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Abstract

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
cm’. 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 °C. 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.



Resume

Indenfor organisk solceller fokuseres i denne tid pa polymere med lavt bindgap, dvs.
polymerer som absorberer lys med belgelengder lengere end 620 nm. Disse
lavbandgabs polymere har vist sig at kunne ege effiktiviteten af organiske solceller
ved et bedre overlap mellem polymerens absorptionsspektrum og solens spektrum.

I denne afhandling beskrives syntesen af 16 nye lavbidndgabs copolymere som er
baseret pa 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.
storrelseskromatografi (SEC).

Polymererne blev karakteriseret med UV-vis og ultraviolet photoelectron spetroskopi
(UPS), og derved blev béandgabet og den elektroniske struktur af polymererne
bestemt. De 16 nye polymerer havde et bandgab pa 1.65 — 2.0 eV for copolymererne
baseret pd thiophen og benzothiadiazol og helt ned til 0.65 eV for copolymererne
baseret pa thiophen og benzo-bis(thiadiazol). For copolymererne baseret pa thiophen
og benzothiadiazol blev der observeret et fald i bandgabet, nir antallet af
thiophenringe 1 monomerenheden steg (n =1 —4).

Polymererne blev syntetiseret med forskellige alkyl sidekader (hexyl, 2-ethylhexyl,
dodecyl og 3,7,11-trimethyldodecyl grupper) for at undersege hvilken der resulterede
1 den bedste film, nar polymerene blev “’spincoated” fra forskellige oplesningsmidler.
3,7,11-Trimethyldodecyl-sidekaeder viste de bedste resultater, nar polymeren blev
”spincoated” fra THF, chloroform,1,2-dichlorbenzen eller lignende.

Copolymeren baseret pa fire thiophen-grupper og en benzothiadiazol-gruppe 1
repetitionsenheden og med 3,7,11-trimethyldodecyl-gruppen som sidekede havde et
bandgab pd 1.65 eV og blev anvendt 1 solceller med et aktivt areal pa 0.1, 3 og 10
cm’. Morfologien af det aktive lag blev studeret, og det kan konkluderes, at
morfologien og effektiviteten af solcellen athenger af, hvilket oplesningsmiddel der
benyttes til ”spin-coating”, polymer koncentrationen, forholdet mellem polymeren og
PCBM og “annealing” temperaturen. Den hgjeste effiktivitet pa 1% blev opnéet for en
solcelle, hvor forholdet mellem polymeren og PCBM var 1:2 og annealing
temperaturen var 110 °C. Detaljer for levetid og IPCE er ogsa beskrevet.

Derudover blev polymeren anvendt i hybridsolceller med ZnO nano-fibre og
resultaterne for disse forseg er kort beskrevet.

il
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Preface

This dissertation is based on the work carried out at Risg 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. Seren
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 Motivation

1.1. Introduction

According to Prof. Smalley,' 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 report’ 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,” CO, emission has to be reduced and
this should be done by using less fossil fuel. Hence, the CO, 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 4™ assessment report on Climate Change 2007° in which it is stated that
the climate is changing due to a tremendous increase in the atmosphere concentration
of CO, as a result of human activity. Global warming is a direct result of the CO,
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 CO, emission with 20 % and that 20 % of
the energy should come from solar, wind and water sources by 2020." 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™ at the surface of the Earth.! Solar cells or photovoltaic
(PV) convert the solar energy into electricity by absorption of light.>” 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 km?) 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.' 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
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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.®

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 %,
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which compares with OPVs in which maximum efficiency reported so far is about 5
%.'""!"" However, the efficiency has been estimated to reach 10 % if the right
conditions are chosen.'*"

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.'* The lifetime of the silicon-
based PVs is about 35 years or more, ¢ 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.'’

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.® For a typical
silicon wafer production plant with a 30 cm wafer process the area, which is produced
is about 88000 m*/year, however, for the OPV using a printing machine the same area
can be produced in only 1-10 hours.®

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.®

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 triangle’ 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
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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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2 Low band gap polymers

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 (E,) 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 (L) longer than 620 nm.

E

—— LUMO

Eg

—— HOMO

Figure 2.1. Definition of band gap, E,.

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.'”
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™) for every nanometre in the spectrum, i.e. A to A, and
hence the unit of the sun irradiance, W m™ nm™. It is clear from Figure 2.2 that the
low band gap polymer absorbs light where P3HT and MEH-PPV do not.



Low band gap polymers

1.6 1.0

14
il L 0.8
101 [l L 0.6
08| |
0.6 / 04
0.4

w MM [ 02
02 1

o:o ‘ M
00

5

Sun irradiance (W m? nm")
Absorbance (a.u.)

: 0.0
1000 1500

Wavelength (nm)

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.* 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(4)) is achieved from the sun irradiance using Eq. (2.1), where Is(4) is the sun
irradiance in W m™ nm™' and E;() is the photon energy in J determined from Eq.
(2.2).

_ L)
S = E. (1) (2.1
E,(1) :hv=h% 2.2)

In Eq. (2.2) h is Planck constant (6.626 - 10" I s), ¢ is the speed of light (2.998 - 10
m s™) and 2 is the wavelength in nm. The integrated photon flux (F(1)) is calculated
from the photon flux f{1) by Eq. (2.3), where A 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.

[revda aa. i (A

F 2 — A=280 — A=280 23

(4) A A (2.3)
A=4000 A=4000

A= [fydr=aa-3 f(A) (2.4)
A=280 A=280

The F(A) is then transformed into the maximum theoretical current (integrated current,
Iy) by Eq. (2.5) assuming that one photon is converted to one electron in the OPV.

I, =F(1)-e (2.5)

In Eq. (2.5) e is the elementary charge (1.602 - 107" 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™ for
polymer A and 43.9 mA cm™ 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™ and not 20 mA
cm 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, t-conjugation length etc.’

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).”

RECECE:

Quinoid

Figure 2.5. Resonance structures of a fused ring system, here poly(isothianaphthene), PITN.®
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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"" 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.*”’

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 (EDQ), such as thiophene and pyrrole. Similarly, the energy level of the
LUMO of the acceptor is lowered, when electron withdrawing groups (EWGQG), 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.'® 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).""'* 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.'>"®

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.>'*>* Further, the
n-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 n-conjugation length results in a low band gap polymer.>
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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.
1.9 36-38
P3HT, R = hexyl
/\ 1.0 6,40
s
PITN
i R R
1.5 (L.8) 40-42
s. A\ s
\ /S N\
1.6 1,2,9
_ - ~
—
NN 1.3(1.2) 43,44
\ /S O\
R R |

P(T-TP-T), R = H, R’ = octyl
(R = phenyl-2-ethylhexyloxy, R’ = H)

10
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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.
2.0 45,46
1.3 7,47-49
2.0 50
1.4 51
1.3 51

PFTTPT, R = alkyl, R’= phenyl-
O-alkyl

1.7 52,53

PCPDTB, R = 2-ethylhexyl

11
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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.&54 Thiophene
is an electron rich aromatic five membered heterocyclic ring and therefore an electron
donating unit.”>>°

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.®™* Benzo-bis(thiadiazole) has
been shown to exceed the highest electron-accepting ability among other accepting
units, such as thienopyrazine, pyrazine-quinoxaline and benzothiadiazole,** and
hence the band gap of the copolymers based on this moiety is predicted to be very
low.

N_ N N .
S N7

S

N

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

12
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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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3 Synthesis and purification

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 /.

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.

17
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Strategy I

.S, R
e D
Br + S SnR3
N. N
S
T
I\

+ R'3Sn S SnR'3
|

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(IlT)chloride (FeCls) as a reagent (shown in Figure 3.2).

2 FCC13 {
H—Ar—H > { Ar% + 2 FeCl, + 2 HCI
n

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.

18
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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.'”
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.

R
/\ R
1): FeCls R H* A HQ S Hﬂ
ey H—’U- T Qs

Figure 3.3. Proposed mechanisms of oxidative ferric chloride polymerization: 1) radical, 2)

carbocation and 3) radical carbocation.
R R
Z\ g o = [ j‘ﬁ
S S
®

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(Il) followed by elimination

19
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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(IIl) followed by proton elimination results
in the polymer product.'

In the carbocation mechanism thiophene is oxidized by FeCls 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.” 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 2™
position. The polymer is formed when hydrogens are eliminated as protons and the
thiophene rings regains its aromacity.

Finally, in the radical cation mechanism the first step is the formation of a radical by
oxidation with the simultaneous reduction of Fe(Ill) to Fe(Il). 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.’

The radical mechanism was proposed by Niemi et al.' These authors based their
proposal on two conclusions: 1) the polymerization was only observed in solvents
where FeCl; 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.'? and was based on the
observation of polymerization leading to “highly” regioregular (94 % HT) poly-
(octylphenyl-thiophene) when FeCls in CHCI; suspension was added in small
portions.

The radical cation mechanism was proposed by Barbarrel ef al.,” who found that the
polymerization of thiophenes could take place in solvents where FeCl; was partly or
completely soluble. This led to the theory that the mechanism was carried out by a
radical cation mechanism.>* In addition, it was found that the oxidation of the
monomer is the rate determining step.”

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 polymerizations™® and the report on the polymerization of alkyl-thiophene
using the oxidative ferric chloride polymerization, which led to 25 % defects,” 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 CHCl;, CH,Cl,, CH3;NO, 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.”**'° 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,”*'""'® poly-octylphenyl-
thiophene? and copolymers of thiophene and isothianaphthene”'’ or thienopyrazine.'’

3.2.2. Stille cross coupling reaction

The Stille cross coupling'®!"” 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."®*° 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.

PdL,4
n X—R—X + n R";Sn—R-SnR"; —— RR'% + 2n X-SnR";
n

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. CO;R, CN, OH or CHO) attached with
no need for pre-protection of these groups.'®2%*%%

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.* 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.'™**
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RR R—X
PdL,
4 1 / 5
n-2 L
L L
cis R*l‘)d-L R*l‘)d*X
R L
3 R'SnR";
L rate determing
R—Pd-R' step
‘d XSnR";
L
trans

Figure 3.6. Mechanism of the Stille cross coupling reaction cycle.'®

The first step of the catalytic reaction cycle is the ligand dissociation (step 1 in Figure
3.6). The catalyst M(PPhs),, where M is Ni’, Pd° or Pt, is coordinatively saturated but
undergoes dissociation to form the more reactive compound with two phosphine
groups. In that sense the active catalyst is M(PPhs),.*>** The phosphine groups form o
bonds with the metal by donating the lone pair on phosphorus to the empty d orbital
on the metal (see Figure 3.7).” 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.”>*’

G bond
M < D
empty / \ filled

metal ligand
orbital orbital

Figure 3.7. Metal-ligand ¢ 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.”*? It is characteristic for complexes of the metals in Group VIII (Fe, Ni, Ru,
Pd, Pt etc.) with ¢° and 4"’ electronic configuration, to undergo oxidative addition.*?’
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.””* The
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coordinatively unsaturated species is obtained by generation of a vacant site which
results from ligand dissociation.”**

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.” 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.”?

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.lg’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 frans-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
a carbon transferred from the stannyl group and results in trans and cis R/R' Pd
complexes.”’

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.”> 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.”>*’ 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.”> 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.”

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."

Typical catalysts include Pd(PPh;),Cl,, Pd(PPh;3)4, Pd(PPhs3),BnCl, Pd(MeCN),Cl,
etc.”?!?® As described above the active catalyst is Pd(PPhs),, which is the
coordinatively unsaturated species. Excess of PPhs has been found to slow down the
reaction.”

Side reactions including dehalogenation, homo-coupling and B-hydride elimination
(see Figure 3.8) have been observed in the Stille cross coupling.’’*! One of the few
limitations of Stille cross coupling and other palladium-catalyzed reactions is that
organo-halides with a B hydrogen cannot be used because of faster P-hydride
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elimination compared to the transmetallation.'®* The formation of the trans R/R' in

the Pd(IT) complex generated by oxidative addition and transmetallation explains the
reason for homocoupling products.?

a
Ar—FP q——X Ar—Pd—Ar —> Ar—Ar

2Ar—Pd—X —— —> 2 ArM
Ar—Pd—X X—Pd—X — = Ar—AT

Ar—Pd—OCH,R —> Ar—Pd—H + RCHO

:

Ar—H

Figure 3.8. Examples of side reactions of the Stille cross coupling. a) homo-coupling and b) f-hydride
elimination.

Different alkyl-stannyl groups have been used, e.g. R-SnBuj; and R-SnMes, and the
by-products in the reaction are Bu3;SnX and Me;SnX. The BuzSnX 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 BusSnX.** Me;SnX
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, Me;SnX is extremely toxic. 2’
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.”
Stille cross coupling polymerization has been applied in the literature for the synthesis
of regioregular P3HT resulting in 96 % regioregularity.”*° 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.*'*

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
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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).

Br. R 1A R
\ / \ / R‘MQBI’ THF
. Br fN N T )N
" E,0 ST 2)Buzsnci S~ SnBug
B (96 %) 91 %) T (52 %)
N
NN
Pd(PPhy)sCly o - s FeCly
B+T —m8M8 E—
THF \ \ /| cHcl,
R R
(22%) 1(15 %)

Figure 3.9. The synthesis of copolymers based on thiophene and benzothiadiazole (1) by oxidative
ferric chloride polymerization. R = hexyl.
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N\ /N SnBu3
e e{} A

(96 %) (90 %)
NBS
DMF
1) LDA
Br. R-MgBr R R NN
Z/ VT /
S Et,0 2) Bus;SnCl SnBuj
R = hexyl (91 %) R = hexyl (52 %) (97 %)
R = dodecyl (91 %) R = dodecyl (33 %)

R = 2-ethylhexyl (quant.) R = 2-ethylhexyl (63 %)

Pd(PPh3),Cl»
THF

S
R N N R

R = hexyl (28 %) /R S = S ]\
R = dodecyl (27 %) s~ \ / /A

R = 2-ethylhexyl (37 %)

2, R = hexyl (79 %)
3, R =dodecyl (33 %)
4, R = 2-ethylhexyl (74 %)

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 3.1 1)
N S /\ N
N\ /N N\ /N QSnB% N\ /N
B S
r2 S S
> Br Br > \ / \ /
HBr Pd(PPh;),Cl,
B1 (96 %) THF (90 %)
NBS
DMF
SN
N N
\ o/
Br S /S Br
\ \
B2 (97 %)

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 literature® = 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.**~*
This was followed by a bromation with NBS in CHCI3/AcOH to give B3 (see Figure

3.12).
/S\
N~ N
y HNOy/H,S0, BU3Sn
Br Br ———» pr
Pd(PPh3)2C12
(20% (65%
Fe
AcOH
/S\
NN N/S\N NSO
a \ /\ NBS [ \ \/
Br s S Br| ™ S S / \
AcOH TMS Cl
N\\S/,N CHCl; N\\S/,N pyridine
B3 (83 %) (82 %) (49 %)

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 #-BuLi (see
Figure 3.13). However, several attempts to synthesize B4 were carried out with ¢-
BuLi/TMEDA and under different reaction temperatures using n-BuLi.z-BuOK.

Br R 1) t-BuLi R
m R-MgBr m hexane /m\
S E6,0 S 2) Me3Sn,Cl MesSn™ g~ ~SnMe;
(61 %) B4 (57 %)

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 (BS) 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 -BuLi; however, BS was achieved by reaction
with n-BuLi as shown in Figure 3.14.

Br RboB R 1) n-BulLi R
- r
Ny 2T \i THF N Y
S Et,O S 2) 1, S
(61 %) T1 (in situ)
. R
1) n-BuLi, TMEDA
hexane ﬂ
>  MezSn™ g
2) Me3SnCl T2 (54 %)
R 1) n-BuLi, TMEDA R
Pd(PPh;3),Cl, s hexane S
T1+ T2 @ /S\ Me3Sn < ) /S\ SnMe,
THF 2) Me3SnCl
R R
(57 %) B5 (75 %)

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 #-BuLi respectively (see Figure
3.15 and 3.16).

Br R 1) t-BulLi R
I\ R-MgBr m hexane /@\
S S > Me3Sn s~ ~SnMej
EtzO 2) M€3SI’ICZ
(95 %) B6 (49 %)

Figure 3.15. Synthesis of the di-stannyl derivates of thiophene (B6). R = 2-ethylhexyl.

R 1) n-BuLi, TMEDA R

S / N\ hexane Me3Sn \S /A

V[ s 2) Me;SnCl

B7 (95%)

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 BS) 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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/S\
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THF /\ J s
R
L an
6 (60 %)
- s _
NN
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Pd(PPhs),Cl,
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THF S \‘/ S
N._N
& R
n
9 (83 %)
.S,
NN
Pd(PPh3),Cl, -
B3 + B5 >
THF
N. N
s
- —n

10 (quant.)

Figure 3.17. Polymer 5 — 10 prepared by Stille cross coupling polymerization. R = 3,7,11-
trimethyldodecyl.
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THF S
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11 (80 %)
- s
\ /
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- s _
NN
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THF s\ J s
N\\S//N R1
L 13 (95%) Jn
Pd(PPh3),Cl,
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/S\
N©ON R,
Pd(PPhs),Cl
B3 + B7 v I\ s J \ _s
THF s\ / s\
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Figure 3.18. Polymer 11 - 16 prepared by Stille cross coupling polymerization. R; = 2-ethylhexyl and
R, = 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.

R
b—w HN03/H2SO4 W Bu38n W
S
Pd(PPh3)2C12 7>:<<
O2N O,
? 2 1

\ / Bu3Sn \ /
ﬁ; Br
Pd(PPh 3) 5Cly
NSO
l? ©/ JV(SOCIZ

TMS-Cl toluene
pyridine
\ l \ /

benzo-bis(thiadiazole)-derivate of 1

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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N N
R NN Pd(PPhs),Cl, NN
9 ﬂ /AR ) / N\ S/ \ C ) |\ S
BusSn— g Br s s”Br gp \ /s s 7
N\\S//N R N\\S//N R
(7 %)
i?
_ N _
N N R
\
_ LN/ A\ N
\__/ S \ /) S \ /)
N\\S//N R )
benzo-bis(thiadiazole)-derivate of 2

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

*\(\A 2-ethylhexyl

2 e VN dodecyl

Mw\ 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.

33



Synthesis and purification

Table 3.1. Absorbance at A, 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-trimethyldodecy].

Polymer CHCI; 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.”” 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(Ill) 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
FGC13.

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.”’ However, Nielsen er al>*
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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~_N ,S,,/ \\N-.\
1;/ Pd }'\L
\N‘ /,Sa N

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 nm’®*’ 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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Thimble with material

Distillation path
Backward drain

Round-bottomed flask
with solvent and stir bar

Heating mantle

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.***' The weight-average molecular weight (M,,) and the number-average
molecular weight (M,) are defined in Eq. (3.1) and (3.2).***' The ratio between these
two equations (My/M,) is the polydispersity.***!

M. =ZN—M (3.1)
> N.:M,
M _M (3.2)

n = ZN]
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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.“o'42

As the name indicates, in SEC the polymer molecules are separated on the basis of
size or hydrodynamic volume.* The principles of the method are shown in Figure
3.24.
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Figure 3.24. Principles in Size Exclusion Chromatography. Reprinted with permission of John Wiley
& Sons, Inc."!

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).” 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.”” The method is often carried out using a closed system operating
under high pressure, which is called a high performance SEC or HPSEC.*' 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.!

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.**

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 A). 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 My 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.

— raw
fraction 1 N
—— fraction 2
? fraction 3
& | — fraction 4
= |—— fraction5
=
=
7
>
-
T _—2 T T T
10 12 14 16 18 20

Elution time (min.)
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 A 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 A pore diameter, with UV-vis detection at 500 nm.

Fraction My M, M,,/M, (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.
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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.’ 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.'? Here the focus is on the
absorption.

— ¥ Y ——
absorption emission
hv hv
N (,UO (,UO R EAVA'

Figure 4.1. Emission and absorption principles, where ¥, and ¥, 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.' The light
absorbed is proportional to the number of molecules in the path and can be written as

|
AzlogTozs-c-l, (4.1

where A is the absorbance, I is the light intensity before the sample, I is the light
intensity after passing through the sample, € is the molar extinction coefficient, ¢ is
the molar concentration and 1 is the length (normally 1 c¢cm). Equation (4.1) is also
known as Lambert-Beer’s law.'” Lambert-Beer’s law only applies for monochromatic
light and dilute solutions (¢ < 10 M).?
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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 (o,
or n) to an unoccupied orbital (¢* or n*) of greater energy. The amount of energy
corresponds to the energy of the photon (E = /v)."” In Figure 4.2 the different
transitions are shown and Figure 4.3 shows where in the absorption spectra these
transitions are seen.

uv Vis NIR
| I I | n» o*
[ |t *
i W I
n—-o* 7]
00" ]
500 200 750 »Wavelength (nm)

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’ When a blue shift to shorter
wavelengths is observed it is called a hypsochromic effect.’” The most probable
transition is the one from HOMO to LUMO.’

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.”* Whether a transition is allowed can also be seen
from the value of ¢ (see Table 4.1).2

Table 4.1. Transition determined from &.

e(M ' cm™) <10 10<x>1000 1000 <x > 100,000 >100,000
Transition not weak allowed strong
allowed

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 m 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 *.’

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 Ay« 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 (€) at Ay.x of the
polymers. According to ¢ 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 4,,,, of polymer 5 — 10.

5 6 7 8 9 10
Amax (nm) 477 479 435 450 770 902
602 597
e(M"' em™) 7100 14000 11000 24000 7600 8100
166000 25000
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 (Vo) and hence high efficiency (1) 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.” The technique establishes the electronic structure
of the valence band and the bonding characteristics of a film or substance on the
surface.® When the electron beam hits the surface an electron is ejected from an
orbital and the ionization energy of the molecule is measured.® The kinetic energy of
the emitted electron is determined by Eq. (4.2).

E,, =hv—BE-®, (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 ®s is the spectrometer work function.”

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.® The measurements are
carried out on a synchrotron storage ring, which consists of an electron beam traveling
in a circle.’ 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.®

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.® From the spectra of the substrate
the work function, ®y,, is calculated using Eq. (4.3).}

®,, =hv—|BE

(4.3)

max

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

From the spectra obtained from the spin coated polymer film the valence band edge of
the polymer, Eg">, 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)).*”

E.”” =BE (4.4)

min
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Er"A 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).%°

E." =hv—[BE, (4.5)
IP is the ionization energy of the polymer and is determined by Eq. (4.6).
IP=E,"” +E, "¢ (4.6)

The difference between the vacuum level of the substrate and the polymer, A, (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.*"

A=E " -, 4.7)

u

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.®

EA
+— vacuum level
A
cI)Au
IP EFVAC
LUMO 5
Eq fpve —  Ep (fermi level)

HOMO v v v F

polymer interface metal
Figure 4.7. Values in band structure obtained from UPS spectra. E, 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."'
The spectra was recorded using 50 eV photons. Surface analysis of the samples was
carried out by Electron Spectroscopy for Chemical Analysis (ESCA)® at ASTRID in
situ and at Risg 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, ®au.”'""? 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 BE,.x and BE,;, 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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=]
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50 40 30 20 10 0
Binding energy (eV)
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5 EpVB (Au)
6 A Filled levels
7]

Figure 4.8. Top) UPS spectra and bottom) band structure of polymer 8.

UPS spectra, UPS data and band structures of polymer S — 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 Ex"'® 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 E¢*® decreased with an increase in number of thiophenes in the repeating
unit (n = 1 —4), which was also seen for the optical band gap, E, (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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5  Organic photovoltaics

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 (4v) 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.' 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.? 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. ® is the work function, E; is the Fermi level and E,, 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
Substrate

t——Active area——

]

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.’ 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.”
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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. @ is the work function of the two electrodes, E., is the vacuum level and E, 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. >

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.”™

E 1o
e
Prro D,
BEER
ITO WAl

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

53



Organic photovoltaics

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.” In 1992
the photoinduced electron transfer from a polymer to Ceo, resulting in an efficient
charge separation, was discovered.®

The bilayer device consists of a donor and an acceptor layer, where the polymer is
applied with an electron acceptor layer on top, normally Cg. 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. **

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.™

a b g4

E Eyac

q)ITO

ITO D A Al

ITO Al

Figure 5.5. Metal-insulator-metal (MIM) model for bilayer heterojunction device. a) Under open
circuit and b) under short circuit. @ is the work function of the two electrodes, E,, is the vacuum level,
E, 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 Cg derivative
(e.g. PCBM) has been shown to increase the efficiency of the device.” 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. **

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.>*

a b E | ... —
x EVAC @ :“ .......... EVAC
) N‘\
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ITO Al ITO Al

Figure 5.6. Metal-insulator-metal (MIM) model for a bulk heterojunction device. a) Under open circuit
and b) under short circuit. ® is the work function of the two electrodes, E,, is the vacuum level, E, 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.”* 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 (Js¢), the open circuit voltage (Voc), the fill factor (FF), the
efficiency () and the incident photon to current efficiency (IPCE) or external
quantum efficiency (EQE).

The Jgc 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.”® 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 1s 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).”'® It has been found
that the Voc is not very dependent on the work functions of the electrodes.'"'* 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.”"

The fill factor is the ratio between the maximum power output of the device (Vi -
Ina¢) and the maximum theoretical power output, which can be achieved if the device
is an ideal diode (Voc - Jsc) (see Eq. (5.1)).

P i
FF max Vmax max (5 . 1 )

Voc 'Jsc Voc 'JSC

The efficiency is determined from Eq. (5.2) and is the percentage of output power
available, compared to input power.

_YocIse PV 1600, (5.2)
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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 Js¢, Voc,
Vax and I,,.. 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 Js¢
as a function of the wavelength followed by calculation of the IPCE from Eq. (5.3).

J
I[PCE(%) = S; -100% (5.3)
where P is the number of photons and e is the elementary charge (1.602 - 10 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 a 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 P represents the minimum acceptable value of Vpc. When a high band gab
polymer (e.g. PPV based polymers) is applied in a device the values of a and B are
high and efficient charge transfer and high V¢ is achieved. Application of a low band
gap polymer in a device with a chosen acceptor, like PCBM, limits the values of a
and B, 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).

LBG PCBM HBG PCBM

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. a represents the difference between LUMO of the polymer and LUMO
of the acceptor and P represents the minimum V.

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 n =15 0. 13:14 However, the maximum Js¢ achievable for P3HT is
14.3 mA cm™ (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 n 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 n Ref.
(eV) (%)
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 0.7* 22

* The OPV device was prepared with a blend of the polymer and a C;, derivate.
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Several reviews have been written on OPVs and low band gap polymers.>*2® 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 cm” 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 V¢ 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.’

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.’

The choice of metal electrode is often Al, however, several others have been reported
Ag, Au, Ca and other metals.’ 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.’
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Figure 5.9. Picture of OPV devices with different active areas: a) 0.1, b) 3 and ¢) 10 cm’
(encapsulated).

The reported OPVs are often devices with a small active area (e.g. 0.1 cm®). 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.’’??
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 cm® device is encapsulated in glass and Al>* 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.**
Devices prepared with P3HT have shown great dependence of the photovoltaic
responses on molecular weight,” thickness of active layer,’®*" annealing
temperature,'>'**** solvent® and solvent evaporation time.*'

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,® 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).® 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 CHCl;.”" A significant
increase in Js¢ 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 V¢ was not influenced.’® In addition, it was found that the charge
mobility in the device was improved when spin coating from solvent mixtures.>

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.’!

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.'*”* 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.* 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.”>>* 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 C, 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).2>>"’

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.”’ The post annealing also resulted
in improved efficiency but the cause of this is not known.”' 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.”®’ 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.**'*
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 °C for 2-3 min."" or at 150 °C for 30 min."

For a low band gap copolymer of fluorene, thiophene and benzothiadiazole annealing
at 120 °C showed an increase in Jsc, FF and efficiency due to the dependence of the
mobility on temperature. However, a decrease in V¢ was observed due to a thermally
activated injection current from the electrodes.”

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 °C, 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, Voo, FF, n and IPCE, when the annealing temperature was raised from no
annealing to 130 °C and a decrease was observed in these parameters, when raising
the temperature to 150 °C. 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 polythiophene®®'* 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.®'
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.**

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.
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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 M,, of the
polymer. Active area 0.1 cm’*, AM1.5 and 100 mW cm™. 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 Jsc Voc FF ]

(nm) MmAcm? (V) (%) (%)

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 V¢ around 0.6 V and a decrease in Jg¢ with decreasing
molecular weight from 2.4 mA cm™ for fraction 1 to 1.1 mA cm™ 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.** 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 cm” 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.”’* Polymer 8 was also applied in large area devices
with an active area of 3 cm® and 10 cm? (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.”* 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.®>*® 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."” 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.®’”"?
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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.”””® 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.”*
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 Cgp 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 cm’ was
annealed at 110 °C. The active layer was spin coated from 1,2-dichlorobenzene using
a slow drying technique. The data achieved when illuminated with 100 mW cm™
white light was Voc = 0.61 V, Js¢ = 3.59 mA cm'z, FF = 46 % and n = 1.0 %. The
maximum [PCE = 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.””*' 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).”” Different types of metal oxides have been used in the literature, e.g. SnO,,
TiO,, CdSe and ZnO,”"*"™* and different polymers have been applied, e.g. P3HT,
MDMO-PPV and MEH-PPV.”7%!%>

Hybrid PVs based on ZnO have shown an increase in the maximum Vo which can be
obtained. Importantly, ZnO is cheap compared to the fullerene generally used in OPV
and environmentally friendly when compared to CdSe.”*'™® 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 n (%) IPCE (%) Ref.
Thin film, 1.0 70 84
ITO/ZnO/ C6()/ P3HT/Au

Nano-structered fibers, 2.0 57 77,82
ITO/ZnOfibers/P3HT:PCBM/Ag

Nano-particles, 1.6 50 77,85-87
ITO/PEDOT:PSS/MDMO-PPV:ZnO/Al

Nano-particles, 0.9 27 88

ITO/PEDOT:PSS/P3HT:ZnO/Al

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.””*’ 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.”’

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

l——Active area —|
0.1 cm?

I

Figure 5.12. A schematic view of a hybrid PV with nanofibers.

The devices with polymer 8 were prepared according to the procedures described
previously®*° with few variations as summarized in Table 5.4.

Table 5.4. Different ITO/ZnO/8/Ag devices.

Type ZnO Polymer/PCBM Solvent Concentration
growth time (min.) (mg/mL)
1 10 min 1:0 CHCI; 36
2 20 min 1:2 CHCls/chlorobenzene 36.6
(1:1)
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.

Type® Voc (V) Isc (mA em™) FF (%) 1 (%)
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

* The annealed samples were annealed at 120 °C 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. n =1 %. For type
3 anneal the Vpc (0.55 V) is in the same region as the Vpc (0.6 V) for OPV devices;
however, the Js¢ for this device is very low compared to the Js¢ 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 n
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 *#%9!

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 cm? 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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Conclusion

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
n-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 cm” device based on polymer 8 and PCBM in
a 1:2 ratio, which was spin coated from 1,2-dichlorobenzene and annealed at 110 °C.
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Conclusion

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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Appendix 1  Experimental

During my work at Risg 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

/S\ /S\
N /N N\ /N
\ Fe
Br Br Br Br
\ 7/ AcOH \ 4
OoN NO, HoN NH,

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)

s NSO s
NN ©/ NN
W w
—F

Br Br Br Br

HN  NH,

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-CI (1.95 g, 18 mmol) in pyridine (50 mL)
was stirred at 80 °C 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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S
NG N/S\N
\ \
SOCl,
Br Br +> Br Br
toluene
HoN NH, N\\S//N

A mixture of 4,7-di-bromo-5,6-di-amino-benzo-2,1,3-thiadiazole (250 mg, 0.77
mmol) and SOCI, (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

S .S
NN N N
S \ s HNO3/H,S0, S A g
M Wal / YaYay
R R R ON NO; R

R = hexyl

Di-(3-hexylthiophen-yl)-benzo-2,1,3-thiadiazole (100 mg, 0.2 mmol) in CH,Cl, (10
mL) and fumic nitric acid (2 mL) was stirred at room temperature for 30 min. The
mixture was washed with water, dried (MgSO,), filtered and evaporated. '"H-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 R s.

N N N N

W/ ﬂ )

)7 BU3SH S S S
Br— Br e

\ 7 Pd(PPh3),Cl» w\ ax
OoN NO, R OoN NO, 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(PPhs),Cl, (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(PPh;),Cl, (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 'H-, "C-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:
R

S, Sy
Me3Sn S S S
Br— Br —
\ / Pd(PPh3),Cly \ / \ / \ /
OoN NO, R O5N NO, 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(PPh;),Cl; (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 'H-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

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(PPh;),Cl, (262.5 mg, 0.4 mmol) in
THF (22 mL) was refluxed for 19% hours. MALDI-TOF and 'H NMR showed no
product or starting material.
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4,7-Di-(4-(3-hexylthiophene)-thiophene)- benzo-bis(thiadiazole)

Br °s S

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(PPh;),Cl, (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 (CHCls/cyclohexane 1:1),
recrystalisation from EtOH, heptane or chlorobenzene/MeOH followed by washing
with ether. '"H-NMR showed unclean product in ~ 7 % yield (5.0 mg).

Di-(tributylstannyl)-3-(2-ethylhexyl)-thiophene

R R

7\ n-BuLi/TMEDA m
S ——> Me3Sn S SnMe;
or BuLi.t-BuOK

R = 2-ethylhexyl

1): 3-(2-Ethylhexyl)-thiophene (5 g, 25.5 mmol) and TMEDA (11.97 mL, 88 mmol, 3
€q.) in hexane (50 mL) was cooled to —78 °C. 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 °C and
trimethylstannylchloride was added. After 2 days the mixture was washed with water,
dried and evaporated. The yellow oil was purified by flash chromatography. 'H 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 °C. 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 °C 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 (MgSO,) and evaporating. '"H 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, 'H-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) #-BuLi.

76



Appendix 1: Experimental

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 °C to 2 days at room
temperature. After addition of trimethylstannylchloride and work up "H-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 -BuLi and TMEDA and this
procedure is described in Appendix A2.2.

Bis-trimethyldodecyl-thiophene

Purification of di-thiophenes has been shown to be complicated' 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,” Kumada®* and Stille cross coupling’ in 4 different ways.

Ullmann:

R R

Cu
Sy —— 4
s Br \ /) S
Ullmann 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 'H-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 'H-NMR
showed no product in the fractions or the residue.

Kumada:
R R
s Br \ S
Grignard 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)Cl, (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. HCI1 (0.13 mL). The organic phase was separated, dried (MgSQy,), evaporated and
distilled by Kugelrohr distillation (200 °C at 3 - 10~ 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:

R Br
1) n-BulLi S/ \
Do e el —— O

s 2) Me3SnCl S |
Pd(PPh3),Cl, R
Stille

n-BuLi (3.35 mL, 5.4 mmol, 1.6 M) in THF (50 mL) was cooled to —78 °C. 2-Bromo-
3-(3,7,11-trimethyldodecyl)-thiophene (2.0 g, 54 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(PPh;3),Cl, (250 mg, 0.36
mmol) was added and the reaction was refluxed over night. After 18 hours the
reaction was cooled, evaporated, dissolved in CHCI;, washed with water, dried
(MgS0Q,), evaporated and purified by kuglerohr to give a mixture of product and 3-
(3,7,11-trimethyldodecyl)-thiophene.

Stille cross coupling 2:

R UR PAPPhY,Cl /\
N
Q\Br /Sn\ S J \ 7 S

Stille 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(PPh;),Cl, (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:
R

U P(PPha),Cl
\ / S

Stille R

2-Trimethylstannyl-4-(3,7,11-trimethyldodecyl)-thiophene (1 g, 2.19 mmol) and
Pd(PPh3),Cl, (96 mg, 0.14 mmol) in THF (20 mL) was refluxed. 'H-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

R R
j Buemok m
—/—> Me;3Sn SnMe
S ! S 3
or t-BuLi/TMEDA

R = 3,7,11-trimethyldodecyl

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 °C. -BuLi (25 mL, 42.5
mmol, 2.5 eq.) was added drop wise over 30 min. The reaction was stirred 2 hour at —
78 °C before the reaction was allowed to reach 0 °C. The mixture was cooled to —78
°C 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 °C at 4 - 10~ mbar), which resulted in 2 impure fractions of product
and mono-substituted compound.

2): +-BuOK (1.37, 12.24 mmol) in hexane (4 mL) was cooled to —60 °C. n-BuLi (7.65
mL, 12.24 mmol) in hexane (9 mL) was added and the reaction was stirred 10 min. at
—40 °C. 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 °C for 1 hour before
the temperature was allowed to rise to 10 °C. The reaction was cooled to —78 °C 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 °C at 8 - 107 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. +-BuOK.n-BuLi 2.5 4 5
Reaction time before addition of Me3;SnCl (h) 1 2.5 1
Temperature (°C) rt -60 rt
Result (product/starting material) 2:1 3:1 -

*Stannyl groups was eliminated during reaction.

