione 

(IDD) (146 mg, 1 mmol). The flask was degassed and refilled with argon for three times. Anhydrous 
chloroform (50 mL) was injected under argon. After degassing and refilling with argon for 3 times, 3 
drops of triethylamine (TEA) were injected under argon. The reaction mixture was stirred at room 
temperature under argon for 24 h. After removing the solvent, the crude product was dissolved in 
CHCl3 and precipitated into methanol for several times to remove the excess IDD. The resulting solid 
was subjected to column chromatography (silica, eluent CHCl3) to isolate the crude product. The 
resulting solid was recrystallized from tetrahydrofuran (THF) to yield DPP-IDD (40 mg, 23 %) as a dark 
solid. 1H NMR (500 MHz, chloroform-d, 50 oC) δ 8.92 (d, J = 3.9 Hz, 2H), 7.98 (d, J = 5.0 Hz, 4H), δ 7.90 
(s, 2H), 7.87 (s, 2H), 7.82 – 7.75 (m, 4H), 7.42 (d, J = 3.6 Hz, 2H), 7.33 (d, J = 3.9 Hz, 2H), 7.21 (d, J = 
3.7 Hz, 2H), 7.19 (s, 2H), 4.16 – 4.01 (m, 4H), 2.87 (dt, J = 24.7, 7.9 Hz, 8H), δ 1.96 (m, 2H), 1.75 (q, J = 
7.2 Hz, 8H), 1.49 – 1.25 (m, 66H), 0.99 – 0.85 (m, 26H). MS (MALDI): calculated: 1776.72, found: 
1776.68 (M+). 
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Chapter 3.  Flexible polymers from well-defined conjugated diketopyrrolopyrrole segments and their application in polymer solar cells 
Abstract 

Diketopyrrolopyrrole (DPP) based conjugated small molecules and polymers have been 
successfully applied in organic photovoltaics as electron-donor materials. In blends with fullerene 
derivatives they generally provide rather different morphologies. For DPP polymers, often semi-
crystalline fibrillary networks are observed, while small molecules often give rise to individual 
nanocrystalline domains. This might be one of the reasons why most, but not all, DPP small 
molecules provide modest power conversion efficiencies (PCEs) in solar cells. Aiming at flexible 
polymeric donor materials that combine the advantages of both small molecules and polymers, we 
investigate well-defined conjugated DPP segments covalently linked via flexible aliphatic linkers into 
a polymer to independently control conjugated length and overall chain length. We designed two 
DPP flexible polymers with well-defined conjugation lengths and compare these with their small-
molecule analogues. We find that the fibrillary domain features are found for the polymers and 
indeed absent for the small molecules, but that the PCEs of the corresponding solar cells are very 
similar and seem to be largely determined by the conjugated segment rather than the total 
molecular weight or the morphology.  
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3.1 Introduction 
In the past ten years there has been intensive research on conjugated small molecules and 

polymers as electron donor materials for solution-processed bulk heterojunction solar cells. Because 
of their well-defined structures, small molecules have distinct advantages over polymers in terms of 
fabrication reproducibility and no batch-to-batch variation, while polymeric materials are popular 
due to their straightforward synthesis and film formation. Especially for use in bulk heterojunction 
solar cells, high molecular weight often result in interchain interactions that are crucial in 
determining the nanosized phase separation in the active layer. It is therefore of interest to develop 
flexible polymeric donor materials that could combine the advantages of both small molecules and 
polymers. By covalently linking low molecular weight conjugated segments with flexible aliphatic 
linkers, independent control over the conjugated segment length and overall chain length can be 
obtained. For this type of material precise physicochemical properties (e.g. band gap and redox-
potentials) as well as good film forming properties can be expected.  

Recent examples indicate that employing flexible linkers connecting well-defined conjugated 
segments has some promise to advance morphology control in semiconducting polymer based 
devices for use in field effect transistors.1 Moreover, when the flexibly linked conjugated materials 
were employed as an additive to the corresponding small molecules, improved control was obtained 
over the morphology and the thermal stability of pure donor films in transistor devices and in blends 
with [6,6]-phenyl-C61-butyric acid methyl ester ([60]PCBM) for photovoltaics.2 An alternating main-
chain rod/coil polycarbonate based on a telechelic sexithiophene oligomer was shown to possess 
morphological behavior typical of a liquid-crystalline polymer, with stacking distances between 
chromophores suitable for potential charge transport applications.3 For diketopyrrolopyrrole (DPP) 
polymers with a varying amount of aliphatic conjugation-break spacers the charge carrier mobility is 
decreased compared to the fully conjugated polymers.4,5 Despite the expected advantages, most of 
the reported flexible polymers to date show moderate power conversion efficiencies (PCEs) in 
organic solar cell devices (~1%),6,7  

Diketopyrrolopyrrole (DPP) conjugated small molecules and polymers are good candidates 
as electron-donating materials in organic photovoltaics (OPV),8-10 because the materials exhibit 
favorable properties, such as high absorption coefficients11 and charge carrier mobilities.12-14 When 
used as donor material in photoactive blends with fullerene derivatives such as [60]PCBM as 
electron acceptor there is a large difference in morphology between DPP polymers and small 
molecules. For DPP polymer-fullerene blends polymer fibers are frequently observed,15 while these 
absent in DPP small-molecule-fullerene blends.16 In terms of structure-morphology relationships, it is 
unclear which factor induces the fibrillary domain feature in DPP polymer system, since the long 
polymer chain actually introduces two effects: conjugation length effect and molecular size effect. 
While longer conjugation length provide stronger driving force for π-stacking, larger molecular size 
enhances Van der Waals force and the possibility of chain entanglement. Both effects can influence 
aggregation behavior independently.  

To investigate the effects on morphology induced by conjugation length and molecular 
weight separately, we designed and synthesized two flexible DPP polymers with well-defined 
conjugation lengths and two small molecules that contain exactly the same conjugated segment, 
consisting of thiophene flanked DPP units and phenylene rings (Figure 3.1). In this way, the 
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conjugation length remains constant between each polymer-small molecule pair, but the molecular 
weight differs considerably. The molecules and polymers have been used to fabricate organic solar 
cells and their performance tested in the relation to active layer morphology. The results allows to 
distinguish the influence of conjugation length from molecular weight.   

 

Figure 3.1 Structures of M1, M2, PM1 and PM2. 

3.2 Results and discussion 

3.2.1 Synthesis and materials properties 
The syntheses of molecules M1 and M2 and corresponding polymers PM1 and PM2 are 

outlined in Scheme 3.1. Starting points are 3,6-bis(5-bromo-2-thienyl)-2,5-di(2'-hexyldecyl)-2,5-
dihydro-pyrrolo-[3,4-c]pyrrolo-1,4-dione (1)17 and 3,3'-(1,4-phenylenedi-5,2-thiophenediyl)bis[6-(5-
bromo-2-thienyl)-2,5-bis(2-hexyldecyl)-2,5-dihydro-pyrrolo[3,4-c]pyrrole-1,4-dione  (2).18 Molecules 
M1 and M2 were formed by reaction of 1 and 2 with 4,4,5,5-tetramethyl-2-(p-tolyl)-1,3,2-
dioxaborolane in a palladium catalyzed Suzuki reaction. The polymers PM1 and PM2 were 
synthesized via Suzuki polymerization from 1 and 2 respectively, together with 1,2-bis(4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)ethane (4), which was obtained from 1,2-bis(4-
bromophenyl)ethane (3) (Scheme 3.1). Previously optimized conditions, such as catalyst/ligand 
(Pd2(dba)3/PPh3, 1:4), solvent mixture (toluene/K3PO4 (2 M in H2O)) and temperature (115 °C), were 
applied.19 In this way, flexible ethylene units were introduced into the polymer backbones. 
Molecular weights of the polymers were measured by gel-permeation chromatography (GPC) in 
ortho-dichlorobenzene (o-DCB) solution at high temperature (140 °C). Low concentration (0.1 mg 
mL-1) polymer solution was applied to reduce the aggregation of polymer chains. PM1 has a number 
average molecular weight (Mn) of 28.1 kg mol-1 and polydispersity index (PDI) of 2.21, corresponding 
to about thirty repeating units. PM2 shows higher Mn of 41.4 kg mol-1 with a PDI of 2.35, but the 
repeating units of which (~20) are less. The molecular weights of the flexible polymers PM1 and PM2 
is lower than those obtained for fully conjugated polymers,15 which can be due to the differences in 
the radius of gyration of flexible versus stiff polymer chains or their aggregation behavior.20  
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Scheme 3.1 Synthetic paths of small molecules (M1 and M2) and polymers (PM1 and PM2). (i) Suzuki 
reaction using Pd2(dba)3/PPh3/K3PO4 (aq)/Aliquat 336 in toluene at 115 °C. (ii) 
Bis(pinacolato)diboron/KOAc/1,4-dioxane at 80 °C. 

The UV-vis absorption spectra of DPP molecules and polymers in chloroform solution and 
thin films are shown in Figure 3.2 and the data are summarized in Table 3.1. Because of its shorter 
conjugation length, the optical absorption of M1 is at lower wavelengths than that of M2, when the 
molecules are in chloroform solution (Figure 3.2a) and in thin films (Figure 3.2b). Surprisingly, the 
absorption onsets of PM1 and PM2 in chloroform solution are red shifted compared to those of M1 
and M2, respectively, despite the fact that their conjugated units are identical. The red shift can be 
rationalized by considering that PM1 and PM2 are partly aggregated in chloroform solution, despite 
the presence of the flexible 1,2-ethanediyl units. The red shift then occurs in consequence of inter or 
intra chain (excitonic) coupling of transition dipole moments. This reasoning is supported by the fact 
that in thin films the absorption onsets of M1 and M2 red shift and virtually coincide with those of 
PM1 and PM2 (Figure 3.2b). The shifts of the optical absorption bands of PM1 and PM2 when going 
from solution to thin films are minimal. 

In addition to these shifts, the optical absorption spectra show some (partially resolved) fine 
structure. For M1 and M2 in chloroform, this is easily attributed to vibronic coupling. In the solid 
state the intensity differences are observed for the first two peaks, which allows to assign the 
spectra to different types of aggregates, when the strength of the intermolecular (excitonic) coupling 
is similar to the electron-vibrational (vibronic) coupling. Spano has shown that under these 
conditions, H and J type aggregate can be distinguished from the ratio of the first two vibronic peak 
intensities in the absorption spectrum.21 For M1 and PM1 the ratio is considerably larger than unity, 
which would imply J type aggregation (head-to-tail packing). For M2 and PM2 the ratio is close or 
even less than unity, suggesting that in these cases the aggregation is more towards H type (face-to-
face packing). 
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Figure 3.2 UV-vis absorption spectra of DPP small molecules and polymers in chloroform solution (a) 
and in films (b). 

The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 
(LUMO) energy levels of these materials were measured by cyclic voltammetry (CV) using thin films 
of the materials on indium tin oxide (ITO) substrates (Figure 3.3 and Table 3.1), using -5.23 eV vs. 
vacuum for the ferrocene/ferrocenium reference. In thin films the molecules and polymers possess 
very similar energy levels; the HOMO level varied from -5.69 to -5.76 eV and LUMO level from -3.64 
to -3.69 eV.  

-2 -1 0 1

PM2

PM1

M2

Voltage vs. Fc/Fc+ (V)

M1

 
Figure 3.3 Cyclic voltammograms of the DPP-based small molecules and polymers (potential vs. 

Fc/Fc+). 
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Table 3.1 Optical, electrochemical and thermal properties of small molecules and flexible polymers. 
 Eg

sol 
(eV) 

Eg
film 

(eV) 
ELUMO 
(eV)a 

EHOMO 
(eV)a 

Tm 
(°C) 

Tc 
(°C) 

M1 1.95 1.80 −3.64 −5.76 197 153 
M2 1.81 1.61 −3.64 −5.69 210 187 

PM1 1.83 1.80 −3.64 −5.70 258 236 
PM2 1.67 1.63 −3.69 −5.70 208 305 

       a A value of −5.23 eV for Fc/Fc+ is used to determine the energy levels of other materials. 

Thermal properties of flexible polymers are distinctive from their small-molecule analogues. 
From the differential scanning calorimetry (DSC), the melting and crystallization transitions of M1 
(Tm = 197.4 °C, Tc = 153.3 °C) and M2 (Tm = 210.0 °C, Tc = 186.7 °C) are narrow and sharp, while those 
of PM1 (Tm = 258.0 °C, Tc = 236.3 °C) and PM2 (Tm > 350 °C, Tc = 305.3 °C) are broader and shifted to 
higher temperatures. The higher melting and crystallization temperatures of polymers indicate 
stronger Van der Waals force of polymer chains instead of longer conjugation length induced π-π 
stacking. 

The crystallization properties were further analyzed by X-ray diffraction (XRD) of the 
materials via drop casting from chloroform solution on glass substrates (Figure 3.4). M1 shows an 
intense (100) diffraction peak at 2θ = 5.08o (d = 1.74 nm), while the (100) peak of PM1 at 2θ = 5.69o 
(d = 1.55 nm) is broader and has additional higher order (200) and (300) reflections at 11.41o and 
17.18o. M2 shows two small diffraction peaks at 2θ values of 4.64o (d = 1.90 nm) and 5.68o (d = 1.55 
nm). The diffraction is distinctively different from that of M1. The two peaks suggest the coexistence 
of two different packing motifs. Interestingly M2 also has somewhat different intensity distribution 
in its optical absorption (Figure 3.2b), with a lower intensity first peak, compared to M1. These 
features suggest that M2 crystallizes in two polymorphs. This was confirmed after recording the X-
ray diffractogram of M2 after thermal annealing (Figure 3.4b). It can be seen that by heating M2 to 
150 °C and then to 200 °C (i.e. just below the melting temperature), the diffractogram changes 
dramatically. The reflection at 5.68° disappears and the peak at 4.64° increases significantly also 
giving a higher order reflections at 9.29°and 14.14°. Apparently the latter is thermodynamically 
favored polymorph. Finally, for PM2, the (h00) peaks at 5.23°, 10.40°, and 11.69° indicate a d-spacing 
of 1.69 nm. The d-spacing observed for the molecules and polymers is likely associated with the 
lamellar packing. The fact that the distances are shorter for M1 and PM1 as compared to M2 and 
PM2, might be related to the fact that per unit length along the main chain the number of 
solubilizing side chains in M1 and PM1 are slightly less than in M2 and PM2, such that for the latter 
the lamellar spacing increase to accommodate the side chains.  
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Figure 3.4 X-ray diffractograms of thin films of (a) M1, M2, PM1, and PM2. (b) M2 after thermal 
annealing 

To see the effect of thermal annealing on the optical absorption, we measured the UV-vis 
absorption spectra of the DPP molecules and polymers also after annealing. As can be seen in Figure 
3.5, annealing to 150 °C causes significant changes from M2, as expected, but not for M1, PM1 or 
PM2. 
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Figure 3.5 UV-vis absorption spectra of DPP small molecules and polymers in films before and after 
10 min. thermal annealing at 150 °C. 

3.2.2. Photovoltaic devices 
Thin films of M1, M2, PM1, and PM2 as electron donors blended with [60]PCBM as electron 

acceptor were used to fabricate in photovoltaic devices with glass/ITO/PEDOT:PSS/Active 
layer/LiF/Al device configuration. The fabrication conditions for active layers, such as ratio of donor 
to acceptor, solvent, solvent additive, thermal annealing, and thickness were optimized for each 
material. Current density - voltage (J-V) characteristics and external quantum efficiency (EQE) 
spectra are shown in Figure 3.6 for the optimized devices and the relevant parameters are collected 
in Table 3.2. The optimized device performances show that, in first approximation, device 
performance of M1 is analogous to that of PM1 and, similarly, those of M2 and PM2 are also close. 
We note, however, that the amount of [60]PCBM necessary to reach optimal performance, is 
significantly higher in the polymer-fullerene blends than in the molecule-fullerene blends. Because 
M2 and PM2 absorb at longer wavelengths than M1 and PM1, their EQE spectra are broader, 
explaining -at least in part- the increased short-circuit current density (Jsc) for these devices. We also 
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see that the open-circuit voltage (Voc) varies more than would be expected on the basis of the small 
differences in HOMO energy levels for these materials (Table 3.1). The Voc is known to also vary with 
morphology, often reducing when the material is more aggregated or crystalline. With regard to the 
fill factor (FF) we note that the values are moderate, but tend to be somewhat higher for the 
molecules than for the polymers.  

 

Table 3.2 Optimized solar cell performances of the donor materials blended with [60]PCBM. 
Donor 

Material Ratio Solvent Jsc a 
(mA cm−2) 

Voc 
(V) FF PCE a 

(%) 
M1 1:1 CHCl3 b 3.5 0.97 0.49 1.7 
M2 1:1 0.5% 1-CN /CHCl3  6.4 0.72 0.56 2.6 

PM1 1:4 2.5% DIO/CHCl3 3.3 0.86 0.47 1.3 
PM2 1:2 CHCl3 6.3 0.82 0.43 2.2 

a Jsc and PCE were calculated by integrating the EQE spectrum with the AM1.5G spectrum. b thermal 
annealing at 110 °C for 10 min before metal evaporation. The active layer thickness for M1, M2, PM1 
and PM2 blended with PCBM is 95 nm, 105 nm, 85 nm and 100 nm. 
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Figure 3.6 (a) J−V characteristics under white light illumination of optimized solar cells of the 
polymers and small molecules with PCBM. (b) EQE of the same devices. 

 

Morphology of the optimized devices have been studied by atomic force microscopy (AFM) 
(Figure 3.7). Active layers M1:[60]PCBM and M2:[60]PCBM (root mean squared roughness Rq = 7.6 
and 2.2 nm, respectively) show relatively large domain features and higher surface roughness than 
their polymeric analogues PM1 and PM2. (Rq = 4.5 and 1.0 nm, respectively). In both cases of small 
molecule-polymer pairs, the surface roughness of polymer blend films is lower than that of the small 
molecule.  
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Figure 3.7 AFM height images of photoactive layers. (a) M1:[60]PCBM (Rq = 7.6 nm), (b) 
M2:[60]PCBM (Rq = 2.2 nm), (c) PM1:[60]PCBM (Rq = 4.5 nm), and (d) PM2:[60]PCBM (Rq = 1.0 nm).  

 

Transmission electron microscopy (TEM) images (Figure 3.8 and 3.9) provide further 
information. In the case of M1:[60]PCBM, the large spherical dark domain features suggests that 
liquid-liquid phase separation occurs between the two components during the evaporation of 
solvent, resulting in a coarse morphology with a typical dimension of 100 nm. Liquid-liquid phase 
separation via spinodal decomposition often occurs in the photovoltaic blends from chloroform, 
which is a good solvent that evaporates quickly. In this case M1 is well soluble in chloroform. In 
contrast, for PM1:[60]PCBM, there are no such spherical domain features. Instead, bright fibrillary 
domains are observed that can be attributed to donor-rich domains. In this case polymer 
aggregation and fiber formations, i.e. liquid-solid demixing, occurs, which inhibits liquid-liquid phase 
separation. In this case the fiber formation is assisted by the 1,8-diiodooctane as high-boiling co-
solvent, which progressively decreases the solvent quality when chloroform evaporates. The same 
fibrillary domain features can also be observed in the active layer of PM2:[60]PCBM. In this case the 
fibrils are closer to each other compared to that of the PM1:[60]PCBM blend. In this case, pure 
chloroform was used for spin coating. Apparently, the increase of conjugation length of PM2 
compared to PM1, causes aggregation from chloroform without the need of a co-solvent. For 
M2:[60]PCBM, the morphology is rather different from the two liquid-liquid phase separation and 
the fiber formation seen for the other materials. Bright domains with a size of a few tens of 
nanometers are seen. The dark fullerene domains are smaller and more finely distributed. The fact 
that no liquid-liquid demixing occurs for the M2 blend as compared to the M1 blend, is tentatively 
attributed to the lower solubility.  
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Figure 3.8 TEM images of active layers under optimized conditions containing (a) M1:[60]PCBM, (b) 
M2:[60]PCBM, (c) PM1:[60]PCBM, and (d) PM2:[60]PCBM. 

 
Figure 3.9 Zoomed-in TEM images of active layers under optimized conditions containing (a) 
M1:[60]PCBM, (b) M2:[60]PCBM, (c) PM1:[60]PCBM, and (d) PM2:[60]PCBM. 

(a)

200 nm 

(c) 

200 nm 

(d) 

200 nm 

(b) 

200 nm 
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3.3 Conclusions 
In summary, two flexible polymers containing precisely defined semiconducting conjugation 

lengths were synthesized by introducing non-conjugated 1,2-ethanediyl units in between the 
conjugated DPP units. By comparing these flexible polymers to small molecules with the same 
conjugated segment and composition, the effects of molecular size on blend formation and 
photovoltaic performance can be distinguished without affecting the conjugation length. As a 
consequence of their structure, these flexible polymers show very similar band gaps and frontier 
orbital energy levels as their small-molecule counterparts. Their material properties, however, differ. 
The flexible semi-crystalline polymers are less soluble, possess distinctively higher melting 
temperatures, and crystallize in the familiar lamellar packing known for conjugated polymers. In 
contrast to the corresponding small molecules, the flexible polymers form a fibrillary morphology in 
blends with [60]PCBM when cast from solution. This type of morphology is characteristic for fully 
conjugated DPP polymers. Unfortunately, the photovoltaic performance of both the molecules and 
polymers remains moderate and does not show strong variations, despite the largely different 
morphologies. Maximum power conversion efficiencies determined for M1 and PM1 are 1.7% and 
1.3%, while those of M2 and PM2 are slightly higher, 2.6% and 2.3%, mainly because they provide a 
higher photocurrent because of a more extended absorption. In both cases the small molecule 
devices show higher fill factors than those of the polymers. The result that in these cases the 
particular morphology does not have a strong effect on the PCEs, is likely related to the fact the 
mixing is suboptimal in each case.  

The fibrillary domain feature observed for PM1 and PM2 are clearly a result of the high 
molecular weights in combination with the aggregating properties of the DPP conjugated segment, 
which itself is not enough to provide the fibrillary structure. Hence both the molecular weight effect 
and conjugation length effect play roles in morphology control. Therefore, this work has shown that 
instead of making different conjugated small molecules and polymers for the donor materials in 
organic solar cells, by introducing non-conjugated linker, molecular size and conjugation length can 
be fine-tuned independently, which provide more freedom in material design. 

