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Chapter 1

Introduction

Over the past four decades, the interest in renewable energy resources has risen.
Initially, concerns about the limited availability of fossil fuels were an important
motivation for the search for alternatives. In 1972, the Club of Rome published the
report ’The Limits to Growth’,1 focussing attention to the finiteness of fossil energy
sources. Later in the 1970’s, the world was hit by two oil crises, leading to a sudden
increase of the oil price and a growing consciousness of the limited availability of
natural resources.

In the 1980’s, the Brundtland commission was created to address the concerns
about environmental pollution and the finiteness of natural resources, and the con-
sequences that these would have for society. In their report ’Our Common Future’
from 1987,2 the commission defines sustainable development as ”development that
meets the needs of the present without compromising the ability of future genera-
tions to meet their own needs.” In an energy perspective this means that, in order to
be sustainable, we should use renewable energy and/or provide future generations
with technology that renders them independent of fossil resources.

In the years after publication of the Brundtland report, another motivation for
abandoning fossil fuels appeared: global warming. Due to the emission of green-
house gasses, most notably CO2, upon burning carbon-based fuels (coal, oil and
natural gas), the world’s climate is changing.3 To circumvent problems, related to
climate change, it is thought to be necessary to substantially reduce CO2 emissions
in the near future.4 Because the use of energy is only expected to rise in the near fu-
ture,3 the only way to substantially reduce greenhouse gas emissions will be the use
of nuclear power (which is not sustainable, due to the limited availability of nuclear
fuel) or renewable energy resources.

1.1 Organic solar cells

Since the development of the first crystalline silicon solar cell by Chapin, Fuller and
Pearson in 1954,5 with an efficiency of 6 %, great improvements have been made in
photovoltaic technology. The best published crystalline silicon devices nowadays
reach efficiencies of 25 %,6 and with multi-junction devices efficiencies up to 41 %
have been reached.7 Although the efficiencies obtained with these solar cells based
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Introduction

on inorganic materials are high, the demands on both materials and processing are
severe, resulting in very expensive cells.

A possible alternative to inorganic solar cells is formed by organic photovoltaics.
Organic materials offer large advantages over inorganic materials, in terms of syn-
thetic accessibility, ease of processing and cost. A large mechanistic difference be-
tween organic and inorganic photovoltaics is the nature of the excitation, that is
created upon illumination of the materials. In inorganic solar cells, free electrons
and holes are created immediately when a photon is absorbed. In organic materi-
als however, the created electron and hole are still coulombically bound, due to the
low dielectric constant of organic materials. To create photocurrent, the electron and
hole have to be separated. The way to do this has been introduced by Tang in 1986,
when he combined an electron-rich donor material (a phthalocyanine, CuPC) and an
electron-poor acceptor material (a perylene derivative, PV) in a bilayer architecture
and achieved a power conversion efficiency of about 1 %.8 A schematic represen-
tation of the Tang cell and a scheme of the charge separation process are given in
figure 1.1. In this architecture, a bound electron-hole pair (an exciton) is formed
upon photoexcitation of the donor (process 1 in figure 1.1b).9 After separation of the
electron and hole, both charges can move to their respective electrodes. The exci-
ton then diffuses to the donor–acceptor interface (2), where the electron and hole are
separated by electron transfer to the acceptor (3).

Glass
ITO

CuPc
(300 Å)

PV
(500Å)

Ag

(a)

hν 1
2

3

donor

acceptor
(b)

Figure 1.1: Schematic representation of the Tang cell (a) and schematic representation of the
processes needed for charge separation (b): excitation (1), excition diffusion (2) and electron
transfer (3).

Since publication of the Tang cell, all efficient organic solar cells are based on
the donor–acceptor approach. There are, however different types of organic solar
cells. In dye-sensitized solar cells (also called Grätzel cells),10 the donor material
(the dye) consists of small molecules, attached to a mesoporous TiO2 network. In
this case, the TiO2 acts as the acceptor material, and after exciton separation, the dye
is regenerated by a liquid electrolyte (usually I−/I−3 ) that transports the hole to the
anode. Efficiencies up to 11.2 % have been obtained using this type of solar cell.11

The main advantage in dye-sensitized solar cells is that, due to the attachment of the
dye to the acceptor, no exciton diffusion is needed and charge separation takes place

2



Small band gap polymers

immediately after excitation.
Other approaches are either based on small molecules or polymers as donor ma-

terials, combined with a variety of acceptor materials like inorganics, polymers or
small molecular compounds (most notably fullerenes). In contrast to dye-sensitized
solar cells, exciton diffusion is important in these materials. Because the lifetime of
excitons is short, usually in the order of nanoseconds, the path that an exciton can
travel is limited to about 5–15 nm for π-conjugated polymers.12–15 Excitons created
further away from the donor–acceptor interface than this so-called exciton diffusion
length, recombine before they can be separated into free charge carriers and, con-
sequently do not contribute to the photocurrent. As a result, the maximum thick-
ness of bilayer devices, like the Tang cell, is limited to about 10–20 nm, which is not
enough to absorb all incoming sunlight. To be able to increase the layer thickness,
the bulk heterojunction (BHJ) concept was developed.16 In a BHJ-device, the donor
and acceptor materials are intimately mixed in one layer, relying on phase separa-
tion between the two materials. As a result, the donor–acceptor interface is dispersed
throughout the entire active layer, and every exciton that is generated will be close
to this interface. The separated hole and electron are transported to the electrodes
through their respective phases. The work described in this thesis focusses on the
materials used in BHJ solar cells using polymers as the donor material and small
molecules as the acceptor material.

1.2 Small band gap polymers

Since the introduction of the BHJ concept, tremendous advances have been made
with regard to device efficiencies of polymer solar cells. The ’standard’ material
combination used in many devices consists of regioregular poly(3-hexylthiophene)
(P3HT) as the donor material and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM)
as the acceptor, typically yielding efficiencies of 3–4 %. The main disadvantage of
P3HT as a light absorbing material however, is its relatively high band gap. In
figure 1.2, the emission spectrum of the sun, as observed on the earth’s surface is
depicted. With a band gap of 1.9 eV, P3HT is only capable of absorbing light with
wavelengths lower than ∼650 nm, indicated with the gray area.
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Figure 1.2: Emission spectrum of the sun, as observed on the earth’s surface. Regions where
light can be absorbed by P3HT and a polymer with a band gap of 1.4 eV are indicated.
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It is clear from figure 1.2, that to increase the amount of light that is absorbed, and
hence the efficiency of the photovoltaic device, it is necessary to lower the optical
band gap of the light absorbing material. It is estimated, that the optimal band gap
for organic photovoltaics is about 1.4–1.5 eV.17 The extra light absorbed by a polymer
with a band gap of 1.4 eV is also indicated in figure 1.2. Of course, the areas marked
in this figure represent maxima, obtained when the polymer absorbs all photons
with an energy below its band gap. In reality however, polymers have an absorption
spectrum, instead of full absorption below their band gap, and not all of the indicated
photons will be absorbed.

Two different strategies exist towards designing and synthesizing polymers with
reduced band gaps.18–21 The first approach relies on creating polymers based on
a single monomer unit that, after polymerization, endows the chain with an elec-
tronic structure where aromatic (A) and quinoid (Q) resonance structures are close
in energy and bond length alternation is decreased or inverted. The classical ex-
ample of this class, first described by Wudl et al., is poly(isothionaphthene) (PITN,
figure 1.3a), which features a band gap of about 1 eV due to an essentially quinoid
ground state.22, 23 Another example is poly(thienopyrazine) (PTP, figure 1.3b), which
has a similarly small optical band gap.24–26

S
n

S
n

aromatic quinoid
(a)

S

NN

n
S

NN

n
aromatic quinoid

(b)

Figure 1.3: Resonance structures of PITN (a) and PTP (b)

The second approach, first described by Havinga et al.27, 28 and further developed
by Tanaka et al.,29 is based on alternating electron-rich (donor) and electron-deficient
(acceptor) monomer units along the chain. In this way, the high-lying HOMO of
the donor-unit is combined with the low-lying LUMO of the acceptor unit, and a
small band gap is obtained (figure 1.4a). Presently, the large majority of small band
gap polymers developed for solar cell applications is based on this donor–acceptor
approach and polymers with efficiencies in photovoltaic cells up to 7.4 % have been
published.30–32 Frequently, small oligothiophene derivatives with two to four units
are used as the electron-rich donor unit with the complementary electron-deficient
acceptor units being an aromatic nitrogen heterocyclic system, such as quinoxaline
(Q), 1,3,2-benzothiadiazole (BT), or thieno[3,4-b]pyrazine (TP). These acceptors are
depicted in figure 1.4b.
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Donor Acceptor

HOMO

LUMO

HOMO

LUMO

E Eg

(a)

NN N
S

N

S

NN

Q BT TP

(b)

Figure 1.4: Orbital diagram, showing the hybridization of the HOMOs and LUMOs of the
donor and acceptor units, creating a small band gap (Eg) in the D-A compound (a), and some
commonly used acceptor units (b).

1.3 Energy levels in π-conjugated materials and their
determination

The important energy levels in organic photovoltaics are the HOMO and LUMO lev-
els of both the donor and the acceptor material. The difference between the HOMO
and LUMO is referred to as the band gap Eg of the material, which can be measured
either by optical or electrochemical techniques.

1.3.1 Measuring the band gap and the HOMO/LUMO levels

The most straightforward technique for measuring the band gap is by UV/vis ab-
sorption. The long-wavelength onset of the absorption spectrum represents the low-
est energy excitation possible (the HOMO→LUMO transition, which is equal to the
optical band gap, Eopt

g . A similar result can be obtained by fluorescence measure-
ments, basically the inverse of absorption.

The other method for determining the band gap of a material is by an electro-
chemical technique called cyclic voltammetry. In this technique, the material is dis-
solved in a solvent containing a salt as a supporting electrolyte. By scanning the
potential of the working electrode relative to a reference, and recording the current,
it is possible to measure at which potentials the compound under study is oxidized
or reduced. The onset of the oxidation wave in this experiment is closely related
to the HOMO level of the compound under study. The same holds for the onset of
the reduction wave and the LUMO level, so the electrochemical band gap ECV

g can
be calculated by taking the difference between the two onset potentials. Usually,
the electrochemical band gap approximately equals the optical band gap, although
slight differences are commonly observed. A possible explanation for these differ-
ences can be found in the fact, that in the optical experiment the created electron
and hole are bound, forming an exciton, whereas in the electrochemical experiment
ions are created. Apart from the exciton binding energy (which lowers the energy of
the exciton, relative to that of the free charges), also the solvation of the ions created
in the electrochemical experiment has an influence on the observed electrochemical
band gap.

Apart from the electrochemical band gap, also the positions of the HOMO and
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LUMO levels, relative to some reference, are obtained from CV measurements. In
all electrochemical experiments described in this thesis, the ferrocene/ferrocenium
(Fc/Fc+) couple is used as an internal reference, for this purpose. In principle, when
knowing the position of this reference level vs. vacuum, the position of the HOMO
and LUMO levels relative to the vacuum level can be calculated. Unfortunately, ex-
act determination of the Fc/Fc+ potential vs. vacuum is difficult, and values between
–4.8 eV and –5.2 eV are frequently found.33, 34 Therefore in this thesis, HOMO and
LUMO levels are always given as oxidation or reduction onset potentials, relative to
the Fc/Fc+ couple rather than to the vacuum level.

1.3.2 Triplet states

In the ground state of a neutral molecule, the HOMO is filled by two electrons with
anti-parallel spins (a so-called singlet state). Upon excitation, one of these electrons
is promoted to the LUMO, resulting in two singly occupied orbitals. In this ex-
cited state, the spins of the electrons can be anti-parallel, like in the ground state,
or parallel. If the two spins are parallel, the molecule has net spin, and this state
is threefold degenerate. Such a state is called a triplet excited state. A triplet state
always has a lower energy than its singlet counterpart (in which the electron spins
are anti-parallel), due to quantum mechanics. The difference between the two states
equals two times the so-called exchange energy. Basically this exchange energy de-
pends on the overlap between the orbitals containing the two electrons (the HOMO
and LUMO in our case). The more overlap, the larger the exchange energy and the
singlet–triplet splitting energy ∆EST . In π-conjugated polymers, the value for ∆EST
usually varies between 0.6 an 1.0 eV.35, 36 A scheme of the energy levels and possible
transitions in any π-conjugated oligomer or polymer is depicted in figure 1.5a

As transitions between states of different spin-multiplicity are forbidden, these
transitions are usually weak and not observed. Hence, excitation of a π-conjugated
molecule usually yields the first singlet excited state (corresponding to a S1← S0
transition). The first triplet excited state (T1) may then be formed by intersystem
crossing (ISC) from the S1 state, which can be weakly allowed by a process called
spin-orbit coupling. The triplet state formed is long-lived, because the S0←T1 tran-
sition is spin-forbidden.

1.3.3 Oxidized oligomers

After light absorption in a solar cell, the donor material transfers an electron to the
acceptor, forming a charge transfer (CT) state. In this CT state, the positive charge
on the donor and the negative charge on the oligomer are in close proximity, and the
charges are still weakly bound. In the next step, the charges are fully separated and
transported to the electrodes. The final result of these processes is oxidation of the
donor material, leaving it with a positive charge. This oxidation induces changes in
the electronic structure in the molecule and as a result, the absorption spectrum of
the material changes. The changes to the electronic energy levels and the associated
transitions are depicted in figure 1.5b.

When a conjugated polymer or oligomer is oxidized, the positive charge induces
a more quinoid structure in the backbone of the molecule, thereby decreasing the
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Photoinduced absorption
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Figure 1.5: (a) Energy diagram of an oligomer, showing singlet and triplet states and the possi-
ble transitions between these states. (b) Orbital diagram of an oligomer, showing the possible
electronic transitions in the neutral oligomer, the radical cation and the dication (H = HOMO,
S = SOMO, L = LUMO).

optical gap.37, 38 At the same time, two transitions appear at an energy lower than the
band gap of the neutral species. One transition takes place from the (new) HOMO
to the singly occupied molecular orbital (SOMO, the old HOMO) and one from the
SOMO to the LUMO. Further oxidation to the dication leads to a further reduction
of the SOMO–LUMO gap, and now only one absorption is visible, in between the
absorption bands of the radical cation.

1.4 Photoinduced absorption

As we have seen, several processes can occur after a molecule is excited by a pho-
ton. The singlet excited state that is initially formed can decay to the ground state,
either radiatively (fluorescence) or non-radiatively, but if intersystem crossing oc-
curs, the long-living triplet state can be formed. The absorption of the different ex-
cited states can be investigated by photoinduced absorption (PIA). A schematic of
the near steady-state PIA setup used for the work described in this thesis is shown
in figure 1.6. In a PIA experiment, a solution of the compound under study is ex-
cited by a chopped laser and the transmission of white light is measured. By means
of a lock-in amplifier, the difference between light transmission in the excited state
(laser ”on”) and ground state (laser ”off”) is recorded. In this way an absorption
spectrum of the excited state can be reconstructed. The lifetimes of the species that
can be detected by this setup are in the µs–ms range and, consequently only long-
living species, like triplet excited states, can be detected. For detecting short-lived
species and kinetic studies shortly after excitation, also femtosecond PIA has been
performed for the work described in chapters 6 and 7. The basic difference between
fs-PIA and the steady-state setup described here, is that both excitation and detection
are performed by short light pulses (instead of using a continuous wave laser and a
halogen lamp). By varying the delay of the probe pulse with respect to the excitation
pulse, a series of PIA-spectra can be obtained at various times after excitation.
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Figure 1.6: Schematic representation of the near steady-state PIA setup

1.4.1 Triplet energy transfer

In most cases described in this thesis, excitation of an oligomer did not give rise to
any detectable amount of triplets. Apparently, the singlet excited state has a lifetime
that is too short for intersystem crossing to occur. To be able to measure triplet ab-
sorption spectra of these compounds, fullerenes (either N-methylfulleropyrrolidine,
MP-C60, or PCBM) were used as triplet sensitizer. Upon excitation, these fullerenes
undergo intersystem crossing with a quantum yield close to unity, yielding the triplet
state of the fullerene, with an energy of 1.50 eV.39 If this triplet excited fullerene en-
counters an oligomer molecule, triplet energy transfer can occur, yielding the triplet
excited state of the oligomer, provided that the triplet energy of the oligomer is lower
than the triplet energy of the fullerene. This process is schematically depicted in fig-
ure 1.7.

The fact that the lowest triplet excited state is observed in near steady-state PIA
experiments is not limited to mixtures of only two compounds. Therefore, triplet
energy levels of the oligomers can be estimated by adding quenchers with a known
triplet energy to the solution. If the triplet energy of the quencher is higher than the
triplet energy of the oligomer, the oligomer triplet will not be quenched. If on the
other hand the triplet energy of the quencher is lower than the triplet energy of the
oligomer, the oligomer triplet is quenched and the triplet absorption of the quencher
can be detected.

1.4.2 Photoinduced electron transfer

If a mixture of a fullerene and a conjugated oligomer is photoexcited, there is also
the possibility that electron transfer from the oligomer to the fullerene (which is a
good electron acceptor) takes place. In this case the radical cation of the oligomer
(as described in section 1.3.2) and the radical anion of the fullerene are obtained. It
depends on the energy of the charge separated state (CSS), if this process can take
place. This energy depends, amongst others, on solvent polarity. The free energy for
charged separation (∆GCS) can be calculated by the Weller equation, which is based
on a continuum model:40

∆GCS = e
(
Eox(D)− Ered(A)

)
− E00 −

e2

4πε0εsRcc
− e2

8πε0

(
1

r+ +
1

r−

)(
1

εre f
− 1

εs

)
In this equation Eox(D) and Ered(A) are the oxidation and reduction potentials of
the donor (oligomer) and acceptor (fullerene) in the reference solvent. E00 is the ex-
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3
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fullerene oligomerCSS

Figure 1.7: Schematic representation of the processes that can take place after exciting a
fullerene in a mixture with some π-conjugated oligomer. Excitation (1) is followed by in-
tersystem crossing (2) and either triplet energy transfer (3) or electron transfer (4) from the
oligomer to the fullerene, dependent on solvent polarity (represented by the permittivity ε).
Energies are given in eV.

cited state from which charge transfer takes place (1.50 eV for the triplet level of the
fullerene), Rcc is the center-to-center distance of the positive and negative charges
(infinity for intermolecular charge transfer), r+ and r− are the radii of the positive
and negative ions, and εre f and εs are the relative permittivities of the reference sol-
vent (used to measure oxidation and reduction potentials) and the solvent in which
the measurements are performed.

From the Weller equation, it can be seen that the charge separated state will be
stabilized (more negative ∆ECS) by polar solvents (solvents having a high ε). There-
fore, in many of the oligomer systems described in this thesis, charge transfer takes
place in o-dichlorobenzene (ODCB, εr = 10.1), whereas triplet energy transfer is ob-
served in toluene (εr = 2.4)

1.5 Aim and scope of this thesis

In the recent past, many new small band gap polymers have appeared in literature.
Although there are some general guidelines for the design of these polymers, de-
tailed studies on the influence of the molecular structure on the band gaps and en-
ergy levels in these polymers are scarce. In this respect, detailed understanding of
the optical and electrochemical properties of short oligomers of small band gap poly-
mers may help developing design rules for new materials. Furthermore, knowledge
about the processes limiting the performance of organic solar cells is needed for fu-
ture device improvement. Therefore, the aim of this thesis is to gain more insight into
the electronic properties of small band gap materials and the processes involved in
charge separation and recombination in solar cells utilizing these materials. This
is achieved by detailed studies, both experimental and theoretical, on oligomeric
model compounds.

Chapter 2 deals with a study on the influence of the type of acceptor, used in
donor–acceptor oligomers, on the optical and electrochemical properties. The main
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focus here, is on band gaps, HOMO and LUMO levels, and the energy of the first
excited triplet state. The latter is important, because charge recombination into a
triplet state might be important as a loss mechanism in polymer solar cells.

Chapters 3, 4 and 5 deal with different series of small band gap oligomers, based
on the thieno[3,4-b]pyrazine acceptor unit. Experimental and theoretical studies on
the chain length dependence of the band gap and the HOMO and LUMO levels in
the different series are performed. This approach yields insight into the cause of the
band gap reduction in oligomers and polymers using this specific type of acceptor.

Chapters 6 and 7 are concerned with charge separation and recombination pro-
cesses. Triads were synthesized, consisting of a small band gap oligomer unit end
capped with C60 (acceptor) units. Charge and energy transfer processes in these tri-
ads were studied by different spectroscopic techniques. The processes studied serve
as models for the charge separation and recombination processes found in BHJ solar
cells, consisting of blends of a small band gap polymer with a fullerenes.

Finally, chapter 8 describes the performance of some oligomers, having low ly-
ing LUMO levels, as acceptor materials in solar cells. As virtually all efficient solar
cells to date use fullerenes as the electron accepting phase, it might be useful to find
alternatives. Some of the oligomers described in this thesis might serve this purpose
and their behavior in solar cells, when combined with P3HT, is explored.
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Chapter 2

Electronic structure of small band gap
oligomers based on cyclopentadithiophenes
and acceptor units

Abstract In this chapter, a combined experimental and theoretical study is pre-
sented on a series of well-defined small band gap oligomers. These oligomers com-
prise two terminal electron-rich cyclopentadithiophene units connected to six dif-
ferent electron deficient aromatic rings that allow tuning the optical band gap from
1.4 to 2.0 eV. Optical absorptions of the ground state, triplet excited state, and radi-
cal cation have been investigated. The optical band gaps correlate with the electro-
chemical oxidation and reduction potentials and are further supported by quantum-
chemical calculations at the density functional theory (DFT) level. The optical ab-
sorptions of the radical cations show only little variations among the different oligo-
mers, suggesting that the charge is mainly localized on the donor moieties. Triplet
energy levels are generally low (<1.2 eV) and the singlet–triplet splitting remains
significant when going to smaller band gaps.

This work has been published: Karsten, B. P.; Bijleveld, J. C.; Viani, L.; Cornil, J.;
Gierschner, J.; Janssen, R. A. J. J. Mater. Chem. 2009, 19, 5343–5350.
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Electronic structure of oligomers based on CPDT and acceptor units

2.1 Introduction

Detailed understanding of the electrochemical and optical properties of short oli-
gomers of small band gap polymers will help gain valuable insight into the design
rules for new materials and into the processes limiting the efficiency of polymer solar
cells. In chapters 3, 4 and 5, we demonstrate that in thiophene–thieno[3,4-b]pyrazine
based small band gap oligomers, the number of acceptor units in the oligomer is a
crucial factor that outweighs the importance of extended alternating donor–acceptor
conjugation in determining the optical gap. The successful design of new polymers
with optimized properties for solar energy conversion will not merely depend on
the band gap and HOMO and LUMO levels, but also the triplet energy level. It has
been shown that recombination of photogenerated charges into a low-lying triplet
state may occur when the energy of the triplet state is below that of the charge trans-
fer state.1, 2 In fact, triplet recombination might be an important loss mechanism.3

So far, however, very little is known about the exchange energy and the triplet en-
ergy level in small band gap polymers, and whether its scales differently with singlet
excited state energy than in traditional conjugated polymers.4, 5 In this chapter the
influence of the nature of the acceptor unit on the optical and electrochemical prop-
erties of oligomeric small band gap systems is investigated. Oligomers consisting of
two cyclopentadithiophene units and six different acceptor units have been synthe-
sized. Their optical absorption spectra, oxidation and reduction potentials, triplet
absorptions and triplet energy levels, and corresponding radical cations were in-
vestigated in detail. The results are rationalized by density functional theory (DFT)
calculations. Clear correlations between the nature of the acceptor and the band gap
and the HOMO and LUMO levels have been found. The energy of the triplet excited
state of the systems under study has been found to be lower than 1.2 eV.

2.2 Results and discussion

2.2.1 Synthesis

The oligomers were synthesized according to scheme 2.1. 4,4,-Bis(2-ethylhexyl)-
cyclopentadithiophene (CPDT, 1) was transformed into its boronic ester 2 and tri-
butylstannyl derivative 3. Oligomers with a benzene-based acceptor (quinoxaline
(Q), benzothiadiazole (BT) and benzoxadiazole (BO)) were then prepared by Suzuki
coupling of boronic ester 2 with the dibromo-derivative of the acceptor. Tributyl-
stannyl derivative 3 was reacted with 2,5-dibromo-3,4-dinitrothiophene (7) and the
nitro groups were reduced with tin(II) chloride, to give diamine 9. The oligomers
with a thiophene-based acceptor (thienopyrazine (TP-a), acenaphthothienopyrazine
(TP-b) and thienothiadiazole (TT)) were formed by reaction of 9 with a diketone to
give TP-a and TP-b, or with N-thionylaniline to give TT. All oligomers were char-
acterized by NMR, IR, and MALDI-TOF mass spectrometry.

2.2.2 Electrochemical and optical properties

The redox properties of the oligomers were investigated by cyclic voltammetry (fig-
ure 2.1a). The onsets of oxidation (Eox) and reduction (Ered) waves determined from
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Scheme 2.1: Synthesis of the oligomers, R = 2-ethylhexyl.
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Electronic structure of oligomers based on CPDT and acceptor units

the voltammograms and the electrochemical band gap (ECV
g ), defined as their dif-

ference, are summarized in table 2.1. From these data it can be seen that the na-
ture of the central unit has a major effect on the oxidation and reduction potentials.
Changing the acceptor system from a benzene-based (Q, BT and BO) to a thiophene-
based (TP-a, TP-b and TT) central unit significantly lowers the oxidation potential.
This implies that the HOMO levels of the latter systems are higher in energy, which
gives rise to lower open circuit voltages in solar cells, made of polymers using thi-
enopyrazine and thienothiadiazole. The potential difference between the first and
second oxidation waves for Q, BT, and BO is ∼200 mV and significantly less than
the ∼300 mV splitting for TP-a, TP-b and TT. This indicates that the Coulomb inter-
action between the two positive charges is stronger for the thiophene based systems
and signifies the stronger conjugation of the two CPDT units via the central unit in
this case. At the same time the oligomers with a thiophene-based central unit (TP-a,
TP-b, and TT) also have a lower (i.e. less negative) reduction potential. This is most
clear by comparing the reduction potentials of Q and TP-a that both have a pyrazine
ring or comparing BT and TT that both have a thiadiazole ring.
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Figure 2.1: Cyclic voltammograms of the oligomers in dichloromethane (a) and normalized
UV/vis absorption spectra of the oligomers in toluene (b).

In this series of oligomers, BO deviates from the other systems with a benzene-
based acceptor by its relatively high oxidation potential. Although the band gap
is almost equal to BT, the redox potentials are raised by almost 0.1 V, making ben-
zoxadiazole an attractive alternative to the commonly used benzothiadiazole for use
in small band gap polymer solar cells, because of the expected higher open-circuit
voltages.
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Table 2.1: Experimental optical and electrochemical (vs. Fc/Fc+) data for the oligomers.

Oligomer Eopt
g Eopt

max Eox Ered ECV
g Tn←T1 D1←D0 D2←D0 ET ∆EST

(eV) (eV) (V) (V) (eV) (eV) (eV) (eV) (eV) (eV)

Q 2.02 2.37 0.15 –1.86 2.01 1.72 1.88 0.80 1.45 0.93–1.14 1.0
BT 1.95 2.24 0.18 –1.73 1.91 1.74 1.90 0.82 1.40 1.14 0.8
BO 1.95 2.21 0.26 –1.63 1.89 1.82 1.98 0.81 1.33 1.14 0.8
TP-a 1.57 1.89 –0.07 –1.64 1.57 1.92 2.29 1.02 1.35 0.93 0.6
TP-b 1.55 1.86 –0.10 –1.60 1.50 2.22 1.04 1.36 0.93 0.6
TT 1.37 1.61 –0.13 –1.44 1.31 0.77 1.32 <0.9 >0.5

The UV/vis absorption spectra of the oligomers in toluene are depicted in fig-
ure 2.1b. The optical band gap Eopt

g (calculated from the absorption onset) and elec-
trochemical band gap (ECV

g ) are virtually identical (table 2.1), the maximum differ-
ence being 0.06 eV, within experimental error. The onset of absorption shifts from
2.02 eV for Q to 1.95 eV for BT and BO. Replacing the benzene ring for a thiophene
ring in the central unit, like in the thienopyrazine (TP-a) and thienothiadiazole (TT)
oligomers, causes a significant red shift. Extension of the parent thienopyrazine ring
by fusion with naphthalene (TP-b) does not have a pronounced effect on the optical
band gap, which is reduced by only 0.02 eV going from TP-a to TP-b. The naph-
thalene unit does create an enhanced absorption in the 400–500 nm region. Overall
the band gap of the CPDT based oligomers presented here can be controlled over a
0.65 eV range by changing the central unit.

2.2.3 Triplet excited states and their energies

Triplet–triplet absorptions were investigated by near steady-state photoinduced ab-
sorption (PIA). Because formation of the triplet states of these oligomers by direct
S1← S0 excitation, followed by intersystem crossing to T1 was not successful, triplet
states were populated by using [6,6]-phenyl-C61-butyric acid methyl ester (PCBM)
as a triplet sensitizer. In this experiment PCBM is excited by the laser and forms
the triplet excited state with a quantum yield of about unity. The triplet energy can
then be transferred to the oligomer, yielding the T1 state of the oligomer and the S0
ground state of PCBM, provided that the triplet energy of the oligomer is lower than
that of PCBM. PIA spectra recorded for the oligomers in toluene in the presence of
PCBM are depicted in figure 2.2.

For the oligomers with benzene-based acceptors, strong PIA signals are obtained,
showing a Tn←T1 absorption band at 1.72–1.92 eV and one or two vibronic peaks
at higher energy. In addition, a number of weaker absorptions, extending to be-
low 1 eV are present, showing that the dominant Tn←T1 absorption does not corre-
spond to the lowest excited triplet state. The thiophene-based systems, which have
smaller band gaps, show only very weak triplet absorptions. This is probably re-
lated to the reduced lifetime of the triplet excited states in these oligomers, because
the triplet states are actually formed, evidenced by the almost complete quenching
of the PCBM triplet (inset in figure 2.2b). The spectra of TP-a and TP-b show two
absorption peaks (one of which probably overlaps with the PCBM signal in case
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Figure 2.2: Normalized PIA spectra of the oligomers (0.1 mM) in toluene in the presence of
PCBM (0.4 mM): benzene-based acceptors (a) and thiophene-based acceptors (b). As a refer-
ence, the normalized PIA spectrum of PCBM is also shown in panel b. The inset in panel b
shows the unnormalized spectra, illustrating the quenching of the PCBM triplet.

of TP-b), located at higher energy than for the benzene-based acceptor systems. For
TT, no triplet absorptions are observed at all, although the PCBM triplet is quenched
completely, indicating triplet energy transfer to the oligomer.

