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Several research groups within the area of organic photovoltaics are focusing on low 
band gap polymers, a type of polymer which absorbs light with wavelengths longer 
than 620 nm. These systems are believed to increase the efficiency of organic 
photovoltaics due to a better overlap of the absorption spectrum of the polymer with 
the solar spectrum. 
In this dissertation the synthesis of 16 new low band gap copolymers based on 
thiophene, benzothiadiazole and benzo-bis(thiadiazole) are described. The polymers 
have been prepared by two strategies; one using oxidative ferric chloride 
polymerization and one using Stille cross coupling polymerization. The polymers 
were purified chemically and by Size Exclusion Chromatography (SEC). 
The polymers were characterized by UV-vis and Ultraviolet Photoelectron 
Spectroscopy (UPS), and the optical band gap and the electronic structure of the 
polymer were determined. The copolymers show optical band gaps from 1.65 – 2.0 
eV for the copolymers of thiophene and benzothiadiazole, where a decrease in the 
band gap was observed with an increase in the number of thiophene units in the 
repeating unit (n = 1 – 4). A band gap down to 0.65 eV was observed for the 
copolymers of thiophene and benzo-bis(thiadiazole). 
The film forming ability of the polymers was studied by attaching different alkyl side 
chains on the polymer back-bone, i.e. hexyl-, 2-ethylhexyl-, dodecyl- and 3,7,11-
trimethyldodecyl-groups. The 3,7,11-trimethyldodecyl-group was found to give the 
best film forming ability and highest absorbance, when the polymer was spin coated 
from solvents like THF, chloroform and 1,2-dichlorobenzene. 
The copolymer of thiophene and benzothiadiazole with four thiophenes in the 
repeating unit and 3,7,11-trimethyldodecyl-group as side chains with a band gap of 
1.65 eV was applied in organic photovoltaic devices with active areas of 0.1, 3 and 10 
cm2. The morphology of the active layer was studied, and it was found that the 
morphology and the photovoltaic performance of the device was affected by the 
choice of solvent, the spin coating conditions, the concentration of polymer, the ratio 
between polymer and PCBM and the annealing temperature. The highest efficiency of 
1 % was achieved when the ratio between the polymer and PCBM was 1:2 and the 
device was annealed at 110 ºC. Lifetime and incident photon to current efficiency 
(IPCE) of the devices are also described. 
Finally, the polymer was applied in hybrid PV devices based on ZnO nano-fibers and 
the results of these studies are given. 
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Indenfor organisk solceller fokuseres i denne tid på polymere med lavt båndgap, dvs. 
polymerer som absorberer lys med bølgelængder længere end 620 nm. Disse 
lavbåndgabs polymere har vist sig at kunne øge effiktiviteten af organiske solceller 
ved et bedre overlap mellem polymerens absorptionsspektrum og solens spektrum. 
I denne afhandling beskrives syntesen af 16 nye lavbåndgabs copolymere som er 
baseret på thiophen, benzothiadiazol og benzo-bis(thiadiazol). Der blev benyttet to 
syntese strategier: én med oxydativ polymerisation og én med Stille 
krydskoblingspolymerisation. Polymererne blev oprenset kemisk og vha. 
størrelseskromatografi (SEC). 
Polymererne blev karakteriseret med UV-vis og ultraviolet photoelectron spetroskopi 
(UPS), og derved blev båndgabet og den elektroniske struktur af polymererne 
bestemt. De 16 nye polymerer havde et båndgab på 1.65 – 2.0 eV for copolymererne 
baseret på thiophen og benzothiadiazol og helt ned til 0.65 eV for copolymererne 
baseret på thiophen og benzo-bis(thiadiazol). For copolymererne baseret på thiophen 
og benzothiadiazol blev der observeret et fald i båndgabet, når antallet af 
thiophenringe i monomerenheden steg (n = 1 – 4). 
Polymererne blev syntetiseret med forskellige alkyl sidekæder (hexyl, 2-ethylhexyl, 
dodecyl og 3,7,11-trimethyldodecyl grupper) for at undersøge hvilken der resulterede 
i den bedste film, når polymerene blev ”spincoated” fra forskellige opløsningsmidler. 
3,7,11-Trimethyldodecyl-sidekæder viste de bedste resultater, når polymeren blev 
”spincoated” fra THF, chloroform,1,2-dichlorbenzen eller lignende. 
Copolymeren baseret på fire thiophen-grupper og en benzothiadiazol-gruppe i 
repetitionsenheden og med 3,7,11-trimethyldodecyl-gruppen som sidekæde havde et 
båndgab på 1.65 eV og blev anvendt i solceller med et aktivt areal på 0.1, 3 og 10 
cm2. Morfologien af det aktive lag blev studeret, og det kan konkluderes, at 
morfologien og effektiviteten af solcellen afhænger af, hvilket opløsningsmiddel der 
benyttes til ”spin-coating”, polymer koncentrationen, forholdet mellem polymeren og 
PCBM og ”annealing” temperaturen. Den højeste effiktivitet på 1% blev opnået for en 
solcelle, hvor forholdet mellem polymeren og PCBM var 1:2 og annealing 
temperaturen var 110 ºC. Detaljer for levetid og IPCE er også beskrevet. 
Derudover blev polymeren anvendt i hybridsolceller med ZnO nano-fibre og 
resultaterne for disse forsøg er kort beskrevet. 
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This dissertation is based on the work carried out at Risø National Laboratory, 
Denmark, from April 2004 to April 2007, as a part of the Danish research program to 
obtain a PhD degree under the supervision of Dr. Frederik C. Krebs and Dr. Søren 
Hvidt. Part of the work was carried out at the National Renewable Energy Laboratory 
(NREL), Colorado, USA, under the supervision of Dr. Sean E. Shaheen and Prof. 
David S. Ginley. The project was part of the project Polymers Solar Cells based on 
Macromolecular Cascades and was financially supported by the Danish Technical 
Research Council (STVF 2058-03-0016). I have chosen to use the title Low band gap 
polymers for organic photovoltaics as the title of this dissertation because this refers 
directly to the work I have done the past three years. 
 
Structure of dissertation  
This dissertation is divided into 5 chapters. After a short introduction to the renewable 
energy and organic photovoltaics in Chapter 1, the low band gap polymers are 
described in Chapter 2 with focus on, why we need these polymers and how we can 
obtain them. In Chapter 3 the synthesis of low band gap polymers are described by a 
introduction of the two strategies, which was applied to synthesize new low band gap 
copolymers based on thiophene, benzothiadiazole and benzo-bis(thiadiazole) followed 
by details on the methods and the synthetic steps. In the last part of Chapter 3 is 
purification of the polymers described. In Chapter 4 are physical characterization 
methods (UV-vis and UPS) and results there of described. Chapter 5 describes the 
details on the OPV and hybrid PV, which have been prepared with some of the 
polymers described in Chapter 3. After conclusion the experimental details and 
published papers are given in the Appendix 1 and 2. 
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1.1. Introduction  
According to Prof. Smalley,1 a Nobel Prize laureate, the main problem to solve in the 
world today is the energy problem. In 2004 the consumption of energy to run the 
world for a day was equal to 220 million barrels of oil or 14.5 terawatt. The 
International Energy Outlook 2006 report2 from the Department of Energy (DOE) in 
USA predicts that energy consumption will increase over the next 25 years by a factor 
of 1.7. The predictions are bound up with the price of oil. The increase in the 
population on Earth will of course cause an increase in the energy consumption and 
according to Prof. Smalley we will, during our lifetime, see an increase in the 
population to 10 billion people. Thus, we would have to produce 60 terawatt 
corresponding to 900 million barrels of oil per day assuming 2 kWh per person per 
day. There are different kinds of energy sources which can relieve this problem; 
however, fossil fuels are not the solution. Although coal and oil are of great 
importance in today’s energy production, these energy sources will come to an end. 
Furthermore, according to the Kyoto Protocol,2 CO2 emission has to be reduced and 
this should be done by using less fossil fuel. Hence, the CO2 problem is another 
reason why new and renewable energy forms, such as wind, bio-energy, geothermal 
and solar-energy, need to be taken into account. In February 2007 the 
Intergovernmental Panel of Climate Change, a panel under the United Nations, 
released the 4th assessment report on Climate Change 20073 in which it is stated that 
the climate is changing due to a tremendous increase in the atmosphere concentration 
of CO2 as a result of human activity. Global warming is a direct result of the CO2 
emission, and this will cause a change in the weather (more storms etc.) and increase 
the mean sea level. These changes are already seen throughout the world and 
discussed daily in the media. As a consequence the 27 members of the European 
Union agreed in March 2007 to reduce the CO2 emission with 20 % and that 20 % of 
the energy should come from solar, wind and water sources by 2020.4 Hence the focus 
on renewable energy is needed in the upcoming years. 
The sun delivers 165 thousand terawatt of power each day to the Earth, which 
corresponds to 1000 W m-2 at the surface of the Earth.1 Solar cells or photovoltaic 
(PV) convert the solar energy into electricity by absorption of light.5-7 An example 
given by Prof. Lewis of the California Institute of Technology illustrates how the 
energy problem of the future, i.e. 2 kWh per person for 10 billion people everyday, is 
solved. On a global map six squares (100 x 100 km2) is placed in areas with the 
highest solar radiation, e.g. south US, Brazil, north Africa, middle-East, north China 
and mid Australia. The total energy which can be achieved will be 60 terawatt per day 
using different conversion factors. This corresponds to the energy needed for 10 
billion people per day.1 Thus, research in solar energy and PVs are of great 
importance. 
There are two main classes of PV, organic and inorganic, and in the following are the 
organic and the inorganic silicon based photovoltaics compared. First, a few examples 



Motivation 

 2

of inorganic PVs I have seen in places, where energy supply is limited or impossible. 
The first two pictures (Figure 1.1 top) show solar panels in the Amazon, Brazil used 
as energy supply for the local school (the high-voltage transmission line seen in the 
background of the pictures is a cross-country power line, but the locals are not 
allowed to use this power supply). The third picture (Figure 1.1 bottom) shows a solar 
panel used as energy supply for a hotel at the North Rim of the Grand Canyon, USA. 
Both places are remote, and on-grid energy supply to these areas is difficult. 
 

       
 

 
 
Figure 1.1. Pictures of PVs in the world: top) Amazon, Brazil and bottom) Grand Canyon, USA. 
  
1.2. Photovoltaic – inorganic vs. organic 
The focus on organic photovoltaic (OPV) has increased tremendously the past two 
decades. In this section, some of the advantages and disadvantages of OPVs are 
described. 
There are three factors, which are always compared for renewable energy systems that 
show the compatibility of the OPV compared with inorganic PV based on silicon. 
These are: efficiency, lifetime and cost.8  
Photovoltaic efficiency is determined by the ratio of power output to power input (see 
Chapter 5). The efficiency of various silicon-based PVs is in the range of 10 - 25 %,9 
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which compares with OPVs in which maximum efficiency reported so far is about 5 
%.10,11 However, the efficiency has been estimated to reach 10 % if the right 
conditions are chosen.12,13  
The lifetime of a device is defined as the time it takes for the device to reach half its 
initial efficiency or half its short circuit current value.14 The lifetime of the silicon-
based PVs is about 35 years or more,15,16 whereas for the OPV only a few reports in 
the literature have described lifetime results and these are very short (typically only a 
few hours in air, see Appendix A2.1 and A2.3). However, recently an operational 
lifetime of 20,000 hours was estimated from an accelerated test on a thermocleavable 
polythiophene based device.17  
The cost of inorganic PV production is very high due to the slow production and the 
necessarily high purity and high production temperatures. The production cost of 
OPVs is much smaller, because the production is much simpler, i.e. the active layer 
can be either printed or spin coated. Therefore, with a printing machine the production 
time is reduced from one year to only a few hours for the same area.8 For a typical 
silicon wafer production plant with a 30 cm wafer process the area, which is produced 
is about 88000 m2/year, however, for the OPV using a printing machine the same area 
can be produced in only 1-10 hours.8  

Therefore, the main advantage of OPVs when compared to inorganic PVs is the 
possibility to produce flexible very large area devices in a fast and cheap printing 
production.8 
The first two factors explain why the PVs shown in Figure 1.1 are inorganic, i.e. the 
long lifetime and the high efficiency. However, the reason why the inorganic PV are 
only seen as a niche market and not as a resource of energy all over the world is 
explained by the last factor, i.e. the high production cost. Summarizing the three 
factors in a diagram, as illustrated in Figure 1.2, we find that the OPVs have the 
possibility to compete with the inorganic PV market, since the lifetime and efficiency 
of the OPV are still increasing.  
 

Cost

Efficiency Lifetime
 

 
Figure 1.2. Brabec triangle7 with OPV and inorganic PV marked as blue and red, respectively. 
 
However, there are several crucial factors a polymer material chosen for the OPV has 
to fulfill for the OPV market to be possible, i.e. pure large quantities, high efficiency 
and long lifetime.  
 
1.3. The aim 
The aim of this project was to synthesize new low band gap polymers and to apply 
these in OPV devices. The synthesis and characterization of 16 new low band gap 
polymers based on thiophene, benzothiadiazole or benzo-bis(thiadiazole) are 
described. In addition the photovoltaic responses of OPV devices with some of these 



Motivation 

 4

low band gap copolymers are described along with a discussion of some of the factors 
which affects the efficiency of OPV devices, such as morphology. 
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In the first part of this chapter some of the answers to why we need to focus research 
on low band gap polymers are explained by looking at the solar spectrum and the 
absorption spectrum of low band gap polymers in addition I describe how we obtain 
the low band gap by looking at some of the factors which affects the band gap of 
polymers. In the last part of the chapter a short introduction to the low band gap 
polymers from the literature and my choice of system is described.  
 
2.1. Introduction 
The band gap (Eg) of a polymer is defined as the energy difference between the 
Highest Occupied Molecular Orbital (HOMO) and the Lowest Unoccupied Molecular 
Orbital (LUMO), and is typically reported in electronvolt (eV) (see Figure 2.1). The 
band gap can be measured in different ways, where the two most important ones are 
the optical band gap estimated from UV-vis spectroscopy and the electronic band gap 
determined from Cyclic Voltammetry (CV). The low band gap polymers are in 
general defined as polymers with a band gap below 2 eV, i.e. the polymer absorbs 
light with wavelengths (λ) longer than 620 nm. 

E

LUMO

HOMO
Eg

 
 
Figure 2.1. Definition of band gap, Eg.  
 
Low band gap polymers have received more attention the past few years, since it is 
believed that they can improve the efficiency of the photovoltaic devices, due to a 
better overlap between the absorption spectra of the polymer and the solar spectrum.1-

3 In the following this is shown by a study of the solar spectrum. First a comparison of 
the solar spectrum, shown as sun irradiance, with the absorption spectra of a low band 
gap polymer and commonly applied polymers in OPV, i.e. MEH-PPV and P3HT is 
shown in Figure 2.2.  
The sun spectrum in Figure 2.2 corresponds to the AM1.5 spectrum (i.e. the spectrum 
at the latitude of northern Europe and northern America). It is achieved by measuring 
the amount of energy (W m-2) for every nanometre in the spectrum, i.e. λk to λk+1, and 
hence the unit of the sun irradiance, W m-2 nm-1. It is clear from Figure 2.2 that the 
low band gap polymer absorbs light where P3HT and MEH-PPV do not. 
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Figure 2.2. Solar spectrum (black) and the film absorption spectra of MEH-PPV (pink), P3HT (red) 
and a low band gap polymer (green) from 300 to 1500 nm.4 The absorption below 400 nm is ascribed 
to the substrate (marked with the grey line). 
 
When the photon flux is plotted as a function of the wavelength the maximum is 
shifted towards longer wavelengths, and hence, to absorb more photons a polymer 
that absorbs light at longer wavelengths should be used (see Figure 2.3a). The photon 
flux (f(λ)) is achieved from the sun irradiance using Eq. (2.1), where IS(λ) is the sun 
irradiance in W m-2 nm-1 and Eλ(λ) is the photon energy in J determined from Eq. 
(2.2). 
 

)(E
)(I

)( S

λ
λ

λ
λ

=f        (2.1) 

λ
λλ

chhv ==)(E        (2.2) 

 
In Eq. (2.2) h is Planck constant (6.626 · 10-34 J s), c is the speed of light (2.998 · 108 
m s-1) and λ is the wavelength in nm. The integrated photon flux (F(λ)) is calculated 
from the photon flux f(λ) by Eq. (2.3), where As is the area under the sun irradiance 
curve determined from Eq. (2.4). The marginal values from 280 to 4000 nm are 
chosen, because the sun irradiance is close to zero beyond these limits.  
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The F(λ) is then transformed into the maximum theoretical current (integrated current, 
It) by Eq. (2.5) assuming that one photon is converted to one electron in the OPV.  
 

e⋅= )F(I t λ         (2.5) 
 

In Eq. (2.5) e is the elementary charge (1.602 · 10-19 C). The photon flux, the 
integrated photon flux and the integrated current are plotted as a function of the 
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wavelength and we see that absorption at longer wavelengths results in a higher 
maximal theoretical current (see Figure 2.3b). 
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Figure 2.3. a) Sun irradiance (black) and photon flux (green) as a function of wavelength. b) Photon 
flux as a function of wavelength (green). The integral (blue) is shown with two axes, one showing the 
integrated photons and one the theoretical current. 
 