Finally, the product was synthesized by reaction with #-BuLi for 3 days, the procedure
is described in Appendix A2.2.
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Dilithiation of Bis-(trimethyldodecyl)-thiophene

R\ R
e R I\ S, _snme;
s\ _ MesSn— g~ W\
R or n-BuLi/TMEDA, 2 days
R

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 °C. -BuLi (0.7 mL, 1.02 mmol, 3 eq.) was added
drop wise over 30 min. The reaction was stirred % hour at —78 °C before the reaction
was stirred at room temperature for 2 days. "H-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 °C. 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 °C 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. 'H-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(PPh;),Cl,°

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 Et,O to give
yellow crystals of the product in 96 % yield (28.47 g).
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Summary

The synmthesis of two copolymers of benzothiadiazole and dihexyldithiophene were
obtained by employing oxidative ferric chloride polymerisation and Stlle cross
coupling polymerisation. Weight average molecular weights of respectively 15200 g
mol™ and 3200 g mol’ were obtained. The polymers have an optical band gap of
~2eV. Photovoltaic devices were prepared wsing the pure polymer materials and
mixtures of the polymers and a soluble fullerene derivative. Efficiencies of 0.024%
were obtained. Head-to-head and head-to-tail coupling was not found to influence the
maximum photovoltaie performance that could be obtained.

Introduction

[1-3] have
demonstrated  photovoltaic conversion efficiencies of 3.8% [4] and shown the
possibility of reaching the benchmark of 3% efficiency. [5] Common to most
conjugated polymer systems employed for polymer photovoltaics is a poor match of
the absorption spectrum of the material to the solar spectrum. A lowering of the
bandgap to values found for inorganic semiconductors like silicon is of interest and is
expected to open for the possibility for an increase in efficiency. [6.7]

Recent developments within the field of polymer photovoltaics

n — —m = -
1 2

Scheme 1. Copolvmers of benzothiadiazole and head-to-head coupled dihexyldithiophene (1)

and head-to-tail coupled dihexyldithiophens (2).

In this paper we present the simple synthesis of a copolymer of benzothiadiazole and
dihexyldithiophene by two different polymerisation mechanisms and demonstrate a
band gap of ~2 eV for both methods of preparation.
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Experimental

Methods. Commercially available compounds were purchased from Aldrich. 3.4'-
Dihexyl[2.2"]dithiocphene was obtained as described in ref. [8], 4.7-dibromo-benzo-
2.1 3-thiadiazole was prepared as described in ref. [9] Two alkyl group signals are
missing in the "C NMR for compound 5. This is ascribed to accidental isochrony.

Poly{(benzo-2,1,3-thiadiazel-4.7-divl}-(3.3"-dihexyl[2.2" |dithiophene- 5,5 -diyl} {1).
Te a mixture of FeCl; (801.2mg, 1.13 mmol) in CHCl; (120mL) di-{3-hexyl-
thiophene)-benzothiadiazole (1.01g. 2.15 mmol) in CHCly was added drop wise. The
reaction was left stirring for 25 hours. After 25 hours of reflux the reaction was cooled,
washed with agq. Hz50,, ag. Nay50;, separated, dried (MgS0y), filtered and evaporated
to a smaller fraction, which was poured into MeOH. The suspension was filtered to give
poly-(di-(3-hexyl-thiophene )-benzothiadiazole) as a red solid. Yield: 150mg (15%).
"H NMR (230MHz, CDCls, 300K, TMS): 8= 0.91-0.84 (m, 6H), 1.49-1.26 (m, 12H).
1.72-1.66 (m. 4H), 2.74-2.68 (m, 4H). 7.89 (s, 2H). 8. 11 (s, 2H). SEC (5004 + 100004
+ L000000A) M, = 15244; M= 13605 M,/M,=238T7DP=11.

Poly{{benzo-2,1 3-thiadiazel-4.7-divD-(3.4°- dihexyl[ 2,2 [dithiophene-5,5"-diyl} (2).
Compound 4 (4.0052, 6.066 mmol) and 4,7-dibromo-benzo-2,1,3-thiadiazole (1.783 g,
6.066 mmol) were mixed in DMF (75 mL) and degassed with argon. Pd{PPh;):Cl;
(20.0mg, (.11 mmol) was added and the reaction was heated to 150°C. After 2 hours a
dark tarry mass separated (prepolymer, SEC: M, = 1824 M, = 1564, M /M, = 1.19).
The mixture was cooled and THF {150mL) was added followed by reflux overnight.
The mixture was cooled and the THF evaporated. MeOH (400mL) was added. The
mixture was filtered and the solid washed with MeOH (3 x 100mL) and dried. Yield:
262 (92%). The product was found to contain 583 ppm palladivm nanoparticles that
were removed. 'H NMR (250MHz., CDCl,, 300K, TMS): 6= 0.91-0.79 {m. 6H). 1.758-
1.22 {m. 16H), 2.73-2.61 (m, 2H), 2.96-2.80 {m. 2H), 7.17-6.94 (m, 0.5H), 7.52-7.46
(m. 0.5H), 7.74-7.67 (m. 1H), 7.94.7.84 (m. [H), 8.07-797 (m. 1H). SEC {1004
+ 1000A) M,, = 3205; M, =1971; MJM, =143, DP =5,

S-Tributylstannyl-3-hexylthiophene (3) To a solution of 3-hexylthiophene (33.6g.
0.2 moel) in dry THF (300mL) cocled to —78°C under argon, LDA in THF
ethylbenzene/heptane (20, 100mL, 0.2 mol) was added drop wise. At the end of the
addition the mixture was allowed to reach 0°C in 3h. The mixture was then cooled back
down to —78°C and tributylstannylehloride (63.6 g, 0.2 mol) was added in one portion.
The mixture was then allowed to reach room temperature. Hexane (300 mL) was added
to the reaction mixture was washed with water, dried (MgS0,). filtered, evaporated and
destilled to give 3-hexyl-5-tributylstannylthiophene. Yield: 95.36g (52%), bp = 136-
138°C/SmBar. 'H NMR (250MHz, CDCl,. 300K, TMS): 8= 0.94-0.80 (m, 12H). 1.16-
103 {m, 6H), 1.43-1.29 {m, 12H), [.68-1.53 (m. 8H), 2.97 (t, 2H, J= 7.75Hz),
6.98 (s, IH), 7.20 (s, IH); °C NMR (63MHz, CDCls, 300K, TMS): 8= 11.28, 14.19,
14,60, 23,25, 27 .83, 2069, 2075, 30,58, 31.35, 3237, 126,12, 136.25, 137,18, 144.59;
Anal. Caled for CaaHya55n: C, 57.78; H, 9.26. Found: C, 55.70: H, 9.258.

4, 7-Bis(3-hexylthiophene-5-vljbenzo-2,1, 3-thiadiazole (4). To a solution of 4.7-di-
bromo-2,1 3-benzothiadiazole  (23.36g, 008 mol) and  S-tributylstannyl-3-
hexylthiophene (3) (91.45g, 0.20 mol) in THF (300mL), PdiPFhayhCly (3.14g.
449 mmol) was added. The reaction was refluxed. After 2 hours futher S-tributyl-
stannyl-3-hexylthiophene (3) (91.45g, 0.20 mol) and PAiPPh;)Cl (3142, 4.49 mmol)
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were added. Further Pd{PFPh;)2Clz (0.5 g, 0.7mmol) was added after 3 and 24 hours.
After 2 days the reaction was cooled, evaporated and purified by flash
chromatography (CHCl;). Recrystalisation from EtOH gave the product as orange
crystals. Yield: 82g (22%), mp = 60.6-61.6°C. '"H NMR (250MHz, CDCl,, 300K,
TMS): &= 0.90 (6H, t. J= 6.75Hz). 1.45-1.26 (12H. m). 1.74-1.65 (4H. m). 2.70 (4H,
t.J=7.5Hz), 7.04 (2H. d. J= 0.75Hz). 7.83 (2H. s). 7.98 (2H, d. J= 1.25Hz); "C NMR
(63MHz, CDCl;. 293K, TMS): &= 14.79, 23,33, 29.75, 31.18, 31.36, 32.41, 122.22,
126.23, 126,75, 12971, 13972, 14507, 153.36. Anal. Caled. for CypHnNaSs: C,
66.62: H, 6.88: M. 5.98. Found: C. 66.70; H, 6.70: N, 5.89.

5,5%-Bis(trimethylstamnyl)-3,4"-dihexyl[ 2.2" [dithiophene  (5).  Dihexylbithicphene
(3.34g. 10 mmol) was mixed with hexane (30mL) and TMEDA (3g. 25 mmol) and
cooled to —78°C. nBuli { 16mL, 1.6M. 25 mmol) was added and the cooling bath was
removed and the mixture was left overnight at RT. The following day a thick paste
had formed. The mixture was cooled to —=758°C and Me;5nCl (25 mL, 1M, 25 mmol)
was added and the mixture was allowed to reach RT. After stirring at BT for 1h
hexane (500mL) was added and the mixture was washed thoroughly with water and
brine. Drying and evaporation gave the pure product. Yield: 6.3g (95%) 'H NMR
(250MHz, CDCly, 300K, TMS): &= 042 {m. 9H), 0.45 (m, 9H), 0.95 (m, 6H), 1.34
im, 12H), 1.68 (m, 4H), 2.65 t, 2H, J=THz). 2.83 (1, 2H, I=THz), 7.04 (s, IH), 7.14 (s,
1H); "C NMR (63MHz, CDCl,, 300K, TMS): 8= -8.25, -7.84, 14.12, 22.65, 29.16,
29,31, 293K, 3082, 31.68, 31.B2, 3204, 3288, 127.90, 131.72, 13563, 137.01,
13826, 140,04, 141,74, 151.11: Anal. Caled for CaHyeS:5n,: C, 47.30; H, 7.02.
Found: C, 47.29; H, 6.89.

Size exclusion chromatography (SEC). SEC was performed in chloroform using
either of two preparative Knauer systems emploving a pre-column and two gel
columns in succession with respectively pore diameters of 100A and 10004 or S00A,
10000A and 1000000A. All gel columns had dimensions of 25mm@® x 600mm
Polystyrene standards were used for molecular weight determination.

Photophysical and photovoltaic methods. UV-vis spectra were obtained from
chloroform solution. There was no significant red-shift when comparing solution
spectra and solid film spectra. Photovoltaic devices were prepared by spincoating a
27um microfiltered solution of the polymer (20mg) and PCBM ({20mg) in
chloroform:chlorobenzena/2:1 (1.5mL). The substrates were PEDOT:PS5 coated I'TO
on glass slides. The typical film absorbance was 0.7-0.9 absorbance units. The films
were then transferred to a vacuum chamber and pumped to a pressure < 5 10-6 mBar.
The aluminium electrode (~150 nm) was applied by thermal evaporation. The active
area of the devices were 3 cm. Devices were subsequently mounted using epoxy glue
and measurements performed in the ambient atmosphere. The wavelength dependence
of the photovoltaic response was performed using a set-up described earlier with
additional lenses that improve the bandwidth and reduced the intensity a little. [10]
IV-curves were recorded using a Keithley 2400 sourcemeter. Simulated sunlight was
obtained by using a SolarKonstant 575 from Stevernagel Lichttechnik GmBH. The
luminous intensity was set to 1000 W m™ using a precision pyranometer from Eppley
Laboratories. The spectral distribution was made as close to the AML.5 standard as
possible wvsing a MNeoceram UV-stop filter. The spectrum was monitored using an
AvaSpec 2048 optical spectrum analyser from Avantes.
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Results and discussion

Svnthesis. The general synthetic procedures leading to conjugated polymers does not
allow for directional synthesis where the two termini of the polymer chain have a
different chemical nature. An excellent example is the polyalkylthiophenes that have
been prepared in both regioregular and regiorandom forms. Ferric chloride oxidation
generally gives regiorandom polymer materials whereas palladium catalysis has also
been demonstrated to give regiorandom products. [11]

S, 5
S 5
: (PPhzzPacE NN .
oL Qo T D00
3 4 Hex

Hex Heo
i s 1) REuLiTMEDA . /
= iﬁ. 2) MasSnC _J'S"_@_Gf_.?rsi_
[

5
Scheme 2. Synthesis of the monomers 4 and 5.

The regiorezular polymers are most often obtained by a directional approach and have
been employed with success for the polythiophenes by Megishi [11]. Kumada [12] or
Stille [13] polycondensation reactions. It should be mentioned that the physical
properties of conjugated polymer materials prepared by palladium catalysis can be
hampered by even tiny amounts of residual catalyst in the form of metallic palladivm
nanoparticles. [14] Our interest in this paper was to compare the photovoltaic response
for head-to-head and head-to-tail coupled copolymers of dihexyldithiophene and
benzothiadiazole.

Hax NJS'N
FallCH,
i
a
o
PPhI|2FdCE
Er Br + (PPH) 2
THF

Scheme 3. Svathesis of the polymers 1 and 2.

The synthesis of the monomers were straight forward and involved in the case of the
monomer for the head-to-head coupled polymer the regioselective lithiation of
3-hexylthiophene using LDA followed by reaction with tributylstannylchloride to give
3. The subsequent reaction of 3 with 4,7-dibromo-benzo-2,1, 3-thiadiazole gave 4 that
was the monomer for the oxidative polymerisation using ferric chloride. The monomer
for the head-to-tail coupled polymer involved dilithiation of 34" -dihexyl-
[2.27]dithiophene with nBuli in THF followed by reaction with trimethyl-
stannylchloride to give 5 as an oil that was found to be somewhat unstable. It was
generally used directly but could be kept for a few weeks in the dark under argon at
rocm temperature. The synthesis is outlined in scheme 2.
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Figure 1. SEC traces of the polymers. Polvmer 1 was analyzed on a gel colomn system column
system comprising a succession of a 500 100004 and 10000004 in pore diameter. Polymer 2
was analyzed column on a gel colomn system comprising a succession of a 1004 and 10004 in
pore diameter.

The polymerisation of 4 using ferric chloride in chloroform proceeded smoothly to
give the regioregular polymer 1 with a moderate weight average molecular weight in
the range of 15000 g mol™. The polvmerisation using Stille cross coupling to give the
head-to-tail coupled polymer 2 was best achieved by starting the polymerisation in
DMF. This gave a prepolymer that separates as a slimy solid. Addition of THF at this
point dissolved the prepolymer and allowed for continuation of the polymerisation
reaction (scheme 3). The results from SEC analysis of the polymer products are shown
in figure 1. Spin coating of 1 and 2 gave good films and it was decided to prepare
photovoltaic devices in spite of the difference in molecular weight.
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Figure 2. UV-vis spectra of the polymers 1 and 2 in chleroferm solution.

Photophysical and photovoltaic measurements. The UV-vis spectra of the two
polymers are similar in solution as shown in figure 2. The extinction coefficients at
the maximum wavelength of absorption are 22300 M e and 22200 MY e { Aamax
= 330 nm and 514 nm) for 1 and 14000 M e, 13000 M em™ and 15000 M~ cm™
for 2 (Ape = 318 nm, 356 nm and 514 nm). From the UV -vis spectra the bandgap is
estimated to be 2 eV, The UV-vis spectra in solution and in the solid were very
similar. The similarity of the UV-vis properties for the head-to-head and head-to-tail
coupled polymers is in contrast to for instance the polyalkylthiophenes where a
pronounced effect of the regioregularity is seen lowering the bandgap from 2.1 &V to
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1.7 e¥ in the solid. [11] The photoveltaic devices based on the homopolymers gave as
expected very low conversion efficiencies in the ppm range and fill factors, FF, close
to 25%. It is noticeable that polymer 1 has an efficiency that is four times better than
2. The open circuit voltage (V) and the short circuit current (1,.) are larger for 1 then
for 2 (see table 1).
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Figure 3. IV-curves for the polymers 1 {left) and 2 (right).

When a mixture of the soluble fullerene derivative PCBM [15] was mixed with the
conjugated polymer material in a 1:1 wiw ratio the efficiency was increased by more
than an order of magnitude in both cases and the efficiencies became similar
(0.024%).

Table 1. Photovoltaic performance and dark resistance, Ry, of the devices { 1000 W m, AM1.5)

Compound Woe (W) | TEY ) FFi%)  Ryiki)) ni%)
1 0.68 -7.4 25 74 00013
1+PCBM 0.65 =75 23 58 0.0140
1+PCBM (annealed) 0.6l -162 24 n.d. 0.0240
2 057 -2.4 25 57 0.0003
2+PCBM 033 =247 30 58 0.0240

Folyvmer 1 exhibited the phenomenon of annealing upon initial illumination whereas
polymer 2 did not exhibit this. During illumination the sample quickly heats up to an
equilibrivm temperature of ~70°C. We ascribe the increase in efficiency in 1 by a
factor of two to be due to annealing of the polymer material. This is supported by
DSC measurements. They showed that 1 exhibits a glass transition in the 60 — 80 °C
range. There were no thermal transitions for polymer 2. The IV-curves are shown in
figure 3 where it is evident that annealing in the case of 1 lowers ¥, but increases [,..
The lifetimes of the devices were generally short and the short circuit decreased to less
than 10% in 24 hours. The addition of PCBM increased the lifetime but the practical
applications of these devices are limited to fundamental measurements on freshly
prepared or annealed samples (see figure 4). The lifetime behavior of devices based on
1 and 2 were similar.
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Figure 4. Lifetime curves for photovoltaic devices based on 2 monitored as L.

The photovoltaic response as a function of the incident wavelength was finally
monitored and the result is shown in figure 5 for devices based on 2 where the device
absorption is shown along with 1, as a function of the incident wavelength.

Devire absorhance
Current | A rm‘z:l

500 G600
Wavelength imm)

400

Figure 5. The device absorption {solid curve) and the photocurrent {grey curve ). The broad
weak band at 200 nm stems from the PEDOT PSS laver. A plot of I, is also shown,

The photovoltaic response is symbatic with the absorption spectrum as expected. The
decrease in the photocurrent below 350 nm is ascribed to the absorbance of the glass.
The maximum for conversion of incident photons to electrons in the external circuit
(incident photon to current efficiency, IPCE) is 0.6% at 450 nm. Polyvmer materials
similar to 1 have been reported [16.17] while no photovoltaic data were given. Also
copolymers of dithienvlbenzothiadiazole with pyrrole [6.7] and dialkylfluorenes
[18.19] have been emploved in photovoltaics where efficiencies of respectively 1%
and 2.4% were documented. Commeon to the literature results were a smaller bandgap
with values down to 1.6 eV and the possibility for the incorporation of a much larger
weight fraction of PCBM (a polymer:PCBM ratio of 1:3 and |:4 wiw respectively).
A large weight fraction of PCBM has been shown to be important for the efficlent
conduction of electrons. [20] In our case a 1:1 ratio was emploved since the formation
of good homogenous films could not be obtained with a higher ratio. Provided that
good films could be obtained with a 1:3 or 1:4 w'w ratio of 1 or 2 and PCBM higher
efficiencies would be expected.
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Conclusions

We have presented the synthesis of two conjugated polymer materials based on
copolymers of benzothiadiazole and dihexyldithiophene. The materials were
characterised using NMR and SEC. The photovoltaic response of the materials were
investigated and compared. We found the efficiency of homopolymer devices based
on the head-to-head coupled material to be higher than for the head-to-tail material.
The efficiency of devices based on mixtures of the polymer materials and the soluble
fullerene derivative PCBM were however similar and too low to be of practical
importance. The lifetimes of the devices were short but sufficient for physical
Measurements,
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ABSTRACT: A senes of low-band-gap copolymers of thiophene, benzethiadiazole, and benzobis(thiadiazole)
were synthesized. The polymers were synthesized by Stille cross-coupling polymenzation of distanmylalkyl-
thiophenes and dithiophenes with dibromo denvatives of benzothiadiazoles and benzobis(thiadiazole)s. The
polymers were characterized using NME, UV—vis, and size exclusion chromatography (SEC). The molecular
weight, solubility, and film-formung ability were lighly dependent on the choice of side chams. 3.711-
Trmethyldodecyl side chains were found to give polymer products with high melecular weight, good film-
forming ability, and good solubility. Band gaps were estimated from UV—vis to be 2.1— 1.7 eV for polymers
based on benzothiadiazole and ~0.7 eV for polymers based on benzobis{thiadiazole). The band gap and electromic
structure of the polymers were determined by a combination of UV—vis spectroscopy and ultraviolet photeelectron

spectroscopy (UPS).

Introduction

Polymer photovoltaics! bring promiise as a future renewable
source of energy, and while a few difficult problems need to
be solved before commercialization of pelymer photovoltaics
for electrical energy production becomes a reality, the hopes
are high. Intensive research has already led to a technology that
is suitable for low-energy niche applications. The cost and
environmental benefits using this technology are attractive, and
the problems remain with the lifetime and the efficiency of
experimental devices. While recent improvements of both
efficiency’ and lifetime!® have been reported, further improve-
ments are desirable. In terms of efficiency, many factors
influence the relatively low efficiencies of around 3% that has
been reported. In particular, the conjugated polymers that are
typically employed as the active matenial exhibit a poor overlap
with the solar spectrum. The band gaps are typically higher than
2.0 eV, and it is believed that lower band gaps could increase
the efficiency by harvesting a larger proportion of the sunlight.
There are limits to how low a band gap one can apply as the
exciton binding energy becomes significant at lower energies,
and while a too low band gap will result in harvesting of more
photons with lower energy, excessive loss will ensue and lead
vet to poorer efficiencies. Because of the wnavailability of
conjugated polymer materials with low band gaps, there have
been few reports on the use of low-band-gap conjugated polymer
materials in polymer photovoltaic devices, and therefore ex-
perimental evidence on the applicability remains scarce. For
this reason low-band-gap polymers have received considerable
attention recently 2% Spectral coverage in the range from 700
to 1200 nm (1.8 to 1 eV, respectively) is believed to enable the
fabrication of photovoltaic devices with increased conversion
efficiency.™® From a synthetic point of view low-band-gap
conjugated materials are however a challenge, and only a few
families of polymers exist. The most important ones have been
polyisothianaphthenes 37 polythiophenes 13 and copolymers of
benzothiadiazole, thiophene, and pyrrole 3% Generally, low-
band-gap materials have been problematic in terms of solubility,
and for this reason the preparation of soluble materials was
paramount in this work.

10.1021/mal526832 CCC: $33.50

Chart 1. K = 3,7,11-Trimethyldodecyl for (A) n = 1, 1, for (B)
n=1,2 and for (C) n = 1, I; R = 1-Ethylhexyl for (Byn =12

In this paper. we describe the synthesis and characterization
of soluble low-band-gap copelymers of thiophenes with ben-
zothiadiazole and benzobis(thiadiazole)s of the types shown in
Chart 1. Syntheses were carried out by oxidative ferric chloride
polymenzation and Stille cross-coupling polymerization.
Results and Discussion

Monomers for Stille cross-coupling polymenzation were
distannyl derivates of 3-(3,7.11-trimethyldodecyljthiophene or
di3.7,11-trimethyldodecyl)dithiophene and dibromo derivatives
of benzothiadiazole or benzobis(thiadiazole). For the oxidative
ferric chloride polymerization, dif2-ethylhexyljdithiophene—
benzothiadiazole was used.

Synthesis of Monomers. The syathesis of the leng and
branched allcyl chain 3.7.11-trimethyldodecyl bromide was
carried out as described in the literatwre ' The reported
hydrogenation of farnesol to give 3.7.11-trimethyldodecanol was
maodified vsing high contents of PA'C 10 wt %0 (0.2 mol % Pd)
mstead of Adams catalyst (PtOy) and a pressure at 45 bar. In
the paper by Schouten et al. ' the temperature and pressure were
not reported. and our initial attempts were carried out at 4 bar.
This gave only a partially hiydrogenated product, and we found
that large amounts of 10% Pd/C at 45 bar and 40 °C were
required to complete the reaction in 1 day.

Addition of 3.7, 11-tiimethyldodecylmagnesinm bromide to
3-bromothiophene to give 3-(3.7.11-trimethyldodecyl)thiophene

(1) was carried out by 3 Kumada reaction (Scheme 1).!! Even

Scheme 1. Synthesis of Alkylthiophene*
Br

a b —j\R
B - [
R-Br = R-MgBr + QS \; &s

“a: Mgz, ether; & Nidppp, K = 3,7.11-trmmethyldedecy] (1) and
2-ethylhexyl (2).
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though the bromoalkane was added slowly and dropwise to the
magnesinm turnings during the Grignard reaction, a small
amount of the Wurtz coupled byproduct. 2,6,10,15,19.23-
hexamethyltetracosane. was formed. After punfication, the final
product contained around 7% of 2.6.10,15.19.23-hexamethyl-
tetracosane. This byproduct was found difficult to remove and
was alleviated in later reaction steps.

The synthesis of 3-(2-ethylhexyljthiophene (2) was also
carried out by Kumada reaction (Scheme 1).1

Lithiation of 3-Alkyithiophene. Compound 1 was lithiated with
nBuLi and TMEDA followed by reaction with trimethylstannyl
chloride to  give 4-(3.7.11-trimethyldodecyl)-2-trimethyl-
stannylthiophene (3) (Scheme 2).

Scheme 1. Lithiation of 1 with nBuLi®
’\/V\)\/\A ol \S
- Sn
£} Za

“a: (1) nBuL:i, TMEDA, hexane, —78 “C; (2) Mes5nCl, —78 °C.

The reaction with nBuli and TMEDA (1.5 equiv) resulted
in modest yields of the product (34%). Compound 2 was
lithiated with LDA™ and reacted with tributylstannyl chloride
to give 4-(2-ethylhexyl)-2-tributylstannylthiophene (4) (Scheme
3). The reaction with LDA resulted in a nuxture of starting
material and product. and hence the yield was lower (47"0}
compared to the lithiation vsing nBuLi and TMEDA.

Scheme 3. Lithiation of 2 with LDA*

\ DS

a N,
I~ “n L
Y and

4

a3 (1) LDA, THF, —78 °C; (2) BusSnCl, —78 °C.

Dithiophene. The synthesis of 4.4"-bis(3,7,11-trimethyldo-
decyl)-2,2"-dithicphene (6) was carried out by Stille coupling
between 3 and 2-iodo-4-(3,7.11-trimethyldodecyl)thiophene (5)
to give the tail-to-tail product 6 (Scheme 4). Compound 5 was
made in one-pot by addition of I to 3 and was not isolated
before performing the Stille coupling under refluwx. Tlis reaction
resulted in a pure tail-to-tail product 6. We ascribe this to a
faster reaction between 3 and 5 compared to reaction between
the 2-bromo-3-(3,7.11-trimethyldodecyl)thiophene (7) and 3. In
3 and 5 there 1s least sterical lundrance where 7 exhibits more
sterical hindrance due to the alkyl group adjacent to bromine.
Hence, no homocoupling of 3 was observed, and finther,
decomposition of 3 to 1 was not observed.

Scheme 4. Synthesiz of 6, B = 3,7,11-Trimethyldodecyl

R R R
[ b s 4N
4 ‘n; a i) « 2
s 8 } J
1 5 ®os

a3 (1) nBuLi, THF, —78 °C; (2) L; (b} 3, PA(PPh,).Cl,, reflux.
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Several other atternpts was made to synthesize head-to-head
and head-to-tail isomers of 6; these are described in the
Supporting Information.

The large-scale synthesis of 3.4 -dihexyl-2.2 -dithiophene has
been described in the literature 12 The reaction between 2-bromo-
3-hexylthiophene and 4-hexyl-2-tnmethylstannylthiophene re-
sulted in three isomers of the preduct. The purification of this
mixture was complicated,? and synthesis of only one isomer
is preferred.

Dilithiation of 3-Alkylthiophenes. The dilithiation of 1 was
carried out using 5 equiv of Buli. This reaction resulted in
dilithiation after 32 days at room temperature. Addition of
trimethylstannyl chlonde gave the product 3-(3.7.11-trimeth-
yidodecyl)-2. 3-bis(trimethylstannyltlucphene (8) (Scheme 3).
Other attempts were made to dilithate 1 (see Supporting
Information).

Scheme £, Dilithation of 1, K = 3,7,11-Trimethyldodecyl=

R
/ a \ ,.f\{. /
Q - . —/Sn—‘f\s,')—Sn\—

1 8
aa: (1) fBuli, hexans, BT; (2) MeySnCl, —78 °C.

These results show that the dilithuation of 3-alloylthiophenes
requires a stronger base than the monolithiation. This 1s ascribed
to a lower acidity of the protons in alkylthiophene monoanions.

Dilithiation of Dialkylthiophene. The dilithiation of 6 was
successfully carried out using nBuli and TMEDA (3 equiv)
which resulted in dilithiation after 1 h, and addition of
trimethylstannyl chloride gave the product 4.4-bis(3.7.11-
trimethyldodecy1)-3,53"-bis(trimethylstannyl)-2. 2 -diflnophene (9)
(Scheme &). Other attempts were made to dilithate 6 (see
Supporting Information).

Scheme 6. Dilithation of 6, R = 3,7,11-Trimethyldodecyl®

R R
] ;":i \I‘ = Sl s. 4 W o
& e n S
(W AN
R R
6 9

92 (1) nBuLi, TMEDA, hexane, —78 °C; (2) MesSuCl, —78 °C.

Dibremo Derivatives of Benzothiadiazele and Benzobis-
(thiadiazole). The synthesis of both 4. 7-dibromobenzo-[2.1,3]-
thiadiazole (107 and 4.7-di(5-bromothiophen-2-yI)benzo-[2.1.3]-
th.tadl.aznle (11) have been described in the literature (Scheme
'l'j 13,1

Scheme 7. Dibrome Derivates of Benzothiadiazele, 10 and
1314

N'&N N.JS\N
Br W Br BrA‘SI WA shr

4,7-Bis(5-bromothicphen-2-v1)-21 %  benzo[1,2-c:4,5-¢ Tbis-
[1,2 5]thiadiazole (12) was synthesized from 4.8-dithien-2- '»1—
21*5% benzo[1.2-¢:4.5-¢ Tois[1.2, S]thiadiazole (Scheme §).15
The synthesis with NBS was caried out in both DMF and a
1:1 muxture of chloroform and acetic acid. Becanse of insolubil-
ity of the starting material in DMF, the tetra-brominated



A2.2

Macromolecules, Vol 39, No. 8§, 2006

Scheme 5. Synthesis of 12*
s 5.
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“(a): NBS, CHCly/AcOH.

Scheme 9. Synthesziz of Monomer for Ferric Chloride
Polymerization®
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4a: Pd(FPhLs}aCl:, THF, reflux

benzobis(thiadiazole). 4.7-tis(dibromothiophen-2-yl)benzo-
[2.1.3]bas(thiadiazole). was obtained as a byproduct. Refluxing
the starting material for 2 h in chloroform before adding acetic
acid and NBS gave the pure product 12, Because of the
insolubility of 12, the 'H NMR spectra could only be obtained
in high bodling NME. solvent muxtures at elevated temperature.
A muxture of 1.2-dichlorcbenzene-dy W N-dimethylforanmde-d;
(1:1) at 400 K was found to be suitable.

Low-Band-Gap Conjugated Polymers 2825

Stille Coupling. Compound 111 was reacted with 4 in a Stille
cross-coupling to give 4, 7-bis(2-ethylhexyl-2. 2" thiophen-3-y1)-
benzo[2.1,3]thiadiazoles (13) (Scheme 9).

Synthesis of Polvmer Products. Snlle Cross-Coupling
Polymerization. The polymers 14—19 were synthesized by
Stille cross-coupling polymerization between dibromo deriva-
tives of benzothiadiazole or benzobis(thiadiazole) and di-
stanmyl derivatives of 3-(3.7,11-trimethyldodecyljthiophene or
4.4"bis(3,7.11-tnimethyldodecyl)ditluophene compounds (Scheme
10).

The monomers were heated in DMF, and the palladinm
catalyst was added. After a few hows a prepolymer had
precipitated, and THF was added to dissolve the prepolymer!”
and continue the polymerization. After 2—3 days the polymers
were precipitated with methanol and water. Deternunation of
the amount of palladiom in polymers synthesized from a
palladium catalyzed polymerization was described by Nielsen
et al 1% A method for the removal of palladinm from the polymer
product was also reparted '* Analysis of polymer 14—19 showed
a palladivm content of less than 100 ppm in the polymer. The
polymers 14—19 were fiuther purified by Soxhlet extraction
with successively MeOH. hexane, and chloroform. The chlogo-
form fraction was recovered and concentrated before fusther
purification by preparative SEC. The SEC data of the purified
polymers are summarized in Table 1.

Scheme 10, Synthesis of Polymers 14—19 by Salle Cross-Coupling Pelymerization, R = 3,7.11-Trimethyldodecyl®

a3 Pd{PPh),Cl,, DME/THE, 150 °C.
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Table 1. SEC Data of Purified Polymers 14—19=

polymar M A, ML
14 5800 4800 14
15 2300 2100 13
16 7100 8500 1%
17 2400 9500 18
18 14000 12000 19
19 12000 11000 21

4 The polymers were analyzed on 2 gel colunm system comprising of a
succession of colunms with 500, 10 000, and 1 000 000 A pore size with a
datector wavalength of 300 nm. The SEC faces are ziven in the Suppeating
Information.

Oidative Fervie Chloride Polymerization. The polymeriza-
ticn of 13 was carried out using ferric(TIT) chiotide in chloroform
to give the pelymer 20 (Scheme 11).

Scheme 11. Oxidative Ferric Chloride Polymerization To Give
Head-to-Head Copolymers of Dithiophene and Benzothiadiazole,
R = 2-Ethylhexyl (20)°

5 - R

R 5. n WoH
Dollog = OO0
13 N:t "
“a: Fell;, CHCL.
Table 2. SEC Data of the Purified Polymer 20-
polymer A, M, AL/,
0 36000 80000 20

4 The polymer was analyzed on 2 gel columm system compiising a
succession of columms with 300, 10 000, and 1 000 000 A pore diamster
with a detector wavelenzth of 500 nm. The SEC trace of the polymer 1
ziven 1u the Supporting Information.

The monomer was dissolved in chloroform and added to the
ferric(III) chloride i chloroform. The solution was refluxed for
25 h; the resulting polymer was purified with agueous sulfiric
acid and aquecus sodivm sulfite. It was not possible to establish
whether complete removal of iron species was achieved.
Polymer 20 was fiuther purified by preparative SEC, and the
SEC data are summarized in Table 2.

Film-Forming Ability and Solubility. The film-forming
ability of polymers 14— 20 was tested in different solvents by
spin-coating the polymer solutions onto glass slides with
subsequent measurement of the absorbance. Absorbencies of
at least 0.3 at Ay, were required to ensure a sufficiently thick
film for photovoltaic studies or other thin-film studies. The
analysis showed that the film-forming ability of polymers 14—
20 is good in solvents like chloroform and THFE.

Syathesis of polymers 14—16 with 2-ethylhexyl side chains,
polyvmers 17—19 wath hexyl side chains i a head-to-tail
coupling, and polymer 20 with hexyl or dodecyl side chains is
described 1n detail in the Supporting Information. Analyses of
these polymers showed poor film-forming ability i CHCIL;,
THF. chlorobenzene, dichlorcbenzene, xylene, and toluene.
Hence, these polymers were not good encugh to produce films
with a sufficient quality for phetovoltaic studies or other thin-
film stuches. Further, because of the poor sclubihty of these
polymers, SEC data did not give a correct picture of the polymer
molecular weight distribution, and the data are not reported.

From these results. it can be concluded that the long and
branched alkyl chain 3.7.11-trimethyldodecyl, resulted in
soluble polymer products compared to polymer products bearing
hexyl, 2-ethylhexyl (with the exception of polymer 20). or
dodecylallyl side chains.
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Figure 1. UWV—viz spectra of polymers 14—20 in chloreform (360—
1100 nm). We did not chserve any significant red or blue shift when
comparing spectra measured in solution and on film
Table 3. Extinction Coefficients at Az, for the Polymers 14-20
14 15 16 17 13 19 1]
Ay () 477 435 T 478 450 902 423

602 597 586
e lem!) TO56 11228 TE0S 14000 23994 BOBl  2BETI
165909 25420 33957

UV—vis. The UV—vis spectra from 4 = 360 nm to 4 = 1100
nm of polymers 14—20 are shown in Figure 1.

The extinction coefficients at Ay, for polymers 14—20 are
listed in Table 3. From Table 3 and Figure 1, it can be seen
that polymer 18 has a larger extinction coefficient at Ama than
polymers 14, 15, 16, 17, and 19. It can alsc be seen that Apy, is
red-shifted for the polymers synthesized from dithicphene
(polymers 17—19) compared to polymers synthesized from
thiophene (polymers 14—16). Further. it can be seen that
polymer 20 has a larger extinction coefficient at Amy than
polymer 18 and that Ay, for polvmer 20 is red-shifted compared
to polymer 18, This could be due to the different dithicphene
couphng i the polymers 18 and 20, 1e., tail-to-tail and head-
to-head. respectively.

Further, 1t can be seen that polymers 16 and 19 show
absorption above 1100 nm. In Figure 2 the UV—vis and NIE
spectra of pelymers 16 and 19 are shown from 800 to 2500
nm. From these data, 1t can be seen that polymers 16 and 19
absorb significantly up to arcund 1800 nm.