To estimate the energy levels of the triplet excited states (ET), quenching ex-
periments have been performed. In these experiments, reference compounds with
known triplet energy levels are added to the mixture. Depending on the relative
triplet energies of the oligomer and reference compound, the triplet state of the ol-
igomer is preserved or quenched. In the latter case the triplet of the reference will
be detected. Figure 2.3a shows the partial quenching of the BO triplet by rubrene
(ET = 1.14 eV)6 and the simultaneous formation of the rubrene signal at 2.48 eV. The
fact that triplet absorptions of both compounds are visible at the same time indi-
cates that both triplet states have very similar energies. The same experiment for
BT gives a similar graph, for Q no quenching of the triplet signatures or appear-
ance of the rubrene triplet absorption were observed. This leads to the conclusion
that both BT and BO have ET ∼ 1.14 eV, while the triplet energy of Q is less than
1.14 eV. Quenching experiments of bis(trihexylsiloxy)silicon-2,3-naphthalocyanine
(ET ∼ 0.93 eV)7 with all oligomers result in the spectra shown in figure 2.3b. As ex-
pected BT and BO do not quench the naphthalocyanine triplet absorption, as their
triplet energies of around 1.14 eV are well above the triplet energy of the naphthalo-
cyanine. With Q, also no quenching of the naphthalocyanine triplet is observed,
leading to the conclusion that the triplet energy of Q is higher than 0.93 eV. The
thienopyrazines (TP-a and TP-b) partially quench the naphthalocyanine triplet, in-
dicating that their triplet levels are located at about the same energy as the triplet
level of naphthalocyanine (0.93 eV). TT quenches the naphthalocyanine somewhat
more than the thienopyrazines, therefore its triplet level is estimated to be less than
0.9 eV.

The estimated triplet energy levels (ET) are summarized in table 2.1 together with
the singlet–triplet splitting energy (∆EST) calculated using the optical band gaps
(∆EST = Eopt

g − ET). Bearing the experimental uncertainties in mind, there is a trend
towards a reduced exchange energy with decreasing band gap.
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Figure 2.3: Partial quenching of the BO triplet and formation of the rubrene triplet (a) and par-
tial quenching of the bis(trihexylsiloxy)silicon 2,3-naphthalocyanine (SiNc) triplet by the oli-
gomers containing thiophene based acceptors, the benzene based acceptors show no quench-
ing (b).

2.2.4 Radical cations

Chemical oxidation of the oligomers was performed by adding a solution of thi-
anthrenium hexafluorophosphate8 to a solution of the oligomers in dichloromethane
in small aliquots. UV/vis/NIR absorption spectra were obtained. The spectra for
BO are shown in figure 2.4a, the other oligomers gave similar spectra.
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Figure 2.4: (a) Chemical oxidation of BO with thianthrenium hexafluorophosphate in
dichloromethane. The appearance and disappearance of bands is shown with arrows.
(b) Schematic orbital diagram for the main dipole-allowed transitions of the neutral oligomer
and the radical cation, H = HOMO, S = SOMO and L = LUMO.

Upon addition of thianthrenium hexafluorophosphate, the absorption band of
the neutral oligomer disappears and two new bands at lower energy appear. These
bands are attributed to the dipole-allowed D1←D0 and D2←D0 transitions of the
doublet-state radical cation that, in first approximation, correspond to electron ex-
citations from HOMO→ SOMO (singly occupied molecular orbital) and SOMO →
LUMO (see figure 2.4b). The energy maxima of these absorptions are summarized in
table 2.1. The position of these maxima does not show great variation upon changing
the acceptor strength, with a D1←D0 transition around 0.8 eV (the only exception
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being the thienopyrazines, which have this transition at about 1 eV) and a D2←D0
transition around 1.3–1.4 eV. This limited variation points to a localization of the
excitations on the donor units of the oligomers, instead of a strong charge-transfer
character of the absorption, as is observed when exciting the neutral oligomers.

2.2.5 Quantum-chemical calculations∗

The evolution of the electronic and optical properties of the oligomers upon varia-
tion of the acceptor unit has also been characterized at the theoretical level in order to
provide a deeper insight into the experimental data. We have optimized the ground-
state geometry of the six oligomers at the DFT level using the standard B3LYP func-
tional and a 6–31G (d,p) basis set using the Gaussian 2003 package.9 The alkyl sub-
stituents have been replaced by hydrogen atoms and planarity has been imposed
on the conjugated backbone. The geometry in the lowest triplet excited state has
been optimized at the same level of theory, as motivated by the reliable triplet en-
ergies provided by this approach.10 The energy of the vertical S1← S0 transition, to
be compared to the experimental Eopt

max values, has been obtained by coupling the
DFT approach to a time-dependent (TD) formalism; the energy of the fully relaxed
S1 state has been inferred by subtracting from the vertical transition energy the reor-
ganization energy in the excited state; the latter is directly accessible from the exper-
imental data as the energy difference between Eopt

max and Eopt
g (Ereorg = Eopt

max − Eopt
g ).

A summary of the theoretical data is given in table 2.2.

Table 2.2: Calculated HOMO/LUMO energies, distribution of these orbitals over the donor
(D) and acceptor (A) parts calculated from the LCAO (linear combination of atomic orbitals)
coefficients, S1← S0 and Tn←T1 transition energies, energies of the lowest triplet state in the
fully relaxed geometry (ET), and energy difference between the lowest fully relaxed singlet
versus triplet excited states (∆EST).

Distribution Distribution EmaxHOMO LUMO

Oligomer HOMO LUMO D A D A S1← S0 Tn←T1 ET ∆EST
(eV) (eV) (%) (%) (%) (%) (eV) (eV) (eV) (eV)

Q –4.69 –2.34 80 20 33 67 2.06 1.96 1.23 0.48
BT –4.74 –2.68 78 22 34 66 1.90 2.05 0.93 0.68
BO –4.84 –2.64 79 21 35 65 1.99 2.08 1.02 0.72
TP-a –4.48 –2.61 71 29 32 68 1.66 2.00 0.66 0.68
TP-b –4.40 –2.50 68 32 30 70 1.66 2.15 0.75 0.60
TT –4.40 –2.93 69 31 27 73 1.34 2.35 0.31 0.79

The S1← S0 transition is mostly described for all oligomers by a HOMO to LUMO
one-electron excitation. The calculated and experimental values of the vertical tran-
sition energies (Emax) are plotted in figure 2.5a. The experimental evolution is repro-
duced very well, though the TD-DFT values underestimate Emax by about 0.3 eV.11

There is a drop in the lowest optical transition energy by 0.72 eV going from Q to TT,
in full consistency with the experimental value of 0.65 eV. The calculated HOMO
∗The calculations were performed by L. Viani at the university of Mons–Hainaut.
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and LUMO levels are depicted in figure 2.5b together with the corresponding exper-
imental oxidation and reduction potentials. This graph shows that the general exper-
imental trends are once again reproduced very well. In particular, the calculations
confirm that there is a marked increase in the HOMO energy when changing the ac-
ceptor from a benzene-based to a thiophene-based unit and that BO has the highest
ionization potential. The results also rationalize the reduction of the band gap with
the increase of the acceptor strength (BT and BO vs. Q, TT vs. TP), mainly due to
stabilization of the LUMO. No conclusions can be made about the exact offsets be-
tween the calculated and experimental HOMO and LUMO levels, as the potential of
Fc/Fc+ vs. vacuum is set arbitrarily in figure 2.5b.
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Figure 2.5: Theoretical and experimental vertical transition energies (a) and calculated frontier
orbital energies and measured redox potentials (b). Values calculated at the DFT level are
depicted as horizontal bars and experimental values by dots.

Table 2.2 shows that in the oligomers with a thiophene-based acceptor (TP-a,
TP-b, TT), the HOMO is more or less delocalized evenly over the entire molecule
since the distribution over the donor and acceptor units is close to the statistical ex-
pectation of∼70 % and∼30 %, respectively, which follows from simply counting the
sp2 hybridized atoms on the donor and acceptor parts (neglecting the naphthalene
unit in TP-b which does not affect the band gap according to table 2.1). For the oligo-
mers containing a benzene-based acceptor, the HOMO gets localized in a more pro-
nounced way on the donor units. The larger delocalization in the thiophene-based
acceptors is consistent with the higher HOMO levels calculated and measured for
these systems. Table 2.2 further indicates that the LUMO is located mostly on the
acceptor unit for all oligomers (by 68 % on average). Among the various molecules,
the differences between the distribution of the LUMO level are less pronounced than
for the HOMO level, although the LUMO becomes somewhat more confined on the
acceptor unit for the strongest acceptor (TT).

The calculated triplet Tn←T1 absorption energies are fairly close to the experi-
mental values while a larger discrepancy is observed for the lowest triplet energies
(ET) (figure 2.6a). The latter can be attributed in part to the experimental uncertain-
ties in determining the triplet energy levels by quenching experiments though this
cannot reconcile all differences between experiment and theory, in particular the rel-
ative order of Q and BT. The experimentally determined triplet energies are in a
quite narrow range (0.9–1.14 eV) while the calculated values show a much stronger

21



Electronic structure of oligomers based on CPDT and acceptor units

variation with the choice of the acceptor. The calculated value for the triplet energy
of the thienothiadiazole oligomer of 0.3 eV is very low for an electronically excited
state; we stress, however, that the experimental value of 0.9 eV can only be consid-
ered as an upper limit in this case.

The calculated singlet–triplet energy splittings ∆EST = Emax − Ereorg − ET are
compared to the experimental values in figure 2.6b. While the experimentally deter-
mined ∆EST shows a clear decrease with increasing acceptor strength, the calculated
values do not show a clear trend and changes are sometimes opposite to the ex-
perimental observations. Similarly, large ∆EST values (between 0.6 and 0.8 eV) are
obtained at both the theoretical and experimental levels for BT, BO, TP-a, and TP-b.
A larger discrepancy is observed for Q while the comparison for TT is hampered by
the uncertainty in the experimental ET value.
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Figure 2.6: Experimental and calculated triplet energies ET (a) and singlet–triplet energy split-
ting ∆EST (b). The experimental value of ET for TT (circled entries) is an upper limit, so that
the corresponding ∆EST is a lower limit.

∆EST reflects the exchange energy, which at first approximation is determined by
the extent to which the HOMO and LUMO levels share the same regions of space.
Naively, one might expect that by introducing stronger acceptor units, the exchange
energy is reduced because the LUMO would get more strongly confined on the ac-
ceptor and the HOMO on the donor. In fact, this expectation seems to coincide with
the experimental trend for ∆EST shown in figure 2.6b. However, by inspecting the
contributions of the donor and acceptor units over the frontier orbitals (table 2.2),
there is fairly little variation among the oligomers. The calculated values do not
show any appreciable trend, strongly suggesting that changes in ∆EST are deter-
mined by more subtle effects that go beyond the simple rationale mentioned above.
In fact, the molecule with the strongest acceptor (TT) is predicted to have the largest
∆EST value.

2.3 Conclusions

Oligomers consisting of two cyclopentadithiophene units and six different electron-
deficient aromatic ring systems have been prepared. The influence of the acceptor
on the optical and electrochemical properties has been investigated both experimen-
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tally and theoretically on the basis of density functional theory calculations. The
experimental values for optical and electrochemical band gaps are almost similar
and fully supported by (TD-)DFT calculations that show a similar evolution of the
lowest singlet transition energy compared to experiments and a good correlation be-
tween the calculated energies of the frontier electronic levels and the experimental
redox potentials.

The optical band gap of the oligomers changes from 1.4 to 2 eV depending on
the acceptor as a consequence of substantial changes in both the oxidation and re-
duction potentials, because the HOMO is delocalized over the entire molecule while
the LUMO is mainly localized on the acceptor. The optical absorption spectra of
the radical cations of the oligomers show little variation when changing the accep-
tors, suggesting that the electronic structures are dominated by the cyclopentadithio-
phene units. Triplet energies have been determined from near steady-state PIA ex-
periments using triplet quenchers. Experimentally estimated values lead to triplet
energies that are relatively constant, between <0.9 and 1.14 eV. DFT predicts much
larger variations from 1.23 eV for Q, going down to a value as low as 0.66 eV for
TP-a, and 0.31 eV for TT. The low triplet energies might cause charge recombination
into a triplet state to become an important loss mechanism in the application of small
band gap materials in organic solar cells. Predicting or rationally controlling the ex-
change energy in these small band gap systems by simple arguments is presently not
possible.

2.4 Experimental

General methods 1H-NMR and 13C-NMR spectra were recorded in CDCl3 on a
400 MHz NMR (Varian Mercury, 400 MHz for 1H-NMR and 100 MHz for 13C-NMR),
chemical shifts are reported in ppm downfield from tetramethylsilane (TMS). IR
spectra were recorded on a Perkin Elmer 1600 FT-IR. Matrix-assisted laser desorp-
tion ionization time-of-flight (MALDI-TOF) mass spectrometry was performed on
a PerSeptive Biosystems Voyager–DE PRO spectrometer. Recycling GPC was per-
formed on a LC system equipped with JAIGEL 2H and JAIGEL 2.5H columns and
a UV-detector, using a preparative flow cell (path length 0.5 mm). The eluent was
chloroform at 3.5 mL/min, the injection volume was 2 mL. UV/vis spectra were
recorded on a Perkin Elmer Lambda 900 UV/vis/NIR spectrometer. Cyclic voltam-
mograms were recorded in an inert atmosphere with 0.1 M tetrabutyl ammonium
hexafluorophosphate (TBAPF6) in dichloromethane as supporting electrolyte. The
working electrode was a platinum disc (0.2 cm2) and the counter electrode was a sil-
ver electrode. The samples were measured using an Ag/AgCl reference electrode
with Fc/Fc+ as an internal standard using a µAutolab II with a PGSTAT30 poten-
tiostat. PIA spectra were recorded by exciting with a mechanically modulated cw
Ar-ion laser (λ = 351 and 364 nm, 275 Hz) pump beam and monitoring the resulting
change in transmission of a tungsten-halogen probe light through the sample (∆T)
with a phase-sensitive lock-in amplifier after dispersion by a grating monochroma-
tor and detection, using Si, InGaAs, and cooled InSb detectors. The pump power
incident on the sample was typically 25 mW with a beam diameter of 2 mm. The PIA
(∆T/T) was corrected for the photoluminescence, which was recorded in a separate
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experiment. Photoinduced absorption spectra and photoluminescence spectra were
recorded with the pump beam in a direction almost parallel to the direction of the
probe beam. The solutions were studied in a 1 mm near-IR grade quartz cell at room
temperature.

Materials Solvents were purchased from Biosolve and used without further pu-
rification, unless stated otherwise. THF was distilled over 4 Å molsieves, pyridine
was dried over 4 Å molsieves before use. Chemicals were purchased from Acros or
Aldrich and used without purification. PCBM was obtained from Solenne. CPDT (1)
and 2,5-dibromo-3,4-dinitrothiophene (7) were prepared following literature proce-
dures.12, 13 Oxygen and moisture-sensitive reactions were performed under an argon
atmosphere.

(4,4,5,5-Tetramethyl-1,3,2-dioxaborolane-2-yl)-4,4-bis(2-ethylhexyl)-4H-
cyclopenta[2,1-b:3,4-b’]dithiophene (2) This product was obtained as a
by-product in the synthesis of 2,6-di-(4,4,5,5-tetramethyl-1,3,2-dioxaborolane-2yl)-
4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b’]dithiophene, following a literature
procedure.13 The title compound was separated from the main product by recycling
GPC. 1H-NMR: δ 7.43 (m, 2H, Ar–H), 7.17 (m, 2H, Ar–H), 6.92 (m, 2H, Ar–H),
1.85 (m, 4H, –CH2CH(C2H5)(C4H9)), 1.35 (s, 12H, –BO2C2(CH3)4), 0.85 (m, 18H,
alkyl–H), 0.74 (m, 6H, –CH3), 0.58 (m, 6H, –CH3). 13C-NMR: δ 160.97, 144.07,
131.87, 83.97, 52.66, 43.20, 35.13, 33.80, 28.31, 27.43, 24.77, 22.77, 14.08, 10.57.
MALDI-TOF-MS: m/z 527.21 (20 %), 528.20 (100), 529.21 (35), 530.20 (15), 531.20 (5).

2-(Tributylstannyl)-4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b’]dithio-
phene (3) Compound 1 (215 mg, 0.53 mmol) was dissolved in THF (2 mL). At
–78°C, n-Butyllithium (0.215 mL, 2.5 M, 0.54 mmol) was added and the mixture
was stirred at –78°C for 2 h. Tributyltin chloride (0.145 mL, 0.53 mmol) was added
and the mixture was stirred for 16 h, while warming to room temperature. Di-
ethyl ether (15 mL) was added and the mixture was washed with water (3.5 mL),
dried with MgSO4 and the solvent was evaporated. Yield: 369 mg (>99 %).
1H-NMR: δ 7.05 (d, J = 4.8 Hz, 1H, Ar–H), 6.93–6.88 (m, 2H, Ar–H), 1.90–1.82
(m, 4H, –CH2CH(C2H5)(C4H9)), 1.63–1.52 (m, 6H, –CH2C3H7), 1.40–1.30 (m, 6H,
–CH2CH2C2H5), 1.13–1.06 (m, 6H, –C2H4CH2CH3), 1.06–0.82 (m, 27H, alkyl–H),
0.75 (t, J = 6.7 Hz, 6H, –CH3), 0.58 (t, J = 7.6 Hz, 6H, –CH3)

5,8-Dibromoquinoxaline (4) 2,3-Diamino-1,4-dibromobenzene (2.45 g, 0.39 mmol)
was dissolved in ethanol (30 mL). Glyoxal (1.5 mL, 40 wt. % solution in water) and
two drops of dry triethylamine were added. The mixture was stirred at room tem-
perature overnight. The white crystals that had formed were filtered off and recrys-
tallized from ethanol to give white needles. Yield: 0.76 g (76 %). 1H-NMR: δ 9.01 (s,
2H, Ar–H), 8.00 (s, 2H, Ar–H). 13C-NMR: δ 146.03, 141.56, 133.72, 123.97.

4,7-Dibromo-2,1,3-benzothiadiazole (5) 2,1,3-Benzothiadiazole (10.18 g, 79.3
mmol) was dissolved in aqueous HBr (48 wt. %, 100 mL). At 150°C, bromine (12 mL,
233 mmol) was added slowly. This mixture was stirred at 150°C for 2 h and reaction
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mixture was cooled to room temperature. The mixture was filtered over a Büchner
funnel; solids were washed extensively with water. Solids were dissolved in diethyl
ether (1 L) and the mixture was washed with water and saturated NaCl. The solvent
was evaporated and the product was recrystallized from methanol to give off-white
needles. Yield: 17.18 g (78 %). 1H-NMR: δ 7.72 (s, 2H, Ar–H) 13C-NMR: δ 152.96,
132.31, 113.87.

4,7-Dibromo-2,1,3-benzoxadiazole (6) To a melt of 2,1,3-benzoxadiazole (8.46 g,
40.4 mmol) with iron dust (93 mg, 1.6 mmol), bromine (15.2 g, 95 mmol) was added
dropwise. The mixture was stirred at 90°C for 2 h and the mixture was poured into
water. A solution of sodium bisulfite was added until no gas evolution was ob-
served. Solids were filtered, impregnated on silica and purified by column chro-
matography on silica, using heptane as the eluent. The product was recrystallized
from ethanol to give yellow crystals. Yield: 8.40 g (75 %). 1H-NMR: δ 7.51 (s, 2H,
Ar–H). 13C-NMR: δ 149.38, 134.17, 108.70.

5,8-Di(4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b’]dithiophene-2-yl)-
quinoxaline (Q) To a mixture of compound 2 (36 mg, 68 µmol), 5,8-
dibromoquinoxaline (4) (8 mg, 28 µmol), Aliquat 336 (one drop) and degassed
aqueous 2 M K2CO3 (0.3 mL) in degassed toluene (3 mL), a few grains of
tetrakis(triphenylphosphine)palladium were added. The mixture was stirred
overnight at 120°C. Heptane (10 mL) was added and the mixture was washed with
water. The product was purified by column chromatography on silica, using ethyl
acetate/heptane as the eluent. Yield: 10 mg (16 %). 1H -NMR: δ 8.98 (s, 2H, Ar–H),
8.11 (s, 2H, Ar–H), 7.72 (s, 2H, Ar–H), 7.18 (m, 2H, Ar–H), 6.97 (m, 2H, Ar–H), 1.90
(m, 8H, –CH2CH(C2H5)(C4H9)), 0.95 (m, 36H, alkyl–H), 0.76, (m, 12H, –CH3), 0.64
(m, 12H, –CH3). 13C-NMR: δ 157.85, 157.10, 142.81, 139.60, 137.36, 131.90, 126.28,
124.83, 122.33, 122.29, 121.50, 121.42, 53.48, 53.41, 43.25, 35.10, 35.07, 34.22, 29.68,
28.62, 28.56, 28.05, 27.41, 27.33, 22.79, 22.76, 22.68, 14.07, 10.72, 10.60. IR: ν̃max (cm−1)
2955, 2921, 2870, 2855, 1731, 1661, 1567, 1504, 1458, 1428, 1406, 1377, 1321, 1275, 1078,
939, 891, 861, 828, 798, 725, 708, 658. MALDI-TOF-MS: m/z 930.65 (100 %), 931.65
(70), 932.65 (40), 933.65 (15), 934.65 (5).

4,7-Di(4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b’]dithiophene-2-yl)-2,1,3-
benzothiadiazole (BT) This compound was prepared following the same
procedure as for Q, using compound 2 (325 mg, 0.61 mmol) and 4.7-dibromo-2,1,3-
benzothiadiazole (5) (90 mg, 0.30 mmol). Yield: 71 mg (25 %). 1H -NMR: δ 8.05 (m,
2H, Ar–H), 7.82 (m, 2H, Ar–H), 7.19 (m, 2H, Ar–H), 6.97 (m, 2H, Ar–H), 1.97 (m,
8H, –CH2CH(C2H5)(C4H9)), 0.95 (m, 36H, alkyl–H), 0.75 (m, 12H, –CH3), 0.63 (m,
12H, –CH3). 13C-NMR: δ 158.55, 158.29, 152.53, 139.04, 138.73, 136.97, 126.04, 125.23,
124.15, 53.72, 43.27, 43.16, 35.16, 35.13, 34.18, 29.70, 28.63, 28.53, 27.45, 27.33, 22.77,
14.12, 14.08, 14.04, 10.76, 10.63. IR: ν̃max (cm−1) 2955, 2921, 2854, 1668, 1574, 1563,
1533, 1505, 1478, 1458, 1428, 1397, 1377, 1339, 1269, 1181, 1082, 885, 859, 826, 798,
708, 659. MALDI-TOF-MS: m/z 936.23 (100 %), 937.24 (70), 938.23 (45), 939.23 (20),
940.23 (5).
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4,7-Di(4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b’]dithiophene-2-yl)-
2,1,3-benzoxadiazole (BO) This compound was prepared following the same
procedure as for Q, using compound 2 (32 mg, 61 µmol) and 4.7-dibromo-2,1,3-
benzoxadiazole (6) (8 mg, 29 µmol). Yield: 20 mg (72 %). 1H-NMR: δ 8.05 (s, 2H,
Ar–H), 7.53 (s, 2H, Ar–H), 7.22 (m, 2H, Ar–H), 6.98 (m, 2H, Ar–H), 1.96 (m, 8H,
–CH2CH(C2H5)(C4H9)), 0.90 (m, 36H, alkyl–H), 0.75 (m, 12H, –CH3), 0.63 (m, 12H,
–CH3). 13C-NMR: δ 159.19, 158.95, 147.86, 138.61, 137.59, 136.57, 125.89, 124.46,
124.07, 122.48, 121.88, 53.88, 43.18, 43.14, 43.05, 35.17, 34.15, 28.61, 28.50, 27.43, 27.31,
22.75, 14.05, 13.95, 13.91, 10.74, 10.60. IR: ν̃max (cm−1) 2956, 2921, 2855, 1668, 1591,
1531, 1459, 1425, 1407, 1378, 1326, 1261, 1188, 1113, 1079, 1015, 895, 873, 832, 799,
709, 661. MALDI-TOF-MS: m/z 920.46 (100 %), 921.46 (70), 922.46 (40), 923.45 (15).

2,5-Di(4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b’]dithiophene-2-
yl)-3,4-dinitrothiophene (8) Compound 3 (396 mg, 0.53 mmol) and
2,5-dibromo-3,4-dinitrothiophene (7) were dissolved in THF (2 mL).
Bis(triphenylphosphine)palladium(II) dichloride (9 mg, 13 µmol) was added
and the mixture was stirred at 70°C for 2 h. The solvent was evaporated and
the crude product was purified by flash chromatography on silica, using ethyl
acetate/heptane as the eluent. Yield: 234 mg (94 %). 1H-NMR: δ 7.24 (t, J = 1.8 Hz,
2H, Ar–H), 7.31 (d, J = 4.9 Hz, 2H, Ar–H), 6.98 (m, 2H, Ar–H), 1.99–1.86 (m, 8H,
–CH2CH(C2H5)(C4H9)), 1.44–1.31 (m, 4H, –CH2CH(C2H5)(C4H9)), 1.10–0.82 (m,
32H, alkyl–H), 0.80–0.73 (m, 12H, –CH3), 0.66–0.54 (m, 12H, –CH3). 13C-NMR:
δ 160.18, 158.41, 143.95, 135.78, 134.65, 127.87, 126.79, 126.08, 125.98, 122.50, 54.06,
43.10, 35.16, 34.27, 34.16, 28.61, 28.57, 28.27, 27.38, 27.28, 26.76, 22.79, 22.71, 17.28,
14.09, 14.04, 13.57, 10.63. IR: ν̃max (cm−1) 2956, 2922, 2871, 2855, 1546, 1459, 1425,
1376, 1308, 1181, 733, 709, 664. MALDI-TOF-MS: m/z 974.23 (100 %), 975.23 (65),
976.23 (40), 977.22 (20), 978.22 (10).

2,5-Di(4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b’]dithiophene-2-yl)-3,4-
diaminothiophene (9) Compound 8 (234 mg, 0.24 mmol) and tin(II) chloride
(650 mg, 2.9 mmol) were dissolved in ethyl acetate (5 mL). The mixture was stirred
at reflux for 2 h, cooled to room temperature and added to Na2CO3 (0.25 M, 20
mL). Dichloromethane (20 mL) was added, the mixture was stirred vigorously
and filtered over celite. Phases were separated and the organic phase was washed
with water (3×30 mL), dried with MgSO4 and the solvent was evaporated. Yield:
220 mg (>99 %). 1H-NMR: δ 7.12 (d, J = 4.8 Hz, 2H, Ar–H), 6.97–6.91 (m, 4H, Ar–H),
3.73 (s, 4H, –NH2), 1.95–1.82 (m, 8H, –CH2CH(C2H5)(C4H9)), 1.41–1.22 (m, 4H,
–CH2CH(C2H5)(C4H9)), 1.14–0.83 (m, 32H, alkyl–H), 0.83–0.71 (m, 12H, –CH3),
0.71–0.56 (m, 12H, –CH3). 13C-NMR: δ 158.03, 157.17, 136.77, 135.76, 134.93, 133.12,
124.27, 122.29, 119.28, 111.36, 53.64, 43.21, 35.07, 35.04, 34.22, 34.19, 28.68, 28.59,
27.82, 27.33, 22.81, 22.74, 14.09, 14.06, 10.71, 10.64. IR: ν̃max (cm−1) 2956, 2922, 2871,
2855, 1613, 1457, 1377, 906, 732. MALDI-TOF-MS: m/z 914.37 (100 %), 915.37 (65),
916.36 (45), 917.36 (20), 918.36 (5).

5,7-Di(4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b’]dithiophene-2-yl)thie-
no[3,4-b]pyrazine (TP-a) Compound 9 (110 mg, 0.12 mmol) was dissolved in
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ethanol (3 mL). Glyoxal (40 %, 0.1 mL) was added and the mixture was stirred at re-
flux for 2 h. The solvent was evaporated and the product was purified by flash chro-
matography on silica, using ethyl acetate/heptane and dichloromethane/heptane as
the eluents. The product was further purified by recycling GPC. Yield: 59 mg (52 %).
1H-NMR: δ 8.47 (s, 2H, Ar–H), 7.43 (m, 2H, Ar–H), 7.18 (m, 2H, Ar–H), 6.95 (m,
2H, Ar–H), 2.00–1.85 (m, 8H, –CH2CH(C2H5)(C4H9)), 1.10–0.85 (m, 36H, alkyl–H),
0.80–0.58 (m, 24H, –CH3). 13C-NMR: δ 158.10, 158.79, 143.70, 139.31, 139.02, 136.95,
133.74, 125.56, 125.21, 122.35, 119.44, 53.55, 43.31, 43.25, 43.16, 35.13, 34.18, 28.62,
28.55, 28.33, 27.42, 27.33, 22.82, 22.79, 22.75, 14.07, 10.73, 10.60, 10.57, 43.36. IR: ν̃max
(cm−1) 2955, 2919, 2870, 2854, 1509, 1457, 1406, 1377, 1179, 1113, 1020, 974, 891, 852,
797, 706. MALDI-TOF-MS: m/z 936.36 (100 %), 937.36 (70), 938.36 (45), 939.35 (20),
940.35 (5).

8,10-Di(4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b’]dithiophene-2-yl)ace-
naphtho[1,2-e]thieno[3,4-b]pyrazine (TP-b) Compound 9 (110 mg, 0.12 mmol)
and acenaphthenequinone (33 mg, 0.18 mmol) were dissolved in ethanol (3 mL) and
the mixture was stirred at reflux for 16 h. The solvent was evaporated and the prod-
uct was purified by flash chromatography on silica, using ethyl acetate/heptane
and dichloromethane/heptane as the eluents. Yield: 66 mg (52 %). 1H-NMR:
δ 8.41 (d, J = 6.9 Hz, 2H, Ar–H), 8.08 (d, J = 8.2 Hz, 2H, Ar–H), 7.85 (t, J = 7.4 Hz, 2H,
Ar–H), 7.49 (s, 2H, Ar–H), 7.20 (s, 2H, Ar–H), 6.98 (s, 2H, Ar–H), 2.04–1.87 (m, 8H,
–CH2CH(C2H5)(C4H9)), 1.10–0.85 (m, 36H, alkyl–H), 0.82–0.60 (m, 24H, –CH3).
13C-NMR: δ 158.01, 157.60, 153.14, 139.48, 138.16, 137.64, 137.26, 134.59, 131.51,
130.04, 128.77, 128.44, 125.58, 124.94, 122.38, 121.08, 119.11, 53.49, 43.41, 43.30, 35.17,
34.26, 34.21, 29.70, 28.68, 28.62, 28.59, 27.41, 22.92, 22.88, 22.82, 22.69, 14.15, 14.12,
10.77, 10.70, 10.67. IR: ν̃max (cm−1) 2955, 2919, 2870, 2854, 1458, 1418, 1377, 1282,
1214, 1176, 1115, 1078, 1033, 891, 823, 798, 769, 706. MALDI-TOF-MS: m/z 1060.45
(100 %), 1061.45 (75), 1062.45 (50), 1063.45 (25), 1064.45 (10).