This phenomenon is illustrated with the example of two polymers, A and B. Polymer 
A absorbs light with wavelengths up to 600 nm and polymer B absorbs light with 
wavelengths up to 1000 nm. Figure 2.3b shows that polymer A absorbs 17 % of the 
photons and that polymer B absorbs 53 % of the photons in the solar spectrum. The 
maximum theoretical current, which can be achieved, is thus 11.1 mA cm-2 for 
polymer A and 43.9 mA cm-2 for polymer B. These values are all based on the 
assumption that the polymers absorb all the light from 280 to 600 and 1000 nm, 
respectively. This clearly shows that the low band gap polymers are of great 
importance, when the maximum theoretical current of the OPV, and hence the 
efficiency, has to be increased.  
There is of course seldom absorption in the entire spectral range from 280 to 1000 nm 
as for example shown in the absorption spectrum of a real low band gap polymer. In 
Figure 2.4 this absorption spectrum is shown together with the photon flux and the 
integrated current. This example shows that the polymer can absorb light up to just 
above 700 nm, but the absorption decreases at longer wavelengths. Therefore, the 
maximum theoretical current, which can be achieved, is 12 mA cm-2 and not 20 mA 
cm-2 as determined from Figure 2.3.  
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Figure 2.4. Photon flux (black) and an example of a low band gap polymer absorption spectra (red) 
and maximum current (blue), which can be achieved. 
 
By examining the solar irradiance and the absorption spectra of low band gap 
polymers it can be concluded that a higher short circuit current of OPV devices can be 
achieved. However, there are several other factors which affect the efficiency of an 
OPV device (see Chapter 5). As a result, the calculations carried out in Figure 2.4 
should use the incident photon to current efficiency (IPCE) curve instead of the 
absorption spectra. The IPCE curve is a device measurement, which describes how 
much of the absorbed photons are converted to current. Therefore doing the 
calculation in Figure 2.4 with the IPCE would give a more accurate estimate of the 
theoretical maximum current, since factors like morphology and charge carrier 
mobility have been taken into account. However, the efficiency of an OPV device also 
depends on the open circuit voltage (VOC) and the fill factor (FF), and since the energy 
of the charge carriers at longer wavelengths is lower, this limits the voltage difference 
that the device can produce. Hence, decreasing the band gap of the polymer to 0.5 eV, 
which results in an increase in the maximum theoretical current, may result in a 
decrease in voltage and thus a decrease in the efficiency of the device. Therefore there 
is an optimum of the band gap. 
 
2.2. Achieving a low band gap 
Few examples of low band gap polymers have been described in the literature (see 
Section 2.3). There are different factors, which affect the band gap that should be 
taken into account when designing new polymers with low band gaps, i.e. intra-chain 
charge transfer, substituents effect, π-conjugation length etc.5  
A fused ring system will lower the band gap, due to the stable quinoid structure 
formed in the resonance forms of the polymer (see Figure 2.5).5 

 

S S S S

Quinoid  
 
Figure 2.5. Resonance structures of a fused ring system, here poly(isothianaphthene), PITN.6  
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The fused ring system is often applied in a copolymer as an electron acceptor unit 
coupled with an electron donor unit. Copolymers based on the electron donor and 
electron acceptor moieties are low band gap polymers, for three main reasons. First, 
due to the enhanced double bond character between the donor and acceptor unit the 
quinoid structure of the fused ring system is stabilized. This is also seen in the two 
main resonance forms of the polymer: D-A ↔ D+=A-.7 Second, the band gap of the 
donor/acceptor copolymer is determined by the HOMO of the donor and LUMO of 
the acceptor (see Figure 2.6), and therefore a high energy level of the HOMO of the 
donor and a low energy level of the LUMO of the acceptor results in a low band 
gap.8,9  
 

E

A                D-A               D 

band gap

 
 
Figure 2.6. Band gap of copolymer based on donor and acceptor moieties, where the HOMO levels are 
marked with black and the LUMO levels are marked with blue.  
 
The substituents on the donor and acceptor units can affect the band gap. The energy 
level of the HOMO of the donor can be increased by attaching electron donating 
groups (EDG), such as thiophene and pyrrole. Similarly, the energy level of the 
LUMO of the acceptor is lowered, when electron withdrawing groups (EWG), such as 
nitrile, thiadiazole and pyrazine, are attached. This will result in improved donor and 
acceptor units, and hence, the band gap of the polymer is decreased.10 The side groups 
also have another effect. It has been shown that the electronic band structure can be 
tuned without tuning the band gap by addition of EWG and EDG and this can be of 
great importance when the energy level alignment in an OPV device is taken into 
account (see Section 5.2).11-14 Finally, in the donor/acceptor copolymer the intra-chain 
charge transfer is shown by the electron affinity. It has been shown by mathematical 
simulation that the electron affinity is higher at the acceptor unit compared with the 
donor unit, i.e. a charge separation within the polymer.15-18  
Besides this, the intermolecular interactions affect the band gap. It has been shown 
that the way the polymer P3HT orders in the solid phase causes a red shift in the 
whole absorption spectrum and hence, a lower band gap is achieved.5,19-34 Further, the 
π-conjugation length is of great importance since a torsion in the polymer back bone 
causes a decrease in the conjugation length and the band gap increases. Therefore, a 
high π-conjugation length results in a low band gap polymer.5,35 
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2.3. State-of-the-art of low band gap polymers 
The low band gap polymers described in the literature are based often on fused ring 
systems in copolymers of a donor and an acceptor moiety. Examples of low band gap 
polymers with corresponding band gap size are summarized in Table 2.1.  
 
Table 2.1. Structure of part of the low band gap polymers described in the literature along with the size 
of their band gap.  
 

Structure Band gap (eV) Ref. 
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R
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P3HT, R = hexyl 

 

 
 

1.9 

 
 

36-38 

S

 
PITN 

 

 
 

1.0 
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S
SS

RR

 
P(T-ITN-T), R = alkyl (or Cl) 

 

 
 

1.5 (1.8) 

 
 

40-42 

 
N

N
S

S
N

S

R  
PTPB, R = dodecyl 

 

 
 

1.6 

 
 

1,2,9 

S

NN

R R

S S

R' R'  
P(T-TP-T), R = H, R’ = octyl 

(R = phenyl-2-ethylhexyloxy, R’ = H) 
 

 
 

1.3 (1.2) 

 
 

43,44 
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Table 2.1. Structure of part of the low band gap polymers described in the literature along with the size 
of their band gap (continued).  
 

Structure Band gap (eV) Ref. 
RR

SS

N N
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PFTBT, R = alkyl 

 

 
 

2.0 

 
 

45,46 

RR

S S

N
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N

N N

R' R'  
PFTQT, R = alkyl, R’ = phenyl 
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7,47-49 

RR

NN

S
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PFTTPT, R = alkyl, R’ = phenyl 
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N N
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PFTQT, R = alkyl, R’ = alkyl 
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S
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O-alkyl 
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NS
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n 
PCPDTB, R = 2-ethylhexyl 

 

 
 

1.7 

 
 

52,53 
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For an up-to-date review on these low band gap polymers and examples of other low 
band gap polymers see Appendix A2.3. 
 
2.4. Choice of system 
As can be seen above, the low band gap polymers described in the literature are often 
copolymers based on donor and acceptor moieties. Therefore, in the design of new 
low band gap polymers I chose to focus on copolymers with the choice of thiophene 
as the donor and benzothiadiazole or benzo-bis(thiadiazole) as acceptor.8,54 Thiophene 
is an electron rich aromatic five membered heterocyclic ring and therefore an electron 
donating unit.55,56  
The benzothiadiazole and benzo-bis(thiadiazole) are electron accepting units and the 
quinoid form, i.e. the 1,2,5-thiazole ring, which is one of the resonance forms as 
shown in Figure 2.7 will result in a lower band gap.8,54 Benzo-bis(thiadiazole) has 
been shown to exceed the highest electron-accepting ability among other accepting 
units, such as thienopyrazine, pyrazine-quinoxaline and benzothiadiazole,8,54 and 
hence the band gap of the copolymers based on this moiety is predicted to be very 
low.  
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1,2,5-thiazole
    Quionid  

 
Figure 2.7. Resonance structures of benzo-bis(thiadiazole). 
 
The synthetic strategies and syntheses of these copolymers is described in Chapter 3.  
 
2.5. Summary 
The low band gap polymers have the possibility to increase the efficiency of OPVs, 
due to a better overlap of the absorption spectrum and the solar spectrum. The design 
of the polymer structure is of great importance to achieve a low band gap and there 
are several factors which should be taken into account, such as intra-chain charge 
transfer and substituents effects. The design of new low band gap polymers focused 
on copolymers based on thiophene, benzothiadiazole and benzo-bis(thiadiazole). A 
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short introduction was given to the low band gap polymers described in the literature 
which are most often copolymers based on donor and acceptor moieties.  
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In this chapter the synthesis of the low band gap copolymers based on thiophene, 
benzothiadiazole and benzo-bis(thiadiazole) designed in Section 2.4 are described. 
The low band gap copolymers were prepared by either the oxidative ferric chloride 
polymerization or the palladium-catalyzed Stille cross coupling polymerization. These 
methods are therefore described in detail followed by the synthetic procedures carried 
out to achieve the low band gap copolymers. In the last part of the chapter the 
purification methods and results from Size Exclusion Chromatography (SEC) are 
described. 
 
3.1. Synthetic strategies towards low band gap polymers based on 
thiophene, benzothiadiazole and benzo-bis(thiadiazole) 
Based on the design of low band gap polymers I chose to synthesize copolymers 
based on thiophene, benzothiadiazole and benzo-bis(thiadiazole). In Figure 3.1 the 
strategies to prepare the copolymers are shown. The first is based on the oxidative 
ferric chloride polymerization of co-monomers of thiophene, benzothiadiazole and 
benzo-bis(thiadiazole). The second is based on the palladium-catalyzed Stille cross 
coupling polymerization between di-stannyl derivates of thiophene and di-bromo 
derivates of benzothiadiazole or benzo-bis(thiadiazole).  
When the two strategies are compared we find advantages in both. The oxidative 
ferric chloride polymerization has been reported to result in higher molecular weight 
polymers and there is also no need for reactive groups such as the halide or stannyl 
groups. This is because the polymerization is carried out on a co-monomer with 
hydrogen at the position of the new bond. The advantages of the Stille cross coupling 
polymerization strategy are the number of possible polymers which can be prepared. 
In Figure 3.1 m can be any given number, which results in an even number of 
thiophenes in the repeating unit in strategy I. However, the number of thiophenes in 
the repeating unit in strategy II can be varied depending on the choice of l. 
There are several other methods, which have been described in the literature, e.g. 
Suzuki cross coupling and Kumada cross coupling, which could be used to synthesize 
the low band gap polymers. However, these are variations of the Stille cross coupling 
that I chose to use.  
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Figure 3.1. Retrosynthetic strategies to prepare copolymers of thiophene and benzothiadiazole or 
benzo-bis(thiadiazole) via I) oxidative ferric chloride polymerization and II) Stille cross coupling 
polymerization. 
 
 
3.2. Polymerization methods  
 
3.2.1. Oxidative ferric chloride polymerization 
In oxidative ferric chloride polymerization a monomer is polymerized using 
ferric(III)chloride (FeCl3) as a reagent (shown in Figure 3.2). 
 

Ar
2 FeCl3

Ar
n

H + 2 FeCl2 + 2 HClH
 

Figure 3.2. Oxidative ferric chloride polymerization, where Ar represents an aromatic ring. 
 
In this polymerization method there is no need for active groups on the reagents (e.g. 
stannyl or halide) since the polymerization occurs where hydrogen is attached. 
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3.2.1.1. Mechanism 
The mechanism of oxidative ferric chloride polymerization is not known exactly. In 
Figure 3.3 three proposed mechanisms are shown with thiophene as an example.1-3 
The thiophene radical units are represented with double bonds specified for the atoms 
but a more correct way to show this is displaying the positive radical all over the 
thiophene unit as illustrated in Figure 3.4. 
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Figure 3.3. Proposed mechanisms of oxidative ferric chloride polymerization: 1) radical, 2) 
carbocation and 3) radical carbocation.  
 

S

R

S

R

 
 
Figure 3.4. Correct way to see the radical thiophene unit.  
 
In the radical mechanism the first step is the formation of a radical by oxidation of 
thiophene and the simultaneous reduction of Fe(III) to Fe(II) followed by elimination 
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of a proton, which gives the radical. The radical reacts with a neutral thiophene ring 
forming a new radical. Oxidation with Fe(III) followed by proton elimination results 
in the polymer product.1 

In the carbocation mechanism thiophene is oxidized by FeCl3 to give a radical cation 
in the initial step. The propagation step goes through a carbocation forming the 
bipolaron. In Figure 3.3 the bipolaron is shown on the adjacent thiophenes but it is 
believed that these two positive charges may be further apart.2 The positively charged 
thiophene reacts with a monomer in an electrophilic aromatic substitution reaction. 
This step has been shown to be regioselective where the reaction takes place at the 2nd 
position. The polymer is formed when hydrogens are eliminated as protons and the 
thiophene rings regains its aromacity.2  
Finally, in the radical cation mechanism the first step is the formation of a radical by 
oxidation with the simultaneous reduction of Fe(III) to Fe(II). Two radicals react in 
the propagation step and give a dimer which is no longer aromatic. The aromaticity is 
gained by elimination of two protons. The dimer can then be oxidized to form a new 
radical which can then react with another radical to form a trimer, and so on.3 
The radical mechanism was proposed by Niemi et al.1 These authors based their 
proposal on two conclusions: 1) the polymerization was only observed in solvents 
where FeCl3 was insoluble and from this it was concluded that the polymerization 
took place on the surface of the ferric chloride, and 2) calculation of energy and 
atomic charges on the carbon atoms of the possible polymerization species which 
suggested that the more stable radical reacts with a neutral species and forms the HT 
coupled polymer.  
The carbocation mechanism was proposed by Andersson et al.12 and was based on the 
observation of polymerization leading to “highly” regioregular (94 % HT) poly-
(octylphenyl-thiophene) when FeCl3 in CHCl3 suspension was added in small 
portions.  
The radical cation mechanism was proposed by Barbarrel et al.,3 who found that the 
polymerization of thiophenes could take place in solvents where FeCl3 was partly or 
completely soluble. This led to the theory that the mechanism was carried out by a 
radical cation mechanism.3,4 In addition, it was found that the oxidation of the 
monomer is the rate determining step.4 
The three research groups suggested that the oxidative ferric chloride polymerization 
led to regioregular HT-coupled polymer products. However, since the synthesis of 
highly regioregular (99 %) HT-coupled polymer by Kumada coupling and Negishi 
coupling polymerizations5,6 and the report on the polymerization of alkyl-thiophene 
using the oxidative ferric chloride polymerization, which led to 25 % defects,7,8 the 
oxidative ferric polymerization is recognized for high molecular weight polymer 
products, but with little control of the regioregularity. This also makes sense 
considering the suggested radical mechanisms. 
 
3.2.1.2. Reaction conditions 
For the synthesis of polythiophenes the reaction was carried out at room temperature 
in different solvents, such as CHCl3, CH2Cl2, CH3NO2 and pentane.3 The reaction 
time is varied from a few hours to overnight; however, the polymerization is seen 
immediately as a change in colour.2-4,9,10 The oxidative ferric chloride polymerization 
results in high molecular weights and hence to a lower band gap because of the longer 
conjugation length. 
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The oxidative ferric chloride polymerization has been used to prepare many polymers 
such as poly-alkyl-thiophene with high molecular weight,7,8,11-16 poly-octylphenyl-
thiophene2 and copolymers of thiophene and isothianaphthene9,10 or thienopyrazine.17 
 
3.2.2. Stille cross coupling reaction 
The Stille cross coupling18,19 is a reaction between an organo-electrophile and an 
organo-stannyl reagent using palladium as a catalyst, which proceeds under mild 
neutral conditions and with high yields.18,20 The organo-electrophile includes organo-
halides, -triflates or -carboxylates.21 The Stille cross coupling polymerization is shown 
in Figure 3.5 and as shown there is the possibility to prepare copolymers of donor and 
acceptor moieties if different R and R' groups are used. 
 

SnR''3R'R X +
PdL4

R R'X R''3Sn
n

n n +  2n X_SnR''3
 

 
Figure 3.5. Stille cross coupling polymerization catalyzed by Pd reagent. 
 