Band gaps (Eg) were estimated from UWV—wis spectra by

fitting a tangent to the UV cwrve with subsequent conversion
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Figure 1. UW—vis (black) and IR (dashed) for polymers 16 (A) and
19 (B). The peaks at 1400, 1600, 1900, and 2400 am ave due to the
Instrument.
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Fizgure 3. Band-gap estimaton of palymer 18,

of the intersecticn with the wavelength axis (xp) from nm to
eV (an example is given in Figure 3 with polymer 18). Because
of the tailing of the absorption toward lenger wavelengths
(especially for polymers 16 and 19). the exact position of the
optical band gap was found to be difficult to establish. We have
used a conservative measure for the optical band gap, and actual
values may be lower.

The band gaps are listed in Table 4. The polymers described
in the literature show band gaps of 2.0 eV for polythiophene, '#
1.6 eV for copolymers of thiophene, pyrrole, and benzothia-
diazole 2* and 12 eV for polyisothianaphthene ¢ Comparing
these polymers with polymers 14— 20 shows that polymers 14
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and 17 have band gaps in the same region as polythiophene ®
polymer 15 has a band gap in the region between polythiophens
and copelymers of thiephene, pyrrole, and benzothiadiazole, and
polymers 18 and 20 have band gaps in the same region as
copolymers of thiophene, pyrrcle, and benzothiazole 2 Fusther,
it can be seen that polymers 16 and 19 have lower band gaps
than polyisothianaphthene 8

Ultraviolet Photoelectron Spectroscopy (UPS). The elec-
tropdc structure of the materials was established by a combina-
tion of the band-gap data presented above and UPS. TUPS
employs the irradiation of a thin film of the sample on a metal
substrate with high-energy UV photons. In the experiments
petformed here the incident photon energy was 50 eV, The high-
energy photons result in photoelectrons that are collected and
their energy measured. This gives a photoelectron spectrum that
provides a map of the filled energy levels in the material and
the iomization potential. One advantage of using a synchrotron
source 13 that ESCAPS can be recorded for the surface segion
used for UPS studies. This allows for the chemical analysis,
and thus one can make sure that no impurities are present and
confirm the presence of the elements that are expected (in this
case carbon, sulfur. and nitrogen). The method for the analysis
of the UPS data has been reported earlier 2071

The UPS spectrum and the band-gap structure of polymers
17—1% are shown in Figure 4 along with a sketch of the band
structure. The UPS spectrum and band-gap structure of polymers
14—16 and 20 are given in the Supporting Information. The
results obtained by the UPS measurements on polymers 14—
20 are shown in Table 4.

The values were obtained from the following equations: 222

By, =hv— BE,, ey
Ef®=BEy, @
EFt-'AC - o — Bmez: 3)
P = EPVB + EFI"AC @
A=E"C— @, 3)

where BEpy and BEy;, are the cutoff at high binding energy
and the omset at low binding energy. respectively. BEwm
represents the injection bamrier for holes from gold into the
valence band of the polymer material (Ef'F). The work fonction
of the substrate ((Dy,) is obtained from eq 1, where BEpy is
obtained by measurements on a clean sample, where the Fermi
level of gold is established. E/VAC is the distance from the Fermi
level to the vacwonm level and 1s obtained from egq 3. IP. the
1omzation potential. 15 a material constant, and A 1s the vacuum
level shift. i.e., the effect of the dipole layer at the interface of
vacuum and the polymer layer 2021

ESCA measurements showed no gold in the samples, indicat-
ing that the films were thick encugh for the UPS measuwrements.
Furthermore, a variation of the illumunated spot size and
counting times gave the same UPS spectrum, thus elinunating
the possibility of too thick films giving rise to surface charging.

In the UPS experiment the Fermi level of the polymer material
aligns with the Fermu level of the metal substrate. For pure
semiconductors the Fermi level of the matenial should be in
the middle of the (forbidden) optical band gap and the distance
from the Fermui level to the topmeost filled electronic energy level
should thus be half the value for the optical band gap. In reality,
this is known to vary due to impurities in the samples, and the
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Figure 4. UPS spactra (left) and the resulting band structure (right) for polymers 17 (A), 18 (B), and 19 {C).

Table 4. Band-Gaps from UV—Vis Spectra and UPS Data from the
Photoeleciron Spectra for Polymers 14—20=

polymer  EZ'B(eV)  EVAC(eV)  L(V) A(EV] Ea(V)
14 1.4 396 540 —0.64 210
15 0.80 404 584 —0.56 1.32
15 052 392 444 —0.68 065
17 1.11 381 492 —0.79 210
13 083 404 467 —0.56 1.65
19 048 386 434 —0.74 067
20 1.19 3188 5407 —0.72 1.77

4 By values are estimated from UW—vis spachra.

buried interface between the material and the metal substrate
may shift the position of the Fermi level away from the
midpeint. The iomzation potential is also a direct observable
from the experiment and is dependent upon the melecular
crientation at the swface between the materials and vacwum.
The otientation of the molecular dipoles may facilitate the escape
of a photoelectron or hinder the escape. Tlis effect is observed
through the vacumm level shift, A, that most often acquires a
slightly negative value 2 The distance from the Fermi level to
the topmost filled electronic energy levels, EFVE, represents the
batrier to the injection of holes from the metal substrate into
the valence band of the conjugated polymer material.

The general observation is that the Fermi level of the material
aligns quite well with the middle of the optical band gap (Figure
4). In the case of the copelymers of thiophene and benzobis-
(thiadiazcle), 16 and 19, the value for E5VE is significantly larger
than half the value of Eg. This can be indicative of a slight
amount of n-doping or an uaderestimation of the value for the
band gap. UV—vis data for both these matenials, however, show

95

low band gap values. The low values chserved for EF'F thus
support ouwr proposition of a very low band gap for these
materials. Dedoping experiments with hydrazine and anunonia
were attempted to establish whether the very low band gap
polymers, 16 and 19, or the polymer that exhibited a tail in the
absorption spectrum, 18, were doped. This however did not
change the absorption spectrum, and we conclude that the
doping of the materials if present cannot be removed simply
by a treatment with a chemical reducing agent (see Supporting
Information). Futher, we observe emission from polymer 18
and therefore asswme that the impurity level 1s low since doping
15 known to efficiently cquench emussion (see Supporting
Information). On the basis of this. we may have underestimated
the band gap for the polymers 16 and 19. and assuming that
the optical band gap should be twice the value for EfVE, the
values for the band gaps would be 096 and 1.04 eV,
respectively. We consider these values as upper bounds on the
values for the band gap. Since the UPS experiment does not
probe the empty electronic energy levels, however, the values
for Eg are still most reliably obtained from the UV—vis
experiment.

If the band gap Ec and the E5'® are plotted as a function of
the number of thiophene units in the monomer for the polymers
based on benzotluadiazole (Figure 3). 1t can be seen that the
band gap Eg decreases when the number of thiophene units is
increased. This tendency also applies for E5'S. Hence, the
ijection barrier for holes from the metal substrate into the
polymer material is lower when the number of thicphene units
15 larger, n = 4. and at the same time the band gap 15 lowered.
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Figure 5. Eg"F and E; plotted as a function of the mumber of thiophene
units in the monomer.

Conclusion

We have presented the synthesis of a series comjugated
copolymers of thiophene and benzothiadiazole and benzobis-
(thiadiazole). Molecular weight, solubility, and film-fornung
ability were lughly dependent on which side chain was used.
Hexyl, 2-ethylbexyl, and dodecyl side chains gave polymer
products with low molecular weight and poor solubility. We
found that 3,7,11-trimethyldodecyl side chains gave polymer
products with h.t,hsn molecular Wﬁ.-lght good ~,olub1l.m and
film-forming ability. Polymer products were characterized by
SEC., UV—vis. and NME. Band gaps were estimated by UV—
vis to 2.1—1.7 &V for polymer based on benzothiadiazole and
~0.7 eV for polymers based on benzobis(thiadiazole). The
electronic structuses of polymers 14—20 were determined by a
combination of UV —vis and UPS. This showed that both Eg
and FF'E decrease with the increasing number of thiophenes in
the monomer unit.

Experimental Section

General. All commercially available reagents were purchased
frc-m Aldrich. 1-Bromo-3.7,11-trimethyldodecane. ™ 4.7-dibromo-
2.1.3-benzothiadiazols (107,14 4, f—bli()—hromoﬂmpheu—ﬁvl}-[" 31
benzothiadiazole (11). and 4, 8-dithien-2-yl- 22% % benzo[1,2-c:4.3-
¢This[1.2,5]benzothiadiazole’ % were all i\'nthetlzed accordmg to
the literature.

In BC NME. for compound 8 two signals are missing. This 1s
ascribed to accidental 1socromy.

Compounds 1, 6, 8, and 9 contamed 2.6.10,13.19.23-hexameth-
yltetracosane as an impurity, and compounds 4 and 20 contained
5.8-diethyldodecane as an impurity. These alkane byproducts stem
from the Wiirtz coupling of the alkyl halides during the Grignard
reaction and are seen m the NME spectta of the respective
compounds. The products were attempted purified by chromateg-
raphy and Kugelrohr distillation. It was in our hands impossible to
remove these byproducts due to codistillation and very simular
physical properties. Smee these alkane products are neutral in terms
of fitture chenmeal reactions, we chose to use these materials directly
and could suceessfully remove the byproducts in subsequent steps.

Photophysical. The UV—wis spectra were recorded on an
Schimatzu UV-1700 PharmaSpec. The NIR spectra were recorded
on a Fourer transform infrared spectrometer (FTIR) Bomem/ABB
maodel MB135. UV—vis and NIE spectra were obtained from
chloroform solution. We did not observe amy sigmficant red or blue
shift when companng spectres measured on solution and film.

Size exclusion chromatography (SEC) was performed in
chloroform using etther of two preparative Enauer systems employ-
ing a precelumn and two gel columns in snecession with respec-
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tively pore diameters of 500, 10 000, and 1000000 A All gel
columns had dimensions of 25 mm diameter x 600 mm_ Poly-
styrene standards were used for molecular weight determination.

Ultraviolet Photoelectron ‘ipectmscnp\ (UPS). Gold was
evaporated on the aluminum substrates n a vacuum chamber at a
pressure <3 s 105 mbar. Hereafter, the 2.7 pm microfiltered
pelymer solutions were spin-coated on the subsiate from chloro-
form or THE. The UPS measurements were carried out with 30
eV photons at the ASTRID synchrotron at University of Aarhus,
Denmark. The setup of the expériment was described previously 215

General Procedure for Addition of Alkyl Chain to Thiophene
(Grignard Reaction)!! Magnesium tummgs (0.31 mol) were
crunched under argon for 30 min. Ether (330 mL) and iodine (to
color change) were added. A few drops of bromoalkane were added,
and the mixture left until the reaction started (heating with a heat
gun and addiion of a few drops of 1.2-dibromoethane helped to
start the reaction). Onee started (color change from orange to gray),
bromoalkane (0.31 mol, 10% excess) was added dropwise, keeping
the reaction at gentle reflux. After end addition the mixture was
left stirring for 30 min. At this point the catalyst, Nidppp (223 mg)
was added in ome portion. After the foaming had subsided
3-bromothiophene (0.3 mol) was added dropwise, keepmg the
reaction muxture at gentle reflux. After each 1/4 of addition, further
Nidppp (135 mg) was added. At the end of the addition, further
Nidppp (133 mg) was added, and the muxture was left stimmg
overmght. The fellowng day the mixture was hydrolyzed by careful
addition of water (110 mL) for 1 h followed by 37% agquecus HCI
(45 mL) for 30 mm_ The light brown organic phase was separated,
dned (Mg504), evaporated, distilled, and purified by flash chro-
matography (cyclehexane) to give the product.

3-(3,7,11- Tl1metht1dndem])thwphene (1): yield 61%. colorless
oil, bp 120—123 °C at 3 mibar. IH NME. (250 MHz, CDCL): 6 =
7.25-7.22 (m, 1H), 6.95-6.92 (m, 2H), 2.68—2.59 (m_ 2H), 1.70—
101 (m. 17H), 0.98—0.79 (m, 12H). “C NMR (75 MHz CDCly):
d = 143.40, 12824, 12501, 119.61, 39.42, 37.91, 37.83, 3746,
3742, 3734, 37.30, 37.26, 32,83, 32.52, 28,01, 2 89 36 97 2484,
2442, 2273, 2264, 19.78, 19.?1, 19.64, 19.58.

3-(2-Ethylhexyl)thiophene (2): yield 93%, colorless oil. bp
150—1352 °C at 10 mbar. *H NMR {250 MHz, CDCL): 6 = 7.22
(dd. 1H, J= 475, 3 Hz), 6.92—6.89 (m, 2H). 236 (d 2H. J=
6.75 Hz), 1.60—1.50 {m: 1H), 1.34—1.18 (m, 10H), 0.92—0.80 {m,
TH) :H too many. “C NMR (75 MHz, CDCly): & = 141.90,
128,77, 124.73, 120,59, 40.41, 34.30, 32.53, 28.90, 23.66, 22,99,
l-lﬂ'ﬁ 10.81. M3 (HEMS): miz caled for [C 2Hy S| 197 136-1
found 197.1238.

General Procedure for Trialkylstannylation of Alkylthio-
phene with nBuLi and TMEDA. Alkvlthiephene (7 mmol) and
TMEDA (10.5 mmol, 1.5 equiv) m hexane (30 mL) was cooled to
—78 *C. nBulLi (10.5 mmel, 1.5 equiv) was added dropwise over
30 mum. The cooling bath was removed, and the reaction was stured
at room temperature for 2 h. The reaction mixture was cooled back
dovm to —78 °C, and trimethylstanmyl chlonde (17 mmol, 2.5 equiv)
was added. After 1 h at room temperature, the mixture was washed
with water, dried, evaporated, and purified by Kugelrohr distillation.

1-(Trimethylstannyl)-4-(3,7,11-trimethyldodecyl)thiophene
(3 yield 34%, colorless oil, bp 175 °C at & x 10-% mbar. ‘H
NME (230 MHz, CDCL:): 6 = 7.20 (s, 1H), 7.01 (5. 1H). 2.77
2,55 (m, 2H), 1.72-1.01 (m, 19H), 0.93—0.84 (m, 13H), 0.47-
0.24 (m, 9H). *3C NMR (75 MHz, CDCly): é = 14475, 13724,
136.58, 12549, 30.38 38.06, 37.97, 3743, 37.38. 37 30 37.26.
37.23,32.78, 32.63, 27.67, 27,52, 24.78. 24, :-9 2269, 7" 60 19.74,
19.68, 19.64, 19.58, —8.35,

General Procedure for Trialkylstannylation of Alkylthio-
phene with LDA.122¢ LDA in THF ‘ethylbenzene/heptane (2 M,
0.2 mol) was added dropwise to a sclution of alkylthiephene (0.2
mol) in dry THF (300 mL) cooled to —78 °C under argon. After
the end of the addition the mixture was allowed to reach 0 °C for
3 h. The muxture was then cooled back down to —78 °C. and
trbutylstannyl chlonide (0.2 mol) was added in one portion. The
brown color disappeared, and the temperature rose to —40 °C. The
muxture was allowed to reach room temperature. Hexane was added




2830 Bundgaard and Krebs

to the reaction nuxture, and it was washed with water, dred
(g50y), filtered, evaporated, and purified by Kungelrobr distillation.
4-(2-Ethylhexyl)-2-tributylstannylthiophene (4): weld 427,
yellow oil, bp 140 °C at 3 x 107% mbar. 'H NMR (250 MHz,
CDCly): =716 (s, 1H), 6.93 (s, 1H), 2.60 (d. 2H, J= 3.5 Hz),
1.73—1.46 (m, 10H), 1.43—1.89 (m, 20H), 1.57-1.00 (m, 8H),
0.98—0.85 (m, 20H). BC NMR (75 MHz, CDCL:): 4 = 142,98,
137.43, 135.83, 126.32, 40.56, 33.93, 32.60, 28.95, 18.19, 27.84,
27.20,25.79, 2303, 1641, 14.07, 13.60, 1089, 10.77.
4,4-Bis(3,7,11-trimethyldodecyl)-2,2"-dithiophene (6). 3-(3.7-
11-Trimethyldodecyljthiophene (4.0 g 13.6 mmol) m THF (100
mL) was cooled to —78 *C. nBuLi (21.26 mL. 34.0 mmol, 2.3
equiv) was added dropwise. The temperature rose to —40 °C. After
stirmng for 10 min, I m THF was added until the color changed to
weak yellow. The reaction was allowed to reach room temperature.
Pd(PFPh;),Cl; (600 mg, 0.9 mmeol) was added, and the mixture was
heated ta reflux. 2 {Trimeth\latauml)—l—{) 7.11- trimeth*.ldodeul)—
thiophene (3.596 g, 12.2 mmol) was added dropwise for 30 nun.
The reaction was left stirming overnight under reflux. The reaction
mixtire was evaporated, filtered l:h.roueh silica (hexane), and
purified by Kuge]mh.r distillation. Yield 35% (4.39 g), green oil,
bp 275 °C at 3 ¢ 10~% mbar. 'H NMR (250 MHz, CDCLy): 4=
694 (d 2H J=1Hz). 677 (d, 2H. J= 1 Hz), 268—2.44 (m,
4H). 1.70—1.01 (m, 40H}. 0.96—0.76 (m, 27H). *C I\'\-IRC‘MHZ
CDC'I;] &= 14423, 13742, 124 80, 118.56, 39.39_ 37 7.63,
37.43,37.39,37.30, 37.25, 37.21, 32.78, 32.47, 28.10, 2 9"‘ 247 79,
24.38,22.70, 22,61, 19.75, 19.69, 19.61, 19.56. M3 (HEMS): m/z
caled for [CagHg S, 387.4679; found 587.4705.
3-(3.7,11-Trimethyldodecyl)-2,5- bls(trlmeth\lshnm Tithio-
phene {8) 3-403.7.11- Tnmeth\ldo-decxljthlopheue (1 g 3. 4 mmol)
in hexane (23 |:|:|L] was cooled to =78 *C. fBuli (100 mL, 17
mmol) was added dropwise over 30 min (yellow solution). The
cooling bath was removed, and the reaction was stimed at room
temperature for 32 days (vellow suspension). The mixture was
cooled back down to —78 °C, and tmimethylstannyl chloride in
hexane (23.8 mL, 23.8 mmel) was added (yellow to white
suspension). After 1 h at room temperature, the mixture was washed
with water, dried. evaporated, and purified by Kogelrohr distllation.
Yield: 57% (1.2 =), vellow oil. bp 200 °C at 4 % 10~ mbar 'H
NME (250 MHz, CDClLy): 8 = 7.19 (s, 1H), 2.78—2.57 (m, 2H),
1.69—1.02 (m, 24H), 0.96—084 (m, 15H), 0.49—-0.24 (m, 18H).
BC NMR (73 MHz, CDCL): & = 132,13, 143.13, 137.43, 39.83,
3074, 39309 3746, ?.'41_:.'“ 3318 32.82,79.81.2 93 2481,
24.47.22.71, 22,62, 19.76. 19.70, —7.06, —8.21. MS (HRMS): m/z
caled for [CaeHspS5nyNa]t 643.1397; found 6432317
4,4"-Bis(3,7,11-trimethyldodecyl)-5,5"-bis(trimethvlstannyl)-
2,2-dithiophenyl (9). 4.4"-Bis(3.7.11-trimethvldodecyl)-2,2"-di-
thiophene (2 g, 3.4 mmol) and TMEDA (1.53 mL, 10.2 mmeol, 3
equiv) m hexane (50 mL) was cooled to —78 °C. nBuli (6.38 mL,
10.2 mmol, 3 equiv) was added dropwise over 30 min (orange
solution). The cooling bath was removed, and the reaction was
stirred at room temperature for 1 h (light orange suspension). The
mixture was cooled back down to —78 °C, and trmethylstannyl
chlonde (17 mL, 17.0 mmel, 5 equiv) was addfd (yellow iohmcm}
After 1 h at room temperature (yellow suspension), the mixture
was washed with water, dred, evaporated, and punfied by
Kugelrohr distillation. Yield: 75% (2.34 g), vellow oil, bp 250 °C
at 3 x 10~% mbar. 'H NMR (230 MHe, CDCL): 6 = 7.11 (s, 2H).
2.69—2.47 (m, 4H), 1.68—1.03 {(m, 42H), 0.97-0.83 (m, 28H),
0.50—0.27 (18H, m). 13C NMFR (75 MHz, CDCL): & = 1531.77,
14276, 130.75, 126.01, 39.50, 39.38, 37.44 3740, 3735, 3731,
33.01,32.81, 3051, 27.97, .24 SD 24.45,22.71. 22.62, 19.76, 19.73,

18.70, 19 63 =7 EQ
4,7-Bis(5 brumothmphen -y1)-24452- heuzn[l,-—r 4,5-¢"his-
[1,2,5]thiadiazole (12). NBS (903.1 mg, 5.1 mmel, 2.5 equiv) in

CHCI:/AcOH (3 mL) was added drop'mse to a solution of 48-
dithien-2-y1-24%0%-benzo[ 1 2-c;4,5-¢'Tbis[ 1,2, S]benzothiadiazale (728.3
meg. 2 mmol} in CHCL;/AcOH (1 L) in darkness. After 2%/ h the
mixture was filtered and recrystallized from DMF. Yield: 83%
(8703 mg), green solid. ‘H NME (230 MHz, 1 2-dichlorobenzens-
dy/ N N-thmethylforanude-d; 1:1, 400 K): 6 =892 (d, 1H. J=4
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Hz), 7.48 (d. 1H, J= 4 Hz). UV—vis (CHCL) A 735 nm (log e
4.40). Anal. Caled for C1 HBrLN.Sy: C, 32.57; H 0.78; N, 10.85.
Found: C, 33.44; H, 0.64; N, 10.84.

General Procedure for Stille Coupling. 121738 Tg 3 solution of
the dibromao compound (1.0 mmel} and 2-(rbuty Istann\-l)thlophene
(2.5 mmol) m THF (3.5 ml), Pd{PPh;),Cly (625 x 10~ mmol)
was added. The mixture was refluxed until the reaction terminated.
after which 1t was washed, cooled. evaporated, and punfied by flash
chromatography and recrystallized.

4,7-Bis(4"-(2-ethylhexyl)-2,1" d.lth.lc-pheml S-vl}benzo[1.2,5]-
I]n:n:ll:lzole (13): ueld 37%, dark red oil. TH NMR (230 I\.H-Iz
CDCL): 6 =8.03(d. 2H. J=4 Hz). 7.86 (s, 2H), 7.25 (d. 2H. J
=4Hz),712{d, JH,J=1Hz), 684 (d 2H. J=1 H.z), 255 (d
dH J=17 sz: 1.69—1.58 (m, 2H), 1.37-1.31 (m, 16H), 0.91 (¢,
12H, J= 7.25 Hz). BC NMER (75 MHz, CDCl;): 8 = 132.530,
143, Dﬁ 139 32 137753, 13664, 128.18, 12390, 12556, 12311,
12419, 120.42, 40. 3[) 3463, 32, 53, 28.90, 23.66, 23.02, 14.09,
10.83. Anal. Caled for CsHoN,Sy: C, 66.23; H. 6.44; N, 4.07.
Found: C, 66.13; H, 6.28; N, 3.86.

General Procedure for Stille Cross-Coupling Polymerization.
Bis(stamnyl)alkylthiophene (0.3 mmol) and dibrome compound (0.5
mmol) were mixed in DMF (150 mL, fresh bottle). The mixture
was degassed with argon, and Pd(PPhs),CL, (30 mg) was added.
The mixture was heated to 150 °C. After a prepolymer had
precipitated, THF (73 mL) was added, and the reaction was stirred
at 130 °C for 3—4 days. The suspension was evaporated, and the
polymer was prempmted with MeOHH,0 (1-1.5 L). The suspen-
siom was filtered to give the polyvmer, which was punfied by Soxhlet
extraction with MeOH., hexane, and chloroform. The chloroform
fraction was evaporated, and further purification was camed out
by preparative SEC. The polvmer was punfied from Pd particles
as deseribed in the literature *®

Poly{(benzo-2,1.3-thiadiazel-4,7-divl}-(4-(3,7,11-trimethyl-
dodecyljthiophen-2 -‘1]} (14): vield 54%. 'H NMR (250 MHz,
CDCL): & = 8.24—7.33 (m, 1.5H), 7.18-6.81 (m. 0.3H), 3.10—
234 (m, 2H), 1.91-1.12 (m, 17H), 1.12-1.063 (m, 12H). UV-
vis: (CHCL, nm) 477 (log e 3.83). SEC [JDD A4 10000 A+
IDGDDDDAJ M, = 5824; M, = 4803; M, /M, = 1.436. Contained
=100 ppm Pd particles.

Poly{(benzo-2,1,3-thiadiazol-4,7-diyl)-(4-(3,7,11-trimethyl-
dodect]) 2,275, 17 ter tthiophen-5,5 -d.nl]} (15): yield 60%. 'H
NME (250 MHZ CDCL): 6 = 822-7.67 (m, 3H), 7.51-7.30
(m, 1H), 7.24— 6.8 (m, 3H), 3.09=2.67 (m, 2H), 1.85—1.00 (m,
34H, 17 too many Hx0), 0.95—0.83 (m, 12H). UV—wis: (CHCIL;,
) 413 602 (log € 4.05. 5.22). SEC (SDG A+ 10000 A + 1000000
Ay M, = 2280, M= 2099; M,/M, = 1.280. Contained <100 ppm
Pd particles.

Poh{(benm-"‘ 1.3-his-thiadiazol- 4 ? divl)-(4°(3,7.11-tr Lmerh-
vidodecyl)-2.2 '“’ "tertthiophen-5,5 dr\]}}(lnﬁ) *.1e1d3 e 'H
NME (250 MHz CDCI,} G =012-858 (m 05H) 8.13-761
(m, 0.5H), 7.42—-7.31 (m, 1.3H), 7.16—6.62 (m, 2H), 2.88-2.17
(m, 2H), 188—098 (m, 17H), 098—060 (m, 12H). UV—wis:
(CHCI:z, nm} 770 (log ¢ 3.88). NIR: (CHCL, nm) tail to 1800.
SEC (500 &4 + 10 Dl}ﬂ A + 1000000 A) M, = 7095; M, = 8594
MM, = 1.860. Contained <100 ppm Pd particles.

Poly {(benzu- 1,3-thiadiazol-4, 7-diy])— (4,4"-di(3,7,11-trimeth-
1]du|:lec1 I)-2,2 -d.lt]:unphen .,. -dnl)} {17}z yield 69%. 'H NME
{hﬂ\le CDCL)y: =771 (s, 1H), 7. 18-7.13 (m, 1H), 3.13—
238 (m, 4H), 1.69-086 (m_ 34H), 0.86—0.61 (24H). UV—ms:
CHCL;, 1) 479 (log e 4.13). SEC (300 A + 10000 & + 1 000 000

) M, = 9368; M, = 9461; M,/M, = 1.807. Contained <100 ppm
Pd particles.

Poly{(benzo-2,1.3-thiadiazol-4, 7-diyl)-(3",4"-di(3,7,11-trimeth-
1]du|:|em I)-2,2"5°,27: 8" 2”'—quater‘lhwphen 5.5 -\]}} (18): yield
9 o, TH NME. (251 DI\IHz CDCL): 6 =822—-8.01 (m, 1H), 7.93—
7 3 (m, 1H), 7.12—6. .'S(m IH). 296—2.48 (m, 4H), 1.80-0.84
(m 63H). UV—vis: (CHCL, nm) 430, 397 (log « 4.38, 4.41). SEC
(500 A+ 10000 & + 1000 000 &) M, = 13 881; M, =12 250;
M, /M. = 1.820. Contained <100 ppm Pd particles.

Poly{(benzo-1,1,3-bis-thiadiazol-4,7-divD-(3"4"- dl{& 7.11-tri-
methvldodecyl)-2,27,5,27;5, 2”‘—quater1hwphen 5,5 -".I)} (19):



A2.2

Macromolecules, Vol 39, No. 8 2006

vield quant 'H NME. (250 MHz, CDCls): 6 =9.08—28.90 (m. 1H),
7.20-7.3% (m, 1H), 741-7.30 (m, 1H), 7.21-6.78 (m, 1H), 2.79—
2.55 (m, 4H), 1.90—1.09 (m, 60H, 16 too many), 1.09-0.61 (m,
34H, 10 too many). UV—vis: (CHC] nm) 902 (log « 3.91). NIE:
(CHCI; ) tail to 1800, SEC (300 "X +10000 X + 1000 000
A) M= 11 705; My = 10 819; MMz = 2.061. Contained <100
ppmn Pd particles.

General Procedure for Oxidative Ferric Chloride Polymer-
ization.!” The monomer (0.5 mmol} im CHCL: (10 mL) was added
dropwise to a mixture of FeCl; (1.26 mmol) in CHCl; {150 mL).
After 25 h of reflux the reaction was coocled, washed with aqueos
H2304 and aqueous Na:50s, dried (MgS04), filtered, and evapo-
rated to a smaller fraction, which was powred into MeOH (1 L).
The suspension was filtered to give the polymer, which was washed
with methanol and dned i a vacium oven. Polymer 35 was punfisd
by prepa:ame SEC.

Polv{4,7-his(4'-(2-ethylhexyl)-1,2"-dithiophene)benzo[1.2.5]-
thiadiazole} (20): vield 74%."H NMR (230 MHz, CDCL): &=
S'“—" 77 (m, 1H), 7.16—6.93 (m, 2H). 6.84—6.27 (m. 1H), 2.87—

21 (m, 2H), 1.82—-1.53 (m, 2H), 1.43—1.02 (m. 16H), 1.02—
0.34 (m, 12H). UV—vis (CHCL;, mm): 428, 386 (log « 4,46, 4.33).
SEC (500 & + 10000 A + 1000 000 A) M, = 86362; M =
60 258; MM, = 1.994
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Low band-gap conjugated polvmers based on thiophene, benzothiadiazole and benzo-
bis-thiadiazole.
Eva Bundgaard and Frederik C. Krebs*®
Svnthesis
Synthesis attempts af 6
Several attempts were made to synthesize 4,4°-bi1s-(3.7,11-tri-methyl-dodecyl-[2.27]-

di-thiophene (6) (scheme 51).
R =
s

(I;CE" \\CU\ //i 7 Stille 3
- = =)
T

s f % Pdeengich 0
Ulimann ':-.: ?’g) —_— _}5,-,@ Still=
Id Vo=
LM Jc:'/' R 3
f" .II /,/’t" 6 )
{\q/"EIr ; '.I.
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T ol
Grignard 2
BA [i1=] BC

Scheme 51: Synthesis attempts of di-thiophene 6, B=3.7.11-tri-methyl-dedecyl. The coupling of the

di-thiophene is shown: 6A= head-to-head, 6B= head-to-tail and 6C= tail-to-tail **

Ullmann coupling™* %

with copper as a catalyst to give 6A proved unsuccessful and
no product could be identified. A Grignard coupling™ of 2-bromo-3-(3.7.11-tri-
methyl-dodecyl)-thiophene 7°° to give head-to-head di-thiophene 6A was also
attempted this reaction gave some of the product, but 1t was 1 our hands difficult to
reproduce the reaction. Aftempts to synthesize the di-thiophene 6 by a Stlle

SRE&-SRE

coupling with 7 and 3 to give a head-to-tail product 6B also failed in our hands.

The reaction was carried out by addition of 3 in erther two portions or drop wise. The

s1
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reaction resulted in mixtures of the product 6B and homo coupled product of 3 1.e. the
tail-to-tail product 6C. The mixture was according to NMR 1:1.5 and 1:0.6,
respectively. It was not possible to separate the different products by chromatography
or by kugelrohr distillation. We also attempted homo coupling of 3. This reaction
resulted 1 a mixture of 1 and the tail-to-tail product 6C. This indicated that 3
decompose dunng the reaction. Purification of these two compounds was not possible

1n our hands.

Dilithation attempts af 1
Several attempts were made to dilithate 1 (scheme S2).

M Buli fBulK \ ?(\)\5\)\/\)\
B —— L35

1
1 8

Scheme 52: Ditthation attempt of 1.

Compound 1 was attempted dilithated using 2.5, 4 and 5 equivalents of BuLi./BuOK
at different temperatures (-60 °C, 10 °C and room temperature) in hexane These
reactions all resulted in a mixture of monolithiated and dilithiated or in the
monolithiated compound alone. The products obtamned upon reaction with

trimethylstannvlchloride could not be separated by kugelrohr distillation.

Dilithation attempts of 6
Dilithiation of 6 was attempted with /Buli. This however failed 1n our hands (scheme

53).
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Scheme 53; Dilithiation of 6.

One possible explanation for this could be stenic hindrance between the t-Butyl anion

and the large and bulky alkyl side chain making dilithiation of 6 slow or impossible.
Synthesis af palvmers
Stille cross coupling polvmenzations of distannyl demvates of 3-(2-ethylhexyl)-

thiophene and 3.37-bis-hexyl-[2,27]-di-thiophene with dibromo denvates of

benzothiadiazole and benzo-bis-thiadiazole resulted in polymer 21-26 (scheme 54).
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Scheme 54: Synthesis of polymer 21-26 by Stille cross coupling polymernization. a: Pd{PPh;),Cl,,

DME/THE, 150 °C.

The polymenzation of 4, 7-bis(alkyl-[2.2"]-thiophen-5-y1)-benzo-[2,1.3]-thiadiazoles
were carried out using fernc(II)chlonde m chloroform to give the polymer 27 and 28

where R 1s hexvl and dodecyl, respectively (scheme 55).
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Scheme 55: Oxidative ferric chloride polymerization to give head-to-head copolymers of di-thiophens

and benzothiadiazole, R=hexyl (27) or dodecyl (28). a: FeCl;, CHCL.

Due to insclubility of the polymers shown in scheme S4 and S5, the SEC data did not
give a correct picture of the polymer molecular weight distribution and the data 1s not
given. These polvmers showed poor solubility in CHCl;, THF, chlorobenzene,
dichlorobenzene, xvlene and toluene. Polymer 22 and 24 gave uneven films with an
absorbance of ~0.2 made from THF and chloroform. Micro filtration (2.7 pm pore
size) of the polymer solution removed a lot of matenial and resulted in films with a

low abserbance.

Experimental details

2-Bromo-3-(3.7,11-tri-methyl-dodecyl)-thiophene {7}.?“‘ NBS (6.02 g 34 mmol, 1
eq.) in DMF (20 mL) was added drop wise to a solution of 3(-3,7,11-tri-methyl-
dodecyl)-thiophene (10 g, 34 mmol) in DMF (50 mL) in darkness. After 3 hours the
mixture was evaporated and dissolved in hexane. The organic phase was washed with
water, dried (MgS04), evaporated and purified by kugelrohr distillation. Yield: 93%
(11.77 g). colourless oil. bp: 155 °C at 6-107 mbar. "H NMR (250 MHz, CDCL): § =
7.18 (d. 1H. J=5.75 Hz), 6.79 (d. 1H, J=5.75 Hz). 2.64-2.53 (m. 2H), 1.63-1.02 (m,
17H), 0.98-0.84 (m, 12H). °C NMR (75 MHz, CDCly): 6 = 142.14. 128.13, 125.13,
108.63, 39.36, 37.36, 37.28, 37.10, 37.006, 36.90, 36.81, 32.76, 32.44, 27.96, 27.03,
2478, 24,32, 22.68, 22,59, 19.73, 19.67, 19.59, 19.53. MS (HEMS): m/z caled. for

[CieH3:BrS] 373.1564 found 373.1953.
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Synthesis of monomers for polymer 21-28.

General. 5-tributylstannyl-3-hexylthiophene™ and 5.5 -bis(trimethylstannyl)-3.4'-
dihexyl[2.2 ]dithiophene™ were synthesized according to literature.
3-Dodecyl-thiophene by Grignard reaction: ™" yield 91%, colourless oil, bp: 162-
164 °C at 10 mbar. '"H NMR (250 MHz. CDCL:): 6§ =7.29-7.25 (m, 1H). 6.99-6.5 (m.
2H), 2.71-2.65 (m, 2H), 1.71-1.65 (m. 2H), 1.38-1.22 (m. 18H), 0.98-0.92 (m. 3H).
4-Dodecyl-2-tributylstannyl-thiophene by trialkyvlstannvlation with LDA: vield
33%, yellow oil, bp: 185 °C at 3-10” mbar. '"H NMR (250 MHz, CDCL): 6= 7.18 (s.
1H). 6.96 (s. 1H). 2.65 d, 2H. J= 7.5 Hz), 1.67-1.49 (m. 10H). 1.41-1.19 (m, 30H),
1.14-1.01 (m. 7H). 0.94-0.85 (m. 16H). *C NMR (75 MHz, CDCL): & = 144.41.
136.84. 136.23. 125.47,31.93,30.73, 29.99, 29.68, 29.65, 29.63, 29.51, 29.47, 29.36,
2896, 2723,22.69 1408, 13.62. 10.78. This compound contamned tetracosane as an
ImMpurity.