3.4 Experimental  
All synthetic procedures were performed under argon atmosphere. Commercial chemicals 

were used as received. Dry solvents were distilled over 4 Å molecular sieves. [60]PCBM was 
purchased from Solenne BV. Monomers 1,17 2,18 and 1,2-bis(4-bromophenyl)ethane (3)22 were 
synthesized according to literature procedures. 4,4,5,5-tetramethyl-2-(4-methylphenyl)-1,3,2-
dioxaborolane was purchased from Sigma-Aldrich. 

  1H-NMR spectra were recorded at 400 MHz on a Bruker mercury spectrometer with CDCl3 as 
the solvent and tetramethylsilane (TMS) as the internal standard. Molecular weight of PM1 and PM2 
was determined with GPC at 140 °C on a PL-GPC 220 system using a PL-GEL 10μm MIXED-B column 
and o-DCB as the eluent against polystyrene standards. Low concentration of 0.1 mg mL−1 polymer in 
o-DCB was applied to reduce aggregation. Electronic spectra were recorded on a Perkin Elmer 
Lambda 900 UV-vis-nearIR spectrophotometer. Cyclic voltammetry was performed under an inert 
atmosphere with a scan rate of 0.1 V s−1 and 1 M tetrabutylammonium hexafluorophosphate in 
acetonitrile as the electrolyte. An ITO glass slide cover with a thin layer of polymer (approx. 20 nm) 
was used as working electrode, and a silver rod as counter electrode. A silver wire coated with silver 
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chloride (Ag/AgCl) was used as quasi-reference electrode in combination with Fc/Fc+ as an internal 
standard. AFM images were taken on a Veeco MultiMode atomic force microscope connected to a 
Nanoscope III controller operating in tapping mode using PPP-NCH-50 probes (Nanosensors).  

 XRD was measured on a Bruker D4 Endeavor diffractometer using Cu Kα radiation with a 
wavelength of 0.15406 nm. Scans were done from 2 – 35 degrees (2θ) with scan speed of 0.2 
seconds/step and increments of 0.01 degree/step. Samples for XRD were prepared by drop casting 
50 μL of a 5 mg mL−1 polymer solution in chloroform on to a pre-cleaned glass substrate. For TEM, 
films were floated from the PEDOT-covered indium-tin-oxide substrates on 200 square mesh copper 
grids. TEM was performed with a Tecnai G2 Sphera (FEI) operating at 200 kV.  

  Photovoltaic devices were made by spin coating poly(ethylenedioxythiophene):poly(styrene 
sulfonate) (PEDOT:PSS) (Clevios P, VP AI 4083) onto pre-cleaned, patterned ITO substrates (14 Ω per 
square) (Naranjo Substrates). The photoactive layer was deposited by spin coating a chloroform 
solution containing the molecules or polymers and [60]PCBM in different weight ratios and 
appropriate amount of DIO, 1,8-diiodooctane, or 1-chloronaphthalene (1-CN). LiF (1 nm) and Al (100 
nm) were deposited by vacuum evaporation at ~2 × 10-7 mbar as the back electrode. The active area 
of the cells was 0.09 cm2. J−V characteristics were measured under ~100 mW cm−2 white light from a 
tungsten-halogen lamp filtered by a Schott GG385 UV filter and a Hoya LB 120 daylight filter, using a 
Keithley 2400 source meter. Short circuit currents under AM1.5G conditions were estimated from 
the EQE and integrating with the solar spectrum. The EQE was measured under simulated 1 sun 
operation conditions using bias light from a 532 nm solid state laser (Edmund Optics). Light from a 
50 W tungsten halogen lamp (Osram64610) was used as probe light and modulated with a 
mechanical chopper before passing the monochromator (Oriel, Cornerstone 130) to select the 
wavelength. The response was recorded as the voltage over a 50 Ω resistance, using a lock-in 
amplifier (Stanford Research Systems SR 830). A calibrated Si cell was used as reference. The device 
was kept behind a quartz window in a nitrogen filled container. The thickness of the active layers in 
the photovoltaic devices was measured on a Veeco Dektak 150 profilometer. 

M1 
To a degassed solution of monomer 1 (189 mg, 0.208 mmol), 4,4,5,5-tetramethyl-2-(p-tolyl)-

1,3,2-dioxaborolane (62.33 mg, 0.458 mmol) in H2O (1 mL) and toluene (5 mL) containing 2 M K3PO4, 
tris(dibenzylideneacetone)dipalladium(0) (5.72 mg, 6.2 μmol), and triphenylphosphine (6.56 mg, 25 
μmol) were added. The mixture was stirred at 115 °C for 24 h. After this the mixture was diluted with 
chloroform, washed with water and brine, and evaporated. The resulting solid was subjected to 
column chromatography (silica, eluent heptane/CH2Cl2, 75%/25%) to get the crude product. The 
resulting solid was dissolved in chloroform (5 mL) and precipitated into methanol (100 mL) to yield 
M1 (177 mg, 91.6%) as a purple solid. 1H NMR δ (ppm): 8.94 (d, 2H), 7.58 (d, 4H), 7.42 (d, 2H), 7.24 
(d, 4H), 4.26 (d, 4H), 2.40 (s, 6H), 1.99 (m, 2H), 1.20 (m, 48H), 0.8 (m, 12H). 13C NMR δ (ppm): 161.74, 
149.85, 139.84, 138.96, 136.72, 130.46, 129.80, 128.33, 126.0, 123.92, 108.06, 46.28, 37.92, 31.88, 
31.81, 31.34, 30.05, 29.71, 29.56, 29.29, 26.38, 26.34, 22.65, 22.61, 21.31, 14.10, 14.08. MS (MALDI): 
calculated: 929.45, found: 928.60 (M+). 

M2 
Same procedure as for M1 was used, but 2 (168 mg, 0.097 mmol) and 4,4,5,5-tetramethyl-2-

(p-tolyl)-1,3,2-dioxaborolane (29 mg, 0.213 mmol) were used as the monomers. Yield: 111 mg 
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(65.3%). 1H NMR δ (ppm): 8.96 (d, 2H), 8.94 (d, 2H), 7.7 (m, 4H), 7.57 (d, 4H), 7.50 (d, 2H), 7.42 (d, 
2H), 7.22 (d, 4H), 4.08 (m, 8H), 2.39 (s, 6H), 1.99 (m, 4H), 1.20 (m, 96H), 0.8 (m, 24H). MS (MALDI): 
calculated: 1752.74, found: 1752.16 (M+). 

1,2-Bis(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)ethane (4)  
To a degassed solution of 1,2-bis(4-bromophenyl)ethane (3) (340 mg, 1 mmol), 

bis(pinacolato)diboron (559 mg, 2.2 mmol), and potassium acetate (294 mg, 3 mmol in 1,4-dioxane 
(10 mL)), [1,1'-bis(diphenylphosphino)ferrocene]dichloropalladium(II) (1:1) (81.7 mg, 0.1 mmol) was 
added. The mixture was stirred at 80 °C for 18 h. The resulting mixture was cooled to room 
temperature after which it was poured out in chloroform, washed by water and brine, and dried by 
evaporation. The crude product was purified by crystallization from hexane to yield 319 mg (0.73 
mmol, 73%) of white crystals. 1H NMR δ (ppm): 7.72 (d, 4H), 7.18 (d, 4H), 2.92 (s, 4H), 1.34 (s, 24H). 

PM1 
To a degassed solution of monomer 1 (85.44 mg, 0.094 mmol), monomer 4 (40.9 mg, 0.094 

mmol) in H2O (0.5 mL) and toluene (2 mL) containing 2 M K3PO4, 
tris(dibenzylideneacetone)dipalladium(0) (2.59 mg, 2.8 μmol) and triphenylphosphine (2.97 mg, 11.3 
μmol) were added. The mixture was stirred at 115 °C for 24 h, after which it was precipitated in 
methanol, washed by water, and filtered through a Soxhlet thimble. The polymer was extracted with 
acetone, hexane, dichloromethane, and 1,1,2,2-tetrachloroethane (TCE). The TCE fraction was 
reduced and the polymer was precipitated in acetone. The polymer was collected by filtering over a 
0.45 μm PTFE membrane filter and dried in a vacuum oven to yield PM1 (78 mg, 86.6%) as a blue 
solid. GPC (o-DCB, 140 °C): Mn = 28.1 kg mol−1, PDI = 2.21. 1H NMR δ (ppm): 8.94 (d, 2H), 7.60 (m, 4H), 
7.44 (d, 2H), 7.23 (m, 4H), 4.07 (m, 4H), 2.99 (m, 4H), 1.99 (m, 2H), 1.20 (m, 48H), 0.8 (m, 12H). 

PM2 
To a degassed solution of monomer 2 (109.77 mg, 0.063 mmol), monomer 4 (27.54 mg, 

0.063 mmol) in H2O (0.5 mL) and toluene (2 mL) containing 2 M K3PO4, 
tris(dibenzylideneacetone)dipalladium(0) (1.74 mg, 1.9 μmol) and triphenylphosphine (2.0 mg, 7.6 
μmol) were added. The mixture was stirred at 115 °C for 24 h, after which it was precipitated in 
methanol, washed by water, and filtered through a Soxhlet thimble. The polymer was extracted with 
acetone, hexane, dichloromethane, and 1,1,2,2-tetrachloroethane (TCE). The TCE fraction was 
reduced and the polymer was precipitated in acetone. The polymer was collected by filtering over a 
0.45 μm PTFE membrane filter and dried in a vacuum oven to yield PM2 (97 mg, 87.8%) as a blue 
solid. GPC (o-DCB, 140 °C): Mn = 41.4 kg mol−1, PDI = 2.35. 
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Chapter 4.   Fluorination of diketopyrrolopyrrole molecules and its influence on morphology and photovoltaic performance in blends with fullerenes 
Abstract 

Fluorination has been widely utilized to introduce distinctive properties such as high stability 
and low surface energy to polymers and small molecules. In the field of organic photovoltaics (OPV), 
the fluorination has been advantageous in several cases, but not always. Fluorination influences 
energy levels and affects materials properties, for example surface tension. In this chapter, we 
investigate the influence of fluorination of bis-diketopyrrolopyrrole (BisDPP) molecules on the 
morphology and photovoltaic device performance in blends with fullerene acceptors. For these 
BisDPP-fullerene blends a correlation between the number of fluorine atoms, coarseness of phase 
separation, and the Flory-Huggins donor-acceptor interaction parameter has been found.  
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4.1 Introduction 
In the pursuit of efficient organic solar cell (OSC) devices, it remains challenging to rationally 

control the degree of phase separation when blending electron donor with electron acceptor as the 
photoactive layer. Parameters like solubility and crystallinity of materials influence the morphology.1-

3 However, the effect of donor-acceptor interaction on morphology remains unclear. This is partly 
due to the difficulty in excluding effects originating from differences in solubility and crystallinity as 
well as the quantification of interaction parameters. 

In the field of organic photovoltaics (OPV), there are some cases in which the efficiency is 
enhanced after introducing fluorine atoms in the main chain. Fluorinated polymers and small 
molecules generally provide a higher open-circuit voltage (Voc) as compared to their non-fluorinated 
counterparts4-6 as a result of a deeper highest occupied molecular orbital (HOMO) energy level. The 
short-circuit current density (Jsc) and fill factor (FF), however, can either increase5,7-12 or decrease4,13-

17 as a result of a change in morphology. Therefore, the overall effect of fluorination on device 
performance is uncertain. Therefore, the role of fluorination on morphology and phase separation 
needs to be elucidated before rational design can be realized. 

To study the fluorination effect on morphology and device performance, we designed and 
synthesized three molecules in which two thiophene-flanked diketopyrrolopyrrole (DPP) units are 
connected via a conjugated segment in which the number of fluorine atoms varies from 0, via 2, to 4 
(Scheme 4.1). It was found that the dimension of the phase-separation of photoactive layers in 
which these BisDPP molecules were blended with [6,6]-phenyl-C61-butyric acid methyl ester 
([60]PCBM) respectively, increases consistently with number of fluorine atoms in each BisDPP 
molecule. The changes in morphology have been attributed to differences in the donor-acceptor 
interactions that govern the phase separation. However, for two DPP compounds (Scheme 4.3-4.4) 
with higher solubility and crystallinity, the morphology formation was more complex.  

4.2 Results and discussion 

4.2.1. Synthesis 
The BisDPP-0F, BisDPP-2F and BisDPP-4F molecules (Scheme 4.1) were synthesized via a 

Stille reaction from the corresponding 1,4-dibromobenzenes, carrying zero, two, or four fluorine 
atoms (1-3) using 2-(tributyltin)thiophene (4) (Scheme 4.2). The products (5-7) were subsequently 
stannylated and then reacted in a second Stille cross coupling with 3-(5-bromothiophen-2-yl)-2,5-
bis(2-ethylhexyl)-6-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (12) to afford BisDPP-
0F, BisDPP-2F, and BisDPP-4F (Scheme 4.2). The syntheses were generally convenient and the 
products were obtained in good yields (> 65%). The products were characterized with 1H-NMR and 
MALDI-TOF mass spectrometry. 
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Scheme 4.1 Molecular structures of BisDPP-0F, BisDPP-2F, and BisDPP-4F. 

 

Scheme 4.2 Synthetic paths of BisDPP-0F, BisDPP-2F, and BisDPP-4F. 

4.2.2. Optical absorption 
The UV-vis absorption spectra (Figure 4.1) reveal that the three BisDPP molecules possess 

similar absorption onsets in dichloromethane (DCM) solution (from 648 to 655 nm) and in solid state 
(from 722 to 727 nm). The virtually identical absorption spectra and onsets indicate that introducing 
fluorine atoms in the conjugated segment between the two DPP units does not significantly affect 
the optical band gaps of these molecules. Going from solution to solid state (film), the absorption 
spectra show a shift to longer wavelengths and also exhibit an additional shoulder peak (650-700 
nm), which likely originates from intermolecular interactions. The relative intensity of shoulder peak 
of BisDPP-0F differs from those of BisDPP-2F and BisDPP-4F, suggesting that fluorination alters the 
extent of intermolecular aggregation.  
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Figure 4.1 UV-vis absorption spectra of BisDPP-0F, BisDPP-2F and BisDPP-4F in (a) dichloromethane 
solution and (b) thin films. 

Differential scanning calorimetry (DSC) was employed to determine the melting temperature 
(Tm), crystallization temperature (Tc), and enthalpy of crystallization (ΔHc) (Table 4.1). With more 
fluorine atoms in the molecule, both Tm and Tc increase. The ΔHc of fluorinated compounds (> 36 J g-1) 
is much higher than that of the non-fluorinated molecule (9 J g-1), which suggests that intermolecular 
interaction, i.e. Van der Waals forces, among fluorinated molecules are larger than that of the non-
fluorinated one. 

Table 4.1 Optical and thermal properties of BisDPP-0F, BisDPP-2F and BisDPP-4F. 
Molecule λsol (nm) Eg (eV) λfilm (nm) Tm (oC) Tc (oC) ΔHc(J g-1) 
BisDPP-0F 655 1.89 722 221 133 9.0 
BisDPP-2F 651 1.90 727 240 180 39.8 
BisDPP-4F 648 1.91 725 245 204 36.6 

 

4.2.3. Energy levels 
Energy levels of these compounds were measured by cyclic voltammetry (CV) and the redox 

potentials were calibrated against the energy level of ferrocene/ferrocenium (−5.23 eV vs. vacuum) 
(Table 4.2). The lowest unoccupied molecular orbital (LUMO) energy levels of these molecules are 
almost the same (from −3.72 eV to −3.75 eV), while the HOMO energy level decreases from −5.61 eV 
to −5.73 eV with increasing number of fluorine atoms. This deepening of HOMO level is attributed to 
the electron-withdrawing property of fluorine.4-6 

Table 4.2 Electrochemical properties of BisDPP-0F, BisDPP-2F and BisDPP-4F. 
Molecule Eox (eV) Ered (eV) Eg

CV (eV) HOMO (eV) LUMO (eV) 
BisDPP-0F 0.38 −1.50 1.88 −5.61 −3.73 
BisDPP-2F 0.39 −1.51 1.90 −5.62 −3.72 
BisDPP-4F 0.50 −1.48 1.98 −5.73 −3.75 

Potential vs. Fc/Fc+. (−5.23 eV vs. vacuum). 

4.2.4. Crystallinity 
X-ray diffraction (XRD) of the BisDPP compounds (Figure 4.2) was measured on solid films 

that were drop cast from chloroform solution on top of pre-cleaned glass substrates. The three 
BisDPP molecules show moderately intense (100) reflections with 2  values around 7°. The 
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diffraction intensities of fluorinated compounds are slightly higher than that of the non-fluorinated 
one, which suggests that fluorinated compounds are more ordered in solid state, consistent with the 
DSC results. The d spacing calculated from Bragg’s law are collected in Table 4.3. 
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Figure 4.2 XRD spectra of BisDPP-0F, BisDPP-2F, and BisDPP-4F. 

Table 4.3 2  and d spacing of BisDPP inferred from XRD measurement. 
Material 2  (degree) d spacing (nm) 

BisDPP-0F 7.00 1.26 
BisDPP-2F 6.92 1.28 
BisDPP-4F 6.82 1.30 

4.2.5. Solar cells and morphologies 
The three BisDPP molecules were tested as electron donor in bulk heterojunction organic 

solar cells together with [60]PCBM as electron acceptor in a 
glass/ITO/PEDOT:PSS/Donor:Acceptor/LiF/Al device configuration. During device optimization, the 
donor-to-acceptor (D/A) ratio was first optimized and was found to be close to 1:2 (w/w). Then 
different solvents (chloroform, chlorobenzene, and 1,1,2,2-tetrachloroethane) and co-solvents (1,8-
diiodooctane, ortho-dichlorobenzene, or 1-chloronaphthalene) were tested. It was found that the 
addition of co-solvents generally decreases Jsc and FF. The optimized devices, in terms of power 
conversion efficiency (PCE) were fabricated from chloroform without any co-solvent.  

The photovoltaic parameters of the optimized devices are summarized in Table 4.4. The 
solar cells based on BisDPP-0F:[60]PCBM and BisDPP-2F:[60]PCBM as active layer possess a higher Jsc 
(  5.68 mA cm-2) compared to those based on BisDPP-4F:[60]PCBM (2.66 mA cm-2). The FF is the 
highest for BisDPP-2F:[60]PCBM and BisDPP-4F:[60]PCBM (FF  0.61). The Voc of all three devices is 
similar, but increases slightly with increasing fluorination as expected based on the electron-
withdrawing character of fluorine. As a result, BisDPP-2F:[60]PCBM exhibits the highest PCE in this 
series. 

The current-voltage (J-V) characteristics (Figure 4.3a) show that for BisDPP-0F:[60]PCBM 
there is significant dependence of the photocurrent on the voltage bias. This suggests that charge 
extraction is strongly dependent on the electric field and more difficult in the BisDPP-0F:[60]PCBM 
blend than in the blends based on the other two fluorinated BisDPP molecules. Although the 
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difference in Jsc shown in the J-V curve measured under simulated AM1.5G solar light between 
BisDPP-0F and BisDPP-2F is quite large (~ 2 mA cm-2 difference), after external quantum efficiency 
(EQE) measurement, the corrected values of current density (Jsc,EQE) are close (ΔJsc,EQE = 0.09 mA cm-2).  
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Figure 4.3 (a) J−V characteristics and (b) EQE spectra of optimized devices of BisDPP-0F, BisDPP-2F, 
and BisDPP-4F each blended with [60]PCBM.  

Table 4.4 Optimized devices of BisDPP-0F, BisDPP-2F, and BisDPP-4F blended with [60]PCBM. 
Donor material D/A ratio Solvent Jsc, EQE (mA cm-2) Voc (V) FF PCE(%) 

BisDPP-0F 1 : 1.5 CHCl3 5.77 0.80 0.38 1.7 
BisDPP-2F 1 : 2 CHCl3 5.68 0.83 0.62 2.9 
BisDPP-4F 1 : 2 CHCl3 2.66 0.84 0.61 1.4 

The morphology of the photoactive layers of the optimized devices have been characterized 
by atomic force microscopy (AFM) and transmission electron microscopy (TEM). The AFM height 
images shown in Figure 4.4a-c reveal that all three active layers are rather smooth, with a root-
mean-square roughness (Rq) less than 2 nm. Despite the smoothness, Rq does increase with the 
number of fluorine atoms in the BisDPP molecules from 0.6, via 0.9, to 1.2 nm. The more irregular 
surface topology often reflects an increased phase separation in the bulk of the layer. TEM images 
provides more information on the phase separation in the bulk. The BisDPP-0F:[60]PCBM blend 
appears to be intimately mixed. There are no obvious donor-rich (bright) or acceptor-rich (dark) 
domains (Figure 4.4d). In contrast, the photoactive active layers for the two fluorinated compounds 
show clear signs of phase separation: bright and dark areas alternate (Figure 4.4e-f). This contrast 
cannot be explained by the small height differences and therefore must originate from a phase 
separation in the bulk of the film. The size of the domains for BisDPP-4F:[60]PCBM (Figure 4.4f) are 
larger than those of BisDPP-2F:[60]PCBM (Figure 4.4e). These combined AFM and TEM results reveal 
that fluorination of the BisDPP molecules results in coarser phase separation in blends with 
[60]PCBM.  
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Figure 4.4 AFM height (a-c) and TEM images (d-f) of BisDPP-0F:[60]PCBM, BisDPP-2F:[60]PCBM, and 
BisDPP-4F:[60]PCBM blends.  

The well-mixed active layer of BisDPP-0F:[60]PCBM (Figure 4.4d) resulted in a high Jsc (5.77 
mA cm-2) but low FF (0.38) in the corresponding solar cell (Table 4.4). This is consistent with the 
absence of clear phase separation observed in TEM. For intimate mixed blends all excitons formed 
by absorption of a photon are generated close to a donor-acceptor interface and are therefore 
readily dissociated into charges. Hence the amount of charges generated is high. On the other hand, 
because the generated charges (electrons and holes) must be extracted from the active layer, the 
absence of phase separation and a bi-continuous network are not beneficial. Moreover, the large 
donor-acceptor interface also enables more bimolecular charge recombination. As a result the fill 
factor drops and the photocurrent becomes strongly dependent on the internal electric field.  