The advantage of the Stille cross coupling reaction is that it has the ability to couple 
many different kinds of organo-halides and organo-stannyl compounds and that both 
can have a variety of functional groups (e.g. CO2R, CN, OH or CHO) attached with 
no need for pre-protection of these groups.18-20,22,23  
 
3.2.2.1. Mechanism 
The cyclic catalytic reaction mechanism (shown in Figure 3.6) consists of four steps: 
1) ligand dissociation, 2) oxidative addition of the metal, 3) transmetallation and 4) 
reductive elimination.24 Other polymerization methods based on transition metals (e.g. 
Suzuki cross coupling) used in the literature to prepare low band gap polymers also 
follow this reaction cycle. 
The presence of carbon monoxide in the reaction mixture results in insertion of a 
carbonyl group in the product (R-CO-R') and the mechanism of this reaction includes 
an additional carboxylation step between the oxidative addition step and the 
transmetallation; however, this is not an issue for this dissertation and will not be 
further discussed here.18,24 
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Figure 3.6. Mechanism of the Stille cross coupling reaction cycle.18,23 
 
The first step of the catalytic reaction cycle is the ligand dissociation (step 1 in Figure 
3.6). The catalyst M(PPh3)4, where M is Ni0, Pd0 or Pt0, is coordinatively saturated but 
undergoes dissociation to form the more reactive compound with two phosphine 
groups. In that sense the active catalyst is M(PPh3)2.22,23 The phosphine groups form σ 
bonds with the metal by donating the lone pair on phosphorus to the empty d orbital 
on the metal (see Figure 3.7).23 The donation of the lone pair from the phosphorus 
increases the electron density on the metal. Hence, the metal is more nucleophilic and 
thus oxidative addition is favored.22,23  

 

M PPh3

empty 
metal 
orbital

filled 
ligand
orbital

σ bond

 
 
Figure 3.7. Metal-ligand σ bond. 
 
In the oxidative addition (step 2 in Figure 3.6) an organo-halide (RX) is added to the 
Pd(0) complex by oxidation of Pd. This is followed by an increase in the coordination 
number.22,23 It is characteristic for complexes of the metals in Group VIII (Fe, Ni, Ru, 
Pd, Pt etc.) with d8 and d10 electronic configuration, to undergo oxidative addition.22,23 
There are two main factors which have to be fulfilled for the metal to undergo 
oxidative addition. These are: 1) the metal must be in a low valence state and 2) the 
catalyst must be a coordinatively unsaturated species. In the low valence state the 
metal behaves as a nucleophile or a reducing agent, in which case electrons are 
removed from the metal under reaction. For metals in Group VIII the low valence 
state is normally the atomic state obtained through ligand complexation.22,23 The 
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coordinatively unsaturated species is obtained by generation of a vacant site which 
results from ligand dissociation.22,23 
Compounds, which undergo oxidative addition are divided into two groups, polar and 
non-polar. The non-polar compounds are hydrocarbons (e.g. alkenes, aromatics and 
aldehydes) with a stereospecifically cis addition. The polar are the organo-halides, 
which are susceptible to nucleophillic attack from the metal due to the good leaving 
group.23 The mechanism of oxidative addition depends on the type of metal and on the 
type of organic halide. For the aryl halide three different mechanisms have been 
proposed: a nucleophilic aromatic substitution-like mechanism, an electron-transfer 
mechanism or a three-center mechanism, which all emphasize the nucleophilic nature 
of the low-valence metal.22  
The mechanism of the transmetallation (step 3 in Figure 3.6) is not well understood 
but this has been determined as the rate-determining step.18,20 Several mechanisms 
have been proposed. First, a dissociative mechanism, in which ligand dissociation 
from the electron-rich Pd complex takes place before transmetallation to give a 
coordinatively unsaturated complex, which is supported by solvent and reacts with the 
stannyl compound in the transmetallation. Second, a cyclic associative mechanism 
which involves a cylic transition state of the transmetallation resulting in the cis-R/R' 
Pd complex rather than the trans-R/R' Pd complex needed for the reductive 
elimination. Finally, an open associative mechanism, which is the only possibility if 
no bridging ligands are available in the coordination sphere of Pd(II) to produce the 
cyclic intermediate. This mechanism results in inversion of the stereochemistry on the 
α carbon transferred from the stannyl group and results in trans and cis R/R' Pd 
complexes.20 

In the reductive elimination (step 4 in Figure 3.6) the formal oxidation state and the 
coordination number of the metal are increased by 2, the product is eliminated from 
the Pd catalyst and the Pd gain two ligands to return to the stating point.23 The 
reductive elimination is an intermolecular reaction, and a cis/trans isomerisation of 
the Pd(II) complex has to take place before the reductive elimination of the two R 
groups, which also have to be cis to each other.25-27 There are several ways in which 
this can take place: 1) dissociation of phosphine to give a three coordinate 
intermediate, 2) association of phosphine to give a five-coordinate complex, 3) 
conversion of these two complexes to a cis square-planar complex by recoordination 
of dissociation after rearrangement, etc.23 The mechanism of the reductive elimination 
is not well understood, but has been proven to be a non-radical mechanism, due to: 1) 
retention of the stereochemistry (overall), 2) absence of cyclic products and 3) no 
radical inhibition.23  
 
3.2.2.2. Reaction conditions 
Preparation of the organo-stannyl compounds can be done by lithiation followed by 
reaction with trimethylstannyl-chloride or tributylstannyl-chloride. Several other 
methods have been described in the literature.19 

Typical catalysts include Pd(PPh3)2Cl2, Pd(PPh3)4, Pd(PPh3)2BnCl, Pd(MeCN)2Cl2 
etc.20,21,28 As described above the active catalyst is Pd(PPh3)2, which is the 
coordinatively unsaturated species. Excess of PPh3 has been found to slow down the 
reaction.20  
Side reactions including dehalogenation, homo-coupling and β-hydride elimination 
(see Figure 3.8) have been observed in the Stille cross coupling.20,21 One of the few 
limitations of Stille cross coupling and other palladium-catalyzed reactions is that 
organo-halides with a β hydrogen cannot be used because of faster β-hydride 
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elimination compared to the transmetallation.18,23 The formation of the trans R/R' in 
the Pd(II) complex generated by oxidative addition and transmetallation explains the 
reason for homocoupling products.23 

 

Ar Pd X
Ar Pd X

Ar Pd X X Pd X

Ar Pd Ar Ar Ar

Ar' Ar'
2 2 Ar'M
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b

Ar Pd OCH2R Ar Pd H RCHO+

Ar H  
 
Figure 3.8. Examples of side reactions of the Stille cross coupling. a) homo-coupling and b) β-hydride 
elimination. 
 
Different alkyl-stannyl groups have been used, e.g. R-SnBu3 and R-SnMe3, and the 
by-products in the reaction are Bu3SnX and Me3SnX. The Bu3SnX is soluble in many 
organic solvents and purification by column chromatography is difficult. 
Consequently it is not trivial to purify the product (R-R') from the Bu3SnX.20 Me3SnX 
has a low boiling point and can be removed by evaporation at reduced pressure or, 
since it has a low solubility in organic solvents, it can be removed during work-up by 
washing the reaction mixture with water. However, Me3SnX is extremely toxic.20 
Despite the toxicity of stannyl compounds compared to boron- and zinc-compounds 
for example, they are still used due to ease of preparation, stability towards water and 
air once prepared and the large variety of residues on tin which can be transferred.20 
Stille cross coupling polymerization has been applied in the literature for the synthesis 
of regioregular P3HT resulting in 96 % regioregularity.29,30 Copolymers based on 
thiophene, pyrrole and benzothiadiazole have also been prepared by Stille cross 
coupling polymerization; however, because of side reactions this only led to low 
molecular weight oligomers.31,32  
 
3.3. Synthesis of copolymers based on thiophene, benzothiadiazole 
and benzo-bis(thiadiazole). 
 
3.3.1. Oxidative ferric chloride polymerizations 
In Figure 3.9 – 3.18 the successful synthetic steps toward the 16 new low band gap 
polymers based on thiophene, benzothiadiazole and benzo-bis(thiadiazole) are shown. 
The syntheses in Figure 3.9 and 3.10 are based on the oxidative ferric chloride 
polymerization strategy and, as shown, this strategy resulted in one polymer with two 
thiophenes in the repeating unit (1) and three polymers with four thiophenes in the 
repeating unit. The latter polymer was prepared with different alkyl side chains (i.e. 
hexyl- (2), dodecyl- (3) and 2-ethyl-hexyl-groups (4)). The synthesis of polymer 1 
consisted of the following steps: preparation of the thiophene unit and the 
benzothiadiazole unit, coupling of these two by a Stille cross coupling to give the co-
monomer of thiophene and benzothiadiazole, followed by oxidative ferric 
polymerization to give the copolymer based on thiophene and benzothiadiazole (see 



Synthesis and purification 

 25

Figure 3.9). The same procedure was used in the preparation of polymers 2 – 4; 
however, an additional bromination followed by Stille cross coupling was necessary 
to obtain the co-monomer with four thiophene units (see Figure 3.10). 
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Figure 3.9. The synthesis of copolymers based on thiophene and benzothiadiazole (1) by oxidative 
ferric chloride polymerization. R = hexyl. 
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Figure 3.10. The synthesis of copolymers based on thiophene and benzothiadiazole (2 – 4) by 
oxidative ferric chloride polymerization. 
 
3.3.2. Stille cross coupling polymerizations 
In Figure 3.11 – 3.16 the synthesis of the di-stannyl derivates of thiophene and di-
thiophene and di-bromo derivates of benzothiadiazole and benzo-bis(thiadiazole) are 
shown. These are the building blocks used in the second strategy employing Stille 
cross coupling polymerization. The synthesis of the benzothiadiazole building blocks 
(B1 and B2) is described in the literature and consists of the following steps: 
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bromination of benzothiadiazole to B1, which is reacted with tributylstannyl-
thiophene in a Stille cross coupling reaction followed by a bromination resulting in B2 
(see Figure 3.11).33,34  
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Figure 3.11. Synthesis of benzothiadiazole based building blocks (B1 and B2). 
 
The synthesis of benzo-bis(thiadiazole) building block (B3) was carried out as 
described in the literature35,36 by the following steps: 1) nitration of the benzene ring, 
2) introduction of the thiophene groups by Stille cross coupling, 3) reduction of the 
nitro groups using iron powder and acid and 4) ring closing with N-sulfinylaniline.35,36 
This was followed by a bromation with NBS in CHCl3/AcOH to give B3 (see Figure 
3.12).  
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Figure 3.12. Synthesis of a benzo-bis(thiadiazole) based building block (B3). 
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The di-stannyl derivative of thiophene (B4) was obtained by reaction with t-BuLi (see 
Figure 3.13). However, several attempts to synthesize B4 were carried out with t-
BuLi/TMEDA and under different reaction temperatures using n-BuLi.t-BuOK. 
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Figure 3.13. Synthesis of the di-stannyl derivates of thiophene (B4). R = 3,7,11-trimethyldodecyl. 
 
In Figure 3.14 the synthesis of the di-stannyl derivative of di-thiophene (B5) is shown. 
The synthesis of the di-thiophene precursor to building block B5 was complicated. 
The synthesis of the precursor was attempted in several ways: 1) Ullmann coupling 
between two 2-bromo-3-(3,7,11-trimethyldodecyl)-thiophene using Cu as a catalyst, 
2) Kumada coupling of the Grignard derivative of 2-bromo-3-(3,7,11-
trimethyldodecyl)-thiophene using Ni as a catalyst, 3) Stille cross coupling between a 
bromo and stannyl derivative of 3-(3,7,11-trimethyldodecyl)-thiophene, and 4) Stille 
homo-coupling of a stannyl derivative of 3-(3,7,11-trimethyldodecyl)-thiophene. This 
is discussed in detail in Appendix A2.2. The di-thiophene was finally successfully 
obtained by Stille cross coupling of a stannyl derivative of 3-(3,7,11-
trimethyldodecyl)-thiophene and an iodo-derivative of 3-(3,7,11-trimethyldodecyl)-
thiophene prepared in situ. An attempt to synthesize the di-stannyl derivate of the di-
thiophene (B5) was carried out with t-BuLi; however, B5 was achieved by reaction 
with n-BuLi as shown in Figure 3.14. 
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Figure 3.14. Synthesis of the di-stannyl derivates of di-thiophene (B6). R = 3,7,11-trimethyldodecyl. 
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The di-stannyl thiophene building blocks with 2-ethylhexyl- (B6) and hexyl-groups 
(B7) were synthesized using n-BuLi/TMEDA and t-BuLi respectively (see Figure 
3.15 and 3.16). 

SMe3Sn SnMe3

B6 (49 %)

1) t-BuLi
   hexane

2) Me3SnClS

R

S

Br
R_MgBr

R

Et2O
(95 %)

 
 
Figure 3.15. Synthesis of the di-stannyl derivates of thiophene (B6). R = 2-ethylhexyl. 
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Figure 3.16. Synthesis of the di-stannyl derivates of di-thiophene (B7). R = hexyl. 
 
The final synthetic step in the Stille cross coupling polymerization strategy is shown 
in Figure 3.17 and 3.18. The combination of the two different thiophene building 
blocks with 3,7,11-trimethyldodecyl as a side chain (B4 and B5) with the di-bromo 
derivatives of benzothiadiazole and benzo-bis(thiadiazole) resulted in six different 
polymers (i.e. four based on benzothiadiazole (polymer 5 - 8) and two based on 
benzo-bis(thiadiazole) (polymer 9 and 10) as shown in Figure 3.17).  
Besides these polymers three polymers with hexyl side chains and three with 2-
ethylhexyl side chains was prepared, polymer 14 - 16 and 11 - 13 respectively (see 
Figure 3.18). 
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Figure 3.17. Polymer 5 – 10 prepared by Stille cross coupling polymerization. R = 3,7,11-
trimethyldodecyl. 
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Figure 3.18. Polymer 11 - 16 prepared by Stille cross coupling polymerization. R1 = 2-ethylhexyl and 
R2 = hexyl. 
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3.3.3 Attempted syntheses 
In Figure 3.1 the strategy based on oxidative ferric chloride polymerization also 
presents the copolymers based on thiophene and benzo-bis(thiadiazole). Several 
attempts were made to synthesize the benzo-bis(thiadiazole) derivative of polymer 1 
(Figure 3.19) using the same procedures as for the di-thiophene-benzo-
bis(thiadiazole) shown in Figure 3.12. These attempts included: 1) reduction of the 
nitro groups followed by either ring closing or attachment of the thiophene groups by 
Stille cross coupling, 2) attachment of the thiophene groups by Stille cross coupling 
followed by reduction of the nitro groups and ring closing, and 3) introduction of the 
nitro groups on the di-thiophene-benzothiadiazole. However, none of these attempts 
succeeded as discussed in detail in Appendix A2.6. 
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Figure 3.19. Attempts to synthesize copolymers based on benzo-bis(thiadiazole) and two thiophene by 
oxidative ferric chloride polymerization. R = hexyl. Reaction arrows marked with a cross indicates 
steps, which were not successful and reactions arrows marked with ? indicates reactions, which were 
not carried out due to unsuccessful synthesis of precursors. 
 
For the benzo-bis(thiadiazole) derivative of polymer 2 (see Figure 3.20) the co-
monomer was achieved in very small yield (7 %). Furthermore, due to the short hexyl 
side chains, the monomer was insoluble in the solvents used for the oxidative ferric 
polymerization and attempts to increase the solubility by preparation of a monomer 
with other alkyl side chains were not completed because of the poor yield and 
difficulty of the reaction.  
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Figure 3.20. Attempts to synthesize copolymers based on benzo-bis(thiadiazole) and four thiophene by 
oxidative ferric polymerization. R = hexyl.  
 
3.4. Side chains and film forming ability 
In the preparation of OPV devices the ability of the polymer to form a smooth film is 
of great importance (see Chapter 5). The absorption of the film should be at least 0.3 
or higher to achieve efficient harvesting of photons. The study of the film-forming 
ability and absorption of the polymers depending on the alkyl side chains (see Figure 
3.21) was done by dissolving the polymer products in different solvents, spin coating 
and subsequently measuring the absorption of the resulting film. The results are 
summarized in Table 3.1. 
 
 

R = hexyl

2-ethylhexyl

dodecyl

3,7,11-trimethyldodecyl  
 
Figure 3.21. The four types of alkyl side chains applied on the copolymers to study film forming 
ability. 
 
For polymers 2 - 4 the best film-forming ability and highest absorbance was seen for 
polymer 4 (R = 2-ethyl-hexyl). Polymer 2 and 3 with hexyl and dodecyl as side chains 
respectively resulted in poor film-forming ability and low absorption. 
For polymers 11 - 16 the hexyl- and 2-ethyl-hexyl-groups resulted in poor film-
forming ability due to the insolubility of the polymer. The 3,7,11-trimethyldodecyl-
group (polymers 5 – 10) resulted in the best film-forming ability and the highest 
absorption when the polymers were spin coated from different solvents.  
 
 



Synthesis and purification 

 34

Table 3.1. Absorbance at λmax of films of polymers spin coated from different solvents (10 mg 
polymer/mL). – indicates that the experiment was not carried out. The side chains on the polymers are 
indicated with: H = hexyl, EH = 2-ethylhexyl, D = dodecyl and MD = 3,7,11-trimethyldodecyl. 
 