4,6-Di(4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b’]dithiophene-2-yl)thie-
no[3,4-c][1,2,5]thiadiazole (TT) Compound 9 (89 mg, 0.10 mmol) was dissolved
in pyridine (3 mL). N-thionylaniline (0.03 mL, 0.26 mmol) and chlorotrimethylsilane
(0.03 mL, 0.23 mmol) were added and the mixture was stirred for 16 h at 80°C. The
solvent was evaporated and the mixture was purified by flash chromatography on
silica, using ethyl acetate/heptane and dichloromethane/heptane as the eluents.
The product was further purified by recycling GPC. Yield: 33 mg (36 %). 1H-NMR:
δ 7.41 (t, J = 4.8 Hz, 2H, Ar–H), 7.18 (d, J = 4.8 Hz, 2H, Ar–H), 6.95 (m, 2H, Ar–H),
1.98–1.85 (m, 8H, –CH2CH(C2H5)(C4H9)), 1.10–0.85 (m, 36H, alkyl–H), 0.79–0.58 (m,
24H, –CH3). 13C-NMR: δ 159.16, 158.18, 156.29, 137.50, 136.84, 135.11, 125.33, 122.41,
118.91, 112.14, 53.67, 43.31, 43.20, 43.16, 35.17, 34.15, 28.62, 28.53, 27.39, 27.33, 22.80,
22.77, 14.07, 10.73, 10.61. IR: ν̃max (cm−1) 2955, 2918, 2870, 2854, 1504, 1480, 1457,
1398, 1377, 1181, 829, 797, 706. MALDI-TOF-MS: m/z 942.19 (100 %), 943.19 (70),
944.19 (50), 945.19 (20), 946.18 (10).
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Chapter 3

Small band gap oligothieno[3,4-b]pyrazines

Abstract In this chapter, the synthesis and optical and electrochemical proper-
ties of thiophene end-capped oligo(2,3-alkylthieno[3,4-b]pyrazine)s are presented.
The optical absorption rapidly shifts to lower energies with increasing chain length,
caused in almost equal amounts by a rise of the HOMO and a lowering of the LUMO.
The optical band gap of the polymer is estimated to be 1.13± 0.07 eV. Extrapolated
redox potentials indicate that the polymer is a small band gap p-type material.

This work has been published: Karsten, B. P.; Janssen, R. A. J. Org. Lett. 2008, 10,
3513–3516.
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Small band gap oligothieno[3,4-b]pyrazines

3.1 Introduction

As described in section 1.2, various approaches for the design of small band gap
polymers exist. One of these approaches is the homopolymerization of heterocyclic
units that favor a quinoidal structure. Classical examples here are poly(isothia-
naphthene)1–3 and poly(thieno[3,4-b]pyrazine)4, 5 that feature very small band gaps
(∼1 eV). Theoretical calculations and IR and Raman studies have shown that the
small band gaps are caused by their quinoid ground state.6

We are interested in considering poly(2,3-dialkylthieno[3,4-b]pyrazine)s for use
in solar cells. Until recently, the only way to make poly(2,3-dialkylthieno[3,4-b]pyr-
azine)s in significant amounts was by oxidative polymerization using iron(III)chlo-
ride. In these polymers, residual iron is complexed to the polymers and cannot be
removed.4, 7 This ambiguity on residual doping has led to some discussion in the
literature on the actual band gap of poly(2,3-alkylthieno[3,4-b]pyrazine)s.4, 7 More-
over, for electrochemically polymerized poly(2,3-alkylthieno[3,4-b]pyrazine)s there
is a rather unexpected strong dependence of the oxidation and reduction potentials
of up to 0.5 V on the length of the alkyl chain.7 Such large differences can even
change the material from electron-donating to electron-accepting in combination
with a second semiconductor in a solar cell.

The synthesis of poly(2,3-dihexylthieno[3,4-b]pyrazine) by Grignard methathesis
polymerization and of trimethylsilyl end capped oligomers of 2,3-dimethylthieno-
[3,4-b]pyrazine have recently been reported by Wen and Rasmussen.8, 9 In this chap-
ter, we present a series of well-defined oligothieno[3,4-b]pyrazines with thiophene
end caps and study the electrochemistry and the optical properties of these oligo-
mers as function of chain length. Using these oligomers we are able to resolve some
of the existing questions for the corresponding polymer.

3.2 Results and discussion

3.2.1 Synthesis

The synthesis of the oligomers is outlined in scheme 3.1. The α, ω-dibromo-oligo(di-
nitrothiophene)s 1 (n = 1–3) were prepared from the dibromothiophenes (for n = 1,
2) or from 5,5”-dibromo-3’,4’-dinitro [2,2’;5’,2”]terthiophene (for n = 3), by nitration
with either HNO3/H2SO4 (for n = 1) or NO2BF4

10, 11 (for n = 2, 3), with yields close to
70 %. The resulting nitro compounds were reacted in a Stille coupling with tributyl-
(3-octylthiophen- 2-yl)-stannane, followed by reduction of the nitro groups using
tin(II)chloride. The final step consisted of the condensation of the amine compounds
with diketone 4 to give end capped oligomers 5. The oligomers were characterized
by NMR, IR, and MALDI-TOF mass spectrometry.

3.2.2 Optical and electrochemical properties

UV/vis absorption spectra of the oligomers, both at room temperature and at low
temperature (down to 80 K), are depicted in figure 3.1. It is clear from this figure that
adding extra thieno[3,4-b]pyrazine units causes a large red shift and an increase of
the molar absorption coefficient of the low energy absorption band. The optical band
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Scheme 3.1: Synthesis of the oligomers (n = 1–3)

gaps Eopt
g , as estimated from the onsets of absorption, are summarized in table 3.1.

When cooling down, the spectra exhibit a gradually enhanced vibronic fine structure
on the low-energy absorption. The relative intensity of the 0–0 transition increases
with chain length. This points to a lesser degree of structural deformation in the
excited state for the longer oligomers, consistent with an extensive delocalization
of both HOMO and LUMO over the whole molecule. As can be seen clearly, the
onset of absorption does not shift upon cooling. This indicates that the changes with
temperature are due to a reduction of inhomogeneous line-broadening, as a result of
less intramolecular motions at lower temperature, rather than aggregation.

Table 3.1: UV/vis absorption data and onsets of oxidation and reduction (Eox and Ered vs.
Fc/Fc+) in dichloromethane.

n λmax (nm) λonset (nm) Eopt
g (eV) Eox (V) Ered (V) ECV

g (eV) ERC
max (eV)

1 479 591 2.10 0.24 –1.97 2.21
2 620 745 1.66 –0.06 –1.71 1.65 1.59
3 745 871 1.42 –0.24 –1.59 1.35 1.34

The redox behavior of the oligomers was investigated by cyclic voltammetry.
Cyclic voltammograms are shown in figure 3.2. For all oligomers one or two quasi-
reversible reductions are visible. For n = 2 and 3 also two quasi-reversible oxidations
are observed, but for n = 1, the oxidation is irreversible and an extra peak is observed
in the backward scan. This peak can be attributed to the product of dimerization of
the radicals formed upon oxidation (see section 4.2.5). From these voltammograms,
the onset potentials of oxidation (Eox) and reduction (Ered) can be determined and
the electrochemical band gap can be calculated as ECV

g = Eox − Ered. The values are
represented in table 3.1. The electrochemical band gaps are close to the optical band
gaps.
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Figure 3.1: UV/vis absorption spectra of compounds 5 (n = 1–3) in dichloromethane (a) and
low temperature UV/vis absorption in 2-methyltetrahydrofuran (b–d).

3.2.3 Radical cations

Chemical oxidation of the oligomers can be accomplished by addition of a strong
oxidant. In this case, thianthrenium hexafluorophosphate12 was added to a solution
of the oligomers 5 (n = 2, 3) in dichloromethane in small aliquots. The UV/vis/NIR
absorption spectra of the radical cations that are produced in solution with increas-
ing equivalents of thianthrenium are shown in figure 3.3. For oligomer 5 (n = 1), the
formed radical cation dimerizes and the spectrum (not shown) exhibits the absorp-
tion band of the corresponding cation of the dimer (see section 4.2.5).

It can be seen from figure 3.3 that the radical cations have a very intense absorp-
tion band located at lower energy, slightly below the onset of the absorption of the
neutral molecules, and that additional low intensity bands appear at very low en-
ergy. The absorption maxima (ERC

max) are summarized in table 3.1. Compared to the
onset of absorption of the neutral oligomer, the new strong absorption of the oxi-
dized state exhibits a relatively small red shift of only around 0.15 eV. Therefore, ox-
idation of electrochemically polymerized poly(thieno[3,4-b]pyrazine) might explain
the reported reduction in band gap compared to the same polymer that was made
via oxidative polymerization using FeCl3.4, 5
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Figure 3.2: Cyclic voltammograms of oligomers 5 recorded in dichloromethane
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Figure 3.3: Chemical oxidation of oligomers 5 (n = 2) (a) and (n = 3) (b) in dichloromethane, by
adding a solution of thianthrenium hexafluorophosphate. The appearance and disappearance
of absorption bands is indicated with arrows.
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3.2.4 Chain length dependence

The evolution of the optical band gap and the oxidation and reduction potentials
with the increasing number of thieno[3,4-b]pyrazine units is depicted in figure 3.4,
plotted versus the reciprocal number of rings in the conjugated backbone, 1/(n + 2).
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Figure 3.4: Evolution of the optical and electrochemical band gap (a) and oxidation and reduc-
tion potentials (b) with the amount of thieno[3,4-b]pyrazine. Fits are according to equation 3.1.

The interesting issue is that the dependence of the band gap on chain length is
much stronger for these oligothieno[3,4-b]pyrazines than for small band gap oligo-
mers based on alternating electron-rich and electron-deficient units.13 The likely ex-
planation for the much stronger chain length dependence is the stronger dispersion
of both HOMO and LUMO in the homo-oligomers, compared to alternating systems
where the different units tend to localize the frontier orbitals. As observed in chap-
ter 2, the LUMO is mainly localized on the acceptor units in mixed donor–acceptor
systems, whereas the HOMO is more delocalized.

It is well-known that for conjugated oligomers the evolution of the optical prop-
erties with chain length are described by the following equation:14

Em = E∞ + (E1 − E∞) exp [−a (m− 1)] (3.1)

In this equation, Em is the value of the transition energy (e.g., band gap) for the ol-
igomer with length m, E1 is the transition energy for the oligomer with m = 1 and
a is a parameter which describes how fast the optical property saturates toward its
polymer value. Fitting the optical band gap to equation 3.1 using m = n + 2 for the
end capped oligothieno[3,4-b]pyrazines gives a value for E∞ of 1.13± 0.07 eV, which
agrees quite well with the literature value of 1.14 eV of poly(2,3-dihexylthieno[3,4-
b]pyrazine) in chloroform solution.4 The obtained value for a of 0.61 implies that
99 % of the band gap reduction will be accomplished when m = 9, which corre-
sponds to an oligomer containing 7 thieno[3,4-b]pyrazine units. The observed chain-
length dependence of the band gap is consistent with the results obtained recently
by Rasmussen et al.8, 9 Although the number of data points fitted is equal to the num-
ber of parameters in equation 3.1, we think the extrapolation for the band gap to the
polymer is valid, because the optical and electrochemical data provide consistent
results.
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The electrochemical data clearly demonstrate that the band gap reduction is caus-
ed by a rise of the HOMO (lowering of oxidation potential) and a lowering of the
LUMO (rise of reduction potential) in almost equal amounts (figure 3.4b). Oxida-
tion and reduction potentials can also be fitted to equation 3.1. This yields values of
–0.51± 0.08 V for the oxidation potential and –1.49± 0.06 V for the reduction poten-
tial of the polymer. These values indicate that the polymer would be easily oxidized,
but that the electron-accepting properties are not very good. Hence, poly(thieno[3,4-
b]pyrazine)s are probably not the most viable candidates to function as n-type ma-
terials in devices like solar cells but are rather p-type polymers, although the low
oxidation potentials would lead to a low open-circuit voltage in combination with
commonly used fullerene derivatives as acceptor.

3.3 Conclusions

Oligothieno[3,4-b]pyrazines with up to three consecutive units and two thiophene
end caps were prepared and their optical and electrochemical properties were inves-
tigated. As the number of thieno[3,4-b]pyrazine units increases, the optical absorp-
tion of the compound rapidly shifts to lower wavelengths, having an absorption
onset of close to 900 nm for the system with three thieno[3,4-b]pyrazines. Extrap-
olation yields a value of 1.13± 0.07 eV for the optical band gap of the correspond-
ing polymer. Electrochemistry reveals that this reduction in band gap is caused by
a decrease in LUMO level and a concomitant rise in HOMO level. This points to
frontier orbitals that are delocalized over the entire system. This observation is sup-
ported by UV/vis absorption experiments at low temperature. Chemical oxidation
of the oligomers reduces the optical band gap by ∼0.15 eV compared to the neutral
compounds. Extrapolation of the oxidation and reduction potentials to the polymer
values gives Eox = –0.51± 0.08 V and Ered = –1.49± 0.06 V. These extrapolated redox
potentials lead to the conclusion that poly(thieno[3,4-b]pyrazine)s are small band
gap p-type polymers rather than n-type.

3.4 Experimental

General methods 1H-NMR and 13C-NMR spectra were recorded in CDCl3 or
DMSO on a 400 MHz NMR (Varian Mercury, 400 MHz for 1H-NMR and 100 MHz
for 13C-NMR) or on a 200 MHz NMR (Varian Mercury, 200 MHz for 1H-NMR and
50 MHz for 13C-NMR), chemical shifts are reported in ppm downfield from tetram-
ethylsilane (TMS). IR spectra were recorded on a Perkin Elmer 1600 FT-IR. Matrix-
assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectrometry
was performed on a PerSeptive Biosystems Voyager–DE PRO spectrometer. UV/vis
spectra were recorded on a Perkin Elmer Lambda 900 UV/vis/NIR spectrometer.
Temperature was controlled by using an Oxford Optistat continuous flow cryostat.
Cyclic voltammograms were recorded in an inert atmosphere with 0.1 M tetrabutyl
ammonium hexafluorophosphate (TBAPF6) in dichloromethane as supporting elec-
trolyte. The working electrode was a platinum disc (0.2 cm2) and the counter elec-
trode was a silver electrode. The scan speed was 200 mV/s. The samples were mea-
sured using an Ag/AgCl reference electrode with Fc/Fc+ as an internal standard
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using a µAutolab II with a PGSTAT30 potentiostat.

Materials Solvents were purchased from Biosolve and used without further pu-
rification, unless stated otherwise, THF was distilled over 4Å molsieves before use.
Chemicals were purchased from Acros or Aldrich and used without purification. 2,5-
Dibromo-3,4-dinitrothiophene (1, n = 1), 3,3-dioctyl-3,4-dinitro[2,2;5,2]terthiophene
(2, n = 1), 3,3-dioctyl[2,2;5,2]terthiophene-3,4-diamine (3, n = 1), 3,4-dinitro[2,2;5,2]-
terthiophene and tributyl(3-octyl-thiophen-2-yl)stannane were prepared according
to literature procedures.15, 16 Oxygen and moisture-sensitive reactions were per-
formed under an argon atmosphere.

5,5’-dibromo-3,3’,4,4’-tetranitro-2,2’-bithiophene (1, n = 2) 5,5-dibromo-2,2-bi-
thiophene (0.97 g, 3.0 mmol) was dissolved in tetramethylene sulfone (10 mL). At
100°C, NO2BF4 (30 mL, 15.0 mmol, 0.5 M solution in tetramethylene sulfone) was
added and the mixture was stirred at 100°C for 22 h. The product was precipitated in
water (200 mL), filtered off and washed repeatedly with water and methanol. Yield:
1.02 g (68 %). 13C-NMR (50 MHz, DMSO): δ 140.28, 138.78, 130.16, 118.98. IR: ν̃max
(cm−1) 1545, 1499, 1442, 1398, 1322, 881, 743. MALDI-TOF-MS: m/z 501.84 (50 %),
503.84 (100), 505.84 (70).

5,5-dibromo-3,4-dinitro[2,2;5,2]terthiophene 3,4-dinitro[2,2;5,2]terthiophene
(1.25 g, 3.7 mmol) was dissolved in DMF (25 mL). A solution of NBS (1.4 g, 7.8 mmol)
in DMF (25 mL) was added and the mixture was stirred overnight at 50°C. The re-
action mixture was poured into methanol (100 mL) the bright orange product was
filtered off and washed repeatedly with methanol. Yield: 1.35 g (73 %). 1H-NMR
(400 MHz, CDCl3): δ 7.30 (d, J = 4.1 Hz, 2H, Ar–H), 7.15 (d, J = 4.0 Hz, 2H, Ar–H). IR:
ν̃max (cm−1) 3098, 3074, 1526, 1383, 795.

5,5”-dibromo-3,3’,3”,4,4’,4”-hexanitro[2,2’;5’,2”]terthiophene (1, n = 3)
NO2BF4 (7.1 ml, 3.5 mmol, 0.5 M solution in tetramethylene sulfone) was added to
5,5-dibromo-3,4-dinitro[2,2;5,2]terthiophene (350 mg, 0.71 mmol). The mixture was
stirred at room temperature for 2 h and subsequently precipitated in water (30 mL).
The product was collected by filtration and washed repeatedly with water and
methanol. Yield: 308 mg (65 %). IR: ν̃max (cm−1) 1546, 1530, 1502, 1455, 1404, 1343,
1323, 788, 746. MALDI-TOF-MS: m/z 673.99 (20 %), 675.99 (35), 677.99 (20) and
signals of the product that lost a nitro group (M – 46): m/z 628.00 (50 %), 629.00 (15),
629.99 (100), 631.00 (30), 631.99 (65), 632.99 (20), 633.99 (10).

5,5’-bis(3-octyl-thiophen-2-yl)-3,3’,4,4’-tetranitro-2,2’-bithiophene (2, n = 2)
Compound 1 (n = 2) (1.50 g, 3.0 mmol) and tributyl(3-octyl-thiophen-
2-yl)stannane (3.07 g, 6.3 mmol) were dissolved in THF (20 mL).
Bis(triphenylphosphine)palladium(II)dichloride (100 mg, 0.14 mmol) was added
and the mixture was stirred at reflux for 16 h. The solvent was evaporated
and the crude mixture was purified by column chromatography on silica (1:1
dichloromethane/heptane). Yield: 1.43 g (65 %). 1H-NMR (400 MHz, CDCl3):
δ 7.54 (d, J = 5.2 Hz, 2H, Ar–H), 7.06 (d, J = 5.2 Hz, 2H, Ar–H), 2.61 (t, J = 7.6 Hz,
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4H, –CH2C7H15), 1.60 (m, 4H, –CH2CH2C6H13), 1.5–1.2 (m, 20H, –CH2–), 0.86 (t,
J = 6.8 Hz, 6H, –CH3). 13C-NMR (100 MHz, CDCl3): δ 147.28, 139.23, 139.15, 136.81,
130.10, 129.61, 126.94, 118.89, 31.81, 30.50, 29.34, 29.31, 29.24, 29.14, 22.63, 14.08. IR:
ν̃max (cm−1) 2924, 2854, 1541, 1460, 1399, 1325, 792, 750, 724. MALDI-TOF-MS: m/z
743.10 (15 %) and signals of the product that lost a nitro group (M – 46): m/z 688.15
(10 %), 689.15 (45), 690.15 (30), 691.13 (15).

5,5’-bis(3-octyl-thiophen-2-yl)-3,3’,3”,4,4’,4”-hexanitro[2,2’;5’,2”]terthiophene
(2, n = 3) Compound 1 (n = 3) (38 mg, 0.06 mmol) and tributyl(3-octyl-
thiophen-2-yl)stannane (61 mg, 0.13 mmol) were dissolved in THF (1.5 mL).
Bis(triphenylphosphine)palladium(II)dichloride (2 mg, 3 µmol) was added
and the mixture was stirred at reflux for 2.5 h. The solvent was evaporated
and the crude mixture was purified by column chromatography on silica (3:1
dichloromethane/heptane). Yield: 30 mg (59 %). 1H-NMR (400 MHz, CDCl3):
δ 7.57 (d, J = 4.9 Hz, 2H, Ar–H), 7.07 (d, J = 5.1 Hz, 2H, Ar–H), 2.62 (t, J = 7.6 Hz, 4H,
–CH2C7H15), 1.67–1.55 (m, 4H, –CH2CH2C6H13), 1.37–1.18 (m, 20H, –CH2–), 0.87 (t,
J = 5.9 Hz, 6H, –CH3). 13C-NMR (100 MHz, CDCl3): δ 147.51, 139.10, 137.95 130.41,
129.71, 129.30, 124.74, 118.60, 31.86, 13.79, 30.52, 29.35, 29.30, 29.12, 22.61, 14.07. IR:
ν̃max (cm−1) 2923, 2853, 1540, 1507, 1468, 1402, 1347, 1324. MALDI-TOF-MS: m/z
905.95 (15 %) and signals of the product that lost a nitro group (M – 46): m/z 860.02
(100 %), 861.02 (55), 862.01 (40), 863.02 (15).

5,5’-bis(3-octyl-thiophen-2-yl)-3,3’,4,4’-tetraamino-2,2’-bithiophene (3, n = 2)
Compound 2 (n = 2) (0.91 g, 1.2 mmol) and tin(II)chloride dihydrate (6.7 g, 30 mmol)
were dissolved in ethyl acetate (50 mL) and stirred at reflux for 2 h. The mixture
was added to a solution of Na2CO3 (200 mL, 0.25 M), stirred vigorously with
dichloromethane (200 mL) and the mixture was filtered over celite. The phases
were separated and the organic phase was washed with water (3×100 mL), dried
with MgSO4 and the solvent was evaporated. Yield: 0.76 g (>99 %). 1H-NMR
(400 MHz, CDCl3): δ 7.27 (d, J = 5.2 Hz, 2H, Ar–H), 6.97 (d, J = 5.2 Hz, 2H, Ar–H), 3.69
(s, 4H, –NH2), 3.55 (s, 4H, –NH2), 2.60 (t, J = 7.8 Hz, 4H, –CH2C7H15), 1.58 (m, 4H,
–CH2CH2C6H13), 1.4–1.2 (m, 20H, –CH2–), 0.86 (t, J = 7.2 Hz, 6H, –CH3). 13C-NMR
(100 MHz, CDCl3): δ 142.20, 134.86, 133.54, 129.22, 127.95, 125.43, 108.99, 108.66,
31.89, 30.84, 29.47, 29.44, 29.26, 28.96, 22.68, 14.13. IR: ν̃max (cm−1) 3399, 3326, 2922,
2853, 1728, 1614, 1447, 1373, 1242, 1044, 824, 721. MALDI-TOF-MS: m/z 614.36
(100 %), 615.36 (45), 616.36 (25).

5,10-Diethyl-tetradecane-7,8-dione (4) 2-Ethylhexyl bromide (10.7 mL, 60 mmol)
was added dropwise to iodine-activated magnesium (1.61 g, 66 mmol) in diethyl
ether (50 mL). The mixture was stirred for 30 min at reflux. A mixture of LiBr (11.2 g,
130 mmol) and CuBr (8.7 g, 61 mmol) was dissolved in THF (200 mL). The Grig-
nard solution was added dropwise at –100°C. Oxalyl chloride (1.8 mL, 20 mmol)
was added dropwise and the mixture was kept stirring at –100°C for 40 min. The
mixture was quenched with a small amount of water and allowed to warm to
room temperature. Saturated NH4Cl (300 mL) was added and the product was ex-
tracted with ethyl acetate (2×100 mL), the organic phase was dried with MgSO4
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and the solvent was evaporated. The crude product was purified by column
chromatography on silica (95/5 heptane/ethyl acetate), the product eluted as the
first band and was obtained as a yellow liquid. Yield: 4.5 g (66 %). 1H-NMR
(400 MHz, CDCl3): δ 2.65 (d, J = 6.6 Hz, 4H, –(CO)CH2CH(C4H9)(C2H5)), 1.86 (m,
2H, –(CO)CH2CH(C4H9)(C2H5)), 1.45–1.10 (m, 16H, –CH2–), 0.95–0.75 (m, 12H,
–CH3). 13C-NMR (100 MHz, CDCl3): δ 200.62, 40.26, 34.96, 33.24, 28.83, 26.48, 22.87,
14.03, 10.81. IR: ν̃max (cm−1) 2959, 2926, 2860, 1710, 1460, 1380.

2,3-Bis(2’-ethylhexyl)-5,7-bis(3-octylthiophen-2-yl)thieno[3,4-b]pyrazine
(5, n = 1) Compound 3 (n = 1) (1.1 g, 2.1 mmol) and compound 4 (0.7 g, 2.3 mmol)
were dissolved in ethanol (25 mL) and stirred at reflux for 22 h. The solvent was
evaporated and the crude product was purified by column chromatography on
silica (1:3 dichloromethane/heptane). The product was isolated as a dark red oil.
Yield: 1.31 g (78 %). 1H-NMR (400 MHz, CDCl3): δ 7.35 (d, J = 5.2 Hz, 2H, Ar–H), 7.00
(d, J = 5.3 Hz, 2H, Ar–H), 2.95 (t, J = 7.9 Hz, 4H, –CH2C7H15), 2.84 (d, J = 6.9 Hz, 4H,
–CH2CH(C4H9)(C2H5)), 2.20 (m, 2H, –CH2CH(C4H9)(C2H5)), 1.72 (qu, J = 7.7 Hz,
4H, –CH2CH2C6H13), 1.50–1.20 (m, 36H, –CH2–), 0.96–0.83 (m, 18H, –CH3). 13C-
NMR (100 MHz, CDCl3): δ 155.65, 140.24, 137.77, 129.27, 128.32, 126.19, 123.70,
39.48, 37.68, 32.85, 31.89, 30.38, 30.36, 29.78, 29.54, 29.32, 28.94, 25.93, 23.14, 22.67,
14.16, 14.08, 10.89. IR: ν̃max (cm−1) 2956, 2924, 2855, 1463, 1378. MALDI-TOF-MS:
m/z 748.38 (100 %), 749.38 (70), 750.37 (50), 751.37, 752.38.

2,2’,3,3’-tetrakis(2-ethylhexyl)-7,7’-bis(3-octylthiophen-2-yl)-5,5’-bithieno[3,4-
b]pyrazine (5, n = 2) Compound 3 (n = 2) (0.76 g, 1.2 mmol) compound 4 (0.72 g,
2.54 mmol) were dissolved in ethanol (15 mL) and stirred at reflux for 2.5 h. The
solvent was evaporated and the crude mixture was purified by column chromatog-
raphy on silica (1:3 dichloromethane/heptane). Yield: 0.69 g (50 %). 1H-NMR
(400 MHz, CDCl3): δ 7.37 (d, J = 5.2 Hz, 2H, Ar-H), 7.03 (d, J = 5.2 Hz, 2H, Ar–H), 3.07
(t, J = 7.6 Hz, 4H, –CH2C7H15), 2.93 (d, J = 7.0 Hz, 4H, –CH2CH(C4H9)(C2H5)), 2.88
(d, J = 6.9 Hz, 4H, –CH2CH(C4H9)(C2H5)), 2.34–2.19 (m, 4H, –CH2CH(C4H9)(C2H5)),
1.76 (qu, J = 7.5 Hz, 4H, –CH2CH2C6H13), 1.54–1.17 (m, 52H, –CH2–), 0.98–0.80 (m,
30H, –CH3). 13C-NMR (100 MHz, CDCl3): δ 155.87, 155.14, 140.26, 138.01, 137.91,
129.33, 129.16, 126.17, 125.99, 123.12, 39.55, 37.91, 37.82, 33.02, 33.03, 32.89, 31.89,
30.38, 30.29, 29.71, 29.65, 29.32, 28.96, 28.94, 25.97, 25.92, 23.19, 23.15, 22.65, 14.16,
14.10, 14.06, 10.91, 10.88. IR: ν̃max (cm−1) 2955, 2923, 2871, 2852, 1457, 1441, 1378,
1237, 1139, 833, 709. MALDI-TOF-MS: m/z 1106.58 (100 %), 1107.59 (80), 1108.58
(50), 1109.58 (25), 1110.59 (10).

2,2’,2”,3,3’,3”-hexakis(2-ethylhexyl)-7,7”-bis(3-octylthiophen-2-yl)[5,5’;7’,5”]-
terthieno[3,4-b]pyrazine (5, n = 3) Compound 2 (n = 3) (29 mg, 0.03 mmol) and
tin(II)chloride dihydrate (260 mg, 1.2 mmol) were dissolved in ethyl acetate (1 mL)
and stirred at reflux for 1.5 h. The mixture was added to a solution of Na2CO3
(10 mL, 0.25 M), stirred vigorously with dichloromethane (10 mL) and the mixture
was filtered over celite. The phases were separated and the organic phase was
washed with water (3×20 mL), dried with MgSO4 and the solvent was evaporated.
The hexaamine product and compound 4 (30 mg, 0.11 mmol) were dissolved
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in ethanol (1 mL) and stirred at reflux for 2.5 h. The solvent was evaporated
and the crude mixture was purified by column chromatography on silica (1:3
dichloromethane/heptane). Yield: 9 mg (19 %). 1H-NMR (400 MHz, CDCl3):
δ 7.37 (d, J = 4.8 Hz, 2H, Ar–H), 7.04 (d, J = 5.2 Hz, 2H, Ar–H), 3.15–2.85 (m, 16H,
–CH2C7H15, –CH2CH(C4H9)(C2H5)), 2.40–2.25 (m, 4H, –CH2CH(C4H9)(C2H5)),
2.1–2.0 (m, 2H, –CH2CH(C4H9)(C2H5)), 1.78 (qu, J = 7.2 Hz, 4H, –CH2CH2C6H13),
1.6–1.2 (m, 68H, –CH2–), 1.0–0.75 (m, 42H, –CH3). IR: ν̃max (cm−1) 2957, 2921, 2872,
2855, 1514, 1483, 1448, 1377, 1351, 1280, 1254, 1182, 1136, 1096, 828, 692. MALDI-
TOF-MS: m/z 1465.03 (90 %), 1466.03 (100), 1467.04 (75), 1468.03 (45), 1469.04 (20)
1470.03 (10).
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Chapter 4

Oligomers with single acceptor units

Abstract In this chapter, a combined experimental and theoretical study on the op-
tical and electrochemical properties of a series of well-defined, extended, small band
gap oligo(5,7-bis(thiophen-2-yl)thieno[3,4-b]pyrazine)s having alternating donor
and acceptor units is presented. The optical absorptions of the ground state, triplet
excited state, radical cation, and dication are identified and found to shift to lower
energy with increasing chain length. The reduction of the band gap in these alternat-
ing small band gap oligomers mainly results from an increase of the HOMO level.
The S1–T1 singlet–triplet splitting is reduced from ∼0.9 eV for the trimeric monomer
to ∼0.5 eV for the pentamer. This significant exchange energy is consistent with the
fact that both the HOMO and the LUMO remain distributed over virtually all units,
rather than being localized on the donor and acceptor units.