3-(2-Ethyl-hexyl)-2,5-bis-trimethvistannyl-thiophene. Compound 2 ({1 gz 5.1
mmol) and TMEDA (1.91 mL, 12.76 mol. 2.5 eq.) in hexane (30 mL) was cooled to -
78°C. Bula (7.5 mL, 12.76 mol. 2.5 eq.) was added drop wise over 30 min (vellow
suspension). The cooling bath was removed. and the reaction was allowed to reach 0
°C. The muxture was cocled back down to —78 °C and trimethylstannylchlonde (12.75
mL, 12.76 mmol) was added (vellow to white suspension). After 2 hours at room
temperature the mixture was washed with water, dried. evaporated and purified by
kugelrohr distillation (the fraction in the interval 50-100 °C at 8-107" mbar was
collected). Yield: 49% (1.30 g). vellow oil. bp: 50-100 °C at 8-107 mbar. '"H NMR
(250 MHz. €DCL): 8 = 7.04 (s, 1H). 2.51 (d. 2H. J= 7.25 Hz). 1.58-1.46 (m. 1H).
1.24-1.16 (m. 8H). 0.77 (t, 6H. J= 7.5 Hz). 0.36-0.14 (m. 18H). “C NMR (75 MHz,

CDCl;): 6=150.79, 142,58, 137.98, 137.85, 41.19, 36.57, 32.70, 28.89. 25.91, 23.00,
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1398, 1086, -7.82. -8.30. Thus compound contamed 5 8-di-ethyl-dodecane as an
ImMpurity.

4,7-Bis-(4"-hexyl-[2,2"]bithiophenyl-5-v1)-benzo[1,2,5]thiadiazole by Stille
coupling between 11 and 5-tributylstannyl-3-hexylthiophene®™: vield 28%. dark
red crystals, mp= 137.5 °C. 'H NMR (250 MHz, CDCl;): & = 8.00 (d. 2H. J= 3.75
Hz). 7.80 (s, 2H). 7.22 (d, 2H. /~=4.0Hz). 7.14 (d. 2H. /=125 Hz). 6.85(d. 2H. =~ 1
Hz). 2.61 (t, 4H, /=7 Hz). 1.72-1.60 (m, 4H). 1.43-1.27 (m, 12H), 0.91 (1. 6H, /= 6.5
Hz). “C NMR (75 MHz, CDCl;): 8= 152.46, 144.29, 139.25, 137.77. 136.82, 128.17,
12550, 12543, 12507, 124.19, 11953, 31.66, 30.52, 3035, 2898, 2259, 14.05.
Anal. caled. for CsqHz:MN-85 C, 64.51: H, 5.73; N, 443 Found: C. 64.62; H, 5.59; N,
434

4,7-Bis-(4"-dodecyl-[2,2°]bithiophenyl-5-v1}-benzo[1,2,5]thiadiazole by  Stille
coupling between 11 and S—tl'iburyl'smuu:\'l—i—dudet}']thiuphenesmﬂ:: vield 27%,
dark red crystals, mp= 130.9°C. 'H NMR (250 MHz, CDCl:): 8=8.02(d. 2H. =4
Hz). 783 (s, 2H). 723 (d. 2H, /=4 Hz), 7.14 (d, 2H, = 1.5 Hz). 6.86 (d. 2H, = 1
Hz). 2.61 (t. 4H, J= 7.5 Hz), 1.74-1.60 (m, 4H), 1.34-1.28 (m. 36H), 0.87 (1, 6H. J=
7.0 Hz). “C NMR (75 MHz, CDCl3): 6 = 152,49, 14430, 139.27. 137.78. 136.82,
12819, 12555, 12545, 125,11, 124.20, 119.54, 31.91, 30.53, 30,40, 29.67, 29.64,
29.59, 2946, 2934, 22.67. 14.08. Anal. calcd. for CygHgMN.5s: C, 68.95; H. 7.55: N,
3.05. Found: C, 6897 H, 746; N, 3 44

Synthesis of polymer 21-26 by Stille cross coupling polymerization.

Due to the low solubility of polymer 21-26 1t has not been possible to characterize
these polymer products by ‘H NMR. Further, the SEC data given for polymer 21-26

does not give a comect picture of the polymer molecular weight distribution and
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should be interpreted as SEC data for the soluble components. Polymer 21 was
described by us earlier.™
Poly{(benzo-2,1,3-thiadiazol-4,7-diyl)-(3,4"-dihexyl-[2,2°;5°,2**:5"",2*""]-quarter-
thiophene-5,5"-diyD)} (22): yield 96%. SEC (100 A + 1000 A) M, = 1631: M, =
1239; My/M, = 1.677.
Poly{(benzo-2,1,3-bis-thiadiazol-4,7-div])-(3,4’-dihexyl-[2,2°:5°,2°:57,2°""]-
guarter-thiophene-3,5"-diyl)} (23): vield 93%. SEC (100 A + 1000 A) M, = 1625:
Mp=1974; Mw/ha=1.890.
Poly{(benzo-2,1,3-thiadiazol-4-y1)-(3/4-(2-ethyl-hexyl)-thiophene-5-v1)} (24): yield
80%. SEC (100 A + 1000 A) M, =2774: Mp=1857: My/M, = 2.327.
Poly{(benzo-2,1,3-thiadiazol-4-y1)-(3"/4°-(2-ethyl-hexyl)-[2,27;5°,2""]-tert-
thiophene-5,5",5"-yI)} (25): vield 75%. SEC (100 A + 1000 &) M,, = 752: M, = 680:
Ma/M,=1.777.
Poly{(benzo-2,1,3-bis-thiadiazol-4-v1)-(3"/4"-(2-ethyl-hexyl)-[2,2°:57,2*"]-tert-
thiophene-5,5,5""-y1)} (26): yield 95%. SEC (100 A + 1000 A) M,, = 882; M, =437
MM, = 1.758.

Svnthesis of polvmer 27 and 28 by oxidative ferric chloride pul}'mel'isaﬁuu.m
Due to the low solubility of polymer 27 and 28 it has not been possible to charactenize
these polymer products by "H NMR. Further. the SEC data given for polymer 27 and
28 does not give a correct picture of the polymer molecular weight distribution and
should be mterpreted as SEC data for the soluble components.
Poly{4,7-bis-(4"-hexvl-[2,2°]-di-thiophene)-benzo-[1,2,5]-thiadiazole} (27): wield
79%. SEC (100 A + 1000 A) M, = 2371: Mp=1917: My/My = 1.156.
Poly{4,7-bis-(4"-dodecyl-[2,2°]-di-thiophene)-benzo-[1,2,5]-thiadiazole} (28): vield

33%. SEC (100 A + 1000 A) My = 46646: Mp = 1740; Myw/Ma= 18.310.
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SEC traces
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Figure 51: SEC traces of polymer 14 (A), 15 (E), 16 (C), 17 (D). 18 (E). 19 (F) and 20 {G). The

polymers were analyzed on a gel column system column system comprising a succession of a 500 A,

10000 A and 1000000 A in pore diameter.
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Figure 52: The UPS spectrum (right) and the resulting band structure (left) for polvmer 14 (A), 15 (B),

16 (C) and 20 (D).

De-doping experiments with ammonia and hydrazine

The polvmers were dissolved in chloroform and the UV-vis spectra were recorded.
Then hydrazine or ammonia was added to the solutions and the UV-vis spectra were
recorded again. In figure 53 and 54 the spectra are shown for the expeniments with

hydrazine and ammomnia, respectively.
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Figure 53: UV ovis spectra of polymer 16, 18 and 19 before and after treatment with hydrazine.

511

109



A2.2

30000
fl-\ —— 1& before
25000 \ [& afer
" I\ —— tz pefors
B f 1 12 afer
- .-"\" / | —— 15 bafore
w 2o0m | f Y ! 1 1S after
= A \
] R
& 1z0 g o
u M
B A
-
c "
2 1000 o \\\_
b 5 e
& R Y — s,
3 5000 \\ T "-\H‘
B — e |
o T T T —T
4m 200 800 1000
Wavelengh (nm)

Figuge 54: UVovis spectra of polvmer 16, 18 and 19 before and after treatment with ammomia.

In both experiments it is seen that the Ay does not change and hence it can be

concluded that any doping can not be removed by a chemuacal treatment.

Luminescence

The UV-vis spectra and the emission spectra of polymer 18 are shown in figure $5.

Since we observe emission we anticipate that the impurity level is low.
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Figure 55: UVvis spectrum and emission spectrum of polymer 18.

It was not possible to cbserve emussion for polymer 19 due to the lmuts in the

maximum wavelength detectable by the emission detector.
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Abstract

Low band gap polymer materials and their application in organic photovoltaics (OPV) are reviewed. We detail the synthetic
approaches to low band gap polymer materials starting from the early methodologies emploving quinoid homopolymer structures to the
current state of the art that relies on alternating copolymers of donor and acceptor groups where strategies for band pap design are
possible. Current challenges for OPY such as chemical stability and energy level alignment are discussed. We finally provide a
compilation of the most studied classes of low band gap materials and the results obtained in photovoltaic applications and give a tabular
overview of rarely applied materials.
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1. Introduction

In the past decade, focus on organic photovoltaic (OPV)
devices has increased and several reviews on OPVs have
been published [1-8). There are many reasons for the
interest in OPVs when comparing the technology to the
silicon-based photovoltaies (PV) and interestingly the two
very different technologies are complementary in many
ways. The OPVs offer low cost, low thermal budget,
solution processing, flexible substrates and a very high
speed of processing. Until recently the silicon-based PVs
had advantages in both efficiency and lifetime of the device
where module efficiencies in excess of 20% and operational
stabilities under outside conditions of more than 25 years
have been demonstrated for monocystalline siicon devices.
In the 1980s and early 1990s, when the OPVs were in their
infancy they showed low efficencies and short lifetimes and
were thus not a real competitor [5). In recent years, this has
changed dramatically and both the efficiency and hfetime
of OPVs have improved significantly with efficienaes of
around 5% and estimated operational hifetimes of 20,000 h
[9-11). It should be emphasized that high efficiency and
long lifetime has not been observed for the same device,
and one of the current challenges is the combination of all
the desirable properties in the same material (efficiency,
stability, processability and low cost). The separate
demonstration of these properties for different materials,
however, does show that it should be possible and from this
point of view the OPVs could become a true competitor to
the silicon-based PV. In addition OPVs do have advantages
of better operation at low hght levels (1e. indoor
applications) [12] compared with most morganic PVs
There are several factors that influence the efficiency of
OPVs, e.g the structure of the polymer, the morphology of
the film, and the choice of electron acceptor and the ratio
between this and the polymer [13].

Durnng the last decade several research groups have
reported the synthests and use of materials which absorb
light with wavelengths above 600 nm in OPVs. A band gap
is defined as the difference between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) energy levels in the polymer.
Low band gap polymers are loosely defined as a polymer
with a band gap below 2eV, 1.e. absorbing hght with
wavelengths longer than 620 nm.

In this review, an introduction to low band gap polymers
is given with a detailed discussion of why we need to focus
on low band gap polymers and considerations of how to
design the polymer to achieve the low band gap. Further,
the synthesis and PV responses of low band gap polymers
from the hterature are described. The polymers deseribed
have mostly been prepared by two methods: (1) electro-
chemical polymenztion, where a potential is applied to a
solution containing the monomer and an electrolyte, this
results 10 formation of the polymer at the anode, eg
indium tin oxide (ITO) or (2) chemical polymerization
using Stille, Negishi, Kumada or Suzuki cross-coupling
reactions, oxidative ferric chloride polymerizations and
Yamamoto, Knoevenagel or Horner—Wadsworth-Em-
mons condensation polymerizations. For other reviews
on low band gap polymers see [6,14-16].

2. Reasons for aiming at low bamd gap materials and design
considerations

2.1, A view of the sum spectrum, the number of photons and
short circuit current limits

The sun is a stable source of renewable energy and it is
estimated to last for another 5 billion years. At the core of
the sun 5 million tons of energy is released every second in
the form of y-rays, which is equivalent to 3.86 = 10™ 1. The
y-rays make therr way to the surface of the sun by
absorption and re-emission at lower and lower tempera-
tures until it reaches the surface mainly as the visible hight
we observe on earth. The energy n space just outside the
atmosphere of the earth is 1366 Wm ™~ and when the light
energy passes through the atmosphere part of the visible
light energy is lost by absorption in speafic regions of the
speetrum according to the air mass that the light passes.
The air mass is abbreviated AM followed by a number that
describes the air mass. In space, just outside the atmo-
sphere the spectrum is AMO. The abwrplion loss amounts
to 28% resulting n about 1000 Wm™~ at the surface of the
earth at equator under ideal conditions with a spectrum
according to the air mass (AMI1). At the latitudes of
northern Europe and northern Amenica the absorption loss
18 higher resulting in the AM 1.5 spectrum, which is shown
in Fig. 1 as irradiance and it 15 evident that most of the
intensity 1 concentrated below 2000 nm but extending
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above 4000 nm. The AMIL.S spectrum corresponds to the
solar rradiance with the sun 45° above the honzon [17). It
18, however, more relevant to consider the amount of
photons available since PVs essentially convert 1 photon
into one electron (there are particular cases where 1 photon
can give rise to more than 1 electron but this is beyond the
scope of this review). Thus, the representation of the solar
spectrum m photon flux as a function of wavelength mve a
better picture of how many photons that are available for
conversion into electrons under ideal conditions (Fig. 1).
Fig. 1 shows a displacement of the maximum towards the
infrared wavelengths when considering the number of
photons rather than the energy. From this point of view it
is of great interest to harvest photons at the longer
wavelengths. It should be borne in mind that the energy
of the charge carriers at longer wavelengths s lower and
this hmits the voltage difference that the device can
produce. Thus, there 15 an optimum band gap which 1s
currently subject to discussion for excitonic devices. The
view taken in this account 1s experimental and the practical
efficiencies that can be obtained for low band gap materials
may not coincide with the theoretically predicted value for
the optimum band gap. It is, however, important to extend
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Fig. 1. Sun rradiance {red) and number of photons (black) as a function

of wavelength. The sun intensity spectrum is based on data from NREL
[20].

absorption beyond 600 nm. Based on these simple con-
siderations the low band gap polymers have the possibility
to improve the efficiency of OPVs due to a better overlap
with the solar spectrum [17,18). Thus, for a maximum
photon harvesting in the OPV devices low band gap
materials are needed [19).

In Fig. 2, the photon flux from Fig. 1 is shown along
with 1ts integral, which 1s shown on two different scales.
One axis shows the mtegral from 2804000 nm in terms of
how high a percentage of the number of the avalable
photons that can be absorbed by having a particular band
gap. The second axis shows the integral in the maximum
theoretical current density that can be obtained, provided
that all photons are absorbed up to the band gap and
converted into one electron in an external circuit that is
l e /photon. [t should thus be considered as the maximum
possible current achievable. This graph s intended as a tool
so that the expermmenter can check own data or hterature
reports. If for instance a larger current density 1s obtamed
for a particular material than the curve prediets, it could be
worthwhile checking the experiment once more (incident
light intensity, spectrum, sun simulator, ete.). In Table 1, a
few of the values have been highlighted for a quick
overview.

In reality, most PVs can not efficiently make use of light
energy below 350-400nm due to absorption in the
substrate and front electrodes (e glass, ITO)Y but
fortunately this part of the spectrum contains very little
intensity. The range of wavelengths from 280 to 400 nm
amounts to only ~1.4% of the total possible current or
~lmAcm ™ in current density. From Table 1, it becomes
evident that one will gain considerably in current when
inereasing the Ay, from 650 to 1000 nm, 1.¢. decreasing the
band gap. Poly(3-hexylthiophene) has a band gap of
650nm (1.9¢V) and thus only has the possibility to harvest
up to 22.4% of the available photons giving a maximum
theoretical current density of 14.3mA em ™ (Note that
this may increase if the polymer is applied in a bulk
heterojunction device, due to the absorption of the
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Fig. 2. Photon flux from the sun {AM1.5) as a function of wavelength. The integral of the curve is shown on the right y-axis as, respectively a percentage

of the total number of photons and as obtainable current density.
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acceptor, 1.e. PCBM). Extending the band gap to 1000 nm
will allow for absorption of 53% of the available photons
giving a maximum current density of 33.9mAcm 7. In
practical terms these values can not be achieved since
absorption will never be complete and incident photon to
current efficiencies (IPCE) will never be umity. The values,

however, are good figures to have in mind as a rule of

thumb when quickly evaluating literature reports or own
data.

Asan example we have caleulated the current which can
be achieved for a low band gap polymer (Fig. 3). In Fig 3,
the fracton of photons absorbed by a single passape
through a film of a low band gap polymer matenial 1s
shown along with the photon flux availlable from the sun
(we do not take double passage or reflection phenomena
inte account). Assuming that all the absorbed photons are
converted inte an electron in an external circuit the
maximum current can be calculated and is shown in
Fig. 3 as the integral. The maximum current density that

Table 1

The integrated photon flux and maximum corrent density available for a
PV that harvest light from 280 mm up to the wavelength quoted assuming
that every photon is converted into one eledron in the external ciraut

Wavelength Max. % harvested Current density
{Z¥inm —) {mAen ™)
] 0 51
i) 17.3 1.1
650 1x4 143
T 276 17.6
750 356 E
Latli] 373 3K
ELli] 46.7 ' X 3
100K 530 339
1250 6K.7 439
1500 T5.0 479

The current density may increase if the polymer is applied in a bulk
heterojunction device, due to the absorption of the acceptor beyond the
band gap of the donar.

this polymer material can produce with the absorption
shown is ~12mAem = (Fig. 3). The current density
that can be achieved, however, depends on many factors,
such as morphology of the device, carrier mobility and
carrier hifetime, active layer thickness, ete. The above
method can mve an idea of the possible current densities
that can be obtaned for a gven matenal wath a smple
absorption spectrum of the film. However, a more useful
evaluation involves performing the same caleulation using
an IPCE curve instead since this is a device measurement
and it thus includes all the effects related to reflection,
multiple passage, interference and scattering. It also
includes the internal effects from morphology, carrier
transport, carmer hfetime, device thickness and hight
absorption.

2.2 Ulamate power conversion efficiencies

In the examination of the solar spectrum above we have
shown that lowering the band gap allows for absorption of
more photons resulting in higher currents that can lead to
higher power conversion efficiency. Two models proposed
by Scharber et al. [21] and Koster et al. [22] predict that a
higher efficiency of OPV devices can be achieved using a
lower band gap polymer. The increase in power conversion
effimency 1s not granted by the current density alone, a high
apen cireuit voltage ( Foe) 15 also needed (a high fill factor
15 assumed). The Ve 1s defined in the two models as the
difference between the HOMO of the donor and the
LUMO of the acceptor (Fig. 4) [21,22]. For an ordinary
polymer such as MEH-PVV we have Vgedl), now lowenng
the band gap, 1.e. lowering the LUMO of the donor from
the black line to the dotted line, does not change the Foe.
However, combining the low band pap with a higher
LUMO of the acceptor (the grey to the dotted grey line)
results in an increase of the open circuit voltage o Foe (2)
and hence the efficiency is increased assuming that the
difference between the LUMO of the donor and acceptor is
large enough to msure charge separation.

Sa+18 1.0 ria
\ 0.8 2
o~ 4a+18 e J I o
1 2 L E
E \\ 2 w0 E
b =
- de+iB 06 =5 | 8 E
E £ B
: ile §
= 2e+18 04 3 =
: — Pho \ i f
= toms 02 o E}
1e+18 Abamshed ~J02 = | 2 o
Current
[1] 0.0 L0
300 400 500 600 T00

Wavelength {nm)

Fig. 3. Photon flux (hlack), photons absorhed by a copolymer of benzothiadinzole and thiophene (red) and current density (blue) a5 a function of
wavelength. Current density is determined from the number of absorbed photons.

115



A2.3

958 E. Bundgaard, F.C. Krebs { Solar Energy Maierials & Solar Cells 91 (2007 ) 954985
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LUMO =
o
................ B
© LUMO
AE
Vool Ved 2l HOMO
HOMO
LEG PFCEM
Dloner Acceptor Fig. 5. Alignment of energy levels in bulk heterojunctions with a low band
gap polymer (LBG) and PCBM. HOMO and LUMC are represented with

{polymer)

Fig. 4. Increase of Voo by tuning the energy levels in a bulk
heterounction (OPY device.

Therefore, to increase the Voo from Faell) to Fae(2)
and thus the efficiency of the device we must prepare new
low band gap polymer matenials which absorb light with
longer wavelengths thus absorbing more of the photons in
the solar spectrum. Further, we must improve the electron
transfer from the donor (polymer) to the acceptor [23]. Fae
can be increased by inereasing the difference between the
LUMO level of the acceptor and the HOMO level of the
donor. Further, the LUMO levels of the acceptor and
donor have to be far enough apart to guarantee
energetically efficient electron transfer (see below) [21-23].

2.3, Optinmum alignment of energy levels

Alignment of the energy levels in OPV s of great
importance to achieve high Voo and an efficient charge
transport from the donor polymer to the acceptor full-
erene. In Fig. 5, a schematic view of the energy levels in a
bulk heterojunction s shown. The energy, a, represents the
difference between the LUMO of the polymer and the
LUMO of PCBM. The variable @ expresses how much
lower the LUMO of the acceptor PCBM is with respect to
the LUMO of the donor and it has to be large enough to
ensure efficient charge separation. The energy, f, represents
the minimum acceptable value for Fpe The choice of a
and f1s of course somewhat arbitrary as one would ke
efficient charge separation and as large a value for Fie as
possible and for materials with large band gaps of 2¢V or
more this 1% not cntical. There 15 thus a range of energes
that the HOMO level of the donor material can take while
fulfiling the criteria for @ and f# shown as AE m Fig. 5
When knowing the band gap of the polymer and the
acceptable levels of @ and § it is possible to estimate the
energy range that is acceptable for the HOMO level of
the donor according to: AE = E—«-f. When the band gap
becomes low as i the case of low band gap polymer
materials the values of the variables @ and f along with the

thick black ines and thick gray lines, respectively. The acceptable range of
energies for the HOMO level of the donor is shown as a shading.

-2

Energy (eV)

Ay —

-7

MEH-FPV PCEM  P3HT PCBEM LBEG PCEM

Fig. 6. Alignment of energy levels in bulk heterojunctions with PCBM
using {a) MEH-FPV [Z4], (b) PIHT [22] and {c) low band gap polymer
(LBG) [25,24).

position of the donor HOMO level becomes crucial and
probably impossible in many cases if the acceptor material
15 chosen. Most often the range of energy levels for the
acceptor is fixed as the current state of the art employ
fullerene matenals. This aspect underlines the need for new
acceptor materials with HOMO and LUMO levels that are
significantly different from the fullerenes.

In Fig. 6, examples of energy level alignment in bulk
heterojunctions with PCBM and commonly used polymers,
1e. MEH-PPV (poly(2-methoxy-5-ethylhexyloxy-1,4-phe-
nylenevinylene)), PAHT (poly(3-hexylthiophene)) and an
example of a low band gap polymer. Fig. 6 lighlights the
importance of energy level alignment when using low band
gap polymers compared to polymers with larger band gaps.
For MEH-PPV a high Vg can be achieved (see Section
2.2) and further, the alignment between the LUMO of
MEH-PPV and PCBM (xz mn Fig. 5) can result in an
efficient charge transfer. A more efficient charge transfer
will result if P3HT is applied since the difference @is higher
for P3HT than for MEH-PPV. However, using P3HT also
decreases the maximum Fue, which can be obtained.

For the low band gap polymer m Fig. 6 the LUMO
energy level does not align with the LUMO of PCBM such
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that an efficient charge transfer can take place. For this low
band gap polymer to work efficiently in an OPV device
another electron acceptor with a lower energy level of the
LUMO would be required.

Thus, it is not only important to synthesize polymers
with a low band gap; one also needs to consider the energy
level alignment to increase the efficdency of OPV devices.
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2.4, Design considerations for low band gap polymers

There are several factors that influence the band gap of a
conjugated polymer material. Among these are:

(1) intra-chain charge transfer;
(2) bond-length alternation;
(3) aromaticty;

(4) substituents effects;

(5) intermolecular interactions;
(6) m-conjugation length [6,27].

Most of the low band gap polymers described in the
literature are based on thiophene either as a homo polymer
(polythiophene), in a copolymer or as part of a fused ring
system which can be achieved by modifying the electronic
properties of existing polymer units [28,29]. The low band
gap copolymers reported are often based on thiophene but
other electron rich aromatic units such as pyrrole are also
found. Identical for these copolymers are the alternation
between electron donor (electron rnich) and electron
acceptor (electron deficient) units [27,30]. The high energy
level for the HOMO of the donor and the low energy level
for the LUMO of the acceptor results in a lower band gap
due to an mtra-chain charge transfer from donor to
acceptor [27,30]. By mathematical simulation it was shown
that the electron affinity was higher around the acceptor
units compared with the donor umits m these types of
copolymers [31-34]).

Planarity along the aromatic backbone results in a low
band gap, due to a high degree of delocalization of the =-
electrons [35). The alternation between single and double
bonds along the polymer chain has a tendency to increase
the band gap. A reduction of the difference in bond length
alternation is achieved by the alternation of donor and
acceptor units along the conjugated polymer chain thus

the Peierls effect [36,37]. The alternation between donor
and aceeptor results in two resonance forms: D-A and
DY =A [35].

As described interactions between acceptor and donor
enhance double bond character between the repeating units,
this stabilizes the quinoid form of e.g. benzo-bis(thiadiazole)
(see Fig. 29) formed within the polymer backbone, and
hence a reduction in band gap is achieved [37].

If the HOMO level of the donor and the LUMO level of
the acceptor are close in energy it results in a low band gap
as shown in Fig. 7. Therefore, to achieve a lower band gap
the strength of the donor and the acceptor must be

__ — HOoMO

D D-A A

Fig. 7. Alternating donor-acceptor units lower the effective band gap by
orbital mixing.

increased. This is efficiently achieved by using electron
withdrawing groups (EWG) on the acceptor and electron
donating groups (EDG) on the donor. EWG such as CN,
NOa2, quinoxahnes, pyrazines or thiadiazole lower the
energy levels (and thereby LUMO) of the aceeptor. EDG
such as thiophene or pyrrole raise the energy levels (and
thereby HOMO) of the donor [37).

It has been found that the band gap for certain polymers
15 lowered in the solid phase due to ordering compared to
the observed disorder in solution [6,38-53]. Further, it has
been found that a longer conjugation length lowers the
band gap and that the band gap 1s increased when torsion
in the polymer back bone disrupts the conjugation (see
below) [6,54].

3. Types of low band gap polymers
3.1. Polythiophene

The structure of polythiophene is shown in the upper
part of Fig. 8. To improve the solubility of polythiophene
many different R groups have been explored ranging from
alkyl, alkoxy, acid, ester and phenyl groups ete. Since the
thiophene ring is a 5-membered ring that is polymerized
through the 2 and 5 position substitution introduces
directionality in the polymer and every time a monomer
is incorporated in the growing polymer chain it can add
with the head (2-position) or the tail (5-position) first.

This gives the possibility for a regular material where all
the molecules add in a head to tail (HT) fashion or it can be
random with occasional head to tail (HT), head to head
(HH) or tail to tail (TT) coupling (Fig. &). The lower part
of Fig. 8§ shows the local structure resulting from the three
possible couplings.

311, Optical and elecirical properties of polythiophenes
The band gap of polythiophene s 2eV [56]. The
regioregular head to tail coupled poly-3-alkylthiophene
(PAT) product has a planar structure in solution and
generally exhibit a lower m—x* transiton. This 15 an
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Fig. §. Structure of polythiophene and substituted denivates of polythiophene in HH, HT and TT couplings [55]

indication of a longer conjugation length in the polymer
backbone compared to regiorandom PAT (coil lhke
structure in solution) [15]. In sclution the side-chain,
ordering improves with an increase in the chain length [15].
Generally, it has been established that the PAT
polymer chams are straight chains with a long conju-
gation length both in the amorphous and crystalline phase
[45.46].

Poly(3-hexylthiophene), P3HT, is one of the most
studied conjugated polymers. The band gap of P3HT is
1.9¢V [22]. The Auax of PIHT and for PAT in general
varies with the percentage of head-to-tail coupling, i.e. the
regularity of the side chains. Hence, the synthetic
procedure leading to PAHT has a large influence on the
properties of the final polymer product (see below) [38,57).
Further, it has been shown that the absorption of PIHT
depend on the molecular weight of the polymer [39]. That
18, dmay i0CTEAses with an increase in molecular weight and
the absorption spectrum becomes broader up to 600 nm
[39). The regioregularity of PAHT is of great importance for
the characteristics of the polymer such as conductivity and
charge carrier mobility and transport. Several reports have
investigated the regioregulanty and its effect on packing of
the polymer [38-53). It has been shown that the regiore-
gular P3HT with a head-to-tail coupling stack in lamella
structure, which is  separated by the side chains
[41,43-4547 48). Hence, the length of the alkyl side chains
affects the lamella structure only in the dimension of
lamella thickness [47). The solvent used for spin coating
have been shown to be of great importance [41,4246]).
Films of poly(3-octylthiophene) spin coated from chloro-
form was found to have their side chains directed towards
the substrate [46). This was also the case for phenyl side
chains [45]. It has alse been shown that the drying time and
drying mechanism affects the anisotropy of the polymer
film [40,41].

Absorbance

300 400 500 600

Wavelength (nm)

T00 800

Fig. 9. Absorption spectra of regioregular P3HT in solution (black) and
in a solid film ohained by spin coating from 1,2-dichlorohenzens (grey).

For P3HT or P3AT it has been found that the polymer
orgamze 10 different ways in film and  solution
[41.42 48,58]. This 1s not the case for polythiophenes with
phenyl side chains, which were found to organize similarly
in both solution and in the sohid film [42). Furthermore, the
absorption and henee the band gap of PAHT or P3AT 15
very different in the solid film and in solution, i.e. the 4y,
increase when going from solution to the solid film (Fig. 9)
[38). From Fig. 9, it can also be seen that the absorption
speetra for the film of P3HT is more detailed than the
solution of PAHT, this is aseribed to the orgamzation of the
polymer in film.

Introduction of disorder was applied to investigate the
effect of the regioregularity on the optical properties of the
polythiophene [54]. P3HT was synthesized by Yamamoto
poelycondensation (see below) to give 91% regioregularity.
The polymer was spin coated from chlorobenzene in a 1:1
mixture with PCBM, this resulted in PCBM segregation
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leading to a thermally stable interpenetrating network [54].
Addition of disorder alternates the driving force for
crystallization leading to thermally stable bulk heterojunc-
tions [54]. The most stable PV performance 15 obtained
with PIHT with tuned regioregulanty to control the
morphelogy of the bulk heterojunction [54]. This was also
investigated for head-to-head coupled and tail-to-tail
coupled polythiophene with different alkyl side chains
[59]. It was found that the methyl side chain did not show
any difference when the two couplings (i.e. HH and TT)
was compared, however, when the length of the alkyl side
chain increased a twist in the main chain was observed [59].

Mg, THF
ar /@‘Br — _J__@\H ‘Yamamoto
Nifbipy Il n

5 —_—
Miacac), | 'S .

M = Pd, Ni,

Co, Fe

,ﬂ\ M [
g, THF
Br Br ﬂ Lin and Dudek
—~

Fig. 10. Synthesis of polythiophene by Yamamoto and Lin and Dudek

[57 61,62]
g FeCl R
A ’ |
L= )
R
7 1) Mg Ff ]
I s L N ;’ésk

Fig. 11. Synthesis of regiorandom PAT [55,57].
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Cross-linking between thiophene units in polythiophene
have been shown to increase the hole mobility in the
polymer, and hence increase the efficiency of OPV devices
[60]. However, a very high percentage of cross-linking
resulted 10 a mam chain distortion and poor solubility.
This caused the hole mobility to decrease and thereby also
resulted in a decrease in efficdency [60].

3.1.2. Synthetic sirategics leading to polythiophenes

The synthesis of polythiophene has been carried out by
several different strategies and the first synthesis of
polythiophene was carried out by two different chemical
polymerizations in 1980 by Yamamoto et al. and Lin and
Dudek (Fig. 10) [61,62). At the same time an electro-
chemical polymerization of thiophene was reported [14).
However, these three types of polymerizations all led to
insoluble polymer products. Thus, in the late 1980s several
rescarch groups strived to prepare soluble derivatives of
polythiophene [63—65). The PAT, first described in 1986,
have three conformations; HT-HT, TT-HT, HT-HH, TT-
HH as deseribed above, which can be achieved by the
strategies shown in Fig. 11 [14,57).

As described above the regularity of PAHT is of great
importance due to higher conductivity of the polymer and
higher efficiency of OPV devices. However, the synthetic
methods presented in Fig. 11 did not give a regioregular
polymer product [46]. Highly regioregular P3HT was not
reported until the early 1990s by MeCullough [66] and
Reike [67] by two related methods as shown in Fig 12
These methods have been explored extensively [57,68-84]
The regioregularity obtammed from these synthetic proce-
dures was 99% HT and 98.5% HT, respectively [57,60,83]
The conductivity of the regioregular PAHT was 10008 /em
compared to only 1-0.1§/em obtained for PIHT with a
low regioregularity (58-70% HT) [57).

Regioregular PIHT have also been synthesized by Stille
polymerization as shown in Fig. 13, which resulted in 96%
HT in 1,2-dichloroethane or toluene [85,86]). Controlled

r g Bra !/ AcOH 1) LDA/THF
1y: (‘f_; 1) RMgBr 1 g or NBS/ACOH/CHC 2) MgBrz OEL
' s 2)Ni{dpppiCly {S or NBSITHF g "Br  3) Ni{dppp)Cly

R
2): ’_ﬂ\ ZnfTHF
Br—"g" HBr

Bin’@\ar

R

Ni{dppp)Ch

R = hexyl

Fig. 12, Different strategies to regioregular P3HT (1) McCullough and (2) Reike,

!S\ Pd{PPhy),

Ry

a) R=Ma, Ry = n-Haxyl, X = Br
b) R = n-Butyl, Ry = n-Haxyl, X =1

n

Fig. 13, Synthesis of PAHT by Stille cross<coupling polymenization [£5,86]
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Fig. 14. Polythiophenes with different side chains: 1 [91], 2 [92], 3 [93-96],
4 (55,90, 97-100), 5 [101], 6 [57], and R = alkybPOH, [102]

length oligomers were obtained by Suzuki cross-coupling
polymerization [87).

Besides the hexyl side cham, which s the most described
in the literature, several other side chains have been added
to achieve polythiophenes with speafic solubility proper-
tics. Some examples of these are shown i Fig. 14
Copolymers of polythiophene with different side groups,
1.¢. resulting in donor and acceptor umts, have also been
reported. Examples are: NHa/NO, [B8], 3 and hexyl [89]
and different phenyl groups [90]. In the latter example, the
absorption spectra of the copolymers in selution and in
film showed a red shift of 30-50nm for the film [90].
A further red shift was observed when the film was
annealed at 130°C for 10min., 1e. the band gap was
reduced [90]. It was shown that the solubility increases with
an increase in the length of the alkyl chan [65].

3.1.3. PV devices based on polythiophenes

The first OPV device based on poly(3-methyl-thiophene)
(PMET) was reported in 1984 by Glenis et al. [103]. The
polymer was synthesized by electrochemical polymeriza-
tion onto an ITO electrode [103]. Thereafter, gold was
evaporated on top, and the result was a simple OPV device
with the configuration: AI/PMET/Au [103]. The measure-
ments were carried out with an incident light intensity of
I mWem™? and a power conversion efficiency of 0.007%
was achieved [103). Since then, several groups have
reported the use of polythiophenes (especially PAHT) in
OPV and the highest efficiency reported to date was
reported by Reyes-Reyes et al. to be 5.2% for PIHT [10].
The most commonly employed device geometry today is
the bulk heterojunction. Reported applications of poly-
thiophenes in OPV are summarized in Table 2 for PIHT

and in Table 3 for polythiophenes with side chains other
than hexyl.

There are great varations in the performance of the
devices shown in Table 2. However, notice the reported
current densities; these have nearly reached the maximum,
keeping in mind that the maximum theoretical current for
P3HT with a band gap at 650 nm (1.9 eV) was found to be
14.3mAcm ™ (AMIL.5, 100 mW em 7).

Nevertheless, there are too many variables in the
experiments to allow for any reasonable comparison of
the data. The purpose of Table 2 is thus to underline how
many parameters that enter in device preparation and
device characterization. From Table 2, it becomes evident
that reported data is based on experiments that vary with
respect to material source, molecular weight, solvent,
annealing, clectrodes, barner layers and incident hight. In
addition to these identifiable differences there are many
more variables that are not included in experimental
descniptions either intentionally or unintentionally. It is,
however, well established and generally agreed that
regioregularity, molecular weight, processing solvent,
anncaling temperature and the substrate have a large
influence on the device performance.