Polymer CHCl3 THF 1,2-dichlorbenzene Chlorobenzene Toluene 
1 (H) - - - - - 
2 (H) 0.03 0.02 0.02 0.02 0.02 
3 (D) < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
4 (EH) 0.56 0.52 0.14 0.26 0.32 
5 (MD) - - - - - 
6 (MD) 0.21 - - - - 
7 (MD) 0.17 0.21 0.14 - 0.16 
8 (MD) 0.31 0.40 0.11 0.16 0.21 
9 (MD) 0.13 0.21 0.06 - 0.12 
10 (MD) 0.29 0.26 0.04 0.09 0.12 
11 (EH) 0.22 0.19 0.07 0.11 0.15 
12 (EH) 0.16 0.15 0.08 0.09 0.11 
13 (EH) 0.10 0.10 0.10 0.05 0.11 
14 (H) - - - - - 
15 (H) 0.19 0.23 0.14 0.21 0.16 
16 (H) 0.09 0.05 0.09 0.09 0.04 
 
3.5. Purification  
Purification of the polymers applied in OPV devices is very important because 
impurities such as Pd nano-particles have been shown to affect the efficiency of the 
OPV devices.37 Besides the transition metal particles the impurities in a polymer 
product include other inorganics (e.g. FeCl3), monomers and smaller molecules such 
as oligomers. Several methods are used to purify polymer materials and in the 
following some of these are described along with the results obtained with the 
prepared copolymers. 
 
3.5.1. Chemical purification 
A polymer with impurities such as Fe(III) ions which oxidizes the polymer in 
oxidative ferric chloride polymerization, is said to be p-doped (i.e. electrons have 
been removed from the polymer, see Section 5.1). De-doping of the polymer can be 
carried out by washing the polymer with different reducing agents. The polymers 1 – 
4 were washed with sulfuric acid and sodium sulfite to remove any impurities from 
FeCl3. 
The polymers 8 – 10 were treated with hydrazine and ammonia to remove any doping 
impurities from oxidation by oxygen but no change was observed in the absorption 
spectra and it was concluded that doping of the polymer if any could not be removed 
by chemical reaction (Appendix A2.2). 
The transition metal particles from palladium-catalyzed reaction steps have been 
shown to be incorporated in polymers and purification of the polymer by 
chromatography does not result in a pure polymer.37 However, Nielsen et al.38,39 
reported an efficient method to purify the polymer products from the transition metals 
using N,N-diethylphenylazothioformamide to form soluble complexes with the 
transition metals, i.e. Pd, Pt, Cu, Ni (see Figure 3.22).  
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Figure 3.22. Complex, which is formed during purification with N,N-diethylphenylazothioformamide, 
here shown with Pd. 

   
Purification of the polymer using this method is carried out by dissolving the polymer 
in THF adding the azothioformamide and stirring the solution for about one hour or 
over-night. Reprecipitation of the polymer with methanol and filtration then removes 
the formed complex which is soluble in methanol. The polymers 5 – 10 were purified 
by this method, and were found to contain less than 100 ppm Pd after purification. 
However, there is a disadvantage of the purification method. Since the Pd-complex 
with the azothioformamide absorbs at 800 nm38,39 the method does not give an 
accurate concentration of Pd particles in a low band gap polymer with absorption in 
this region of the spectra. Due to insolubility in the solvent (THF) used for the 
purification method the polymers 11 – 16 were not purified by this method.  
 
3.5.2. Soxhlet extraction 
Another way to purify and fractionate the polymer from smaller molecules is by 
Soxhlet extraction. In Soxhlet extraction (see Figure 3.23) the polymer material is 
placed in a thimble, the solvent is heated to reflux in a round-bottomed flask under 
stirring and evaporates through the distillation path to the condenser. The solvent then 
drips into the chamber with the thimble and dissolves any soluble compounds. When 
the solvent in the chamber reaches a certain point the dissolved compounds return to 
the round-bottomed flask through the backward drain and the cycle can continue.  
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with solvent and stir bar
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Figure 3.23. Top: Soxhlet extraction of polymer 5 – 10 here the extraction with chloroform. Bottom: 
Principles in Soxhlet extraction.  
 
Purification by Soxhlet extraction of the polymers 5 – 10 was carried out using 
methanol, hexane and chloroform. Methanol and hexane removed the low molecular 
weight polymer fractions and other small molecules. The chloroform fraction was 
purified further by SEC to give fractions with a narrow molecular weight distribution. 
The polymers 1 – 4 and 11 – 16 were not purified by Soxhlet extraction. 
 
3.5.3. Size Exclusion Chromatography (SEC) 
 
3.5.3.1. Introduction  
One of the important characteristics of polymer materials is the molecular weight 
distribution.40,41 The weight-average molecular weight (Mw) and the number-average 
molecular weight (Mn) are defined in Eq. (3.1) and (3.2).40,41 The ratio between these 
two equations (Mw/Mn) is the polydispersity.40,41 
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Size Exclusion Chromatography (SEC) is a commonly used method to determine the 
molecular weight distribution of polymer materials. There are two types of SEC, gel 
filtration chromatography (GFC) and gel permeation chromatography (GPC). In GFC 
the column has a hydrophilic packing and is used for characterizing biological 
compounds such as peptides. In GPC the packing in the column is hydrophobic and 
the technique is normally used for characterizing organic compounds such as 
polymers.40-42  
As the name indicates, in SEC the polymer molecules are separated on the basis of 
size or hydrodynamic volume.43 The principles of the method are shown in Figure 
3.24.  
 

 
Figure 3.24. Principles in Size Exclusion Chromatography. Reprinted with permission of John Wiley 
& Sons, Inc.41   
 
The sample mixture is injected onto the column containing a porous packing (a). The 
different molecules are separated in the column where small molecules are trapped in 
the pores and larger molecules move down the column more rapidly (b). The larger 
molecules are then eluted due to limited accessibility in the pores and these exit the 
column first (c) followed by the smaller molecules (d). The polymer fractions are 
detected by e.g. UV-vis and the concentration in each fraction can then be determined. 
The raw data obtained from SEC is a molecular size distribution, which is converted 
to an apparent molecular weight distribution using a calibration curve (e.g. obtained 
from polystyrene).41 Errors in this method can occur especially during the 
calculations. Therefore, one has to ensure a constant and reproducible flow rate and a 
careful calibration.43 The method is often carried out using a closed system operating 
under high pressure, which is called a high performance SEC or HPSEC.41 In HPSEC 
the number of theoretical plates generated per second is ten times higher than normal 
SEC. This means that the method is faster and results in higher resolution.41 

SEC can also be used as a preparative purification method, in which case the polymer 
is fractionized by size in order to obtain a narrow polydispersity. It is desirable to 
have a polymer with a low polydispersity since many of the characteristics of the 
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polymer depend on the molecular weight and high and low molecular weight fractions 
of a polymer may not have the same properties.42 
 
3.5.3.2. Results 
SEC has been used extensively to analyze all the polymers described in Chapter 3 
(further details in Appendix A2.1 and A2.2).  
To study the effect of the molecular weight on the photovoltaic responses polymer 8 
was fractionated by preparative SEC according to molecular weight and the fractions 
were applied in OPV devices. The photovoltaic responses of these devices are 
discussed in Section 5.4.4.  
The SEC traces before and after the fractionation of polymer 8 by preparative SEC are 
shown in Figure 3.25. The SEC system used was a succession of columns with 
different pore size (100 and 1000 Å). The raw polymer material was separated into 
fractions by preparative SEC to give five fractions with smaller polydispersity. The 
molecular weight and polydispersity for the fractions is given in Table 3.2 and it can 
be seen that the MW of the fractions decreases for each fraction (fraction 1 – 5). MP is 
the molecular weight at the peak of the SEC trace which also decreases from fraction 
1 to fraction 5. 
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Figure 3.25. SEC traces of polymer 8 and of the narrow molecular weight fractions. The raw material 
refers to polymer 8 before purification. The preparative SEC system contained a gel column system 
comprising a succession of columns with 100 and 1000 Å pore diameter, with a detector at 500 nm.  
 
Table 3.2. Molecular weight and polydispersity of the five fractions of polymer 8 obtained by 
preparative SEC.  The preparative SEC system contained a gel column system comprising a succession 
of columns with 100 and 1000 Å pore diameter, with UV-vis detection at 500 nm.  
 

Fraction Mw Mp Mw/Mn (PD) 
1 15000 17000 1.6 
2 8500 7900 1.3 
3 4600 4300 1.1 
4 2500 2200 1.1 
5 1300 1000 1.1 
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3.6. Summary 
The synthesis of 16 new low band gap copolymers based on thiophene, 
benzothiadiazole and benzo-bis(thiadiazole) has been carried out by two strategies: 
oxidative ferric chloride polymerization and Stille cross coupling polymerization. 
These two polymerization methods are described in detail along with the synthetic 
steps carried out to prepare the 16 new polymers. 
The oxidative ferric polymerization resulted in four copolymers of thiophene and 
benzothiadiazole. The Stille cross coupling polymerization resulted in 8 copolymers 
based on thiophene and benzothiadiazole and 4 copolymers based on thiophene and 
benzo-bis(thiadiazole), where the number of thiophenes in the repeating unit was 
varied from 1 to 4. Furthermore, the alkyl side chain influenced the film-forming 
ability and the absorbance. The 3,7,11-trimethyldodecyl-group was found to give the 
best results in this respect. The polymers were purified chemically and by SEC. 
The syntheses of the copolymers described here have been published in the literature 
in two papers (see Appendix A2.1 and A2.2). All failed syntheses are described in 
Appendix 1.  
 
References 
1 V. M. Niemi, P. Knuuttila, J. E. Österholm, J. Korvola, Polymer 33 (1992) 

1559-1562.  
2 M. R. Andersson, D. Selse, M. Berggren, H. Järvinen, T. Hjertberg, O. 

Inganäs, O. Wennerström, J.-E. Österholm, Macromolecules 27 (1994) 6503-
6506. 

3 G. Barbarella, M. Zambianchi, R. Di Toro, M. Colonna Jr., D. Iarossi, F. 
Goldoni, A. Bongini, J. Org. Chem. 61 (1996) 8285-8292. 

4 T. Olinga, B. François, Synth. Met. 69 (1995) 297-298. 
5 R. D. McCullough, R. D. Lowe, M. Jayaraman, D. L. Anderson, J. Org. Chem. 

58 (1993) 904-912. 
6 T.-A. Chen, R. D. Reike, J. Am. Chem. Soc. 114 (1992) 10087-10088. 
7 R. D. McCullough, S. P. Williams, S. Tristan-Nagle, M. Jayaraman, P. C. 

Ewbank, L. Miller, Synth. Met. 69 (1995) 279-282. 
8 J. Roncali, Chem. Rev. 97 (1997) 173-205. 
9 D. L. Vangeneugden, D. J. M. Vanderzande, J. Salbeck, P. A. van Hal, R. A. J. 

Janssen, J. C. Hummelen, C. J. Brabec, S. E. Shaheen, N. S. Sariciftci, J. Phys. 
Chem. 105 (2001) 11106-11113. 

10 D. L. Vangeneugden, R. H. L. Kiebooms, D. J. M. Vanderzande, J. M. J. V. 
Gelan, Synth. Met. 101 (1999) 120-121. 

11 R. M. S. Maior, K. Hinkelmann, H. Eckert, F. Wudl, Macromolecules 23 
(1990) 1268-1279.  

12 M. Sato, H. Morii, Macromolecules 24 (1991) 1196-1200.  
13 G. Daoust, M. Leclerc, Macromolecules 24 (1991) 455-459.  
14 Q. Pei, H. Järvinen, J. E. Österholm, O. Inganäs, J. Laakso, Macromolecules 

25 (1992) 4297-4301.  
15  M. R. Andersson, O. Thomas, W. Mammo, M. Svensson, M. Theander, O. 

Inganäs, J. Mater. Chem. 9 (1999) 1933-1940. 
16 R. D. McCullough, Adv. Mater. 10 (1998) 93-116. 
17 L. M. Campos, A. Tontcheva, S. Günes, G. Sonmez, H. Neugebauer, N. S. 

Sariciftci, F. Wudl, Chem. Mater. 17 (2005) 4031-4033. 
18 J. K. Stille, Pure & Appl. Chem. 57 (1985) 1771-1780. 
19 J. K. Stille, Angew. Chem. 98 (1986) 504-519. 



Synthesis and purification 

 40

20 A. de Meijere, F. Diederich, Metal-catalyzed cross-coupling reactions, 2nd 
Ed., Vol. 1 and 2, Wiley-VCH, 2004, ISBN: 3-527-30518-1. 

21 K. Fugami, M. Kosugi, Cross-Coupling Reactions – a practical guide, 
Springer, Ed. N. Miyaura, 2002, ISBN: 3-540-42175-0.  

22 J. K. Stille, K. S. Y. Lau, Acc. Chem. Res. 10 (1977) 434-442. 
23 J. K. Stille, The chemistry of the metal-carbon bond- the nature and cleavage 

of metal-carbon bonds, Editors: F. R. Hartley, S. Patai, John Wiley & Sons, 
vol. 2 (1985) 625-787, ISBN: 0-471-90282-9. 

24 J. Clayden, N. Greeves, S. Warren, P. Wothers, Organic Chemistry, Oxford 
University Press, 1991, ISBN: 0-19-850346-6. 

25 A. Gillie, J. K. Stille, J. Am. Chem. Soc. 102 (1980) 4933-4941. 
26 M. K. Loar, J. K. Stille, J. Am. Chem. Soc. 103 (1981) 4174-4181. 
27 A. Moravskiy, J. K. Stille, J. Am. Chem. Soc. 103 (1981) 4182-4183. 
28 J. Tsuji, Palladium reagents and catalysts – innovations in organic synthesis, 

1995, John Wiley & Sons Ltd., Chichester, ISBN: 0-471-95483-7. 
29 F. C. Krebs, M. Biancardo, Sol. Energy Mater. Sol. Cells 90 (2006) 142–165. 
30 A. Iraqi, G. W. Baker, J. Mater. Chem. 8 (1998) 25-29. 
31 A. Dhanabalan, J. K. J. van Duren, P. A. van Hal, J. L. J. van Dogen, R. A. J. 

Janssen, Adv. Funct. Mater. 11 (2001) 255-262. 
32 A. Dhanabalan, P. A. van Hal, J. K. J. van Duren, J. L. J. van Dogen, R. A. J. 

Janssen, Synth. Met. 119 (2001) 169-170. 
33 K. Pilgram, M. Zupan, R. Skiles, J. Heterocycl. Chem. 7 (1970) 629-633. 
34 Q. Hou, Y. Xu, W. Yang, M. Yuan, J. Peng, Y. Cao, J. Mater. Chem. 12 

(2002) 2887-2892. 
35 C. Kitamura, S. Tanaka, Y. Yamashita, Chem. Mater. 8 (1996) 570-578. 
36 M. Karikomi, C. Kitamura, S. Tanaka, Y. Yamashita, J. Am. Chem. Soc. 117 

(1995) 6791-6792.  
37 F. C. Krebs, R. B. Nyberg, M. Jørgensen, Chem. Mater. 16 (2004) 1313-1318. 
38 K. T. Nielsen, K. Bechgaard, F. C. Krebs, Macromolecules 38 (2005) 658-

659. 
39 K. T. Nielsen, K. Bechgaard, F. C. Krebs, Synthesis 10 (2006) 1639-1644. 
40 M. P. Stevens, Polymer Chemistry - An Introduction, 3rd Ed., Oxford 

University Press, 1999, ISBN: 0-19-512444-8. 
41 W. W. Yau, J. J. Kirkland, D. D. Bly, Modern Size-exclusion liquid 

chromatography – practice of gel permeation and gel filtration 
chromatography, John Wiley & Sons, 1979, ISBN: 0-471-03387-1. 

42 D. A. Skoog, D. M. West, F. J. Holler, Fundamentals of analytical Chemistry, 
7th Ed., Saunders College Publishing, 1996, ISBN: 0-03-016873-2. 

43 B. Trathnigg, Encyclopedia of analytical chemistry, R. A. Meyers (Ed.), John 
Wiley & Sons Ltd., 2000, ISBN: 0471976709, p. 8008-8034. 



41 

 
 
 
 
 
 
The characteristic data of a low band gap polymer, which is applied in an OPV, is the 
absorption spectra, the band gap and the electronic band structure, i.e. determination 
of the energy levels of the HOMO and LUMO. Important methods to determine these 
characteristics are UV-vis and Ultraviolet Photoelectron Spectroscopy (UPS). An 
introduction to these methods is given in this chapter in addition to some results 
obtained for the copolymers in Chapter 3.   
 
4.1. UltraViolet Visible Spectroscopy (UV-vis) 
 
4.1.1. Introduction  
UV-vis is a type of electronic spectroscopy.1 In general either emission or absorption 
spectra (see Figure 4.1) are obtained in electronic spectroscopy. The emission is an 
analysis of the light, which is emitted from a compound. The absorption is an analysis 
of the light, which is transmitted by an absorbing medium.1,2 Here the focus is on the 
absorption. 

hv hv

absorption emission

Ψ0

Ψ1Ψ1

Ψ0  
 
Figure 4.1. Emission and absorption principles, where Ψ0 and Ψ1 represents the ground state and the 
electronic excited state, respectively. 
 
In UV-vis the absorbance of a material is measured using light in the near ultraviolet 
(UV), visible (vis) and the near infra red (NIR) regions. The wavelengths of these 
regions are 200-400 nm, 400-800 nm and 800-1200 nm respectively.1 The light 
absorbed is proportional to the number of molecules in the path and can be written as 
 

lcε
I

I
logA 0 ⋅⋅==  ,       (4.1) 

 
where A is the absorbance, I0 is the light intensity before the sample, I is the light 
intensity after passing through the sample, ε is the molar extinction coefficient, c is 
the molar concentration and l is the length (normally 1 cm). Equation (4.1) is also 
known as Lambert-Beer’s law.1-3 Lambert-Beer’s law only applies for monochromatic 
light and dilute solutions (c ≤ 10-2 M).2 
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Figure 4.2. Excitation from the ground state to an excited state. 
 