This work has been published: Karsten, B. P.; Viani, L.; Gierschner, J.; Cornil, J.;
Janssen, R. A. J. J. Phys. Chem. A 2008, 112, 10764–10773.
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4.1 Introduction

As the field of small band gap polymers is rapidly expanding, it is important to
investigate the detailed electro-optical properties of these systems and understand
how these characteristics can evolve with chain length. To date, experimental stud-
ies on small band gap oligomers have been restricted to short-chain oligomers;1, 2

extended systems have been studied by quantum chemical methods.3, 4 Knowledge
about the electrochemical and optical properties of oligomers of small band gap sys-
tems will help in gaining valuable insight into the design rules for new materials
and into the processes limiting the efficiency of polymer solar cells. Knowledge of
the chain-length dependence of, e.g., band gap, highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) levels, and triplet ener-
gies can help with the design of new polymers with optimized properties for solar
energy conversion.

In this chapter, we present a combined experimental and theoretical study on
the properties of small band gap oligomers that comprise electron-rich thiophene
units alternating with an electron-deficient thienopyrazine, similar to materials re-
cently described for solar cells.5 Oligomers were synthesized by polymerizing the
monomer in the presence of a chain stopper, yielding a mixture of short oligomers.
The oligomers produced in this way could be efficiently separated by recycling gel
permeation chromatography (GPC). Subsequently, the chain length dependence of
the absorption spectra, oxidation and reduction potentials, triplet levels, triplet ab-
sorptions, and the properties of the oxidized species were investigated. The elec-
tronic and optical properties of the neutral oligomers were estimated at a quantum-
chemical level.

4.2 Results and discussion

4.2.1 Synthesis

The synthesis of the oligomers is outlined in scheme 4.1. The synthesis of monomer
1 was described in chapter 3. This compound was (partially) brominated with NBS,
yielding a mixture of mono- and dibrominated monomers (2 and 3). This mixture
was then subjected to a nickel(0)-mediated Yamamoto coupling,6 yielding a mixture
of shorter oligomers 4 of various lengths. A rough separation of this mixture was
accomplished by Soxhlet extraction. The different oligomers were further separated
by recycling GPC. Recycling GPC is a preparative-scale GPC technique, in which
the eluted products are fed back into the column, thereby virtually creating a GPC
column of very high length, without having the problem of a very high pressure
drop. During the run, the several oligomers can be collected, by temporarily switch-
ing the recycle valve to the collect position. This strategy yielded the monomer up
to the pentamer (n = 1–5) in pure form as evidenced from GPC, MALDI-TOF mass
spectrometry, and NMR. In the pentamer, the longest well-defined oligomer that was
isolated in pure form, 15 aromatic units form the chain.

The corresponding polymer was also prepared by Yamamoto coupling from the
dibrominated monomer. The polymer thus prepared had Mn = 12 300 g/mol, Mw =
32 500 g/mol, resulting in a polydispersity of 2.7, as determined by GPC against pol-
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Scheme 4.1: Synthesis of the Oligomers and Polymer of 2,3-Bis(2’-ethylhexyl)-5,7-bis(3-
octylthiophen-2-yl)thieno[3,4-b]pyrazine

ystyrene standards. The number average degree of polymerization of the polymer is
n∼ 16, corresponding to ∼48 aromatic units.

4.2.2 Optical and electrochemical properties of the neutral oli-
gomers

UV/vis absorption spectra of the oligomers, n = 1–5, are shown in figure 4.1a. As
expected, the absorption maxima (λmax) and onsets (λonset) show a shift to longer
wavelengths going from the monomer to the polymer. The extinction coefficients
increase superlinearly with chain length. The optical band gaps (Eopt

g ) estimated
from the onsets of absorption are summarized in table 4.1. The absorption spectrum
of the polymer in ODCB (figure 4.1b) exhibits an extra shoulder at the low-energy
side of the absorption spectrum. This is a clear signature of (partial) aggregation
at room temperature in solution. At higher temperatures (above 40°C) the polymer
is molecularly dissolved. The onset of absorption for the polymer at 1.50 eV (when
dissolved) and at 1.31 eV, (when aggregated), clearly identifies it as a small band gap
conjugated polymer. In solution, the oligomers with n > 1 do not fluoresce, which
indicates a high efficiency of internal conversion for these systems.

Table 4.1: UV/Vis absorption and PIA data in toluene and onset of redox potentials (Eox and
Ered, vs. Fc/Fc+) in ODCB for the oligomers and polymer.a

Oligomer λmax Emax Ecal
ver λonset Eopt

g Eox Ered ECV
g Eopt

g − ECV
g Tn←T1 Ecal

T
(nm) (eV) (eV) (nm) (eV) (V) (V) (eV) (eV) (eV) (eV)

Monomer 493 2.52 2.67 605 2.05 0.20 –2.00 2.20 0.15 1.60b 0.97
Dimer 587 2.11 2.30 706 1.76 –0.10 –1.92 1.82 0.06 1.40 0.90
Trimer 632 1.96 2.11 768 1.61 –0.18 –1.92 1.74 0.13 1.32 0.88
Tetramer 648 1.91 2.04 795 1.56 –0.21 –1.89 1.68 0.12 1.22 0.87
Pentamer 669 1.85 2.01 809 1.53 –0.24 –1.87 1.63 0.10 1.20 0.87
Polymer 671c 1.85c 828c 1.50c –0.26 –1.89 1.63 0.13 1.20d

a Tn←T1 absorption in toluene. b Expected value based on equation 4.1. c In ODCB at 80°C.
d In chlorobenzene at 80°C.

The redox behavior of the oligomers was investigated by cyclic voltammetry. The
resulting voltammograms are shown in figure 4.2. For the dimer to tetramer, two
quasi-reversible oxidations are observed, which start to overlap in the pentamer.
The reduction waves are irreversible, except for the monomer. The onset potentials
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Figure 4.1: UV/vis absorption of (a) the monomer to the pentamer in toluene (the ordinate
is the molar absorption coefficient (ε) divided by n, the number of monomeric units in the
oligomer) at room temperature, and (b) the polymer at various temperatures in ODCB.

of both oxidation (Eox) and reduction (Ered) and the electrochemical band gap (ECV
g =

Eox − Ered) are presented in table 4.1.
The band gap of the oligomers decreases with increasing chain length (table 4.1).

The electrochemical band gap is slightly higher by 0.10± 0.05 eV than the optical
band gap. Apart from experimental uncertainties, this difference reflects the fact
that free ions are created in the electrochemical experiment rather than a neutral ex-
citon. Apparently, this, combined with different solvation energies for the ions and
the neutral molecule, causes Eopt

g and Ecv
g to be different. Both the dependence of

the electrochemical and optical band gap on the inverse chain length and the depen-
dence of the oxidation and reduction potentials on the inverse chain length (1/n) are
shown in figure 4.3.

In first approximation, both the oxidation and the reduction potentials follow a
linear dependence with 1/n. With increasing chain length the rise of the HOMO
level (as reflected in the lowering of the oxidation potential) is responsible for most
of the reduction of the band gap. The LUMO (reflected in the reduction potential)
varies less. While a linear relation of the band gap with 1/n also seems valid for
the band gap of the oligomers, the value for polymer deviates significantly from this
straight line. It is well-known from literature that the optical band gaps of conjugated
polymers can be fitted to the following equation:7

E (n) = E∞ + (E1 − E∞) exp [−a (n− 1)] (4.1)
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Figure 4.2: Cyclic voltammograms of the oligomers and the polymer recorded in ODCB.
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Figure 4.3: (a) Chain length dependence of energies for the optical Eopt
g and electrochemical

band gap ECV
g , the triplet Tn←T1 absorption, the radical cation (RC) absorptions (D1←D0

and D2←D0), and the dication (DC) absorption (S1← S0) versus reciprocal chain length (1/n).
(b) Onsets of oxidation and reduction potentials vs. 1/n. Fits of the data (solid lines) in panel a
are to equation 4.1, and those in panel b are to a linear relation with 1/n.
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Here, E1 and E∞ are the excitation energies for the monomer and the (infinitely long)
polymer, n is the number of repeat units, and a is a parameter that describes how
fast E (n) saturates to E∞. This empirical relation can be rationalized in terms of
intrinsic length scales (electron-hole distances) and extrinsic length scales set by dis-
order.8 If the optical band gaps for the oligomers are fitted to equation 4.1, a value of
E∞ = 1.505 eV is obtained, very close to the experimental value of 1.50 for the poly-
mer. This fit is also shown in figure 4.3. The value for a of 0.78 implies that the
band gap stops decreasing between 7 and 10 repeat units (99 % or 99.9 % of the dif-
ference E1 − E∞ has been reached, respectively). The data for the oligomers were
also fitted according to the method by Kuhn9 (figure 4.4a), where all N double bonds
are regarded as identical, coupled oscillators. For the Kuhn model, only the double
bonds in the conjugated chain are used, which, for the present oligomers, is given
by N = 6n. This approach yields the same value of 1.5 eV for the optical band gap
of the polymer (figure 4.4a).

4.2.3 Theoretical results∗

The electronic and optical properties of the oligomers have also been characterized
at a quantum chemical level. The long alkyl side chains of the oligomers influence
the solubility and the organization of the molecules in the solid state, but to a much
lesser extent the electronic properties; we have thus substituted all of them by methyl
groups to minimize the computational efforts. Since the correct determination of the
actual torsion angles in solution is a rather challenging task, all molecular geome-
tries were optimized by imposing the planarity of the systems. In view of the large
size of the longest oligomers, we have optimized the ground-state geometry of the
systems with the help of semi-empirical Hartree–Fock techniques that generally pro-
vide the best compromise between computer times and accuracy of the geometric
parameters. We have chosen here the semi-empirical Hartree–Fock MNDO (mod-
ified neglect of differential overlap) method, as implemented in the AMPAC pack-
age,10 which is known to provide geometric parameters in good agreement with
experimental values for thiophene-based compounds;11 in particular, MNDO yields
a much better description of the C–C bond alternation compared to the widely used
AM1 (Austin model 1) method.11, 12 The electronic structure was then calculated
with the semi-empirical Hartree–Fock INDO (intermediate neglect of differential
overlap) method, as parametrized by Zerner and co-workers, and using the Ohno-
Klopman potential.13 INDO has been coupled to a single configuration interaction
scheme including all π → π∗ transitions to access the vertical transition energies
between the ground and lowest excited states (S1← S0). This approach has been
found to be the best compromise to depict the chain-length dependence of the op-
tical properties of conjugated oligomers.14 Note also that the combination of these
two semi-empirical techniques proves reliable to rationalize the optical properties of
oligothiophenes.15

The vertical S1← S0 transition energies Ecal
ver calculated for all oligomers are

shown in figure 4.4a and are collected in table 4.1. The experimental chain-size evo-
lution is very well reproduced by the calculations. Moreover, we observe a fairly

∗The calculations were performed by L. Viani at the university of Mons–Hainaut.
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good quantitative agreement between the calculated transition energies and the ex-
perimental values of Emax that correspond to λmax and that can be associated in first
approximation to the vertical transition energies. Extrapolations to obtain the tran-
sition energies for the polymer were done using the Kuhn method9 (solid line in
figure 4.4a), which predicts the vertical transition for the polymer at Ecal

ver = 1.93 eV,
while a slightly larger value of Ecal

ver = 1.97 eV is obtained with equation 4.1 (dashed
line in figure 4.4a). These two values are in good agreement with the experimental
value of Emax = 1.85 eV.
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HOMO  D 56.3 % A 43.7 %

LUMO  D 39.0 % A 61.0 %
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Figure 4.4: (a) Calculated vertical transitions at the MNDO//ZINDO/S level of theory and
experimental values for optical band gap and absorption maxima. Lines are extrapolation
fits, following Kuhn9 (solid line) and Meier7 (equation 4.1, dotted line). n is the number of
units in the oligomer and proportional to the number of double bonds along the conjugated
chain N = 6n. (b) Shape of the frontier molecular orbitals and relative contributions of the
donor (D) and acceptor (A) units; the color and size of the balls reflect the sign and amplitude
of the linear combination of atomic orbitals (LCAO) coefficients.

The S1← S0 transition of the monomer is mainly described by a HOMO →
LUMO excitation. The corresponding shapes of the frontier molecular orbitals are
shown in figure 4.4b. Despite the donor vs. acceptor character of the two building
blocks in the oligomers, the electronic density in the HOMO level is found to have a
homogeneous distribution over the units while the LUMO has a more pronounced
weight over the acceptor parts.16 This delocalization rationalizes the significant tran-
sition dipole moment (and hence oscillator strength) associated with the lowest opti-
cal transition. Another consequence is that a significant intramolecular charge trans-
fer (∼0.17e for the monomer) occurs upon promotion of an electron from the HOMO
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to the LUMO level.

4.2.4 Triplet excited states

Triplet–triplet absorptions were investigated using near steady-state PIA. Because
formation of the triplet states of the oligomers by direct excitation to S1, followed by
intersystem crossing to T1 was not successful, triplet states were populated by sen-
sitization with a fullerene derivative (N-methylfulleropyrolidine, MP-C60).17 In this
experiment, the fullerene is excited by the laser, and the triplet state of the fullerene
is formed with a quantum yield of about unity. The triplet energy is then transferred
from MP-C60 to the oligomer, yielding the triplet state of the oligomer. Mixtures of
the oligomer (0.1 mM) and MP-C60 (0.4 mM) in toluene were excited by laser irradi-
ation at 351 and 364 nm. The PIA spectra in toluene are shown in figure 4.5. The
PIA spectra of the oligomers exhibit a single strong absorption peak that shifts to
lower energy with increasing n. In the case of the monomer, the triplet state of the
monomer is not observed, but the typical PIA spectrum of MP-C60 with a peak at
1.78 and a shoulder at 1.52 eV is obtained.17 Compared to a solution of pure MP-C60,
the triplet spectrum in the mixture is quenched by a factor of 15, indicating that the
triplet state of the monomer is actually formed, yet not visible. Because of its poor
solubility in toluene, the PIA spectrum of the polymer (375 µg/mL) was recorded in
chlorobenzene, at 80°C.

As can be seen, the Tn←T1 absorptions shift to lower energy as the length of the
molecule increases. An overview of the Tn←T1 absorption maxima in toluene is
given in table 4.1. In the case of the polymer, also polaronic absorptions are visible
in the PIA spectrum; this is due to the higher polarity of chlorobenzene compared
to toluene. The more polar solvent stabilizes the charge separated state, where an
electron is transferred from the polymer to MP-C60.

The dependence of the Tn←T1 absorption maxima on the inverse chain length is
depicted in figure 4.3a. Again, the absorption maxima for the dimer to the pentamer
can be fitted to equation 4.1 to give E1 = 1.64 eV, E∞ = 1.19 eV, and a = 0.73. Careful
inspection of the PIA spectrum of MP-C60 with the monomer leads to the observation
of an extra shoulder in the MP-C60 triplet absorption around 1.6 eV. This is exactly
the region where the monomer triplet absorption would be expected, based on the
fit discussed before. The extra shoulder is indicated in figure 4.5 with an asterisk.

To estimate the energies of the T1 state of the oligomers (ET), quenching ex-
periments were conducted. In these experiments, a triplet quencher with known
triplet energy was added to the monomer/fullerene mixture. Quenching of the ol-
igomer triplet indicates that the triplet energy of the oligomer is above the triplet
energy of the quencher and vice versa. In this way, the T1 triplet energies for the
dimer to the pentamer were estimated to be between 0.93 eV (the triplet energy of
bis(trihexylsiloxy)-silicon-2,3-naphthalocyanine)18 and 1.14 eV (the triplet energy of
rubrene).19 The triplet level of the monomer was estimated to be around 1.14 eV (the
triplet state of rubrene is only partially quenched by the monomer). In this way, the
S1–T1 singlet–triplet splitting is estimated to be around 0.9 eV for the monomer, go-
ing to around 0.5 eV for the pentamer; the splitting for the dimer up to the tetramer
is located somewhere in between. These values are roughly in correspondence with
literature values of ∆EST ≈ 0.7 eV for most conjugated polymers.20
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Figure 4.5: PIA spectra of (a) the oligomers recorded in toluene at room temperature and (b)
the polymer in chlorobenzene at 80°C. The expected location of the monomer triplet absorp-
tion is indicated with an asterisk in panel a. In panel b, the radical cation absorptions of the
polymer are indicated with arrows.

Theoretical support for these estimates for ET was obtained by calculating the
energies of the vertical T1← S0 transitions (Ecal

T ) for the planar oligomers at the
INDO/SCI level (table 4.1). These vary from Ecal

T = 0.97 eV for the monomer to
0.87 eV for the pentamer and are, hence, slightly less than the experimental esti-
mates (0.93 < ET ≤ 1.14 eV). In these calculations, the relaxation of the geometry in
the triplet state, which will further reduce Ecal

T , was not taken into account. The over-
all small change in ET compared to Ecal

ver with increasing chain length (n) suggests that
the natural size of the triplet exciton is smaller than that of the singlet exciton.

4.2.5 Cations and dications of the oligomers

When applied in organic solar cells, photoexcited small band gap polymers donate
an electron to an acceptor molecule, often a C60 derivative. The electron and hole are
then separated, producing the photocurrent. To investigate the optical properties of
the resulting oxidized species, chemical oxidation experiments and PIA experiments
were performed.

Chemical oxidation of the oligomers can be accomplished by the addition of a
strong oxidant. In this case, thianthrenium hexafluorophosphate21 was added to a
solution of the oligomers in dichloromethane in small aliquots. The UV/vis/NIR
absorption spectra of the radical cations and of the dications that are produced in
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solution with increasing equivalents of thianthrenium were recorded. Results are
shown in figure 4.6. Chemical oxidation of the polymer was not performed, because
of the poor solubility of the polymer in dichloromethane.

Upon oxidation of the monomer, bands corresponding to the radical cation or
the dication of the monomer are absent (figure 4.6a). Instead, the monomer radical
cation is reactive and dimerizes to produce the dication of the dimer. As a result,
the spectra of the monomer (figure 4.6a) and the dimer (figure 4.6b) both show a
similar band at 1.22 eV. This observation is consistent with the fact that the first
oxidation potential of monomer is higher than the second oxidation potential of the
dimer (figure 4.2). This dimerization is also visible in cyclic voltammetry. The first
two scans for the monomer are depicted in figure 4.7. In the second scan, the peaks
of the dimer are clearly visible. In addition to the peak at 1.22 eV, the spectra of
the oxidized monomer also show clear transitions at 1.92 and 2.13 eV. These are
not related to the dimer dication, but, at present, we have no clear explanation for
these features. Extrapolation of the determined D2←D0 transition energies for the
other oligomers according to equation 4.1 (figure 4.3a) yields a value of 1.77 eV for
the monomer. This value is much lower than 1.92 eV, and hence traces of monomer
radical cation cannot satisfactorily explain the features at 1.92 and 2.13 eV.

For the dimer through the pentamer, the absorption band of the neutral oligomer
decreases upon addition of the first equivalent thianthrenium hexafluorophosphate,
while, at the same time, two new bands appear at lower energy. The new bands are
attributed to the dipole-allowed D1←D0 and D2←D0 transitions of the doublet-
state radical cation that, in first approximation, correspond to electron excitations
from HOMO→ SOMO (singly occupied molecular orbital) and SOMO→LUMO
(see figure 4.6f). For the pentamer, the low-energy D1←D0 band of the radical
cation cannot be clearly observed, because it is located in the same region where the
IR overtones of the solvent (dichloromethane) appear. Upon addition of a second
equivalent of thianthrenium hexafluorophosphate, the radical cation bands decrease
again, while an essentially single, new band with a vibronic feature at higher energy
appears, located between the two bands of the radical cation. This band is attributed
to the S1← S0 transition of the (singlet state) dication. In the case of the dimer, the
high energy band of the radical cation overlaps with the band of the dication, and,
with increasing conjugation length, the position of the dication band moves from
the position close to the D2←D0 band for the dimer to that of the D1←D0 band
for the pentamer (figure 4.6). The positions of the radical cation and dication bands
are collected in table 4.2 and plotted versus 1/n in figure 4.3a. In figure 4.3a it can
be seen that dispersion of the dication transition with chain length is much stronger
than that for the other transitions.

4.2.6 Photoinduced electron transfer in solution from oligomers
to MP-C60

In a PIA experiment with a mixture of the oligomers and MP-C60, the nature of the
formed excited state depends on the polarity of the solvent. In apolar solvents, the
triplet state energy of MP-C60 is transferred to the oligomer, giving rise to the triplet
state of the oligomer (T1), and the corresponding Tn←T1 absorption as shown in
figure 4.5. In polar solvents like ODCB, however, the same experiment can result
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Figure 4.6: (a–e) Chemical oxidation of the oligomers in dichloromethane, by adding a solu-
tion of thianthrenium hexafluorophosphate. The appearance and disappearance of absorp-
tion bands is indicated with arrows. First, radical cations are produced, that are subsequently
transformed into the dications. (f) Schematic orbital diagram for the main dipole-allowed
transitions of the neutral oligomer, the cation, and the dication in a one electron picture.
(H = HOMO, S = SOMO, L = LUMO).
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Figure 4.7: The first two scans in the cyclic voltammogram of the monomer; peaks belonging
to the dimer are indicated.

Table 4.2: Absorption maxima (eV) of the principal transitions of the radical cation (RC) and
dication (DC) of the oligomers (n = 2–5) and the polymer determined from chemical oxidation
and PIA experiments.

chemical oxidation PIA

Oligomer RC D1←D0 RC D2←D0 DC S1← S0 RC D1←D0 RC D2←D0

Dimer 0.72 1.22 1.22 0.72 1.22
Trimer 0.60 1.07 0.81 0.58 1.04
Tetramer 0.53 1.01 0.66 0.50 0.96
Pentamer 0.46 1.04 0.61 0.46 0.94
Polymer 0.46 0.94

in an electron being transferred from the oligomer to the triplet state of MP-C60,
resulting in the radical cation of the oligomer and the radical anion of MP-C60. The
free energy for charge separation (∆GCS) in different solvents can be calculated by
the Weller equation, based on a continuum model:22

∆GCS = e
(
Eox(D)− Ered(A)

)
− E00 −

e2

4πε0εsRcc
− e2

8πε0

(
1

r+ +
1

r−

)(
1

εre f
− 1

εs

)
(4.2)

Here Eox(D) and Ered(A) are the oxidation and reduction potentials of the donor (ol-
igomer) and acceptor (MP-C60, Ered(A) = –1.20 V vs. Fc/Fc+) in the reference solvent,
respectively, E00 is the excited state from which charge transfer takes place (1.50 eV
for the triplet level of MP-C60),23 Rcc is the center-to-center distance of the positive
and negative charges (set to infinity for intermolecular charge transfer), r+ and r−

are the radii of the positive and negative ions, and εre f and εs are the relative permit-
tivities of the reference solvent (used to measure oxidation and reduction potentials)
and the solvent in which electron transfer is studied. r− is calculated in literature to
be 5.6 Å for C60, based on the density of C60.23 r+ can be estimated using a similar
approach, using a density of 1.5, the value for unsubstituted terthiophene.24 This
calculation for the different oligomers yields the values given in table 4.3. On the ba-
sis of these data we indeed expect triplet absorptions in toluene, but photoinduced
electron transfer in ODCB.
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Table 4.3: Free energies for charge separation, calculated using equation 4.2

∆GCS (eV)

Oligomer E0
ox (ODCB) (V vs. Fc/Fc+) r+ (Å) toluene ODCB

Monomer 0.27 4.3 0.92 –0.03
Dimer –0.01 5.4 0.53 –0.31
Trimer –0.10 6.2 0.39 –0.40
Tetramer –0.13 6.8 0.32 –0.43
Pentamer –0.16 7.4 0.27 –0.46

The PIA spectra recorded of the oligomers in ODCB in the presence of MP-C60
are depicted in figure 4.8. In order to prevent aggregation, the PIA spectrum of the
polymer was recorded at 80°C. As expected, the PIA spectra in ODCB show the
two peaks of the radical cation of the oligomers (n = 2–5) and the polymer at low
energies and a bleaching band at the absorption energies of the neutral compounds.
Absorption maxima of the oxidized oligomers determined by chemical oxidation
and PIA in ODCB are given in table 4.2; the data are also depicted in figure 4.3a.
The radical anion of MP-C60, which is expected to give a less intense transition at
1.24 eV,17 is not clearly apparent from the spectra shown in figure 4.8.
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Figure 4.8: PIA spectra of the oligomers (n = 1–5) and the polymer recorded in ODCB in the
presence of MP-C60.

The values determined by PIA and chemical oxidation are in good agreement.
The values determined in the PIA experiment are probably more reliable, because
radical concentrations are much lower and reactions of these radicals are of less im-
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portance. Moreover, the low energy absorption bands of the longer oligomers are
more visible in the PIA experiment, because of the lock-in detection. Going from
pentamer to polymer, there is no decrease in transition energy anymore for both
radical cation bands.

4.3 Conclusions

Well-defined, extended oligomers, having up to 15 aromatic units, of a soluble poly-
(5,7-bis(thiophen-2-yl)thieno[3,4-b]pyrazine) were prepared. As expected, the op-
tical band gap (Eopt

g ) of the oligomers decreases with increasing chain length, and
reaches a constant value of ∼1.50 eV for seven repeating (trimeric) units. The elec-
trochemical band gaps are slightly higher (0.10± 0.05 eV) than the optical band gaps.
The redox potentials reveal that the major contribution (∼75%) to the reduction of
the optical band gap is the increase of the HOMO level with increasing chain length,
rather than a reduction of the LUMO level (∼25%). PIA experiments of a mixture
of the oligomer with MP-C60 as sensitizer were used to generate the triplet state of
the oligomers in toluene, via triplet-energy transfer. Going from monomer to poly-
mer, the triplet (Tn←T1) absorption decreases in energy, showing the same trend
as the S1← S0 absorption. The triplet state energies were estimated by quenching
experiments, revealing that ∆EST ≈ 0.9 eV for the monomer, decreasing to around
∼0.5 eV for the pentamer. These values are in agreement with previously reported
values for conjugated systems.20 In a more polar solvent, ODCB, electron transfer
from the oligomer to the T1 state of MP-C60 takes place rather than energy transfer,
consistent with the estimated energy levels from a continuum model. The absorp-
tion bands determined for the oligomer radical cations produced in this way also
shift to lower energy with increasing chain length. These are confirmed by chemical
oxidation measurements that additionally provide insight into the absorption of the
corresponding dications. The electronic and optical properties of the neutral oligo-
mers were supported by quantum-chemical calculations. Inspection of the orbital
coefficients for the HOMO and LUMO leads to the conclusion that both are roughly
located on the same atoms (the LUMO is not solely localized on the acceptor units).
This would give rise to a relatively large exchange energy and hence, to relatively
large values for the singlet–triplet splitting, in agreement with experiment.

4.4 Experimental

General methods 1H-NMR and 13C-NMR spectra were recorded in CDCl3 on a
400 MHz NMR (Varian Mercury, 400 MHz for 1H-NMR and 100 MHz for 13C-NMR),
chemical shifts are reported in ppm downfield from tetramethylsilane (TMS). IR
spectra were recorded on a Perkin Elmer 1600 FT-IR. Matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectrometry was performed on a Per-
Septive Biosystems Voyager–DE PRO spectrometer. UV/vis spectra were recorded
on a Perkin Elmer Lambda 900 UV/vis/NIR spectrometer. GPC analysis of the
oligomers was performed on a LC system, equipped with two PLgel 3 µm 100 Å
GPC columns and a photodiode array detector. The eluent was chloroform, using
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a flow of 1 mL/min and an injection volume of 20 µL. GPC analysis of the polymer
was performed at 80°C on a LC system equipped with a PLgel 5 µm Mixed C col-
umn and UV and refractive index detectors. The eluent was ODCB, using a flow of
1 mL/min and an injection volume of 20 µL Recycling GPC was performed on a LC
system equipped with JAIGEL 2H and JAIGEL 2.5H columns and a UV-detector set
at 400 nm and 600 nm, using a preparative flow cell (path length 0.5 mm). The eluent
was chloroform at 3.5 mL/min, the injection volume was 2 mL. Cyclic voltammo-
grams were recorded in an inert atmosphere with 0.1 M tetrabutyl ammonium hex-
afluorophosphate (TBAPF6) in ODCB as supporting electrolyte. The working elec-
trode was a platinum disc (0.2 cm2) and the counter electrode was a silver electrode.
The scan speed was 200 mV/s. The samples were measured using an Ag/AgCl ref-
erence electrode with Fc/Fc+ as an internal standard using a µAutolab II with a
PGSTAT30 potentiostat. PIA spectra were recorded by exciting with a mechanically
modulated cw Ar-ion laser (λ = 351 and 364 nm, 275 Hz) pump beam and monitor-
ing the resulting change in transmission of a tungsten-halogen probe light through
the sample (∆T) with a phase-sensitive lock-in amplifier after dispersion by a grat-
ing monochromator and detection, using Si, InGaAs, and cooled InSb detectors. The
pump power incident on the sample was typically 25 mW with a beam diameter
of 2 mm. The PIA (∆T/T) was corrected for the photoluminescence, which was
recorded in a separate experiment. Photoinduced absorption spectra and photolumi-
nescence spectra were recorded with the pump beam in a direction almost parallel to
the direction of the probe beam. The solutions were studied in a 1 mm near-IR grade
quartz cell at room temperature, except for the polymer which was studied at 80°C.

Materials Solvents were purchased from Biosolve and used without further pu-
rification, unless stated otherwise, THF was distilled over 4Å molsieves before use.
Chemicals were purchased from Acros or Aldrich and used without purification.
MP-C60 was obtained from Solenne. N-bromosuccinimide (NBS) was recrystal-
lized from water. The synthesis of 2,3-Bis(2’-ethylhexyl)-5,7-bis(3-octylthiophen-
2-yl)thieno[3,4-b]pyrazine 1 was described in chapter 3. Oxygen and moisture-
sensitive reactions were performed under an argon atmosphere.

Monobromo and Dibromo 2,3-bis(2’-ethylhexyl)-5,7-bis-(3-octylthiophen-2-yl)-
thieno[3,4-b]pyrazine (2, 3) Monomer 1 (433 mg, 0.58 mmol) was dissolved in
THF (25 mL). NBS (166 mg, 0.93 mmol) was added at 0°C, in the absence of light. The
mixture was stirred overnight, while warming to room temperature. Diethyl ether
(100 mL) was added and the mixture was washed with water (3×40 mL) and satu-
rated NaCl (2×40 mL). The organic phase was dried with MgSO4 and the solvent
was evaporated. The crude product contained a mixture of mono- and dibromi-
nated compounds. The compounds were separated by column chromatography on
silica (1:9 dichloromethane/heptane). Two fractions were collected, the first frac-
tion contained dibrominated product 3 (305 mg, 58 %), the second fraction contained
monobrominated product 2 (122 mg, 25 %)

Compound 2: 1H-NMR: δ 7.36(d, J = 5.2 Hz, 1H, Ar–H), 7.00 (d, J = 5.2 Hz,
1H, Ar–H), 6.94 (s, 1H, ArBr–H), 2.96–2.82 (m, 8H, Ar–CH2–), 2.20 (m, 2H,
–CH2CH(C4H9)(C2H5)), 1.76–1.66 (m, 4H, –CH2CH2C6H13), 1.55–1.18 (m, 36H,
–CH2–), 0.98–0.83 (m, 18H, –CH3). 13C-NMR: δ 155.94, 155.78, 140.45, 139.97, 131.73,
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130.23, 129.33, 126.45, 113.55, 39.43, 37.90, 37.67, 37.52, 32.85, 32.76, 31.89, 30.55, 30.37,
30.04, 29.78, 29.71, 29.53, 29.50, 29.32, 29.28, 28.93, 25.94, 23.13, 22.65, 14.20, 14.15,
14.08, 10.93, 10.89. IR: ν̃max (cm−1) 2956, 2923, 2854, 1638, 1521, 1460, 1407, 1378.
MALDI-TOF-MS: m/z 826.45 (80 %), 827.45 (45), 828.45 (100), 829.45 (100), 830.45,
831.45.