In contrast, the more phase-separated photoactive layer of BisDPP-4F:[60]PCBM provides a 
rather low photocurrent density (2.66 mA cm-2) but a high fill factor (0.61). This can be rationalized 
by the same justification, but reversing the arguments. The large phase separation reduces the 
donor-acceptor interface area, which results in a loss of charge formation because some excitons 
will be generated at a distance from the donor-acceptor interface that is larger than the exciton 
diffusion length, which is typically 5-10 nm. As a result, these excitons recombine by intrinsic decay 
before generating charges, reducing the photocurrent. At the same time the coarser phase 
separation enables improved charge collection because of the presence of a bi-continuous network 
morphology. As a result the FF remains high and charge collection is not strongly depending on the 
bias voltage. 
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The scale of phase separation of BisDPP-2F:[60]PCBM (Figure 4.4e) is in between those of 
BisDPP-0F and BisDPP-4F. As a result both a high photocurrent and fill factor is obtained. The 
moderate phase separation permits efficient charge transport, but also retains a relatively large 
interface area. Therefore, the corresponding device outperforms the other two in this series.  

From the discussion above, a clear relation between blend morphology and device 
performance appears for blends of the three BisDPP molecules with [60]PCBM. The mechanism that 
causes the changes in morphology, however, remains to be elucidated. The solubilities of these 
BisDPP molecules in chloroform are at the same level and the modest intensity of the XRD signals in 
pure films indicates that these molecules have moderate tendency to crystallize. In an attempt to 
understand the formation of different morphologies, we performed water contact angle 
measurements on spin coated films to quantify the donor-acceptor interaction (section 4.2.6). 

4.2.6. Flory-Huggins interaction parameter 

According to Flory-Huggins solution theory, the interaction parameter ij between two 
components is determined by the difference in Hildebrand solubility parameter  in a common 
solvent (Equation 4.1).  

 
2seg

ij si j
v
RT

 (4.1) 

Here, vseg is the molar volume of the solvent (chloroform, vseg = 80.2 × 10−6 m3 mol-1), R is the 
gas constant, and T the temperature. The parameter s describes the entropic contribution, which is 
often taken as s = 0.34. For apolar materials, the Hildebrand solubility parameter  is proportional 
to the square root of surface tension  (Equation 4.2).18 

 K  (4.2) 

Here, K is a constant depending on the polarity of material, a value of K = 115 × 103 m-1/2 is 
used herein based on literature.19 The surface tension can be obtained based on Young’s equation 

(Equation 4.3) and its reformulation20 (Equation 4.4). 

 sg sl lg cos  (4.3) 

 sg 2
lg sg

lg
cos 2 exp ( ) 1  (4.4) 

Here, sg is the solid-air interfacial tension, sl the solid-liquid interfacial tension, lg the liquid-
air interfacial tension (chloroform: lg = 72.75 ± 0.06 mJ m-2), while  is an empirical constant (  = 
1.247 × 10−4 (m2 mJ-1)1/2.21  

Table 4.5 reveals that compared to the non-fluorinated molecule BisDPP-0F, the fluorinated 
derivatives (BisDPP-2F and BisDPP-4F) indeed present larger water contact angles and interaction 
parameters with [60]PCBM, indicating less miscibility. This is consistent with the more pronounced 
phase separation between the fluorinated BisDPP molecules and [60]PCBM. On the other hand, the 
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differences in domain size between the two fluorinated derivatives are not reflected in their relative 
ij parameters. 

Table 4.5 Summary of contact angles and interaction parameters. 

Molecule (degree) sg (mJ m-2)  (MPa1/2)  BisDPP:[60]PCBM
 

BisDPP-0F  91.70  28.13 19.29 0.47 
BisDPP-2F  95.34  25.88 18.50 0.60 
BisDPP-4F  94.48

 
 26.41 18.69 0.56 

[60]PCBM  81.83 34.30 21.30 - 

 

4.2.7. Mono-DPP compounds 
To further investigate the correlation between the donor-acceptor interaction parameter 

and morphology difference, two mono-DPP compounds (DPP-0F and DPP-10F) with higher solubility 
and crystallinity compared with those of the BisDPP molecules were synthesized using Suzuki and 
Stille reactions (Scheme 4.3-4.4). Both DPP-0F and DPP-10F contain one thiophene-flanked DPP unit 
and differ in the number of fluorine atoms (0 vs. 10) on the terminal phenyl rings.  

 
Scheme 4.3 Synthetic route to DPP-0F. 

 

Scheme 4.4 Synthetic route to DPP-10F. 

From the UV absorption spectra, it can be seen that the absorption onsets (λonset) of these 
two molecules are close to each other when dissolved in chloroform (Table 4.6), indicating similar 
band gaps. In the solid state, the absorption onset of DPP-10F is shifted (81 nm) more to the longer 
wavelength than that of DPP-0F (62 nm). Besides, a more pronounced shoulder peak (650 – 700 nm) 
induced by aggregation appears (Figure 4.5b) in the absorption spectrum of DPP-10F. These 
differences in absorption spectra suggest that the aggregation state of DPP-10F is different from that 
of the non-fluorinated DPP-0F in solid state.  
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Figure 4.5 UV-vis absorption spectra of DPP-0F and DPP-10F in (a) chloroform solution and (b) thin 
films. 

Table 4.6 Optical and thermal properties of DPP-0F and DPP-10F. 
  solution  film   DSC 

Molecule λonset (nm) Eg
sol

 (eV)   λonset (nm) Eg
film

 (eV)  Tm (oC) Tc (oC) ΔHc (J g−1) 
DPP-0F 631 1.97   693 1.79  199 135 49.2 

DPP-10F 624 1.99   705 1.76  201 179 64.1 

The DSC analysis shows that Tm, Tc, and Hc of the fluorinated compound DPP-10F are higher 
than those of the non-fluorinated derivative DPP-0F (Table 4.6). This higher transition temperatures 
and enthalpy suggest that the interaction among fluorinated molecules is stronger compared with its 
non-fluorinated counterpart.  

Energy levels of DPP-0F and DPP-10F were determined from cyclic voltammetry 
measurements (Table 4.7). Both HOMO and LUMO levels of DPP-10F are about 0.2 eV deeper than 
those of DPP-0F, because of the electron-withdrawing fluorine atoms.  

Table 4.7 Electrochemical properties of DPP-0F and DPP-10F. 
Molecule Ered (eV) Eox (eV) Eg

CV (eV) HOMO (eV) LUMO (eV) 
DPP-0F −1.61 0.28 1.89 −5.51 −3.62 

DPP-10F −1.44 0.46 1.90 −5.69 −3.79 
Potential vs. Fc/Fc+. (−5.23 eV vs. vacuum). 

The X-ray diffractogram (Figure 4.6) exhibits stronger (100) reflections for both DPP 
molecules than those of the BisDPP molecules. This suggests that these compounds are more 
crystalline. Both DPP compounds show a reflection at 2   7.5° (Table 4.8). A second reflection for 
DPP-0F appears at 2 6.3°, suggesting a more complex packing motif for DPP-0F in the solid state. 
The d spacing calculated from Bragg’s law is given in Table 4.8. 

Table 4.8 Summary of 2  and d spacing from XRD of DPP-0F and DPP-10F. 
Molecule 2  (degree) d spacing (nm) 
DPP-0F 6.29; 7.56; 7.77 1.40; 1.16; 1.14 

DPP-10F 7.48 1.18 
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Figure 4.6 XRD spectra of DPP-0F and DPP-10F. 

To test their photovoltaic performance, DPP-0F and DPP-10F were incorporated as electron-
donor with [70]PCBM as electron-acceptor in organic solar cells using a glass/ITO/PEDOT:PSS/ 
Donor:Acceptor/LiF/Al configuration. The DPP-0F:[70]PCBM device performs best (PCE = 2.6%) when 
the photoactive has donor-to-acceptor ratio of 1:2 (w/w), deposited from chloroform as main 
solvent and 1,8-diiodooctane (DIO) as co-solvent. When fabricated from pure chloroform, the PCE 
was around 1% (not shown). For the corresponding cell with [60]PCBM as acceptor a PCE of 0.46% 
has been reported. 22 For DPP-10F no working devices could be made, despite testing different 
donor-to-acceptor ratios and solvents. After spin coating all films are hazy, indicating large phase 
separation. The best device exhibits PCE = 0.01% (Table 4.9).  

Table 4.9 Optimized device performance of DPP-0F and DPP-10F blended with [70]PCBM. 

Molecule D : A Solvent Jsc 
(mA cm−2) 

Voc 
(V) FF Pmax 

(mW cm−2) 
Jsc,EQE 

(mA cm−2) PCE 

DPP-0F 1 : 2 CHCl3+0.3%DIO 6.96 0.83 0.55 3.2 5.66 2.6 
DPP-10F 1 : 1 CHCl3 0.04 0.48 0.30 0.01 - - 

 In AFM height images, the DPP-0F:[70]PCBM film shows needle-like structures at the surface, 
while the DPP-10F:[70]PCBM shows globular surface features (Figure 4.7a,b). There is a dramatic 
difference in surface roughness between DPP-0F:[70]PCBM (Rq = 2.7 nm) and DPP-10F:[70]PCBM 
layers (Rq = 46.5 nm). In the 3D image of the DPP-10F:[70]PCBM blend, large blobs can be observed 
(Figure 4.7c). From the center of a blob to its perimeter, the height decreases continuously.  

 

Figure 4.7 AFM height images of active layers of DPP-0F:[70]PCBM (a) and DPP-10F:[70]PCBM (b, c).  
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TEM provides a more detailed insight into the morphologies of these blends. For the DPP-
0F:[70]PCBM blend needle-shaped domains with higher brightness can be seen (Figure 4.8a). 
Because the density of DPP-0F is less than that of [70]PCBM, the bright regions represent the DPP-0F. 
At higher magnification, the needle-shaped domains exhibit well-defined lattice fringes (Figure 4.8c) 
from which a d spacing of 1.3-1.4 nm can be inferred, in fair agreement with the XRD data (Table 4.8). 
Areas outside the needle-shaped crystals appear darker and are richer in [70]PCBM. The TEM image 
of the DPP-10F:[70]PCBM blend clearly shows the globular domains that were also observed in AFM. 
These dark blobs correspond to fullerene-rich domains which are embedded in a continuous matrix 
that is rich in DPP-10F. The diameter of these blobs is on the order of 200 nm, which explains the 
haziness of the films. 

 

Figure 4.8 TEM images of active layers of DPP-0F:[70]PCBM (a, c) and DPP-10F:[70]PCBM (b).  

The solubility and crystallinity of DPP-0F and DPP-10F are at the same level and much higher 
than those of BisDPP molecules. Flory-Huggins interaction parameters ( ) were determined from 
water contact angle measurement as shown in section 4.2.6 and are summarized in Table 4.10. The 
water contact angles of DPP-0F (95.37°) and DPP-10F (96.45°) are both higher than those of the 
BisDPP layers. As a consequence, the χij interaction parameters of DPP-0F and DPP-10F with 
[70]PCBM are also higher. The correlation we encountered between number of fluorine atoms, 
morphology, and χij for BisDPP:[60]PCBM blends, does not directly fit to the results found for the 
DPP:[70]PCBM blends. For the DPP:[70]PCBM blends, the type of phase separation is entirely 
different. For DPP-0F:[70]PCBM, DPP-0F crystals are formed in the film, which suggests solid-liquid 
(S-L) phase  separation (crystallization) during evaporation of the solvent. The crystallization might 
also be enhanced by the co-solvent DIO, which is a poorer solvent than chloroform for DPP-0F and 
which will be present in a relative high amount in the last stage of drying. Because DPP-0F is 
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intrinsically more soluble in chloroform than the BisDPP molecules, we presume that the kinetics of 
crystallization plays a role here. DPP-0F is structurally much simpler and has a smaller number of 
assessable geometric confirmations than e.g. BisDPP-0F such that crystallization from solution can 
be faster. For the DPP-10F:[70]PCBM blend, the situation is entirely different. The large and spherical 
blobs observed for DPP-10F clearly indicate liquid-liquid (L-L) phase separation during drying in 
which [70]PCBM rich droplets are formed in a DPP-10F rich matrix. 19 In this process a fast spinodal L-
L demixing occurs before either of the components can crystallize. 

Table 4.10 Summary of contact angle and Flory-Huggins interaction parameter values. 

Molecule (degree) sg
 (mJ m-2) (MPa1/2)  DPP:[70]PCBM

DPP-0F 95.37 25.86 18.49 0.69 
DPP-10F 96.45 25.19 18.25 0.75 

[70]PCBM 79.39 35.83 21.77 - 

4.3 Conclusions 
In summary, three BisDPP molecules with zero, two, and four fluorine atoms in the bridging 

conjugated segment were synthesized and used in combination with [60]PCBM in photoactive blend 
of organic solar cells. A clear trend emerges: more fluorine atoms result in coarser phase separation, 
resulting in an optimum performance for the molecule with two fluorine atoms that provides the 
best compromise between intimate mixing to increase charge generation and phase separation to 
improve charge collection. To elucidate the role of fluorination on morphology formation, we 
measured the water contact angle of thin films to quantify their interaction with [60]PCBM in terms 
of the Flory-Huggins  parameter. The fluorinated compounds show higher  and hence a higher 
tendency for demixing with [60]PCBM compared to the non-fluorinated derivative. Although the 
values of BisDPP-2F and BisDPP-4F are similar, a small difference in phase separation can be 
observed, the effect of which on device performance cannot be ignored. This disagreement suggests 
that  parameter itself is not enough to explain such a subtle difference in morphology. 

For a pair of mono-DPP molecules with zero or ten fluorine atoms on the terminal phenyl 
rings (DPP-0F and DPP-10F), the phase separation is more strongly affected by the fluorine atoms. 
Despite its high solubility in chloroform, DPP-0F crystallizes during film formation in a blend with 
[70]PCBM, while spin coating DPP-10F:[70]PCBM from chloroform results in liquid-liquid phase 
separation, which induces formation of large (200 nm) [70]PCBM domains protruding from a DPP-
10F rich matrix.   

This work has shown that phase separation can be fine-tuned by variation of the number of 
fluorine atoms and this provides a way to optimize the short-circuit current density and fill factor 
without significantly affecting the open-circuit voltage and optical band gap. Attempts to rationalize 
the trends in morphology formation met with some success for the series of BisDPP:[60]PCBM, but 
proved more complex with the DPP:[70]blends. 

4.4 Experimental  
All synthetic procedures were performed under argon atmosphere. Commercial chemicals 

were used as received. Dry solvents were distilled over 4 Å molecular sieves. [60]PCBM and 
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[70]PCBM were purchased from Solenne BV. Compounds 1,4-dibromobenzene (1), 1,4-dibromo-2,5-
difluorobenzene (2), 1,4-dibromo-2,3,5,6-tetrafluorobenzene (3), tributyl(thiophen-2-yl)stannane (4), 
trimethyltin chlororide (8), 4,4,5,5-tetramethyl-2-phenyl-1,3,2-dioxaborolane (14) and 1,2,3,4,5-
pentafluoro-6-iodobenzene (16) were purchased from Sigma-Aldrich. 2,5-bis(2-ethylhexyl)-3,6-bis(5-
(trimethylstannyl)thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (15) was purchased 
from SunaTech Inc. 1,4-Di(thiophen-2-yl)benzene (5), 2,2'-(2,5-difluoro-1,4-phenylene)dithiophene 
(6), 2,2'-(perfluoro-1,4-phenylene)dithiophene (7), 3-(5-bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)-6-
(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (12) and 3,6-bis(5-bromothiophen-2-yl)-
2,5-bis(2-ethylhexyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (13) were synthesized according to 
literature procedures.23-25 

  1H-NMR spectra were recorded at 400 MHz on a Bruker Mercury spectrometer with CDCl3 as 
the solvent and tetramethylsilane (TMS) as the internal standard. Matrix assisted laser desorption 
ionization time of flight (MALDI-TOF) mass spectroscopy was performed on a Bruker Autoflex Speed 
spectrometer. 

Optical absorption spectra were recorded on a Perkin Elmer Lambda 900 UV-vis-nearIR 
spectrophotometer. Cyclic voltammetry was performed under an inert atmosphere with a scan 
speed of 0.1 V s−1 in an acetonitrile solution of 1 M tetrabutylammonium hexafluorophosphate. An 
ITO glass slide covered with a thin layer of molecule (approx. 10 nm) was used as working electrode, 
a silver rod as counter electrode, and a silver rod coated with silver chloride (Ag/AgCl) as quasi-
reference electrode in combination with Fc/Fc+ as an internal standard.  

AFM images were taken on a Veeco MultiMode atomic force microscope connected to a 
Nanoscope III controller operating in tapping mode using PPP-NCH-50 probes (Nanosensors). For 
TEM, films were floated from the PEDOT:PSS-covered indium-tin-oxide substrates on 200 square 
mesh copper grids. TEM was performed with a Tecnai G2 Sphera (FEI) operating at 200 kV. XRD was 
measured on a Bruker D2 Endeavor diffractometer using Cu Kα radiation with a wavelength of 
0.15406 nm. Scans were done from 2 – 30 degrees (2θ) with scan speed of 1 seconds/step and 
increments of 0.025 degree/step. Samples for XRD were prepared by drop-casting 50 μL of a 1 mg 
mL−1 small molecule solution in chloroform on to a pre-cleaned glass substrate. 

  Photovoltaic devices were made by spin coating poly(ethylenedioxythiophene):poly(styrene 
sulfonate) (PEDOT:PSS) (Clevios P, VP AI 4083) onto pre-cleaned, patterned ITO substrates (14 Ω per 
square) (Naranjo Substrates). The photoactive layer were deposited by spin coating a chloroform 
solution containing the molecules and PCBM with different ratio and the appropriate amount of 1,8-
diiodooctane (DIO), ortho-dichlorobenzene (o-DCB), or 1-chloronaphthalene (1-CN). LiF (1 nm) and 
Al (100 nm) were deposited by vacuum evaporation at ~2 × 10-7 mbar as the back electrode. The 
active area of the cells was 0.09 cm2. J−V characteristics were measured under ~100 mW cm−2 white 
light from a tungsten-halogen lamp filtered by a Schott GG385 UV filter and a Hoya LB 120 daylight 
filter, using a Keithley 2400 source meter. Short circuit currents under AM1.5G conditions were 
estimated from the EQE and integration with the solar spectrum. The EQE was measured under 
simulated 1 sun operation conditions using bias light from a 532 nm solid state laser (Edmund 
Optics). Light from a 50 W tungsten halogen lamp (Osram64610) was used as probe light and 
modulated with a mechanical chopper before passing the monochromator (Oriel, Cornerstone 130) 
to select the wavelength. The response was recorded as the voltage over a 50 Ω resistance, using a 
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lock-in amplifier (Stanford Research Systems SR 830). A calibrated Si cell was used as reference. The 
device was kept behind a quartz window in a nitrogen filled container. The thickness of the active 
layers in the photovoltaic devices was measured on a Veeco Dektak 150 profilometer. 

The contact angle measurement was performed under the static sessile drop method: a 
drop of deionized water (volume of 1 μL) drips on top of a pristine film spin coated from chloroform 
solution. The contact angle is determined based on an ellipse fit. Average value is taken from 5-6 
measurements. 

1,4-Bis(5-(trimethylstannyl)thiophen-2-yl)benzene (9) 
 Into a 250 mL single-necked flask, 5 (1 g, 4.13 mmol) was added. The solid was degassed and 
refilled with argon for three times. Under argon, anhydrous tetrahydrofuran (THF) (50 mL) was 
injected to dissolve the solid. Under −78 oC, 2.5 M solution of n-butyllithium (n-BuLi) (3.47 mL, 8.67 
mmol) in heptane was injected dropwise under argon. The solution was stirred under -78 oC for 30 
min, then allowed to warm to room temperature to stir for another 1 hour. After re-cooling to −78 
oC, 1 M solution of trimethyltin chloride (8) (8.67 mL, 8.67 mmol) in THF was injected under argon. 
The solution was stirred overnight at room temperature. The reaction mixture was then poured into 
water, extracted with dichloromethane (DCM), dried with sodium sulfate. Solvent was removed by 
evaporation. The solid was recrystallized from DCM/hexane to yield 9 (1.5 g, yield 65%) as a green 
powder. 1H-NMR (400 MHz, chloroform-d) δ 7.61 (s, 4H), 7.43 (d, J = 3.3 Hz, 2H), 7.17 (d, J = 3.4 Hz, 
2H), 0.40 (s, 18H). 13C-NMR (100 MHz, chloroform-d) δ 149.73, 137.76, 136.25, 133.35, 126.25, 
124.24, −8.22. MS (MALDI): calculated: 569.95, found: (M+) 569.96.  

((2,5-Difluoro-1,4-phenylene)bis(thiophene-5,2-diyl))bis(trimethylstannane) (10) 
The synthetic route of 10 is similar to that of 9. Compound 10 was isolated as a blueish 

crystal (1.65 g ,75%). 1H-NMR (400 MHz, chloroform-d) δ 7.60 (d, J = 3.3 Hz, 2H), 7.44 – 7.38 (m, 2H), 
7.21 (d, J = .4 Hz, 2H), 0.41 (s, 18H). 13C-NMR (100 MHz, chloroform-d). δ 155.84, 153.37, 141.49, 
139.74, 135.94, 127.77, 122.17 – 121.22 (m), 115.31 (dd, J = 19.3, 12.2 Hz), −8.20. MS (MALDI): 
calculated: 605.93, found: (M+) 605.94. 

((Perfluoro-1,4-phenylene)bis(thiophene-5,2-diyl))bis(trimethylstannane) (11) 
The synthetic route of 11 is similar to that of 9. Compound 11 was isolated as a white crystal 

(1.4 g , 70%). 1H-NMR (400 MHz, chloroform-d) δ 7.76 (d, J = 3.4 Hz, 2H), 7.27 (d, J = 3.5 Hz, 2H), 0.43 (s, 
18H). 13C-NMR (100 MHz, chloroform-d) δ 144.84, 142.52, 141.83, 135.22, 133.36, 130.91, −8.14. MS 
(MALDI): calculated: 641.91, found: (M+) 641.92. 