Schilinsky et al. showed that the PV performance was
highly dependent on the molecular weight of the PAHT, and
large efficiencies were only obtained for samples with a high
molecular weight (M, = 10,000) [39]. The molecular waght
has been shown to affect absorption properties, as detailed
above, showing an increase in conjugation with an increase
in M, [124]. However, recent results suggest that in bulk
heterpjunction devices with PCBM a certain interplay
between the highly regioregular, high molecular waght
material and a low molecular weight material of low
regioregularity may be important as a contact material or
“glue”™ in the interface between the crystaline PIHT
domains and the PCBM nanocrystals [122]. Besides the
molecular weight the regioregularity influences the responses
of the OPV [103]. Thus, it has been the am for several
research groups to use polythiophene with high degree of
regioregularity i OPV devices, as descnibed above (Table 2).

314, Interface layers and stability of polythiophene baved
OFFs

Several research groups have reported devices where
layers between the electrodes and the active layer have been
employed to improve the charge transport (Table 2).
Examples are layers of lithium fluoride (LiF) between the
active layer and Al [10,105,107,112,116,118] and transition
metal oxides (i.e. MoO;) between the active layer and 1TO
[108]. These are believed to increase the efficiency of the
OPV device. The focus of most research groups is currently
on the PCE that can be obtained for the devices. Another
problem is the stability of the devices during operation.
Very few research groups have focused on the hfetime of
the OPV based on polythiophenes, and in the papers
summanzed m Tables 2 and 3 hfetime data are only
reported in two nstances [9.116). Yang et al. documented
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Table 3
Photovoltaie responses obtained for other polythiophenes

E. Bundgaard, F.C. Krebs [ Solar Energy Materials & Solar Cells 9F (2007 ) 9540945

Polymer/  Solvent Area Annealing Ine Voo (V) FF (%) n{%) IPCE/L (%, Notes Refs.
PCEM (@m®) temperature  (mAcm ) nm)
("C)

Can Taluene 10 200 {15h)* 105 0505 29 0.167 — Lifetime = 20000 [9]
hours

Con Toluene — — 008 053 13 0.15 — P30T, [120]
10 mWem *

— X ylene — Mo anneal 11 06 — 1.5 — PAHT fibers [121,122]

111 (Ce)  Xyleme 12 — 106 06 EN) 1.5 2488 Flexible, PXOT [1.123]
10 mWem =

1:2 DCB — — 1.52 063 37 0.4 — CafAl [%7]
TmWem

The measurements were carried out at 1000 Wm and AM1.5 unless otherwise noted. The structure of the devices was: TTO/PEDOT PSS pol: PCBM) AL

no PEDOT: PSS,

*Thermocleavage of ester side chains to aad side chains before deposition of Cg, and Al

a very good morphological stability for a PAHT/PCBM
bulk heterojunction device when tested under accelerated
conditions by illumination with madent hight mtensity
of 1000Wm™ (AML5) at 70°C in a glovebox [116]
A second example of a polythiophene device with
a very long lifetime was obtained by making devices via
solution processing of a polythiophene with a tertiary
alkyl ester side chain. The side chain could be removed
by a thermal treatment giving a more stable device.
A tremendous increase in the lifetime of a 3em® device
(ITO/PICT [ Cgy/ Al) was reported [9]. The efficiency for this
type of device was upto 0.17% and the hfetime was
estimated to be 20,000 h through accelerated tests [9]

3.1.5. Morphology of the active layer in polythiophene haved
OPVs

There are several factors that mfluence the morphology
of the active layer in OPV devices [13]. It has been shown
that a good morphology, i.e. a smooth film, increases the
effiaency of the device. For P3HT the dependence of the
PV response on molecular weight [53], anneahng tempera-
ture (Table 2) and solvent [125] have been carried out.

In Table 2, it can be seen that the various research
groups employ different solvents for spin coating the active
layer, and 1t has been shown that the evaporation tme of
the solvent has a large influence on the morphology of the
active layer [108].

Morphology studies carried out with two different
acceptors: PCBM and PCBG (see Fig. 40), showed that
PCBG (phenyl-Cg;-butyric acd glucidol ester) stabilizes
the morphology of blends with P3HT upon annealing
preventing phase separation [111,126). In P3IHT/PCBM
blends used in bulk heterojunctions it has been shown that
the hole and electron mobility depends on the content of
PCBM [50,127]. An merease in the PCBM content
increases the electron mobility while the hole mobhity
decreases only shightly [50,127).

Studies of the influence of the film thickness on the PV
responses shows that to achieve a high IPCE=90% the

thickness of the active layer, with PIHT and PCBM, has to
be 240nm [23], and further that the replacement of MEH-
PPV with PIHT in OPV results in a better hole transport
[23,105). It was found that an IPCE of 70% could be
achieved at Ay, [23,105] The effect on crystallinity of
annealing and the PIHT/PCBM ratio showed that the
mean dnft lkength of photogenerated charge carriers
exceeds the active layer thickness under PV operation.
Hence, when the thickness of the active layer is increased
the I increases due to improved light absorption [128).

Investigations on OPV (ITO/PEDOT:PSS /polymer:PCBM/
LiF/Al) shows that Fee vanes with the varations in oxidation
potential of the donor polymer, 1e. polythiophene with
different phenyl groups [98]. When P3HT (95.4% HT)Y/PCBM
with a 1:1 ratio was spin coated from chliorobenzene it was
found that the hghest efficency (4.4%) was achieved for the
hughest remoregulanty [129]

The photoluminescence of polythiophenes [130] and the
photoluminescence (PL) quenching of mixtures between
P3HT and Cgy [96] has been studied extensively as the PL
quenching mechanisms has been linked to the processes of
charge carrier of other substituted polythiophenes [130].

3.1.6. Hybrid solar cells and tandem cells hased on
polyihiophenes

We have limited the results presented in Tables 2 and 3 to
organic bilayer and bulk heterojunction devices. Devices
based on mixtures of polythiophenes with inorganic n-type
semiconductors have also been reported. These types of
devices are generally termed hybrid solar cells and typical
examples are based on mixtures of P3HT with CdSe, TiO,,
GraAs, Zn0). We have chosen not to discuss these devices here
but a summery can be found in the literature [23,131,132].
Further, few reports on OPVs based on mixtures between
carbon nanotubes and polythiophenes [133] or with P3HT
[134], polythiophenes attached to fullerenes [135-137), the use
of plasticizers such as propylene carbonate [138], other
fullerenes [139] and tandem PV devices with MDMO-PPV
[140] or ZnPe [141] can be found in the literature.
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3.2, Poly(3.4-ethylenedioxythiophene) PEDOT

PEDOT is normally used in its oxidized form with
polystyrenesulfonic acid as the amon (PEDOTPSS) as
shown in Fig. 15 [8,142]. PEDOTPSS 1s used as a hole
conducting and transporting layer in electroactive devices
and OPVs to improve the performance [8,143-146] and has
found widespread application. In addition the PEDOT:PSS
complex also serves as a smoothing layer between the ITO
electrode and the active layer in OPV devices and thus
PEDOT:PSS have been applied in almost every OPV
described in the literature (Table 1-8). Examples of
conjugated polymers where 3,4-cthylenedioxythiophene
(EDOT) has been incorporated in the backbone of a
conjugated copolymer with thienopyrazne [147-148),
isothionaphthene (ITN) and benzothiadiazole [149] and
as cyanovinylene coupled polymers [150] have been
described in the literature.

It has been shown that replacing ITO with PEDOT:PSS
is sufficient to give low cost, flexible OPVs [143,151,152).
This 1s seen for doped states of PEDOT:PSS e.g with
sorbitol which results in higher conductivity [143,151]).
Further, PEDOT:PSS have been shown to be highly
anisotropic and uni-axial with the optical axis parallel to

uniform transparent films when spin coated from its dark
blue aqueous dispersion fsolution and it can be patterned to
give different device structures [143,154].

N

(o] o

/ﬁ\ |-

| s 1, ,\'3039
m

Fig. 15 Structure of polyfethylene<dioxy-thiophene): polystyrenesulfo-
nate complex, PEDOT:PSS.

f N
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Fig. 16. Structure of polyisothianaphthene, PITN.

i -— = -—
s \S.f

3.3. Polyisothianaphthene { PITN)

Isothianaphthene (ITN) is a thiophene ring with a fused
benzene ring in the 3 and 4 positions as shown in Fig. 16
[28,155,156].

3.3.1. Electronic propertics of PITN

The different resonance structures of PITN are given in
Fig. 17. The last resonance structure is a quinoid form
which 18 characteristic for these types of polymers
[6,155,156).

The quinoid form of PITN has different energy levels for
the HOM O and LUMO compared to the aromatic form of
the polymer [6]. This causes the decrease in band gap which
is observed [6,155]. The band gap of PITN was determined
by electronic spectroscopy to be leV [157). Due to the
many resonance structures of PITN and especially due to
the increase in the quinoid structure in the backbone of
PITN and the larger polanzation causes the band gap of
the polymer to decrease [157). This is also seen for other
conjugated polymers based on aromatic rings [157). A °C
NMR model simulated that PITN show a strong quinoid
character [158]. Substitutions with EWG or EDG did not
show any significant effect on the band gap [28].

Addition of further benzene rings as shown in Fig. 18
resulted in a larger band gap due to the increase in dectron
delocalization over the aromatic system and a suppression
of the quinoid structure [159]. Derivatives of PITN where
alkyl, alkoxy and halogen groups have been added to the
backbone have been found to increase the solubility and
hence the polymer is more proceessable [160].

PITN in its doped form 1s a highly transparent, highly
conducting polymer with a conductivity of up to
500 "em™! for a highly doped thin film [157].

3.3.2. Synthesiv of PITN and its derivatives

The synthesis of PITN was first deseribed in 1984 by
Wudl et al. [155] and two different methods have been
reported:

(1) Electrochemical polymerization using lithiumbromide
m acetonitrile by applying a potential (1.5V) [155].

(2) Chemical cationic oxidative polymerization with sulfu-
ric acid, aluminum chloride or TCNQ [155].

These pathways are quite possibly not suited for an
industrial scale since the monomers and starting materials

7N
s

Fig. 17. Resonance structures in PITH. The stars in the third resonance structure corresponds to radicals,
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are difficult to obtain, unstable and derivatives are only
cbtained by circuitous synthetic strategies [161]. Therefore,
the synthesis of PITN from phthalic anhydride or
phathalide wsing PyS;p was described [161,162]. The
reaction was carried out in xylene at 140-145°C as shown
in Fig. 19 and further the synthesis to give casy access to
soluble derivatives of PITN with different alkoxy groups
was described [163] The differently substituted materials
showed no significant differences in the band gap which
remain ~1 eV [162].

In 2003, Polec et al. described the synthesis of soluble
derivatives of PITN [163] by a non-oxidative thermal
polymerization. The soluble monomer was obtained from
4. 5-dichlorphtalic acid in eight synthetic steps or from 5,6-
dioctyloxydithiophthalide in seven synthetic steps with
pT<OH - xH2Q in xylene at 155-160 °C as shown in Fig. 20.
The polymer had a band gap of 1.2¢V [163].

Y S
m A
B )
& n s n JlrE‘.‘\n

Fig. 18. Structure of PITN, poly(naphthothiophene) and poby{anthrace-

nothiophene) [159].
i o

Fig. 19. Synthesis of PITN from phthalic anhydride or phathabde.

PsSia FySia
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Chen et al. reported the dehydrogenation to achieve
PITN as shown in Fig. 21[164,165], where the first step was
carried out by a cationic polymerization of ITN followed
by the dehydrogenation [155,164,165].

In 2001, Meng and Wudl [160] described the synthesis of
a soluble derivative of PITN with an electron withdrawing
alkyl substituted imide group, poly (2-ethyl-hexyl-imide-
isothianaphthene), PEHI-ITN (Fig. 22). The imide was
introduced to change the position of the HOMO and
LUMO levels and to stabilize the n-doping of PITN [160].
The polymerization was carried out oxidatively using
ferric chloride from the monomer which was synthesized
in 7 steps from 3 4-dimethylbutadiene and maleic anhy-
dride [160].

3.3.3. Application of PITN in OPVs

The use of PITN and its derivatives in OPV devices have
only been reported in a few instances. This can be ascnibed
mainly to the poor properties of PITN, i.e. low solubility
and hence the polymer is not processable and further the
polymer s infusible [163]. After the synthesis of a soluble
derivative of PITN [163] was reported PV devices were
prepared by Goris et al. [166] in 2003 and by Henckens
et al. [167] in 2004, The results of these devices are
summarized in Table 4.

The Vo and fger given in Table 4 are very low and the
highest efficiency 1s 0.008% [167]. This is mainly ascribed
to properties of the polymer described above which results
in rough films. This morphology results in shunts, poor
diode behavior and rectification [166). The addition of
PCBM results in a higher current, due to better electron
transport, however, the results are still very poor [166]. No
further details on the application of PITN in OPV devices
have been published.

Fig. 22, Structure of poly {2-ethyl-hexyl-imide-isothianaphthens), PEHI-
ITH.

50,012

)

Fig. 21. Synthesis of PITN using S0,C1; [164,165].

124



A2.3

E. Bundganrd, F.C. Krebs | Solar Energy Materials & Solar Cells 91 (2007) 0540385 96T

Tahle 4
Photovoltak responses obtained for PITN and copolymers based on ITN

Polymer Polymer/  Arca Annealing duc Voo (V)  FF (%) g (%) IPCE @ 4 Motes Refs
PCBM {em?) temperature (mAan ") (%o, nm)
)
FITN Pristine  — — 0401 0.35 — — — Octyl, LiFJAl [166]
PI'TH 1:1 — — 0.0 0.0 — — 0.3/700 [160]
PI'THN — — — 005 .55 30 LKLY — [167]
FT-ITHN-T) 1.3 — — 16 0.26 3 .15 =40 450 PMMA blend [16%]
FT-ITHN-T) 1.3 — 50 during 113 .58 25 .31 20450 FMMA blend [16%]
measurement

The measurements were carried out at $0mW em ™ *and AM1 5 unless otherwise noted. The structure of the deviees was: ITO/PEDOT: PSS/ pol:PCBM AL

- POCIy

1, 4dioxana

RaSi g~ TSiR
OR

L —n

Fig. 24. Synthesis of copolymers based on I'TN and aromatic units. B = alkyl.

34, Copolymers based on {TN

There are a few examples of copolymers based on ITN
that have been published as shown in Fig. 23 [19,168-172].
In these polymers ITN is the electron acceptor and the
benzylic  unit  [19,170,171] or the thiophene umt
[168.169,172] is the electron donor.

The polymer on the left-hand side of Fig. 23 was
synthesized by a coupling between a  bis(trialkyisilyl)
derivative of ITN and a benzaldehyde derivative by
reaction with POCI; as shown in Fig. 24 [170,171]. The
bis(tnalkylslyl) derivative of ITN was synthesized in 3
steps from phthalic anhydride [170,171]. The solubility of
the copolymer was ensured by the alkoxy group on the

125

benzene ring. The band gap of the polymer was found to be
1.2-1.3eV [170,171]). However, the polymer product
exhibited a wvery low conjugation length due to a non-
planar configuration. Hence, the charge carrier mobility
was expected to be low [19].

The copolymer shown in the middie of Fig. 23, P(T-1TN-
T), was first synthesized by electrochemical polymerization
in 1992 [177]. Years later, in 2001, the copolymer was
synthesized by oxidative ferric chloride polymerization
from the monomer, which was obtained in 4 steps from 4,5-
dichlorophthalic acid [169,172]. The substituents on the
benzene ring of ITN were either alkyl chains [168] or
chlorine [169,172]. The band gap of the resulting polymers
was found to be 1.5eV [168] and 1.76eV [169,172],
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respectively. The polymer was applied in OPV devices and
the results are summarized in Table 4. From Table 4 it is
clear that the efficiency has increased tremendously when
comparing the copolymers based on I'TN with PITN. This
1% due to the addition of the thiophene units, 1e. the
clectron donating groups. Further, it is shown that the
chlorine atoms on the benzene rings result in a higher
efficency. This is ascribed to the electron affinity of
chlorine and hence, the ITN unit becomes a stronger
electron acceptor when comparing with the copolymer
having alkyl chains on the benzene ring.

The copolymer shown on the nght in Fig. 23 was
synthesized by a Stille crosscoupling between a di-
bromoderivative of ITN-imide and a bis(trialkylstannyl)
derivative of EDOT [175]. The band gap was found
to be 1.0eV with a A, at 807 nm and a tail that extended
to 1240 nm [174-176]. The low band gap of the copolymer
was achieved, due to the low lying LUMO levels in
ITN-imide and the high lying HOMO level of EDOT.
The polymer was found to be highly stable towards
n- and p-doping [174), and bulk heterojunctions of
the copolymer and PCBM showed an IPCE of 3.5% at
T00nm [176]. While this is a low value compared to P3HT/
PCBM bulk heterojunctions it shows that it 15 possible to
achieve sigmificant IPCE wvalues wath low band gap
materials.

3.5 Copolymer of benzothiadiazele, pyrole and thiophene,
PTPTE

Another example of an alternating copolymer based on
electron donor and acceptor units are the polymer, PTPTB,
shown n Fig. 25. It 15 based on benzothiadiazole as the
electron acceptor and the block of thiophene and pyrrole as
the electron donor. It has a maximum absorption around
650 nm and a strong red shift (90-100 nm) s observed when

Fig. 25, Structure of the copolymers based on thiophene, pyrrole and
henzothiadiazole.

/R s
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comparing the absorption spectra of solutions and films of
the polymer [17]. The band gap of the polymer varies with
the length of the oligomers and for the longest oligomer
synthesized the band gap was l6eV [17.18). Cyche
voltammetry m dichloromethane showed £, =053V,
E = —1.24V [18,178]. The position of the HOMO and
LUMO was determined by clectrochemical voltage spec-
troscopy (EVS) to be —5.3 and —3.5¢V, respectively, and
the energy levels in OPVs shows good overlap between the
polymer and the electrodes [178,179]. Copolymers of
pyrrole and benzothiadiazole were found to have a band
gap of 2.03eV [180].

The effect of the side chain on the nitrogen atom in the
pyrrole ring caused an inerease in the band gap from 1.2 to
20eV [181-183]. Addition of octyl side chains on
thiophene, attached to achieve solubility, resulted in a
larger torsion strain due to steric hindrance and thus
caused the band gap to increase [30]. PTPTB was also
prepared with thermocleavable side chains on the thio-
phene units, which showed a significant decrease in band
gap upon thermocleavage from 2.14 to 1.69¢V [180].

The copolymer was synthesized by Stille cross-coupling
polymerization between a di-bromo derivative of ben-
zothiadiazole and a di-stannyl derivative of bis-thienyl
pyrrole as shown m Fig. 26 [17,184]. The Stlle cross-
coupling polymerization resulted in a mixture of shorter
ohigomers with imperfections in the polymer chain
due to chain termination, destannylation, debromimnation,
homocoupling and methylshift [17]. The polymers were
purified by Soxhlet extraction. However, the ratio of the
two monomers in the reaction mixture resulted in two

different fractions, and it was found that an excess of the
distannyl denvative of di-thiophene-pyrrole led to longer
oligomers [17].

Since 1t was shown that the Stille coupling resulted
in short chain oligomers with low moelecular weight,
PTPTE was synthesized by a Suzuki cross-coupling
polymerization between aryl bis-boronic acid derivatives
and dihaloarenes to give soluble high molecular weight
polymers (Fig. 27) [30].

Several research groups have reported on the use of
PTPTB in OPV devices and the results are summarized in
Table 5. The low FF and low efficiency seen in Table 5 was
not ascribed to a large senal resistance but was mainly
ascribed to the low molecular weight of the oligomers. This
resulted in thin low-guality films and hence, a poor
morphology that was also observed 1n AFM  images
[185.186]. Further, the LUMO of the polymer and the
LUMO of PCBM are very close (3.7¢V for the polymer

]

NN
k4 PA(PPh, )L
PTPTE
Br \ /’
THF

Fig. 26, Synthesis of PTFTH by Stille aoss-coupling polymenzaton.
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BN
M M
o] s 7 . \ Pd(OAc),
B8 B. ———————  PTPTB
8] N N ' O Br W r
R
Fig. 27. Synthesis of PTPTB by Suzuki cross<oupling polymenization, R = dodecyl.

Table 5
Photovoltaik responses obtained for copolymers hased on benzothiadizzole, pyrrok and thiophene, FTETB
Palymer/ Arca Anncaling o Vo (V) FF (%) qi{%) IPCE (@ 4 MNaotes Refs.
PCEM (em®) temperature (mAcm ) (%, nm)

(R
111 0.1 — — 0 335 0.34 - SmWem = 18]
111 0.1 — 0.8 0.67 35 0.34 7600 SmWem™  [17]
11 0.1 55 during 11 072 7 100 20/550 [17,158]

measurement
1:1 (.05 — 225 0.53 32 (.48 9550 MNile red [188]

(10%)
1:1 (.05 — 1.0 .51 k] 0.20 9500 MDMO-PEV [188]
(1:1)

The measurements were carried out at $0mW am™? and AM 1.5 unless otherwise noted. The structure of the devices was: ITO/PEDOT: PSS pol: PCBM)

LiF/Al

and 4.0eV for PCBM), which caused a decrease in the
selectivity of the metal electrode contacts, hence, the diode
quality was low due to recombination [186,187]. It is
interesting to note that the series resistance was measured
to be < 100Qem™ while this does not explain the low FF
(186,187).

The use of Nile red lowers the PV responses as seen in
Table 5. This was ascribed to the additional transport step
for the electron [186]. The blend with MDMO-PPV
increases the rectification but reduces the PV responses
under illumination. Investigations of absorption and |PCE
showed that PTPTB does not contribute to the photo-
current [186].

3.6. Copolymers based on thiophene, benzothiadiazole or

bemzo-his| thiadiazole )

The copolymer based on thiophene, benzothiadiazole or
benzo-bis(thiadiazole) is another example of an electron
donor-acceptor alternating polymer. Again the thiophene
is the electron donor umit and here benzothiadiazole or
benzo-bis(thiadiazole) 15 the electron acceptor unit. The
structures of the different copolymers are shown in Fig. 28,
where R represents either alkyl or alkoxy chains to achieve
a soluble polymer [25,189-191].

For the copolymer based on thiophene and benzothia-
diazole results have shown that the number of thiophenes
between the benzothiadiazole units affects the band gap of
the polymer [25]. Thus, 1t was possible to tune the band gap
of the copolymer with the number of thiophene units
between the benzothiadiazole units from 2.1¢V for one
thiophene to 165¢V for four thiophenes [25]. This is

aseribed to an optimization of the donor properties of
the oligothiophene donor segment with respect to the
acceptor unit and for this reason there is an optimal
length of the oligothiophene segment for a given acceptor
unit such as benzothiadiazole. Increasing the number
of thiophenes beyond the optimum will gradually approach
the band gap of polythiophene [25]. The low band
gap of these types of copolymers based on  either
benzothiadiazole or benzo-bisithiadiazole) are aseribed to
the strong quinoid form of the polymer as shown in Fig. 29
which contributes to the low band gap due to the more
stable 1,2 5-thiazole which is formed [29). Further, the
polymer shows a planar geometry, which result in non-
steric repulsion between the two hetereocyeles. The
polymer has a high electron affinity due to the sulfur
atoms in the thiadiszole rings and the short intermolecular
contacts between § and N results in strong inter chain
interactions [29]. It was found that the benzo-bis(thiadia-
zole) unit showed the highest electron-accepting ability
among thienopyrazine, pyrazino-guinexaline and ben-
zothiadiazole and that this also resuited in the lowest band
gap [27].

The use of sidechains is essential to make the polymer
soluble enough for application in OPVs by for instance
spin coatmg [25,189). However, the side chains often
introduce steric hindrance affecting the coplanarity of the
polymer and hence, the band gap of the polymer increases
[189). Further, the side chains can affect the regularity of
the structure when applhied in different positions in the
polymer [189]. This can be seen for the copolymers with
R = H, where the band gap was found to be 1.1eV for the
copolymer based on di-thiophene and benzothiadiazole
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Fig. 2K Structure of copalymers of thiophene and benzethiadiazole or benzobisthiadiazole. R = alkoxy for A: =2 [191]} R = hexyl for A: n
n=2and C:n=2 R=2-cthylhexylforA:n=1, Br=1,2and C: n= |, R = dodecyl for B: n= 2, B = 37,11 trimethyldodecy] for A:n =

n=1,2and C: n=1,2 [251%].
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Fig. 29, Resonance structures in benzo-bis-thiadiazole.

[29] and below 0.5eV for the copolymer based on di-
thiophene and benzo-bis(thiadiazole) [29].

Mullenkom et al. have predicted that to achieve
absorption maxima of less then 1eV for a donor-acceptor
copolymer the codimer D-A must have absorption maxima
at 550nm (2.2¢V) [181]. This is not seen for the benzo-
bis(thiadiazole )—thiophene copolymer, where the codimer
have absorption maxima at 702nam (1.7eV) [27,29] and the
polymer have absorption maxima at 902nm (1.3eV) [25).

The substitution in different positions also shows a large
effect on the band gap [30]. It was shown for dodecyl side
chains that having the side chain close to the benzothia-
diazole ring in position 3 on thiophene compared to the 4
position causes the band gap to increase due to steric
hindrance, which causes the plananty to break [30].
However, for the polymer with the alkyl chain in the 4
position the band gap was increased when the alkyl chain
was added compared to the insoluble analog with no side
chains from 1.1 to 1.96eV [30]. The use of alkyl side chains
was of great importance to insure solubility of the polymer
[25]. Several alkyl chains have been tested, ie. hexyl,
2-¢thylhexyl, dodecyl and 3,7,11-trimethyldodecyl. It was

found that the latter gave the best film formability [25]. The
use of four alkoxy groups on the two thiophene units
(Fig. 28) resulted in a soluble polymer with a band gap of
1.72¢V in solution and 1.55¢V in solid state [191].

The synthesis of the copolymers has been carried out by
three different methods as shown in Fig. 30.

(1) Stille cross-coupling polymenzation of di-stannyl deri-
vatives of thiophene or di-thiophenes and di-bromo
denvatives of benzothiadiazole or benzo-bis(thiadia-
zole) with a Pd catalyst [25,190].

(2) Oxidative ferric chlonde polymenzation of the mono-
mer with a FeCly catalyst [25,190].

(3) Polymerization of the di-brominated monomers with
Ni(COD}, as a catalyst in a Yamamoto coupling [191].

The polymer based on benzothiadiazole and two
thiophenes have been synthesized with both alkyl [25,190]
and alkoxy groups [191] to give soluble polymers. The
synthesis was carried out by oxidative ferric chloride
polymerization for the alkyl [25,190] and by Yamamoto
coupling polymerization for the polymer with alkoxy
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E-N
N1 J.N
Br- Br
Tri+r
R R1 Ry R

N{COD),

Fig. 3. Synthesis of copolymers based on thiophene and benzothiadiazole or benzobisthiadiazole by Stille, ferric or Y amamoto [25 189-1491].
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Fig. 31. Other building blocks for Stille crosscoupling polymenization which will result m the copolymers shown in Fig. 28 [25].

Table 6
Photovoltak responses obtained for copolymers based on benzothiadiazole and thiophene
Polymer Polymer|  Area Annealing I (mA Foc (V) FF (%) 5(%) IPCE/ (%, mm) Motes Refs.
PCBM fem) temperature  cm )
(]
FTBTOR) 14 [ I Ep— 34 077 42 0.9 13/650 LilF (Al [191]
75mWem
FTET(HH) 11 3 W (2mim 002 0.6l 24 002 0.6/450 [
FTBTHT) I:1 3 No 003 0.33 0 0.2 —_ (190}
PITBTT 1:2 3 0 (10min) 270 0.5% 3% 0.6 22/560 [26]
FITETT 112 10 0 (10min) 1.2 0.56 28 0.2 — [26]
FTTHTT 1:2 o1 10 (Wmin) 359 a1 46 1. TH b0 HXmWem > [192]

The measurements were carried out at 1000 Wm™ " and AM1.5 unless otherwise noted. The structure of the devices was: [TO/PEDOT:PSS fpol:PCEM/

Lilf AL

groups [191]. Part of the polymers shown in Fig. 28 was
synthesized by Stille cross coupling between other building
blocks, which are shown in Fig. 31 [25].

The copolymer based on di-thiophene and benzo-
bis(thiadiazole) have also been synthesized from the
monomer by a potential sweep electrolysis in an argon
degassed PhON solution with nBuyNBF, [27,29]

The CV diagrums for benzothiadiazole and benzo-
bis(thiadiazole) showed that the n-doping process was
sharp and quasi-reversible and the p-doping was broad and
irreversible  [27).  Further, the benzo-bis(thiadiazole)
showed a low degree of n-doping charge before the main
reduction peak [27]. This was ascribed to charge trapping
in the benzo-bis(thiadiazole) unit [27).

Omly a few examples of application of these polymers in
OPVs have been reported and the results are summanzed

in Table 6 [26,190-192]. Different effects have been shown
to influence the performance of the OPV devices. The
morphology and hence the performance of OPV devices
with the copolymer based on benzothiadiazole and four
thiophenes was found to depend on solvent choice, spin
rate, concentration of the spin coated solution and
annealing temperature of the device where efficiencies of
up to 1% was reported [192].

The regoregularity of the alkyl substituents (hexyl) was
found to have a small effect on the PV responses [190]. The
head-to-head coupled polymer gave a higher efficiency
when applied in OPV devices (as a homopolymer) when
compared to the head-to-tail coupled copolymer. However,
when used in bulk heterojunctions with PCBM the
polymers gave the same efficiency after the head-to-head
coupled polymer was annealed [190].
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Lifetime studies on these types of low band gap polymers
are severely limited, however, an increase in lifetime have
been reported when bilayer devices were prepared with Ceg
and a copolymer of thiophene and benzothiadiazole with
four thiophenes in the repeating unit [26]. An increase from
2 to B0h was observed when companng to a device
prepared with the homopolymer [26].

=3 N/ S5
N\ {',N
Rq Rq

n

Fig. 32, Strwture of thienopyrazine in a copolymer with thiophene.
PBIOTP, By=CeH,; 193], PTBEHT: R=R,=H, R = phenyl-2-
ehtylhexyloxy and PBEHTT: R’ = H, R = phenyl-Z-chtylhexyloxy [194].
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3.7, Copolymers based on thimopyranozine (PTP)

The copolymer based on thienopyranozine and thio-
phene is another example of the alternation between
aromatic and quinoid units, which results in a low band
gap polymer. Here thiophene 1s again used as the eectron
donor and thienopyranozine is used as the electron
acceptor. The thienopyranozne is a thiophene with a fully
fused aromatic pyrazine ring in position 3 and 4, and is
thus similar in construction to ITN as shown mn Fig. 32,

The synthesis of the homopolymer of thienopyrazine
(Fig. 33) was first carried out by an oxidative ferric
polymerization in chloroform [195] or from 2,3-pyrazine-
dicarboxylic anhydride using PySiq [161]. The band gap of
the polymer was found to be 0.95¢V (solid state) and the
conductivity was found to be 3.6 % 1072 Sem ™ '[195]. The
polymer was also prepared with different alkyl side chains
and polymerized electrochemically [196].

A few years later the copolymer based on thienopyrazine
and thiophene was synthesized by electrochemical reduction
of the monomer onto an ITO electrode in PhCN using
BuyNCIO, as catalyst [36] and the band gap was determined
to be 1.0eV [36]. The electrochemical polymenization was
also carried out by a repetitive potential-sweep anodic
oxidation with aBuyNCIOy in MeCN |27]. However, the
result of this polymerization was an nsoluble polymer
regardiess of the choice of side chains on the pyrazine ring.

The chemical synthesis of PTP has been carried out by
two different methods as shown in Fig 34,

(1) Oxidative ferric chloride polymerization of TP with
dodecyl side chains [193).

(2) Polymerization of the dibrominated monomers with
Ni(COD}; as a catalyst in a Yamamoto coupling [194].

da
Rz Rz
é b (.
s Vo s FeCly
PR3IOTP
NN R; = dadacyl
b
R R Ra R
% lllL s JIII lllL PBEHTT
s \ s NICOD), R = R, = 2-athylhexyloxy
N N R = phanyl
:\ ;‘i
and PTBEHT
Ry Ry R=Rz=H

Ry = phenyl w. 2-athylhaxyloxy

Fig. 34, Synthesis of copolymer of thicnopyrazine and thiophene by {a) an oxdative ferric polymenzation [193] and (b) a Yamamoto coupling

polymerization [194,197].
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Fig. 35, Structures of copolymers of thienopyrazine and different vinyl-phenyl umts.
Tahle 7
Photovoltak: responses obtained for copolymers based on thicnopyrazine and thiophene
Polymer Palymer]  Area Annealing IscimA Foc (V) FE{%) 5 (%) IPCE[i Motes Refs.

PCEM {em®) temperature {C) cm ) (%, nm)

FBOTP 1:1 005 — 1.0 022 ¥ — Linfiiti] HmW em [193]
PBEHT 14 015 — 1.3 0.39 57 029 2/800 [194]
FTBEHT 14 015 — 15 .56 58 1.1 T4/ H [194]

The measurements were carried out at 75mW an
LiF/Al

The band gap of the polymers was found to be 1.3¢V for
PB3OTP (193], 1.20eV for PTBEHT [194] and 1.28¢V for
PBEHTT [194). The lower band gap of PTBEHT
compared to PBEHTT is ascribed to the improved
conjugation and more coplanar structure of PTBEHT
caused by the absence of bulky substituents [194]. PBIOTP
showed a broad absorption range 300-980nm with a
maximum at 730nm [193].

The polymers shown in Fig. 35 were prepared by Horner
(P1-P6) or Knoevenagel (P6—PY9) polycondensation. The
polymers showed band gaps of 1.56-2.08 ¢V (1.56 ¢V for P6
R, = O-hexyl) [198].

The OPV devices prepared with PTP showed different
responses depending on the side chains. The results are
summarized in Table 7. The optimum ratio between the
poelymer and PCBM was different for the three polymers,
ie. 1:1 for PBIOTP [193] and 14 for PBEHTT and
PTBEHT [194].

AFM mages of PBEHTT showed a rough surface and
phase separation, and for PTBEHT the AFM images
showed a smooth surface with a more intimate mixing of
the polymer and PCBM and thus a higher efficiency for
PTBEHT was observed [194]. From Table 71t can be seen
that the reduction in band gap from 1.9¢V for P3HT to

“* and AM1.5 unless otherwise noted. The structure of the devices was: TTO/PEDOT PSS /pol:PCBM/

1.2¢V for PTBEHT causes only a small change in Vae
[194]. The poor efficiency of the OPVs with PB3OTP was
ascribed to the low Fae [193].

3.4, Copolymers based on polyfluorenc

The homopolymer of polyfluorene have a large band gap
(3.68 ¢V) and have been used as a blue light emitter in light-
emitting diodes [199-202]. However, the hight emitted and
hence the band gap of polyfluorene could be tuned with
addition of different electron donating or electron accept-
ing units in the back bone of the polymer [201]. Within the
past few years the focus on fluorene units incorporated in
alternating donor aceeptor polymers have therefore in-
creased tremendously.

381, Copolymers based on thiophene, benzothiadiazole and
fluorene

The copolymer based on thiophene, benzothiadiazole
and fluorene (Fig. 36) is an example of the alternation of
the electron donating unit, thiophene/fluorene, and the
electron accepting unit, benzothiadiazole.

The synthesis of the copolymer based on thiophene,
benzothiadiazole and fluorene was carried out by Suzuki
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cross-coupling with Pd as catalyst as shown in Fig. 37.1
[201]. This polymenzation was also carnied out without the
di-bromofluorene derivative as a comonomer as shown in
Fig. 37.2 [203).

The band gap of the copolymer was estimated from UV-
vis to be 2.001¢V. [201,203] Hou et al. found that due to
exciton trapping in the benzothiadiazole umt efficient
charge transfer was achieved [201).

A derivative of the polymer shown in Fig. 36 was
prepared with O-alkyl side chains on the thiophene rings,
PF-co-DTB [204]. The polymer was synthesized by a
Suzuki coupling shown in Fig. 37 [204] and the band gap
was found to be 1L.78eV [204].

A selenium derivative of the copolymer (Se instead of §
in the thiadiazole ring) has also been prepared by Suzuki
cross coupling and had a band gap of 1L.87eV [205].

The derivative shown in Fig. 38 was synthesized by the
routes shown in Fig. 37 and applied in OPV devices [206].

Several groups have studied OPV devices and the results
are summarized in Table 8.

For the device in entry 4 of Table 8 morphologeal
studies were carried out with different solvent systems, i.e.
CHCI3y or CHCl; mixed with xylene, toluene or chlor-
obenzene. It was found that Fpoe was constant but Jqe
varies with the solvent system [210]. The highest fge was
achieved for the CHCl; and chlorobenzene mixture (data
given in Table 8). AFM images of the film showed a more

R. R N,S-;N
\1
- A i

Fig. 36, Copolymer based on benzothiadiazok, thiophene and fluorene,
PFO-IDTHET.

fine and uniform distribution of domains (RMS = 1.1-1.2)
[210]. Investigations of the PCBM content showed a
maximal efficency for 20-50% w/w PCBM content,
however, the highest Ise was obtained with BO0% wiw
PCBM content [218]. It was shown by timeresolved
spectroscopy that the performance of the OPV is limited
by charge transport and not formation of charges [219]. A
detailed review of the use of the copolymers based on PFO
and benzothiadiazole in PLED was published in 2000 by
Bernius et al. [199].