Compound 3: 1H-NMR: δ 6.93 (s, 2H, Ar–H), 2.91–2.82 (m, 8H, Ar–CH2–), 2.20
(m, 2H, –CH2CH(C4H9)(C2H5)), 1.70 (m, 4H, –CH2CH2C6H13), 1.52–1.20 (m, 36H,
–CH2–), 0.98–0.84 (m, 18H, –CH3). 13C-NMR: δ 156.04, 140.20, 137.42, 131.77, 130.00,
122.85, 113.88, 39.39, 37.53, 32.78, 31.90, 30.60, 30.01, 29.73, 29.52, 29.30, 28.91, 25.92,
23.14, 22.67, 14.20, 14.09, 10.94. IR: ν̃max (cm−1) 2956, 2923, 2854, 1460, 1427, 1378,
827. MALDI-TOF-MS: m/z 904 (50 %), 905 (30), 906.27 (100), 907.27 (55), 908.27 (60),
909.27 (35), 910.26.

Poly(2,3-bis(2’-ethylhexyl)-5,7-bis(3-octylthiophen-2-yl)thieno[3,4-b]pyrazine)
(4) Bis(1,5-cyclooctadiene)nickel(0) (Ni(COD)2) (91 mg, 0.33 mmol) and 2,2’-
bipyridyl (53 mg, 0.33 mmol) were dissolved in dry and oxygen-free toluene (2 mL)
and heated to 80°C. Compound 3 (93 mg, 0.10 mmol) was added and the mixture
was stirred for 22 h at 80°C. A 1:1:1 methanol/acetone/0.1 M HCl mixture (35 mL)
was added and the mixture was stirred for 6 h. The product was extracted with
chloroform (2×35 mL), EDTA (disodium salt, 0.5 g) was added and the mixture
was stirred overnight. The mixture was washed with water (3×75 mL), concen-
trated and precipitated in methanol (200 mL). The crude polymer was filtered
into a Soxhlet thimble and fractionated by Soxhlet extraction with methanol,
hexane, dichloromethane, chloroform, and ODCB. Yield (ODCB-fraction): 32 mg
(42 %). 1H-NMR: δ 7.15 (Ar–H), 2.93 (Ar–CH2–), 2.36 (–CH2CH(C4H9)(C2H5)),
1.79 (–CH2CH2C6H13), 1.5–1.1 (–CH2–), 1.1–0.6 (–CH3). IR: ν̃max (cm−1) 3372 (br),
2956, 2923, 2853, 1627, 1517, 1483, 1456, 1377, 1305, 1232, 1179, 1122, 982, 824. GPC
(UV-detector, 424 nm): Mn = 12300 g/mol, Mw = 32500 g/mol, PDI = 2.7.

Oligo(2,3-bis(2’-ethylhexyl)-5,7-bis(3-octylthiophen-2-yl)thieno[3,4-b]pyrazine)
(4, n = 2, 3, 4, 5) Monomer 1 (801 mg, 1.07 mmol) was dissolved in THF (10 mL).
NBS (238 mg, 1.34 mmol) was added at 0°C, in the absence of light. The mixture
was stirred overnight, while warming to room temperature. Diethyl ether (150 mL)
was added and the mixture was washed with water (3×50 mL) and saturated
NaCl (2×50 mL). The organic phase was dried with MgSO4 and the solvent was
evaporated. The resulting monomer mixture was brought under an argon atmo-
sphere. Ni(COD)2 (555 mg, 2.02 mmol) and 2,2’-bipyridyl (315 mg, 2.02 mmol) were
dissolved in toluene (20 mL) and stirred 0.5 h at 80°C. The Ni(COD)2/bipyridyl
mixture was added to the monomer mixture and stirred at 80°C for 18 h. A 1:1:1
methanol/acetone/0.1 M HCl mixture (300 mL) was added and the mixture was
stirred for 1.5 h. The product was extracted with chloroform (2×150 mL) , EDTA
(disodium salt, 2 g) was added and the mixture was stirred over night. The mixture
was washed with water (3×300 mL), concentrated and precipitated in methanol
(500 mL). The crude product mixture was filtered into a Soxhlet thimble and frac-
tionated by Soxhlet extraction with methanol, acetone, hexane, dichloromethane,
and chloroform. The hexane and dichloromethane extracts were separated by
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recycling GPC, yielding pure oligomers. Yields: dimer: 57 mg, trimer: 48 mg,
tetramer: 33 mg, pentamer: 6 mg.

Dimer 1H-NMR: δ 7.36 (d, J = 5.2 Hz, 2H, Ar–H), 7.14 (s, 2H, Ar–H), 7.01
(d, J = 5.2 Hz, 2H, Ar–H), 2.97 (t, J = 2.7 Hz, 8H, –CH2C7H15), 2.87 (m, 8H,
–CH2CH(C4H9)(C2H5)), 2.40–2.30 (m, 2H, –CH2CH(C4H9)(C2H5)), 2.25–2.15 (m,
2H, –CH2CH(C4H9)(C2H5)), 1.85–1.65 (m, 8H, –CH2CH2C6H13), 1.56–1.20 (m, 72H,
–CH2–), 1.04–0.84 (m, 36H, –CH3). IR: ν̃max (cm−1) 3079, 2956, 2922, 2872, 2853, 1516,
1487, 1457, 1377, 1235, 1182, 1122, 823, 813, 712. MALDI-TOF-MS: m/z 1494.61
(90 %), 1495.60 (100), 1496.60 (80), 1497.60 (50), 1498.60 (24), 1499.60 (10). GPC: 1
peak at 12.9 min.

Trimer 1H-NMR: δ 7.36 (d, J = 5.2 Hz, 2H, Ar–H), 7.14 (s, 4H, Ar–H), 7.01
(d, J = 5.2 Hz, 2H, Ar–H), 3.02–2.94 (m, 12H, –CH2C7H15), 2.93–2.84 (m, 12H,
–CH2CH(C4H9)(C2H5)), 2.40–2.30 (m, 4H, –CH2CH(C4H9)(C2H5)), 2.26–2.16 (m, 2H,
–CH2CH(C4H9)(C2H5)), 1.85–1.70 (m, 12H, –CH2CH2C6H13), 1.60–1.20 (m, 108H,
–CH2–), 1.05–0.80 (m, 54H, –CH3). IR: ν̃max (cm−1) 3079, 2956, 2922, 2871, 2853, 1517,
1485, 1457, 1377, 1350, 1239, 1181, 1122, 824, 813. MALDI-TOF-MS: m/z 2240.93
(55 %), 2241.93 (90), 2242.93 (100), 2243.92 (80), 2244.9 (50), 2245.92 (30), 2246.92 (15).
GPC: 1 peak at 12.3 min.

Tetramer 1H-NMR: δ 7.36 (d, J = 5.2 Hz, 2H, Ar–H), 7.15 (m, 6H, Ar–H),
7.01 (d, J = 5.2 Hz, 2H, Ar–H), 3.04–2.84 (m, 32H, Ar–CH2–), 2.42–2.30 (m, 6H,
–CH2CH(C4H9)(C2H5)), 2.26–2.16 (m, 2H, –CH2CH(C4H9)(C2H5)), 1.87–1.70 (m,
16H, –CH2CH2C6H13), 1.60–1.20 (m, 144H, –CH2–), 1.06–0.82 (m, 72H, –CH3). IR:
ν̃max (cm−1) 3079, 2956, 2922, 2871, 2853, 1731, 1627, 1516, 1484, 1457, 1377, 1351,
1239, 1181, 1122, 824, 813. MALDI-TOF-MS m/z: 2987.58 (33 %), 2988.58 (70), 2989.6
(97), 2990.57 (100), 2991.57 (85), 2992.57 (60), 2993.57 (40), 2994.58 (25), 2995.57 (15).
GPC: 1 peak at 11.9 min.

Pentamer 1H-NMR: δ 7.36 (d, J = 4.6 Hz, 2H, Ar–H), 7.15 (m, 8H, Ar–H),
7.01 (d, J = 5.2 Hz, 2H, Ar–H), 3.04–2.84 (m, 40H, Ar–CH2–), 2.42–2.30 (m, 8H,
–CH2CH(C4H9)(C2H5)), 2.26–2.16 (m, 2H, –CH2CH(C4H9)(C2H5)), 1.87–1.70 (m,
20H, –CH2CH2C6H13), 1.60–1.20 (m, 180H, –CH2–), 1.06–0.82 (m, 90H, –CH3). IR:
ν̃max (cm−1) 3077, 2955, 2922, 2871, 2853, 1516, 1483, 1457, 1377, 1350, 1239, 1180,
1134, 1122, 824, 813. MALDI-TOF-MS: m/z 3735.62 (80 %), 3736.60 (100), 3737.60
(98), 3738.49 (90), 3739.44 (70). GPC: 1 peak at 11.6 min.
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Chapter 5

Oligomers with double acceptor units and
the origins of band gap reduction in
alternating thiophene – thienopyrazine
oligomers

Abstract In this chapter, experimental and theoretical studies on the optical and
electrochemical properties of small band gap oligo(7,7’-bis(thiophen-2-yl)-5,5’-bis-
thieno[3,4-b]pyrazine)s are presented. The oligomers consist of alternating blocks of
bithiophene units and bisthienopyrazine units, up to a total length of 16 units. The
optical absorptions of the ground state, the triplet excited state, and the correspond-
ing radical cation have been identified and shift to lower energy with increasing
chain length. The optical absorption correlates well with quantum chemical calcula-
tions and the electrochemical band gap. We show that reduction of the band gap with
chain length results from a significant rise of the HOMO level and a moderate reduc-
tion of the LUMO energy. Comparison of the chain length dependence of the tran-
sition energy at maximum absorption (Emax) and of the redox potentials with previ-
ously published data on oligothiophenes and the mixed thiophene–thienopyrazine
oligomers described in chapters 3 and 4 shows that the reduction of Emax is more
easily induced by increasing the number of thienopyrazine units than by extending
the chain, mainly because thienopyrazine is both a better donor and a better acceptor
than thiophene. Strong interactions between neighboring thienopyrazine units, with
some possible admixing of quinoid character, are the main cause of the small band
gap in these oligomers.

This work has been published: Karsten, B. P.; Viani, L.; Cornil, J.; Gierschner, J.;
Janssen, R. A. J. J. Phys. Chem. A 2009, 113, 10343–10350.
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5.1 Introduction

As described in chapter 1, two different strategies exist toward designing and syn-
thesizing small band gap polymers.1–4 The first approach relies on creating poly-
mers based on a single monomer unit that, after polymerization, endows the chain
with an electronic structure where aromatic (A) and quinoid (Q) resonance struc-
tures are close in energy and bond length alternation is decreased or inverted. Clas-
sical examples are poly(isothianaphthene) and poly(thienopyrazine).5–10 The second
approach is based on alternating electron-rich (donor) and electron-deficient (accep-
tor) monomer units along the chain that cause partial intramolecular charge transfer
(ICT) and lead to small band gap semiconducting polymers. Presently, the large ma-
jority of small band gap polymers developed for solar cell applications is based on
this donor–acceptor approach. Kertesz et al., however, have pointed out on the basis
of theoretical considerations that alternating donor–acceptor (DA) copolymers might
also be considered as alternating aromatic-quinoid (AQ) copolymers, reflecting that
the A units tend to be aromatic in poly-A and the Q units quinoid in poly-Q.3

Virtually all small band gap polymers reported to date have a single acceptor unit
alternating with more extended donor segments along the chain. In this chapter, we
present the synthesis and optical properties of a new series of oligomers comprising
two electron-rich thiophene (T) units alternating with two electron-deficient thieno-
pyrazine (TP) units. These (T–TP2–T)n oligomers are homologues of the (T–TP–T)n
and T–TPn–T series presented in chapters 3 and 4. Comparison of the optical and
electrochemical signatures of the different series at the experimental and theoretical
levels reveals that for these T–TP oligomers donor–acceptor interactions are not the
principal reason for the small band gap. The experiments and calculations reveal
that the TP unit is both a better donor and a better acceptor than T. Hence, for a fixed
number of repeat units (n + m), the band gap of a TnTPm oligomer decreases when
n decreases in favor of m.

5.2 Results and discussion

5.2.1 Synthesis

(T–TP2–T)n oligomers of different length were synthesized in a one-step procedure
outlined in scheme 5.1 and subsequently separated using recycling GPC. The synthe-
sis of the T–TP2–T monomer (1) has been described in chapter 3. Partial bromination
using NBS yielded a mixture of monobrominated and dibrominated compounds (2
and 3). This mixture was then subjected to a nickel(0)-mediated Yamamoto oligomer-
ization11 in which 2 acts as a chain stopper to provide a mixture of shorter oligomers
(4) of various lengths. After a first separation of this mixture by Soxhlet extraction,
we used recycling GPC to obtain the oligomers in pure form. Recycling GPC is a
preparative scale GPC technique, in which the eluted products are fed back into
the column, thereby virtually creating a GPC column of very long length, without
having the problem of a very high pressure drop. The consecutive oligomers were
collected during the repetitive cycles by temporarily switching the recycle valve to
the collect position. This technique provides monodisperse, pure oligomers (n = 1–4)
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as evidenced from MALDI-TOF mass spectrometry, NMR, and FT-IR. The longest
oligomer that was isolated in pure form (n = 4) has 16 units along the chain.
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Scheme 5.1: Synthesis of the oligomers of 2,2’,3,3’-tetrakis(2-ethylhexyl)-7,7’-bis(3-
octylthiophen-2-yl)-5,5’-bisthieno[3,4-b]pyrazine

5.2.2 Optical and electrochemical properties of the neutral oli-
gomers

The π → π∗ optical absorption of the (T–TP2–T)n oligomers shifts to longer wave-
lengths when n increases from 1 to 4 (figure 5.1a). Already for n = 1 the onset of
absorption (λonset) is outside the visible region of the spectrum. The energies of max-
imum absorption (Emax) and the onsets (Eopt

g ) in solution are collected in table 5.1.

Table 5.1: UV/vis/NIR absorption data in toluene and onset of redox potentials (Eox and Ered,
vs. Fc/Fc+) in ODCB for the oligomers.a

neutral oligomers radical cations

n λmax Emax λonset Eopt
g Eox Ered ECV

g ECV
g − Eopt

g Tn←T1 D2←D0 D1←D0
(nm) (eV) (nm) (eV) (V) (V) (eV) (eV) (eV) (eV) (eV)

1 629 1.97 756 1.64 –0.08 –1.78 1.70 0.06 1.58 0.96
2 736 1.68 882 1.41 –0.26 –1.69 1.43 0.02 1.22 0.93 0.52
3 775 1.60 948 1.31 –0.35 –1.68 1.33 0.02 1.18 0.83 0.48
4 792 1.57 975 1.27 –0.39 –1.67 1.28 0.01 0.01 0.83 0.46
a Tn←T1 absorption in toluene. D2←D0 and D1←D0 absorptions of the radical cations in benzonitrile.

The optical band gap (Eopt
g ) of the (T–TP2–T)n oligomers is plotted versus 1/n

in figure 5.2a. To describe the dispersion of the optical band gap with chain length
we have used an empirical relation that accounts for the leveling off of the curve at
longer chain lengths:12

E (n) = E∞ + (E1 − E∞) exp [−a (n− 1)] (5.1)

In this relation, E1 and E∞ are the excitation energies for the monomer and the (in-
finitely long) polymer, n is the number of repeat units, and a is a parameter that
describes how fast E (n) saturates to E∞. Fitting the optical band gaps Eopt

g of the
oligomers to equation 5.1 yields E∞ = 1.24 eV, E1 = 1.64 eV, and a = 0.85. From the
value of a, it follows that 99 % of the band gap reduction will be completed at about
six repeat units, similar to the conversion of the (T–TP–T)n series of oligomers.
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Figure 5.1: (a) UV/vis/NIR absorption spectra of the (T–TP2-T)n oligomers in toluene, given
in molar extinction coefficients per repeating unit. (b) Cyclic voltammograms of the oligomers
in ODCB.
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Figure 5.2: (a) Chain length dependence of the energies for the optical and electrochemical
band gap, the triplet Tn←T1 absorption, and the radical cation absorptions (D1←D0 and
D2←D0) vs. reciprocal chain length (1/n) for the (T–TP2–T)n oligomers. (b) Onsets of oxi-
dation and reduction vs. 1/n. Fits of the data are to equation 5.1 for the band gaps and the
radical cation absorption; other data are fitted to a linear relation with 1/n.
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The cyclic voltammograms recorded for each of the four (T–TP2-T)n oligomers
dissolved in ODCB (figure 5.1b) reveal one or more quasi reversible oxidation and
reduction waves. Oxidation of the oligomers occurs at rather low potentials, even
below 0 V vs. Fc/Fc+. From the relative intensities of the oxidation and reduction
waves in the voltammogram, it can be seen that, for the longer oligomers (n > 1),
the first reduction wave corresponds to a multi electronic process. The same holds
for the first oxidation wave when n > 2.

The potentials at the onsets of the redox waves (Eox and Ered) have been used to
estimate the electrochemical band gap (ECV

g = Eox − Ered) (table 5.1). These onsets
were determined as the crossing of the tangents to the baseline and the redox wave
in its inflection point. The electrochemical band gap, ECV

g , is slightly larger than the

optical band gap, Eopt
g , but decreases in a similar fashion with chain length. Apart

from experimental uncertainties, the difference between Eopt
g and ECV

g reflects the
fact that free ions are created and solvated in the electrochemical experiment rather
than a neutral exciton under optical excitation. Eopt

g and ECV
g increase almost linearly

with the reciprocal chain length (1/n) (figure 5.2a). Figure 5.2b shows that the oxida-
tion and reduction potentials change almost linearly with 1/n in the range studied.
This figure shows furthermore, that the decrease in the electrochemical band gap is
mainly (for ∼75 %) due to a lowering of the oxidation potential, because the change
of reduction potentials with chain length is much less pronounced. The same has
been observed for the (T–TP–T)n oligomers that contain only one TP unit per two T
units (see chapter 4). Compared to (T–TP–T)n, the (T–TP2–T)n series has a lower oxi-
dation and lower reduction potential. This is maybe somewhat unexpected because
lowering of the oxidation potential, with increasing number of TP acceptor units, im-
plies that they also have significant donor characteristics; this is actually supported
by the delocalized character of the HOMO level suggested by the calculations (see
section 5.2.5). On the other hand, the interaction between the acceptor parts of the
molecule is less pronounced due to their localized character.

5.2.3 Triplet states of the neutral oligomers

Direct excitation of the (T–TP2–T)n oligomers in toluene did not produce any de-
tectable amount of the corresponding triplet states using near steady-state photoin-
duced absorption (PIA). The triplet states for n > 1, however, could readily be
populated and studied using a fullerene derivative ([6,6]-phenyl-C61-butyric acid
methyl ester, PCBM) as triplet sensitizer.13 PCBM has a very high quantum yield for
triplet formation after absorbing a photon. In a toluene solution the triplet excited
PCBM can transfer its energy to the (T–TP2–T)n oligomer, producing the correspond-
ing triplet state. The PIA spectra recorded for mixtures of the oligomer (0.1 mM) and
PCBM (0.4 mM) in toluene with excitation at 351 and 364 nm are shown in figure 5.3a.
Although the signals are rather weak, the Tn←T1 absorption peak clearly shifts to
lower energy with increasing n. For the monomer, the triplet state is not observed
in this experiment. Instead, for n = 1 the PIA spectrum is characteristic for that of
the triplet state of PCBM with a peak at 1.78 and a shoulder at 1.52 eV.14 This signal
can also be observed in the PIA spectra of the other oligomers and overlaps with the
bleaching band of the ground state absorption. The Tn←T1 absorption maximum
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for the three longer oligomers (n = 2–4) is plotted versus 1/n in figure 5.2a. Because
the data is limited to only three points, only a linear fit has been made, which sug-
gests that the Tn←T1 absorption for the polymer would be located around 1.05 eV.
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Figure 5.3: PIA spectra of the mixtures of the (T–TP2–T)n oligomers (0.1 mM) and PCBM
(0.4 mM) dissolved in toluene (a) and benzonitrile (b), recorded at room temperature with
excitation at 351 and 364 nm. The vertical dotted line in panel b indicates the position of the
PCBM radical anion.

5.2.4 Radical cations of the oligomers

When using PCBM as a triplet sensitizer in PIA experiments, the polarity of the sol-
vent is an important parameter for the outcome of the reaction. As shown in sec-
tion 5.2.3, in an apolar solvent like toluene (εr = 2.4) the T1 state of PCBM can
transfer its triplet excitation energy to the oligomer. However, as PCBM is also an
electron acceptor in the triplet state, the same experiment can also result in an elec-
tron transfer reaction between PCBM and the oligomer, producing the radical cation
of the latter and the PCBM radical anion. Electron transfer is favored in more polar
solvents (e.g. in benzonitrile, εr = 25.9), because the solvent may stabilize the charge-
separated state solvation and screening of the ions. The discrimination between the
two processes can be described by the Weller equation in terms of the free energy for
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charge separation (∆GCS):15

∆GCS = e
(
Eox(D)− Ered(A)

)
− E00 −

e2

4πε0εsRcc
− e2

8πε0

(
1

r+ +
1

r−

)(
1

εre f
− 1

εs

)
(5.2)

In this equation Eox(D) and Ered(A) represent the redox potentials of the donor (oli-
gomer) and acceptor (PCBM, Ered(A) = –1.08 V vs. Fc/Fc+),16 E00 is the energy of the
photoexcited state (1.50 eV for the triplet level of fullerene derivatives like PCBM),17

and Rcc is the center-to-center distance of the positive and negative charges (set to
infinity for intermolecular charge transfer), r+ and r− are the radii of the positive
and negative ions, and εre f and εs are the relative permittivities of the reference sol-
vent (used to measure oxidation and reduction potentials) and the solvent in which
is measured. r− is calculated in literature to be 5.6 Å for C60, based on the density of
C60.17 r+ can be estimated using a similar approach, using a density of 1.5 g/cm3,
the value for unsubstituted terthiophene.18 This calculation for the different oligo-
mers yields the values given in table 5.2. On the basis of these data, we expect triplet
absorptions in toluene, as observed (figure 5.3a), but photoinduced electron transfer
in benzonitrile (figure 5.3b).

Table 5.2: Free energies for charge separation based on equation 5.2

∆GCS (eV)

n E0
ox (ODCB) (V vs. Fc/Fc+) r+ (Å) toluene benzonitrile

1 0 4.86 0.47 –0.59
2 –0.18 6.13 0.19 –0.75
3 –0.25 7.01 0.07 –0.81
4 –0.28 7.72 0.01 –0.83

The PIA spectra of (T–TP2–T)n–PCBM mixtures dissolved in benzonitrile (fig-
ure 5.3b) show two absorption peaks due the radical cation of the oligomer and a
bleaching band at of the neutral compound at higher energy. In each of the spectra
a weak band at 1.20 eV signifies the presence of the PCBM radical anion.13 The two
absorption bands of the doublet-state radical cations correspond to dipole-allowed
D1←D0 and D2←D0 transitions and result from electron excitations from HOMO
→ SOMO (singly occupied molecular orbital) and SOMO→LUMO. The transition
energies of these bands (table 5.1, figure 5.2a) have been fitted to equation 5.1 to give
E∞ = 0.82 eV, E1 = 1.58 eV, and a = 1.97 for the D2←D0 band and E∞ = 0.47 eV, E1 =
0.96 eV, and a = 2.18 for the D1←D0 band. The high values for a indicate a much
faster saturation of the transition energies for the radical cation than for the absorp-
tion bands of the neutral molecule. Hence, the optical transitions are likely to be
more localized in the radical cation than in the neutral molecule.

5.2.5 Chain length dependence in related systems

To obtain more insight into the effects that determine the band gap in thiophene-
thieno[3,4-b]pyrazine-based donor–acceptor systems, the chain length dependence
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of the maximum of absorption, Emax, and the redox potentials of the (T–TP2-T)n se-
ries can be compared with data for related systems: Tn,19, 20 the (T–TP–T)n series
(chapter 4), T-TP3-T (chapter 3), poly-Tn, and poly-TPn.10 To be able to compare
these different systems, we use the total number of rings N in the main chain as the
common parameter. Figure 5.4 shows Emax, Eox, and Ered versus 1/N, as well as the
calculated vertical transition energies Evert and the calculated HOMO and LUMO
levels for the different series (table 5.3).∗ There is a fairly good agreement between
the experimental Emax and calculated optical transitions Evert, especially for the evo-
lution with chain length N. Differences in the absolute positions might arise from
the thermal population of torsion modes, which are neglected in the calculations,21

and from the neglect of solvent effects. The large HOMO–LUMO gaps provided by
the INDO method are due to a conjunction between the inherent parametrization of
ZINDO, the assumption of Koopmans’ theorem in the calculations, and the neglect
of solvent effects. In any case, the evolution of the energies of the occupied or unoc-
cupied levels among the different series is reliable with this theoretical approach.

Table 5.3: Calculated vertical transition energies (Evert) and HOMO and LUMO energies vs.
vacuum for Tn, (T–TP–T)n, (T–TP2–T)n, and (T–TP3–T)n.

Tn (T–TP–T)n (T–TP2–T)n (T–TP3–T)n

n Evert HOMO LUMO Evert HOMO LUMO Evert HOMO LUMO Evert HOMO LUMO
(eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV)

1 2.67 –6.96 –0.57 2.17 –6.49 –0.94 1.84 –6.22 –1.12
2 3.94 –9.29 1.38 2.30 –6.66 –0.75 1.91 –6.30 –1.05 1.68 –6.09 –1.18
3 3.35 –8.19 0.33 2.11 –6.56 –0.82 1.82 –6.23 –1.09 1.61 –6.05 –1.20
4 3.04 –7.77 –0.09 2.04 –6.51 –0.85 1.76 –6.20 –1.10
5 2.87 –7.56 –0.31 2.01 –6.49 –0.87
6 2.75 –7.44 –0.44
9 2.58 –7.37 –0.52
12 2.51 –7.27 –0.64
14 2.48 –7.22 –0.71
23 2.43 –7.19 –0.74

From figure 5.4 it is clear that the curvature of Emax (and its calculated equiv-
alent Evert) with 1/N is virtually identical for simple oligothiophenes (Tn) and for
alternating (T–TP–T)n and (T–TP2–T)n donor–acceptor systems. On the other hand,
when comparing the T–TPn–T monomers (n = 0–3) in the graphs (dashed line) it is
evident that increasing the amount of thienopyrazine in the acceptor blocks causes
a very strong reduction of Emax. The influence of adding one extra thienopyrazine
unit to the repeat unit is almost as large as the total reduction in Emax upon going
from one repeat unit to the polymer. This is further illustrated in figure 5.5, which
shows Emax and Eopt

g for the polymers as a function of the fraction of TP units in the
chain. The proportionality is much stronger than a simple linear relation such that
already a fraction of ∼20 % thienopyrazine units is responsible for half the band gap
reduction.

If the band gap reduction with increasing acceptor block size would be purely

∗The calculations were performed by L. Viani at the university of Mons–Hainaut.
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Figure 5.4: Experimental and calculated optical and electrochemical data for Tn, (T–TP–T)n,
(T–TP2–T)n, (T–TP3–T)n, and TPn versus the inverse number of aromatic units. (a) Experimen-
tal Emax. (b) Calculated Evert. (c) Experimental Eox (solid markers) and Ered (open markers).
(d) Calculated HOMO (solid markers) and LUMO (open markers) levels. Experimental data
for Tn are from refs 19 and 20, for (T–TP–T)n from chapter 4, for T–TP3–T from chapter 3,
and for TPn from ref 10. Lines in graphs a and b are according to equation 5.1, and those in
graphs c and d assume a linear relation. The redox potentials are given as the onset of oxida-
tion or reduction, except for the Tn series, where E0 was taken for the oxidation potential and
the reduction potential was estimated by subtracting Emax from this value.
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Figure 5.5: Experimental (Tn and TPn) and extrapolated (T–TPx–T)n values of Emax and Eopt
g

for the polymers (n = ∞) versus the TP fraction in the chain. The value of (T–TP3–T)∞ was
estimated from the five-ring oligomer by extrapolating to n = ∞, using the chain length de-
pendence found for (T–TP2–T)n in figure 5.4a.

based on donor–acceptor effects, localization of both HOMO and LUMO on the
respective donor and acceptor units will inevitably lead to smaller orbital coeffi-
cients on the atoms connecting the different units when the donor or acceptor blocks
become larger. This effect would lead to a reduction of the chain length depen-
dence and significantly reduce the slope of the curves of the HOMO–LUMO gap and
Emax, when the thienopyrazine segment size increases. The absence of clear donor–
acceptor character in these thienopyrazine oligomers originates from the fact that,
according to the calculations, the thienopyrazine units are both a better electron ac-
ceptor and a better electron donor than thiophenes. This contrasts other more classi-
cal acceptor systems, like thiophene-S,S-dioxide, where mainly the LUMO levels are
influenced by changing the acceptor content and donor character is absent.22, 23 The
donor character of thienopyrazine increases the delocalization of the HOMO and in-
creases the chain length dependence of the band gap and Emax.2 In fact, the delocal-
ization of the HOMO level in T–TP systems is helpful because otherwise there would
be, within a one-electron picture, no transition dipole moment between HOMO(D)
and LUMO(A), and hence no significant absorption at low energy.

Figure 5.4c,d shows that for a fixed number of repeat units (N = n + m), the
oxidation potential of a Tn-TPm oligomer decreases when n decreases in favor of m.
The lowering of the oxidation potential with increasing number of TP units implies
that the T–TP systems are per se not ”real” DA systems. For a DA system the HOMO
of D should be well above that of A. We have calculated the frontier orbital levels
of the T and TP monomers and of the T–T, T–TP, and TP–TP dimers (figure 5.6). It
can be seen that while the concept works for the LUMO, it completely fails for the
HOMO, due to the fact that the HOMO of T is lower than that of TP. Hence, T–TP
has a lower HOMO than TP–TP and it is not a real DA pair. Hence, TP is a better
donor and acceptor than T, and by admixing TP in the polymer, the lowest band gap
is found for pure poly-TP and not for a mixed Tn–TPm compound.