BisDPP-0F 
Into a Schlenk tube were added 9 (53 mg, 0.09 mmol), 3-(5-bromothiophen-2-yl)-2,5-bis(2-

ethylhexyl)-6-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (12) (140 mg, 0.23 mmol) 
and tetrakis(triphenylphosphine)palladium(0) (5 mg, 5 μmol). Solids were degassed and refilled with 
argon for three times. Anhydrous toluene (3 mL) was injected under argon. The reaction mixture was 
degassed and refilled with argon for three times and then stirred at 115 oC overnight. After cooling 
to room temperature, the reaction mixture was quenched in water, extracted with dichloromethane 
(DCM), dried with sodium sulfate. Solvent was removed by evaporation. The crude product was then 
purified by chromatography with heptane/DCM as eluent. After evaporating the solvent, the 
resulting solid was dissolved in 10 mL DCM and precipitated into 300 mL methanol to yield BisDPP-
0F (82 mg, yield 68%) as a black solid. 1H-NMR (400 MHz, chloroform-d) δ 8.95 (d, J = 4.2 Hz, 2H), 
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8.89 (d, J = 3.6 Hz, 2H), 7.62 (m, 6H), δ 7.33 (m, 6H), δ 4.03 (dt, J = 14.9, 7.3 Hz, 8H), 1.99 – 1.82 (m, 
4H), δ 1.47 – 1.17 (m, 44H), 0.98 – 0.79 (m, 32H). MS (MALDI): calculated: 1286.50, found: 1286.51 
(M+). 

BisDPP-2F 
The synthetic route of BisDPP-2F is similar to that of BisDPP-0F. Compound BisDPP-0F was 

isolated as a black solid (89 mg ,72 %). 1H-NMR (400 MHz, chloroform-d) δ 8.95 (d, J = 4.3 Hz, 2H), δ 
8.90 (d, J = 4.0 Hz, 2H), δ 7.62 (d, J = 4.6 Hz, 2H), δ 7.49 (d, J = 4.0 Hz, 2H), 7.42 (t, J = 9.0 Hz, 2H), 7.36 
(d, J = 4.2 Hz, 2H), 7.33 (d, J = 3.9 Hz, 2H), 4.02 (dt, J = 14.8, 7.4 Hz, 8H), 2.01 – 1.80 (m, 4H), 1.31 (m, 
6.7 Hz, 32H), 1.02 – 0.77 (m, 24H). MS (MALDI): calculated: 1322.48, found: 1322.47(M+). 

BisDPP-4F 
The synthetic route of BisDPP-4F is similar to that of BisDPP-0F. Compound BisDPP-4F is 

isolated as a black solid (93 mg ,74 %). 1H-NMR (400 MHz, chloroform-d) δ 8.94 (d, J = 4.1 Hz, 2H), 
8.92 (d, J = 3.6 Hz, 2H), 7.67 (d, J = 4.0 Hz, 2H), 7.62 (d, J = 4.9 Hz, 2H), δ 7.37 (dd, J = 6.0, 4.2 Hz, 4H), 
δ 4.02 (dt, J = 15.0, 7.5 Hz, 8H), 1.99 – 1.80 (m, 4H), 1.46 – 1.15 (m, 32H), 1.00 – 0.75 (m, 24H). MS 
(MALDI): calculated: 1358.46, found: (M+) 1358.41.  

DPP-0F 
In a small flask, 2M K3PO4 (159 mg, 0.75 mmol) aqueous solution was prepared and bubbled 

with argon for later use. Into a Schlenk tube, 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)-
2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (13) (100 mg, 0.15 mmol), phenylboronic acid pinacol 
ester (14) (92 mg, 0.45 mmol) and tetrakis(triphenylphosphine)palladium(0) (17 mg, 15 μmol) were 
added. Solids were degassed and refilled with argon for three times. Then the 2M aqueous solution 
of K3PO4 (0.4 mL), anhydrous toluene (3 mL) and aliquat 336 (3 drops) were injected under argon. 
The solution was degassed and refilled with argon for three times and then stirred under 115 oC 
overnight. After cooling to room temperature, the reaction mixture was poured into deionized water, 
extracted with dichloromethane (DCM), dried with sodium sulfate. Solvent was removed by 
evaporation. The crude product was then purified by chromatography with heptane/DCM as eluent 
to yield DPP-0F (67 mg, yield 66%) as a dark purple solid. 1H-NMR (400 MHz, chloroform-d) δ 8.97 (d, 
J = 4.1 Hz, 2H), 7.69 (d, J = 7.2 Hz, 4H), 7.51 – 7.32 (m, 8H), 4.09 (dd, J = 7.7, 4.0 Hz, 4H), 2.06 – 1.88 
(m, 2H), 1.49 – 1.20 (m, 16H), 0.89 (m, 12H). MS (MALDI): calculated: 676.32, found: 676.30 (M+). 

DPP-10F 
Into a Schlenk tube, 2,5-bis(2-ethylhexyl)-3,6-bis(5-(trimethylstannyl)thiophen-2-yl)-2,5-

dihydropyrrolo[3,4-c]pyrrole-1,4-dione (15) (100 mg, 0.12 mmol), triphenylphosphine (4 mg, 14 
μmol), and tris(dibenzylideneacetone)dipalladium(0) (4 mg, 4 μmol) and  were added. Solids were 
degassed and refilled with argon for three times. Then 1,2,3,4,5-pentafluoro-6-iodobenzene (16) 
(0.04 mL, 0.26 mmol), anhydrous toluene (2 mL) and dimethylformamide (DMF) (0.2 mL) were 
injected under argon. The solution was degassed and refilled with argon for three times and then 
stirred under 115 oC for 24 h. After cooling to room temperature, the reaction mixture was poured 
into deionized water, extracted with dichloromethane (DCM), dried with sodium sulfate. Solvent was 
removed by evaporation. The crude product was then purified by chromatography with 
heptane/DCM as eluent to yield DPP-10F (49 mg, yield 48%) as a dark solid. 1H-NMR (400 MHz, 
chloroform-d) δ 9.04 (d, J = 4.3 Hz, 2H), 7.71 (d, J = 4.2 Hz, 2H), 4.14 – 3.99 (m, 4H), 1.95 – 1.82 (m, 
2H), 1.45 – 1.17 (m, 23H), 0.98 – 0.80 (m, 15H). MS (MALDI): calculated: 856.22, found: 856.24 (M+). 
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Chapter 5.   Structure-property relationships for bis-diketopyrrolopyrrole molecules in organic photovoltaics* 
Abstract 

The design of small organic molecules for efficient solution-processed organic solar cells is 
hampered by the absence of relationships that connect molecular structure via processing to blend 
morphology and power conversion efficiency. Here we study a series of bis-diketopyrrolopyrrole 
molecules in which we systematically vary the aromatic core, the solubilizing side chains, and the 
end groups to achieve power conversion efficiencies of 4.4%. By comparing the morphology and 
performance we attempt to identify and rationalize the structure-property relationships. We find 
that the tendency to aggregate or crystallize are important factors to control and that these require 
a subtle balance.  

 

 

   

 
 
 
*This work has been published: Qiang (Mike) Wang, Jacobus J. van Franeker, Bardo J. Bruijnaers, 
Martijn M. Wienk and René A. J. Janssen, J. Mater. Chem. A, 2016, 4, 10532-10541. 
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5.1 Introduction 
The surge in power conversion efficiency (PCE) of organic photovoltaic (OPV) cells in the last 

decade has primarily been achieved by developing new organic semiconductors that feature high 
charge carrier mobilities and carefully tuned frontier molecular orbital (HOMO and LUMO) levels to 
maximize the open-circuit voltage and short-circuit current. The progress further relied on 
optimizing the phase separation between the donor and acceptor materials via judicious processing 
to achieve high current densities and fill factors. The highest reported efficiencies for single junction 
polymer solar cells exceed 10%.1-6 One drawback of synthetic semiconducting polymers is their 
statistically determined nature, reflected - amongst others - in their molecular weight distribution 
and the occurrence of undesired homo-coupling reactions during the polymerization.7-10 

 Small conjugated molecules and well-defined oligomers of intermediate dimensions with 
distinct molecular structures and controllable purity alleviate the lack of chemical and structural 
definition of conjugated polymers.11,12 Using well-defined oligomers and reproducible processing 
methods, improved understanding of structure-property relationships can be anticipated.13 Solution-
processed small-molecule organic solar cells were first described for oligothiophenes,14  
merocyanines,15 and squaraine dyes.16 Presently the highest PCEs of solution-processed small-
molecule organic solar cells rival those of the most efficient polymer solar cells.17-19 A common 
design element of these efficient molecules is that they are based on complementary electron rich 
(donor, D) (mostly thiophene based) and electron deficient (acceptor, A) units in D-A-D or A-D-A 
motifs. 

 To extend the spectral coverage to the near infrared, organic semiconductors based on 
diketopyrrolopyrrole (DPP) have been applied in organic solar cells.20-23 DPP polymers exhibit high 
charge carrier mobilities, which add to their suitability for application in solar cells.24,25 Also small 
molecules incorporating a DPP unit have extensively been investigated for use in organic solar 
cells.26-42 Among the many DPP molecules that have been considered for use in organic solar cells, 
those incorporating the A-D-A or D-A-D-A-D motifs with DPP as acceptor unit have been very 
popular.43-104 By introducing extended planar aromatic donor bridges between the two DPP acceptor 
units it is possible to obtain high charge mobility and to manipulate the energies of the frontier 
orbitals to control voltage and charge transfer to the fullerene acceptor. Several bis-DPP molecules 
afford PCEs up to 6%, and some even higher.72,87,90  The record PCE of 9.06% for a solution-processed 
small-molecule solar cell based on DPP units has been obtained for a compound comprising two DPP 
units linked to a central porphyrin via acetylene bonds.90  

 In all bulk-heterojunction organic solar cells the morphology of the blend and the nanoscale 
phase separation is crucial to achieve efficient exciton dissociation into charge carriers and to 
provide suitable percolating pathways to transport charges to the electrodes. Undoubtedly, 
achieving an optimized morphology is the key to unlock the full potential of the small-molecule 
organic donors. While this is well recognized in the field, there is little general knowledge on how the 
molecular structure directs the blend morphology and how this is influenced by processing 
conditions such as solvent, co-solvent, and thermal annealing. In this chapter we present a series of 
bis-DPP molecules with A-D-A and D-A-D-A-D motifs with different central cores, solubilizing side 
chains, and end groups connected to the two DPP units (Figure 5.1). The series of molecules was 
designed to provide similar optical band gaps and HOMO and LUMO levels, to focus on effects of the 
structural changes in the different parts of the bis-DPP molecules on performance and morphology. 
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The results contribute to establishing structure-performance relationships for solution-processed 
small-molecule organic solar cells. 

 

Name Core End group Alkyl chain 
TT-S TT H EH 
DTT-S DTT H EH 
DTT-L DTT H HD 
BDT-S BDT H EH 
BDT-L BDT H HD 
BDT-EH-S BDT-EH H EH 
BDT-2C6-S BDT-2C6 H EH 
BDT-EH-S-BT BDT-EH BT EH 

Figure 5.1 Structures and abbreviations of bis-DPP molecules 

5.2 Results and discussion 

5.2.1. Synthesis 
The bis-DPP molecules shown in Scheme 5.1 were synthesized via Stille reactions using the 

appropriate bis(trimethyltin)-substituted aromatic core and 3-(5-bromothiophen-2-yl)-2,5-
bis(dialkyl)-6-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione in toluene at 115 °C using 
tris(dibenzylideneacetone)dipalladium(0) as a catalyst. For BDT-EH-S-BT, 3-(5-(benzo[b]thiophen-2-
yl)thiophen-2-yl)-6-(5-bromo-thiophen-2-yl)-2,5-bis(2-ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4-dione was 
used instead. All products were purified via column chromatography or preparative recycling gel 
permeation chromatography and characterized with NMR and MALDI-TOF mass spectrometry. The 
details of the synthesis and characterization of the molecules shown in Scheme 5.1 can be found in 
the Experimental (Section 5.4). 
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Scheme 5.1 Synthesis of bis-DPP molecules via Stille reaction. 

5.2.2. Optical absorption 
The UV-vis absorption spectra of the bis-DPP molecules in solution are similar (Figure 5.2a). 

The optical absorption of bis-DPP molecules with a benzo[1,2-b:4,5-b']dithiophene (BDT) core is 
slightly hypsochromically shifted with respect to those of the thieno[3,2-b]thiophene (TT) and 
dithieno[3,2-b:2',3'-d]thiophene (DTT) cores. The five bis-DPP derivatives with a BDT core show a 
vibronic transition at lower wavelengths, whereas the other bis-DPPs show a featureless absorption 
band. The two benzo[b]thiophen-2-yl (BT) end groups in BDT-EH-S-BT cause a substantial 
bathochromic shift, compared to BDT-EH-S. On the other hand, the two 2-thienyl substituents on the 
4 and 8 positions of BDT have a negligible effects on the optical absorption in solution. 
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Figure 5.2 UV-vis absorption spectra of bis-DPP molecules in (a) solution and (b) thin films. 

 

In thin solid films all compounds exhibit a substantial bathochromic shift of the optical 
absorption and all compounds show fine structure as a consequence of vibronic transitions and 
coupling of transition dipoles (Figure 5.2b) of nearby molecules. The magnitude of the bathochromic 
shift in thin films is similar for all bis-DPPs, except for BDT-L which is less shifted. The relative 
intensity of the longest absorption band is the highest for BDT-EH-S-BT and then reduces along the 
series BDT-2C6-S, BDT-S, BDT-EH-S, TT-S and DTT-S to lower values for DTT-L and BDT-L. A low 
relative intensity of the longest wavelength absorption band in the solid state can point to the 
formation of H-type aggregates.39 Especially for BDT-L, for which λmax in solution (614 nm) is larger 
than in the film (604 nm), the optical absorption is reminiscent of an H-type aggregate in the film. 

 

5.2.3. Energy levels 

Cyclic voltammetry was performed in dichloromethane to determine the frontier orbital 
energy levels of the bis-DPP molecules (Figure 5.3 and Figure 5.4). The cyclic voltammograms show 
that the oxidation and reduction waves are in general chemically reversible. The electrochemical 
band gaps determined from the differences between the potentials at the onsets of the redox waves 
are similar to the optical band gaps determined from the onsets of absorption (in the solution 
spectra) (Table 5.1), but consistently somewhat smaller. From the cyclic voltammetry we find that 
the HOMO levels of the bis-DPP molecules are at −5.515 (±0.03) eV, using -5.23 eV vs. vacuum for 
the ferrocene/ferrocenium redox couple. Based on these small differences in the oxidation 
potentials, no large differences are expected in the open-circuit voltage (Voc) of the solar cells based 
on these bis-DPP molecules. 
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Figure 5.3 Cyclic voltammograms of bis-DPP molecules in dichloromethane solution. Potential vs. 
Fc/Fc+. (−5.23 eV vs. vacuum). 
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Figure 5.4 Energy levels (in eV vs. vacuum) of bis-DPP molecules measured by cyclic voltammetry. 

Table 5.1 Electrochemical and optical band gaps and absorption onsets of the bis-DPP molecules 
Molecule TT-S DTT-S DTT-L BDT-S BDT-L BDT-EH-S BDT-2C6-S BDT-EH-S-BT 
Eg CV (eV) 1.78 1.71 1.76 1.78 1.78 1.79 1.79 1.72 
λonset (nm) 689 684 691 662 657 669 669 711 
Eg (eV) 1.80 1.81 1.79 1.87 1.89 1.85 1.85 1.74 

5.2.4. Solar cells and morphologies 
Organic solar cells were fabricated by sandwiching a bulk heterojunction of the bis-DPP 

molecules and [60]PCBM between a transparent ITO/PEDOT:PSS front electrode and a LiF/Al back 
electrode on glass substrates. The active layer was deposited via spin coating from chloroform with 
and without co-solvents. All photoactive layers were extensively optimized for their photovoltaic 
performance by adjusting the solvent mixture, spin speed, and applying thermal annealing 
conditions. 

5.2.4.1. Effect of central core 
Among the bis-DPP molecules shown in Figure 5.1, there are three different electron-rich 

aromatic cores TT, DTT, and BDT. Solar cells of these molecules blended with [60]PCBM were 
optimized for co-solvent and thermal annealing. Adding 0.2% 1-chloronaphthalene (1-CN) as co-
solvent in chloroform, gave better performance than using o-dichlorobenzene (o-DCB) or 1,8-
diiodooctane (DIO) for all three blends. Thermal annealing (110 oC, 10 min.) improved the TT-
S:[60]PCBM cells by about 25%, but result in a 50% or more loss in performance for the DTT-
S:[60]PCBM and BDT-S:[60]PCBM cells. 

In Table 5.2 and Figure 5.5 we compare the photovoltaic parameters of the optimized 
devices of TT-S, DTT-S and BDT-S mixed with [60]PCBM in a 1:1 weight ratio. The highest PCE = 4.3% 
is found for TT-S:[60]PCBM, similar to the value of 4.0% reported previously for this compound.61 
This layer possesses the highest short-circuit current density (Jsc) and fill factor (FF) of the three 
derivatives. The EQE of the TT-S:[60]PCBM cells reaches a maximum of 49% (Figure 5.5b). 

Atomic force microscopy (AFM) height and phase images (see supporting info of J. Mater. 
Chem. A, 2016, 4, 10532-10541) of the TT-S:[60]PCBM blend reveal the presence of fibrous surface 
features and a root-mean-square surface roughness (Rq) of 6.9 nm. In transmission electron 
microscopy (TEM), however, the TT-S:[60]PCBM blend shows little contrast (Figure 5.6), suggesting 
intimate mixing, without large scale phase separation. 
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The DTT-S:[60]PCBM solar cell (PCE = 2.3%) has a lower FF, Jsc and EQE (37%) than the 
optimized TT-S:[60]PCBM device. The photocurrent is strongly bias dependent and reaches a similar 
value as the photocurrent in the TT-S:[60]PCBM cell at a reverse bias of -1.5 V. This demonstrates 
that exciton dissociation into charge-transfer states is similar in the two blends, but that charge 
extraction is more difficult in the DTT-S:[60]PCBM blend. This can be due to the much lower hole 
mobility of DTT-S (10-4 cm2 V-1 S-1) compared to TT-S (0.1 cm2 V-1 S-1), which has been reported in 
field-effect transistors of these materials.105 A low hole mobility reduces the rate at which 
photogenerated charge-transfer states dissociate into free charges and can also reduce the fill factor 
if the charge transport of electrons and holes is unbalanced.106 A second possible reason for the low 
FF and the observed field-assisted photocurrent collection is the absence of a percolating phase of 
DTT-S molecules, such that charge transport is hampered. Consistently, the TEM images of as-cast 
DTT-S:[60]PCBM blends (Figure 5.6) do not show significant phase separation. 

For BDT-S:[60]PCBM blends (PCE = 2.8%), the FF is enhanced compared to DTT-S:[60]PCBM, 
the photocurrent and maximum EQE (31%) are lower and do not significantly increase in reverse bias 
(Figure 5.5a). Hence, charges are generated less efficiently than in the other two blends but are 
relatively easily transported. This would be consistent with a more phase-separated morphology in 
which pure domains facilitate charge transport but where a decreased donor-acceptor interface area 
reduces the exciton dissociation. The TEM images of the BDT-S:[60]PCBM blend (Figure 5.6), 
however, do not show distinct evidence of such coarser phase separation, although there is contrast 
on larger length scales than in the blends of TT-S and DTT-S with [60]PCBM. 

Table 5.2 Best-performance devices of TT-S, DTT-S, and BDT-S mixed with [60]PCBM in a 1:1 ratioa 
Material 

 
Annealing 

 
Jsc 

(mA cm−2) 
Voc 
(V) 

FF 
 

PCE 
(%) 

TT-S 110 °C 10 min. 9.46 0.81 0.56 4.3 
DTT-S No 6.82 0.76 0.44 2.3 
BDT-S No 6.06 0.85 0.53 2.7 

a Spin coated from chloroform containing 0.2% 1-CN. 
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Figure 5.5 (a) J−V characteristics and (b) EQE of optimized devices of TT-S, DTT-S and BDT-S with 
[60]PCBM. 
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Figure 5.6 TEM images of optimized photoactive layers of TT-S:[60]PCBM (a), DTT-S:[60]PCBM (b), 
BDT-S:[60]PCBM (c), DTT-L:[60]PCBM (d), and BDT-L:[60]PCBM (e). 

5.2.4.2. Effect of side chain on DPP 
To investigate the effect of side chain length and solubility, we synthesized DTT-L and BDT-L 

with longer 2-hexyldecyl side chains. Optimized devices of DTT-L with [60]PCBM show a higher PCE 
than the corresponding short-side chain DTT-S (Table 5.3, Figure 5.7). The increase is due to a slightly 
higher Voc and considerably improved fill factor. The higher Voc of the solar cells based on DTT when 
longer side chains are used on the DPP units is possibly related to the smaller bathochromic shift 
going from solution to film and the concomitant wider optical band gap. The wider optical band gap 
of DTT-L will deepen the HOMO energy level and increase open-circuit voltage. For BDT-L:[60]PCBM 
the overall performance is very similar to that of BDT-S:[60]PCBM. Both provide a PCE of 2.7%, but 
with rather low maximum EQEs of 32% and 34%, respectively (Figure 5.5b and 5.7b). 

The fill factor of 0.60 of the DTT-L:[60]PCBM cell is comparatively high for a solution-
processed small molecule solar cell and much higher than the value of 0.44 for the short chain DTT-
S:[60]PCBM blends. Compared to the intimately mixed DTT-S:[60]PCBM blend, the DTT-L:[60]PCBM 
films display distinct contrast on a length scale of less than 50 nm in TEM (Figure 5.6). This coarser 
phase separation improves percolation of charges and enhances the fill factor. 

Also the morphology of BDT-L:[60]PCBM films shows large (~100 nm) darker [60]PCBM rich 
domains (Figure 5.6) in TEM. These images are reminiscent of the polymer-fullerene morphologies in 
which spinodal liquid-liquid demixing occurs before the film is dry.107 For polymer-fullerene bulk 
heterojunctions this predominantly happens under conditions where the polymer has good solubility 
and aggregation only occurs in the last stages of film drying.108 This is consistent with the present 
result where long side chains impart increased solubility on BDT-L compared to BDT-S. In the regions 
in between the dark [60]PCBM domains the blend has distinct crystalline domains as inferred from 
the lattice spacing estimated form the Fourier transform of the TEM image is 1.9 ± 0.1 nm and 
corresponds to the value of 2.0 nm of pure BDT-L inferred from the X-ray diffraction at 2θ = 4.40 o 
(see supporting info of J. Mater. Chem. A, 2016, 4, 10532-10541). 