382 Copolymers  based  on  thienopyrazine  or
thiadiazolequinoxaline, thiophene and polyfluorene

The copolymer based on thiophene, fluorene and thieno-
pyrazine or thiadiazolequinoxaline as shown in Fig. 39
is another example of the alternation of the electron
donating unit, thiophene/fluorene, and the electron accept-
ing unit, thienopyrazne or thiadiazolequinoxaline.

The copolymers were also synthesized by a Suzuki
polymerization as shown in Fig. 37 [27,203]. The reported
band gaps for APFOGreenl, 2, 3 and 4 was 1.27¢V
[35216,218,220], 2¢V [215), 1.4 and 13¢V [217), respee-
tively. The reported A, was at 400 and 780nm for
APFOGreenl [35,216,220] and at 780 and 740nm for
APFOGreen3 and 4 [217], respectively. Further, APFO-
Greenl was found to have a high field effect mobility of
003em? Vs [221).

The polymers have been applied in OPV devices and the
results are summarized in Table 8 It was found that the
charge separation in the devices with these polymers was
better when BTPF70 (Fig. 40) was used as electron
acceptor compared to devices prepared with PCBM as
electron acceptor, due to the higher LUMO level of
BTPFT0, and hence the better contact with the LUMO
level of the polymer [209,214]. Studies on APFO-Greenl in
blends with PCBM and BTPF70 showed that the hole
mobility has maximum at 67 wi% PCBM and decreases

1
R_R R s,

. NN
~Q ' Pd{PPh,)
2 R s

Lo, =y g™ " AP pro.oTar
N
e Cﬁfbﬂﬁl oL )-Ga

Fig 37, Synthess of copolymer based on benzothiadiazole, thiophene and fluorene, PFO-DTHT.

Fig. 3%. APFOGreen 5 [206].
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Fig. 39. APFOGreen 1,2, 3 and 4 where R = alkyl [35,200,213-221].
NO,

Cr [6,6]PCBM BTPF;q

Fig. 4. Structure of electron acceptors used in OPV devices: Ceo, [66]-PCai BM, PCBG [111], BTPFs, Cro, [661-PCriBM [223] and BTP Fro.

when more BTPF70 was added. The electron mobility
increases with an increases in both cases when increasing RR
the acceptor content. However, BTPFT0 gives better '. Yy CN
exciton dissociation even though the structural inhomoge- O O S 3, CN
nity yields poor charge transport [222] O
A few other examples of copolymers based on fluorene b4
and different aromatic units have been published
[212,224.225]. The polymer shown in Fig. 41 had a band Fig. 41. Copolymer based on fluorine, thiophene and phenylvinyl
gapof 1.95¢V [225]) and the OPV results are given in Table 8. (PFTPV) [225].
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Table 9
Other low band gap polymers desaribed in the literature
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Structure Band gap (4..) ¥, nm Palymerization Refs.
R 1.22-1.75 (575 Oidative ferric chloride (FeCly) [226]
SA N
-
N
)
H
L n
_ m 2 (5000 TMimann coupling (Cu) or reaction with [227]
/JFl Ni[0)
s7N
1.26-1.30 (725) Ekctrochemical [228]
1.1 {5900 Elkectrochemical [129-237]
09 Ekctrochemical, monomer synthesised [233.234]
from 3,4-diam inothiophens:
L n
R Solution: §.98 {739) Film: Oxidative ferric chlornide {FeCly) ar [235-240]
092 (925) electrochemical
ol
‘B
S
n
07 | 1.03 Elkectrochemical [241.242]
.
5 <n
A / =10 Oxidation from thieno-thiophene (PSSA) [243.244]
87 /n
{/ZG‘ Lo
8 =
S04
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Structure Band gap (i) ¢V, nm Polymerization Refs.
1.6 Electrachemical [245]
5"
s AN
W E L
n
20 Suwmki eoupling with DT and distanny] [245]
R R derivative of alki-thiophenes
Fh N y_@sk
5 g -1
n
T Suwruki coupling with DDT-0x and [246]
distannyl derivative of alkyl-thiophenes
1.8 Oxidative Ferric ehloride (FeCly) [247]
[ Acid-catalysed palycondensation [37,248-251]
1.7-1.8 (1) base climination (bis-sulfoxide [252-257]
i § monomer, () xanthate, (3) dicarbonate,
S (4) axidative ferric chlaride (FeCly)
in
PVT)
g Bu'OK [252,25%]
1.0 Omidative dehydmgenation w. D) [259-262]
1.6% Oxidative Ferric ehloride (FeCly) [263]
CH
n
PPPY=EDOT
1.E-2.0 {solution: 467, Suwmki between di-bromo derivative of [264]
i \ film: 520, 560 and 605) imidazole and di-stannyl of thiophene
\ S
bt
R n
R = CsHug
r 1.98 Oxidative ferric chloride (FeCly) [265]
CaHar
Catar |
PDOBTF
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Tahle 9 [eontined )

Band gap (i.,) ¢V, nm Polymerization Refs.
1.52 Omidative ferric chlonde (FaCla) [265]
n
1.6-1.8 Felll, or NOBF, or electrochemical [%2]
1.9 Stille cross coupling [117]
=1 Acid-promated polycondensation [266]
I L6 (solution: 538, film: Yamamaoto [20:4]
R OR 621)
S 5
L n
POT=co=DOT
P R 1.9 Grignard of di-bromo derivative [267 268]
l)g (Ni{dppp)Cls)
QO o
I
s
n
PProDOT{Hx),
r 1.73 - 269 270
Sy [269.270]
N
s
s s 8
AR
R R

L n
R = Z-cthylhexyLPCPDTBT
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4. Other low band gap polymers

In addition to the low band gap polymers described
above other examples have been deseribed in the literature.
These are summarized in Table 9.

Only a few of these polymers have been applied in
OPVY devices, and the results for these are summarized in
Table 10.

In 2005 Somez et al. reported a band gap of 0.7 eV for a
copolymer of thiophene and thienopyrazine which was
covalently bonded to Cgy [271]. This polymer is not shown.
In 2006, Cremer and Biuerle reported on a star shaped
dendrimer with an  N-triphenyl core as donor and
thiophene arms as acceptor. The band gap was varied
with the length of the arms from 1.72 to 1.65¢V [272].

5. Impurities and doping

One currently unanswered question that remains for
many of these materials is the extent of doping impurities
that could affect the performance of PV devices prepared
from them. Efficient methods have been reported and are
commonly employed for the most studied materials today
such as PAHT, MEHPPV and MDMOPPV. However, the
low band gap materials that must stll be considered as
rather exotic materials are generally available in the few
laboratories who has the experience to make them.
Further, many of them are only available in small
quantities and are unavailable to the public. Hopefully,
many of these low band gap polymer materials will be
made available in large quantities so that research groups
that speaalize in device preparation and testing can give
their value for the efficiency that can be obtained for these
materials. To this end it is very important to establish the
level of impurities and if possible remove them. For
instance the polymers described in Sections 3.3 and 34
could include impurities from FeCls, H280, and PO;
from the polymerization reaction and there are no well
documented efforts that deal with removal and estimation
of the residual amount of impurities nor any correlation
with the influence impurities may have on PV device

Table 10
OPY devices with other low band gap polymers

operation. In Sections 3.5-3.8 polymenzation s exclusively
achieved with transition metal catalysts such as palladium
and nickel and these are notoriously included in the
polymer product as nanoparticles [273]. Very efficient
methods for removal of the transition metal mpurties
have been developed and reported for both polymer
products [274] and small molecule intermediates [275]
This has been used for purification and analysis in a few
instances [2585276). There has been only one other
example that documents removal of nickel from a
Yamamoto coupling using EDTA [194] and in general
the level of transition metal impurties in products obtained
by these reactions must be expected to be significant,
especially in cases where the purification procedure is not
described or mentioned. Finally the electron-rich low band
gap materials with a high HOMO level can arguably be
doped by molecular oxygen. This has been observed for
thin film transistor devices where the influence of doping by
molecular oxygen 15 observed in field effect mobility
measurements. The removal of doping impurities that
could stem from oxygen or from oxidation by molecular
oxygen in the presence of a suitable anion has been
investigated in the supplementary section of one literature
report [25] by treatment with hydrazine and ammonia
albeit wath hittle change in the resulting properties.

fi. Chemical stability

Chemical stability and degradation of polymers in OPV
devices is of great importance, however, to our knowledge
only a few reports on the ssue have been published. For
the low band gap polymers described above the studies are
limited to a report on a PIHT/PCBM device [116], a
copolymer based on thiophene and benzothiadiazole [26]
and a polythiophene with thermocleavable side chains
which have an estimated lifetime of 20,000h under normal
operating conditions [9]. Studies of the degradation
mechanisms in OPVs have shown that the mechanisms
include reaction with oxygen and water in the atmosphere
and with the electrode materials. However, the mechanisms
are complicated and hence only few reports dedicated to an

Polymer Polymer (PCBM lae (mAem %) Fac (V) FF{%) § (%) IPCE at 4 (%, nm) MNotes Refs.
ID-PT 11 103 072 43 ERE 450550 Mg /Al [117]
POT-2-DOT 11 022 060 41.2 0054 — [204]
FFPV-EDOT) 11 073 028 28 — — [263]
FIVT) 1:2 150 015 50 0.6 17550 [256]
FDOBTF 1.26molar eq 077 0.34 28 0.09 10430 [264]
FIVF 1.26molar eq 297 0.5 58 1.1 21420 [264]
PProDOT(Hx): 1:4 105 029 g 01 T4145 [265]
PCPOTET — 9 (kS0 T 47 26T 2535 400800 [266.2 7]
PCPDTHET APC; BM) 1 065070 47 116 38700 [266,2 70]]

The measurements were carried out at 1MW em™* and AM1.5 unkss ot herwise noted. The structure of the devices was: FTOPEDOT: PSS pol:PCBM/

Lilij Al
*Walues not unambiguously quoted in Ref. [269].
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understanding of the mechanism have been published
[277-282]. Future applications of OPVs rely heavily on the
understanding of the degradation phenomena and on the
development of new materials and efficient encapsulation
of the OPV and alternative barrier layers which are more
impervious to oxygen and water from the atmosphere.

7. Conclusion

The spectrum of the sun as received on earth has been
presented in the context of light harvesting by low band
gap polymer materials and an evaluation of the possible
currents that can be obtained for a material with a given
band gap has been considered. The existing hiterature on
polymer materials with a band gap below 2eV have been
examined and discussed in the context of polymer PV
devices. The field of low band gap polymer matenals for
OPV is concluded to be emerging. The current problems
that one is faced with when considering the application of
low band gap materials are the achievement of simple large
scale synthetic quantities of materials that are sufficently
pure for incorporation in devices. Further, high values for
the IPCE has been reported for a few low band gap
materials while the general observation is very low IPCE
values that currently has been linked to carrier transport
problems, perhaps impurities, poor film forming ability of
the materials and a low solubility making processing
difficult. Methods for purifying the materials from
impurities are reported in a few instances and are deemed
important for future reproducibility of results obtained for
the same class of materials. The field is increasing and the
success of the low band gap approach will be granted
through: large-scale synthetic approaches, availability in
large quantities, purification and purity, widespread
physical studies and optimization.
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Abstract

Large-area solar cells (active area=3 and 10em?) were prepared with low band pap polymers based on thiophene and
benzothiadiazole (1) or thiophene and benzo-bis(thiadiazole) (2). The band gaps of the polymers were 1.65 and 0.67 eV, respectively. The
best photovoltaic performance was obtained for the device ITO/PEDOT/1:PCBM (1:2)/Al with an active area of 3 em®. The efficiency of
the device was 0.62%. This is a high efficiency for a low band pap polymer in a large-area organic solar cell and thus polymer 1 is a very
promising material for organic solar cells. The devices based on 2 were found to give poor devices when emploved in bulk heterojunctions
with PCBM. This was linked to a poor alignment of the energy levels in 2 with that of the electrodes and PCBM, showing that the
requirement for a control of the positions of the energy levels becomes increasingly important as the band gap decreases.

[ 2007 Elsevier B.V. All rights reserved.

Keywords: Low band gap polymers; Lar ge-area organic photovoltaic deviees

1. Introduction

Some of the current aims for organic photovoltaics
(OPV) [1] are to achieve high-efficiency, stability, low-cost
and high-speed production possibilities,. The ultimate
combination of all these goals in one single polymer
material for OPV s a challenge and no results have yet
been pubhished. However, good results have been reported
when considening these goals individually. Most notably
the efficiency of optimized small-area devices has reached
the 5% benchmark [2]. The operational hfetime of OPVs
have traditionally been short, while operational lifetimes of
4000 h 3] with efficiencies below 1% for large-area devices
have been documented using aceelerated testing [4] and
outside testing [3]. Somewhat shorter lifetimes for devices
with higher efficiencies have also been documented [5).
A detailed understanding of the degradation in OPVs is
dawning and is generally viewed as a complex problem
where many different degradation mechanisms are in
play simultaneously. Atmosphere, light and thermal effects

“Corresponding author. Tel.: +4546774799; fax: +4546774791.
E-mail address: Frederik krehs @ risoe dk (F.C. Krebs).

(92740248 % - see front matter @£ 2007 Elsevier BV, All rights reserved.
doi: 10,1016 .s0lma t. 2007.01 013

have been reported and many of the mechamsms are
interface phenomena [6]. Most lterature reports are only
concerned with relatively small active area devices, which
are prepared by spin coating, solvent casting or doctor
blading. There have been fewer reports on the preparation
of large-area devices by true high-volume processes such
as roll-te-roll coating and screen printing of devices [7)
and anodes [8]. In the literature, there are few examples of
the production of larger area OPVs [9). The reported
efficiency of the large-area devices are: 0.001% (1000om?)
[7d,7e,76), 0.0046% (100cm®) [Tb], 1.2% (12em?) [9a],
0.2% (4.2 cm”) [8b] and 1.5% (0.25 cm™) [9b]. The first four
devices are based on PPV polymer materials and the
latter are based on polythiophene. From the reported data,
it can be seen that the efficiencies of the OPVs with a
large active area are much lower than the best reported
efficiencies for a small active area device with the same
polymer. Therefore, the efficiency can be expected to
decrease significantly when the active area of the device is
increased. Careful design of the module geometry may,
however, minimize the losses. Several problems can be
identified that are a direct result of increasing the active
area of the OPV, e.g. film quality, sheet resistive losses and
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film morphology [10]. Hence, the reported photovoltaic
responses are typically measured on devices with very low
active areas (below 0.1ecm?) [2¢,11]. Several factors affect
the morphology of the film, for example solvent use,
chemical structure, temperature and composition between
polymer and [6,6]-phenyl-Cg-butyric acid methyl ester
(PCBM) [10]. To summarize the requirements of the next
generation of materials based on the short overview given
above a lower optical band gap of the materials will be
required to increase the harvesting of sunlight, the
materials must also be printable such that large active
areas can be prepared at high speed, they must have a
stable morphology once implemented in a device and
finally the materials must exhibit chemical resilience to
light, electrodes and atmospheric reactants such as water
and oxygen.

In this work we present results obtained for large-area
devices (active area = 3 and 10em?). The geometry of the
photovoltaie devices was glass/ ITO/PEDO T/ active layer /AL
where the active layer was either pure polymer or a blend
QJ;of polymer and PCBM (bulk hetero junctions). Devices
with layers of pure polymer and Cgy (bilayer heterojunc-
tion) were also prepared. The devices were prepared
with low band gap polymers, 1 and 2 (Scheme 1) [12]
Low band gap polymers [13] are believed to house
the possibility for increasing the efficiency of the photo-
voltaic device, due to a better overlap with the solar
spectra. As described above only one example of low
band gap polymers in large-area OPV is described in
the literature [9b). The synthesis and charactenization
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of polymers 1 and 2 were deseribed by us earlier [12].
The band gaps of 1 and 2 are 1.65 and 0.67 ¢V, respec-
tvely [12].

2. Experimental
2.1. Photovoltaic device preparation

Indium-tin-oxide (ITO) coated glass substrates were
etched in a 10mL 5% nitric acid, 40mL 20% hydrochloric
add and S0mL water mixture at 50°C for few minutes
until part of the ITO was removed (see Fig. 1). The
substrates were cleaned in acetone, chloroform and
isopropancl in an ultrasonic bath. The substrates were
then spin coated (1500 rpm, 200s) with a 2.7 pm filtered
poly(ethylene dioxythiophene) doped with polystyrene
sulfonie  acid (PEDOT:PSS) 1.3% (wt/v) containing
2.5mg sorbitol per mL. The substrates were baked for
2h at 180°C. The polymer (I or 2) and PCBM were
dissolved in chlorobenzene (10mgmL™") and spin coated
onto the substrates at 1500 rpm for 120s. The aluminum
electrode (~150nm) was thermally evaporated on top of
the active layer at a pressure <5x 10 % mbar. After
cooling of the sample and removal from the vacuum
chamber, the electrical contacts were applied using silver-
epoxy glue. The glue was thermoset at 70°C for 10min.
This also anneals the active layer. A schematic view of the
devices 15 given 1n Fig. 1. Further details on device
preparation have been described earlier [14,15). The
10cm” devices were encapsulated as described in the

Scheme 1. Structure of palymers 1, 2 [12] and PCBM.

mo

Subsrate plas

e Ative ane ‘
3 em i

B

e

Subswuie. plass

a— Aclive l}‘rea—-i
3 om®

Fig. 1. Schematic side view of photovoliaie devices: (A) ITOPEDROT polymer:PCBM | Al and (B) ITOPEDOT /polymer/CgqAl
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literature before electrical contacts were mounted with
epoxy glue [16]. A picture of this device 1s given 1n Fig. 2.

2.2 Photovoltaic measurenienis

All measurements were carried out in the ambient
atmosphere. The /—F curves were obtained using a
Keithley 2400 source meter. The set up for the wavelength
dependence of the photovoltaic response and the illumi-
nated I~V measurements were deseribed carlier [14,15]. The
intensity of the simulated sunlight was ~1000W m ™~ and
the spectral distribution was in accordance with the AM1.5
standard. The temperature of the devices during character-
ization was 724+ 2°C.

3. Results and discussion

Photovoltaie devices were prepared with polymers 1and 2
and the photovoltaic responses of these devices are
summarized in Table 1. /-1 curves of all prepared devices
are given in Fig. 3.

Fig. 2. Picture of the 10an—? deviee (front view). The active area
measured 3.34 % 300 an” outer device dimensions on the photograph are
75 = S$)mm).

These data show that addition of PCBM in the active
layer increases the short-arcuit current, Jge, and the
efficiency, i, of the device as expected. In Fig. 4A it can
be seen that the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO) of polymer 1 are well aligned with the electrodes
(ITO and Al), PEDOT and PCBM, and hence the addition
of PCBM was expected to increase Jge and 5. Larger
polymer/PCBM ratio, 1.e. 1:3 and 1:4, has been shown to
increase the effidency of devices prepared with MEH-PPV
[10). However, a smaller ratio has been found optimal
when employing PIHT or a copolymer based on
benzothiadiazole, thiophene and pyrrole in blends with
PCBM [10,13]. In general, the optimum ratio should
always be determined if the system changes [10]. Therefore,
several devices were prepared with different ratios of
polymer 1 and PCBM to establish the optimum amount
of PCBM in the blend. These tests showed that the
ratio of polymer/PCBM 1:13{w/w) gave the highest
Jse = —2.8TmA am™%. However, the highest n =0.62%
was achieved for the ratio of polymer/PCBM 1:2{w/w)
(Table 1). This is a high efficiency for a low band gap
polymer in a large-area OPV and thus polymer 115 a very
promising material for OPV. The open-circuit voltage,
Ve was however highest for the device with no PCBM,
1.¢. aratio of 1:0 for :PCBM. Furthermore, the data show
that the efficiency decreases when larger amounts of PCBM
are added, 1.e. higher ratios than 1:2.

From Table 1 it can be seen that for the device
ITO/PEDOT/1:PCBM (1:2)/Al, the increase in active
area from 3 to 10em? results in a decrease in Jge from
—2.60 to —1.29mAan™” and a decrease in the fill
factor (FF) from 39% to 28%. Hence, a decrease in g
from 0.62% to 0.20% is observed with the increase in the
active arca. This s ascribed mainly to higher sheet resistive
losses in the large-area device due to the geometry of the
ITO electrode.

Comparison of the data obtained for the bulk (PCBM)
and the bilayer heterojunction (Cgy) with polymer 1 shows

Tabk 1

Photovoltaie response of devices with polymers 1 and 2

Device Jsc (mAem ) Vac (V) o/ d_gv] FF (%) 7{%)
ITO PEDOT/1/AL —122x 107t .68 14 26 0.002
ITOPEDOT/IPCBM (1:1)/Al —277 060 116 a7 0.55
ITOPEDOT/PCEM (1:18/A1 —287 061 45 34 061
ITOPEDOT/I:PCBM (1:2)/Al —260 0.59 287 EX 0.62
ITO/PEDOT/PCEM (1:20/A1 —231 0.58 229 kvl 0.46
ITOPEDOT/I:PCBM (1:3)/Al —198 0.58 EE £ 0.43
ITOPEDOTCg Al —0.46 0.29 57 2 0.03
ITOPEDOT/LPCEM (1:2)/Al, 10em™ —1.29 0.56 145 % 0.20
ITOPEDOT2/ AL —EH0 107 023 0.9 — —
ITOPEDOT/ZPCBM (1:1)/Al —719 %107} 004 0 — —
ITOPEDOT/Z Ceg/Al —312x 107t 013 0.8 — —
ITOPEDOT/1:2PCEM/AL —0.32 0.22 41 — —
IT0 2/ Au —TH e 107" 0.00 1 — —

Measurement conditions: ~ 1000 Wm ™, AM 1.5, area ~3cm™ (unless otherwise stated).

146



1022

-10 0.5 0.0 0.5 1.0
Voltage (V)
3
T 2 /-
E e
; 1 ~
E o E—
= -~
-]
g -1 J,.-/
a Pl
-3
-10 0.5 0.0 05 10
Voltage (V)

T
E
o
<
E
k=
g
5
o
-10 -0.5 0.0 0.5 10
Voltage (V)
GBG
T
E
<
E 15
= 10
E s
=3
O T
-5
-10 0.5 00 05 10
Voltage (V)

Fig. 3. iV curves for the devices: (A) ITO/PEDOT,

(H) ITO/2 /A

that the use of PCBM increases the Jge and the Fue and
hence the efficiency of the device. This is ascribed to the
better contact between the polymer and the fullerene in a
bulk heterojunction with PCBM as compared to the bilayer
heterojunction with Ceg.

The devices produced with polymer 2 showed low Jge
and low Fae and from the dark low rectification, it can be
seen that the devices show poor diode properties. This 1s
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(AL (B) ITOPEDOT/1:PCBM /Al (the polymer/PCBM ratio is given in the legend), (C) ITO/
s/l (D) TTO/PEDOT 2/ Al (E) ITOPEDOT/ZPCEM (1:1)/Al, (F) ITO/PEDOT/2/C g/ Al, (G) ITOPEDOT/1:2:PCBM {1:1:1)/ Al and

ascribed to the very low band gap of polymer 2, ie.
0.67eV, which results in a poor owverlap between the
LUMO of 2 and the LUMO of the PCBM and due to the
low-energy level of the LUMO of 2 the reverse bias barrier
for electrons is very low (Fig. 4B). In the device with gold
(Fig. 4C) as the metal electrode, the electrical band
structure shows a good overlap between the HOMO of 2
and the HOMO of ITO and the LUMO of 2 and the
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LUMO of Au. However, this device still shows a very poor
dark rectification. This could be due to the alignment of
the work function of ITO and Au and the HOMO of 2
(Fig. 4C). Thus no electrons are transferred to the LUMO
of the polymer.

The device prepared based on a 1:1 (w/w) mixture of
polymer 1 and 2 showed low Jge and Fee and this device
also showed poor diode properties. This s ascribed to the
poor overlap of the HOMO and LUMO of polymer 1 and
2 and again the reverse bias barrier for electrons is very low
(Fig. 41D). It is notable that devices based on 1 and PCBM
give moderately high Ve values. The origin of the open-
circuit voltage in OPV 1s related to the difference between
the HOMO of the donor polymer and the LUMO of the
acceptor, eg. PCBM. The alignment of the energy levels
between polymer and PCBM thus becomes extremely
important when aiming at optimizing the device efficiency
[17]. Design rules for devices based on low band gap
polymers and experience with devices prepared from low
band gap polymers are relatively scarce in the hterature.
Recent progress with copolymers of thiophene and
thienopyrazine have been reported by Campos et al
[18a), and Wienk et al. [18b,18¢c] and Zhang et al. [19]
reported copolymers of thienopyrazine, thiophene and
fluorene. Campos ¢t al. reported low values for Foe
(0.22V) while both Zhang et al. and Wienk et al
consistently reported higher values (up to 0.78 and
0.77V, respectively). In both cases mixtures with PCBM
were explored. An explanation for the discrepancy can
possibly be found in the fact that Wienk et al. system-

atically explored the effect of side chain substitution and
used a different polymerization technique. Wienk et al.
obtained values for Ve very close to the expected values
when accounting for contact losses [18¢]. In our case, a
moderately large Vo of around 0.6V is observed for
mixtures of polymer 1 with PCBM. We, however, observe
somewhat lower values for Jge, which could be ascribed to
a very similar energy of the LUMO in | and PCBM that
decreases the driving force for electron transfer. In the case
of polymer 2 the LUMO level is below that of PCBM,
which essentially should make polymer 2 act like an
acceptor and result in poor devices when mixed with
PCBM. This is indeed observed as homopolymer devices
with polymer 2 on their own gives an expected low value
for Fee of 0.36V and a low Jge. Devices based on mixtures
with PCBM exhibit much lower Ve and lower Sy values
than polymer 2 on its own which is probably the only
example of this kind and a direct consequence of the low
band gap in combination with the alignment of the
electromic structure. The dark rectification 1s, however,
better for the device based on mixtures with polymer 2 and
PCBM. We ascribe this to the fact that PCBM is a good
electron conductor and believe that polymer 2 is a poor
electron conductor and a moderate hole conductor. By
introduang PCBM the system thus exhibit margnally
better rectification.

This led us to test the hypothesis by applhcation of a
sublimed layer of Cgy on top of polymer 2 giving a bilayer
heterojunction. The LUMO level of Capy 1s a httle lower
than PCBM but can be considered identical in this

148



A2.4

1024 E Bundgaard, F.C. Krehs { Solar Energy Materials & Salar Cells 91 (2007) 10191025

experiment where the Cgy can be viewed as an electron
transport layer. In this device the inverse rectification
behavior 18 maintained, the current stays mvanant and the
Vo 18 lowered by 0.1V indicating that the transport
properties and function is dominated by polymer 2.
Finally, we attempted a ternary muxture of polymer 1,
polymer 2 and PCBM and the effect was again that results
were seemingly dominated by polymer 2 but interestingly
the open-circuit voltage improved to 0.22V. We currently
have no explanation while we propose that it could be
linked to the morphology of the active layer in the device
where several transport channels are open and one could
imagine that part of the mixture had a character of
polymer 1 and PCBM that could account for the slight
increase in Jse- as compared to polymer 2 on its own giving
an improvement in Fee also. Such a ternary system is too
complex to conclusively account for the observed photo-
voltaic behavior. It does, however, underline the negative
effect of polymer 2 on the photoveltaic behavior due to its
poorly matching energy levels. Another important point is
that as the band gap decreases for the material the correct
alignment of the energy levels become increasingly
important and we identify this as one of the important
challenges in the field of low band gap polymer materials
while techniques for energy level tuning are available [20].
This 15 summanzed in Fig. 5 where the energy levels of a
low band gap polymer along with PCBM are shown. In the
ideal case, the HOMO of the polymer align with the
LUMO of PCBM such that the difference, = (equal to
Voc), becomes as high as possible while the difference
between the LUMO of the polymer and the LUMO of
PCBM, #, align for ideal charge transfer. This mphes
that the LUMO of the polymer always must be signifi-
cantly above the LUMO of PCBM in order to have a
driving foree for charge separation at the expense of Foe.
As the band gap becomes low this becomes increasingly
important.

The wavelength dependence of the photovoltaic response
showed good overlap with the absorption spectra for the
deviee ITO/PEDOT/I:PCBM (12)/Al. The incident
photon to current efficiency (IPCE) was found to be 18%
at 560 nm for this device (Fig. 6), which 1s expected seen in
the light of the moderate power conversion effidency for

E

LBG PCBM

Fig. 5. Anideal alignment of the energy levels for a low band gap polymer
(E;=05eV) in a bulk heterounction device with PCBM. The HOMO
and LUMO of the polymer = represented by a black line and a gray line,
respectively.
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Fig. 7. Lifetime curves for the devices ITO/PEDOT/T:PCEM {1:2)/ Al and
ITO/PEDOT 1/ eyl Al

the best devices. The small IPCE (1.65%) above 700 nm is
ascribed to a sub band gap absorption effect.
Furthermore, lifetime measurements were carried out for
the devices ITO/PEDOT] 1/ Al and ITO/PEDOT/1/Cey/Al
The hfetime curves are shown in Fig. 7. These data show a
significant increase in the lifedme for the device with Cey
from less than 2 h for ITO/PEDOT/1/Al to around 80 h for
ITO/PEDOT/1/C /Al This is ascribed to Cgy being an
efficient barrier between the active layer and the aluminum
electrode, which are responsible for the first decay [6a).

4. Conclusion

Photovoltaic devices were prepared with polymer 1and 2
that had band gaps of 1.65 and 0.67 eV, respectively. It was
found that the device ITO/PEDOT/1:PCBM (1:2)/Al gave
the best photovoltaic response with a large-area (3cm”)
efficiency of 0.62% . Devices prepared using polymer 1 were
generally found to give high values for Foe due to a good
alignment of the electronic structure with respect to the
electrodes and PCBM and thus 1 18 a very promising
material for OPV.
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Furthermore, it was found that due to the very low band
gap of polymer 2, i.e. 0.67eV, the devices prepared with this
polymer  (ITO/PEDOT/2/AL  ITO/PEDOT/2:PCBM/AL
and ITO/PEDOT 2/ Cay/ Al) showed poor diode properties
and low values for Jse and Foe In the case of polymer 2,
the much poorer performance is ascribed to a poor
alignment of the electronic structure of the material with
the electrodes and PCBM. The results underline the
increasing need for control of the energy levels and their
correct juxtaposition when the band gap decreases. Further
work is in progress to improve the photovoltaic response of
the prepared devices.
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Ahstract

We report on the incorporation of a low band gap copolymer based on thiophene and
benzothiadiazole with a band gap of 1.65 eV into a bulk heterojunction device with the structure
ITO/PEDOT:PSS/polymer: PCBM/AL.  We have investigated the effects of process varable,
mcluding choice of solvent, polymer concentration and annealing temperature, on the photovoltaic
device performance. The devices show spectral response down to the absorption edge of 1.65 eV
and exhibit an efficiency of 1% under AM1.5 1llumination and a peak external quantum efficiency

of 18% at 600 nm_

Kevwords: Low band gap material, polvmer photovelraic, device aptimization, efficiency
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1. Introduction

Organic photovoltaic (OPV) devices are gaimng increasing interest as efficiencies reach 5% [1].
Key improvements are still needed in open circuit voltage (Foc), short circuit current (Jzc) and fill
factor. One of the ways to achieve higher efficiencies 1s to absorb more of the solar spectrum. The
primary absorbers in the most efficient bulk heterojunction devices, commonly based on poly(3-
hexylthiophene) (P3HT), posses an optical band gap that substantially exceeds the nominally
optimal 1.4 €V. Thus. there 1s mcreasing mterest i developing low band gap polymers that have
improved overlap between their absorption spectra and the solar spectrum in order to increase the
Jse [2]. Models put forth by Koster ef al. [3a] and Scharber af al. [3b] predict an increase in device
efficiency with decreasing optical band gap. Both models predict that efficiencies exceeding 10%
can be reached m OPV devices, assuming that other parameters such as band offset and charge
generation and transport are optimized.

In the past decade there has been an increased emphasis on the synthesis and characterization of low
band gap polvmers particularly those such as polvthiophene [1.4]. polvisothianaphthene [5] and
copolymers of thiophene, benzothiadiazole and pyrrole [2.6]. for organic photoveltaic (OPV) [7]
devices. In addition to the band gap, the morphology of the active laver m OPVs 1s critically
important, strongly affecting the dissociation efficiency of excitons and the charge transport
properties of the carriers [1,2a.8.9]. There are different factors affecting the morphology and hence
the efficiency of organic photovoltaic devices. As described by Hoppe and Sariciftei [9a] the factors
which have a significant influence on the morphology are 1) the solvent used for spin coating of the
polymer, 2) the nature and ratio of the polymer and fullerene, 3) the concentration of the polymer in
the solution, 4) subsequent annealing of the device which induces phase separation and
crystallization and 3) the structure of the polymer. However, their main focus 1s on the polymer

MEH-PPV, and only a few examples of lower band gap polymers, e.g polythiophene, are
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described. Efforts have been made to improve the photovoltaic responses of organic photoveltaic
devices (especially using P3HT) by improving the morphology of the active layer. In 2001 Shaheen
et al. [8] published bulk heterojunction devices based on MDMO-PPV with 2.5% efficiency. The
choice of solvent to spin coat the polymer layer, 1.e. chlorobenzene vs. toluene, proved to be
important in controlling the degree of mixing of the polymer and fullerene components, as well as
the domain size and charge transport properties of the blend. Lately, several groups have published
results demonstrating improved efficiencies to above 5% upon thermal annealing in P3HT:-PCBM
blends [1.10]. These results show the importance of controlling the morphology in a bulk
heterojunction device.

There 15 also an increasing effort to synthesize polymers compatible with the bulk heterojunction
that have smaller band gaps and acceptable morphologies. In 2002 Brabec er al. [2.6] reported an
estimated 1 = 1% for device based on copolymer of thiophene, benzothiadiazole and pyrrole.
However. no further improvements have been published with this polymer. Only very few details
have been published on polyisothianaphthene and the use of this polymer has been limited due to its
low solubility [5].

Recently. synthesis and characterization of new low band gap polvmers, 1.e. polythienopyrazines
[11] and copolymers of dialkylfluorene and/or thiophene and benzothiadiazole or benzo-bis-
thiadiazole [12], have been published by this group and others. The polythienopyrazines have a
band gap of about 1.20 eV and the reported efficiency 1s 1.1% [11]. These new polymers are based
on thiophene, 1.e. a thiophene derivate such as thienopyrazine with a fused pyrazine ring on the
thiophene or a copolymer with a thiophene or a fluorine in the backbone. such as copolymers of
thiophene, fluorene and benzothiadiazole or benzo-bis(thiadiazole). The polymers described above

are shown i Fig. 1.
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Fig. 1. Iliustrates the low band gap pelymers described above. a) polythiophene (here: P3HT), b) polvisothianaphthene,
c) copolymers of thiophene, benzothiadiazole and pyrrole, d) polyvthienopyrazines (here: PTBEHT. where B = 2-
ethylhexyloxy), ) copolymers of thiophene and benzothiadiazole (R = 3.7.11-trimethyldodecyl, n = 1, 2. £
copolymers of thiophene and benzo-bis-thiadiazole (B = 3.7.11-trimethyldodecyl. n =1, 2). g) copolymers of thiophene,
benzothiodiazole and dialkylfluorene (here: Dioctyl-PFDTBT) and h) copolymers of thiophene, dialkylflucrene and

pyrazine-guinoxaline (here: APFO-T).

In this paper we deseribe 1n detail the application and dependence of efficiency on process variables
for low band gap polymers based on thiophene and benzothiadiazole (Fig. 2) in a bulk
heterojuncion photovoltaic cell. We discuss the relationship between morphology and efficiency for

these polymers.
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Fig. 2. Structure of polymer 1. R = 3,7.11-trimethyldodecyl.

The synthesis and characterization of polymer 1 was described previously [12c]. The band gap of
polymer 1 was estimated from UV-vis to be 1.65 eV [12c]. Details on the preparation of large area
photovoltaic devices with active areas of 3 and 10 em’ using polymer 1 have been described earlier
[13]. Further. a good energy level alignment between 1 and PCBM was found and it was established
that the optimal composition of 1 and PCBM 1s 1:2 [13]. Thus. the photovoltaic devices presented

in this paper are all based on the ratio of 1 and PCBM being 1:2.

3. Experimental

3.1 Device preparation.

The polymer and PCBM was dissolved in the desired solvent to achieve the desired concentration.
The solution was stirred for 12 hours at 60-70 °C and 200 rpm. Indium tin oxide (ITQ) coated
patterned glass slides were punfied in acetone and isopropanol for 10 mun in an uvltra sound bath.
The slides were purnified further by oxvgen plasma treatment with oxygen pressure of 0.5 Torr and
150 W. The slides were spin coated with a 0.45 pm filtered PEDOT:PSS solution at 4000 rpm for
45 sec (2 x 0.25 mL). The samples were heated to 120 °C on a hotplate to remove excess water. The
polvmer solution was spin coated 1n a glove box (<1 ppm O: and <1 ppm H>O) at the desired rpm.