To explain the smaller band gap with increasing TP fraction, admixing of quinoid
character into the ground state can be considered.3 By adding more thienopyra-
zine units, the quinoid character may increase and the band gap would decrease to
ultimately reach the value for poly(thieno[3,4-b]pyrazine). We note that the band
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Figure 5.6: Calculated HOMO and LUMO levels of the monomers (T, TP) and dimers (T–T,
T–TP, TP–TP).

gap for poly(thieno[3,4-b]pyrazine) is smaller than for any of the mixed thiophene–
thienopyrazine systems and that poly(thieno[3,4-b]pyrazine) and related com-
pounds like poly(isothianaphthene) are known to possess a quinoid ground
state.24–27

To investigate the possibility of quinoid character in the oligomers upon adding
thienopyrazine units to the acceptor block, we compared the calculated bond length
alternation (BLA) in T–TP3–T with the BLA calculated for quinquethiophene (5T).
The data are depicted in figure 5.7. From this graph, it can be seen that the bond
length alternation inside the rings is around the value for 5T. The BLA in the connect-
ing bonds in T–TP3–T, however, is about half the value of 5T. If a quinoid resonance
form would be the reason for the band gap reduction in these systems, both inter-
ring bond length alternation and the alternation within the rings would be reduced,
which is clearly not the case here. Hence, although the inter-ring bonds do indicate
some admixing of quinoid character to T–TP3–T, the bond length alternation is not
necessarily quinoid. The strong reduction of the inter-ring bond lengths indicates
a stronger interaction and bonding between the thienopyrazine moieties than be-
tween the thiophene rings. All together, the theoretical results demonstrate that the
introduction of extra thienopyrazine rings does not induce significant geometric dis-
tortions, thus suggesting that the acceptor segments are too short to accommodate
a fully developed quinoid structure. This is further supported by the fact that the
lowest optical transition of a model oligothiophene segment, where the BLA pattern
characteristic of the (T–TP2–T)n polymer was imposed, is only reduced by 0.06 eV
compared to a regular oligothiophene.

The result that the interaction between neighboring thienopyrazine rings is more
important than simple donor–acceptor effects is also supported by the electrochem-
istry data, depicted in figure 5.4c, and the calculated HOMO and LUMO levels for
the different series, depicted in figure 5.4d. From these graphs it is clear that, for
all series investigated (no, one, two, or three thienopyrazine units used as acceptor
block), the chain length dependence is almost the same, the reduction of the band
gap largely being caused by a rise of the HOMO level (reflected in a lowering of the
oxidation potential) and to a lesser extent by a lowering of the LUMO level (lower
reduction potential). The similar evolution and reduction of the oxidation potential
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Figure 5.7: Calculated bond length alternation for T–TP3–T and 5T. The even bond pair num-
bers describe the bond length difference between the single bond that connects two thiophene
rings with a double bond. The odd bond pair numbers describe the bond length difference
between a single and double bond in a ring.

in all series point to a delocalization of the HOMO over the entire molecule, also in
the systems with high acceptor content, as supported by the theoretical calculations.
This leads again to the conclusion that the donor character of the thienopyrazine
moiety is important. At the same time, increasing the amount of thienopyrazine
units in the repeating unit leads to an almost equal change in the oxidation and re-
duction potentials, meaning that the lowering of the LUMO level is accompanied by
a concomitant rise of the HOMO level. This is contradictory to expectations based
on a simple donor–acceptor approach, where the HOMO is located mainly on the
donor part of the molecule and increasing the number of thienopyrazines would
mainly affect the LUMO, leaving the HOMO unaltered.

5.3 Conclusions

A homologous series of well-defined, small band gap (T–TP2–T)n oligomers con-
taining alternating blocks of two thiophene and two double thienopyrazine units
has been prepared. The optical and electrochemical band gaps decrease with in-
creasing chain length, leading to an extrapolated value of ∼1.25 eV for the polymer.
The absorption spectra of the triplet state and radical cations of these oligomers have
been investigated by photoinduced absorption spectroscopy using triplet sensitiza-
tion and electron transfer, employing excitation of a fullerene derivative (PCBM) in
toluene and benzonitrile, respectively. The Tn←T1 absorptions shift to lower en-
ergy when going from dimer to tetramer, thereby showing the same trend as the
S1← S0 absorption. In the more polar benzonitrile, electron transfer rather than en-
ergy transfer takes place, yielding the radical cation of the oligomers, as expected on
the basis of calculations. Again, the optical transitions shift to lower energy as the
oligomer length increases.

Comparison of the optical and electrochemical data with Emax and redox poten-
tials of closely related Tn, (T–TP–T)n, and T–TP3–T, as well as the calculated Evert
and frontier orbital levels for the different series, leads to the conclusion that, in
these thiophene–thienopyrazine systems, the reduction of the band gap cannot be
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explained by simple donor–acceptor effects because the conjugation length depen-
dence of Emax and the redox potentials for simple oligothiophenes and systems with
one or two thienopyrazine units per repeating unit are all rather similar when plot-
ted versus 1/N. In these conjugated chains, the thienopyrazine unit is in fact rather
electron-rich (poly-TP has a lower oxidation potential than poly-T) and has a ten-
dency to provide the chain with a small quinoid-like character. The reduction of the
band gap in polymers consisting of alternating thiophene and thienopyrazine blocks
must therefore be attributed to the pronounced donor and acceptor character of thi-
enopyrazine units and the strong interactions between neighboring thienopyrazine
units, possibly with some admixing of quinoid character to the ground state.

5.4 Experimental

General methods NMR spectra were recorded in CDCl3 on a 400 MHz NMR (Var-
ian Mercury, 400 MHz for 1H-NMR and 100 MHz for 13C-NMR), chemical shifts are
reported in ppm downfield from tetramethylsilane (TMS). IR spectra were recorded
on a Perkin Elmer 1600 FT-IR. Matrix-assisted laser desorption ionization time-of-
flight (MALDI-TOF) mass spectrometry was performed on a PerSeptive Biosystems
Voyager–DE PRO spectrometer. UV/vis spectra were recorded on a Perkin Elmer
Lambda 900 UV/vis/NIR spectrometer. Recycling GPC was performed on a LC
system equipped with JAIGEL 2H and JAIGEL 2.5H columns and a UV-detector,
using a preparative flow cell (path length 0.5 mm). The eluent was chloroform at
3.5 mL/min, the injection volume was 2 mL. Cyclic voltammograms were recorded
in an inert atmosphere with 0.1 M tetrabutyl ammonium hexafluorophosphate (TBA-
PF6) in ODCB as supporting electrolyte. The working electrode was a platinum disc
(0.2 cm2) and the counter electrode was a silver electrode. The samples were mea-
sured using an Ag/AgCl reference electrode with Fc/Fc+ as an internal standard
using a µAutolab II with a PGSTAT30 potentiostat at a scan speed of 200 mV/s.
PIA spectra were recorded by exciting with a mechanically modulated cw Ar-ion
laser (λ = 351 and 364 nm, 275 Hz) pump beam and monitoring the resulting change
in transmission of a tungsten-halogen probe light through the sample (∆T) with a
phase-sensitive lock-in amplifier after dispersion by a grating monochromator and
detection, using Si, InGaAs, and cooled InSb detectors. The pump power incident
on the sample was typically 25 mW with a beam diameter of 2 mm. The PIA (∆T/T)
was corrected for the photoluminescence, which was recorded in a separate ex-
periment. Photoinduced absorption spectra and photoluminescence spectra were
recorded with the pump beam in a direction almost parallel to the direction of the
probe beam. The solutions were studied in a 1 mm near-IR grade quartz cell at room
temperature.

Theoretical calculations Quantum-chemical calculations were performed to in-
vestigate the electronic and optical properties of the oligomers at a theoretical level.
The quantum-chemical methods used in this work have been described and moti-
vated in detail in chapter 4. Briefly it entails the following approach and approxi-
mations: (1) the conjugated backbone was imposed to be planar and the long alkyl
side chains were replaced by methyl groups to minimize the computational efforts;
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(2) the ground-state molecular geometries were optimized by the MNDO (Modified
Neglect of Differential Overlap) method, as implemented in the AMPAC package;28

(3) the electronic structure was calculated with the INDO (Intermediate Neglect of
Differential Overlap) method, as parameterized by Zerner and co-workers, and us-
ing the Ohno-Klopman potential.29 (4) the INDO results were coupled to a Single
Configuration Interaction (SCI) scheme including all π → π∗ transitions to calculate
the vertical transition energy (Ecal

ver) between the ground and lowest excited states
(S1← S0).

Materials Solvents were purchased from Biosolve and used without further pu-
rification, unless stated otherwise. THF was distilled over 4Å molsieves before use.
Chemicals were purchased from Acros or Aldrich and used without purification.
PCBM was obtained from Solenne. The synthesis of 2,2’,3,3’-tetrakis(2-ethylhexyl)-
7,7’-bis(3-octylthiophen-2-yl)-5,5’-bithieno[3,4-b]pyrazine (1) was described in chap-
ter 3. Oxygen and moisture-sensitive reactions were performed under an argon at-
mosphere.

Oligo(2,2’,3,3’-tetrakis(2-ethylhexyl)-7,7’-bis(3-octylthiophen-2-yl)-5,5’-
bisthieno[3,4-b]pyrazine) (4, n = 2, 3, 4) Monomer 1 (505 mg, 0.46 mmol) was
dissolved in THF (20 mL). N-bromosuccinimide (89 mg, 0.50 mmol) was added at
0°C, in the absence of light. The mixture was stirred overnight, while warming to
room temperature. Diethyl ether (100 mL) was added and the mixture was washed
with water (3×50 mL) and saturated NaCl (2×50 mL). The organic phase was dried
with MgSO4 and the solvent was evaporated. The resulting monomer mixture
(2 + 3) was brought under an argon atmosphere. Ni(COD)2 (280 mg, 1.02 mmol) and
2,2’-bipyridyl (149 mg, 0.95 mmol) were dissolved in toluene (15 mL) and stirred for
0.5 h at 80°C. The Ni(COD)2/bipyridyl mixture was added to the monomer mixture
and stirred at 80°C for 21 h. A 1:1:1 methanol/acetone/0.1 M HCl mixture (200 mL)
was added and the mixture was stirred for 1 h. The product was extracted with
chloroform (2×100 mL), EDTA (disodium salt) (1.6 g) was added and the mixture
was stirred for 3 h. The mixture was washed with water (3×200 mL), concentrated
and precipitated in methanol (300 mL). The crude product mixture was filtered into
a Soxhlet thimble and fractionated by Soxhlet extraction with methanol, hexane,
and dichloromethane. The hexane and dichloromethane extracts were separated by
recycling GPC, yielding pure oligomers. Yields: monomer: 10 mg, dimer: 80 mg,
trimer: 68 mg, tetramer: 21 mg.

Dimer 1H-NMR: δ 7.38 (s, 2H, Ar–H), 7.19 (s, 2H, Ar–H), 7.04 (s, 2H, Ar–H),
3.10 (m, 8H, –CH2C7H15), 3.00–2.86 (m, 16H, –CH2CH(C4H9)(C2H5)), 2.45–2.20 (m,
8H, –CH2CH(C4H9)(C2H5)), 1.90–1.72 (m, 8H, –CH2CH2C6H13), 1.62–1.18 (m, 104H,
–CH2–), 1.07–0.81 (m, 60H, –CH3). IR: ν̃max (cm−1) 2956, 2923, 2855, 1486, 1440, 1377,
1352, 1239, 1181, 1138, 1121, 826, 802, 725, 701. MALDI-TOF-MS: m/z 2211.11 (60 %),
2212.10 (95), 2213.10 (100), 2214.09 (80), 2215.08 (50), 2216.08 (30), 2217.07 (15).

Trimer 1H-NMR: δ 7.38 (d, J = 5.1 Hz, 2H, Ar–H), 7.19 (s, 4H, Ar–H), 7.04
(d, J = 5.2 Hz, 2H, Ar–H), 3.16–3.05 (m, 12H, –CH2C7H15), 3.02–2.87 (m, 24H,
–CH2CH(C4H9)(C2H5)), 2.45–2.20 (m, 12H, –CH2CH(C4H9)(C2H5)), 1.92–1.72 (m,
12H, –CH2CH2C6H13), 1.60–1.20 (m, 156H, –CH2–), 1.07–0.80 (m, 90H, –CH3). IR:
ν̃max (cm−1) 2956, 2923, 2855, 1485, 1457, 1440, 1377, 1351, 1247, 1181, 1137, 1121,
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825, 802, 724, 699. MALDI-TOF-MS: m/z 3315.56 (35 %), 3316.55 (70), 3317.55 (95),
3318.55 (100), 3319.54 (85), 3320.55 (60), 3321.55 (45), 3322.57 (30).

Tetramer 1H-NMR: δ 7.38 (d, J = 5.0 Hz, 2H, Ar–H), 7.19 (s, 6H, Ar–H), 7.04
(d, J = 4.9 Hz, 2H, Ar–H), 3.17–3.06 (m, 16H, –CH2C7H15), 3.02–2.86 (m, 32H,
–CH2CH(C4H9)(C2H5)), 2.46–2.20 (m, 16H, –CH2CH(C4H9)(C2H5)), 1.92–1.73 (m,
16H, –CH2CH2C6H13), 1.64–1.20 (m, 208H, –CH2–), 1.07–0.80 (m, 120H, –CH3). IR:
ν̃max (cm−1) 2956, 2923, 2854, 1485, 1457, 1440, 1377, 1350, 1250, 1181, 1137, 1121,
1097, 825, 802, 724. MALDI-TOF-MS: m/z 4425.43
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Chapter 6

Charge separation and recombination in
small band gap oligomer – fullerene triads
containing thieno[3,4-b]pyrazine units

Abstract In this chapter, synthesis and photophysics of a series of thiophene–thi-
enopyrazine small band gap oligomers, end-capped at both ends with C60, are pre-
sented. In these triads, a photoinduced electron transfer reaction occurs between the
oligomer as a donor and the fullerene as an acceptor. Femtosecond photoinduced
absorption has been used to determine the rates for charge separation and recombi-
nation. It was found that charge separation takes place within approximately 10 ps,
and is situated close to the Marcus optimal region. Charge recombination is faster in
o-dichlorobenzene (ODCB) (15–45 ps) than in toluene (90–730 ps), because in ODCB
charge recombination takes place close to the optimal region. In toluene, the recom-
bination is situated in the inverted region, with a much higher activation barrier. No
signs of recombination into a triplet state were observed.

This work has been published: Karsten, B. P.; Bouwer, R. K. M.; Hummelen, J. C.;
Williams, R. M.; Janssen, R. A. J. J. Phys. Chem. B 2010, doi: 10.1021/jp906973d.
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6.1 Introduction

Besides polymer properties like band gap and oxidation and reduction potentials,
the kinetics of electron transfer from the polymer to an electron acceptor (most com-
monly a fullerene) are of crucial importance for polymer solar cells. Upon excitation
of the polymer, fast charge separation is required after which the charges should be
transported to the electrodes before recombination occurs. As triplet energy levels
in small band gap polymers are generally low, even below the energy of the charge
separated state, recombination to such a triplet state is likely to be a loss mechanism
in solar cells based on these polymers.1–3

As the electron transfer is a key process in the operation of polymer solar cells, de-
tailed knowledge about electron transfer processes might yield valuable information
for the future design of new donor–acceptor combinations. Many detailed studies
on electron transfer processes in linked donor–fullerene systems have emerged in
the literature during the past decades.4–11 Electron transfer in this type of donor–
acceptor systems usually occurs rapidly, in the Marcus normal region. The electron
transfer is followed by somewhat slower back-electron transfer to the ground state in
the Marcus inverted region. Also, intersystem crossing in the charge separated state
followed by charge recombination into a low-lying triplet state has been observed
frequently.6, 12–18

In chapters 3, 4 and 5, studies on short thiophene–thienopyrazine oligomers and
the factors that influence band gap and electrochemical properties in these systems,
are presented. To investigate electron transfer and charge recombination in small
band gap polymer–fullerene systems in more detail, we attached fullerene units to
a number of these oligomers. The compounds studied are depicted in scheme 6.1.
Fluorescence of the oligomers is quenched in the triads, indicating efficient charge
separation. Photoinduced absorption measurements in the femtosecond to picosec-
ond time range indicate very fast charge transfer on time scales < 10 ps. Charge
recombination in the triads is also fast; recombination occurs within 15–50 ps in o-
dichlorobenzene (ODCB) and within 90–730 ps in toluene. The results can be ratio-
nalized with Marcus–Jortner theory, indicating that charge separation occurs close to
the optimal region, giving very low activation barriers for electron transfer. Charge
recombination takes place close to the normal region in ODCB, and in the inverted
region in toluene. No signs of charge recombination into a triplet state have been
found.

6.2 Results and discussion

6.2.1 Synthesis

Synthesis of the triads is outlined in scheme 6.2. The synthesis of monomers On1 has
been described in previous chapters. The monomers were monobrominated with
NBS and subsequently coupled via a nickel(0)-mediated Yamamoto coupling.19 The
oligomers Onm were then formylated via Vilsmeier-Haack formylation,20 and the C60
units were introduced in a Prato reaction.21 The triads Tnm were further purified by
preparative HPLC to yield the pure compounds. The triads were fully characterized
by 1H-NMR, 13C-NMR, FT-IR, MALDI-TOF-MS, and HPLC.
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Charge separation and recombination in triads containing TP units

6.2.2 Optical properties

Optical absorptions of the oligomers Onm and the triads Tnm are depicted in fig-
ure 6.1. It can be seen from this figure that the absorption of the triads is, in first
approximation, close to an addition of the absorption spectra of the oligomers and
N-methylfulleropyrrolidine (MP-C60.) Small differences in absorption coefficients
and the small red shift upon addition of the C60 units can be explained by the differ-
ent end-groups attached to the oligomer (H in Onm and MP-C60 in Tnm). A summary
of the optical data of the oligomers and the triads is given in table 6.1.
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Figure 6.1: UV/vis/NIR absorption spectra of the unfunctionalized oligomers (a) and of the
triads (b) recorded in toluene.

Table 6.1: Absorption and fluorescence data for the oligomers and triads in toluene.

λmax(nm) Emax (eV) λonset (nm) ES1 (eV) λPL
max (nm)

O11 493 2.52 605 2.05 659
T11 514 2.41 728 1.70
O12 587 2.11 706 1.76 709
T12 601 2.06 732 1.69
O21 629 1.97 756 1.64 772
T21 660 1.88 787 1.58
O22 736 1.68 882 1.41 >850
T22 756 1.64 902 1.37
MP-C60 328, 433 3.78, 2.86 725 1.71 713

MP-C60 and the nonfunctionalized oligomers Onm are weakly fluorescent (fluo-
rescence spectra are shown in figure 6.2). Fluorescence is absent for the Tnm triads
irrespective of exciting either the fullerene or the conjugated oligomer segment. Only
for the shortest triad, T11, the quenching of the C60 emission is not complete (70 %
quenching in toluene and 90 % in ODCB). The strong quenching of both oligomer
and C60 emission in the triads indicates efficient electron transfer in these systems.
In case of energy transfer instead of electron transfer, the fluorescence of only one of
the units (oligomer or C60) would have been quenched, leaving the fluorescence of
the other unit unaffected.
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Figure 6.2: Photoluminescence spectra of the nonfunctionalized oligomers Onm recorded in
toluene.

6.2.3 Photoinduced absorption

In chapters 4 and 5, oligomers Onm were studied by near steady-state photoinduced
absorption (PIA). In these studies, PIA spectra of mixtures of Onm and a fullerene
(MP-C60 or [6,6]-phenyl-C61-butyric acid methyl ester, PCBM) were taken in both
toluene and ODCB or benzonitrile. In toluene, the fullerene acts as a triplet sensitizer
and triplet spectra of the oligomers On2 were obtained. For oligomers On1 only the
(strongly quenched) signal of the fullerene triplet could be observed. The obtained
triplet spectra are shown in figure 6.3. No PIA signal was obtained for the pure
oligomers in either solvent.
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Figure 6.3: PIA spectra of mixtures of O12 with MP-C60 and O22 with PCBM in toluene, show-
ing the triplet absorption bands of the oligomers. The band around 1.8 eV is due to residual
absorption of the fullerene triplet.

In ODCB and benzonitrile, more polar solvents than toluene, electron transfer
from the oligomer to the fullerene takes place rather than triplet energy transfer. In
this way, absorption spectra of the radical cations of the oligomers could be obtained,
except for O11 where, again, only the fullerene triplet signal is observed. PIA spectra
in ODCB and benzonitrile are depicted in figure 6.4.

In contrast to mixtures of oligomers Onm with fullerenes, triads Tnm do not show
any detectable signal in near steady-state PIA, probably because both charge sepa-
ration and charge recombination in these systems take place on a much faster time
scale than near steady-state PIA (in the millisecond to microsecond time range) can
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Figure 6.4: PIA spectra of mixtures of O12 with MP-C60 in ODCB and O22 with PCBM in
benzonitrile, showing the absorption bands of the radical cation oligomers The small band
at 1.21 eV is due to the absorption of the fullerene anion.22 The dashed lines indicate the
detection region in the fs-PIA experiments.

detect. To investigate the charge separation and charge recombination in the triads
in detail, time resolved PIA experiments in the femtosecond to picosecond range
were performed. In these experiments, the triad was excited by a 530 nm laser pulse
of about 200 fs. Absorption spectra in the near infrared region were measured by
a second pulse at short time intervals after excitation. The detection region of 900–
1200 nm is indicated with dashed lines in figure 6.4. As an example, femtosecond-
PIA (fs-PIA) results for O12 and T12 in toluene are depicted in figure 6.5. Data for the
same compounds in ODCB are depicted in figure 6.6. For the other oligomers and
triads, similar graphs were obtained.

As can be seen from these figures, the spectra of the bare oligomer show a broad
absorption band in the near infrared. This band decays on a time scale of several
hundred picoseconds and is attributed to the absorption of the singlet excited state
(Sn← S1). The triad on the other hand shows a sharper absorption band that first in-
creases in intensity and then decays. As can be seen from figure 6.4, this sharp band
can be attributed to the absorption of the fullerene anion,22 and as a consequence,
the intensity of this band is proportional to the amount of charge separated mole-
cules present in solution. In both cases, no long-lived species are detected and no
absorptions arise in the spectra that could be attributed to charge recombination into
a triplet state.

Time constants for the decay of the singlet excited state of the oligomers (without
C60) could be fitted using a bi-exponential function, and the results are summarized
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Figure 6.5: fs-PIA data for O12 (a and b) and T12 (c and d) in toluene. In graphs a and c, the
evolution of the absorption spectra in time is visualized, and in graphs b and d, the PIA signal
at selected wavelengths is displayed as a function of time. The solid lines in graphs b and d
are bi-exponential fits of the data.

in table 6.2. For all oligomers Onm, fitting with mono-exponential decay did not give
a very good fit, although lifetimes in the range of τ1 are obtained. The exact cause for
the second component in the fits is not known but might be related to, e.g., solvation
effects or structural rearrangements of the S1 state.

For T12, the charge separated state absorbs more strongly than the singlet excited
state. The signal shows a rise time of a few picoseconds, followed by a decay, as can
be seen in figure 6.5d for toluene and in figure 6.6d for ODCB. The two traces in these
figures, representing two different wavelengths, were fitted simultaneously, with
bi-exponential functions, using one set of time constants, τCS and τCR, for charge
separation and charge recombination, respectively, but different prefactors for the
exponential functions at the two wavelengths. A summary of fitted time constants
for the different triads is given in table 6.3.

As can be seen from table 6.3, charge separation in these triads is very fast, and
generally occurs within 10 ps after excitation. Furthermore, the differences between
the more polar solvent (ODCB) and the apolar solvent (toluene) are small. For charge
recombination, however, large differences are found between the experiments in dif-
ferent solvents. In this case, the process in ODCB is much faster than that in toluene,
although the charge separated state is thermodynamically more stable in a polar sol-
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Figure 6.6: fs-PIA data for O12 (a and b) and T12 (c and d) in ODCB. In graphs a and c, the
evolution of the absorption spectra in time is visualized, and in graphs b and d, the PIA signal
at selected wavelengths is displayed as a function of time. The solid lines in graphs b and d
are bi-exponential fits of the data.

Table 6.2: Fitted time constants for decay of the singlet excited state of the oligomers Onm
determined by femtosecond PIA.a

toluene ODCB

τ1 (ps) τ2 (ps) τ1 (ps) τ2 (ps)

O11 7100 (1.7× 10−3) 11 (3.9× 10−4) 6700 (1.4× 10−3) 21 (5.2× 10−4)
O12 36 (1.2× 10−2) 133 (4.5× 10−3) 45 (1.4× 10−2) 154 (8.6× 10−3)
O21 435 (3.5× 10−2) 2500 (2.4× 10−3) 410 (3.1× 10−2) 1000b (4.2× 10−3)
O22 156 (4.6× 10−3) 6.1 (7.1× 10−3) 138 (5.2× 10−3) 4.9 (6.4× 10−3)
a Prefactors of bi-exponential fits are given in parentheses. b Fixed during fitting.
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Table 6.3: Time constants for charge separation (τCS) and charge recombination (τCR) obtained
from a bi-exponential fit.

τCS (ps) τCR (ps)

toluene ODCB toluene ODCB

T11 21.5 10.1 727 44.9
T12 6.3 7.1 275 13.5
T21 4.3 6.2 201 15.8
T22 2.7 7.2 91.4 15.1

vent.
The free energy for charge separation (∆GCS) in different solvents can be calcu-

lated with the following equation, based on a continuum model:23

∆GCS = e
(
Eox(D)− Ered(A)

)
− E00 −

e2

4πε0εsRcc
− e2

8πε0

(
1

r+ +
1

r−

)(
1

εre f
− 1

εs

)
(6.1)

In this equation, Eox(D) is the oxidation potential of the oligomer, Ered(A) is the re-
duction potential of MP-C60 (measured to be –1.2 V vs. Fc/Fc+ in ODCB), and E00
is the energy of the initial excited state (the energy of the singlet excited state of the
oligomer). Rcc is the center-to-center distance of the positive and negative charges,
which was determined for the triads using molecular modeling, assuming the posi-
tive charge to be located on the center of the oligomer and the negative charge at the
center of the fullerene moiety. r+ and r− are the radii of the positive and negative
ions formed. r− is calculated in the literature to be 5.6 Å for C60, based on the den-
sity of C60.6 r+ can be estimated using a similar approach, using a density of 1.5, the
value for unsubstituted terthiophene.24 εre f and εs are the permittivities of the refer-
ence solvent (used to measure oxidation and reduction potentials) and the solvent in
which electron transfer is studied. It is well-known that solvents like toluene, with a
low dipole moment and a high quadrupole moment, often show larger stabilization
energies of charge separated states than predicted from their ”bulk” relative per-
mittivity. Because the relative permittivity does not describe the solvent-molecule
interactions in these solvents well, an apparent permittivity can be used, such that
the solvent behaves as a hypothetical solvent of polarity εapp. For toluene, an appar-
ent permittivity of 3.5 was used.25, 26 The energy of the charge separated state (ECSS)
is then equal to the difference of ES1 and ∆GCS. Values calculated for r+, Rcc, ECSS,
and ∆GCS are summarized in table 6.4.

Marcus theory estimates the activation barrier for photoinduced charge separa-
tion based on the free energy for charge separation, ∆GCS, and the reorganization
energy, λ, i.e. the energy needed to deform the excited donor–acceptor system to the
geometry of the charge separated state. Assuming the same, parabolic energy curves
for both the initial excited state and the charge separated state, this leads to:27, 28

∆G‡
CS =

(∆GCS + λ)2

4λ
(6.2)

where λ is the sum of internal (λi) and solvent (λs) contributions. The internal re-
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Table 6.4: Singlet energy level (ES1 ), half-wave oxidation potential (Eox, vs. Fc/Fc+ in ODCB),
and cation radius (r+) of the oligomeric core of the triads, distance between positive and neg-
ative charges (Rcc) in the triads, energy of the charge separated state (ECSS), reorganization
energy (λ), free energy of charge separation (∆GCS), and activation energies for charge sepa-
ration (∆G‡

CS) and recombination (∆G‡
CR) in toluene and ODCB.

ES1 Eox r+ Rcc solvent ECSS λ ∆GCS ∆G‡
CS ∆G‡

CR kCS/V2 kCR/V2

(eV) (V) (Å) (Å) (eV) (eV) (eV) (eV) (eV) (s−1 eV2) (s−1 eV2)

T11 2.05 0.27 4.3 9.6 toluene 1.59 0.53 –0.46 0.003 0.52 1.4× 1016 5.2× 1013

ODCB 1.32 0.76 –0.73 0.0004 0.10 1.3× 1016 2.0× 1015

T12 1.76 –0.01 5.4 15.4 toluene 1.41 0.57 –0.35 0.022 0.31 7.2× 1015 2.9× 1014

ODCB 1.10 0.83 –0.66 0.0086 0.021 9.2× 1015 7.5× 1015

T21 1.64 –0.08 4.9 11.3 toluene 1.27 0.54 –0.37 0.014 0.25 1.0× 1016 6.0× 1014

ODCB 0.99 0.77 –0.65 0.0052 0.016 1.1× 1016 8.6× 1015

T22 1.41 –0.26 6.1 18.3 toluene 1.17 0.57 –0.24 0.049 0.16 1.8× 1015 1.4× 1015

ODCB 0.86 0.83 –0.55 0.024 0.0003 2.0× 1015 1.2× 1016

11.3 toluene 1.04 0.49 –0.37 0.0069 0.15 1.4× 1016 1.9× 1015

ODCB 0.81 0.68 –0.60 0.0023 0.072 1.3× 1016 1.1× 1016

organization energy is set to 0.3 eV in this case, based on the reported value for the
C60/diethylaniline couple.6 The solvent contribution can be calculated using the
Born–Hush approach:29

λs =
e2

4πε0

[
1
2

(
1

r+ +
1

r−

)
− 1

Rcc

] (
1
n2 −

1
εs

)
(6.3)

In this formula, n is the refractive index of the solvent and the other parameters are
the same as defined before. Reaction rates can be calculated using the nonadiabatic
electron transfer theory by Jortner et al.:30, 31

k0 =
√

π

h̄2λskBT
V2

∞

∑
n=0

e−S Sn

n!
exp

(
− (∆G0 + λs + nh̄ω)2

4λskBT

)
(6.4)

In this equation, V describes the electronic coupling between donor and acceptor and
S = λi/h̄ω the effective mode vibrational energy. h̄ω was set to 0.186 eV (1500 cm−1),
a value characteristic for the carbon–carbon double bond stretching frequency. Re-
organization energies, activation barriers, and calculated reaction rates are summa-
rized in table 6.4. For charge recombination, −ECSS was used as the value for ∆GCR.
As V is not known, the rate constants in table 6.4 are given as k/V2.