When a molecule absorbs energy an electron is excited from an occupied orbital (σ, π 
or n) to an unoccupied orbital (σ* or π*) of greater energy. The amount of energy 
corresponds to the energy of the photon (E = hv).1,2 In Figure 4.2 the different 
transitions are shown and Figure 4.3 shows where in the absorption spectra these 
transitions are seen.  
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Figure 4.3. Transitions in the absorption spectra. 
 
When the conjugation length of a molecule increases, the energy, which is required 
for transition, decreases and the difference between HOMO and LUMO (i.e. the band 
gap) becomes lower. This is seen in the absorption spectra as a red shift, or a move to 
longer wavelengths, i.e. a bathochromic effect.3 When a blue shift to shorter 
wavelengths is observed it is called a hypsochromic effect.3 The most probable 
transition is the one from HOMO to LUMO.3  
There are two types of transitions; the allowed, where the transition does not involve a 
change in electron spin (no change in the spin quantum number) and the forbidden, 
where a spin change is required.3,4 Whether a transition is allowed can also be seen 
from the value of ε (see Table 4.1).2  

 
Table 4.1. Transition determined from ε. 
 

  ε (M-1 cm-1) ≤ 10 10 < x > 1000 1000 < x > 100,000 ≥100,000 
Transition  not 

allowed 
weak allowed strong 

 
As mentioned in Chapter 2, the low band gap polymers described in the literature are 
often based on donor and acceptor moieties and this structure of the polymer is also 
reflected in the UV-vis spectra as a double peak (see Figure 4.4). 
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Figure 4.4. Double peak absorption spectrum of donor-acceptor copolymer (polymer 8). 
 
The donor/acceptor moieties also show a charge transfer from the donor to the 
acceptor unit by increasing the length of the π system through resonance using the non 
bonding electrons (e.g. on S in thiadiazole). This gives an extra electron in the ring 
and the new structure then corresponds to the excited electron in π*.3 
The optical band gap of the polymer is estimated from the absorption spectra by 
taking the tangent to the curve and converting the cut-off to eV (see Appendix A2.2). 
In Section 2.1 it was shown that a low band gap (i.e. if the polymer had a cut-off in 
the absorption spectra at 1000 nm that is a band gap of 0.8 eV) the result is a higher 
theoretical current of the OPV device.  
 
4.1.2. Results 
The polymers 5 – 10 were analyzed by UV-vis to determine λmax and the optical band 
gap of the polymers. The absorption spectra of polymer 5 – 10 plotted as a function of 
the wavelength and the energy are shown in Figure 4.5.  
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Figure 4.5. Absorption spectra of polymer 5 – 10 as function of a) wavelength from 350 - 1100 nm and 
b) energy from 1.0 – 3.5 eV. The extinction coefficient was calculated from Lambert-beer’s law using 
the molecular weight of the repeating unit in the polymer. 
 
The absorption spectra show the characteristic double peak of a donor-acceptor 
copolymer; however, this is mostly for the copolymers of thiophene and 
benzothiadiazole (polymer 5 – 8). These copolymers also show a red shift in the 
absorption spectra, when the number of thiophenes in the repeating unit is increased 
(n = 1 –  4). 
The copolymers based on thiophene and benzo-bis(thiadiazole) (polymer 9 and 10) 
also absorb light in the NIR region of the spectra (i.e. up to 1800 nm, see Figure 4.6).  
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Figure 4.6. Absorption spectra of polymer 9 and 10 as a function of a) wavelength from 400 - 2000 nm 
and b) energy from 2.0 – 0.6 eV. The extinction coefficient was calculated from Lambert-beer’s law 
using the molecular weight of the repeating unit in the polymer. The peaks at 1400, 1600 and 1900 nm 
are ascribed to the instrument. 
 
The optical band gap of the polymers was estimated from the absorption spectra and 
these are listed in Table 4.2 along with the extinction coefficient (ε) at λmax of the 
polymers. According to ε all transitions in the polymers 5 – 10 are allowed. In 
addition the red shift seen in the absorption spectra of polymer 5 – 8 is also seen for 
the band gap which decreases from 2.10 to 1.65 eV when the number of thiophene 
units in the repeating unit increases from 1 to 4. For further details on polymer 5 – 10 
see Appendix A2.2.  
 
Table 4.2. Optical band gaps and λmax of polymer 5 – 10. 
 
 5 6 7 8 9 10 
λmax (nm) 477 479 435 

602 
450 
597 

770 902 

ε (M-1 cm-1) 7100 14000 11000 
166000 

24000 
25000 

7600 8100 

Band gap (eV) 2.10 2.10 1.82 1.65 0.65 0.67 
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The polymers 1, 4 and 14 have also been analyzed using UV-vis and the band gap of 
these polymers were found to be 2.0, 1.8 and 2 eV, respectively. UV-vis data of the 
rest of the polymers (2, 3, 11, 12, 13, 15 and 16) did not show accurate results, due to 
insolubility of the polymers. For further details see Appendix A2.1 and A2.2. 
 
4.2. Ultraviolet Photoelectron Spectroscopy (UPS) 
 
4.2.1. Introduction  
It is important to know the electronic band structure of a polymer applied in OPV 
devices to achieve high open circuit voltage (VOC) and hence high efficiency (η) of the 
device by optimum energy level alignment (this will be discussed in detail in Section 
5.2).  
Ultraviolet photoelectron spectroscopy (UPS) is a method for investigation of the 
electronic structure of a molecule.5 The technique establishes the electronic structure 
of the valence band and the bonding characteristics of a film or substance on the 
surface.6 When the electron beam hits the surface an electron is ejected from an 
orbital and the ionization energy of the molecule is measured.6 The kinetic energy of 
the emitted electron is determined by Eq. (4.2).7 

 
Skin ΦBEE −−= hv        (4.2) 

 
In Eq. (4.2) hv is the energy of the photon and BE is the binding energy of the orbital 
from, which the electron leaves. This can be regarded as the ionization energy of the 
atom for the particular shell. The ΦS is the spectrometer work function.7 
The ionization energy of the valence electrons is several electron volts and thus, it is 
necessary to operate in the ultraviolet region of the spectrum.6 The measurements are 
carried out on a synchrotron storage ring, which consists of an electron beam traveling 
in a circle.6 The electrons generate radiation in a wide range from the far infrared to 
X-rays, when they are constantly accelerated by the forces keeping them in their 
path.6  
Measurements are carried out on a metal substrate and Au substrates are normally 
used. In a first step the Fermi level of the metal is determined. The Fermi level is 
defined as the energy level where the possibility to find an electron is 0.5. For a metal 
the Fermi level is equal to the energy required removing one electron from the metal 
to the vacuum level, i.e. the work function. This is followed by measurements on a 
spin coated film on top of the substrate. The Fermi level of the polymer can then be 
determined from the Fermi level of the substrate.8 From the spectra of the substrate 
the work function, ΦAu, is calculated using Eq. (4.3).8 

 
maxBE−=Φ hvAu        (4.3) 

 
In Eq. (4.3) hv is the energy of the electron beam (50 eV) and BEmax is the cut-off at 
high binding energies.9 

From the spectra obtained from the spin coated polymer film the valence band edge of 
the polymer, EF

VB, is determined by the onset of photoelectrons toward low binding 
energies, where the Fermi level of the substrate has zero binding energy (Eq. (4.4)).8,9 

 

min
VB

F BEE =         (4.4) 
 



Physical characterization 

 47

EF
VAC is the energy difference between the vacuum level of the polymer and the 

Fermi level in the metal substrate and is given by Eq. (4.5).8,9 
 

max
vac

F BEE −= hv         (4.5) 
 
IP is the ionization energy of the polymer and is determined by Eq. (4.6).8 

 
VAC

F
VB

F EEIP +=        (4.6) 
 
The difference between the vacuum level of the substrate and the polymer, Δ, (Eq. 
(4.7)) is ascribed to the dipole layers at the polymer-vacuum interface and may also be 
influenced by the thickness of the polymer layer since dipoles are different for thicker 
films.8,10  
 

AuΦ−=Δ VAC
FE        (4.7) 

 
In Figure 4.7 it is shown how a picture of the band structure can be obtained from 
these values. With UPS it is not possible to determine the energy level of the LUMO 
of the polymer; however, as an approximation the optical band gap can be used.8 
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Figure 4.7. Values in band structure obtained from UPS spectra. Eg is estimated from UV-vis. 

 
4.2.2. Results 
UPS was used to analyze the electronic structure of polymer 5 – 10. The 
measurements were carried out at the ASTRID synchrotron storage ring at Aarhus 
University, Denmark. ASTRID is a small storage ring with a circumference of 40 m.11 
The spectra was recorded using 50 eV photons. Surface analysis of the samples was 
carried out by Electron Spectroscopy for Chemical Analysis (ESCA)6 at ASTRID in 
situ and at Risø National Laboratory to determine the chemical composition of the 
film surface, i.e. to determine if the film was thick enough to perform the UPS 
measurements, since Au particles on the surface indicates a thin film and would result 
in an incorrect picture of the band structure. 
Measurements were carried out on the gold substrate first to determine the Fermi level 
of the substrate and the work function, ΦAu.9,10,12 The Fermi level was found to be 4.6 
eV. The low value of the Fermi level (normal 4.9 – 5.3 eV) may be due to 
contamination during transport. Measurements were then carried out on spin coated 
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polymer films. The graph obtained from the measurements is shown in Figure 4.8a for 
polymer 8. It can be seen how BEmax and BEmin are determined as the cut-off and the 
onset respectively. These are used to calculate the ionization potential, IP etc. from 
Eq. (4.4) – (4.7) and the resulting band structure is drawn (see Figure 4.8b).  
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Figure 4.8. Top) UPS spectra and bottom) band structure of polymer 8. 
 
UPS spectra, UPS data and band structures of polymer 5 – 7 and 9 – 10 are given in 
Appendix A2.2. It was found that the Fermi level was well aligned with the middle of 
the optical band gap except for the copolymers based on benzo-bis(thiadiazole) and 
thiophene (polymer 9 and 10). This could be due to doping of the polymer (see 
Section 5.1). However, as described in Section 3.5.1, purification with hydrazine and 
ammonia showed no difference in the absorption spectra. Thus, the band gap of the 
two polymers may be underestimated, and according to EF

VB the band gaps should be 
0.94 and 1.04 eV respectively. This is, however, seen as an upper limit since the UPS 
measurements do not show the electronic energy levels of the empty orbitals (i.e. 
LUMO).  
For the polymers based on thiophene and benzothiadiazole (polymer 5 – 8) it was 
found that EF

VB decreased with an increase in number of thiophenes in the repeating 
unit (n = 1 – 4), which was also seen for the optical band gap, Eg (see Section 4.1.2). 
UPS measurements were also attempted for polymer 11 – 16 but because of the 
insolubility of these polymers the films obtained were not suitable for UPS 
measurements.  
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4.3. Summary 
Band gap and electronic structure of the polymers have been determined from UV-vis 
and UPS and these methods have been described in detail. It was found that the band 
gap of the copolymers of thiophene and benzothiadiazole was decreasing with an 
increase in the number of thiophenes in the repeating unit. 
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The results described in this chapter are primarily based on studies of polymer 8 in 
OPV devices. The studies were mainly carried out at the National Renewable Energy 
Laboratory in Colorado, USA.  In the first part of the chapter the principles of OPVs 
are described along with details which should be considered when applying low band 
gap polymers, such as polymer 8, in OPVs. This is followed by a summary of the 
studies carried out with polymer 8. In the final part of the chapter results obtained on 
hybrid PV based on ZnO and polymer 8 is given. 
 
5.1. Introduction 
In organic photovoltaic (OPV) devices the active polymer layer absorbs light (hv) and 
an electron-hole pair is formed, called an exciton. The exciton is transported to a 
trapping site, where a hole and an electron are formed. This charge separation is 
followed by charge transport to the two electrodes, i.e. holes to the electrode with the 
high work function and electrons to the electrode with the low work function.  
 
5.1.1. Principles of OPVs 
All materials are divided into three groups according to their electronic properties: 
insulator, semiconductor and conductor.1 Metals are conductors and the conjugated 
polymers applied in OPVs are semiconductors.  
The energy levels in a metal are so close that they form a continuum, which is shown 
as a box in an energy diagram (see Figure 5.1). The work function of a metal 
corresponds to the energy needed to remove one electron from the metal to vacuum 
(i.e. the energy from the Fermi level to the vacuum). The Fermi level is defined as the 
energy level in which the possibility to find an electron is 0.5.  
Both insulators and semiconductors have a characteristic energy band gap between 
HOMO and LUMO. There are two types of doped semiconductors, known as the n-
type and the p-type. For a semiconductor the Fermi level is in the middle of the band 
gap; however, for the n-type semiconductor the Fermi level is very close to the 
LUMO and for the p-type the Fermi level is close to the HOMO.2 This is summarized 
in Figure 5.1. 
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Figure 5.1. Energy diagram of a metal, an undoped semiconductor, a p-type and a n-type 
semiconductor. Φ is the work function, Ef is the Fermi level and Evac is the vacuum level.  
 
Within the area of OPV there are three main types of devices: 1) single layer, 2) 
bilayer heterojunction and 3) bulk heterojunctions. In Figure 5.2 examples of these 
devices are illustrated. 
 

ITO
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2

1

3

 
 
Figure 5.2. Schematic view of the different types of OPV. 1) single layer, 2) bilayer heterojunction and 
3) bulk heterojunction.  
 
The single layer device consists of a semiconducting polymer sandwiched between 
two electrodes with different work functions.3 The processes in the single layer device 
can be described by the metal-insulator-metal (MIM) model used to study inorganic 
photovoltaic devices. In Figure 5.3a the single layer device is shown under open 
circuit conditions. This means that there is no current flowing through the device and 
the voltage is determined by the difference in the work functions of the two 
electrodes. In Figure 5.3b the device is shown under short circuit conditions. Here the 
voltage is zero and the electrons flow from the ITO electrode to the Al electrode under 
illumination in which case the Fermi level of the electrodes coincide. Under 
illumination photons are absorbed. This process generates excitons followed by 
charge transfer to the electrodes and charge separation at the polymer/electrode 
interface. The device works as a photovoltaic.2-4 
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Figure 5.3. Metal-insulator-metal (MIM) model for single layer device. a) Under open circuit and b) 
under short circuit. Φ is the work function of the two electrodes, Evac is the vacuum level and Eg is the 
band gap of the polymer.  
 
The MIM model can also be described under reverse and forward bias where the 
device works as a photodetector and a light emitting diode (LED). For the forward 
bias a voltage larger than the open circuit voltage is applied. Electrons are injected 
into the LUMO of the semiconductor and light is emitted when electron combines 
with a hole. 2-4 
As indicated the MIM model describes devices consisting of insulators. However, 
since the polymers applied in OPVs are semiconductors the model does not give an 
accurate picture of what happens in the device. In Figure 5.4 a Schottky device is 
shown under short circuit conditions. In the depletion area, W, an energy barrier of 
charges is built up and the bands in the semiconductor bend due to the parabolic 
gradient of the potential. This energy barrier is called a Schottky barrier.2-4   
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Figure 5.4. Schottky model for single layer device under short circuit conditions. 
 
Examples of the single layer OPV in the literature have shown poor efficiency 
(example in Appendix A2.1). This is ascribed to the poor charge separation in the 
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device. Hence, addition of an electron acceptor will increase the charge separation and 
thus increase the efficiency. It is believed that the photocurrent in such a device is 
generated as a result of charge transfer reactions between donor and acceptor 
molecules combined with a slow recombination rate of charges in the device.5 In 1992 
the photoinduced electron transfer from a polymer to C60, resulting in an efficient 
charge separation, was discovered.6  
The bilayer device consists of a donor and an acceptor layer, where the polymer is 
applied with an electron acceptor layer on top, normally C60. There are two main 
advantages to the bilayer compared to the single layer device. First, the recombination 
rate of the electron and hole is lower than the forward charge transport. Second, once 
the excitons have dissociated to the interface of the materials the electrons travel in 
the n-type acceptor material and the holes travel in the p-type donor material resulting 
in efficient charge separation. 3,4 
In Figure 5.5 the bilayer device is shown as the MIM model with no band bending for 
simplicity. Under open circuit conditions (a) no current runs in the device and the 
voltage is determined by the difference in LUMO level of the acceptor and the 
HOMO level of the donor. Under short circuit conditions (b) the Fermi levels of the 
two electrodes align and electrons are transferred from the donor to the acceptor.3,4 
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Figure 5.5. Metal-insulator-metal (MIM) model for bilayer heterojunction device. a) Under open 
circuit and b) under short circuit. Φ is the work function of the two electrodes, Evac is the vacuum level, 
Eg is the band gap of the polymer and D and A is the donor and acceptor, respectively. Not to scale.  
 