For the slow dryving technique usmg 1.2-dichlorobenzene the sample was left to dry 1 a Petn1 dish

h
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for about an hour. The ITO contacts were cleaned with a razor blade. The samples were transferred
to the deposition chamber and the aluminum electrode was thermally evaporated onto the substrate
at a pressure of 107 mbar to give a 100 nm thick film. The samples were annealed at the desired

temperature on a hot plate m the glove box.

3.2 Photovaltaic measurements.

The devices were tested under argon atmosphere using a Spectralab XT-10 sun simulator with AM
1.5 llununation, UV filter and intensity of 100 mW.-"cmz. The IV curves were recorded with a
Keithley 235 high current source meter. IPCE (photon to current efficiency) was measured with a
calibrated S1 photodiode with a spot size smaller than the device area with an incident intensity of
approximately 2 pW. UV-vis was measured on a HP 845x UV- visible system. Atomic Force
Microscopy (AFM) images were recorded on a Multi-Mode Scanning probe microscope with

Nanoscope IV controller from Veeco. Film thicknesses were measured with AFM.

3. Results and discussion

The photovoltaic devices were processed such that one slide contamned six smaller devices with an
active area of 0.1 cm’. The six cells were tested simultaneously and the data of the best device 1s
given in the Tables below. Further, the devices described within each Table were processed at the

same time.

3.1 Solvent and spin coating parameters
Two different solvents (1.2-dichlorobenzene and CHClz/chlorobenzene (1:1)) were used for spin
coating the active area of the device. The photovoltaic response was used to evaluate the effect of

the solvent. The results are given in Table 1.
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Table 1. Photovoltaic response for ITO/PEDOT:PSS/1:PCBM (1:2)/Al The active layer was spin coated from different

solvents at 2000 rpm for 10 sec. Active area 0.1 cm®, AM1.5 and 100 mW em™.

Salvent Thickness Jse Voc FF n

(nm) (mA cm?) | (V) (%) (%)

1,2-dichlorohenzene 170 222 0.58 37 048

CHCly/chlorobenzene (1:1) 390 1.49 0.58 38 0.33

Spin coating from 1.2-dichlorobenzene resulted in a purple film when wet, which was left to dry
slowly. This resulted n a dry dark-greemsh film. Spin coating from CHCls/chlorobenzene (1:1)
resulted directly in a dark-greenish dry film. The photovoltaic response shows that spin coating
from 1.2-dichlorobenzene and thus the use of a slow dryving method showed no difference in the
Voe. However, the slow drying method resulted in a higher Jse and an overall higher efficiency. To
examine the different morphologies of these blends. AFM mmages of films of 1 on glass substrates

produced from the two different solvents were taken and are shown in Fig. 3 as height, amplitude

| . | . |
‘ I

Figure 3. AFM images of 1:PCEM (1:2) in 1.2-dichlorobenzene (FMS = 2.49 om) shown as height (left). amplitude

and phase, respectively.

(nuddle) and phase (right).
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The AFM images (see also supporting information) for the pristine polymer show that the film
made from 1.2-dichlorobenzene is smoother (RMS roughness = 6.32 nm) than the film made from
CHCly/chlorobenzense (1:1) (RMS roughness = 2463 nm). Further, the image for
CHCla/chlorobenzene show a crystalline structure, which 1s not seen m 1.2-dichlorobenzene.
Comparisons of the films processed from solutions with and without PCBM show that the films
with PCBM are smoother (RMS = 2.49 and 11.76 nm) (shown i figure 3) than the films without
PCBM (EMS = 632 and 2463 nm). This applies for both 1.2-dichlorobenzene and
CHCla/chlorobenzene (1:1). The film produced from 1.2-dichlorobenzene with 1/PCBM 1s
smoother than the film produced from CHCls/chlorobenzene (1:1). This may also reflect improved
local order. Further, 1t was found that the thickness of the fast dried film (spin coated from
CHCIl3/chlorobenzene (1:1)) was more then twice the thickness of the slow dried film (spin coated
from 1.2-dichlorobenzene). This tendency was also found in the absorption spectra of the two films
(see supporting information).

Thus, the slow drving method results in higher efficiency (0.48 %) compared to the fast drving
method (0.33 %) as a consequence of improved morphology and thinner film thickness resulting in
the observed increase i Jgc. Further, the crystalline structure obtained from CHCla/chlorobenzene
(1:1) 15 not formed when the polvmer 15 mixed with PCBM.

Different spin coating times for the active laver from 1.2-dichlorobenzene were also investigated

and the results are summarized i Table 2.
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Table 2. Photovoltaic response of [TO/PEDOT:-PSS/1:PCBM (1:2)/Al. The active layer was spin coated from 1.2-

dichlorobenzene at different spin time and rates. Active area 0.1 cmz, AMI1.5 and 100 mW em™.

Rpm/sec | Thickness (nm) | Jsr (mA cm_:} Voc (V) FF (%) 1 (%)
1000/30 300 0.53 36 041
2000/10 175 0.54 34 0.53

The fast spin rate and short spin time gave a wet purple film. which was left to dry for 30 min. to

give a darker green film. The lower spin rate and longer spin time resulted directly in a greenish dry

film. From the data in Table 2 it can be seen that again the slow drying method results i higher Jso

and Foc and thus higher efficiency due to a thinner film.

3.2 Concentration and film thiciness

The concentration of the polymer in the spin coating solution was investigated and the results are

given in Table 3.

Table 3. Photovoltaic response of [ITO/PEDOT:PSS/1:PCBM (1:2)/Al different concentration of the polymer. Active

area 0.1 cmz__ AM1.5 and 100 mW em™

Concentration of 1 Thickness Jse VFoc FF 1
(mg/mL) (nm) (mA cm?) V) (%) (%)
5 35 2.08 0.53 38 042
10 63 3.39 0.61 43 0.89
15 120 361 0.62 40 090
20 270 1.91 0.57 36 0.39
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From Table 3 it can be seen that the efficiency of the device increases from 0.42 to 0.90 % when the
polymer concentration 1s mcreased from 5 to 15 mg/ml and thus the thickness of the film mncreases
from 35 nm to 120 nm. However, when the polymer concentration increases even further to 20
mg/mlL and a film thickness of 270 nm the efficiency decreases to 0.39%. This 15 ascribed to a
significant increase in the film thickness. As described by Heeger ef al. [10.16] the film thickness 1s
highly important as a thick film of a polymer/PCBM blend can result in an increase of the internal
resistance and hence a lower fill factor if the polymer has a low mobility. Thus, the active laver
must be thin or the polymer must have a high mobility to achieve a lugh efficiency. Further, in a
thick film (achieved for 20 mg/ml) the light absorption may meostly be at the glass substrate
whereas 1n a thin film (achieved for 15 and 10 mg/mL) the light 1s absotrbed in the whole film

[1b.16]. Finally. optical interference effects could also be 1n play.

3.3 Annealing remperature

It has previously been shown by several groups in the literature that the efficiency 1s increased when
the device 1s annealed thermally [1,10,17]. This increased the Fge and the 1 by burning shunts and
increased the Jso due to an enhancement of the charge carrier mobility [10]. This was ascribed to an
increased crystallization of the polymer during the annealmg [10]. Therefore. devices of the type
ITO/PEDOT:-PSS/1:PCBM (1:2)/Al were prepared and annealed at different temperatures before

measuring the IV curves. The results are given in Table 4.

10
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Table 4. Photoveoltaic response of ITO/PEDOT:PSS/1:PCBM (1:2)/Al annealed at different temperatures for 10 min.

Active area 0.1 em”, AM1.5 and 100 mW em™.

Temperature (°C) | Jyc (mA cm':) Foc (V) FF (%) n (%)
No annealing 1.47 0.53 33 0.26
75 2.86 0.54 34 0.53
110 246 0.62 27 0.42
130 2.89 0.64 42 0.77
150 1.33 0.60 37 029

The data in Table 4 shows that Fpo mcreases slightly and that Jse increases significantly with
annealing. The Jg¢ for the device annealed at 150 °C is, however, very low (Jso = 1.33 mA cm’zj
and it 1s lower then the Js¢ for the device which has not been annealed (J;c = 1.47 mA cm’zj_ The
annealing temperature, which results i the highest efficiency. is between 110 and 130 °C. The
increase in efficiency seen here 1s presumably due to increased exciton dissociation, improved
carrier mobilities, or both, in the device. AFM images of the polymer film on glass slides annealed

at different temperatures were made (Fig. 4 and Supporting Information). The AFM image of the

device with no annealing 1s shown 1n Fig. 3.

Fig. 4. AFM images of 1:PCBM 1:2 in 1.2-di-chlorobenzene annealed at 130 °C (EMS = 4.77 nm) shown as height

(left), amplitude (middle) and phase (right).

1

1
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Fig. 3 and 4 show no significant improvement of the morphology of the film when the device 1s
annealed at 75 -130 °C (see also supporting information). However, the film annealed at 150 °C
(BMS = 098 nm) is smoother then the film which was not annealed (RMS = 2 49 nm) and the films
annealed at 75 °C (RMS = 3.46 nm), 110 °C (RMS = 1.59 nm) and 130 °C (RMS = 4.77 nm).
Increased phase separation is observed in the 150 °C case, which could result in improved Jgo and
efficiency as has been observed for PCBM i bulk heterojunction devices with P3HT [lc].
However, since this 1s not observed it may be that the phase segregation has become too extensive

and thus having a negative effect on exciton dissociation.

3.4 The best device

The best photovoltaic response was obtamned for ITO/PEDOT:PSS/1:PCBM (1:2)/Al spin coated
from 1.2-dichlorobenzene at 2000 rpm for 10 sec. dried to achieve a dark green film, evaporated
with Al and annealed at 110 °C for 10 min. This device showed the following photovoltaic
responses under 100 mW cm™ Jse =399 mA em™. Voc=061 V., FF =46 % and n=1.0 % (Fig.

5). Further, IPCE of 15 % at 600 nm was obtamned for this device (Fig. 7).

40
— dark
e 100 mW o em™ |
- 30 A /
=
L=
- 20 - /
£
= ;“'f
£ 101 //
-
.
s I
-10 . . .
“oltage (V)
Fig. 5. IV curve for the best device.
12
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The efficiency of this device was measured as a function of the light mntensity and the data 1s

summanzed m Fig. 6. The IV curves for these measurements are given in Supporting Information.
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Light intensity (mW cm'2)
Figure 6. Js¢ (black circle)), FF (blue square) and efficiency (green triangle) as a function of light intensity for

ITO/PEDOT:PSS/1:PCBM (1:2)/AlL

From Fig. 6 it can be seen that the J5¢- and efficiency are dependent on the light intensity. Further. it
1s seen that the Joo of the device mcreases almost linearly with the light intensity. The efficiency of
the device mcreases almost linearly with the Light mtensity from 0.1 to 100 mW cm” (0.59-0.79

%) then decreases significantly with the light intensity. The efficiency at 113 mW cm’” (0.52 %) 1s

due to low Jge.
3.3 Incident Photon ro Current Efficiency (IPCE)
The IPCE was determined from the wavelength scan of the device ITQ/PEDOT:PSS/1:PCBM

(1:2)/Al prepared under different conditions. The ITPCE and UV-vis for the best device 1s given in

Fig. 7.

13
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Figure 7. IPCE and UV-vis absorption spectra for the best device.

The IPCE values as a function of concentration and annealing temperature are summarized in Fig.
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8. The IPCE for the different devices are given in the Supporting Information.
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Figure 8. IPCE as a function of a) concentration and b) annealing temperature. All IPCE values are the maximum at

600 nm.

The measurements show that the photoresponse corresponds well with the absorption spectrum of
the polvmer. The data also shows that the concentration and annealing temperature have a
significant effect on the IPCE. The same effect on IPCE 1s observed for the devices prepared with
different concentrations. That is; an increase in IPCE when the concentration increases from 3 to 15
mg/ml. and a decrease in IPCE when the concentration increases even further to 20 mg/ml (Fig.
8a). For the devices annealed at different temperatures (Fig. 8b), the data shows that IPCE decreases
slightly with an increase in temperature from 75 to 110 °C and then increases again to a maximum
for the device annealed at 130 °C. The IPCE then decreases significantly to the lowest IPCE for the
device annealed at 150 °C.

However, the highest IPCE = 18% at 600 nm was obtained for the device with a concentration of 13

mg/ml annealed at 110 °C.

Conclusion

Several different conditions were descmibed for the fabnication of the device

ITO/PEDOT:PSS/1:PCBM (1:2)/Al Tt was found that the morphology and photovoltaic response
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was clearly affected by the choice of solvent, the concentration and the annealing temperature of the
device. We found that muxtures of 1 and PCBM exhibit thermal annealing behavior with an
optimum annealing temperature of 130 °C. The observed thermal annealing behavior has been
sumilarly reported for PAHT:PCBM nuxtures. The best device showed the following photovoltaic
responses under 100 mW cm™ Js0=3.59 mA cm':, Voc=061V, FF = 46% and = 1.0 %. The
highest IPCE of 18% at 600 nm was obtamned for concentration of 15 mg/ml and an annealing
temperature of 110 °C. The power conversion efficiency of 1% is comparable in magnitude to the
best of the low band gap materials available and the IPCE values obtained are high over a large

spectral range.
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Absorbance spectra

1.0
| a — 1.2-dichlorobenzene
\ CHCl3/chlorobenzene
. 081 l".
2 \
E
- 0.6 1
=
=
§ 0.4 1 —
=
0.2 { T
OD T T T T T T
400 500 600 700 800 900
Wavelength (nm)
1.0
b — 200 rpmy/10 sec
100 rpm/30 sec
. 081
E \
o 0.6\
bt \
= 0.4 1
o
Z \u, ~ hm““\ o
0.2 1 x,m_____,-r—f"’fa
OD T T T T T T
400 500 600 700 800 900

171

Wavelength (nm)

A2.5



A2.5

1.0
L C —— Smg/mL
H e 15 mgfml
- 0.8 1 ".H ——— 20mg/mL
2 "\ nm vs 4
> 06 1
g 1 O
= AN o
5 0.4 . S N
0.2 1 — T X, -
— e

O.D T T T T T T
400 500 800 700 800 S00

Wavelength (nm)
Figure 51. Absorbance spectra for [ITO/PEDOT:PSS/1:PCBM (1:2)/Al cbtained under the following conditions: a) solvent,

b) spin time and rate and ¢) concentration of 1.
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AFM images

a):

b):

Figure 52. AFM images of a) 1 in 1.2-di-chlorobenzense (RMS = 6.32 nm), b) 1:PCBM (1:2) in 1. 2-dichlorobenzene (RMS

d):

=249 nm). ¢) 1 in CHClz/chlorobenzene (RMS = 24.63 nm) and d) 1:PCEM (1:2) in CHCl3/chlerobenzene (EMS = 11.76

nmi) shown as height (left). amplitude (middle) and phase (right).

173



A2.5

b):

c):

d)
Figure 53. AFM images of 1:PCBM 1:2 in 1,2-di-chlorobenzene annealed at a) 73 °C (BMS =3.46 nm). b) 110 °C (EMS =
1.59 nm), ) 130 °C (RMS =4.77 nm) and d) 130 °C (RMS = 0.98 nm) shown as height (left), amplitude (middle) and phase

(right).
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Photovoltaic response measurements

IV curves
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Figure 54, IV curves for ITO/PEDOT:PSS/1:PCEM (1:2)/Al obtained under the following conditions: a) solvent, b) spin

time and rate, ) concentration of 1 and d) annealing temperature.
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Solar cells based on copolymers of benzothiadiazole and thiophene

Eva Bundgaard ™", Frederik C. Krebs®
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PO Box 49, DK-4000 Roskilde, Denmark
*Institute for Biology and Chemistry, Roskilde Universitetscenter,
PO Box 260, DK-4000 Roskilde, Denmark

ABSTRACT

The symthesis of conjugated low band-gap copolymers based on thiophene and benzothiadiazole is described. The
synthesis was caried out by oxidative ferric chloride polymerization or Stille cross coupling polymerization. The
solubility of the polymer based on quarterthiophene and benzothiadiazole was tested with hexyl, 2-ethyl-hexyl and
dodecyl as side chains on the thiophene. It was found that 2-ethyl-hexyl substituents gave high molecular weight
polymer products with good film forming ability and good solubility, The polymers based on di-thiophene and
benzothiadiazole were applied in photovoltaic devices and the coupling of the alkylthiophene showed no effect on the
maximum photovoliaic performance. Band-gaps were estimated (o be 2 eV for polymers based on di-thiophene and
benzothiadiazole and 1.8 eV for polymers based on quarterthiophene and benzothiadiazole. Attempts to synthesize the
polymers with a benzo-bis-thiadiazole unit are also described.

Keywords: copolymers, low band-gap, polymer photovoltaic devices
1. INTRODUCTION

Conjugated polymer materials with a wide absorption range are believed o enable an increase in the power conversion
efficiency through a betier match with the solar spectrum.”* So far there have been relatively few examples of low band-
gap conjugated Pn[ymtr materials for Eolymcr solar cells.'™* The most commonly used low band—%asp polymers are
polythiophene,™ polyisothianaphthene™ and copolymers of thiophene, pyrrole and benzothiadiazole. " Most materials
employed in polymer photoveltaic research seldom absorb light at wavelengths longer than 600 nm."? In this work the
synthesis of copolymers of benzothiadiazole and thiophene 1, 2 and 3, which extend this range, is described (Chart 1).

Chart 1: Copolymers of thiophene and benzothiadiazele, Polymer 1 (head-to-head coupled thiophene), polymer 2 (head-to-head
coupled thiophene. R= hexyl, 2-ethyl-hexyl or dodecyl) and polymer 3 (head-to-tail coupled di-thiophene),

We present results obtained using these materials for organic photovoltaics and compare our resulis with current work
within the field of low band-gap materials (for general reviews on photovoltaics see ref. 9).

2. EXPERIMENTAL

Oxidative ferric chloride polymerization. The monomer was dissolved in chloroform and added dropwise to
ferric(Ichloride {10 equivalents) in chloroform and refluxed over night. The reaction mixture was cooled, washed with

" eva bundgasrd @risoe.dk; phone +45 4677 S498: fax +45 4677 4791; www.risoe.dk/solarcells

Organic Photovoltaics V1, edited by Zakya H. Kafafi, Paul A. Lane,
Proc. of SPIE Vol 5938, 533800Q, (2005) - 0277-786X/05/515 - doi: 10.1117/12.613425
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aq. sulfuric acid and ag. sodium sulfite, dried with MgS0Oy,, filtered and concentraled. It was then poured into methanol
and water (1:1 V/V) 1o precipitate the polymer. Filtration of the suspension, washing with methanol and drying resulted
in the polymer."”

Stille cross coupling polymerization.'' The di-stannyl derivate of thiophene (I mmol) and the di-bromo derivate of
benzothiadiazole (1 mmol) was dissolved in DMF and the solution was degassed with argon. Pd(PFPh3);Cl; was added
and the reaction was heated to 150 °C. Afier 2 hours a pre-polymer precipitated and THF was added to dissolve the
prepolymer and continue the polymerization at reflux over night. The reaction mixture was cooled and evaporated 1o
remove the THE. The solution was poured into methanol and water {1:1) to precipitate the polymer. Filtration of the
suspension, washing with methanol and drying resulted in the polymer.'* The polymer was purified from palladium as
described in the literature. "

Further experimental detail have been described earlier.
Photovoltaic measurements. A mixture of polymer and PCBM (20 mg/20 mg) in chloroform and chlorobenzene (2:1,
1.5 mL) was filtered through a 2.7 um porous filter and spin-coated onto PEDOT:PSS coated ITO glass shdes. An
aluminium electrode was thermallgv evaporated onto the film in a vacoum chamber at a pressure of <5 x 10 ® mbar. The
active area of the device was 3 ¢m”. Details on device preparation and set up for data measurements have been described
earlier.

o1z

3. RESULTS AND DISCUSSION

3.1 Synthesis of monomers

The polymers 1 and 2 were synthesized by oxidative ferric chloride polymerization of monomers of thiophene-
benzothiadiazole, 6 and 9. Compound 6 was synthesized by a Stille coupling between 4.7-di-bromo-2,1.3-
benzothiadiazole () and 2-iributylstannyl-4-hexyl-thiophene (5)''  (Scheme 1). Cnm?uund 5 was synthesized by
lithiation of hexyl-thiophene using LDA and further reaction with tributylstannylchloride.™

M 'S“N FHax
Pd(PPhs)Cla 4
Br Br «+ SnBugy — ¥
5 THF 5 5
4 5

22%
6
N;S:_N R N’S‘N
PA(PPhy)Cl )
THF h S 5 N
7 B % R 9 R

Scheme 1: Synthesis of 6 and 9, R= hexyl, 2-ethyl-hexyl or dodecyl.

Compound 9 was synthesized by a Stille coupling between 4.7-bis-(5-bromo-thiophe-2-y1)-2,1,3-benzothiadiazole ("
and 2-tributylstannyl-4-alkyl-thiophene (8) '*'* (Scheme 1). Compound & was synthesized by lithation of alkyl-thiophene
using LDA and further reaction with tributylstannylchloride.'>'® Compound 8 was synthesized with three alkyl groups te
study the solubility of the resulting polymer products. The alkyl chains were hexyl, 2-ethyl-hexyl and dodecyl."”

hex

hex
f \‘ 1) nBULITMEDA \S 5 S‘..'
_ LA
s Y 2) Me3SnCl S s W TR
hex hax
10 9% 1

Scheme 2: Synthesis of 11,
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The monomers for Stille cross coupling polymerization used 1o synthesize polymer 3 were compound 4 and di-stannyl-
di-hexyl-dithiophene (11), Compound 11 was synthesized by dilithation with n-BuLi and TMEDA followed by reaction
with trimethylstannyichloride (Scheme 2,0

3.2 Synthesis of polymers
Compound 6 and 9 were polymerized by oxidative ferric chloride polymerization to give the copolymers of head-to-head
coupled thiophene and benzothiadiazolo, j.c. polymer 1 and 2 {Scheme 3),'*12

2, R = hexyl, 2-gthyl-hexyl, dodecy]

Scheme 3; Synthesis of polymer 1 and 2 by oxidative ferrie chl oride polymerization.

Polymer 2 was synthesized with hexyl, 2-eihyl-hexyl and dodecyl side chains o test the film forming ability and the
dependence of the solubility an the alkyl chains."*

N M hex
Pd(PPhs}LCl fl )
4 + 11 — |||
DMF/THE |
gz hex "
3

Scheme 4: Synthesis of polymer 3 by Stille cross coupling polymerization,

Compound 11 and 4 were polymerized by Siille cross coupling polymerization to give the copolymers of head-to-tajl
coupled dithiophene and benzothiadiazole, ie, Pﬂl}l’l‘!‘l&]‘ 3 (Scheme 4). The SEC traces of the polymers 1, 2 and 3 are
shown in Fig. | and the data is given in Table | 12

Proe. of SPIE Vol, 5938 583800-3

181



A2.6

UV-signal {a.u.)
UV-signal {a.u.)

15 20 kel an 35 40 15 20 25 30 a5 40
Time (min)

UV-signal (s}

Time (min}

Figure |: SEC traces of polymer 1 {a). 2 (b) and 3 (¢, — prepolymer, -— final). Polymer 1 and 2 were analyzed on a gel column system
comprising a succession of a 500 A, 10000 A and 1000000 A in pore diameter. Polymer 3 was analyzed on a gel column system
comprising a succession of a 100 A and 1000 A in pore diameter. The use of the two different SEC systems changes the time scale for
the data, i.e. the data for the first system indicates that the polymer has a larger molecular weight distribution compared to the latter.

Polymer 2 was purified by preparative SEC and the data of the first fraction is given in Fig. 1."” Fig. lc shows that in the
Stille cross coupling polymerization a pre-polymer formed durin;f the reaction, which was dissolved by the addition of
THF and the polymerization was continued (o the final polymer 3.

Table 1: SEC data of polymer 1, 2 and 3.

Polymer M., Meu MM, L (nm, detector)
1 15244 13605 2.87 500
2 863262 60258 1.99 500
3 3205 1971 1.43 520

Several attempts were made to synthesize polymer 1 with a benzo-bis-thiazole function (Scheme 6). In the literature the
synthetic route from 4 (o the thiophene-benzo-bis-thiadiazole 12 is described (Scheme 5)."%'%% The synthetic_route
employs nitration of 4 using nitric acid and sulfuric acid 1o introduce two nitro groups on the benzene ring. '** The
thiophene rings were introduced by a Stille cross coupling with 2-trihut%1=sl.anr|).'l-Il'ei-:n]::l'n‘:m:.""Ellj Hereafter the nitro
groups were reduced to amino groups using iron dust and acetic acid.'™” The amino groups were reacted with N-
sulfinylaniline to give the thiadiazole ring."™

Proc, of SPIE Vol 5838 5838004
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a) HNO3/H,50, L5,
b} 2-tributylstannylthiophena,

N
j Pd(PPhy);Cly 1 7
B"G—Ef c) Fe, AcOH s s

d) N-sulfinylaniline, TMS-CI Mo s

Scheme 5: Synthesis of 12 from 4 described in the literature, ' *1%2

This reaction procedure was used in the attempts to synthesize the benzo-bis-thiadiazole analogue w polymer 1. Starting
from 4,7-di-bromo-3,6-di-nitro-2,1,3-benzothiadiazole (13) the attempts included Sulle coupling with 5. The reaction
was carried out by cither addition of 5 in one portion or in two Portions. For both reactions neither product (14) nor
starting material (13) could be identified. MALDI-TOF, 'H and 'C NMR of the reaction mixture in the latter reaction
indicated that the nitro groups were eliminated from the benzene ring during the reaction.

-‘Su =N
hex N ,N e hex N'S‘N hex 5 N '.N
30, .
& () sy [y e B"Q_Er
) 5
PA({PPha)sCl
6 DN NOy T oN o,
14 13
K |
S
hex N:S‘N hex g N g
fy —— &—Q—a
] Fd(PPh;)zCly
HaN WM Pl N,
17 NSO
SRR
Y
Y % s0cCl,
TMS-CI
S
N N hex ’ M {N
Y ——— B r
R Ses
16

Scheme 6: Atempts 1o synthesize polymer 1 with a benzo-bis-thiadiazole function, The reactions marked with 7 have not been
attempted due to unsuceessful synthesis of precursors.

Attempts to reduce 13 to give 5,6-di-amino-4.7-di-bromo-2,1,3-benzothiadiazole (15) showed a change in color from
yellow 1o orange of the reaction mixture, but due to insolubility of the resulting compound it was not possible to
characterize any product by '"H NMR, MALDI-TOF showed peaks at 325 and 568, The peak at 325 could be assigned to
the product with extra hydrogen and hence further reaction of compound 15 with either M-
sulfinylaniline/chlorotrimethylsilane or with thionyldichloride 1o give the benzo-bis-thiadiazole ring (16) was attempted.
In both reactions neither MALDI-TOF nor TLC allowed for the identification of any product (16) or starting material
(15).

Compound 15 was mixed with 5 1o perform a Stille coupling reaction. It was not possible to identify any product (17) or
starting material {15) by MALDI-TOF or "H NMR.
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The final atiempt was a reaction of compound 6 with fuming nitric acid and sulfuric acid 10 introduce the nitro groups
(14) for further reduction o 17. However. this reaction resulted in nitro groups on the thiophene ring and no further
attempts were performed fo synthesize polymer 1 with a benzo-bis-thiadiazole function.

=1
's‘- NI \N
N P(PPIs)Cly FeCly
5 - ——
Br Br  THF
hiEx "}gﬂ” hex

N,.B,N

17

Scheme 7: Attempt to synthesize polymer 2 with a henzo-bis-thiadiazole function.

In addition it was attempted to symthesize polymer 2 with a benzo-bis-thiadiazole function. The reaction was carried out
by a Stille cross coupling between the dibromo derivate of benzo-bis-thiadiazole (17" and compound 5. "H NMR
indicated that the product had formed, though in very low yields (~7 %). However, due 1o poor solubility of the product,
purification and_polymerization in chloroform was not possible. Therefore, synthesis of the monomer in a larger scale
was not attempted.

3.3 Film forming ability and solubility

The film forming ability of pelymer 2 was tested with hexyl, 2-ethyl-hexyl and dodecyl as alkyl chains on the thiophene
ring. The polymers were dissolved in different solvents (10 mg/mL}) and spin-coated {1500 rpm) onto glass slides, with
subsequent measurements of the absorbance. The results are given in Table 2. For photovoltaic and other thin film
studies an absorbance value of at least 0.3 is desirable.

Table 2- Absorbance values of thin films of polymer 2 with different alkyl group (absorbance values at dp,, 586 nm).

Solvent R= hexyl R= 2-¢thyl-hexyl R= dodecyl
Chloroform 0.033 0.560 <(.001
THF 0.024 0.516 <(.001
Chlorobenzene 0.018 0.263 <(.001
1.2-di<chlorobenzene 0.023 0.136 <0.001
Toluene 0.023 0.316 <0.001

From Table 2 it can be seen that polymer 2 with R= hexyl or dodecyl shows poor film forming ability. Since the
absorbance was determined on a saturated solution of the polymers it can be concluded, that the solubility of polymer 2
with R= hexyl and R= dodecyl was poor in chloroform, THF, chlorobenzene, 1,2-di-chlorobenzene and toluene. Hence,
these polymers are not suitable for photovoliaics and other thin film studies. The polymer 2 with R= 2-cthyl-hexyl
showed gmc} film forming ability and increased solubility in chloroform and THF with absorbances of (.56 and .52,
respectively.

3.4 UV-vis spectroscopy
The UV-vis spectra of polymer 1, 2 and 3 are shown in Fig. 2 and the extinction coefficients at n, are given in Table 3.
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Figure 2: UV-vis spectra of polymer L {—), 2 (---) and 3 ("}, The UV-vis specira were recorded from chloroform solution. There was
not observed any red-shift when compared with the UV_vis spectra of films.

From Fig. 2 and Table 3 it can be seen that the extinction coefficient at Ay, for polymer 2 is larger than for polymer 1
and 3. Further, the An,, for polymer 2 (586 nm) is red-shified compared to polymer 1 and 3 (514 nm). We ascribe both
these results to the number of thiophenes in the repeating unit of the polymer., i.e. four in polymer 2 and two in polymer 1
and 3. The number of thiophenes influences the conjugation length in the polymer and hence, more thiophenes in the
repeating unit will result in a red shift in the UV-vis spectra. Furthermore, it can be seen that the UV-vis spectra of
polymer 1 and 3 (head-to-head coupled thiophene and head-to-tail coupled dithiophene, respectively) are similar. This is

not consistent with the data given for polyalkylthiophene where the band-gap is lowered from 2.1 to 1.7 eV due to the
regularity in the coupling of the thiophene.®!

Table 3: Extinction coefficients at Ay, for polymer 1, 2 and 3.

. 1 2 3
oy (UML) 514 428 514
586
eM'em™y 22200 28900 15000
34000

The band-gaps were estimated from the UV-vis spectra by drawing a tangent to the absorption curve and converting the
cut-off value 1o eV." The band-gaps were 2.0 ¢V for polymer 1 and 3 and 1.8 ¢V for polymer 2. The band-gap for
polymer 1 and 3 are in the same region as polythiophene (2.0 eV).™ whereas the band-gap for polymer 2 is slightly
higher than the copolymer of thiophene, pyrrole and benzothiadiazole (1.6 ¢V)."'

3.5 Photoveltaic measurements
Polymers 1 and 3 were applied in photovoltaic devices. The I/V curves for the photovoltaic devices of polymers 2 and 3

as a mixture with PCBM are shown in Fig. 3 and the photovoltaic performance is given in Table 4. Photovoltaic studies
of polymer 2 are in progress.
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Figure 3: I'V-curves for the polymers 1 (left) and 3 (right) with PCBM. The I'V-curves were recorded under ambient conditions.

From Table 4 it can be seen that the open circuit voltage (Vge) and the short circuit current (Isc) are very low for the
photovoliaic devices based on the homo-polymer. Though they are higher for polymer 1 than for polymer 3. The fill
factors (FF%) are around 25 % and the efficiencies are very low for photovoltaic devices based on the hcmo—Ecl}rmers. It
is noticeable that the efficiency for the device based on homo-polymer 1 is four times higher than polymer 3.'

Table 4: Photovoltaic performance of the devices of polymer 1 and 3 {active area 3 cm’, 1000 W m”. AM1.5). The device with
pelymer | and PCBM was illuminated under the described conditions for 40 min. when a second IV -curve was recorded (annealed),

Compound Vo (V) L.(pAcm™) FE(%) (%)
1 0.68 T4 25 0.0013
1+PCBM .65 -75 8 0.0140
1+PCBM (annealed) 0.61 -162 24 0.,0240
3 0.57 24 25 O.0003
3+PCBM 0.33 -247 30 0.0240

From Table 4 and Fig. 3 it can be seen that addition of PCBM increased the efficiencies of the devices for both polymer
1 and for polymer 3 to 0.024 %. Furthermore, it was seen that the efficiency of polymer 1 with PCBM was increased
during illumination. We ascribe the increase in efficiency of the device of 1 and PCBM to be due to the phenomenon of
annealing. Upon illumination the device heats up to an equilibium temperature of 70 °C. These results were also
supported by Differential Scanning Calometry (DSC) experiments, which showed that polymer 1 has a glass transition
(T,) between 60 and 80 °C,"" while polymer 3 did not have any thermal transitions, The annealing of polymer 1 increases
the Iy and lowers the Voe.
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Figure 4: Lifetime curves for photovoltaic devices with polymer 3: Polymer 3 (black) and mixture of polymer 3 and PCBM (grey).
The lifetime curves were recorded under ambient conditions.

The lifetime profile of the device with polymer 3 is shown in Fig. 4. The lifetime of the device with polymer 1 was
similar. The lifetime curves were finted with a four parameter exponential decay according to Eq. (1) and the decay
parameters are given in Table 5. The fitting with Eg. (1) indicates that the degradation of the device is alTected by two
mechanisms as described by Krebs er al.™ They found that decay curves of different devices with MEH-PPV could be
fined to a two-term exponential function with a fast and a slow decay.”" The first and fast degradation mechanism was
found to be linked Lo the interface formed between the aluminum electrode and the active layer.™ The second and slow
degradation mechanism was ascribed to the reaction with atmospheric oxygen.>

LD _ g 4 e (M
.r.\l'(o)

In Eq. (1) b and d are the time constants and A and C are the weighting of the individual exponential functions,

Table 5: Decay parameters according 1o Eq. (1),

Device A bix 107 see™) C dix 107 sec’)
3 1725 31.655 0416 1.368
3+ PCBM 1110 2.243 -0.101 3.452

From Fig. 4 and Table 5 it can be seen that the first degradation mechanism are weighted more than the second (A and
). Further it can be seen that the first mechanism is faster than the second (b and ). The half-life is 1896 s and 50668 s
for the two mechanisms in the device of polymer 3. The half-life is 3090 s and 20080 s for the two mechanisms in the
device of polymer 3 and PCBM. Hence it can be concluded that the half-life of the first degradation mechanism
{aluminum) was increased when PCBM was added. However, the lifetime of both devices were very short and the
practical use of these devices is limited.
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Figure 5. Photocurrent action {**) and absorbance spectra (—) of phatovoliaic device with a mixture of polymer 3 and PCBM. The
broad peak at 800 nm in the absorption spectra stems from the FEDOT:PSS layer in the device, The decrease in the photocurrent
below 300 nm stems from the absorption of the glass. The small increase in photocurrent at 450 nm is ascribed to an effect of the film
thickness.

The wavelength scan of polymer 3 and PCBM is plotted with the absorbance spectrum of the device in Fig. 5.
Comparison of the absorption spectra with the photovoltaic response shows a good overlap in the region of 470 10 600
nm. The incident photon to current efficiency (IPCE%) is 0.6 % at the maximum at 450 nm. [PCE% data has been
reported on the copolymer of thiophene, pyrrole and benzothiadiazole 1o be 7 % at 570 nm.2

The data reported in the literature of the polyfluorene™ ™ and copolymer of thiophene, pyrrole and benzothiadiazole'
showed efficiencies of 2.4 % and 1 %, res.pecti-.rely.m""“’ These polymers both showed a smaller hand-Ea e 1.9 eV
for polyfluorene™® and 1.6 eV for the copolymer of thiophene, pyrrole and benzothiadiazole. " Further the
polymer/PCBM blend was larger, i.e. 1:4 and 1:3, respectively,"* and this has been shown to be important for the
efficient conduction of electrons.” In the devices with polymer 1 and 3 it was necessary to use a 1:1 ratio of the polymer
and PCBM to produce homogenous films. Higher efficiencies of the devices of polymer 1 and 3 with PCBM would be
expected if the ratio of PCBM could be higher, ie. 1:3 or 4 wiw ratio."” Furthermore, a device with polymer 2 and
PCBM is expected to show higher efficiency than polymer 1 and 3 due to the low band-gap, i.e. 1.8 eV.