From the values in table 6.4, a number of conclusions can be drawn. First, charge
separation formally takes place in the Marcus normal region (λ > −∆GCS). This
would lead to faster charge separation in the more polar ODCB compared to tolu-
ene, due to stabilization of the charge separated state. The difference between λ and
∆GCS however, is very small, indicating that charge separation takes place close to
the Marcus optimal region, leading to very small activation barriers. These low acti-
vation barriers are also reflected in the high calculated rate constants and the small
differences therein, which is consistent with experiment. In contrast to charge sep-
aration, charge recombination in toluene takes place in the Marcus inverted regime
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(λ < ECSS), also explaining the slower charge recombination compared to charge
separation. For the longer triads in ODCB, low activation barriers for recombina-
tion are calculated and very fast charge recombination in these systems has been
observed. This leads to the conclusion that charge recombination in these triads, al-
though possibly still in the Marcus inverted region, takes place close to the optimal
region. This is due to the higher polarity of ODCB compared to toluene, leading to
a smaller thermodynamic driving force for recombination. Measurements in more
polar solvents, like benzonitrile, would be interesting here, but they were not per-
formed due to solubility problems. The observed rates of recombination follow the
trend expected based on the calculated rate constants, both in toluene and in ODCB.
Dividing the experimentally determined 1/τ by the calculated k/V2 leads to val-
ues for V of 3.3± 1.5 meV for charge separation and 3.7± 1.4 meV for recombination
for all triads, except for T22, where V = 14.4 and 5.3 meV for charge separation in
toluene and ODCB, respectively. Values for V of a few millielectronvolts are in the
common range for donor–acceptor dyads and triads.7, 26, 32 Because thienopyrazine
has a lower oxidation potential than thiophene, the positive charge in the radical
cations of O22 and T22 might not localize in the center of the oligomer but rather
asymmetrically on one of the two dithienopyrazine units. This will effectively re-
duce Rcc of T22 close to the value of T12. Using Rcc = 11.3 Å, the electronic coupling
V for charge separation is reduced to V = 5.1 meV (toluene) and 3.3 meV (OCDB),
within the range of values observed for the other triads.

In previous chapters, we found that the pure oligomers have low-lying triplet
levels (T1). Triplet levels of O11 and O12 have been estimated to be ∼1.14 eV and
between 0.93 and 1.14 eV, respectively, by quenching experiments. Triplet energies
of O21 and O22 have been estimated to be ≤ 0.93 eV. Because ECSS is higher (except
maybe for T2n in ODCB), charge recombination into the low-lying triplet excited
state might be a possible decay pathway for the charge separated state. Although
for T21 and T22 the triplet absorptions are in the wavelength range studied in our
experiments, no long-lived triplet absorptions are found for triads Tnm. The pro-
cess of populating the T1 state via an intermediate charge separated state has been
extensively studied for donor–acceptor systems. In systems where the distance be-
tween the charges is large (Rcc > 15 Å), and hence the electronic coupling is weak,
intersystem crossing (ISC) in the charge separated state is the commonly observed
mechanism of triplet formation.12–15 In these systems, ISC occurs from the singlet
charge separated state to the nearly degenerate triplet charge separated state, mainly
via hyperfine interaction driven spin dephasing. At ambient temperatures, this pro-
cess typically occurs on the order of 10 ns. For smaller systems, ISC via hyperfine
interactions becomes less obvious, as the splitting energy between the singlet and
triplet charge separated states becomes too large. Still, also for these systems, fast
ISC via the charge separated state has been observed, with time scales on the order
of 1–100 ns.16–18 As the reported time scales for ISC in the charge separated state
are much longer than the lifetime of the charge separated state in Tnm (� 1 ns), ISC
is not likely to occur. This rationalizes the fact that we do not see evidence for the
formation of triplet excited states of the donor part in the triads.
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6.3 Conclusions

Triads consisting of different short thiophene–thienopyrazine oligomers, with opti-
cal band gaps between 2.05 and 1.41 eV, and C60 units have been prepared. It was
found that the optical absorption of the triads was close to a superposition of the
absorption spectra of the bare oligomers and MP-C60. In these triads, fluorescence
of both the oligomer and C60 was quenched, indicating efficient electron transfer in
these systems. To investigate in detail the charge separation and recombination in
the small band gap oligomer–fullerene systems, femtosecond-PIA studies were per-
formed. Charge separation in these systems takes place close to the Marcus optimal
region, resulting in small activation barriers and very fast charge transfer, usually
within 10 ps after excitation. Recombination of the charges occurs in the Marcus in-
verted region in toluene, and again close to the optimal region in ODCB. This leads to
a much faster charge recombination in ODCB (15–45 ps) than in toluene (90–730 ps).
No signs of recombination into a low-lying triplet state were observed, probably be-
cause the lifetime of the charge separated state is too short for intersystem crossing
in the charge separated state.

6.4 Experimental

General methods 1H-NMR and 13C-NMR spectra were recorded on a 400 MHz
NMR (Varian Mercury or Varian 400-MR, 400 MHz for 1H-NMR and 100 MHz for
13C-NMR) or on a 500 MHz NMR (Varian Unity Plus, 500 MHz for 1H-NMR and
125 MHz for 13C-NMR). Spectra were recorded in CDCl3, or in CS2 using a D2O in-
sert for locking and shimming. Chemical shifts are reported in ppm downfield from
tetramethylsilane (TMS). IR spectra were recorded on a Perkin Elmer 1600 FT-IR.
Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spec-
trometry was performed on a PerSeptive Biosystems Voyager–DE PRO spectrom-
eter. Recycling GPC was performed on a LC system equipped with JAIGEL 2H
and JAIGEL 2.5H columns. The eluent was chloroform at 3.5 mL/min and the in-
jection volume was 2 mL. Preparative HPLC was performed using a Cosmosil Buck-
yprep Waters packed column (10×250 mm), using toluene as the eluent at a flow
rate of 10 mL/min. Analytical HPLC analysis was performed on a Hewlett Packard
HP LC-Chemstation 3D (Agilent/HP1100 Series) using an analytical Cosmosil Buck-
yprep column (4.6×250 mm). UV/vis/NIR absorption spectra were recorded using
a PerkinElmer Lambda 900 spectrophotometer. Fluorescence spectra were recorded
on an Edinburgh Instruments FS920 double-monochromator spectrophotometer
with a Peltier-cooled red-sensitive photomultiplier. The emission spectra were cor-
rected for the wavelength dependence of the sensitivity of the detection system.
Cyclic voltammograms were recorded in an inert atmosphere with 0.1 M tetrabutyl
ammonium hexafluorophosphate (TBAPF6) in ODCB as supporting electrolyte. The
working electrode was a platinum disk (0.2 cm2), and the counter electrode was a
silver electrode. The samples were measured using an Ag/AgCl reference electrode
with Fc/Fc+ as an internal standard using a µAutolab II with a PGSTAT30 potentio-
stat. Near steady-state PIA spectra were recorded by exciting with a mechanically
modulated cw Ar-ion laser (λ = 351 and 364 nm, 275 Hz) pump beam and monitor-
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ing the resulting change in transmission of a tungsten-halogen probe light through
the sample (∆T) with a phase-sensitive lock-in amplifier after dispersion by a grat-
ing monochromator and detection, using Si, InGaAs, and cooled InSb detectors. The
pump power incident on the sample was typically 25 mW with a beam diameter
of 2 mm. The PIA (∆T/T) was corrected for the photoluminescence, which was
recorded in a separate experiment. Photoinduced absorption spectra and photolu-
minescence spectra were recorded with the pump beam in a direction almost paral-
lel to the direction of the probe beam. The solutions were studied in a 1 mm near-
IR grade quartz cell at room temperature. Femtosecond photoinduced absorption
experiments were performed with a Spectra-Physics Hurricane titanium:sapphire
regenerative amplifier system. The full spectrum setup was based on an optical
parametric amplifier (Spectra-Physics OPA 800C) as the pump. The residual fun-
damental light, from the pump OPA, was used for white/probe light generation.
The polarization of the pump light was controlled by a Berek Polarization Compen-
sator (New Focus). The Berek polarizer was always included in the setup to pro-
vide the magic-angle conditions. The probe light was double-passed over a delay
line (Physik Instrumente, M–531DD) that provides an experimental time window
of 3.6 ns with a maximal resolution of 0.6 fs/step. The OPA was used to generate
excitation pulses at 530 nm. The laser output was typically 3.5–5 µJ pulse−1 (130 fs
fwhm) with a repetition rate of 1 kHz. The samples were placed into cells of 2 mm
path length (Hellma) and were stirred with a downward projected PTFE shaft, using
a direct drive spectro-stir (SPECTROCELL). For femtosecond transient absorption in
the NIR region, a Control Development NIR-256 L-1.7T1-USB, optical spectrometer
system, InGaAs detector with 512 element arrays responding to wavelengths range
from 900–1700 nm, was used. Detection light was generated with a sapphire plate.
The exact optical layout has been described in literature.33 All photophysical data
reported here have a 5–10 % error limit. All experiments were performed at room
temperature. It has to be noted that T11 and T12 showed some signs of degrada-
tion in UV/vis absorption measurements conducted right before and after the time
resolved PIA experiment. In the case of T11, about 20 % degradation was observed
in toluene and about 8 % in ODCB, as inferred from the decrease of the π → π∗

absorption band. T12 showed about 14 % degradation in toluene and was stable in
ODCB. As the time resolved PIA measurement consisted of four sweeps that were
averaged afterward, the degradation during one sweep is limited to only a few per-
cent; furthermore, comparing the individual sweeps did not show marked changes.
Therefore, we think that effects of degradation on the fitted parameters are very lim-
ited and do not affect the general trends.

Materials Solvents were purchased from Biosolve and used without further pu-
rification. THF was distilled over 4Å molsieves before use. Dichloromethane
was distilled over P2O5 before use. C60, MP-C60 and PCBM were obtained
from Solenne, other chemicals were purchased from Acros or Aldrich and
used without purification. N-bromosuccinimide (NBS) was recrystallized from
water. Synthesis of 2,3-Bis(2’-ethylhexyl)-5,7-bis(3-octylthiophen-2-yl)thieno[3,4-
b]pyrazine (O11) and 2,2’,3,3’-tetrakis(2-ethylhexyl)-7,7’-bis(3-octylthiophen-2-yl)-
5,5’-bithieno[3,4-b]pyrazine (O21) was described in chapter 3. Oxygen and moisture-
sensitive reactions were performed under an argon atmosphere.
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5-(5-Bromo-3-octyl-2-thienyl)-2,3-bis(2-ethylhexyl)-7-(3-octyl-2-thienyl)-thieno-
[3,4-b]pyrazine (1, n = 1) Compound O11 (1.0 g, 1.35 mmol) was dissolved in THF
(50 mL). NBS (0.22 g, 1.24 mmol) was added in small portions at 0°C and the mixture
was stirred overnight, while warming to room temperature. Diethyl ether (150 mL)
was added and the mixture was washed with water (3×50 mL) and saturated
NaCl (2×50 mL). The organic phase was dried with MgSO4 and the solvent was
evaporated. The compound was purified by flash chromatography on silica, using
dichloromethane/heptane as the eluent. Yield: 0.69 g (68 %). 1H-NMR (400 MHz,
CDCl3): δ 7.36 (d, J = 5.0 Hz, 1H, Ar–H), 7.00 (d, J = 5.0 Hz, 1H, Ar–H), 6.94 (s, 1H,
ArBr–H), 2.97–2.87 (m, 4H, Ar–CH2–), 2.87–2.82 (m, 4H, Ar–CH2–), 2.26–2.16 (m,
2H, –CH2CH(C4H9)(C2H5)), 1.77–1.66 (m, 4H, –CH2CH2C6H13), 1.55–1.20 (m, 36H,
–CH2–), 0.99–0.83 (m, 18H, –CH3). 13C-NMR (100 MHz, CDCl3): δ 155.81, 155.65,
140.27, 139.79, 137.66, 137.47, 131.62, 130.26, 129.24, 128.15, 126.36, 123.87, 122.61,
113.53, 39.42, 39.37, 37.58, 37.43, 32.82, 32.73, 31.89, 30.58, 30.40, 30.34, 29.99, 29.79,
29.73, 29.55, 29.52, 29.33, 29.29, 28.91, 28.89, 25.91, 23.13, 22.66, 14.20, 14.14, 14.08,
10.91, 10.87. IR: ν̃max (cm−1) 2956, 2923, 2854, 1523, 1494, 1459, 1427, 1378, 1354,
1271, 1250, 1184, 1136, 1122, 817, 724, 696, 660. MALDI-TOF-MS: m/z 826.25 (80 %),
827.25 (45), 828.25 (100), 829.25 (50), 830.26 (25), 831.27 (10).

7-(5-Bromo-3-octyl-2-thienyl)-2,2’,3,3’-tetrakis(2-ethylhexyl)-7’-(3-octyl-2-thie-
nyl)-5,5’-bithieno[3,4-b]pyrazine (1, n = 2) Compound O21 (1.0 g, 0.91 mmol) was
dissolved in THF (30 mL). NBS (0.15 g, 0.82 mmol) was added in small portions at
0°C and the mixture was stirred overnight, while warming to room temperature. Di-
ethyl ether (100 mL) was added and the mixture was washed with water (3×30 mL)
and saturated NaCl (2×30 mL). The organic phase was dried with MgSO4 and the
solvent was evaporated. The compound was purified by flash chromatography
on silica, using dichloromethane/heptane as the eluent. Yield: 0.52 g (53 %).
1H-NMR (400 MHz, CDCl3): δ 7.37 (d, J = 5.2 Hz, 1H, Ar–H), 7.03 (d, J = 5.2 Hz, 1H,
Ar–H), 6.97 (s, 1H, ArBr–H), 3.10–3.01 (m, 4H, Ar–CH2–), 2.93 (d, J = 6.9 Hz, 4H,
–CH2CH(C4H9)(C2H5)), 2.88 (d, J = 6.7 Hz, 4H, –CH2CH(C4H9)(C2H5)), 2.33–2.19
(m, 4H, –CH2CH(C4H9)(C2H5)), 1.80–1.71 (m, 4H, –CH2CH2C6H13), 1.56–1.18 (m,
52H, –CH2–), 1.00–0.80 (m, 30H, –CH3). 13C-NMR (100 MHz, CDCl3): δ 155.95,
155.87, 155.36, 155.22, 140.33, 139.92, 138.11, 137.91, 137.76, 131.74, 131.13, 129.34,
129.12, 126.46, 126.30, 124.74, 123.31, 122.84, 133.49, 39.59, 39.52, 37.99, 37.89, 37.81,
37.62, 33.03, 32.87, 32.83, 32.78, 32.74, 31.89, 30.58, 30.40, 30.27, 30.01, 29.72, 29.65,
29.32, 29.29, 28.97, 28.93, 25.96, 25.90, 23.19, 23.15, 22.65, 14.21, 14.17, 14.11, 14.06,
10.93, 10.87. IR: ν̃max (cm−1) 2957, 2924, 2856, 1490, 1458, 1378, 1354, 1182, 1137,
828, 802, 725, 697. MALDI-TOF-MS: m/z 1184.6 (70 %), 1185.64(55), 1186.63 (100),
1187.63 (70), 1188.63 (40), 1189.63 (20), 1190.63 (5).

5,5’-(4,4’-Dioctyl[2,2’-bithiophene]-5,5’-diyl)bis[2,3-bis(2-ethylhexyl)-7-(3-oct-
yl-2-thienyl)-thieno[3,4-b]pyrazine] (O12) A solution of Ni(COD)2 (0.45 g,
1.64 mmol) and 2,2’-bipyridyl (0.26 g, 1.64 mmol) in toluene (15 mL) was stirred for
30 min, while heating to 80°C. This solution was added to compound 1 (n = 1)
(0.68 g, 0.82 mmol) and the mixture was stirred at 80°C overnight. The mixture
was precipitated in methanol (150 mL), the suspension was filtered over celite and
the solids were washed with methanol. The product was recovered from the celite
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by redissolution in dichloromethane. The solvent was evaporated and the product
was purified by flash chromatography on silica, using dichloromethane/heptane
as the eluent. Yield: 0.38 g (62 %). 1H-NMR (400 MHz, CDCl3): δ 7.36 (d, J = 4.6 Hz,
2H, Ar–H), 7.14 (s, 2H, Ar–H), 7.01 (d, J = 4.8 Hz, 2H, Ar–H), 2.97 (t, J = 7.5 Hz,
8H, Ar–CH2–), 2.89 (d, J = 7.7 Hz, 4H, –CH2CH(C4H9)(C2H5)), 2.86 (d, J = 7.1 Hz,
4H, –CH2CH(C4H9)(C2H5)), 2.34 (m, 2H, –CH2CH(C4H9)(C2H5)), 2.21 (m, 2H,
–CH2CH(C4H9)(C2H5)), 1.85–1.69 (m, 8H, –CH2CH2C6H13), 1.55–1.20 (m, 72H,
–CH2–), 1.04–0.84 (m, 36H, –CH3). 13C-NMR (100 MHz, CDCl3): δ 155.81, 155.31,
140.88, 140.24, 137.76, 137.69, 129.33, 128.37, 127.79, 126.26, 125.79, 123.80, 123.49,
39.49, 39.36, 37.70, 37.52, 32.83, 31.93, 31.92, 30.84, 30.41, 30.02, 29.87, 29.82, 29.60,
29.57, 29.34, 29.00, 28.94, 25.93, 25.87, 23.16, 22.68, 14.17, 14.10, 10.93, 10.90. IR: ν̃max
(cm−1) 2956, 2922, 2853, 1517, 1487, 1457, 1428, 1377, 1350, 1239, 1182, 1122, 929,
824, 814, 724, 696. MALDI-TOF-MS: m/z 1494.97 (90 %), 1495.97 (100), 1496.97 (80),
1497.97 (50), 1498.97 (25), 1499.97 (10).

7,7”-(4,4’-Dioctyl[2,2’-bithiophene]-5,5’-diyl)bis[2,2’,3,3’-tetrakis(2-ethylhexyl)-
7’-(3-octyl-2-thienyl)-5,5’-bithieno[3,4-b]pyrazine] (O22) A solution of Ni(COD)2
(0.24 g, 0.87 mmol) and 2,2’-bipyridyl (0.14 g, 0.87 mmol) in toluene (7.5 mL) was
stirred for 30 min, while heating to 80°C. This solution was added to compound
1 (n = 2) (0.52 g, 0.43 mmol) and the mixture was stirred at 80°C overnight. The
mixture was precipitated in methanol (75 mL), the suspension was filtered over
celite and the solids were washed with methanol. The product was recovered
from the celite by redissolution in dichloromethane. The solvent was evapo-
rated and the product was purified by flash chromatography on silica, using
dichloromethane/heptane as the eluent. Yield: 0.35 g (73 %). 1H-NMR (400 MHz,
CDCl3): δ 7.37 (d, J = 5.2 Hz, 2H, Ar–H), 7.19 (s, 2H, Ar–H), 7.04 (d, J = 5.2 Hz, 2H,
Ar–H), 3.15–3.05 (m, 8H, Ar–CH2–), 2.99–2.86 (m, 16H, –CH2CH(C4H9)(C2H5)),
2.44–2.20 (m, 8H, –CH2CH(C4H9)(C2H5)), 1.90–1.72 (m, 8H, –CH2CH2C6H13),
1.80–1.20 (m, 104H, –CH2–), 1.06–0.81 (m, 60H, –CH3). 13C-NMR (100 MHz, CDCl3):
δ 155.87, 155.45, 155.33, 155.06, 141.02, 140.24, 138.10, 137.96, 137.82, 129.36, 129.21,
128.82, 126.19, 125.98, 125.92, 123.18, 122.84, 39.62, 39.54, 39.37, 38.04, 37.95, 37.84,
37.61, 33.06, 32.88, 31.95, 31.90, 30.95, 30.42, 30.30, 29.97, 29.84, 29.78, 29.73, 29.66,
29.36, 29.34, 28.99, 26.01, 25.96, 25.90, 25.85, 25.80, 23.19, 23.16, 22.66, 14.18, 14.13,
14.06, 10.90. IR: ν̃max (cm−1) 2956, 2923, 2855, 1513, 1485, 1457, 1440, 1378, 1351, 1239,
1180, 1138, 1121, 824, 804, 724, 708. MALDI-TOF-MS: m/z 2211.45 (60 %), 2212.45
(100), 2213.45 (100), 2214.44 (75), 2215.44 (50), 2216.43 (25), 2217.42 (15).

5,5’-[2,3-Bis(2-ethylhexyl)thieno[3,4-b]pyrazine-5,7-diyl]bis[4-octyl-2-thio-
phenecarboxaldehyde] (2, n = 1, m = 1) O11 (315 mg, 0.42 mmol), DMF (130 µL,
1.7 mmol) and POCl3 (160 µL, 1.7 mmol) were dissolved in dry dichloromethane
(2 mL). The mixture was stirred at 40°C for 48 h. 1 M NaOH (5 mL) was added, the
mixture was stirred vigorously and the phases were separated. Te aqueous phase
was extracted with dichloromethane. The combined organic phases were dried with
MgSO4 and the solvent was evaporated. The crude product was purified by flash
chromatography on silica, using dichloromethane/heptane as the eluent. Yield:
227 mg (67 %). 1H-NMR (400 MHz, CDCl3): δ 9.92 (s, 2H, –COH), 7.66 (s, 2H, Ar–H),
3.02 (t, J = 7.9 Hz, 4H, Ar–CH2–), 2.92 (d, J = 6.8 Hz, 4H, –CH2CH(C4H9)(C2H5)), 2.24
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(m, 2H, –CH2CH(C4H9)(C2H5)), 1.80 (m, 4H, –CH2CH2C6H13), 1.53–1.24 (m, 36H,
–CH2–), 0.96 (t, J = 7.4 Hz, 6H, –CH3), 0.91–0.85 (m, 12H, –CH3). 13C-NMR (100 MHz,
CDCl3): δ 182.75, 157.32, 142.58, 141.12, 139.06, 138.08, 137.76, 124.76, 39.56, 37.61,
32.79, 31.85, 30.86, 29.77, 29.74, 29.49, 29.26, 28.84, 25.90, 23.09, 22.63, 14.08, 14.05,
10.87. IR: ν̃max (cm−1) 2958, 2924, 2854, 1652, 1528, 1463, 1417, 1243, 1155, 744, 669.
MALDI-TOF-MS: m/z 804.34 (100 %), 805.34 (60), 806.34 (30), 807.35 (10).

5,5’-[(4,4’-Dioctyl[2,2’-bithiophene]-5,5’-diyl)bis[2,3-bis(2-ethylhexyl)thieno-
[3,4-b]pyrazine-7,5-diyl]]bis[4-octyl-2-thiophenecarboxaldehyde] (2, n = 1,
m = 2) O12 (300 mg, 0.20 mmol), DMF (70 µL, 0.9 mmol) and POCl3 (80 µL,
0.9 mmol) were dissolved in dry dichloromethane (1.5 mL). The mixture was stirred
at 40°Cfor 48 h. 1 M NaOH (5 mL) was added, the mixture was stirred vigorously
and the phases were separated. The organic phase was dried with MgSO4 and the
solvent was evaporated. The crude product was purified by flash chromatography
on silica, using dichloromethane/heptane as the eluent. Yield: 280 mg (90 %).
1H-NMR (400 MHz, CDCl3): δ 9.90 (s, 2H, –COH), 7.65 (s, 2H, Ar–H), 7.18 (s,
2H, Ar–H), 3.07–2.96 (m, 8H, Ar–CH2–), 2.95–2.89 (m, 8H, –CH2CH(C4H9)(C2H5)),
2.40–2.32 (m, 2H, –CH2CH(C4H9)(C2H5)), 2.29–2.21 (m, 2H, –CH2CH(C4H9)(C2H5)),
1.86–1.76 (m, 8H, –CH2CH2C6H13), 1.55–1.23 (m, 72H, –CH2–), 1.04–0.80 (m, 36H,
–CH3). 13C-NMR (100 MHz, CDCl3): δ 182.69, 156.97, 155.79, 141.98, 141.62, 141.09,
139.18, 139.07, 138.60, 138.05, 137.75, 127.77, 127.04, 126.11, 121.47, 39.63, 39.27,
37.67, 37.50, 32.80, 31.93, 31.89, 31.11, 30.85, 29.91, 29.85, 29.80, 29.61, 29.55, 29.34,
29.32, 28.98, 28.88, 25.90, 25.80, 23.14, 22.67, 14.15, 14.13, 14.08, 10.93. IR: ν̃max (cm−1)
2957, 2923, 2854, 1655, 1528, 1440, 1421, 1391, 1337, 1243, 1157, 862, 825, 743, 723,
670. MALDI-TOF-MS: m/z 1550.97 (85 %), 1551.97 (100), 1552.97 (80), 1553.97 (45),
1554.96 (25), 1555.96 (10).

5,5’-[2,2’,3,3’-Tetrakis(2-ethylhexyl)[5,5’-bithieno[3,4-b]pyrazine]-7,7’-diyl]bis-
[4-octyl-2-thiophenecarboxaldehyde] (2, n = 2, m = 1) O21 (280 mg, 0.25 mmol),
DMF (80 µL, 1.0 mmol) and POCl3 (100 µL, 1.1 mmol) were dissolved in dry
dichloromethane (2 mL). The mixture was stirred at 40°C for 48 h. 1 M NaOH (5 mL)
was added, the mixture was stirred vigorously and the phases were separated.
Te aqueous phase was extracted with dichloromethane. The combined organic
phases were dried with MgSO4 and the solvent was evaporated. The crude product
was purified by flash chromatography on silica, using dichloromethane/heptane
as the eluent. The product was further purified by recycling GPC. Yield: 202 mg
(68 %). 1H-NMR (400 MHz, CDCl3): δ 9.92 (s, 2H, –COH), 7.68 (s, 2H, Ar–H), 3.14
(t, J = 7.1 Hz, 4H, Ar–CH2–), 2.99 (d, J = 6.5 Hz, 4H, –CH2CH(C4H9)(C2H5)), 2.95 (d,
J = 6.3 Hz, 4H, –CH2CH(C4H9)(C2H5)), 2.28 (m, 4H, –CH2CH(C4H9)(C2H5)), 1.84
(qu, J = 7.2 Hz, 4H, –CH2CH2C6H13), 1.58–1.20 (m, 52H, –CH2–), 1.02–0.93 (m, 12H,
–CH3), 0.92–0.82 (m, 18H, –CH3). 13C-NMR (100 MHz, CDCl3): δ 182.67, 157.15,
156.16, 141.93, 140.63, 139.52, 139.38, 138.64, 137.88, 125.56, 125.32, 39.65, 38.11,
37.76, 33.02, 32.82, 32.78, 31.85, 30.81, 29.73, 29.68, 29.64, 29.27, 28.95, 28.88, 28.86,
25.98, 25.91, 25.87, 23.16, 23.12, 22.63, 14.12, 14.09, 14.04, 10.90, 10.88. IR: ν̃max (cm−1)
2957, 2921, 2854, 1651, 1525, 1458, 1439, 1427, 1402, 1387, 1352, 1336, 1246, 1162, 887,
747, 726, 677, 662. MALDI-TOF-MS: m/z 1162.71 (100 %), 1163.71 (80), 1164.71 (50),
1165.71 (25), 1166.72 (10).
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5,5’-[(4,4’-Dioctyl[2,2’-bithiophene]-5,5’-diyl)bis[2,2’,3,3’-tetrakis(2-ethylhex-
yl)[5,5’-bithieno[3,4-b]pyrazine]-7’,7-diyl]]bis[4-octyl-2-thiophenecarboxalde-
hyde] (2, n = 2, m = 2) O22 (304 mg, 0.14 mmol), DMF (50 µL, 0.6 mmol) and POCl3
(60 µL, 0.7 mmol) were dissolved in dry dichloromethane (1 mL). The mixture was
stirred at 40°C for 48 h. 1 M NaOH (3 mL) was added, the mixture was stirred
vigorously and the phases were separated. The organic phase was dried with
MgSO4 and the solvent was evaporated. The crude product was purified by
flash chromatography on silica, using dichloromethane/heptane as the eluent.
Yield: 257 mg (82 %). 1H-NMR (400 MHz, CDCl3): δ 9.91 (s, 2H, –COH), 7.68 (s,
2H, Ar–H), 7.21 (s, 2H, Ar–H), 3.18–3.10 (m, 8H, Ar–CH2–), 3.02–2.92 (m, 16H,
–CH2CH(C4H9)(C2H5)), 2.45–2.37 (m, 2H, –CH2CH(C4H9)(C2H5)), 2.33–2.24 (m,
6H, –CH2CH(C4H9)(C2H5)), 1.91–1.80 (m, 8H, –CH2CH2C6H13), 1.60–1.20 (m, 104H,
–CH2–), 1.07–0.82 (m, 60H, –CH3). 13C-NMR (100 MHz, CDCl3): δ 182.61, 157.00,
155.95, 155.60, 155.47, 141.70, 141.35, 140.10, 140.05, 139.48, 138.84, 138.34, 138.13,
138.03, 128.89, 128.25, 126.39, 126.09, 123.59, 121.99, 39.68, 39.60, 39.35, 38.13, 37.80,
37.61, 33.06, 32.85, 31.94, 31.87, 31.09, 30.80, 29.87, 29.78, 29.71, 29.67, 29.35, 29.30,
28.98, 28.88, 26.01, 25.93, 25.88, 25.83, 25.77, 23.19, 23.14, 22.66, 14.17, 14.14, 14.11,
14.06, 10.96, 10.89. IR: ν̃max (cm−1) 2956, 2923, 2855, 1655, 1527, 1457, 1414, 1391,
1378, 1332, 1244, 1154, 825, 803, 745, 725, 672. MALDI-TOF-MS: m/z 2267.47 (60 %),
2268.47 (95), 2269.46 (100), 2270.45 (75), 2271.44 (50), 2272.44 (25), 2273.44 (15).