As described, the bilayer device has several advantages compared to the single layer; 
however, to increase the charge transport further the use of a soluble C60 derivative 
(e.g. PCBM) has been shown to increase the efficiency of the device.5 This is a bulk 
heterojunction and has several advantages compared to the bilayer heterojunction. The 
better contact between the donor polymer and the acceptor results in a larger surface 
area at which charge separation takes place and the charge recombination rate is low 
due to the charge separation within the different phases. 3,4 
In Figure 5.6 the bulk heterojunction device is shown as the MIM model without the 
band bending for simplicity and the donor and acceptor is shown as a mix in between 
the two electrodes. Under open circuit conditions (a) no current runs in the device and 
the voltage is determined by the difference in LUMO level of the acceptor and the 
HOMO level of the donor. Under short circuit conditions (b) the voltage is zero and 
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the current flows from the ITO to the Al electrode as the Fermi level of the electrodes 
coincide. The charges are separated under illumination at the donor/acceptor 
interface.3,4 
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Figure 5.6. Metal-insulator-metal (MIM) model for a bulk heterojunction device. a) Under open circuit 
and b) under short circuit. Φ is the work function of the two electrodes, Evac is the vacuum level, Eg is 
the band gap of the polymer. The HOMO and LUMO of the donor and acceptor are marked with red 
and black lines, respectively.  
 
Since the donor and acceptor are not attached to the electrodes separately as in the 
bilayer heterojunction, the donor and acceptor have to form percolation pathways 
within the network for the holes and electrons to be transferred to the electrodes. 
Therefore, the bulk heterojunction devices are very sensitive to the nano-morphology 
of the active layer and the blend of the polymer and acceptor. Thus, it is crucial to 
have an optimum domain size of the phase separation in order to get the right exciton 
dissociation and charge transport.3,4 The most studied device structure today is of the 
bulk heterojunction type (as seen in Tables 2, 3, 4, 6, 8 and 10 in Appendix A2.3) 
where the respective polymers are mixed with PCBM in a device with the structure: 
ITO/PEDOT:PSS/polymer:PCBM/Al.  

 
5.1.2. Important parameters 
There are some important parameters, which describe an OPV. These parameters are 
the short circuit current (JSC), the open circuit voltage (VOC), the fill factor (FF), the 
efficiency (η) and the incident photon to current efficiency (IPCE) or external 
quantum efficiency (EQE).  
The JSC is the maximum current which flow in the device under illumination when no 
voltage is applied. The JSC is highly dependent on the morphology of the device and 
on the lifetime and mobility of the charge carriers.7,8 Further, it was shown in Section 
2.1 that a decrease in the band gap results in a higher maximum theoretical current 
since more sun light, i.e. photons, is harvested. 
The VOC is the maximum voltage which the device can produce under open circuit and 
for bulk heterojunctions it is determined by the difference between the HOMO of the 
donor (polymer) and the LUMO of the acceptor (e.g. PCBM).9,10 It has been found 
that the VOC is not very dependent on the work functions of the electrodes.11,12 In 
addition, it has been proposed that lowering the HOMO of the polymer and increasing 
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the LUMO of the acceptor will cause an increase in the VOC resulting in higher 
efficiency.9,10 

The fill factor is the ratio between the maximum power output of the device (Vmax · 
Imax) and the maximum theoretical power output, which can be achieved if the device 
is an ideal diode (VOC · JSC) (see Eq. (5.1)). 
 

SCOCSCOC JV
IV

JV ⋅
⋅

=
⋅

= maxmaxmaxP
FF                              (5.1) 

 
The efficiency is determined from Eq. (5.2) and is the percentage of output power 
available, compared to input power. 
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How these factors are gained from an IV curve is shown in Figure 5.7. 
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Figure 5.7. IV curve for a OPV device with polymer 8 (see Section 5.6) with indication of JSC, VOC, 
Vmax and Imax. The IV curve measured in dark is dotted and under illumination is black solid. The ratio 
between the area for the blue and the red box is the FF.  
 
The IPCE shows how much of the light, which a given polymer absorbs, is converted 
into electrical energy in an OPV device. IPCE is determined by measurements of JSC 
as a function of the wavelength followed by calculation of the IPCE from Eq. (5.3).  
 

%100
P

IPCE(%) ⋅
⋅

=
e
J SC                                          (5.3) 

 
where P is the number of photons and e is the elementary charge (1.602 · 10-19 C).  
 
5.2. Low band gap polymers in organic photovoltaic devices 
When a low band gap polymer is applied in an OPV the energy level alignment 
becomes crucial. As described in Chapter 4 the electronic structure of the polymer can 
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be determined from UPS and UV-vis and this is compared with the energy levels of 
the acceptor. In Figure 5.8 the energy level of a low band gap polymer and an 
acceptor is shown. The energy α in Figure 5.8 represents the difference between 
LUMO of the donor polymer and LUMO of the acceptor, and it should be high 
enough to ensure an efficient electron transfer from the polymer to the acceptor. The 
energy β represents the minimum acceptable value of VOC. When a high band gab 
polymer (e.g. PPV based polymers) is applied in a device the values of α and β are 
high and efficient charge transfer and high VOC is achieved. Application of a low band 
gap polymer in a device with a chosen acceptor, like PCBM, limits the values of α 
and β, and efficient charge transfer and high VOC may not be possible. Therefore, use 
of new acceptors with other LUMO levels are one way to solve the problem of energy 
level alignment in OPVs based on low band gap polymers (as shown in Table 5.1, 
entry 6).  
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Figure 5.8. Energy level alignment in photovoltaic devices when a low band gap polymer (LBG) and a 
high band gap polymer (HBG) are applied. The HOMO levels are shown as black lines and the LUMO 
levels are shown as grey lines. α represents the difference between LUMO of the polymer and LUMO 
of the acceptor and β represents the minimum VOC.  
 
In the literature there are several examples of low band gap polymers applied in OPV 
devices. The efficiencies reported are lower than the well studied P3HT the efficiency 
of which has reached η = 5 %.13,14 However, the maximum JSC achievable for P3HT is 
14.3 mA cm-2 (see Section 2.1) and has almost been obtained. Hence, reports on 
OPVs based on low band gap polymers have increased in the past few years. The 
results of part of the low band gap polymers from the literature applied in OPVs are 
summarized in Table 5.1.  
 
Table 5.1. Highest η reported for some low band gap polymers in OPV. The device structure was 
ITO/PEDOT:PSS/polymer:PCBM/LiF/Al. For structures of the polymers see Table 2.1. 
 

Polymer Band gap 
(eV) 

η  
(%) 

Ref. 

PITN 1.0 0.008 15 
P(T-ITN-T), R = Cl 1.8 0.31 16 

PTPTB 1.6 1.1 17,18 
P(T-TP-T) 1.9 1.1 19 
PCPDTBT 1.7 3.2 20,21 

PFTQT 1.27 0.7a 22 
a The OPV device was prepared with a blend of the polymer and a C70 derivate. 
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Several reviews have been written on OPVs and low band gap polymers.23-26 An up-
to-date review on low band gap polymers and their function in OPVs is given in 
Appendix A2.3. 
 
5.3. Device preparation 
The preparation of OPV devices is carried out in different ways by different research 
groups; however, a general technique is spin coating of the active layer on top of a 
transparent electrode followed by thermal evaporation of a metal electrode under 
vacuum with the resulting device structure: transparent electrode/active layer/metal 
electrode. Examples of three OPV devices are shown in Figure 5.9, where the active 
layer of polymer 8 and PCBM has a 0.1, 3 and 10 cm2 active area, respectively. In 
OPVs the transparent electrode consists of Indium Tin Oxide (ITO), poly(3,4-
ethylenedioxythiophene) doped with poly(styrenesulfonate) (PEDOT:PSS) (for 
flexible devices) or a combination of the two, where PEDOT:PSS is spin coated on 
top of ITO.  
The work function of ITO has been shown to change by various surface treatments, 
such as UV ozone and plasma treatment. The VOC of the OPV has only shown a weak 
dependence on the changes in the work function of ITO. However, the JSC have 
shown great dependence on the surface treatments of the ITO since the treatment has 
a large impact on the ITO surface roughness and morphology.5  

PEDOT:PSS forms uniform, transparent and conductive films. PEDOT:PSS is applied 
onto the ITO electrode to improve the interface between this electrode and the active 
layer. The thickness of the PEDOT:PSS layer is often less than 50 - 250 nm to ensure 
a high transmission. However, if the PEDOT:PSS is used as the transparent electrode 
on its own the conductivity has to be higher otherwise the result is a poorer 
transmission of light. The conductivity of the PEDOT:PSS can be varied by orders of 
magnitude using different polymerization processes, by doping and by annealing. The 
best results reported are for the combination of the ITO and PEDOT:PSS transparent 
electrode.5  
The choice of metal electrode is often Al, however, several others have been reported 
Ag, Au, Ca  and other metals.5 It has been shown that the VOC is independent of the 
work function of the metal electrode. Therefore, the most important thing to keep in 
mind for the choice of metal electrode is that the work function must be low for 
electron collection.5  
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Figure 5.9. Picture of OPV devices with different active areas: a) 0.1, b) 3 and c) 10 cm2 
(encapsulated). 
 
The reported OPVs are often devices with a small active area (e.g. 0.1 cm2). For small 
area devices the procedures used for application of the active layer are spin coating, 
solvent casting or doctor blading. Few reports have been published on the larger 
active area devices where screen printing procedures have been used.27-32 
Encapsulation of the devices is important to protect the active layer from oxygen. This 
can be done with a PET film so the device is flexible, or as shown in Figure 5.9, 
where the 10 cm2 device is encapsulated in glass and Al.33 Additional details on 
device preparation can be found in Appendix A2.1, A2.4 and A2.5.  
 
5.4. What affects the efficiency of OPV devices?  
Besides the band gap and energy level alignment another factor which is of great 
importance when it comes to the photovoltaic responses of OPVs is morphology. The 
morphology of the active layer in the device is affected by several factors: the solvent 
used for spin coating, concentration of the polymer, active layer thickness, 
composition of polymer and fullerene, annealing temperature and molecular weight.34 
Devices prepared with P3HT have shown great dependence of the photovoltaic 
responses on molecular weight,35 thickness of active layer,36-38 annealing 
temperature,13,14,38-49 solvent8 and solvent evaporation time.41 

 
5.4.1. Solvent, concentration and active layer thickness 
Since the report of an increase in efficiency from 0.9 to 2.5 % for a device based on 
MDMO-PPV/PCBM spin coated from toluene and chlorobenzene,8 the focus on 
solvent and hence morphology studies has increased greatly. The choice of solvent 
was important for the mixing of polymer and fullerene, for the domain size and for 
charge transport (i.e. the solvent improved the nano-morphology).8 The effect of the 
solvent on photovoltaic devices based on a low band gap polymer is limited, however, 
a copolymer based on fluorene, thiophene and benzothiadiazole with a band gap of 
about 2 eV showed that the morphology was improved when chlorobenzene was 
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added to the chloroform compared to spin coating from neat CHCl3.50 A significant 
increase in JSC and FF was seen, when spin coating from mixtures of chloroform and 
other solvents such as chlorobenzene compared to spin coating from neat chloroform. 
At the same time VOC was not influenced.50 In addition, it was found that the charge 
mobility in the device was improved when spin coating from solvent mixtures.50 
The influence of solvent and concentration on device morphology and efficiency has 
also been investigated for polymer 8 in bulk heterojunction devices. The efficiency 
was shown to depend on the solvent, the spin rate, the spin time and on the 
concentration. For polymer 8 and PCBM a smoother surface and a higher efficiency 
was achieved when the active layer was spin coated from 1,2-dichlorobenzene 
compared to spin coating from a mixture of chloroform and chlorobenzene. This does 
not correspond with the data obtained for annealing measurements on P3HT (see 
Section 5.4.3) where a smoother surface resulted in a lower efficiency.51  
Spin coating time and spin rate was found to produce thin films when using high rates 
and short times (slow dried film) and thick films when using low rates and long time 
(fast dried film). An improved efficiency was achieved for the slowly dried film. 
Concentration of polymer 8 with a fixed ratio (1:2) of PCBM and the same solvent 
(1,2-dichlorobenzene) showed that the efficiency increased with an increase in 
concentration and film thickness from 0.42 % for a 35 nm thick film to 0.9 % for a 
120 nm thick film. However, increasing the concentration of the polymer further and 
hence, the film thickness, resulted in a decrease in the efficiency to 0.39 % for a 270 
nm thick film. This is ascribed to absorption mainly occurring at the glass substrate in 
a thick film, which results in a poorer efficiency.14,52 Details on these studies are given 
in Appendix A2.5. 
 
5.4.2. Ratio between polymer and fullerene 
The ratio between the polymer and the fullerene in bulk heterojunction devices is of 
great importance in terms of photovoltaic response. The optimum ratio depends on the 
type of polymer mixed with PCBM. For MEHPPV the ratio which gave the highest 
efficiency was 1:3 and 1:4. Similar results were found for MDMO-PPV.3 This was not 
the case for P3HT or a copolymer of benzothiadiazole, thiophene and pyrrole, where 
ratios of 1:1 between the polymer and PCBM have been shown to be optimum. The 
morphology is affected by the ratio between the polymer and PCBM. Addition of 
more PCBM to P3HT has been shown to increase electron mobility.53,54 The effect on 
the photovoltaic responses of the ratio between polymer 8 and PCBM in bulk 
heterojunctions has also been investigated. The results show that a maximum in 
efficiency of 0.6 % was reached for a 1:2 ratio polymer/PCBM. Further details on 
these studies are given in Appendix A2.4. 
Electron acceptors other than PCBM have been studied in devices with low band gap 
polymers (Table 5.1 entry 6). A better charge separation was observed in devices 
based on copolymers of fluorene and the electron acceptor BTPF70, a soluble 
derivative of C70, than devices based on the copolymer of fluorene and PCBM. This 
finding was explained by the better overlap between the LUMO of the polymer and 
the LUMO of the electron acceptor (BTPF70).20,55-57  
 
5.4.3. Annealing temperature 
Several groups have reported on the annealing of OPV devices based on P3HT and 
PCBM (see Appendix A2.3 Table 2 and 3). Both post-production annealing and pre-
treatment annealing (i.e. annealing before and after deposition of the aluminum 
electrode) have been carried out. This showed that the pretreatment resulted in a 
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rougher surface which causes an increase in the efficiency of the device due to larger 
contact area between the polymer and the electrode.51 The post annealing also resulted 
in improved efficiency but the cause of this is not known.51 Annealing of a device has 
been shown to increase the charge carrier separation efficiency and the mobility of the 
charge carriers due to phase segregation.58,59 It has been shown that upon annealing of 
a bulk heterojunction based on P3HT and PCBM, the PCBM diffuses out of the 
polymer matrix and the polymer then orders in the lamella structure. The PCBM 
clusters improve the photocurrent due to formation of percolation paths.42,51,58  
Annealing studies have been carried out by several groups, where the highest 
efficiency to date is 5 % for a bulk heterojunction of P3HT and PCBM annealed at 
155 ºC for 2-3 min.14 or at 150 ºC for 30 min.13  
For a low band gap copolymer of fluorene, thiophene and benzothiadiazole annealing 
at 120 ºC showed an increase in JSC, FF and efficiency due to the dependence of the 
mobility on temperature. However, a decrease in VOC was observed due to a thermally 
activated injection current from the electrodes.60 
The effect of the annealing temperature on morphology and herefore, device 
performance has also been studied for polymer 1, 8 and 14. For polymer 1 an increase 
in efficiency from 0.014 to 0.024 % was observed when the device was post annealed 
at 70 ºC, and this was mainly due to the increase in JSC. Annealing showed no effect 
on the photovoltaic performances of devices based on polymer 14 and PCBM. For 
polymer 8 a more detailed study was carried out where post-annealing was done at 
different temperatures under a nitrogen atmosphere. The results show an increase in 
JSC, VOC, FF, η and IPCE, when the annealing temperature was raised from no 
annealing to 130 ºC and a decrease was observed in these parameters, when raising 
the temperature to 150 ºC. Further details on these studies are given in Appendix A2.1 
and A2.5. 
 
5.4.4. Molecular weight 
The molecular weight has been shown to influence the morphology and consequently, 
the efficiency of OPV devices. Results obtained for polythiophene35,61-63 show that 
high molecular weight and low polydispersity results in higher efficiencies due to a 
better morphology of the narrow molecular weight distribution polymer fractions.61 
However, it has been shown that the amorphous part of P3HT was required in order to 
obtain a better contact to PCBM nanocrystals and the crystalline part of P3HT was 
needed for the transport of holes.64 

To study the influence of the molecular weight of a low band gap polymer, polymer 8 
was fractionized into five fractions by preparative SEC (see Section 3.5.3.2) and these 
fractions were applied in OPV devices. The IV curves of the measurements are shown 
in Figure 5.10 and the photovoltaic responses of these devices are summarized in 
Table 5.2.  
 



Organic photovoltaics 

 62

Voltage (V)
-1.0 -0.5 0.0 0.5 1.0

C
ur

re
nt

 (m
A

 c
m

-2
)

0

10

20

30 dark, 8
8
Fraction 1
Fraction 2
Fraction 3
Fraction 4
Fraction 5

 
Figure 5.10. IV curves of ITO/PEDOT:PSS/polymer:PCBM(1:2)/Al. 
 