DTT-S:[60]PCBM

100 nm
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DTT-L:[60]PCBM

100 nm
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We see that for these two examples the longer side chains result in a coarser and more 
distinct phase separation with [60]PCBM as compared to the blends of the same compounds with 
shorter side chains. In analogy with previously studied polymer-fullerene blends we attribute this 
effect to an increased solubility. There are two effects that play as role. First, a higher solubility 
implies that spinodal liquid-liquid demixing can occur before the molecules aggregate or 
crystallize.108 This results in large, almost pure domains as seen in the BDT-L:[60]PCBM films. Second, 
the critical size at which a nucleus becomes stable against re-dissolving is larger for more soluble 
molecules. Hence, phase separation with narrow fibers and small crystallites can be expected for less 
soluble compounds.109 

 
Table 5.3 Best-performance devices of DTT-L and BDT-L mixed with [60]PCBM in a 1:1 ratio.a 

Material 

 
Annealing 

 
Jsc 

(mA cm−2) 
Voc 
(V) 

FF 
 

PCE 
(%) 

DTT-L No 5.83 0.81 0.60 2.8 
BDT-L No 5.53 0.85 0.58 2.7 

a Spin coated from chloroform containing 0.2% 1-CN. 
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Figure 5.7 (a) J−V characteristics and (b) EQE of optimized devices of DTT-L and BDT-L with [60]PCBM. 

 

5.2.4.3. Effect of side chain on central core 
An alternative method to modify the solubility of the bis-DPPs is by introducing side chains 

on the aromatic core. For this reason we studied BDT-EH-S and BDT-2C6-S which possess the same 
π-conjugated backbone and side chains on the DPP units as BDT-S, but have alkyl-substituted 2-
thienyl groups on the central BDT core (Figure 5.1). The J-V characteristics and EQE are collected in 
Figure 5.8 and summarized in Table 5.4. TEM reveals that spin coating blends of both molecules with 
[60]PCBM from chloroform containing 0.2% 1-chloronaphthalene (1-CN) results in an intimately 
mixed morphology (Figure 5.9) which results in PCEs of 2.4% and 1.1% (Table 5.4) for the 
corresponding solar cells.  
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Figure 5.8 (a) J−V characteristics and (b) EQE of optimized devices of BDT-EH-S and BDT-2C6-S with 
[60]PCBM.  

Table 5.4 Best-performance devices of BDT-EH-S and BDT-2C6-S mixed with [60]PCBM in 1:1 ratio.a 
Materials 

 
Annealing 

 
Jsc 

(mA cm−2) 
Voc 
(V) 

FF 
 

PCE 
(%) 

BDT-EH-S a No 6.76 0.92 0.39 2.4 
BDT-EH-S a 110 °C 10 min. 9.36 0.83 0.56 4.4 
BDT-2C6-S a No 3.59 0.97 0.30 1.1 
BDT-2C6-S a 110 °C 10 min. 2.43 0.86 0.29 0.6 
BDT-2C6-S b No 5.67 0.80 0.56 2.5 

a Spin coated from chloroform containing 0.2% 1-CN. b Spin coated from chloroform containing 0.3% 
1,8-diiodooctane. 

 

Figure 5.9 TEM images of optimized photoactive layers of BDT-EH-S (a, b) and BDT-2C6-S (c, d) spin 
coated from chloroform containing 0.2% 1-CN before (a, c) and after (b, d) thermal annealing at 
110 °C for 10 min.  

After thermal annealing, the BDT-EH-S:[60]PCBM film shows small but distinguishable 
domain features in TEM (Figure 5.9b) and a significantly increased PCE of 4.4%, mainly as a result of 
an increased photocurrent and fill factor. The maximum EQE is 52% (Figure 5.8b). For BDT-EH-
S:[60]PCBM films a higher PCE of 5.79% has been reported for a layer processed from chloroform 
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and annealed at 110 °C for 10 min.53 The photovoltaic parameters of the reported record device (Jsc 
= 11.97 mA cm−2, Voc = 0.84 V, FF = 0.576)53 show that the main difference with our result is a higher 
short-circuit current. In our hands processing from chloroform in combination with thermal 
annealing gave PCE = 4.3% (Table 5.5).  

Thermal annealing of the BDT-2C6-S:[60]PCBM films, on the other hand, results in a 
significant loss of the PCE, mainly due to a loss of photocurrent and a fill factor that remains low. In 
TEM the BDT-2C6-S:[60]PCBM active layer exhibits large worm-like domains after thermal annealing 
(Figure 5.9d). The increased domain size can explain the lower photocurrent, but does not explain 
the very low FF, which might be due to the absence of percolating pathways for charges. 

The TEM images in Figure 5.9 show that in the blends of BDT-EH-S and BDT-2C6-S with 
[60]PCBM the degree of phase separation is similar directly after spin coating from chloroform 
containing 0.2% 1-CN, but that thermal annealing results in much larger domains for BDT-2C6-
S:[60]PCBM than for BDT-EH-S:[60]PCBM. The difference is likely related to the different tendency of 
the two molecules to crystallize. X-ray diffraction (XRD) on pure (i.e. without [60]PCBM) drop-cast 
films of BDT-EH-S and of BDT-2C6-S shown in Figure 5.10 reveals that the main diffraction peak is 
much more intense for BDT-2C6-S than for BDT-EH-S. This lends support to the conclusion from TEM 
that BDT-2C6-S crystallized more easily than BDT-EH-S. The TEM results indicate that in as-cast films 
the crystallization of bis-DPP molecules is reduced in the presence of [60]PCBM and that the extent 
to which crystallization can be enhanced by thermal annealing depends on the molecular structure. 

Table 5.4 shows that both the BDT-EH-S:[60]PCBM and BDT-2C6-S:[60]PCBM solar cells have 
a ~100 mV lower open-circuit voltage after thermal annealing of the active layer. We attribute this 
to the aggregation of the two molecules and a concomitant shift of frontier orbital energy levels. In 
the XRD of the pure BDT-2C6-S films we see a narrowing and shift of the diffraction peak of BDT-2C6-
S after annealing. The shift indicates a change of the lattice constants and crystal structure. 

The best performance for BDT-2C6-S:[60]PCBM (PCE = 2.5% and maximum EQE = 36%) was 
obtained when the layer was spin coated from chloroform containing 0.3% 1,8-diiodooctane (DIO) 
(Table 5.4). The increase in Jsc and FF and concomitant decrease in Voc for this device as compared to 
the un-annealed layer from chloroform containing 0.2% 1-CN, suggest that the use of DIO enhances 
the formation of crystalline domains. 
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Figure 5.10 X-ray diffractograms of thin films of (a) BDT-EH-S and (b) BDT-2C6-S before and after 
thermal annealing. 
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5.2.4.4. End group extension 
So far BDT-EH-S has provided the highest PCE in this study. The molecule can be further 

extended with benzo[b]thiophen-2-yl (BT) units on both sides (Figure 5.1). The optimized device of 
BDT-EH-S-BT with [60]PCBM shows a slightly higher short-circuit current density but a 
correspondingly smaller open-circuit voltage than that of BDT-EH-S (Figure 5.11a), while fill factors 
and the overall efficiencies are almost the same (Table 5.5). Also the maximum EQEs (52% vs. 49%, 
Figure 5.11b) are very close. TEM images show virtually identical morphologies for the two blends 
(Figure 5.12). The small difference in short-circuit current density can be related to the different 
optical band gaps, which are 1.65 and 1.55 eV for BDT-EH-S and BDT-EH-S-BT, respectively as 
determined from the onset of the EQEs in the thin films (Figure 5.11b). The smaller optical band gap 
provides a better overlap with the photon flux of the AM1.5G solar spectrum, resulting in an 
increased Jsc. The reduction of the Voc for BDT-EH-S-BT indicates that in the solid state the energy 
difference between the highest occupied molecular orbital (HOMO) level of the bis-DPP and the 
lowest unoccupied molecular orbital (LUMO) level of the [60]PCBM acceptor is smaller than for BDT-
EH-S. In solution, however, the oxidation potentials of the two compounds are virtually identical 
(Figure 5.4).  

Table 5.5 Best-performance devices of BDT-EH-S and BDT-EH-S-BT with [60]PCBM in a 1:1 ratio. 
Material Annealing Jsc 

(mA cm−2) 
Voc 
(V) 

FF 
 

PCE 
(%) 

BDT-EH-S 110 °C 10 min. 8.77 0.83 0.59 4.3 
BDT-EH-S-BT 110 °C 10 min. 9.90 0.77 0.56 4.3 

a Spin coated from pure chloroform. 
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Figure 5.11 (a) J−V characteristics and (b) EQE of optimized devices of BDT-EH-S and BDT-EH-S-BT 
with [60]PCBM spin coated from pure chloroform. 

 

Figure 5.12 TEM images of optimized photoactive layers of BDT-EH-S (a) and BDT-EH-S-BT (b) with 
[60]PCBM spin coated from pure chloroform after thermal annealing at 110 °C for 10 min. 
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5.2.4.5. Effect of the co-solvent 
Most bis-DPP molecules in this study exhibited the highest PCE in photoactive layers with 

[60]PCBM when deposited from chloroform with 0.2% 1-CN as co-solvent. In Table 5.6 we compare 
the effect of 1-CN, DIO, and o-DCB as co-solvents in mixtures with chloroform for blends of the bis-
DPP molecules with [60]PCBM. The results do not show a clear trend, although in most cases the use 
of 1-CN has a beneficial effect on the PCE. The efficiency of the bis-DPP:[60]PCBM devices presented 
in Table 5.6, is primarily determined by the combination of the molecular structure and nature of the 
co-solvent, and considerable fine tuning of this combination is required for device optimization. 

The role of the co-solvent in solution-processed small-molecule solar cells remains a point of 
discussion. A very strong dependence of the PCE on subtle changes in the amount of co-solvent has 
been noted before for small-molecule bulk-heterojunctions solar cells,110 but also less pronounced 
effects have been reported.111 For DPP-based polymers it was recently shown that the solubility of 
the DPP-polymer determines the width of the polymer fibrils formed.109 Co-solvents that provide a 
lower solubility for the DPP-polymer, gave smaller domain sizes and higher PCEs. In general the 
effect of the co-solvent for the bis-DPP:[60]PCBM mixtures is less outspoken than for the polymers 
and there is no obvious trend in the data. There is an important difference, between co-solvents 
used for small-molecule and for polymer solar cells. The amount of co-solvent that gives optimized 
performance is smaller for bis-DPP small molecules (~0.2 vol%) than for DPP polymer solar cells (>3 
vol%). Because the co-solvents have a lower evaporation rate than the main solvent, this implies 
that for polymer solar cells the last phase of film drying where the main solvent has evaporated, the 
deposition is almost exclusively from the co-solvent. In contrast, for small-molecule bis-DPPs, where 
the amount of co-solvent is a factor of ten less, the primary solvent plays a significant role during the 
entire deposition. In fact, for the bis-DPP molecules the optimal amount of co-solvent of about 0.2 
vol% (corresponding to 2.4 to 3.6 mg mL-1, depending on the co-solvent) is less than the 
concentration of the semiconductors (typical total concentration used 10–20 mg mL-1). 

Table 5.6 Uncorrected PCEa values for bis-DPP:[60]PCBM films with different co-solvents 
Material No co-solvent DIO o-DCB  1-CN 
TT-S 2.9 b 1.8 2.3 b 4.8 b 
DTT-S 2.2 1.8 1.8 2.5 
DTT-L 1.1 1.2 1.7 2.6 
BDT-S 1.7 1.5 1.3 2.7 
BDT-L 0.8 b 1.2 b 1.1 b 2.3 
BDT-EH-S 4.3 b 4.5 b 3.4 4.3b 
BDT-2C6-S 1.5 b 2.5 1.1 1.2 
BDT-EH-S-BT 4.6 b 3.7 4.0 b 4.3 b 
a These PCE values were obtained from the J−V characteristics under white light illumination 
and can differ from the more accurate values mentioned in Tables 5.2-5.5 where the Jsc was 
obtained from integration of the EQE spectrum. b

 After thermal annealing at 110 °C for 5 or 
10 min.  

5.2.4.6. Effect of thermal annealing 
For the optimized solvent/co-solvent deposition conditions, the device performance with or 

without thermal annealing is compared in Table 5.7. Thermal annealing is beneficial for TT-S, BDT-
EH-S and BDT-EH-S-BT. In each of these cases the as-cast film exhibits little or no phase separation 
suggesting that the molecules have a limited tendency to aggregate or crystallize in the blends with 
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[60]PCBM. In accordance, the X-ray diffractograms of pure drop-cast films of these compounds show 
small signs of crystallinity only (see supporting info of J. Mater. Chem. A, 2016, 4, 10532-10541). In 
these cases thermal annealing helps to induce crystallization and phase separation. For all other 
molecules listed in Table 5.7, thermal annealing results in low PCE. For DTT-L and BDT-L we attribute 
this to the fact that these compounds already give significant phase separation in as-cast films due 
to spinodal demixing and a larger critical crystallization nucleus as discussed in Section 5.2.4.2. In 
these cases thermal annealing enhances the phase separation further, resulting in a loss of 
photocurrent and PCE. For BDT-2C6-S we discussed in Section 5.2.4.3 that thermal annealing also 
enhances the domain size (Figure 5.9). For the remaining two molecules listed in Table 5.7, DTT-S 
and BDT-S, the explanation is less clear. In both cases thermal annealing causes a significant 
reduction of PCE as a consequence of a reduction of Jsc and FF. The reduction of the FF is appreciable; 
from 0.44 to 0.36 for DTT-S and from 0.53 to 0.46 for BDT-S. The only other molecule in this series 
that gives a similarly large decrease in FF upon thermal annealing is BDT-2C6-S where the FF 
decrease from 0.35 to 0.24. In all other cases the FF remains constant or is significantly increased. 
Another common feature of the annealed blends of DTT-S, BDT-S and BDT-2C6-S with [60]PCBM is 
the appearance of longer, worm-like features in the TEM images (see supporting info of J. Mater. 
Chem. A, 2016, 4, 10532-10541). This suggests that the morphology of these films has a common 
underlying structure, e.g. vertical stratification, that deteriorates the FF. 

Table 5.7 Uncorrected PCEa values for bis-DPP:[60]PCBM films before and after annealing 
Material Solvent No annealing Annealed b 
TT-S CHCl3/1-CN 3.9 4.8 
DTT-S CHCl3/1-CN 2.5 1.1 
DTT-L CHCl3/1-CN 2.6 1.6 
BDT-S CHCl3/1-CN 2.7 1.8 
BDT-L CHCl3/1-CN 2.3 1.9 
BDT-EH-S CHCl3/1-CN 2.5 4.3 
BDT-2C6-S CHCl3/DIO 2.5 0.5 
BDT-EH-S-BT CHCl3 4.2 4.6 

a These PCE values were obtained from the J−V characteristics under white light illumination 
and can differ from the more accurate values mentioned in Tables 5.2-5.5, where the Jsc was 
obtained from integration of the EQE spectrum. bAt 110 °C for 5 or 10 min.  

5.3. Conclusions 
The effects of structural variations in the core, the side chains, and the end groups on the 

photovoltaic performance has been studied in a series of bis-DPP small molecules for organic solar 
cells in an attempt to understand structure–processing–morphology–performance relationships. 
Molecules BDT-EH-S and BDT-EH-S-BT reach PCEs of ~4.3% in blends with [60]PCBM after thermal 
annealing. Each of these blends has a morphology that features small, but distinct domains. For TT-S 
the PCE also reaches 4.3% in combination with [60]PCBM. In this case TEM gives no clear evidence of 
phase separation, but AFM shows distinct surface features. 

Molecules with longer side chains (DTT-L and BDT-L) give coarser phase separation because 
they can give rise to spinodal demixing of the solution and because their critical nucleus size is larger. 
To achieve small domain sizes that provide efficient exciton dissociation and good efficiency, the 
solubility of the compounds is a critical parameter that should not be too high.  
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For the bis-DPP molecules the use of co-solvent results in an improved solar cell 
performance after spin coating. While co-solvents such as DIO and o-DCB can be used, 1-CN 
provided in general the best performance. For the bis-DPPs molecules the amount of co-solvent 
required for best performance is usually 0.2 vol%, and hence much less than typical values (3 vol% to 
10 vol%) needed for reaching optimized performance for DPP polymers.107–109 For DPP polymers we 
have previously established that the co-solvent induces polymer aggregation in the last stages of the 
drying where the total solvent content has decreased to about 80% and the remaining solvent 
fraction is mainly comprised of the high-boiling co-solvent.108 At the low concentrations of co-solvent 
used for the bis-DPP molecules, the mechanism is likely to be different, because the amount of co-
solvent in the casting solution is initially of the same order, or even less, as that of the 
semiconductors. Thus the film will be virtually dry before the co-solvent has become the main 
solvent component. 

Thermal annealing improves the efficiency of the cells of TT-S, BDT-EH-S and BDT-EH-S-BT 
where casting results in intimately mixed films. By blending with [60]PCBM the crystallization of 
these bis-DPP is retarded and it can be accomplished by thermal annealing. However, thermal 
annealing can also decrease the device performance. This occurs when the initial phase separation is 
already coarse (DTT-L and BDT-L), but also happens in cases (DTT-S, BDT-S, and BDT-2C6-S) where 
the initial morphology is finely mixed. In the latter cases we find that the thermal annealing results in 
a significantly reduced fill factor, which signifies that charge collection is hampered, despite a more 
crystalline morphology. 

With these results, some structural factors for designing successful bis-DPP molecules for 
solution-processed organic solar cells emerge. Solubility and tendency to crystallize are important to 
achieve the small domain size (10–20 nm) which is necessary for a good performance. Yet, strong 
effects are seen with rather subtle structural changes and, hence, evolutionary rather than rational 
design of successful molecules will remain the most likely option to progress in this field for some 
time. 

5.4 Experimental 
All synthetic procedures were performed under argon atmosphere. Commercial chemicals 

and dry solvents were used as received. [60]PCBM was purchased from Solenne BV. 3-(5-
Bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)-6-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-
dione (1),112 bromothiophen-2-yl)-2,5-bis(2-hexyldecyl)-6-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-
c]pyrrole-1,4-dione (2),112 and 3-(5-(benzo[b]thiophen-2-yl)thiophen-2-yl)-6-(5-bromo¬thiophen-2-
yl)-2,5-bis(2-ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4-dione (3)113  were synthesized according to 
literature procedures. 2,5-Bis(trimethylstannyl)¬thieno[3,2-b]thiophene (4), 2,6-
bis(trimethylstannyl)dithieno[3,2-b:2',3'-d]thiophene (5), 2,6-bis(trimethylstannyl)benzo[1,2-b:4,5-
b']dithiophene (6), (4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b']dithiophene-2,6-
diyl)bis(trimethylstannane) (7), and (4,8-bis(4,5-dihexylthiophen-2-yl)benzo[1,2-b:4,5-
b']dithiophene-2,6-diyl)bis¬(trimethylstannane) (8) were obtained from SunaTech Inc. 

  1H-NMR spectra were recorded at 500 MHz mercury spectrometer with CDCl3 as the solvent 
and tetramethylsilane (TMS) as the internal standard. Optical absorption spectra were recorded on a 
Perkin Elmer Lambda 900 UV/vis/nearIR spectrophotometer. Cyclic voltammetry was performed 
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under an inert atmosphere with a scan rate of 0.1 V s−1 and 1 M tetrabutylammonium 
hexafluorophosphate in dichloromethane as the electrolyte. A platinum working electrode, a silver 
counter electrode and a silver wire coated with silver chloride (Ag/AgCl) quasi-reference electrode 
were used combined with Fc/Fc+ as the internal standard. AFM images were taken on a Veeco 
MultiMode atomic force microscope connected to a Nanoscope III controller operating in tapping 
mode using PPP-NCH-50 probes (Nanosensors). For TEM, films were floated from the PEDOT-
covered indium-tin-oxide substrates on 200 square mesh copper grids. TEM was performed with a 
Tecnai G2 Sphera (FEI) operating at 200 kV. XRD was measured on a Bruker D2 Endeavor 
diffractometer using Cu Kα radiation with a wavelength of 0.15406 nm. Scans were done from 2 – 30 
degrees (2θ) with scan speed of 1 seconds/step and increments of 0.025 degree/step. Samples for 
XRD were prepared by drop casting 100 μL of a 5 mg mL-1 small molecule solution in chloroform on 
to a glass substrate. 

  Photovoltaic devices were made by spin coating poly(ethylenedioxythiophene): poly(styrene 
sulfonate) (PEDOT:PSS) (Clevios P, VP AI 4083) onto pre-cleaned, patterned indium tin oxide (ITO) 
substrates (14 Ω per square) (Naranjo Substrates). The photoactive layer were deposited by spin 
coating a chloroform solution containing the molecules and PCBM with different ratio and the 
appropriate amount of 1,8-diiodooctane (DIO), ortho-dichlorobenzene (o-DCB), or 1-
chloronaphthalene (1-CN). LiF (1 nm) and Al (100 nm) were deposited by vacuum evaporation at ~2 
× 10-7 mbar as the back electrode. The active area of the cells was 0.09 cm2. J−V characteristics were 
measured under ~100 mW cm−2 white light from a tungsten-halogen lamp filtered by a Schott GG385 
UV filter and a Hoya LB 120 daylight filter, using a Keithley 2400 source meter. Short circuit currents 
under AM1.5G conditions were estimated from the spectral response and convolution with the solar 
spectrum. The spectral response was measured under simulated 1 sun operation conditions using 
bias light from a 532 nm solid state laser (Edmund Optics). Light from a 50 W tungsten halogen lamp 
(Osram64610) was used as probe light and modulated with a mechanical chopper before passing the 
monochromator (Oriel, Cornerstone 130) to select the wavelength. The response was recorded as 
the voltage over a 50 Ω resistance, using a lock-in amplifier (Stanford Research Systems SR 830). A 
calibrated Si cell was used as reference. The device was kept behind a quartz window in a nitrogen 
filled container. The thickness of the active layers in the photovoltaic devices was measured on a 
Veeco Dektak 150 profilometer. 