4. CONCLUSIONS

The synthesis of copolymers of thiophene and benzothiadiazole has been described. The polymers were synthesized by
oxidative ferric chloride polymerization or Stille cross coupling polymerization. The film forming ability of polymers
with different alkyl chains on the thiophene, i.e. hexyl. 2-cthyl-hexyl and dodecyl, was investigated in different solvents.
This showed that hexyl and dodecyl gave polymer products with poor film forming ability, whereas 2-ethyl-hexyl
polymer products showed good film forming ability and solubility in solvents like chloroform and THF. The band-gaps
were estimated from UV-vis to 2 eV for polymer based on di-thiophene and benzothiadiazole 1 and 3 and 1.8 eV for
polymer based on quarterthiophene and benzothiadiazole, 2. The polymers, 1 and 3, were applied in photovoltaics. These
expeniments showed that the coupling of the thiophene had no effect on the maximum photovoliic performance.
Furthermore, they showed that polymer 1 annealed during the measurements, which increased the efficiencies of the
device and that the lifetimes of the devices were very short. Attempts to synthesize polymer 1 and 2 with a benzo-bis-
thiadiazole function under the described condition were not successful.
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Abstract

Conjugated co-polymers of thiophene and
benzothiadiazole were synthesized by
Stille cross coupling and oxidative ferric
polymerization. The polymer products
were characterized by SEC, NMR and
UV-vis. The polymers were applied in
photovoltaics.

Objectives

To synthesize low band-gap polymers for
photovoltaics.

Introduction

Conjugated polymer products with a wide
absorption range are believed to increase
the power conversion efficiency of
photovoltaics due to better overlap with
the solar spectrum.

Most low band gap conjugated polymers
are  based on polyisothianaphthenes,
polythiophenes  and  copolymers  of
benzothiadiazole, thiophene and pyrrole.
Here we describe low band gap polymers
based on  alkyl-di-thiophenes  and
benzothiadiazole.

Experimental

Oxidative ferric polymerization:

Fady

CHCh

1A= hagyl
"
o i Fes

L o

L CHCl,
2 Fi= syl Bty hasyL cokiat
Stille cross coupling polymerization:
non _n
{ L 8. PolPPhusd
= U T e
R
Attempts to synthesize polymers 1 and 2
with a benzo-bis-thiadiazole function by
oxidative ferric polymerization failed.
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Results

SEC data for polymer 1, 2 (R= 2-ethyl-
hexyl) and 3:

Palymer Mx My Mw/Ma
1 15244 13605 287
2 B63262 60258 1.09
3 3205 1971 143

UV -vis spectra of 1, 2 and 3::

annnn

Extietion ceMecknt M- kear! )

Band gaps were estimated to 2.0 eV for
polymer 1 and 3 and 1.8 eV for polymer
2.

Film forming ability of polymer 2 with
different alkyl chains:

Sobent R=teayl R= 2ethybheoyl R= dodecyl
Chinraform: 0033 0540 -
THF 0024 0516 =
Chisrote nzene. aoE 0263 B
1,2-Dichorobenzene | 0023 0136 B
Tohens 0023 0319 =

*Numbers given ans shsorbance.

From these results it can be concluded
that the hexyl and dodecyl side chains
result in polymer products with a poor
film forming ability and that 2-ethyl-
hexyl side chain results in polymer
products with a good film forming ability
and good solubility.

Photovoltaics were prepared  with
polymer 1 and 3. In the table below is the
photovoltaic performance shown:

Palymear Veel¥) | Lefom™ | FF(M) | ni%
1 058 T4 25 0.0013
1+ PCEM 085 75 22 00140
1+ PCEM amedled 081 -162 2t 0.0240
3 057 24 25 0.000
3-FEM 033 -247 N 00240

1V -curves for the polymer 1 (a) and 3 (b):

a): are

b): o

L———

— ]«
—
a

an e

o P aa
Valtag V1

The IV curves and the photovoltaic data
shows that:

*Voo and I are
(homopolymer)

+ Addition of PCBM
efficiency of 1 and 3

higher for 1

increases  the

* Polymer 1
illumination.

shows annealing upon

Lifetime measurements showed that the
degradation of the device was affected by
twoe  mechanisms  (aluminium  and
oxygen).

Conclusion

Polymers of benzothiadiazole and
thiophene were synthesized. Band gaps
were estimated to be 2.0 eV for 1 and 3
and 1.8 eV for 2. Molecular weight,
solubility and film forming ability was
found to depend on the side chain. 2-
Ethyl-hexyl side chains gave higher
molecular weight and better solubility
than hexyl and dodecyl side chains.
Photovoltaic performance was higher for
homopolymer 1 than 3. PCBM addition
increased the photovoltaic performance of
both 1 and 3. Polymer 1 showed

annealing upon illumination.
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Low Band Gap Polymers for Photovoltaic Devices

E. Bundgaard and F.C. Krebs, Ris@ National Laboratory, Roskilde, Denmark

ABSTRACT

The application of low band gap polymers in organic photo-
voltaics (OPV) 1s described. The synthesis of low band gap
polvmers based on thiophene and bezothiadiazole or benzo-
bis-thiadiazole 1s described. The polymers were obtained by
Stille cross-coupling polymerization. The band gaps of the
polvmers were estimated by UV-vis spectroscopy. This showed
the polymers based on thiophene and benzothiadiazole have
band gaps of 2.1-1.7 eV and the polymers based on thiophene
and benzo-bis-thiadiazole have band gaps of ~0.7 eV for
Photovoltaic devices were prepared using the pure polvmer
material and mixtures of the polymer and a soluble fullerene
derivative.

INTRODUCTION

Organic photovoltaic (OPV) are one of the most promising
devices in the search of sustainable renewable energy [1-3].
Recently new interest has been focused on OFV since the ef-
ficiency has been reported to reach 5% [1] and the lifetime has
been reported to be more than ten thousands hours [4]. The use
of low band gap polvmers in OPV 1s expected to increase the
efficiency due to better overlap between the polymer absorp-
tion and the solar spectrum [5, 6]. In the literature only a few
families of low band gap polymers have been reported and the
mostimportant ones are polythiophenes [7-9], polvisothianaph-
tenes [10, 11] and copolymers of benzothiadiazole, thiophene
and pyrrole [6, 12, 13]. These polymers have a band gap of 2.0
[141, 1.2 [10] and 1.6 eV [5, 12], respectively. These polymers
have been applied in OPVs and the results have showed an
efficiency of 4 4% for polythiohene [15], 1% for the copolymers
of benzothiadiazole, thiophene and pyrrole [5] and 0.008% for
polvisothianaphtenes [16]. The synthesis and characterization
of low band gap polymers based on thiophene and bezothia-
diazole or benzo-bis-thiadiazole of the types shown in Figure
1 was described by us earlier [17]. In this paper we will give
a short summery of the results obtained.

© 2006 Society of Vacuum Coaters 505/856-7188
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Figure 1: Types of polymers synthesized, R=3,7 11-trimethyl-
dodecyl [17].
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SYNTHESIS

Monomers

The thiophene monomers were synthesized as shown in Figure
2. First the alkyl group was added to 3-bromo-thiophene by a
Kumada reaction [17]. Then the di-thiophene was svnthesized
by lithitation followed by addition of Iodine and timethylstan-
nyl-trimethyldodecyl-thichene. Both the thiophene and the
di-thiophene were dilithated to give monomers 1 and 2 [17).

R /R
N { / "“S|n N/
—S"O—S"— RN AN
/ S ~ |
R
1 2

Figure 2: Thiophene monomers, R = 3.7.11-trimethyldo-
decyl.

The benzothiadiazole monomers 3 and 4 (Figure 3) were
synthesized according to the literature [17]. The di-bromo-
benzo-bis-thiadiazole 5 was synthesized by a bromination of
benzo-bis-thiadiazole using N-bromosuceinimid [17].

Polymers

The polymers were synthesized by Stille cross coupling polvm-
erization of di-stannylderivates of thiophene or di-thiophene
and di-bromo-derivates of benzothiadiazole or benzo-bis-
thiadiazole [17] as shown in Figure 4.

The polymers were synthesized with different alkyl side chains
1.e. hexyl, 2-ethyl-hexyl and dodecyl to ensure solubility and
good film formability of the polymer products. 3,7, 11-Trimeth-
vldodecyl as an alkyl side chain was found to give soluble
polvmer products with good film formability [17, 18].

RESULTS AND DISCUSSION

Photophysical studies

The polymers were analyzed by UV-vis and the spectra are
given in Figure 5. It can be seen from Figure 5b that polymers
based on thiophene and benzo-bis-thiadiazole absorbs light even
further out than 1100 nm. NIR spectra of the two polymers
based on thiophene and benzo-bis-thuadiazole, 8 and 11, showed
that the absorption goes out to around 1800 nm [17].
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Figure 3: Benzothiadiazole and benzo-bis-thiadazole mono-
mers.
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polvmerisation.

=~ 30000
Is= — Folymer 6
S 25000 Folymer 7
T'_. ———- Polymer &
< 200004 - -~ s Polymer 10
£ 15000 st
g he g N
S 10000 77 b
g N
€ 5000 LN
a1 Y
: o, ™
= i T T 1
400 500 500 700
Wavelength (nm)
a.
30000
FPolvmer §
25000 fi —— — Polyvmer 11

20000

15000

10000

5000

Extinction coefficient (]\»['l cm‘l}

500 800
Wavelength (nm)

400

Figure 5: UWV-vis spectra of low band gap polymers based
on a) thiophene and benzothiadiazole and b) thiophene and
benzo-bis-thiadiazole.

The band gaps of the polymers were estimated from UV-vis
and these are summarized in Table 1.

Table 1: Band gap estimated from UV-vis.

Polymer Band gap (eV)
6 21
7 1.82
8 0.65
9 2.10
10 1.65
11 0.67
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Comparing the polymers with the polvmers described in the
literature shows that polvmer 6 and 9 have a band gap in the
same region as polythiophene, polymer 7 has a band gap in the
region between polythiophene and the copolymer of thiophene,
pyrrole and benzothiadiazole, and polvmer 10 has a band gap
in the same region as the copolymer of thiophene, pyrrole and
benzothiadiazole. Further it can be seen that the polymers 8
and 11 have a band gap even lower than polyisothianapthene
[17]. From Table 1 it can also be seen that the polvmers based
on thiophene and benzothiadiazole, 1.e. polymer 6, 7,9 and 10,
show a decrease in band gap when the number of thiophenes
in the polyvmer repeating unit increases [17].

Photovoltaic studies

Polymer 10 was applied in large area photovoltaic devices (3
cm”). The compositions of the devices were: ITO-PEDOT-10-
Al (1) and ITO-PEDOT-10/PCEM (1:1)-Al (2). The results
obtained are given in Table 2.

Table 2: Photovoltaic response of device 1) ITO-PEDOT-10-
Al and 2) ITO-FEDOT-10/PCEM-AL

. Im (mA/emr \-;E - 7
Device 2 ) FF (%) %
1 -0.012 0.69 25 0.002
2 2.3 0.60 37 0.51

In Table 2 it can be seen that the efficiency is increased signifi-
cantly when PCEM is added as expected. Thas 1s due to PCEM
working as electron acceptor and thereby helps separating the
electron and hole [19]. Though the efficiency has beenincreased
it 15 still low and further work is in progress to optimize the
photovoltaic response for large area devices.

CONCLUSION

The important use of low band gap polymers in OPVs were
described and the synthesis and characterization of six new
low band gap copolymers of thiophene and benzotluadiazole
or benzo-bis-thiadiazole has been described.
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Low band gap polymers for organic solar cells

Eva Bundgaard'*", Frederik C. Krebs®
*Polymer Solar Cell Initiative, The Danish Polymer Cenire, Rise National Laboratory,
PO Box 49, DK-000 Roskilde, Denmark
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PO Box 260, DK-4000 Roskilde, Denmark

ABSTRACT

The synthesis of copolymers based on thiophene. benzothiadiazole and benzo-bis-thiadiazole are described. The
polymers were obtained by employing Stille cross coupling polymerization. The polymers were charactenized by NMR,
size exclusion chromatography, UV-vis and ultraviolet photoelectron spectroscopy. The results obtained from UV-vis
and ultraviolet photoelectron spectroscopy showed band gaps of 2.1-1.7 eV for polymers based on benzothiadiazole and
0.7 eV for polvmers hased on henzo-his-thiadiazole. Furthermore the results showed that the hand gap decreases with an
increase in the number, n, of thiophenes in the palymer repeating unit (n= [-4). Large area photovoltaic devices were
prepared and the results of these devices are described

Keywords: Low band gap polymers, ultraviolet photoelectron spectroscopy (UPS), organic solar cells

1. INTRODUCTION

The past decade low band gap polymers have received more attention since it is believed that due 1o a better overlap with
the solar spectrum these polymers will lead to an imcrease in the power conversion Biﬁcicncy_l'+

However, low band gap polymers for organic solar cells are a challenge to synthesize. So far there have been relatively
few exampies of low band gap conjugated polymer materials for polymer solar cells, The most important ones are:
polyisothianaphthenes,”® folythiophenen and copolymers of thiophene. pyrrole and benzothiadiazole.™ The band gaps
of these polymers are 1.2°, 2.0' and 1.6° eV, respectively. In this work the successful synthesis and characterization by
Size Exclusion Chromatography (SEC), UV-vis and Ultraviolet Photoelectron Sgcctmscopy (UUPS) of copolymers based
on thiophene, benzothiadiazole and benzo-bis-thiadiazole is described (Chart 1).'
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Chart 1: Copolymers of thuophene. benzothiadiazole and benzo-bis-thiadiazole. B = 3.7.1 [-trimethyl-dodecyl. ™
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Results obtained from large ares organic photovoltaic devices are presented (for general reviews on organic
photovaltaics see ref. 11}

2. EXPERIMENTAL

Monomers. Lithiation of alkyl-thiophene. To a mixture of alkyl-thiophene (7 mmol) and TMEDA (105 mmal) in
hexane (50 mLj at -78 °C, nBuLi {10.5 mmol) was added drop wise. The mixture was allowed 10 reach room temperature
and was left 10 stir for 2 hours, The reaction mixture was then cooled back down to -78 °C and Me:SnCl {17 mmel} was
added drop wise. The reaction was stirred at room temperature for 1 hour and then washed with water. The organic phase
was dned with Mg50,. filtered. concentrated by evaporation and purified by kugelrohr distillation.™

Di-thiophene. To a mixture of alkyl-thiophene (13.6 mmoly in THF (100 mL) at -78 °C, nBuLi (34 mmol) was added
drop wise, After 10 minutes a solution of Ts in THF was added drop wise until a color change was ohserved, The reaction
was allowed to reach room temperature before Pd(PPhy)-Cls (0.9 mmal) was added and the mixture was heated o reflux.
Then wimethylhin-alkyl-thiophene {12.2 mmuol) was added drop wise, and the reaction was left surming overnight under
reflux. The reaction was cooled. evaporated and filtered through silica using hexane before purification by kugelrohr
destillation."”

Dilithation of alkvl-thiophene. Tooa mixture of alkvl-thiophene (3.4 mmol) in hexane (25 mL). Buli (17 mmaol) was
added drop wise at -78°C. The reaction mixture was left stirming a1 room temperature for 3 days. The reaction mixture
was then cooled back down 1o -78 "C and Me;SnC] {23.8 mmol) was added drop wise. The reaction was stirred at room
temperature for 1 hour and then washed with water. The organic phase was dried with MgSQ,, filtered, concentrated by
evaporation and purified by kugelrohr distillation.

Dilithiation of di-thiophene. To a mixture of alkyl-di-thiophene (3.4 mmol) and TMEDA (10.2 mmel) in hexane (50
mlL), nBuLi (10.2 mmol) was added drop wise at -78°C. The reaction mixture was left stirring at room temperature for |
hour. The reaction mixture was then cooled back down to -78 °C and MesSnCl (17 mmol) was added drop wise. The
reaction was stirred al room temperature for | hour and then washed with water. The organic phase was dried with
Mg80,, filtered, concentrated by evaporation and purified by kugelrohr distillation.

Di-bromeo derivate of benzo-bis-thiadiazole. Di-thiophene-benzo-bis-thiadiazole (2 mmol) was dissolved in chloroform
(500 mL) by refluxing for 2 hours. Acetic acid (500 mL) was added and NBS (5.1 mmol) in chloroform/acetic acid (5
ml., [:1} was added drop wise in darkness. The reaction was stirred at room temperatur= for 242 hour, then filtered and
the resulting solid was recrystallized t’mm DMF."

Stille cross coupling polymerization.”” The di-stannyl derivate of thiophene or di-thiophene (0.5 mmol) and the di-
bromo derivate of benzothiadiazole or benzo-bis-thiadiazole (0.5 mmol) was dissolved in DMF (150 mL) and the
solution was degassed with argon. PA(PPh:),Cl; (6 x 107 mmol) was added and the reaction was heated to 150 °C. After
2 hours a pre-polymer precipitaied and THF (75 mL) was added 1o dissolve the pre-polymer and continue the
polymerization at reflux over night. The reaction mixture was cooled and THF was removed by evaporation. The
solution was poured into methanol 10 precipitate the polymer. Filtration of the suspension resulted in the polymer
product, which was purified by Soxhlett extraction with successively use of methanol, hexane and chloroform. The
chloroform fraction was concentrated and further purlmatmn was carried out on preparative SEC.'" The polymer was
purified from palladium as described in the literature. "

Further experimental detail have been described earlier.'”

UWavis, The UV-vis and Near [nfrared (NIR) spectra were obtained from chloroform solutions. No significant red or
blue shift was observed when comparing spectra obtained from solution and film."

Ultraviolet Spectroscopy (UPS). A gold film was thermally evaporated on to an aluminum substrate with subsequent
spin coating of a 2.7 pm filtered palymer solution onto the gold substrate. The UPS measurements were carried out at the
ASTRID synchrotron at Aarhus University and further details on the measurements have been described else where, '™
Photovoltaic measurements. A mixture of polymer and PCBM (1:2) in chlorobenzene (10 mg polymer/ml) was
filtered through a 2.7 um porous filter and spin-coated onto PEDOT:PSS coated 1TO glass slides. An aluminum
clecirode was thermally evaporated onto the film in a vacuum chamber at a pressure of <5 x 10 mtnr The active area
of the device was 3 cm- or 10 cm’. The 10 cm” device was encapsulated as dur:nh-ed in the literature."” Details on device
preparation and setup for data measurements have been described earlier.'™
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3. RESULTS AND DISCUSSION

3.1 Synthesis of monomers

The palymers 1-6 were synthesized by Stille cross coupling polymerization between di-stannyd derivines of tiophene
and di-thiophene and di-bromo derivates of benzothadiazole and benzo-bis-thadiadiazole, '

The di-thiophene, 7, was synthesized from 3-alkyl-thiophene by lithanon with #BuLi, addition of |, and finally reaction
with rimethylstannyl-alkyl-thiophene (Scheme 11"

A
A 1) mBuli )
i N ik (S‘r‘\ 3
{3 — s
s 3 {H
AR
\ 7
—gadd Y
B 5

PP PRl
Scheme 10 Synthesis of di-thiophene. 7. R = 3.7,1 1 -tnmethyl-dodecyl,
The di-stannyl derivate of thiophene, 8, was synthesized by dilithation of 3-alkyl-thiophene with Buli Tollowed by

reaction with Me;SnCl (Scheme 2)." And the di-stanny! derivate of di-thiophene, 9, was synthesized by dilithation of 7
with nBuLi and TMEDA followed by reaction with Me:SnCl {Scheme 21"

A
1) Buli vy
O 2 iy
5 2) MesSnCl s
8
R 1) mBuLi —{IH
! TMEDA '
s f?_‘-) . [ 5 4
. -5n el e
Jﬁ?‘"\s 2} MesSnCl -"HE:: #s S/"x
R R
7 9

Scheme 2; Synthesis of di-stanmy] denvates of thiophene, 8 and di-thiophene, 9.

The synthesis of di-bromo derivates of benzothiadiazole, 10 and 11, is described in the literature (Scheme 3).'% The di-
bromo derivate of benzo-bis-thiadiazole, 12, was synthesized by reaction of di-thiophene-benzo-bis-thiadiazole with
NES in chloroform and acetic acid {Scheme 3)."°

X s 5.
NN NN NN
ol Mg M/ M Iy gy
RAS S YA T g A
[
10 1 s
12

Scheme 3: Di-bromoe derivates of benrothiadiazole, 10 and 11, and benzo-bis-thiadiazole, 12,
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3.2 Synthesis of polymers

The polymers 1-6 were synthesized by Stille cross coupling polymerization using PdiPPh:).Cl as a catalyst {Scheme
4LID

. i
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Scheme 4: Synthesis of polymer 1-6 by Stille cross coupling polymerization. ap Pd(PPL)Cl., B = 37,1 1-trimethyl-dodecyl.

The SEC data ol the purified polymers 1s given in Table 1"
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Table 1: SEC data of polymer 1-6. The polymers were analveed on a gel column system comprising a succession of a 500 A_ 10000 A
and 1000000 A in pore diameter. Polymer standards were used for moleeular weight distribution, The wavelength of the detector was

00 nm.

3.3 UV-vis spectroscopy

The UV-vis spectra of polymer 1-6 are shown in Fig, | and the extinction coefficients at A, are given in Table 2™

Palymer M. Moear ML/M,
1 SE00 ARO0) |4
2 2300 2100 1.3
3 T100 8600 L9
4 Q400 Q500 I8
5 14000 12000 1.9
6 12000 11000 2.1

30000~ T 1
- | 1]
(= j——— 2]
£ 25000 - | 3
o0 .|
- 1§ s
= 20000 |____ el
i d -
= 1 !
%- 5000 T 4

3 v

10000 { Y A
E = WA
= S i =
H e Lo =T T
= 5000 N e e
fix] P
= Y N

[ )
400 &00 800 1000
Wavelength (mm)

Figure 1. UV-vis spectra of polymer 1-6,

From Fig. | and Table 2 it is evident that the extinction coefficient at Ly, for polymer 5 is larger compared to polymer 1,
2, 3, 4 and 6. Furthermore, there 15 a small red-shift in A, for polymer 4, 5 and 6 synthesized from di-thiophene
compared to polymer 1, 2 and 3 synthesized from thiophene. This is ascribed to the number of thiophenes (n) in the
repeating unit which influences the conjugation length in the polymer and hence, the larger number of thiophenes in the
repeating unit results in a red shift in the U'V-vis spectra. It can be seen from Fig. 1 that the polymer based on benzo-bis-
thiadiazole, 3 and 6, absorbs light above 1100 nm. The NIR spectra (Fig. 3) show that polymer 3 and 6 absorbs light up

until around 1800 nm.

Table 2: Extinction coefficients at i, for polymer 1-6.

Polymer Ty, (0T E(M cm’)

1 477 7056

2 435 11228
602 163909

3 770 7600

4 479 14000

5 450 239494
597 25420

[ Q02 5081

The band gaps were ;_stimatbd from the UV-vis spectra by drawing a tangent to the absorption curve and converting the
cut-off value to eV." The band gaps are presented in Table 3. The band gap for polymer 1 and 4 in = 1 and 2,
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.

respectively} are in the same region as polythiophene (2.0 eV). whereas the band gap for polyvmer 2 (n = 3} is in the
region between polythiophene and the copolymer of benzothiadiazole, thiophene and pyrrole (1.6 £V, polymer 5 (n=4)
is in the same region as the copolymer of thiophene, pyrrole and benzothiadiazole. Polymer 3 and 6 (n = 3 and 4,
respectively) has lower band gaps than polyisothianaphthene (1.2 eV). The data also shows that the band gap is
decreasing with an increase in the number of thiophenes (n} in the repeating unit of the polymer. Furthermore, it can be
seen that the benzobisthiadiazole ring lowers the band gap of the polvmer significantly (from 1.7 10 0.7 eV).

Frr g v -- - = | — —
3| | E|
-E o A | 'E m-ﬁ
: . ‘
; o 4] , 11 z E08L 4
A ] IR |
E ren ‘ 1" I| it | E toz gy i
S AV NU I (1 T A VAN
el | I i o N
T ew | e mm | m =
“‘ﬂvﬁﬂw ifr WME'I;H'. tnmj

Figure 2: NIR spectra of polymer 3 and 6. The peaks at 1400, 1600, 1900 and 2400 nim are ascribed o the instrument

3.4 Ultraviolet Photoelectron Spectroscopy
The UPS spectra and the band structure of palymer 5 and 6 are shown in Fig. 3" (for UPS spectra and electronic band
structure of polymer 1-4 see ref. 10).
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Figure 3: LPS spectra and clectronic band structure of palymer 5 and 6.
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From the cut-off (BE,,,) and the on-set (BE,,) in the UPS spectra the datz reported in Table 3 can be obtained by the
following equations: 4

Iy D= - BEg.,
2) Er'" = BEma

kS E;" = hv - BE,,,
K = ET_\H + Er\.ﬁt
50 A=E -y,

where i, 15 the work function of gold (Le. the Fermi level of gold), EJ.-”L is the injection barrier for holes from gold into
the valance band {or the Highest Occupied Molecular Orbital, HOMO) of the polvmer material, B¢ is the distance
from the Fermi level 1o the vacuum level, IP is the ionization energy and A is the vacuum level shift.' These parameters
together with the band gap (Er) estimated from the UV-vis spectra gives the electromic band structure shown in Fig. 3 for

polymer 5 and 6

Tahle 3: LIPS data from the photelectron spectr of polvmer 1-6. The hand gaps (Fq) were estimated from the VV-vis and NIR
spectra in Fig. 2 and 3.

Polymer EFWW'\') Ep " (eV) 1P (cV) AeV) E:; (eV)
1 144 396 3.40 -0.64 2,10
2 0.80 104 5.84 -0.56 1.82
3 0.52 392 4.44 -0.68 0.65
4 LIl 3.8] 492 -0.79 2.10
5 0.63 4.04 4.67 -0.56 L.65
[ D48 386 4.34 -0.74 067

From Table 3 and Fig. 3 it can be seen that the Fermi level of gold, which should lie in the middle of the optical band
gap, lies very close to the Lowest Unoccupied Molecular Orbital (LUMO) for polymer 6 (this is also seen for polymer
3). This could be due to doping of the polymer and hence the band gap would be underestimated. Treatment with
chemical reducing agents such as hydrazine and ammonia showed neither n nor p doping. The low values of the Eg*"
also support the estimation from UV-vis and NIR of a very low band gap for polymer 3 and 6.

From the UPS measurements the HOMO is determined and the LUMO can be estimated using the band pap. These
results are then used to compare the polymer energy levels with the energy levels of the electrodes in a photovaltaic
device (Fig. 4).

Energy (eV)

LM e

S

By 7
FLOIMI

=

e
N

L] ITO PEDOT B PCBM &)

Figure 4: Energy level diagram in a photovoltaic device with polymer & denved from the LPS data.
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This shows that the HOMO level and the LUMO level of polymer 5 1s in good alisnment with the PEDOT and PCBM.
respectively, and hence an efficient charge separation should be observed.

3.5 Photovoltaic measurements

Polymer 5 was applicd in photovoltaic devices. The IV curve for the photovoltaic device of polymer 3 and of polvmer &
in a mixture with PCBM are shown in Fig. § and the photovoltaic performance 1s given in Table 4. Photovoltaic studies
of polymer 1-4 and 6 are in progress.

000010 — L 0028 —
j T mewme Ki ozo |1 e ey
o.00cos | ¢ - AT et | /
I A s e A
o | o
_ 0.00000 1- e — 0,010 4
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-0.00005 T - o
| L 0,000 +— -
i . -
000010 II L | 0008 T |
L DO =TT ‘
PO o
0.00ms . 0015 S |
.8 05 0.0 08 1o 1.0 05 0.0 0.8 10
Viv)

Figure 5: UV -cerves for the devices a): ITOVPEDOT!S/AL and by ITOPEDOT/S PCBM ( 1:2WAL The IV -curves were recorded under
ambient conditions.

From Table 4 and Fig. 5 it can be seen that the addition of PCBM to the active layer increases the shorl circuit current,
Lse, from -0.012 to -2.7 mA cm™ and hence increases the efficiency from 0.002 to 0.6 % even though the open circuit
voltage, Ve, decreases from 0.69 10 0.58 V. Furthermore. it can be seen that the Ise decreases from -2.7 to -1.29 mA cm
¥ and the efficiency decreases from 0.6 to 0.2 % when the active area of the device is increased from 3 to 10 em”, This is
ascribed 1o a poorer morphology for the large area device."”

Table 4: Phelovoltaic performance of the devices of polymer 5 and polymer 5 mixed with PCBM (active arca 3 on less otherwise
noted, 1000 W m?, AM1.5)

Device Vo (V) Le(mAcem™) FF (%) 1 (%)
5 0.69 -0.012 25 0.002
S/PCBM (1:2) . 058 27 38 0.6
SIPCBM (1:2), 10em’  0.56 -1.29 28 0.2

The absorption spectra and the photocurrent spectra showed good overlap of the absorption spectra of the device and the
wavelength scan.” From the wavelength scan the incident photon to current efficiency (IPCE) was found to be 22 % at
560 nm for the 3 cm” S/PCBM device.”” The lifetime af the device with pure polymer 5 was recorded as the time for the
efficiency to reach half of the maximum value." This showed a lifetime of less than 2 hours.'” The 10 cm’ device was
encapsulated as described in the literature," and this device still showed photovoluic response after several weeks stored
in darkness under air."”

4. CONCLUSIONS
The synthesis of copalymers of thiophene, henzothiadizzole and benzo-bis-thiadiazole has been described. The polymers
were synthesized by Stille cross coupling polymerization. The polymers were characterized by NMR. SEC and UV-vis.

The band gaps were estimated from UV-vis 1o be 2.1-1.7 eV for polymers based on thiophene and benzothiadiazole and
0.7 eV for polymers based on thiophene and benzo-bis-thiadiazole. The electronic structure of the polymers was

Proc. of SPIE Vol 6334 63340T-8

204



A2.8

determined by UPS. From UV-vis and UPS i1 can be seen that the band gap of the polymer decreases with an increase in
the number of thiophene (n) in the repeating unit of the polymer (n = 1-4). Polymer 5 was applied in large arca
photovoltaic  devices. This showed an efficiency of 0.6 % for a 3 cm”® device with the COMpOosiion
ITOFEDOT!S:FCBM (1:2)/AlL
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Abstract

The synthesis of copolymers based on
thiophene, benzothiadiazole and benzo-
bis(thiadiazole) is presented. The band
gaps were estimated from UV-vis and the
electron structure of the polymers were
determined by Ultraviolet photoelectron
spectroscopy  (UPS). Results for some
photovoltaic devices are given.
Introduction

The use of low band gap polymers for
organic  photovoltaic are  believed to
increase the efficiency of the device by a
better overlap with the solar spectrum. The
synthesis of low band gap polymers are
however a challenge and only a few
examples have been reported. The most
important  ones  are  polythiophene,
polyisothianaphthene and copolymers of
benzothiadiazole, thiophene and pyrrole
with band gaps of 2.0, 1.2 and 1.6 eV,
respectively. Here we present the synthesis
and characterization of copolymers based
on thiophene. benzothiadiazole and
benzobisthiadiazole.

Synthesis

Monomers:

a
8+10 —

.
8+11 —

[
410 — —

2
9211 — —

2
9.12 —

Results
SEC data for polymer 1-6:

Bpmer | M, | M | MM,
1 5800 4800 4
F] 100 2100 13
3 Ti00 2600 19
4 400 9500 18
5 14000 12000 Ly
6 12000 11000 21

UV -vis spectra for polymer 1-6:
aon0n

Bt ames Mek ot M sy

400 &0 a0 000
Wardke g it

UPS data for polymer 1-6 (E, estimated
from UV-vis):

el e ) iy Ay e
1 1m am o <o 210
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] nm am A PP e
. i e am am 110
s [T ) I e )
0 o ane I < o

Energy levels in a photovoltaic device
with 5 and PCBM:

Energy €V)
-~
S
e

Photovoltaic devices were prepared with
polymer 5 and with a blend of polymer 5
and PCBM. The photoveltaic
performance for these devices s
summarized in the table below.

Device Vgo(V) | Lo (mA cnc®) | BF (%) | n(%)
5 3am? 069 a0t EREED
SPCBM (12),3an? | 058 270 3 | 08
SPCBM (12), 10em? | 056 EED) ERIEE

IV-curve for the polymer 5 and PCBM:

-1.0 -a8 1] 05 10
A

The photovoltaic studies showed:
* I;cincreased when PCBM was added.
* Highest ) for S/PCBM 1:2 ratio.
*Igc and n decreases with increase in
area (3 and 10 cm? devices).
* Lifetime of less than 2 hours for non
encapsulated devices.
* IPCE of 22% at 560 nm for ITO-PDOT-
S/PCBM (1:2)-AlL
Conclusion
Low band gap copolymers based on
thiophene, benzothiadiazole and benzo-
bis-thiadiazole were synthesized by Stille
cross coupling polymerization and the
band gaps were estimated to 2 - .7 eV
for polymers based on benzothiadiazole
and 0.7 eV for polymers based on benzo-
bis( thiadiazole).
Polymer 5 was applied in large area
photovoltaic devices (3 and 10cm?) with
the configuration ITO-PEDOT-5/PCBM
(1:2)-Al which gave a efficiency up to
0.6%. Further work is in progress to
apply all polymers in OPV and to
improve the efficiency of the devices with
polymer 5.
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Absiraet Progress in organic photovoltaic devices has recently resulted in reported efficiencies of up to 5% under solar illumination.
‘Within the past decade low band gap polymers with band gaps <1.8 eV have recelved more atiention since it is beheved that due o
a better overlap with the solar spectrum these polymers can increase the efficiency of the PV, Earlier we described the synthesis
and characterization by NMR, SEC, UV-vis and UPS of copolymer based on thiophene and benzothiadiazole. In this presentation
the dependence on different factors e.g. choice of solvent, spin coating speed and time, annealing temperature, active area of the
device and molecular weight of the polymer, on the photovoltaic response of photovoltaie devices made with the copolymer.
fEE: Pyt el areishe Annealing of the devices results in an

o PRI — D = increase n 1. Due to
R 5\[}{\{; = E[iP) [":::;-} nwai: [;;} gﬂ_ + improved charge carrier mobility
1] .lr Bl .'I - - - > . -
ILL 15000 18 242 | 064 | 40 | 062 * increase in exciton dissociation.
“ 8500 | 1.3 | 207 |06a| 34 | 045
4600 | 1.4 206 [o060| 32 | 040
Band gap = 1.67 eV 2500 | 14 178 o062 30 | 033 Best device
1300 | 14 1.08 063 | 27 | 018
The device » Spin coated from 1.2-dichlorobenzene
18
1 14 o » annealed at 110 °C.
wl ee—
1 ™ | T *Joo= 3.6 mA am?, V.= 06 V, FF
| 5°l/ ~46%%, 1 = 1% and IPCE = 18% at 600
k ] B, I.' nn.
2{
ITCOPEDOT: PSS/ polymer:PCBM (1:21/A1 o L s
" 2000 4000 000 S000 1000 42000 §4000 i &ﬂ ."l
+ spin coated from 1,2-dichlorobenzene Malkseular waight, M,, ’E |
e annealed for 10 min. at different g = .-'II
temperatures The non-purified polymer fraction (raw) = i
: shows a higher 7 then the high My 5 L /
Results de'l:lLS-n:U:LSu'lﬂ o die i
Concentration e ———
* the smaller molecular weight fractions
Conosntr st Vo | FF -0
[mg"mt]mn m@;ﬂ f\?’f (%) [‘2.] of the polymer make a better contact to -10 0 a0 05 L
3 208 |05 | 38 |0a4z|| |the PCBM and therefore is needed to Voltage (V)
10 330 | 061 | <3 |0.80|[ |obtain highn. i 1%
15 361 | 062 | 40 [090 i
20 191 [057 | 36 [0.39 Annealing remperature = e 3
L) —rm 08 i
0 -
Ti ahre o ¥ FF s
s : o k| | & | [ B o i
1 = Noannasling | 1.47 0.53 B | 0.2 . = 5 04 2
& 76 2.86 .54 e 053 o2
e 110 246 | 062 | 2 | 042 a u
T 130 289 054 | 42 |07 200 0 &m 700
. P 160 1.33 080 ar 029 Wuvelength {nrm |
al 8 B 10 12 & 18 18 M 2 b Conclusion: It was found that the
Cancentration fmafml. | : . : : photovoltaic responce was  highly
The increase in concentration or thickness it dependent on choice of solvent, spin
affects the n and IPCE due to E " coating condetions, concentration,
« increase in Rg and hence a low FF if the 4 molecular v:'e1ghl of the polymer and
mobility of the polymer is low : . the annealing temperamre of the
) ) . e e device. Best device gave n = 1% and
» light absorption at the glass slide in the e IPCE = 186
thick film. I ' -
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