Table 5.2. Photovoltaic response of ITO/PEDOT:PSS/1:PCBM (1:2)/Al with different Mw of the 
polymer. Active area 0.1 cm2, AM1.5 and 100 mW cm-2. The raw material corresponds to the non-
fractionated polymer. The thickness of the active layer was measured by AFM. – indicates 
measurements which were not carried out. 
 
Fraction MW Thickness 

(nm) 
JSC 

(mA cm-2) 
VOC 
(V) 

FF 
(%) 

η 
(%) 

Raw - 160 3.42 0.59 38 0.77 
1 15000 100 2.42 0.64 40 0.62 
2 8500 130 2.07 0.64 34 0.45 
3 4600 155 2.05 0.60 32 0.40 
4 2500 - 1.78 0.62 30 0.33 
5 1300 - 1.05 0.63 27 0.18 

 
The data show a constant VOC around 0.6 V and a decrease in JSC with decreasing 
molecular weight from 2.4 mA cm-2 for fraction 1 to 1.1 mA cm-2 for fraction 5, and 
with efficiency decreasing from 0.6 % for fraction 1 to 0.2 % for fraction 5. However, 
comparison of the raw polymer 8 with the fractions of the polymer shows a decrease 
in the efficiency after fractionation of the polymer. This tendency is also seen for the 
IPCE (see Figure 5.11). There are three possible explanations for this: thickness, 
doping or gluing. First, in Table 5.2 it is observed that the thicknesses of the devices 
are not the same and a comparison is here fore very difficult. Second, since the 
fractionation by preparative SEC was carried out in air it is likely that the polymer 
was doped during this procedure. Third, the results shown for P3HT on the 
amorphous and crystalline parts may very well correspond to the results shown here. 
In other words the low molecular weight fractions being the amorphous part give 
better contact to the PCBM and the higher molecular weight fractions being 
crystalline effectively transfer holes.64 Therefore, in order to study the effect of the 
molecular weight properly the fractions should be dedoped before application in OPV 
devices and the concentration of the fractions should be chosen so the same thickness 
of the active layer for all five fractions is obtained.   
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Figure 5.11. IPCE curves fractionized polymers in OPV devices.  
 
5.4.5. Other factors 
Besides these factors other studies have shown that the morphology of the active layer 
is also affected by the size of the active area. Most reported data for photovoltaics are 
of very small active area devices (i.e. 0.1 cm2 or less, see Appendix A2.3 Table 2-4, 6, 
8 and 10). Few examples have been reported on large area devices based on PPV 
polymers and polythiophene.27-32 Polymer 8 was also applied in large area devices 
with an active area of 3 cm2 and 10 cm2 (see Figure 5.9) and the efficiencies obtained 
were 0.6 % and 0.2 % respectively. This shows that the efficiency often decreases 
with an increase in the active area and since the VOC = 0.6 V was constant; the 
decrease in efficiency can be explained by poorer morphology in the larger active area 
device. This is, however, the first result reported on a low band gap polymer in a large 
area device and it indicates that polymer 8, or derivatives thereof, are promising 
polymers for OPV. For further details on these results see Appendix A2.4. 
The type of compound also affects the photovoltaic response of OPV devices.34 The 
low band gap polymers are believed to increase the efficiency of the device compared 
to other types of polymers applied in OPV (e.g. PPV based polymers, see Section 
2.1). Further, devices prepared with polythiophene have shown that the 
regioregularity of the polymer is of great importance and so, research groups are 
today applying highly regioregular head-to-tail coupled P3HT.65,66 However, applying 
a head-to-head and a head-to-tail coupled copolymer of thiophene and 
benzothiadiazole (polymer 1 and 14, respectively) did not show any effect in the 
maximum photovoltaic responses that were obtained after annealing (see Appendix 
A2.1). The morphology has also been shown to depend on the types of side chains on 
the polymer back-bone and on the position of the side chains. In a copolymer of 
thienopyrazine and thiophene a higher efficiency was achieved for the polymer with 
bulky side groups on the benzene ring compared with bulky side groups on the 
thiophene ring.19 Studies have shown that a low band gap alone is not enough to 
ensure a high efficiency. The way that the molecules order in the solid phase is of 
great importance as for example in the case of P3HT which orders in a lamellar 
structure.67-72 
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5.5. Lifetime studies 
The few results reported from lifetime studies show short lifetime. Studies on OPV 
degradation are therefore important and have shown very complicated mechanisms of 
reaction with water and oxygen in the air, and with the electrode.73-78 Recently a 
lifetime of more than 20,000 hours estimated from accelerated studies has been 
reported for a device based on a polythiophene with thermocleavable side chains.79,80  
Lifetime studies have been carried out on copolymers based on thiophene and 
benzothiadiazole. These show very limited lifetimes of a few hours for polymer 14 in 
air. However, an increase from 2 to 80 hours was observed when a layer of C60 was 
added in a device based on polymer 8 (see Appendix A2.1 and A2.4). 
 
5.6. The 1 % device 
The highest efficiency achieved for an OPV device based on polymer 8 is 1 %. The 
device ITO/PEDOT:PSS/8:PCBM (1:2)/Al with an active area of 0.1 cm2 was 
annealed at 110 ºC. The active layer was spin coated from 1,2-dichlorobenzene using 
a slow drying technique. The data achieved when illuminated with 100 mW cm-2 
white light was VOC = 0.61 V, JSC = 3.59 mA cm-2, FF = 46 % and η = 1.0 %. The 
maximum IPCE = 18 % at 600 nm was achieved for a device with a concentration of 
15 mg/mL (see Appendix A2.5). 
 
5.7. Hybrid PV based on ZnO 
At NREL the study of polymers in hybrid PVs based on ZnO was carried out and 
while I was visiting NREL I therefore applied polymer 8 in ZnO based devices and 
the results are summarized in this section. 
  
5.7.1. Introduction 
Several papers have been published on hybrid photovoltaic devices, where a metal-
oxide is applied in the device to increase the charge carrier mobility.77,81 The hybrid 
PV devices works in a similar way as an OPV device (i.e., the polymer absorbs the 
light and operates as the hole transporter and thus donates electrons to the metal 
oxide).77 Different types of metal oxides have been used in the literature, e.g. SnO2, 
TiO2, CdSe and ZnO,77,81-83 and different polymers have been applied, e.g. P3HT, 
MDMO-PPV and MEH-PPV.77,81-85 

Hybrid PVs based on ZnO have shown an increase in the maximum VOC which can be 
obtained. Importantly, ZnO is cheap compared to the fullerene generally used in OPV 
and environmentally friendly when compared to CdSe.77,81-86 ZnO is used in different 
forms in the hybrid PV devices (i.e., fibers, particles or thin films). Some results with 
these forms of ZnO in hybrid PV devices described in the literature are summarized in 
Table 5.3.   
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Table 5.3. Photovoltaic performance of hybrid PV based on ZnO described in the literature. 
 
Form of ZnO η (%) IPCE (%) Ref. 
Thin film,  
ITO/ZnO/C60/P3HT/Au 

1.0 70 84 

Nano-structered fibers, 
ITO/ZnOfibers/P3HT:PCBM/Ag 

2.0 57 77,82 

Nano-particles,  
ITO/PEDOT:PSS/MDMO-PPV:ZnO/Al 

1.6 50 77,85-87 

Nano-particles, 
ITO/PEDOT:PSS/P3HT:ZnO/Al 

0.9 27 88 

 
As can be seen, use of ZnO results in improved efficiencies compared to the homo-
polymer devices. However, there are few drawbacks for the metal-oxide-based hybrid 
PV devices. It has been shown that the metal oxide looses oxygen, when stored in an 
inert atmosphere but gains oxygen when the device is stored in air.77,89 Studies 
showed that devices based on ZnO with MEH-PPV had lifetimes of only 2 hours 
because of polymer degradation under illumination after storage in air.77 

 
5.7.2. Results 
Polymer 8 was applied in ZnO based hybrid PV devices. In Figure 5.12 a schematic 
view of the hybrid PV with ZnO nanofibers is shown. The fibers are grown on top of 
the ITO electrode and the absorbing polymer is spin coated on top. This should result 
in a good contact between the electron donor (the polymer) and electron acceptor (the 
ZnO fibers). 

ITO

Substrate

Ag

Active area
0.1 cm2

Polymer

ZnO

 
 
Figure 5.12. A schematic view of a hybrid PV with nanofibers. 
 
The devices with polymer 8 were prepared according to the procedures described 
previously82,90 with few variations as summarized in Table 5.4. 
 
Table 5.4. Different ITO/ZnO/8/Ag devices. 
 
Type ZnO 

growth time (min.) 
Polymer/PCBM Solvent Concentration 

(mg/mL) 
1 10 min 1:0 CHCl3 36 
2 20 min 1:2 CHCl3/chlorobenzene 

(1:1) 
36.6 

3 no 1:2 dichlorobenzene 22.4 
4 no 1:2 dichlorobenzene 10 
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The photovoltaic responses of these devices are summarized in Table 5.5.  
 
Table 5.5. Photovoltaic responses of the devices described in Table 5.4. 
 

 Typea VOC (V) ISC (mA cm-2) FF (%) η (%) 
1 anneal 0.19 0.004 31 - 
2  0.22 0.09 30 0.01 
2 anneal 0.20 0.09 29 0.01 
3 0.07 0.64 27 0.01 
3 anneal 0.55 1.17 38 0.24 
4 0.02 0.78 - - 
4 anneal 0.31 1.82 36 0.20 

a The annealed samples were annealed at 120 ºC for 10 min. in air. They were then stored in air and 
darkness for two days before measuring. 
 
The results in Table 5.5 show very low JSC and VOC (except for type 3 anneal) 
compared to the results obtained for polymer 8 in OPV devices, i.e. η = 1 %. For type 
3 anneal the VOC (0.55 V) is in the same region as the VOC (0.6 V) for OPV devices; 
however, the JSC for this device is very low compared to the JSC for the OPV devices. 
There are some conclusions, which can be made from the results shown in Table 5.5.  
Comparing the annealed device of type 3 with the non-annealed device, it can be seen 
that the efficiency greatly increases upon annealing as is seen for OPV. Furthermore, 
comparing the annealed devices of type 3 and 4, it can be seen that the low 
concentration in type 4 results in a low efficiency as seen for OPV. 
Comparing the growth times it can be seen that no growth results in higher efficiency. 
This is ascribed to two problems, as shown in the Scanning Electron Microscopy 
(SEM) picture (see Figure 5.13). 
 

 
 
Figure 5.13. SEM pictures of type 2. Green circle: thickness of active layer, red circle: no polymer 
between ZnO fibers. The scale in bottom right corner is 100 nm. 
 
The SEM images suggest that the polymer concentration has been too high and this 
has resulted in a very thick film (~ 350 nm). In addition, the SEM image shows that 
the polymer film is not in between the ZnO nanofibers and only lies on top of the 
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fibers. This results in a poor charge transfer from the polymer or polymer blend to the 
ZnO and therefore, the efficiency is very low. This finding also explains the higher η 
for the device with no growth (type 3 and 4). 
Further work is needed to increase the efficiency of these ZnO-based hybrid devices 
with polymer 8, for example by using nano-particles blended with the polymer to 
ensure an efficient charge transport. Addition of nano-particles has shown an increase 
in efficiency for hybrid PV based on MDMO-PPV.85-88,91   
 
5.8. Summary 
The structure and principles of single layer, bilayer and bulk heterojunction OPV 
devices have been described in detail. To improve the efficiency of OPVs it is 
important to focus on the energy level alignment when using low band gap polymers. 
Film morphology also has a great influence on the efficiency of the device and this is 
affected by the molecular weight, annealing temperature, solvent, concentration, ratio 
between the polymer and acceptor and the thickness of the active layer. These factors 
have all been studied for polymer 8 and an efficiency of 1 % has been achieved for a 
0.1 cm2 device annealed at 110 °C.  
Studies of polymer 8 applied in hybrid photovoltaic devices with ZnO as the inorganic 
electron acceptor show poor insertion of the polymer between the ZnO nano-fibers. 
Further research is needed in order to find ways in which this polymer could function 
more effectively in these types of PVs. 
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It has been shown that applying low band gap polymers will increase the maximum 
current of an OPV device, and hence the efficiency due to a better overlap with the 
solar spectrum. 
The low band gap polymers described in the literature with band gaps between 2 and 
1 eV have been introduced. These low band gap polymers are based on fused ring 
systems often in a copolymer with a donor and acceptor moiety. In the design of 
polymers with a low band gap considerations such as intra-chain charge transfer and 
π-conjugation length should be taken into account. An example is the interactions 
between the donor and acceptor moieties in copolymers, which results in a charge 
separation in the polymer.  
New low band gap polymers based on thiophene as the donor unit and 
benzothiadiazole or benzo-bis(thiadiazole) as the acceptor unit were designed with 
these considerations in mind.  
The copolymers were synthesized by two strategies: one based on the oxidative ferric 
chloride polymerization and one based on the Stille cross coupling polymerization. 
The two strategies resulted in the synthesis of 16 new copolymers with low band gaps 
of 2 – 1.65 eV for copolymers of thiophene and benzothiadiazole and down to 0.65 
eV for copolymers of thiophene and benzo-bis(thiadiazole).  
The polymers were synthesized with different akyl side chains, i.e. hexyl, 2-
ethylhexyl, dodecyl and 3,7,11-trimethyldodecyl, to study the effect of the side chain 
on the film forming ability of the polymer. It was found that the 3,7,11-
trimethyldodecyl side chain gave the best film forming ability of the polymers.  
The polymers where purified from transition metal particles before application in 
OPV devices.  
UV-vis and UPS determined the band gap and the electronic structure of the 
polymers. It was found that the band gap of the copolymers based on thiophene and 
benzothiadiazole decreased with an increase in the number of thiophene (n) in the 
repeating unit (n = 1 – 4). Further, results from UPS showed that the copolymers 
based on thiophene and benzo-bis(thiadiazole) may have been doped, however, 
chemical dedoping did not show any difference.  
The polymers 1, 8 and 14 were applied in OPV devices. For polymer 1 and 14 it was 
shown that the head-to-head and head-to-tail coupling of the two polymers did not 
show any effect on the photovoltaic performances, which is in contrast to the results 
published for P3HT. Further, it was found that polymer 1 showed an improved 
efficiency upon annealing.  
A detailed study of the effects the morphology has on the photovoltaic performance 
was carried out for devices based on polymer 8. It was found that the efficiency of the 
devices was greatly affected by the choice of solvent, concentration of the polymer, 
the ratio between the polymer and PCBM and the annealing temperature. The highest 
efficiency of 1 % was obtained for a 0.1 cm2 device based on polymer 8 and PCBM in 
a 1:2 ratio, which was spin coated from 1,2-dichlorobenzene and annealed at 110 ºC.  
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The future work of OPV devices should focus on low band gap polymer materials in 
large quantities with a high purity that are processable in large area devices and have a 
long lifetime. This would make the OPV a true competitor to the inorganic 
photovoltaics.  
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During my work at Risø National Laboratory I have spent many hours in the 
laboratory and I have in this time done more than 50 different types of syntheses and 
several of these have been carried out multiple times. Most of these syntheses have 
been published in papers (see Appendix A2.1 and A2.2). In this appendix the 
experimental details for the attempted syntheses of the compounds shown in Figure 
3.18 are given followed by attempted syntheses of di-thiophene, attempted syntheses 
of di-stannyl derivatives of thiophene and di-thiophene and the synthesis of the Pd 
catalyst used through out this project.  
 
4,7-di-bromo-5,6-di-amino-benzo-2,1,3-thiadiazole 
 

N
S

N

Br Br

H2N NH2

Fe
N

S
N

Br Br

O2N NO2

AcOH

 
 
A mixture of 4,7-di-bromo-5,6-di-nitro-benzo-2,1,3-thiadiazole (6.68 g, 17.40 mmol) 
and iron powder (11.66 g, 208.77 mmol) in AcOH (340 mL) was stirred at room 
temperature for 2 hours. After cooling the precipitate was filtered and dried (22.02 g). 
The powder was not attempted purified but was used directly in the next reaction.  
  
4,7-di-bromo-benzo-bis-(thiadiazole) 
 

N
S

N

Br Br

H2N NH2

NSO
N

S
N

Br Br

N N
S

TMS-Cl

 
 
A mixture of 4,7-di-bromo-5,6-di-amino-benzo-2,1,3-thiadiazole (3.24 g, 10 mmol), 
N-thioaniline (2.78 g, 20 mmol) and TMS-Cl (1.95 g, 18 mmol) in pyridine (50 mL) 
was stirred at 80 oC over night. The solvent was distilled of at reduced pressure and 
MALDI-TOF and TLC of the green black residue showed no product and no starting 
material.  
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N
S

N

Br Br

H2N NH2

N
S

N

Br Br

N N
S

toluene

SOCl2

 
 
A mixture of 4,7-di-bromo-5,6-di-amino-benzo-2,1,3-thiadiazole (250 mg, 0.77 
mmol) and SOCl2 (1 mL, 13.7 mmol) in toluene (20 mL) was refluxed for two days. 
MALDI-TOF of the reaction mixture showed no product and therefore it was 
discarded. 
  