TT-S 
A Schlenk tube was filled with Br-DPP (1) (127 mg, 0.21 mmol), bistannyl thienothiophene (4) 

(47 mg, 0.1 mmol), toluene (2 mL) and DMF (0.2 mL). The solution was bubbled with argon for 10 
minutes. Then tris(dibenzylideneacetone)dipalladium(0) (3 mg, 3 μmol) and triphenylphosphine (3 
mg, 12 μmol) were added. After degassing and refilling with argon three times, the reaction mixture 
was stirred at 115 °C for 12 h. The mixture was then extracted with dichloromethane, washed with 
water and brine, dried with Na2SO4 and concentrated by evaporating the solvent. The resulting solid 
was subjected to column chromatography (silica, eluent heptane/CH2Cl2, 2:1 to 1:2) to isolate the 
crude product. The resulting solid was dissolved in chloroform (5 mL) and precipitated into methanol 
(100 mL) to yield TT-S (56 mg, 47 %) as a dark blue solid. 1H NMR (500 MHz, chloroform-d) δ 8.94 (d, 
J = 4.2 Hz, 2H), 8.90 (d, J = 3.6 Hz, 2H), 7.63 (d, J = 4.9 Hz, 2H), 7.46 (s, 2H), 7.36 (d, J = 4.1 Hz, 2H), 
4.05 (h, J = 7.9, 7.5 Hz, 8H), 1.90 (dt, J = 25.7, 5.1 Hz, 4H), 1.40 – 1.26 (m, 35H), 0.95 – 0.85 (m, 24H). 
MS (MALDI): calculated: 1184.45, found: 1184.46 (M+). 
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DTT-S 
The synthesis of DTT-S is similar to that of TT-S. DTT-S was isolated (62%) as a dark blue solid. 

1H NMR (500 MHz, chloroform-d) δ 8.95 (d, J = 4.2 Hz, 2H), 8.90 (d, J = 3.8 Hz, 2H), 7.61 (d, J = 4.9 Hz, 
2H), 7.48 (s, 2H), 7.34 (d, J = 4.2 Hz, 2H), 4.13 – 3.95 (m, J = 7.7, 7.3 Hz, 8H), 1.94 – 1.85 (m, 4H), 1.47 
– 1.19 (m, 36H), 0.95 – 0.85 (m, 26H). MS (MALDI): calculated: 1240.42, found: 1240.44 (M+). 

BDT-S 
The synthesis of BDT-S is similar to that of TT-S. BDT-S was isolated (40%) as a dark blue solid. 

1H NMR (400 MHz, chloroform-d) δ 8.93 (d, J = 4.2 Hz, 2H), 8.91 (d, J = 3.9 Hz, 2H), 8.10 (s, 2H), 7.61 
(d, J = 5.0 Hz, 2H), 7.50 (s, 2H), 7.41 (d, J = 4.2 Hz, 2H), 4.15 – 3.95 (m, 8H), 2.00 – 1.81 (m, 4H), 1.49 – 
1.14 (m, 36H), 0.99 – 0.72 (m, 25H). MS (MALDI): calculated: 1234.47, found: (M+) 1234.50. 

DTT-L 
The synthesis of DTT-L is similar to that of TT-S. DTT-L was isolated (55%) as a dark blue solid. 

1H NMR (500 MHz, chloroform-d) δ 8.91 (d, J = 4.1 Hz, 2H), 8.88 (d, J = 3.6 Hz, 2H), 7.53 (d, J = 4.9 Hz, 
2H), 7.36 (s, 2H), 7.23 (d, J = 4.1 Hz, 2H), 7.19 (t, J = 4.4 Hz, 2H), 4.03 – 3.97 (m, 8H), 1.96 – 1.90 (m, 
4H), 1.46 – 1.13 (m, 98H), 0.85 (q, J = 6.5 Hz, 24H). MS (MALDI): calculated: 1688.92, found: (M+) 
1688.87. 

BDT-L 
The synthesis of BDT-L is similar to that of TT-S. BDT-L was isolated (52%) as a dark blue solid. 

1H NMR (500 MHz, chloroform-d) δ 8.92 (d, J = 4.2 Hz, 2H), 8.90 (d, J = 4.0 Hz, 2H). 8.15 (s, 2H), 7.64 
(d, J = 5.1 Hz, 2H), 7.57 (s, 2H), 7.46 (d, J = 5.0 Hz, 2H), δ 4.12 – 4.00 (m, 8H), 1.95 (d, J = 29.7 Hz, 4H), 
1.46 – 1.13 (m, 101H), 0.87 – 0.82 (m, 24H). MS (MALDI): calculated: 1682.97, found: (M+) 1682.98. 

BDT-EH-S 
The synthesis of BDT-EH-S is similar to that of TT-S. BDT-EH-S was isolated (59%) as a dark 

blue solid. 1H NMR (500 MHz, chloroform-d) δ 8.94 (d, J = 4.0 Hz, 2H), δ 8.91 (d, J = 4.0 Hz, 2H), 7.77 
(s, 2H), 7.60 (d, J = 5.0 Hz, 2H), 7.40 (d, J = 4.0 Hz, 2H), 7.36 (d, J = 4.0 Hz, 2H), 6.96 (d, J = 3.4 Hz, 2H), 
4.03 (m, 8H), 2.92 (d, J = 6.8 Hz, 4H), 1.91 – 1.85 (m, 4H), 1.77 – 1.72 (m, 2H), 1.56 – 1.20 (m, 53H), 
1.03 – 0.81 (m, 38H). MS (MALDI): calculated: 1622.69, found: (M+) 1622.71. 

BDT-2C6-S 
The synthesis of BDT-2C6-S is similar to that of TT-S. BDT-2C6-S was isolated (61%) as a dark 

blue solid. 1H NMR (500 MHz, chloroform-d) δ 8.93 (d, J = 4.1 Hz, 2H), 8.91 (d, J = 3.7 Hz, 2H), 7.85 (s, 
2H), 7.63 (d, J = 4.9 Hz, 2H), 7.43 (d, J = 4.1 Hz, 2H), 7.28 (d, J = 4.2 Hz, 2H), 4.04 (m, 8H), 2.90 – 2.83 
(m, 4H), 2.66 (m, 4H), 1.93 – 1.86 (m, 4H), 1.80 – 1.74 (m, 4H), 1.72 – 1.66 (m, 4H), 1.54 – 1.26 (m, 
59H), 0.93 – 0.83 (m, 36H). MS (MALDI): calculated: 1734.82, found: (M+) 1734.82. 

BDT-EH-S-BT 
The synthesis of BDT-EH-S-BT is similar to that of TT-S. BDT-EH-S-BT was isolated (48%) as a 

dark blue solid. 1H NMR (500 MHz, chloroform-d) δ 9.05 (d, J = 4.0 Hz, 2H), 8.97 (d, J = 4.1 Hz, 2H), 
7.68 (d, J = 7.6 Hz, 2H), 7.65 (d, J = 7.6 Hz, 2H), 7.60 (s, 2H), 7.41 (d, 2H), 7.31 (d, 3H), 7.26  – 7.23 (m, 
4H), 7.00 (d, J = 3.3 Hz, 2H), 3.97 (m, 9H), 2.97 (d, J = 6.9 Hz, 5H), 1.91 – 1.79 (m, 7H), 1.51 – 1.26 (m, 
58H), 1.06 – 0.85 (m, 46H). MS (MALDI): calculated: 1886.70, found: (M+) 1886.72. 
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Chapter 6.   
Photovoltaic performance of nitrogen-

bridged terthiophene (NBTT) 
molecules and their miscibility with 

fullerene derivatives 
Abstract 

In this chapter the photovoltaic performance of small-molecule donor materials containing 
nitrogen-bridged terthiophene (NBTT) core with rhodanine (Rho) or 1,3-Indandione (IDD) end groups 
is investigated in combination with C60 and C70 fullerene derivatives as acceptor. An optimized power 
conversion efficiency of 5% has been achieved in both cases without any co-solvent or post-
annealing treatment. To our surprise, a morphology study shows that there is no obvious phase 
separation between the donor material and the fullerene derivatives in the blend. As a result the 
charge generation in these blends is efficient, but charge transport is sluggish and only at sufficiently 
negative bias the largest fraction of charges can be collected. By comparing the performance of 
NBTT-Rho and NBTT-IDD with two DPP-oligothiophene derivatives that contain the same end groups, 
the well-mixed morphology is attributed to the affinity of NBTT unit with fullerene. After studying 
the common feature of compounds that exhibit high affinity to fullerene in literature, it was found 
that the large fused aromatic ring as well as aligned sulfur atoms of NBTT unit could be the origin of 
good miscibility with PCBM. 
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6.1 Introduction 
The thiophene unit has been frequently used in the field of organic photovoltaics (OPV) to 

create efficient polymeric or molecular materials. Poly(3-hexylthiophene) (P3HT), for example, is a 
benchmark of polymeric electron-donating materials.1 Oligothiophenes have also been widely 
applied in small-molecule OPV systems.2-5 To broaden the absorption range and enhance the 
absorption intensity, electron-withdrawing end groups have been incorporated to obtain highly 
efficient organic solar cells (OSCs). Among these end groups, rhodanine and 1,3-indandione (IDD) 
derivatives have shown good performance when combined with oligothiophenes.4,6-9 Heteroatom-
bridged thiophene units such as dithienosilole (DTS), 10 - 13  dithienopyrrole (DTP), 14  and 
dithienopyran15 have likewise been incorporated successfully in OPV systems. In 2012, Suga and co-
workers synthesized a nitrogen-bridged terthiophene (NBTT),16 which later was successfully applied 
in OPV17-19 and dye-sensitized solar cell (DSSC)20 devices. 

We received two NBTT molecules with 3-ethylrhodanine (Rho) and IDD end groups, 
respectively, from the group of Prof. Ken-Tsung Wong of the National Taiwan University in Taipei to 
be evaluated for solution-processed solar cells. After testing their performance in organic solar cells 
as electron-donating materials with fullerene acceptors, 5% power conversion efficiency (PCE) was 
achieved in both cases without any co-solvent or post annealing treatment. In a morphological study, 
the active layers of both optimized devices are surprisingly well mixed, almost homogeneous. This 
observation is unexpected in several ways: first, small molecules with large fused aromatic rings are 
likely to induce phase separation;21,22 second, efficient OPV systems often require small but 
distinctive phase separation instead of a homogeneous layer; third, end groups like Rho and IDD can 
introduce different morphologies into active layers (see chapter 2). However, this did not occur with 
these two NBTT molecules, which suggests that the NBTT core instead of end groups dominates 
morphology formation.  

By comparing the device performance as well as morphology feature of the two NBTT 
molecules with previously studied diketopyrrolopyrrole (DPP) molecules (shown in chapter 2) 
containing the same end groups respectively. The well-mixed morphology has been attributed to the 
affinity between NBTT unit and fullerene derivatives.  

6.2 Results and discussion 

6.2.1. Chemical structures 
The chemical structures of NBTT-Rho and NBTT-IDD are shown in Scheme 6.1. For several 

possible configurational and conformational isomers, listed in Scheme 6.2 and 6.3, the relative 
energies were calculated using density functional theory (DFT) by our collaborator in Taiwan. For 
NBTT-Rho the three conformational isomers of the Z,Z-configuration (1-3) are close in energy and 
significantly lower in energy than the three conformations of E,E-configuration (4-6) (Table 6.1). For 
NBTT-IDD the three conformational isomers (7-9) are very close in energy. Chemical structures of the 
most stable isomers correspond with those shown in Scheme 6.1. The proton NMR spectrum 
(measured by our collaborator) of NBTT-Rho shows that only one configurational isomer exists. 
According to literature,23 this isomer can be attributed to the Z,Z-isomer.  
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Scheme 6.1 Chemical structures of NBTT-Rho and NBTT-IDD. 

 

Scheme 6.2 Configurational and conformational isomers of NBTT-Rho. 

Table 6.1 Total energy and dipole moment of NBTT-Rho obtained by DFT calculation 

NBTT-Rho 1(Z,Z) 2(Z,Z) 3(Z,Z) 4(E,E) 5(E,E) 6(E,E) 

Relative energy (eV)a 0.00 0.05 0.03 0.24 0.26 0.25 

Dipole moment (D)a 16.6 1.3 9.0 13.2 4.5 8.9 

Relative energy (eV)b 0.00 0.04 0.02 0.40 0.34 0.37 

Dipole moment (D)b 6.7 2.5 4.6 6.1 3.2 4.7 
a Calculated at B3LYP/6-311G(d,p) level. b Calculated at HF/STO-3G level. 
 

 

Scheme 6.3 Conformational isomers of NBTT-IDD. 
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Table 6.2 Total energy and dipole moment of NBTT-IDD obtained by DFT calculation 

NBTT-IDD 7 8 9 

Relative energy (eV)a 0.01 0.00 0.00 

Dipole moment (D)a 7.4 9.4 8.4 

Relative energy (eV)b 0.05 0.00 0.02 

Dipole moment (D)b 3.5 5.8 4.6 
a Calculated at B3LYP/6-311G(d,p) level.b Calculated at HF/STO-3G level. 

6.2.2. Optical properties 
From the UV-vis absorption spectra we can see that in dichloromethane (DCM) solution 

(Figure 6.1a) both molecules show narrow peak between 600 and 650 nm with a vibronic shoulder at 
higher energy. Both NBTT-Rho and NBTT-IDD have high molar absorption coefficients (> 2 × 105 M-1 
cm-1). In thin films (Figure 6.1b), the two absorption peaks are broadened and shifted to longer 
wavelengths (500-800 nm). An additional shoulder peak induced by aggregation appears in both 
cases. The ratios of intensities of the first and second peaks for the two derivatives are different. 
Based on Spano’s work,24 the aggregation of NBTT-Rho molecules can be attributed to be more J-like, 
while that of NBTT-IDD molecules is closer to H-like aggregation. The optical band gaps (Eg) of these 
two molecules determined from the absorption onsets in films are close to each other (1.65 vs. 1.58 
eV, Table 6.3).  
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Figure 6.1 UV-vis absorption spectra of NBTT-Rho and NBTT-IDD in DCM solution (a) and film (b). 

Table 6.3 Absorption onsets and band gaps of NBTT-Rho and NBTT-IDD 

 NBTT-Rho NBTT-IDD 

 (M-1 cm-1) 206300 210390 

λsol (nm) 670 685 

Egsol (eV) 1.85 1.81 

λfilm (nm) 750 785 

Egfilm(eV) 1.65 1.58 

6.2.3. Energy levels 
Energy levels of NBTT-Rho and NBTT-IDD were measured via cyclic voltammetry (CV) in 

dichloromethane (DCM) solution with ferrocene as internal standard. Signals of three consecutive 
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measuring cycles overlapped well (Figure 6.2) although the redox waves are not electrochemically 
reversible. The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 
(LUMO) energy levels were estimated from the onsets of the redox waves. The HOMO and LUMO of 
NBTT-IDD are 0.1 eV and 0.2 eV deeper than those of NBTT-Rho, respectively (Table 6.4). The LUMO-
LUMO offset ( LUMO) between NBTT-IDD and [6,6]-phenyl-C61-butyric acid methyl ester ([60]PCBM) 
is around 0.2 eV (Figure 6.3), which is less than the commonly accepted, but rather empirical, 
threshold of 0.3 eV for efficient electron transfer.  
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Figure 6.2 Cyclic voltammograms of NBTT-Rho (a,b) and NBTT-IDD (c,d) measured in 
dichloromethane solution. Potential vs. Fc/Fc+. (−5.23 eV vs. vacuum). 

 
Table 6.4 Energy levels calculated based on cyclic voltammetry measurement 

Eox (eV) Ered (eV) HOMO (eV) LUMO (eV) Eg
CV (eV) 

NBTT-Rho  0.25 -1.49 -5.48 -3.74 1.74 
NBTT-IDD  0.35 -1.28 -5.58 -3.95 1.63 

Potential vs. Fc/Fc+. (−5.23 eV vs. vacuum). 
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Figure 6.3 Energy levels of NBTT-Rho, NBTT-IDD, and [60]PCBM based on cyclic voltammetry 
measurements (Fc/Fc+ =-5.23 eV). 

6.2.4. Crystallinity 
The crystallinity of both NBTT molecules was characterized with X-ray diffraction (XRD) 

measurement. For this purpose 50 μL chloroform solutions of each molecule were drop cast on top 
of a pre-cleaned glass substrate. Figure 6.4 and Table 6.5 show that these two molecules present 
similar 2θ and d-spacing values. Compared to molecule DPP-Rho and DPP-IDD in chapter 2, which 
contain the same end groups as those of NBTT-Rho and NBTT-IDD respectively, the NBTT molecules 
show comparable crystallinity but much higher solubility (> 8 mg mL-1) than the DPP molecules (< 5 
mg mL-1).  
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Figure 6.4 XRD traces of NBTT-Rho and NBTT-IDD. 

Table 6.5 2θ and d-spacing values of NBTT-Rho and NBTT-IDD 
NBTT-Rho NBTT-IDD 

2θ (degree) 7.43 7.15 
d-spacing (nm) 1.19 1.24 

6.2.5. Solar cells and morphologies 
The photovoltaic performance of these two molecules as electron-donor (D) were tested in 

organic solar cells together with [60]PCBM or [70]PCBM as electron acceptor (A) in a 
Glass/ITO/PEDOT:PSS/Active layer/LiF/Al device configuration. Device optimization started by 
varying the concentration of NBTT-Rho and [60]PCBM in the chloroform solution. While keeping the 
donor-to-acceptor (D/A) ratio as 1:1 (w/w), the concentration of NBTT-Rho was varied from 5 to 8 
mg mL-1 while keeping the film thickness around 100 nm by adjusting the spin speed. In this range, 
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the variations in device performance were small and only affected the short-circuit current density 
(Jsc). The power output in the maximum power point (Pmax) measured under 100 mW cm−2 simulated 
AM1.5G illumination is shown in Figure 6.5a. At a concentration of 6 mg mL-1 the solar cell device 
provides Pmax = 3.5 mW cm-2. When replacing [60]PCBM by [70]PCBM as electron acceptor, Pmax 
increased noticeably, from 3.5 to 4.7 mW cm−2 under the same processing conditions (6 mg mL-1) 
(Figure 6.5b). The donor to acceptor (D/A) ratio was further optimized in the range between 6:4 to 
6:11 (mg mL−1) with [70]PCBM as electron acceptor. The optimized D/A ratio is found to be 6:9 (mg 
mL−1), under which condition the device shows maximum Jsc and fill factor (FF), as a result, the 
output power was improved to Pmax = 5.2 mW cm−2.  
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Figure 6.5 (a) Plot of Pmax versus NBTT-Rho concentration for NBTT-Rho:[60]PCBM devices. (b) Plot of 
Pmax versus donor to acceptor (D/A) ratio or NBTT-Rho:[70]PCBM devices.  

The application of co-solvents and post annealing are frequently used in device optimization, 
because they often improve the morphology of the photoactive layer and the power conversion 
efficiency (PCE). However, for NBTT-Rho:[70]PCBM, after trying several co-solvents such as 1,8-
diiodooctane (DIO), 1,2-dichlorobenzene (o-DCB), 1-chloronaphthalene (1-CN) and diphenyl ether 
(DPE), it was found that the device performance does not further improve (Figure 6.6a). Also post 
annealing treatments such as thermal annealing (90 oC for 10 min) or using 100 μL solvent to vapor 
anneal (SVA) for 10 to 20 seconds using chloroform (CF), DCM, or tetrahydrofuran (THF) did not 
improve the performance (Figure 6.6b). In each case the Jsc was the most affected device parameter. 
Therefore, the optimized device NBTT-Rho:[60]PCBM devices were fabricated without any co-
solvent or post annealing treatment. 
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Figure 6.6 Pmax for NBTT-Rho:[70]PCBM devices. (a) As function of co-solvent used. (b) As function of 
post deposition thermal or solvent vapor annealing.  
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The device optimization of NBTT-IDD:[60]PCBM layers also started by varying the 
concentration of NBTT-IDD from 3 to 7 mg mL-1 while keeping the D/A ratio as 1:1 (w/w). A Pmax = 5.0 
mW cm-2 was obtained at a NBTT-IDD concentration of 5 mg mL-1 (Figure 6.7a).  
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Figure 6.7 (a) Plot of Pmax versus NBTT-IDD concentration for NBTT-IDD:[60]PCBM devices. (b) Plot of 
Pmax versus donor to acceptor (D/A) ratio for NBTT-IDD:[60]PCBM and NBTT-IDD:[70]PCBM devices. 
(c, d) J-V characteristics of devices made of NBTT-IDD:[60]PCBM and NBTT-IDD:[70]PCBM for layers 
deposited from different concentration ratios. 

The donor-to-acceptor (D/A) ratio has been optimized using both [60]PCBM and [70]PCBM 
as electron acceptor. It was found that devices with [60]PCBM as electron acceptor outperform 
those with [70]PCBM (Figure 6.7b). The D/A ratio of 5:5 (mg mL-1) is the best condition in both cases. 
The current density – voltage characteristics (J-V) collected in Figure 6.7c and 6.7d show quite 
different behavior for the two fullerene derivatives. In both case the current density under 
illumination is rather strongly dependent on the voltage bias. This signifies that the charge collection 
under low internal electric field is not efficient.  

When using a co-solvent (DIO, o-DCB, 1-CN and DPE) or applying post annealing treatment 
(thermal annealing under 90 oC for 10 min or using 100 μL solvent to vapor anneal for 10 to 20 
seconds), the device performance of NBTT-IDD:[60]PCBM was worse than that without any co-
solvent or post annealing (Figure 6.8). This behavior is similar to the case of NBTT-Rho:[70]PCBM 
(Figure 6.6).  
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Figure 6.8 Pmax for NBTT-IDD:[60]PCBM devices. (a) As function of co-solvent used. (b) As function of 
post deposition thermal or solvent vapor annealing. 

The J-V of the characteristics optimized NBTT-Rho:[70]PCBM and NBTT-IDD:[60]PCBM solar 
cells are shown in Figure 6.9a and the relevant cell parameters are summarized in Table 6.6. Both 
cells exhibit a PCE of about 5% when using a Jsc that is calculated by integrating the external 
quantum efficiency (EQE) (Figure 6.9b) with the AM1.5G spectrum. The characteristics of both 
optimized cells are similar. The device performance is limited by the modest fill factor (FF = 0.47- 
0.51) and a maximum EQE < 0.6. The open-circuit voltage (Voc) of the cells can be assessed by 
comparing it to the optical band gap via the photon energy loss defined as Eloss = Eg − qVoc. In both 
cases amounts Eloss ≈ 0.70 eV, which signifies that the driving force is about 0.1 eV above the 
empirical threshold of 0.6 eV for efficient charge transfer. Hence, in first approximation, the Voc is as 
expected for good cells. That the Voc of the NBTT-IDD:[60]PCBM is some less than that of the NBTT-
Rho:[70]PCBM cells, is in line with the lower optical band gap of the material but is not expected 
when considering the fact that the HOMO of NBTT-IDD was found to be about 0.1 eV below the 
HOMO of NBTT-Rho. The reasons for this discrepancy are likely to be found in other parameters that 
determine the Voc, next to the effective gap (HOMO(D) − LUMO(A)), such as the rate for nonradiative 
recombination of charge carriers.  

 

Table 6.6 Optimized device performances of NBTT-Rho and NBTT-IDD 

Donor:Acceptor Jsc
a 

(mA cm−2) 
Voc 
(V) 

FF 
 

Pmax 
(mW cm−2) 

Jsc,EQE
b 

(mA cm−2) 
PCE 
(%) 

NBTT-Rho:[70]PCBMc 11.80 0.92 0.47 5.2 11.44 5.0 
NBTT-IDD:[60]PCBMc 11.30 0.87 0.51 5.0 11.08 4.9 

a Based on J-V characteristics under simulated AM1.5G light. bBased on intergration of EQE with 
AM1.5G spectrum. cDevices are fabricated from pure chloroform solution without any post 
annealing treatment. 
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Figure 6.9 (a) J-V characteristics and (b) EQE spectra of optimized devices for NBTT-Rho:[70]PCBM 
and NBTT-IDD:[60]PCBM photoactive layers. 

 In the long wavelength region, the EQE (Figure 6.9b) follows the absorption spectrum of the 
NBTT molecules in solid state (Figure 6.1b). In the short-wavelength range (< 500 nm) the 
contribution from [60]/[70]PCBM is reflected in EQE. The contribution from [70]PCBM to the EQE is 
higher than that of [60]PCBM, because of its higher molar absorption coefficient.  

Atomic force microscopy (AFM) and transmission electron microscopy (TEM) of the 
optimized photoactive layers reveals that both layers are extremely well mixed (Figure 6.10-6.11). 
With root-mean-square roughness (Rq) less than 1 nm, the AFM height images reveal the virtual 
absence of surface corrugation (Figure 6.10a and Figure 6.11a). In the TEM images, no obvious phase 
separation can be discerned (Figure 6.10b and Figure 6.11b). The well-mixed morphology is 
consistent with device performance: a relatively high Jsc (> 11 mA cm−2) but modest FF (  0.51). The 
well-mixed blend of donor (D) and acceptor (A) materials creates a large D/A interfacial area, where 
charge generation takes place efficiently (high current density), but which also hinders the formation 
of bi-continuous pathways for charge transport (low fill factor). As a consequence of the well-mixed 
morphology, both optimized cells show a considerable voltage dependence of the current density 
below short-circuit. This demonstrates that at short-circuit, and especially in the maximum power 
point, only a fraction of the photo-generated charges are collected in the external circuit. At the 
maximum power point a significant fraction of the charges recombines. 

 

Figure 6.10 Atomic force microscopy (AFM) height (a) and transmission electron microscopy (TEM) 
(b) images of active layer NBTT-Rho:[70]PCBM fabricated under optimized conditions. 
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Figure 6.11 Atomic force microscopy (AFM) height (a) and transmission electron microscopy (TEM) 
(b) images of active layer NBTT-IDD:[60]PCBM fabricated under optimized conditions. 

From a viewpoint of molecular design it is of interest to try to rationalize why the NBTT 
molecules do not give rise to a more phase separated morphology. NBTT-Rho and NBTT-IDD contain 
the same end groups as DPP-Rho and DPP-IDD (see chapter 2). However, the phase separation in the 
cases of DPP molecules is much more pronounced. The domains in the latter cases show irregular 
but well-defined boundaries, which were interpreted to result from solid-liquid (S-L) phase 
separation. Like the DPP derivatives, also the two NBTT molecules crystallize in the solid state (see 
Section 6.2.4), although their solubility of NBTT molecules (> 8 mg mL-1) is clearly higher than that of 
DPP-Rho and of DPP-IDD (< 5 mg mL-1). The DPP-CHO derivative introduced in chapter 2 shows a 
comparable solubility (>8 mg mL-1) as the NBTT molecules, but gave rise to liquid-liquid (L-L) phase 
separation upon drying, resulting in a coarse phase-separated morphology in the blend of DPP-
CHO:[70]PCBM. The absence of L-L or S-L phase separation results in a well-mixed morphology in the 
blends of NBTT-molecule: PCBM.  

The NBTT unit used in this work has two 2-ethyhexyl side chains at the same side of the 
molecule that hinder interaction with fullerene or another NBTT molecule from that side (nitrogen 
side). On the other side (sulfur side), the fused aromatic ring of nitrogen-bridged terthiophene is 
able to interact with the fullerene or NBTT molecule. It is known that large and planar aromatic 
systems facilitate non-covalent interactions with fullerene, e.g. porphyrin25 and pyrene26. If we look 
at the solubility of C60 in different organic solvents,27 it can be seen that naphthalene derivatives 
provide a higher solubility (30-50 mg mL−1) to C60 than benzene derivatives (up to 27 mg mL−1) and 
that these surpass the solubility of other solvents without large aromatic structure (< 10 mg mL-1). 
Another feature of good solvents of C60 is the sulfur atom containment. For example, 2-
methylthiophene exhibits clearly higher solubility (6.8 mg mL-1) to C60 than that of benzene (1.7 mg 
mL-1), toluene (2.8 mg mL-1), and pyridine (0.89 mg mL-1). Moreover, the solubility of C60 in carbon 
disulfide (CS2) (7.9 mg mL-1) is the highest among all the polar or nonpolar solvent without aromatic 
rings. Another well-known system which can form complexes with fullerene is the tetrathiafulvalene 
(TTF) system. The high content of sulfur atoms in TTF unit should be responsible for the high affinity 
to fullerene, taking account of its relatively small conjugated area. Therefore, we propose the 
hypothesis that the affinity between NBTT unit and fullerene should be due to its large fused 
aromatic ring and aligned sulfur atoms as well as the bulky side chains which prevent intense 
aggregation with other NBTT molecules. In this respect it is interesting to note that also P3HT (when 
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it is less regioregular and hence more soluble) provides an intimate blend with [60]PCBM when 
processed from pure chlorobenzene.28 

6.3. Conclusions 
In summary, the photovoltaic performance of two nitrogen-bridged terthiophene (NBTT) 

molecules as electron-donating material has been tested and optimized in organic solar cell devices 
with [60] and [70]PCBM as acceptor. 5% efficiency has been achieved in both cases without any co-
solvent or post-annealing treatment. Both optimized active layers show a surprisingly well-mixed 
morphology feature. The well-mixed morphology is tentatively attributed to the affinity between the 
NBTT unit and the fullerene. This affinity can be explained by the large fused aromatic ring of the 
NBTT unit and the aligned sulfur atoms as well as the side-chain position.  

6.4 Experimental 
Commercial chemicals and dry solvents were used as received. [60]/[70]PCBM were 

purchased from Solenne BV. NBTT-Rho and NBTT-IDD were received from Prof. Ken-Tsung Wong 
(National Taiwan University, Taipei). 

 Optical absorption spectra were recorded on a Perkin Elmer Lambda 900 UV-vis-nearIR 
spectrophotometer. Cyclic voltammetry was performed under an inert atmosphere with a scan rate 
of 0.1 V s−1 and 1 M tetrabutylammonium hexafluorophosphate in dichloromethane as the 
electrolyte. A platinum working electrode, a silver counter electrode and a silver wire coated with 
silver chloride (Ag/AgCl) quasi-reference electrode were used combined with Fc/Fc+ as the internal 
standard. XRD was measured on a Bruker D2 Endeavor diffractometer using Cu Kα radiation with a 
wavelength of 0.15406 nm. Scans were done from 2 – 30 degrees (2θ) with scan speed of 1 
seconds/step and increments of 0.025 degree/step. Samples for XRD were prepared by drop-casting 
50 μL of a 1 mg mL-1 molecule solution in chloroform on to a pre-cleaned glass substrate. 

 Photovoltaic devices were made by spin coating poly(ethylenedioxythiophene):poly(styrene 
sulfonate) (PEDOT:PSS) (Clevios P, VP AI 4083) onto pre-cleaned, patterned indium tin oxide (ITO) 
substrates (14 Ω per square) (Naranjo Substrates). The photoactive layer were deposited by spin 
coating a chloroform solution containing the molecules and [60]/[70]PCBM with different weight 
ratios and the appropriate amount of 1,8-diiodooctane (DIO), ortho-dichlorobenzene (o-DCB), or 1-
chloronaphthalene (1-CN). LiF (1 nm) and Al (100 nm) were deposited by vacuum evaporation at ~2 
× 10-7 mbar as the back electrode. The active area of the cells was 0.09 cm2. J−V characteristics were 
measured under ~100 mW cm−2 white light from a tungsten-halogen lamp filtered by a Schott GG385 
UV filter and a Hoya LB 120 daylight filter, using a Keithley 2400 source meter. Short circuit currents 
under AM1.5G conditions were estimated from the EQE and integration with the AM1.5G the solar 
spectrum. The EQE was measured under simulated 1 sun operation conditions using bias light from a 
530 nm solid state laser (Edmund Optics). Light from a 50 W tungsten halogen lamp (Osram64610) 
was used as probe light and modulated with a mechanical chopper before passing the 
monochromator (Oriel, Cornerstone 130) to select the wavelength. The response was recorded as 
the voltage over a 50 Ω resistance, using a lock-in amplifier (Stanford Research Systems SR 830). A 
calibrated Si cell was used as reference. The device was kept behind a quartz window in a nitrogen 
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filled container. The thickness of the active layers in the photovoltaic devices was measured on a 
Veeco Dektak 150 profilometer. 

AFM images were taken on a Veeco MultiMode atomic force microscope connected to a 
Nanoscope III controller operating in tapping mode using PPP-NCH-50 probes (Nanosensors). For 
TEM, films were floated from the PEDOT-covered indium-tin-oxide substrates on 200 square mesh 
copper grids. TEM was performed with a Tecnai G2 Sphera (FEI) operating at 200 kV.  
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Chapter 7.   Star-shaped porphyrin-DPP molecule as electron donor in organic solar cells 
Abstract 

A star-shaped molecule (PorZn-DPP) with four-fold rotational symmetry containing a 
porphyrin core and four arms carrying thiophene-flanked diketopyrrolopyrrole chromophores has 
been synthesized. The synthesis of PorZn-DPP is easier than that of corresponding two-fold 
rotational symmetric derivatives reported in the literature. The molecule shows favorable optical 
properties and proper energy levels to act as absorber and electron-donating material for organic 
solar cells. After some optimization, a power conversion efficiency of 3.2% has been achieved in 
solar cells with PorZn-DPP as electron donor and a fullerene derivative as electron acceptor. A 
morphological study with transmission electron microscopy reveals an intimate mixing of the two 
components, explaining that charge collection rather than charge generation limits the performance. 
Improving the crystallinity and phase separation of these blends is expected to significantly enhance 
the transport and device performance for these star-shaped porphyrin-DPP and enhance their 
applicability as electron donor in organic solar cells.  
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7.1 Introduction 
Porphyrins widely occur in natural systems. Chlorophyll, a magnesium porphyrin, is the 

molecule that makes plants green and plays key roles in photosynthesis as sunlight absorber and 
electron donor. Heme, the red pigment in blood, is an iron containing porphyrin that transports 
oxygen from our lungs via the vascular system to the cells of our body. Literally, porphyrins are 
flowing in our veins.  

Structurally, a porphyrin ring consists of four pyrroles joined via methine bridges. This 
macrocycle is aromatic. It contains 26 π-electrons which matches Hückel's rule. Its aromaticity, 
however, is most frequently described in terms of the [18]annulene model proposed by Vogel.1 
According to that model, a delocalization pathway is distinguished in the macrocycle, as shown in 
Scheme 7.1. The porphyrin is thus viewed as a bridged diaza[18]annulene. The four nitrogen atoms 
in the center can bind metal ions like magnesium (Mg), iron (Fe), zinc (Zn), nickel (Ni), cobalt (Co), 
copper (Cu), and silver (Ag). The Fe2+ in heme is responsible for the oxygen binding. Vitamin B12 
consists of a corrin ring, which is related to porphyrin, with a Co3+ in the center.  

Porphyrins are strongly colored compounds with absorptions in the visible region (Q bands) 
and an extremely intense Soret band, named after its discoverer Jacques-Louis Soret,2 in the near UV 
region. Due to the favorable properties of porphyrins, multiple functions like light absorption, 
electron transfer, catalysis, and small molecule binding can be realized. This is probably why Nature 
choose porphyrins as its "workhorse macrocycle." 

 

Scheme 7.1 Delocalization pathway in porphyrin according to Vogel's [18]annulene model. 

Diketopyrrolopyrrole (DPP) compounds are also strongly colored dyes. Their absorption 
range covers the valley in between the Q and Soret bands of porphyrins. Therefore, the combination 
of porphyrin and DPP unit is beneficial for the full coverage of visible light absorption.  

In our previous study on DPP small-molecule based organic solar cells, it was found that DPP 
small molecules phase separate easier from the fullerene acceptor in the active layer than their 
polymeric counterparts (see chapter 2). This results in a suboptimal morphology with a relatively 
small donor/acceptor interfacial area and isolated domains. Porphyrins, on the other hand, have 
shown high affinity with fullerene derivatives.3 Therefore, it is reasonable to combine this two 
building blocks into one system.  

Previously, the combination of porphyrin and DPP units has shown good performance when 
applied in organic solar cells (OSCs)4-7 and dye-sensitized solar cells (DSSCs).8,9 However, the 
synthesis of porphyrin derivatives, especially the ones with less than four-fold symmetry (i.e. with 
different groups attached to porphyrin ring), requires a long synthetic path with low overall yield. 
This not only hinders the future commercialization of such compounds but also the easiness for 
researchers to work with these systems.  
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To simplify the synthesis, we designed a porphyrin molecule with four-fold rotational 
symmetry in which the core is linked to four DPP units via ethynyl bridges (Scheme 7.2). In this way, 
the molecule can be synthesized via a shorter synthetic path in an overall yield of 21%, starting from 
Porphyrin-TIPS. This molecule shows favorable optical and electrochemical properties as electron-
donating material. After preliminary device optimization, a power conversion efficiency (PCE) of 3.2% 
has been achieved.  

7.2 Results and discussion 

7.2.1. Synthesis 
The chemical structure of PorZn-DPP is shown in Scheme 7.2. PorZn-DPP contains a zinc 

coordinated porphyrin core (PorZn) linked to four thiophene-flanked DPP units via ethynyl bridges to 
avoid steric hindrance between the thiophene rings and the protons on the beta-positions of pyrrole 
rings in the porphyrin. In this way, the conjugation of porphyrin ring can be extended from the 
meso-positions into two dimensions. 

 

Scheme 7.2 Chemical structure of PorZn-DPP. 

The synthetic route to PorZn-DPP is shown in Scheme 7.3. 3-
(Triisopropylsilyl)propiolaldehyde (2), is formed from commercially available 
(triisopropylsilyl)acetylene (1) in one step with relatively good yield (77%) and then reacted with 
pyrrole (instead of its derivatives) to form the triisopropylsilyl (TIPS) functionalized porphyrin (27% 
yield). Subsequently, zinc coordination and cleavage of the TIPS groups in almost quantitative yields 
afford the key intermediate PorZn-alkyne, which is then coupled with mono-brominated DPP (3) via 
palladium-catalyzed Sonogashira reaction to give the desired compound PorZn-DPP. The coupling 
process proceeded efficiently (80% yield) and no 1-, 2-, or 3-substituted side products have been 
observed in the MALDI-TOF mass spectrum of crude product. The synthetic path towards this 
molecule is shorter than its two-fold symmetric analogues,4-7,10 which generally takes six steps from 
porphyrin ring formation to the final compound. Moreover, the overall yield (from porphyrin 
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formation to target molecule) of the four-fold symmetric porphyrin-DPP molecule in this work is 21%, 
while those of the two-fold symmetric porphyrin-DPP analogues in literatures4-7 are not mentioned.  

 

 

Scheme 7.3 Synthetic path of PorZn-DPP. 

7.2.2. Optical absorption 
The electronic interaction between the porphyrin core and the thiophene-flanked DPP units 

was investigated using UV-vis-nearIR absorption spectroscopy. The absorption spectra in solution 
and thin film are shown in Figure 7.1. It is known from literature that the porphyrin core itself shows 
a narrow Soret band absorption around 450 nm and two smaller Q-bands absorption at about 600 to 
650 nm.11,12 The DPP unit, on the other side, exhibits absorption from 500 to 600 nm in solution (see 
DPP-0F in chapter 4). When combining porphyrin with four DPP units in PorZn-DPP, two new main 
bands appear in the absorption spectrum of which one is shifted to the near infrared. This indicates 
an electronic interaction between the porphyrin core and thiophene-flanked DPP arms via the 
ethynyl bridges. The relative intensity of the two absorption bands is similar, in contrast to PorZn-
TIPS where the Soret band is much more intense than the Q bands. In the solid state, the two bands 
of PorZn-DPP are further bathochromically shifted and broadened and the absorption onset (λfilm) is 
found close to 900 nm (Table 7.1).  
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Figure 7.1 UV-vis absorption spectra of PorZn-DPP in 0.5% (v/v) pyridine/chloroform solution and in 
thin film with or without thermal annealing (TA) at 130 oC for 10 min. 

Table 7.1 Optical properties of PorZn-DPP. 

Onsets PorZn-DPP 

λsol (nm) 857 

λfilm (nm) 902 

λfilm − λsol (nm)  45 

Eg
sol (eV) 1.45 

Eg
film (eV) 1.37 

7.2.3. Energy levels 
The energy levels of PorZn-DPP were measured by cyclic voltammetry (CV). From Figure 7.2, 

the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 
energy levels were determined from the onsets of the redox waves, which are summarized in Table 
7.2 and illustrated in Figure 7.3. The LUMO level of PorZn-DPP is relatively low, the offset between 
the LUMO of PorZn-DPP and that of the fullerene acceptor, i.e. [60]PCBM, is about 0.27 eV. 
Considering that for efficient electron transfer from donor to fullerene acceptor there is an empirical 
threshold for the LUMO-LUMO offset of about 0.3 eV, the energy offset is right on the edge.  
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Figure 7.2 Cyclic voltammograms of PorZn-DPP measured in thin film. 
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Table 7.2 Electrochemical properties of PorZn-DPP. 

molecule Eox (V) Ered (V) Eg
CV

 (eV) HOMO 
(eV) 

LUMO 
(eV) 

LUMO offset 
(eV) 

HOMO offset 
(eV) 

PorZn-DPP 0.44 -1.36 1.80 -5.67 -3.87 
0.27 0.81 

[60]PCBM 1.25 -1.09 2.34 -6.48 -4.14 
Potential vs. Fc/Fc+. (−5.23 eV vs. vacuum). 
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Figure 7.3 Energy levels of PorZn-DPP and [60]PCBM calculated based on cyclic voltammetry (CV) 
(Fc/Fc+ =-5.23 eV). 

7.2.4. Crystallinity 
The crystallinity of PorZn-DPP in thin films was investigated by X-ray diffraction (XRD). The 

compound was dissolved in a solvent mixture of 0.5% (v/v) pyridine/chloroform and then 50 μL of 
the solution (1 mg mL-1) was drop cast on top of a pre-cleaned glass substrate. A weak scattering 
signal is observed in the XRD spectrum (Figure 7.4) of the as cast film, which increases after thermal 
annealing (130 °C for 10 min.). This implies that PorZn-DPP does not readily crystalize in the solid 
state when cast from solution.  
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Figure 7.4 X-ray diffractograms of PorZn-DPP as cast and thermally annealed at 130 oC for 10 min. 

7.2.5. Solar cell and morphology 
PorZn-DPP was tested as the electron-donating material in organic solar cells together with 

[6,6]-phenyl-C61-butyric acid methyl ester ([60]PCBM) as electron acceptor in a 
glass/ITO/PEDOT:PSS/Active layer/LiF/Al device architecture. Device optimization started from the 
choice of main solvent for which chloroform (CF) and chlorobenzene (CB) were selected, with or 
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without pyridine (Py) as co-solvent. Pyridine enhances the solubility by complexing to the Zn atom. It 
was found that good films can only be fabricated from a mixture of pyridine and chloroform. From 
pure CF, CB or the CB-pyridine mixture, the spin-coated films appeared hazy, probably due to light 
scattering caused by large phase separation.  

The amount of pyridine as co-solvent in chloroform was varied from 0.3% to 0.7% (Table 7.3). 
An optimal device performance was achieved for 0.5% (v/v) pyridine in chloroform. At this 
concentration the short-circuit current density (Jsc) and the fill factor (FF) were highest.  

Table 7.3 Devices optimization of PorZn-DPP:[60]PCBM with different ratio of pyridine co-solvent. 
D : A 

(mg mL-1) Solvent Annealing Jsc 
(mA cm−2) 

 Voc 
(V) FF Pmax 

(mW cm−2) 
5 : 5 CF+0.3%Py No 7.89 0.79 0.31 2.0 
5 : 5 CF+0.5%Py No 8.66 0.77 0.40 2.7 
5 : 5 CF+0.7%Py No 8.12 0.78 0.35 2.2 

Thermal annealing (TA) inside a glovebox was applied directly after spin coating and before 
evaporating the LiF/Al layers. Thermal annealing had a beneficial effect on the device performance. 
Table 7.4 and Figure 7.5 show that with increased annealing temperature (110 to 150 oC), the fill 
factor increases from 0.4 to almost 0.5, while the open-circuit voltage (Voc) decreases monotonically 
(from 0.77 to 0.68 V). The short-circuit current density (Jsc) first increases and then decreases, 
exhibiting a peak value when the annealing temperature is at 130 oC. This behavior points to an 
increased phase separation and formation of aggregates upon thermal annealing.  

Table 7.4 Devices optimization of PorZn-DPP:[60]PCBM under different annealing conditions. 