Nitration of di-(3-hexylthiophen-yl)-benzo-2,1,3-thiadiazole 
 

N
S

N

O2N NO2

SS

R R

R = hexyl

N
S

N

SS

R R

HNO3/H2SO4

 
 
Di-(3-hexylthiophen-yl)-benzo-2,1,3-thiadiazole (100 mg, 0.2 mmol) in CH2Cl2 (10 
mL) and fumic nitric acid (2 mL) was stirred at room temperature for 30 min. The 
mixture was washed with water, dried (MgSO4), filtered and evaporated. 1H-NMR 
showed that the nitration happened at the thiophene group and not at the 
benzothiadiazole group, where it was attempted. 
 
In the following syntheses 2-(tributylstannyl)-4-hexyl-thiophene is used, the synthesis 
of 2-(tributylstannyl)-4-hexyl-thiophene has been described in Appendix A2.1. 
 
4,7-Di-(3-hexyl-thiophene)-5,6-di-nitro-benzo-2,1,3-thiadiazole  
 

S

Pd(PPh3)2Cl2

R

Bu3Sn
N

S
N

Br Br

O2N NO2

N
S

N

O2N NO2

SS

R R

R = hexyl  
 
1): 4,7-Di-bromo-5,6-di-nitro-benzo-2,1,3-thiadiazole (3.80 g, 9.9 mmol), 2-
(tributylstannyl)-4-hexyl-thiophene (1.04 g, 22.8 mmol) and Pd(PPh3)2Cl2 (143 mg, 
0.2 mmol) in THF (30 mL) was refluxed for 3 hours. TLC and MALDI-TOF showed 
no product, no starting material and no monosubstituted product and the dark reaction 
mixture was discarded. 
 
2): 2-(tributylstannyl)-4-hexyl-thiophene (2 · 2.29 g, 10 mmol) and Pd(PPh3)2Cl2 (2 · 
72 g, 0.2 mmol) was added in two portions to a solution of 4,7-di-bromo-5,6-di-nitro-
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benzo-2,1,3-thiadiazole (3.8 g, 9.9 mmol) in THF (30 mL) under reflux. After 19 
hours TLC and MALDI-TOF showed no product, no starting material and no 
monosubstituted product. From 1H-, 13C-NMR and MALDI-TOF of a purified 
fraction it was determined that the two nitro groups fell of during the reaction. 
 
For a faster reaction a trimethylstannyl derivate of the thiophene was used: 

S

Pd(PPh3)2Cl2

R

Me3Sn
N

S
N

Br Br

O2N NO2

N
S

N

O2N NO2

SS

R R

R = hexyl  
 
2-(Trimethylstannyl)-4-hexyl-thiophene (16.6 mg, 50 mmol), 4,7-di-bromo-5,6-di-
nitro-benzo-2,1,3-thiadiazole (7.68 g, 20.0 mmol) and Pd(PPh3)2Cl2 (931.0 mg, 1.3 
mmol) in THF (75 mL) was refluxed. After 19 hours (12 hours at room temperature) 
the mixture was discarded since MALDI-TOF and 1H-NMR showed no product.  
 
Comment: Since the reaction has previously been described with both 
tributylthiophene and with trimethylstannyl-3-hexyl-thiophene with and without nitro-
groups, it was concluded that the nitro groups and the hexyl group of the two reagents 
cause the problems. This could be due to steric hindrance or a deactivation in the 
system with the hexyl and nitro groups and hence, a long reaction time is needed, 
which results in elimination of the nitro groups. 
 
The Stille cross coupling was then attempted with the tributylstannyl-hexyl-thiophene 
and the amino derivate of the di-bromo-benzo-2,1,3-thiadiazole. 
 
4,7-Di-(3-hexyl-thiophene)-3,5-di-amino-benzo-2,1-3-thiadiazole 
 

S

Pd(PPh3)2Cl2

R

Bu3Sn
N

S
N

Br Br

H2N NH2

N
S

N

H2N NH2

SS

R R

R = hexyl  
 
Tributyltin-3-hexyl-thiophene (7.04 mg, 15.4 mmol), 4,7-di-bromo-5,6-di-amino-
2,1,3-benzothiadiazole (2.0 g, 6.2 mmol) and Pd(PPh3)2Cl2 (262.5 mg, 0.4 mmol) in 
THF (22 mL) was refluxed for 19½ hours. MALDI-TOF and 1H NMR showed no 
product or starting material.  
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4,7-Di-(4-(3-hexylthiophene)-thiophene)- benzo-bis(thiadiazole)  
 

SS

N
S

N

N
S

N

Br Br

S

S SSS

N
S

N

N
S

N

Pd(PPh3)2Cl2

R

R R
Bu3Sn

R = hexyl  
 
Tributyl-tin-3-hexyl-thiophene (691 mg, 1.51 mmol), 4,7-di-bromo-5,6-di-amino-
benzo-bis(thiadiazole) (309.6 mg, 0.6 mmol) and Pd(PPh3)2Cl2 (262.2 mg, 0.37mmol) 
in THF (20 mL) was refluxed. TLC after 24 hours showed product and mono 
substituted compound. The reaction mixture was evaporated and the purification of 
the product was attempted by flash chromatography (CHCl3/cyclohexane 1:1), 
recrystalisation from EtOH, heptane or chlorobenzene/MeOH followed by washing 
with ether. 1H-NMR showed unclean product in ~ 7 % yield (5.0 mg). 
 
Di-(tributylstannyl)-3-(2-ethylhexyl)-thiophene  
 

S S

R

Me3Sn

R

SnMe3

R = 2-ethylhexyl

n-BuLi/TMEDA

or BuLi.t-BuOK

 
 
1): 3-(2-Ethylhexyl)-thiophene (5 g, 25.5 mmol) and TMEDA (11.97 mL, 88 mmol, 3 
eq.) in hexane (50 mL) was cooled to –78 oC. n-BuLi (50 mL, 77 mmol, 3 eq.) was 
added drop wise over 30 min. The cooling bath was removed and the mixture was 
refluxed for 1 hour. The mixture was cooled back down to –78 oC and 
trimethylstannylchloride was added. After 2 days the mixture was washed with water, 
dried and evaporated. The yellow oil was purified by flash chromatography. 1H NMR 
showed no product in any of the fractions. 
 
2): n-BuLi (6.7 mL, 10.1 mmol, 2.1 eq.) was added to TMEDA (1.6 mL, 10.1 mmol, 
2.1 eq.) in hexane (10 mL) cooled to –78 oC. The cooling bath was removed and at 
room temperature 3-(2-ethylhexyl)-thiophene (1 g, 5.1 mmol) was added drop wise. 
The reaction was stirred at room temperature for 1 hour and refluxed for 30 min. The 
reaction was cooled back down to –78 oC and trimethylstannylchloride in hexane 
(10.1 mL, 10.1 mmol, 1 M) was added. The reaction was stirred for 1 hour at room 
temperature before washing with water, drying (MgSO4) and evaporating. 1H NMR 
showed that the thiophene had only been mono substituted.  
 
It was not clear weather the dilithitation took place and reaction with water had led to 
the mono-substituted product or if only one lithium was added. Therefore, it was 
decided to test the reaction mixture with deutrated methanol, however, 1H-NMR 
showed only mono lithation. It was concluded that the reaction conditions were not 
strong enough and thus, it was decided to do the reaction again with: a) longer 
reaction time and b) t-BuLi. 
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a): For the longer reaction time, the same procedure was used (as described above) 
only changing the reaction time after addition of n-BuLi at –78 ºC to 2 days at room 
temperature. After addition of trimethylstannylchloride and work up 1H-NMR showed 
mono substituted product. 
 
Comment: The di-stannyl product was attempted synthesized with TMEDA and n-
BuLi with 2 different reactions times. These reactions resulted in mono-substituted 
product. The product was achieved by reaction with t-BuLi and TMEDA and this 
procedure is described in Appendix A2.2.  
 
Bis-trimethyldodecyl-thiophene 
Purification of di-thiophenes has been shown to be complicated1 and hence, the 
synthesis of a di-thiophene should result in only one of the possible three isomers and 
no starting material should be left in the reaction mixture. The attempts were 
Ullmann,2,3 Kumada4 and Stille cross coupling5 in 4 different ways. 
 
Ullmann:  

S

R

Br
Ullmann

Cu
S

S

R

R  
2-bromo-3-(3,7,11-trimethyldodecyl)-thiophene (11.77 g, 31.55 mmol) and Cu 
powder (9.75 g, 0.15 mol) in DMF (250 mL) was stirred under reflux over night. 
After 17 hours 1H-NMR and MALDI-TOF showed no starting material or product. 
The reaction mixture was evaporated, dissolved in hexane, filtered through celite, 
evaporated and the black oil was distilled on Kugelrohr. MALDI-TOF and 1H-NMR 
showed no product in the fractions or the residue.  
 
Kumada:  

Grignard

Mg

S

R

Br
S

S

R

R  
 
Magnesium turnings (21.33 mg, 0.88 mmol) were quenched by stirring under argon. 
Ether (2 ml) and iodine was added (and a few drops of dibromoethane to start 
reaction). 2-Bromo-3-(3,7,11-trimethyldodecyl)-thiophene (300 mg, 1.03 mmol) was 
added drop wise keeping the reaction at gentle reflux. At the end of the addition the 
catalyst Ni(dppp)Cl2 (2.23 mg) was added in four portions together with 2-bromo-3-
(3,7,11-trimethyldodecyl)-thiophene (330 mg, 1.12 mmol), which was added drop 
wise. After 1 hour the mixture was hydrolyzed by water (0.33 mL) followed by 37% 
aq. HCl (0.13 mL). The organic phase was separated, dried (MgSO4), evaporated and 
distilled by Kugelrohr distillation (200 ºC at 3 · 10-3 mbar), which resulted in 2 
fractions; one containing impure starting material and one containing a mixture of 
product and 3-(3,7,11-trimethyldodecyl)-thiophene. 
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Stille cross coupling 1:  

S

R

Br

1) n-BuLi

2) Me3SnCl S

R

Sn

Stille

Pd(PPh3)2Cl2

S
S

R

R

S

R

Br

 
 
n-BuLi (3.35 mL, 5.4 mmol, 1.6 M) in THF (50 mL) was cooled to –78 oC. 2-Bromo-
3-(3,7,11-trimethyldodecyl)-thiophene (2.0 g, 5.4 mmol) was added. 
Trimethylstannylchloride (5.36 mL, 5.4 mmol, 1 M) was added after 5 min., and the 
reaction mixture was allowed to reach room temperature. 2-Bromo-3-(3,7,11-
trimethyldodecyl)-thiophene (2.0 g, 5.4 mmol) and Pd(PPh3)2Cl2 (250 mg, 0.36 
mmol) was added and the reaction was refluxed over night. After 18 hours the 
reaction was cooled, evaporated, dissolved in CHCl3, washed with water, dried 
(MgSO4), evaporated and purified by kuglerohr to give a mixture of product and 3-
(3,7,11-trimethyldodecyl)-thiophene. 
  
Stille cross coupling 2:  
 

S

R

S

R

Br Sn+

Stille

Pd(PPh3)2Cl2 S
S

R

R

 
 
2-Trimethylstannyl-4-(3,7,11-trimethyldodecyl)-thiophene (1 g, 2.19 mmol) was 
added drop wise to a mixture of 2-bromo-3-(3,7,11-trimethyldodecyl)-thiophene 
(899.78 mg, 2.41 mmol) and Pd(PPh3)2Cl2 (2 · 117.3 mg, 0.33 mmol) in THF (25 mL) 
under reflux. After the addition, the reaction was left stirring over night at room 
temperature. The reaction mixture was evaporated and the residue was dissolved in 
hexane, washed with water, dried, evaporated and distilled on Kugelrohr to give a 
mixture of product, 3-(3,7,11-trimethyldodecyl)-thiophene and homo-coupled product 
(from 2-trimethylstannyl-4-(3,7,11-trimethyldodecyl)-thiophene). 
 
Stille cross coupling 3:  
 

S

R

Sn
S

S

R

RStille

Pd(PPh3)2Cl2

 
 
2-Trimethylstannyl-4-(3,7,11-trimethyldodecyl)-thiophene (1 g, 2.19 mmol) and 
Pd(PPh3)2Cl2 (96 mg, 0.14 mmol) in  THF (20 mL) was refluxed. 1H-NMR of the 
mixture showed that the stannyl groups were eliminated after 1 hour. 
 
Comment: The 5 attempted syntheses resulted in mixture of product and 3-(3,7,11-
trimethyldodecyl)-thiophene or no reaction (Ullmann and Stille cross coupling 3). The 
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product was finally achieved by reaction between iodo-thiophene and stannyl-
thiophene, where the stannyl-thiophene was added drop wise, and since the iodo-
reactant reacts faster than the bromo-reactant, homo-coupling of stannyl starting 
materials and elimination of stannyl-groups is avoided.  
 
Dilithiation of trimethyldodecyl-thiophene 
 

S S

R

Me3Sn

R

SnMe3

R = 3,7,11-trimethyldodecyl

or t-BuLi/TMEDA

BuLi.t-BuOK

 
 
1): 3-(3,7,11-Trimethyldodecyl)-thiophene (5 g, 17 mmol) and TMEDA (6.36 mL, 
42.5 mmol, 2.5 eq.) in hexane (150 mL) was cooled to –78 oC. t-BuLi (25 mL, 42.5 
mmol, 2.5 eq.) was added drop wise over 30 min. The reaction was stirred ½ hour at –
78 oC before the reaction was allowed to reach 0 oC. The mixture was cooled to –78 
oC and trimethylstannylchloride (42.5 mL, 42.5 mmol) was added. After 2 hours at 
room temperature the mixture was washed with water, dried, evaporated and destilled 
on Kugelrohr (200 oC at 4 · 10-3 mbar), which resulted in 2 impure fractions of product 
and mono-substituted compound.  
 
2): t-BuOK (1.37, 12.24 mmol) in hexane (4 mL) was cooled to –60 ºC. n-BuLi (7.65 
mL, 12.24 mmol) in hexane (9 mL) was added and the reaction was stirred 10 min. at 
–40 ºC. TMEDA (2.14 mL, 14.28 mmol) and 3-(3,7,11-trimethyldodecyl)-thiophene 
(1.0 g, 5.1 mmol) was added and the reaction was stirred at –20 ºC for 1 hour  before 
the temperature was allowed to rise to 10 ºC. The reaction was cooled to –78 ºC and 
trimethylstannylchloride in hexane (10.1 mL, 10.1 mmol, 1M) was added. After 5 
min. at room temperature the reaction mixture was washed with water, dried, 
evaporated and distilled on Kugelrohr (50-100 ºC at 8 · 10-2 mbar), which gave a 
mixture of product and mono-substituted product. 
 
The reaction procedure was applied with the following conditions in attempt to 
prepare the di-stannyl-thiophene:  
 
Reaction nr. 3 4 5 
Eq. t-BuOK.n-BuLi 2.5 4 5 
Reaction time before addition of Me3SnCl (h) 1 2.5 1 
Temperature (ºC) rt -60 rt 
Result (product/starting material) 2:1 3:1 -a 
a Stannyl groups was eliminated during reaction. 
 
Finally, the product was synthesized by reaction with t-BuLi for 3 days, the procedure 
is described in Appendix A2.2. 
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Dilithiation of Bis-(trimethyldodecyl)-thiophene 
 

S

S

R

R

S
S

R

R

Me3Sn
SnMe3

t-BuLi

or n-BuLi/TMEDA, 2 days

R = 3,7,11-trimethyldodecyl  
 
1): 4,4-Di-(3,7,11-trimethyldodecyl)-[2,2’]di-thiophene (200 mg, 0.34 mmol) in 
hexane (10 mL) was cooled to –78 oC. t-BuLi (0.7 mL, 1.02 mmol, 3 eq.) was added 
drop wise over 30 min. The reaction was stirred ½ hour at –78 oC before the reaction 
was stirred at room temperature for 2 days. 1H-NMR of the reaction mixture showed 
no reaction. 
 
2): 4,4-Di-(3,7,11-trimethyldodecyl)-[2,2’]di-thiophene (1.0 g, 1.7 mmol) and 
TMEDA (0.77 mL, 5.1 mmol, 3 eq.) in hexane (50 mL) was cooled to –78 oC. n-BuLi 
(3.41 mL, 0.005 mol, 3 eq.) was added drop wise over 30 min. The cooling bath was 
removed, and the reaction was stirred for 2 days at rt. The mixture was then cooled to 
–78 oC and trimethylstannylchloride (8.52 mL, 42.5 mmol, 5eq) was added. After 2 
hours at room temperature the reaction mixture was washed with water, dried and 
evaporated. 1H-NMR showed unclean product.  
 
Comment: The product was obtained by reaction with n-BuLi and TMEDA (3eq) for 
1h, this procedure is described in Appendix A2.2. 
 
Synthesis of Pd catalyst, Pd(PPh3)2Cl2

6 

Triphenylphosphine (27.79 g, 105.9 mmol) and palladium(II)chloride (7.5 g, 24 
mmol) in DMSO (700 mL) was heated under stirring and argon until both compounds 
were dissolved. The heat and stirring was stopped and the reaction was left to reach 
room temperature. The orange suspension was filtered and washed with Et2O to give 
yellow crystals of the product in 96 % yield (28.47 g). 
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