D : A 
(mg mL-1) Solvent Annealing 

Jsc 
(mA 

cm−2) 

Voc 
(V) FF Pmax 

(mW cm−2) 

5 : 5 CF+0.5%Py No 8.66 0.77 0.40 2.7 
5 : 5 CF+0.5%Py 110 oC 10 min 11.10 0.77 0.40 3.4 
5 : 5 CF+0.5%Py 120 oC 10 min 11.20 0.72 0.45 3.6 
5 : 5 CF+0.5%Py 130 oC 10 min 13.40 0.69 0.44 4.1 
5 : 5 CF+0.5%Py 140 oC 10 min 9.28 0.68 0.49 3.1 
5 : 5 CF+0.5%Py 150 oC 10 min 8.84 0.68 0.49 2.9 
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Figure 7.5 Plots of device parameters versus annealing condition. 
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The optimal device performance at this stage was Pmax = 4.1 mW cm−2 for cells fabricated 
from a solution mixture of 0.5% (v/v) pyridine in chloroform and subsequent thermal annealing 
treatment at 130 oC for 10 min. Using an external quantum efficiency (EQE) measurement, the short-
circuit current density was determined more accurately by integrating with the AM1.5G solar 
spectrum. The correct power conversion efficiency (PCE) of this device is 3.2% (Table 7.5). The 
current-voltage (J-V) characteristics and the EQE spectrum of the optimized device are shown in 
Figure 7.6. When blending donor molecule PorZn-DPP with [70]PCBM, the spin-coated active layer is 
hazy, and device performance is below 1%. 
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Figure 7.6 (a) J−V characteristics and (b) EQE spectrum of optimized device of PorZn-DPP with 
[60]PCBM. 

Table 7.5 Device performances of PorZn-DPP blended with [60]PCBM under optimal condition. 
D : A 

(mg mL-1) Solvent Annealing Jsc 
(mA cm−2) 

Voc 
(V) FF MPP 

(mW cm−2) 
Jsc,EQE 

(mA cm−2) 
PCE 
(%) 

5 : 5 CF+0.5%Py 130 oC 10 min 13.40 0.69 0.44 4.06 10.54 3.2 

The morphology of active layer cast under optimal conditions was studied by atomic force 
microscopy (AFM) and transmission electron microscopy (TEM). The AFM height image (Figure 7.7a) 
shows a smooth surface of the active layer, with a root-mean-square roughness (Rq) value of 0.6 nm. 
A low surface roughness of active layer often corresponds to fine phase separation between donor 
and acceptor materials.  

The lower magnification TEM image (Figure 7.7b) shows cluster-like bright and small dark 
domains. Since the active layer is flat, the brighter areas are tentatively attributed to donor-rich 
domains while the darker areas correspond to acceptor-rich domains because of the high density of 
the fullerene acceptor. At higher magnification, TEM provides little or no contrast (Figure 7.7c). 
Hence, despite some local variations in the ratio between PorZn-DPP and [60]PCBM on the scale of a 
few hundred nanometers, the TEM images do not show clearly discernable phase separation on the 
scale of ten nanometer, which is the relevant length scale for an organic solar cell. The intimately-
mixed morphology can explain the low fill factor together with a relatively high current density in the 
optimized devices: a good miscibility induces large donor/acceptor interfacial area, which is 
beneficial for charge generation, but charge collection becomes more difficult. In accordance with 
this idea, the J-V curve recorded under white-light illumination shows a considerable dependence of 
the photocurrent on the voltage bias (Figure 7.6a). Because the dark current is much smaller and 
constant, the additional photocurrent at more negative bias originates from charges that formed but 
that would recombine otherwise. This is the behavior expected for intimately-mixed donor-acceptor 
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blends. Charge transport is hampered by a lack of bi-continuous pathways and an absence of 
crystallization or ordered packing. With this information, the next step in further optimization would 
be to investigate the effects of other co-solvents (e.g. bipyridine derivatives, or high-boiling additives) 
to enhance chances for molecular packing or to change the molecular design to increase the 
crystallization tendency of the porphyrin-DPP molecule.  

 
Figure 7.7 AFM height (a) and TEM (b, c) images of active layer of PorZn-DPP:[60]PCBM cast from 0.5% 
(v/v)pyridine in chloroform with thermal annealing under 130 oC for 10 min. 

7.3 Conclusions 

To summarize, a star-shaped porphyrin-DPP molecule with four-fold rotational symmetry 
has been synthesized via simple synthetic route with an overall yield of 21% based on porphyrin. 
This compound has shown favorable optical properties and proper energy levels as electron-
donating material. After preliminary device optimization, a PCE of 3.2% has been achieved. The 
introduction of the porphyrin ring results in a good miscibility between donor and acceptor materials 
in the active layer. To enhance the performance, the crystallinity of this molecule needs to be 
improved, either via more refined processing or further structural variation. 

7.4 Experimental  
All synthetic procedures were performed under argon atmosphere. Commercial chemicals 

were used as received. [60]PCBM was purchased from Solenne BV. (Triisopropylsilyl)acetylene (1) 
and pyrrole were purchased from Sigma-Aldrich. 3-(5-Bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)-6-
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(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (3) was synthesized according to 
literature.13 

  1H-NMR spectra were recorded at 400 MHz on a Bruker mercury spectrometer with 
chloroform-d or THF-d8 as the solvent and tetramethylsilane (TMS) as the internal standard. Matrix 
assisted laser desorption ionization time of flight (MALDI-TOF) mass spectroscopy was performed on 
a Bruker Autoflex Speed spectrometer. 

Optical absorption spectra were recorded on a Perkin Elmer Lambda 900 UV-vis-nearIR 
spectrophotometer. Cyclic voltammetry was performed under an inert atmosphere with a scan 
speed of 0.1 V s−1 in an acetonitrile solution of 1 M tetrabutylammonium hexafluorophosphate. An 
ITO glass slide covered with a thin layer of PorZn-DPP (approx. 10 nm) was used as working electrode, 
a silver rod as counter electrode and a silver rod coated with silver chloride (Ag/AgCl) as quasi-
reference electrode in combination with Fc/Fc+ as an internal standard. XRD was measured on a 
Bruker D2 Endeavor diffractometer using Cu Kα radiation with a wavelength of 0.15406 nm. Scans 
were performed from 2 – 30 degrees (2θ) with a scan speed of 1 s step−1 and increments of 0.025° 
step−1. Samples for XRD were prepared by drop-casting 50 μL of a 1 mg ml−1 small molecule solution 
in chloroform on to a pre-cleaned glass substrate. 

  Photovoltaic devices were made by spin coating poly(ethylenedioxythiophene):poly(styrene 
sulfonate) (PEDOT:PSS) (Clevios P, VP AI 4083) onto pre-cleaned, patterned indium tin oxide (ITO) 
substrates (14 Ω per square) (Naranjo Substrates). The photoactive layer was deposited by spin 
coating a chloroform or chlorobenzene solution containing the PorZn-DPP and [60]PCBM and the 
appropriate amount of pyridine (Py). LiF (1 nm) and Al (100 nm) were deposited by vacuum 
evaporation at ~2 × 10-7 mbar as the back electrode. The active area of the cells was 0.09 cm2. J−V 
characteristics were measured under ~100 mW cm−2 white light from a tungsten-halogen lamp 
filtered by a Schott GG385 UV filter and a Hoya LB 120 daylight filter, using a Keithley 2400 source 
meter. Short-circuit currents under AM1.5G conditions were estimated from the EQE and integration 
with the AM1.5G solar spectrum. The EQE was measured under simulated 1 sun operation 
conditions using bias light from a 532 nm solid state laser (Edmund Optics). Light from a 50 W 
tungsten halogen lamp (Osram64610) was used as probe light and modulated with a mechanical 
chopper before passing the monochromator (Oriel, Cornerstone 130) to select the wavelength. The 
response was recorded as the voltage over a 50 Ω resistance, using a lock-in amplifier (Stanford 
Research Systems SR 830). A calibrated Si cell was used as reference. The device was kept behind a 
quartz window in a nitrogen filled container. The thickness of the active layers in the photovoltaic 
devices was measured on a Veeco Dektak 150 profilometer. 

AFM images were taken on a Veeco MultiMode atomic force microscope connected to a 
Nanoscope III controller operating in tapping mode using PPP-NCH-50 probes (Nanosensors). For 
TEM, films were floated from the PEDOT-covered indium-tin-oxide substrates on 200 square mesh 
copper grids. TEM was performed with a Tecnai G2 Sphera (FEI) operating at 200 kV. 

3-(Triisopropylsilyl)propiolaldehyde (2) 
Into a Schlenk tube, ethynyltriisopropylsilane (1) (2.73 g, 15 mmol) and anhydrous THF (10 

mL) were added. The solution was bubbled with argon for 15 min. At 0 oC, 2.5 M hexane solution of 
n-BuLi (6.32 mL, 15.8 mmol) was added dropwise. The solution was stirred at room temperature for 
1 h. After cooling again to 0 oC, anhydrous DMF (2.2 mL, 30 mmol) was added dropwise. The solution 
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was then warmed to room temperature and stirred overnight. The reaction was quenched in an 
aqueous saturated NaHCO3 solution. The product was extracted with dichloromethane (DCM) and 
dried with Na2SO4, before the solvent was evaporated. The crude product was purified by column 
chromatography to yield a yellow liquid (2.44 g, 77%). 1H NMR (400 MHz, Chloroform-d) δ 9.21 (s, 
1H), 1.18-1.12 (m, 21H).  

Porphyrin-TIPS  
Into a 1000 mL three-neck flask, 3-(triisopropylsilyl)propiolaldehyde (2) (2.44 g, 11.6 mmol) 

and freshly distilled pyrrole (0.78 g, 11.6 mmol) were dissolved in anhydrous DCM (500 mL). The 
solution was bubbled with argon, while cooling to -78 oC. Under argon, boron trifluoride diethyl 
etherate (BF3-Et2O) (0.22 mL, 1.74 mmol) was added. The solution was allowed to warm to room 
temperature over 2 h, and stirred at room temperature for 1 h. 2,3-Dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) (2.0 g, 8.7 mmol) was added and stirred for 10 min. The resulting solution was 
filtered through a glass filter with silica. The crude product was purified by column chromatography 
and recrystallized from methanol/DCM to yield porphyrin-TIPS (0.8 g, 27%) as dark solid. 1H NMR 
(400 MHz, Chloroform-d) δ 9.57 (s, 8H), 1.50-1.45 (m, 84H), -1.67 (s, 2H). MS (MALDI): calculated: 
1030.66, found: 1030.66 (M+).  

PorZn-TIPS  
Into a Schlenk tube, porphyrin-TIPS (300 mg, 0.3 mmol) and zinc acetate dihydrate (400 mg, 

1.8 mmol) were added. The solids were degassed and the tube was refilled with argon for 3 times. 
Anhydrous DMF (6 mL) was injected under argon. The solution was degassed and refilled with argon 
for 3 times. Subsequently the mixture was stirred at 115 oC for 1 h and then precipitated in MeOH to 
remove the DMF. The crude product was purified with chromatography and recrystallized from 
MeOH/DCM to yield PorZn-TIPS (325 mg, 98%) as shiny purple crystal. 1H NMR (400 MHz, 
Chloroform-d) δ 9.69 (s, 8H), 1.50-1.45 (m, 84H). MS (MALDI): calculated: 1092.57, found: 1092.56 
(M+). 

PorZn-alkyne  
Into a Schlenk tube, PorZn-TIPS (193 mg, 0.18 mmol) was added. The solid was degassed and 

the tube refilled with argon for 3 times. Anhydrous THF (8 mL) was injected under argon. The 
solution was degassed and refilled with argon for 3 times. Tetrabutylammonium fluoride (TBAF) 
solution (1.0 M) in THF (1 mL, 1 mmol) was injected under argon. The reaction mixture was stirred at 
room temperature. for 1 h. The mixture was then poured into deionized water, extracted with DCM, 
and dried with Na2SO4. The solvent was evaporated and the resulting solid was re-dissolved in THF. 
Ethanol was added to precipitate PorZn-alkyne (80 mg, 98%) as a dark solid. 1H NMR (400 MHz, THF-
d8) δ 9.68 (s, 8H), 4.74 (S, 4H). MS (MALDI): calculated: 468.04, found: 468.07 (M+). 

PorZn-DPP 
Into a Schlenk tube, PorZn-alkyne (70 mg, 0.15 mmol), 3-(5-bromothiophen-2-yl)-2,5-bis(2-

ethylhexyl)-6-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dionewere (6) (400 mg, 0.68 
mmol), tetrakis(triphenylphosphine)palladium(0) (35 mg, 0.03 mmol) and copper(I) iodide (6 mg, 
0.03 mmol) were added. The solids were dried under vacuum and the tube was refilled with argon 
for 3 times. Anhydrous THF (5 mL) and anhydrous diisopropyl amine (1 mL) were injected under 
argon. The reaction mixture was stirred at 70 oC for 24 h. The crude product was purified with 
chromatography and recrystallized from acetone/DCM to yield PorZn-DPP (300 mg, 80%) as dark 
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solid. 1H NMR (400 MHz, Chloroform-d) δ 9.16 (4H), 9.00 (12H), 7.84 (d, J = 3.9 Hz, 4H), 7.53 (d, J = 
4.6 Hz, 4H), 7.18 – 7.11 (m, 4H), 4.37 – 3.90 (m, 16H), 2.02 (m, 8H), 1.75 – 1.24 (m, 88H), 1.12-0.93 
(m, 68H). MS (MALDI): calculated: 2556.99, found: 2557.01 (M+). 
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Solution-processed small-molecule organic solar cells 

Consequences of environmental change as a result of the global dependence on energy from 
fossil fuels have become apparent in our generation. The transition to renewable energy sources is 
necessary and becoming urgent because the depletion of fossil fuels and the associated emission of 
greenhouse gases. Among all the renewable energy sources, the potential of solar energy is orders of 
magnitude larger than that of other technologies. However, the utilization of solar energy is presently 
more expensive therefore less competitive compared with energy from fossil fuels. Next to silicon solar 
cells, alternative technologies are being developed to make solar energy conversion cheaper and 
more versatile. Among these organic solar cells (OSCs) have shown a promising potential and rapid 
development during last decade. 

In most cases, an organic solar cell consists of an electron donor blended with an electron 
acceptor in the photoactive layer. The electron donor can be a polymeric or small-molecule 
semiconductor material, while fullerene derivatives are most frequently used as acceptor material. 
Compared to polymers, small-molecule electron donating materials intrinsically provide several 
advantages: a well-defined chemical structure and the possibility to reach high purity levels, which 
result in negligible batch-to-batch variations. These make them good candidates for industrialization as 
well as for investigating the relationships between molecular structure and device performance. The 
solution processing of organic solar cell makes them suitable for high-throughput printing techniques. 

Efficient organic photovoltaic materials possess a number of properties. First, the materials 
should be able to absorption sunlight efficiently with high absorption coefficients, covering a broad 
range of the solar spectrum. Second, the energy levels of the electron donor should be aligned with 
those of electron acceptor in such a way that the driving force (energy difference) for charge transfer is 
sufficient and the process becomes quantitative, but not too large to lose energy is this step. Third, the 
phase separation between donor and acceptor should be on the nanometer range (10-20 nm) to 
enhance charge generation at the donor/acceptor interface and not hampering charge collection. The 
domain purity and crystallinity are preferably high. The diketopyrrolopyrrole (DPP) building block has 
emerged as a good candidate to be used in semiconducting polymers for highly-efficient organic solar 
cell devices, fulfilling many of the aforementioned requirements. The use of DPP small molecules and 
oligomers, has been attempted, but at the start of this research, reaching the right morphology in the 
photoactive layer when these molecules are blended with fullerene acceptors, appeared as a major 
challenge to unlock the full potential of device performance.  

The focus of my research is the investigation of structure-morphology-performance 
relationships for organic solar cells based on newly designed DPP small molecules and oligomers to 
obtain insights that provide guidance to future material design. The results in each chapter are 
highlighted as follows. 

The size and contour of phase-separated domains in small molecule - fullerene organic solar 
cells are diverse and notoriously difficult to predict. In chapter 2 we found that by introducing end 
groups like rhodanine derivatives (Rho and RCN), or 1,3-Indandione (IDD) on an oligothiophene with a 
central DPP unit, island-shaped semi-crystalline domains appear, which are embedded in a matrix rich 
in fullerene. Thanks to the well-defined domain boundaries, the relationship between domain size and 
photovoltaic parameters can be studied. It was found that when domain size increases, the short-
circuit current density and power conversion efficiency (PCE) decrease in proportion, while the open-
circuit voltage and fill factor only fluctuate within small ranges. These relations suggest that these 
device performances are limited by charge generation instead of charge collection. Since domain size 
determines the percentage of excitons that can reach the donor/acceptor interface, where charge 
separation takes place, larger domains will result in lower currents and efficiencies when the domain 
sizes exceed the exciton diffusion length. As a result, the best power conversion efficiency (3.8%) was 
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found for DPP-Rho:[60]PCBM blend, which features the smallest domain size. These results provide a 
way to fine-tune domain size and study their relationship with device performance via end-group 
variation on DPP small molecules. 

 

For an efficient polymer-based organic solar cell, the DPP polymer:fullerene photoactive layer 
often presents semi-crystalline fibrillary networks, while this feature is absent in small-
molecule:fullerene blends. The origin of this morphological difference is unclear, because the polymers 
and their small-molecule analogues do not only differ in molecular size but also in conjugation length. 
In chapter 3, we investigate flexible polymers containing well-defined conjugated DPP segments 
covalently connected by aliphatic linkers. In this way, the effect of conjugated length and molecular 
size on morphology can be studied independently. By synthesizing flexible polymers and exact small-
molecule analogues, and incorporating these in organic solar cells, it was found that the fibrillary 
domain features only occur in the flexible polymer blends and are absent for the small-molecule 
blends. These findings indicate that the fibrillary domain feature is a result of the high molecular weight 
in combination with the aggregating properties of the DPP conjugated segment, which itself is not 
enough to form the fibrillary structure. This work has shown that introducing non-conjugated linkers, 
molecular size and conjugation length can be fine-tuned independently, which provide more freedom 
in material design. 

 

Fluorinated compounds have shown improved photovoltaic performance as electron donors in 
some cases but not always. The role of fluorination on morphology and device performance remains to 
be elucidated. In chapter 4, we designed three bis-DPP molecules with zero, two, and four fluorine 
atoms in the bridging conjugated segment and fabricated them together with [60]PCBM in photoactive 
layers of organic solar cells. A clear trend emerges: molecule with more fluorine atoms corresponds 
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with larger phase separation with [60]PCBM, which results in an optimum morphology for the molecule 
containing two fluorine atoms that is in between intimate mixing (increase charge generation) and 
large phase separation (improve charge collection). To elucidate the role of fluorination on morphology 
alteration, we determined the Flory-Huggins interaction parameter (χ) between each bis-DPP 
compound and [60]PCBM using contact angle measurements. The fluorinated compounds indeed 
show higher tendency of demixing with [60]PCBM than the non-fluorinated derivative. Although the χ 
parameters of two fluorinated compounds are similar, a distinct difference in phase separation was 
observed. This disagreement suggests that interaction parameter itself is not enough to explain such a 
subtle difference in morphology. This work has shown that phase separation can be fine-tuned by 
varying the number of fluorine atoms on DPP molecule, which provides a way to optimize the short-
circuit current density and fill factor without significantly affecting the open-circuit voltage and optical 
band gap. Surface energy difference induced by fluorination can explain the morphology alteration to 
some extent, but other factors cannot be excluded.  

 

 

 

In chapter 5, we studied the structure-morphology-performance relationship of bis-DPP 
molecules by systematically varying different parts of the molecule: the central core, the solubilizing 
side chain and the end groups. It was found that the bis-DPP small molecules are easier to be phase 
separated from fullerene derivatives compared with their polymeric counterparts. All the best 
performing bis-DPP molecules in this series show comparable efficiencies (~4.4%) and morphology 
features: small and distinguishable domains. Other molecules either with higher tendency of 
aggregation/crystallization or solubility show larger phase separation with fullerene acceptor. It was 
concluded that small structural variation can induce large morphology alteration, which plays a key 
role in device performance of bis-DPP molecules (can double the efficiency in this case). The 
tendency of aggregation/crystallization and solubility of bis-DPP molecules are the key factors which 
influence morphology feature and device performance. 
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In chapter 6, the photovoltaic performances of two nitrogen-bridged terthiophene (NBTT) 
molecules are tested in organic solar cells together with fullerene acceptors. An optimized power 
conversion efficiency of 5% has been achieved in both cases without any co-solvent or post-annealing 
treatment. To our surprise, the morphology study shows that there is no obvious phase separation 
between the donor material and the fullerene acceptor in the photoactive layers. As a result the charge 
generation in these blends is efficient, but charge collection is limited (low fill factor) and only at 
sufficiently negative bias the largest fraction of charges can be collected. By comparing the 
performance of these NBTT molecules with two DPP-oligothiophene derivatives that contain the same 
end groups (Rho and IDD), the well-mixed morphology is attributed to the affinity of NBTT unit with 
fullerene. After studying the common feature of compounds which can interact with fullerene in 
literature, the affinity has been tentatively attributed to the large fused aromatic ring of the NBTT unit 
and the aligned sulfur atoms as well as the side-chain position. 

 

Based on the finding in chapter 5, that DPP small molecules can easily phase separated from 
fullerene acceptors in photoactive layer, building blocks with higher affinity to fullerene should be 
introduced. In literature, porphyrin derivatives have shown high affinity to fullerene and also good 
performance in organic solar cell when combined with DPP unit to form a two-fold symmetric 
molecule. However, the synthesis of porphyrin derivatives, especially the ones without four-fold 
symmetry, is notoriously tedious (long synthetic path) and generally provides low yields. To simplify 
the synthesis, we designed a star-shaped molecule (PorZn-DPP) with four-fold rotational symmetry 
which contains a porphyrin core linked with four thiophene-flanked diketopyrrolopyrrole chromophores 
via ethynyl bridges (chapter 7). The synthesis of PorZn-DPP is easier than that of two-fold symmetric 
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analogues in literature. The molecule presents favorable optical properties and proper energy levels to 
act as absorber and electron-donating material for organic solar cells. After some device optimization, 
a power conversion efficiency of 3.2% has been achieved in solar cells together with fullerene 
acceptor. A morphological study with transmission electron microscopy (TEM) reveals an intimate 
mixing of these two components, explaining that charge collection rather than charge generation limits 
the device performance. Enhancing the crystallinity and phase separation of the blend is expected to 
improve charge collection and device performance significantly. This work proved the feasibility of this 
four-fold rotational symmetry design motif of porphyrin-DPP molecule used as electron donor in 
organic solar cell. 

 

This thesis has provided new insights into molecular design, solution processing, morphology 
control, and performance enhancement of organic solar cells in which small-molecule and oligomer 
donor molecules are blended with fullerene derivatives. These newly found structure-property 
relationships can contribute to a more rational design of efficient photovoltaic materials in the future. 
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