2’,2”’-[[2,3-Bis(2-ethylhexyl)thieno[3,4-b]pyrazine-5,7-diyl]bis(4-octyl-5,2-thio-
phenediyl)]bis[1’,5’-dihydro-1’-methyl-2’H-[5,6]fullereno-C60-Ih-[1,9-c]pyrrole]
(T11) Compound 2 (n = 1, m = 1) (226 mg, 0.28 mmol), C60 (2.0 g, 2.8 mmol), and
N-methylglycine (0.26 g, 3.0 mmol) were dissolved in ODCB (250 mL) and stirred
at 120°C for 5 h. The solvent was evaporated. The excess of C60 was removed
by column chromatography on silica, using CS2 as the eluent. The product was
subsequently eluted with toluene and the solvent was evaporated. The product
was redissolved in ODCB, precipitated in methanol and dried in a vacuum oven.
Yield: 453 mg (67 %). About 7 mg of the product was further purified by preparative
HPLC. 1H-NMR (500 MHz, CS2): δ 7.19 (s, 2H, Ar–H), 5.16 (s, 2H, MP–H), 4.93 (d,
J = 9.4 Hz, 2H, MP–H), 4.23 (d, J = 9.4 Hz, 2H, MP–H), 2.93 (s, 6H, N–CH3), 2.89 (t,
J = 7.2 Hz, 4H, Ar–CH2–), 2.77 (d, J = 6.8 Hz, 4H, –CH2CH(C4H9)(C2H5)), 2.30–2.19
(m, 2H, –CH2CH(C4H9)(C2H5)), 1.65 (m, 4H, –CH2CH2C6H13), 1.50–1.14 (m, 36H,
–CH2–), 0.97–0.80 (m, 18H, –CH3). 13C-NMR (125 MHz, CS2): δ 155.71, 155.67,
154.90, 153.55, 153.07, 152.98, 147.06, 147.04, 146.73, 146.72, 146.16, 146.11, 146.02,
146.00, 145.95, 145.89, 145.84, 145.71, 145.51, 145.42, 145.25, 145.20, 145.12, 145.10,
145.02, 145.00, 144.92, 144.48, 144.45, 144.14, 142.93, 142.90, 142.80, 142.49, 142.40,
142.01, 141.95, 141.89, 141.84, 141.78, 141.71, 141.68, 141.66, 141.45, 141.39, 140.54,
140.03, 139.95, 139.72, 139.54, 138.75, 137.37, 136.77, 136.69, 136.60, 136.54, 135.62,
135.47, 130.35, 129.82, 129.79, 127.37, 123.75, 79.23, 79.15, 77.04, 77.02, 69.91, 69.89,
68.46, 40.24, 40.22, 39.34, 39.21, 37.19, 36.91, 33.31, 33.29, 33.25, 33.23, 32.24, 30.83,
30.81, 30.21, 30.19, 29.95, 29.85, 29.70, 29.37, 29.27, 26.46, 26.42, 26.30, 26.27, 23.77,
23.74, 23.24, 14.74, 14.57, 11.37, 11.36, 11.23, 11.21. IR: ν̃max (cm−1) 2953, 2920, 2850,
2777, 1461, 1260, 1088, 1016, 796, 768. MALDI-TOF-MS: m/z 2298.30 (50 %), 2299.30
(100), 2300.30 (95), 2301.31 (70), 2302.28 (50). HPLC: 1 peak at 5.3 min.
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2’,2”’-[(4,4’-Dioctyl[2,2’-bithiophene]-5,5’-diyl)bis[2,3-bis(2-ethylhexyl)thieno-
[3,4-b]pyrazine-7,5-diyl](4-octyl-5,2-thiophenediyl)]]bis[1’,5’-dihydro-1’-meth-
yl-2’H-[5,6]fullereno-C60-Ih-[1,9-c]pyrrole] (T12) Compound 2 (n = 1, m = 2)
(281 mg, 0.18 mmol), C60 (1.3 g, 1.8 mmol), and N-methylglycine (0.18 g, 2.0 mmol)
were dissolved in ODCB (225 mL) and stirred at 120°C for 5 h. The solvent was
evaporated. The excess of C60 was removed by column chromatography on silica,
using CS2 as the eluent. The product was subsequently eluted with toluene and
the solvent was evaporated. The product was redissolved in ODCB, precipitated in
methanol and dried in a vacuum oven. Yield: 161 mg (29 %). About 15 mg of the
product was further purified by preparative HPLC. 1H-NMR (400 MHz, CS2): δ 7.19
(s, 2H, Ar–H), 6.92 (s, 2H, Ar–H), 5.15 (s, 2H, MP–H), 4.91 (d, J = 9.4 Hz, 2H, MP–H),
4.22 (d, J = 9.4 Hz, 2H, MP–H), 2.92 (s, 6H, N–CH3), 2.92–2.70 (m, 16H, Ar–CH2–),
2.31–2.20 (m, 4H, –CH2CH(C4H9)(C2H5)), 1.76–1.61 (m, 8H, –CH2CH2C6H13),
1.52–1.10 (m, 72H, –CH2–), 0.99–0.77 (m, 36H, –CH3). 13C-NMR (100 MHz, CS2):
δ 155.74, 155.69, 154.90, 154.57, 153.58, 153.11, 153.02, 147.07, 147.05, 146.76, 146.75,
146.19, 146.13, 146.03, 146.01, 145.96, 145.91, 145.85, 145.72, 145.52, 145.43, 145.42,
145.26, 145.21, 145.13, 145.04, 145.01, 144.93, 144.49, 144.47, 144.16, 142.94, 142.91,
142.81, 142.50, 142.41, 142.03, 142.01, 141.96, 141.91, 141.85, 141.79, 141.73, 141.70,
141.68, 141.46, 141.41, 140.44, 140.04, 139.96, 139.73, 139.56, 138.62, 137.83, 137.50,
137.37, 136.78, 136.70, 136.62, 136.56, 135.62, 135.48, 129.97, 129.85, 129.83, 128.00,
125.59, 124.00, 123.36, 79.25, 79.19, 77.07, 69.92, 68.48, 40.25, 40.23, 39.36, 39.24, 39.14,
37.26, 37.21, 36.98, 36.93, 33.31, 33.26, 33.06, 33.03, 32.26, 31.03, 30.86, 30.21, 30.16,
30.10, 29.97, 29.86, 29.72, 29.39, 29.29, 29.20, 26.46, 26.44, 26.29, 26.25, 23.79, 23.76,
23.62, 23.25, 23.23, 14.73, 14.56, 11.38, 11.30, 11.28, 11.24. IR: ν̃max (cm−1) 2952, 2960,
2851, 2780, 1494, 1462, 1376, 1332, 1241, 1216, 1179, 1121, 1107, 1030, 825, 768, 725.
MALDI-TOF-MS: m/z 3045.55 (30 %), 3046.53 (75), 3047.53 (100), 3048.53 (100),
3049.53 (80), 3050.53 (55), 3051.52 (30), 3052.55 (15). HPLC: 1 peak at 4.6 min.

2’,2”’-[[2,2’,3,3’-Tetrakis(2-ethylhexyl)[5,5’-bithieno[3,4-b]pyrazine]-7,7’-di-
yl]bis(4-octyl-5,2-thiophenediyl)]bis[1’,5’-dihydro-1’-methyl-2’H-[5,6]fullere-
no-C60-Ih-[1,9-c]pyrrole] (T21) Compound 2 (n = 2, m = 1) (135 mg, 0.12 mmol),
C60 (0.86 g, 1.2 mmol), and N-methylglycine (0.12 g, 1.4 mmol) were dissolved in
ODCB (150 mL) and stirred at 120°C for 5 h. The solvent was evaporated. The
excess of C60 was removed by column chromatography on silica, using CS2 as the
eluent. The product was subsequently eluted with toluene and the solvent was
evaporated. The product was redissolved in ODCB, precipitated in methanol and
dried in a vacuum oven. Yield: 238 mg (77 %). About 50 mg of the product was
further purified by preparative HPLC. 1H-NMR (400 MHz, CS2): δ 7.19 (s, 2H,
Ar–H), 5.15 (s, 2H, MP–H), 4.91 (d, J = 9.4 Hz, 2H, MP–H), 4.22 (d, J = 9.4 Hz, 2H,
MP–H), 2.98 (t, J = 7.0 Hz, 4H, Ar–CH2–), 2.92 (s, 6H, N–CH3), 2.84 (d, J = 6.8 Hz, 4H,
–CH2CH(C4H9)(C2H5)), 2.79 (d, J = 6.6 Hz, 4H, –CH2CH(C4H9)(C2H5)), 2.31–2.18
(m, 4H, –CH2CH(C4H9)(C2H5)), 1.67 (qu, J = 7.0 Hz, 4H, –CH2CH2C6H13), 1.50–1.10
(m, 52H, –CH2–), 0.97–0.75 (m, 30H, –CH3). 13C-NMR (100 MHz, CS2): δ 155.75,
155.71, 154.95, 154.43, 153.57, 153.59, 153.15, 153.05, 147.06, 147.03, 146.79, 146.22,
146.11, 146.00, 145.95, 145.90, 145.84, 145.71, 145.51, 145.42, 145.40, 145.26, 145.18,
145.13, 145.11, 145.13, 145.02, 144.99, 144.92, 144.46, 144.14, 142.92, 142.89, 142.80,
142.48, 142.39, 142.02, 142.01, 141.95, 141.89, 141.83, 141.79, 141.73, 141.69, 141.67,
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141.45, 141.39, 140.45, 140.03, 139.94,139.71, 139.57, 138.72, 137.73, 137.69, 136.74,
136.67, 136.63, 136.57, 135.60, 135.49, 130.69, 129.88, 126.13, 123.14, 79.18, 77.46,
77.07, 69.90, 68.47, 40.21, 40.18, 39.36, 39.25, 37.70, 37.34, 37.09, 33.24, 33.20, 32.21,
30.74, 30.07, 30.02, 29.64, 29.61, 29.36, 29.28, 29.14, 26.35, 26.31, 23.75, 23.71, 23.68,
23.19, 14.68, 14.53, 14.50, 11.33, 11.22, 11.19, 11.17, 11.14. IR: ν̃max (cm−1) 2952,
2921, 2852, 2779, 1541, 1495, 1462, 1429, 1376, 1331, 1242, 1179, 1122, 1030, 900, 768,
726. MALDI-TOF-MS: m/z 2656.52 (40 %), 2657.51 (85), 2658.51 (100), 2659.51 (85),
2660.50 (60), 2661.51 (40), 2662.46 (20). HPLC: 1 peak at 4.7 min.

2’,2”’-[(4,4’-Dioctyl[2,2’-bithiophene]-5,5’-diyl)bis[[2,2’,3,3’-tetrakis(2-ethylhex-
yl)[5,5’-bithieno[3,4-b]pyrazine]-7,7’-diyl](3-octyl-5,2-thiophenediyl)]]bis[1’,5’-
dihydro-1’-methyl-2’H-[5,6]fullereno-C60-Ih-[1,9-c]pyrrole] (T22) Compound
2 (n = 2, m = 2) (243 mg, 0.11 mmol), C60 (0.98 g, 1.4 mmol), and N-methylglycine
(0.12 g, 1.4 mmol) were dissolved in ODCB (225 mL) and stirred at 120°C for 5 h.
The solvent was evaporated. The excess of C60 was removed by column chromatog-
raphy on silica, using CS2 as the eluent. The product was subsequently eluted
with toluene and the solvent was evaporated. The product was redissolved in
ODCB, precipitated in methanol and dried in a vacuum oven. Yield: 260 mg (64 %).
About 50 mg of the product was further purified by preparative HPLC. 1H-NMR
(400 MHz, CS2): δ 7.21 (s, 2H, Ar–H), 6.97 (s, 2H, Ar–H), 5.16 (s, 2H, MP–H), 4.92 (d,
J = 9.5 Hz, 2H, MP–H), 4.22 (d, J = 9.4 Hz, 2H, MP–H), 3.04–2.95 (m, 8H, Ar–CH2–),
2.93 (s, 6H, N–CH3), 2.90–2.79 (m, 16H, –CH2CH(C4H9)(C2H5)), 2.35–2.18 (m, 8H,
–CH2CH(C4H9)(C2H5)), 1.81–1.65 (m, 8H, –CH2CH2C6H13), 1.56–1.10 (m, 104H,
–CH2–), 1.02–0.75 (m, 60H, –CH3). 13C-NMR (100 MHz, CS2): δ 155.77, 155.73,
154.95, 154.56, 154.48, 154.35, 153.60, 153.18, 153.08, 147.08, 147.05, 146.82, 146.80,
146.24, 146.13, 146.03, 146.01, 145.97, 145.91, 145.85, 145.72, 145.54, 145.44, 145.42,
145.27, 145.21, 145.15, 145.05, 145.02, 145.01, 144.93, 144.49, 144.17, 144.15, 142.93,
142.91, 142.81, 142.50, 142.40, 142.04, 142.02, 141.96, 141.91, 141.85, 141.80, 141.74,
141.71, 141.46, 141.41, 140.59, 140.38, 140.35, 140.04, 139.95, 139.73, 139.60, 138.64,
137.98, 137.81, 137.77, 136.77, 136.69, 136.65, 136.60, 135.61, 135.50, 130.77, 129.89,
129.03, 126.61, 125.86, 125.70, 123.34, 122.73, 79.26, 77.12, 77.10, 69.93, 68.50, 40.25,
40.22, 39.48, 39.40, 39.28, 37.87, 37.75, 37.40, 37.12, 33.32, 33.27, 33.24, 33.20, 33.10,
33.07, 32.26, 31.05, 30.80, 30.11, 30.08, 29.70, 29.66, 29.41, 29.32, 29.25, 29.23, 29.19,
26.36, 26.32, 26.28, 26.23, 23.80, 23.77, 23.74, 23.72, 23.64, 23.24, 23.21, 14.74, 14.58,
14.55, 14.52, 11.38, 11.31, 11.28, 11.26, 11.21, 11.19, 11.18, 11.15. IR: ν̃max (cm−1) 2953,
2921, 2852, 2780, 1541, 1490, 1456, 1376, 1332, 1242, 1179, 1121, 1030, 900, 829, 769,
726. MALDI-TOF-MS: m/z 3762.9 (50 %), 3063.9 (70), 3764.9 (90), 3765.87 (100),
3766.90 (70), 3767.82 (50). HPLC: 1 peak at 4.3 min.
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Chapter 7

Charge separation and (triplet)
recombination in diketopyrrolopyrrole –
fullerene triads

Abstract Synthesis and photophysics of two diketopyrrolopyrrole-based small
band gap oligomers, end-capped at both ends with C60 are presented. Upon
photoexcitation of the oligomer, ultrafast energy transfer to the fullerene occurs
(∼0.5 ps), followed by an electron transfer reaction. Femtosecond photoinduced ab-
sorption has been used to determine the rates for charge separation and recombina-
tion. Charge separation occurs in the Marcus normal region with a time constant of
18–47 ps and recombination occurs in the inverted regime, with a time constant of
37 ps to 1.5 ns. Both processes are faster in o-dichlorobenzene (ODCB) than in tol-
uene. Analysis of the charge transfer rates by Marcus–Jortner theory leads to the
view that the positive charge must be located on the thiophene/bithiophene unit
closest to the fullerene. Approximately 14 % of the charge transfer state was found
to recombine into the low-lying triplet state of the oligomer for the smaller system in
ODCB.

This work has been published: Karsten, B. P.; Bouwer, R. K. M.; Humme-
len, J. C.; Williams, R. M.; Janssen, R. A. J. Photochem. Photobiol. Sci. 2010, doi:
10.1039/c0pp00098a.
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Charge separation and (triplet) recombination in DPP – fullerene triads

7.1 Introduction

One class of compounds that has attracted much interest recently for use as donor
materials in organic photovoltaics, is based on alternating electron-rich thiophene
units and electron-poor diketopyrrolopyrrole (DPP) units. Using polymers1–4 and
short oligomers5–7 containing the DPP unit, device efficiencies approaching 5 % have
been reported. A common feature of these DPP-based materials is their relatively
high oxidation potential, leading to high-energy charge separated states when com-
bined with fullerenes, and to correspondingly high voltages when used in solar cells.

Despite the advantage of having light absorption extending into the near-IR re-
gion of the spectrum, one of the drawbacks of small-band gap systems like the DPP-
based polymers is their generally low triplet energy. If the triplet energy is lower
than the energy of the charge separated state, this leads to the possibility of charge
recombination into the triplet state. This triplet recombination is therefore likely to
be a loss mechanism in solar cells based on small band gap polymers and oligo-
mers.8–10

As electron transfer reactions are key steps in the charge separation and recombi-
nation processes, detailed knowledge about these reactions could be of great help
in designing new donor-acceptor combinations. Many studies of electron trans-
fer processes in linked donor–fullerene systems have been performed in the past
decades.11–18 In general, charge separation occurs rapidly, in the Marcus normal
regime, followed by charge recombination in the Marcus inverted regime. Also
charge recombination into a triplet state has been observed frequently.13, 19–22

In chapter 6 studies on several small band gap oligomer – fullerene triads are
described, using thienopyrazines (TPs) as the electron-deficient unit in the oligomer.
We found, that in these systems very fast charge separation took place close to the
Marcus optimal region. Charge recombination occurred in the Marcus inverted re-
gion. In these systems no recombination into the low-lying triplet state could be
observed, most probably due to the short lifetime of the charge separated state, pre-
venting intersystem crossing in that state. Here, we present a similar series of oli-
gomer – fullerene triads, based on the DPP-core as the electron-deficient unit in the
oligomers. In these systems, charge transfer takes place in a two-step fashion, upon
photoexitation of the oligomer. In the first step, energy transfer to the C60 moiety
takes place, followed by electron transfer in the Marcus normal region. As the energy
of the charge separated state in the DPP-systems is higher than in the TP-systems,
and charge recombination takes place in the Marcus inverted regime, the lifetime of
the charge separated state is long enough to allow relatively slow intersystem cross-
ing followed by much faster charge recombination into the triplet excited state of the
oligomer.

7.2 Results and discussion

7.2.1 Synthesis

Synthesis of the compounds is depicted in scheme 7.1. Oligomers DPP-T1 and DPP-
T2 were synthesized according to (modified) literature procedures.3, 23 Lithiation
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with lithium diisopropylamide (LDA), followed by quenching of the anion by N,N-
dimethylformamide (DMF) gave the corresponding aldehydes. These were reacted
with C60 and N-methylglycine in a Prato reaction,24 yielding triads DPP-T1-C60 and
DPP-T2-C60. Small amounts of the crude triads were purified by preparative HPLC
for the analysis described in this chapter. The compounds were characterized by
1H-NMR, 13C-NMR, FT-IR and MALDI-TOF-MS.
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Scheme 7.1: Synthesis of the compounds under study

7.2.2 Optical and electrochemical properties

UV/vis absorption spectra of the oligomers and triads are given in figure 7.1a. It
can be seen, that the absorption of the triads resembles a superposition of the spectra
of the separate oligomer and N-methylfulleropyrrolidine (MP-C60) units, although
a distinct red-shift in the absorption is observed. The most likely cause for this red-
shift is the fact that the end-groups connected to the oligomer (H in the bare oligomer
and MP-C60 in the triads) differ, thereby slightly influencing the electronic energy
levels of the polymer. No other electronic interactions (e.g. charge-transfer absorp-
tions) can be observed in the absorption spectrum of DPP-T2-C60. Due to the low
solubility of DPP-T1-C60, some scattering occurred in the UV-experiment, reflected
in the low-energy tail of the spectrum. Therefore, no definite conclusions about other
electronic interactions can be drawn from these spectra, although there are no clear
indications for their existence. From the onsets of absorption, the optical band gaps
of the oligomers can be calculated as 2.15 eV for DPP-T1 and 1.88 eV for DPP-T2.
The UV/vis absorption data of the oligomers are summarized in table 7.1.

Cyclic voltammograms of the separate oligomers and MP-C60 are depicted in
figure 7.1b. In both oligomers, one or two reversible oxidations and one reversible
reduction were observed. From the onsets of oxidation and reduction, the electro-
chemical band gaps of the oligomers can be calculated as 2.09 eV for DPP-T1, and
1.81 eV for DPP-T2. These values are in good agreement with the optical band gaps.
The electrochemical data for the oligomers are summarized in table 7.1.
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Figure 7.1: Normalized UV/vis absorption spectra of the oligomers, triads and MP-C60
recorded in ODCB (a) and cyclic voltammograms of the oligomers and MP-C60 recorded in
ODCB (b).

Table 7.1: UV/vis absorption and fluorescence and electrochemical data in ODCB for the
oligomers and MP-C60. Oxidation and reduction potentials are relative to ferrocene.

λonset ES1 λmax λPL
max ΦF

τF Eonset
ox E0

ox Eonset
red E0

red ECV
g

(nm) (eV) (nm) (nm) (ns) (V) (V) (V) (V) (eV)

DPP-T1 576 2.15 555 569 0.62 5.9 0.38 0.46 –1.71 –1.78 2.09
DPP-T2 660 1.88 617 653 > 0.23a 2.5 0.21 0.29 –1.60 –1.69 1.81
MP-C60 726 1.71 433 717 1.3 –1.13 –1.20
a Not the full fluorescence band could be detected. Therefore, a lower limit for the fluorescence quantum
yield is given.

7.2.3 Triplet excited states and cations of the oligomers

The absorptions of the triplet excited states of DPP-T1 and DPP-T2 were investi-
gated by near steady-state photoinduced absorption (PIA) spectroscopy. As direct
excitation of the oligomers did not result in a detectable signal, due to the low quan-
tum yield for intersystem crossing to the triplet state, triplet sensitization with MP-
C60 in toluene solution was employed.25 In these experiments MP-C60 iss excited,
leading to the triplet excited state of MP-C60 with a quantum yield of near unity. The
energy of this triplet state can then be transferred from MP-C60 to the oligomer, pro-
vided that the latter triplet state has a lower energy than the triplet of MP-C60. The
obtained spectra are shown in figure 7.2. Both spectra show a bleaching band at the
absorption wavelength of the oligomer, and a strong absorption at lower energy. The
triplet spectrum of DDP-T1 shows a Tn←T1 absorption at 1.44 eV with two vibronic
progressions to higher energies with spacings of 0.16 (strong) and 0.08 eV (weak). In
DPP-T2 the lowest energy Tn←T1 absorption has red shifted to 1.08 eV, again with
a vibronic peak shifted by 0.16 eV, but the spectrum is dominated by an absorption
at 1.88 eV.

The energies of the triplet states can be estimated by adding quenchers with a
known triplet energy to the oliogomer/MP-C60 mixture. If the triplet energy of the
oligomer is lower than the triplet energy of the quencher, the spectrum is not af-
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Figure 7.2: Near steady-state PIA spectra of mixtures of DPP-T1 or DPP-T2 (0.1 mM) and
MP-C60 (0.4 mM) recorded in toluene, at an excitation wavelength of 351/364 nm. The inset
shows an enlargement of the low-energy part of the spectra.

fected and the triplet state of the oligomer is still visible. If however, the triplet
energy of the quencher is lower than that of the oligomer, the triplet of the oligo-
mer is quenched, and the triplet absorption of the quencher is observed. In case
both absorptions are visible, both triplets have about the same energy. In this way,
the energies of the triplet states of the oligomers can be estimated as being around
1.1 eV for DPP-T1 (partial quenching of the rubrene triplet, at 1.14 eV,26 and visibil-
ity of both DPP-T1 and rubrene triplet signals in the spectrum) and around 0.9 eV
for DPP-T2 (partial quenching of the bis(trihexylsiloxy)silicon-2,3-naphthalocyanine
triplet, at 0.93 eV).27 The triplet energy of MP-C60 is known to be 1.50 eV.13 Triplet en-
ergies and absorption maxima are summarized in table 7.2.

Table 7.2: Triplet Tn←T1 absorption maxima and triplet energies (ET) of the oligomers and
absorption maxima (D1←D0 and D2←D0) of the radical cations (RC) of the oligomers.

Tn←T1 (eV) ET (eV) RC D1←D0 (eV) RC D2←D0 (eV)

DPP-T1 1.44 1.1 1.45 2.03
DPP-T2 1.08 1.88 0.9 1.21 1.45

The absorption spectra of the radical cations, formed upon oxidation of DPP-T1
and DPP-T2 can be investigated by chemical oxidation with thianthrenium hexaflu-
orophosphate.28 In these experiments the oxidant is added to a solution of the oligo-
mer in small aliquots, and the UV/vis spectra are recorded. Spectra obtained in this
way are shown in figure 7.3. In both cases, the original π → π∗ absorption band of
the neutral oligomer disappears and two bands appear at lower energy. These bands
can be attributed to the HOMO→ SOMO (Singly Occupied Molecular Orbital) and
SOMO→LUMO transitions of the newly formed doublet-state radical. The absorp-
tion maxima of the radical cations are summarized in table 7.2.

7.2.4 Photoluminescence of oligomers and triads

Photoluminescence spectra of oligomers DPP-T1 and DPP-T2 dissolved in toluene
are depicted in figure 7.4a. Fluorescence maxima, quantum yields and lifetimes are
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Figure 7.3: Chemical oxidation of oligomers DPP-T1 (a) and DPP-T2 (b) by adding a solu-
tion of thianthrenium hexafluorophosphate. The appearance and disappearance of bands is
indicated with arrows.

summarized in table 7.1. Whereas the bare oligomers are strongly fluorescent, the
fluorescence of the DPP oligomer in the triads is fully quenched due to the very fast
decay of the S1 state of the DPP moiety, either by energy transfer to the C60 units or
by electron transfer from the C60 to the DPP oligomer.
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Figure 7.4: Normalized photoluminescence spectra of the oligomers (a) and quenching of the
fullerene fluorescence in the triads in toluene, recorded with excitation at 433 nm (b).

Some insight into the processes occurring after excitation can be obtained, when
the fluorescence of the C60 units is examined. Quenching of the fluorescence of
MP-C60 in the triads is shown in figure 7.4b. For this graph, MP-C60 and the ol-
igomers were excited at 433 nm, corresponding to the small absorption maximum
in the fullerene spectrum, and the emission spectra of all compounds were recorded
without changing the settings of the spectrometer. The spectra were corrected for the
optical density at the excitation wavelength, and hence the height of the fluorescent
peaks is proportional to the relative quantum yields for fluorescence of the differ-
ent compounds. It is clear from figure 7.4b that in toluene, the fluorescence of the
C60-units is partially quenched (∼55 % for DPP-T1-C60 and ∼75 % for DPP-T2-C60),
indicating some, but incomplete charge transfer in these systems. In ODCB complete
quenching of the C60 fluorescence is observed for DPP-T1-C60 and DPP-T2-C60, in-
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dicating complete charge separation as a result of the higher solvent polarity that
stabilizes the charge separated state.

7.2.5 Charge separation and recombination processes

Near steady-state PIA spectra of the triads DPP-T1-C60 and DPP-T2-C60 are shown
in figure 7.5. For both oligomers, clear signals are observed in both toluene and
ODCB, that can be attributed to the absorption of the triplet excited state of the
DPP-oligomers. As the bare oligomers do not show any detectable amount of triplet
absorptions, the observed triplet states must be formed via another process than di-
rect intersystem crossing from the singlet excited state of the DPP-oligomer. This
process can either be triplet sensitization by the MP-C60 part of the molecules, as
shown previously for mixtures of the oligomers and MP-C60, or recombination of
the charge separated state into the triplet state of the oligomer. The latter is pos-
sible via intersystem crossing (ISC) in the charge separated state, provided that the
lifetime of this state is long enough. The fact that triplet excited oligomers are still
observed in ODCB, with full quenching of the MP-C60 fluorescence, is in correspon-
dence with the latter explanation. The smaller amount of observed triplets, reflected
in the weaker signal, could be explained by the shorter lifetime of the charge sepa-
rated state that is expected in ODCB, compared to toluene. This is due to the obser-
vation in chapter 6, that charge recombination in this kind of systems takes place in
the Marcus inverted regime, leading to a shorter lifetime for the thermodynamically
more stable charge separated state in ODCB.
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Figure 7.5: Near steady-state PIA spectra of DPP-T1-C60 (a) and DPP-T2-C60 (b) recorded in
toluene and ODCB, at an excitation wavelength of 514 nm.

To obtain more insight into the processes occurring after excitation of the triads,
the compounds were investigated by femtosecond photoinduced absorption spec-
troscopy (fs-PIA). fs-PIA spectra of the oligomers in ODCB are shown in figure 7.6.
For both compounds, a negative band consisting of the ground state bleaching and
stimulated emission (SE) peaks (visible as the low-energy shoulder), and positive
bands at lower and higher energy were observed. The latter bands can be attributed
to the Sn← S1 absorptions of the oligomers. In both cases, the bands show a mono-
exponential decay, with a time constant of 3–4 ns, close to the fluorescence lifetimes
of the oligomers determined by time-correlated single photon counting (table 7.1).
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Figure 7.6: fs-PIA spectra of the oligomers DPP-T1 (a) and DPP-T2 (b) in ODCB.

fs-PIA data for the triads in toluene and ODCB are shown in figure 7.7. fs-PIA
spectra of DPP-T1-C60 in toluene could not be recorded, due to the very low solubil-
ity of the triad in that solvent. In all spectra shown in figure 7.7, the initially formed
singlet excited state of the DPP-oligomer has decayed within 2 ps after excitation,
as evidenced from the absence of the stimulated emission feature in the negative
band. Therefore, the observed bleaching band is associated with the formation of
the charge separated state (CSS), in which an electron has been transferred from the
oligomer to the MP-C60 unit. In the next 20–140 ps, an increase of the bleaching band
is observed, combined with a concomitant rise of absorptions in the regions where
the cations of the oligomers absorb. This is due to charge separation from the singlet
excited state of the MP-C60 unit, which has formed within the first∼0.5 picoseconds.
The formed charged separated state then recombines partially to the ground state,
and partially to the triplet excited state of the DPP oligomer. This is evidenced by the
clear signal observed after a few ns at 690 nm (1.8 eV) for DPP-T2-C60 (most clearly
visible in toluene), which is at the same position as the triplet absorption of the bare
oligomer. For DPP-T1-C60, the triplet absorption itself is not observed, as it is prob-
ably too weak, but the bleaching band of the oligomer does not completely vanish,
indicating the presence of a long-lived excited state.

A schematic depiction of the charge separation and recombination process, fol-
lowing from the discussion above, is depicted in figure 7.8. In summary, excitation
of the DPP-oligomer leads to partial charge transfer and partial energy transfer to
the fullerene. The excited C60 moiety then leads to electron transfer from the DPP-
oligomer to the fullerene, yielding the (singlet) charge separated state (1CSS). This
charge separated state then recombines to the ground state, or intersystem crossing
to the triplet charge separated state (3CSS) occurs, which recombines into the triplet
excited state of the DPP oligomer. It has to be noted that the 3CSS is not detected as
a separate species because its formation (from 1CSS) is much slower than its decay
(to the triplet state localized on the DPP oligomer). Its intermediacy is assumed.

To access the rates for the different charge separation and recombination pro-
cesses, global analysis of the data using the Glotaran29 software has been performed.
In this procedure, the time traces at all wavelengths are simultaneously fitted to a tri-
exponential model. In case of DPP-T2-C60 in ODCB, only 3 time traces (shown in fig-
ure 7.7f), characteristic for the different excited states, were fitted, because the global
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Figure 7.7: fs-PIA data for DPP-T1-C60 in ODCB (a, b) and DPP-T2-C60 in toluene (c, d) and
ODCB (e, f). Graphs a, c, e show the evolution of the spectra with time, graphs b, d, f show
time traces at selected wavelengths. The solid lines in the latter graphs are triexponential fits
of the data, obtained by a global analysis procedure.
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Figure 7.8: Schematic depiction of the charge separation and recombination processes occur-
ring after excitation of the triads.

analysis did not converge. This procedure yielded time constants for charge separa-
tion (τC60

CS ), charge recombination (τCR) and a very long component for the decay of
the long-living triplet state of the oligomer. The time constants for charge separation
and recombination are summarized in table 7.3. Time constants for energy transfer
from the initially formed singlet excited DPP unit to C60 (τET) and for charge transfer
from the same state (τDPP

CS ) fall within the time resolution of the fs-PIA setup (0.2 ps),
but their spectral characteristics were obscured by the coherent artifact (pulse related
phenomena).

Table 7.3: Time constants for charge separation in the triad from the excited C60 unit (τC60
CS ),

and recombination of the charges to either the ground state or the triplet excited state (τCR).

τC60
CS (ps) τCR (ps)

toluene ODCB toluene ODCB

DPP-T1-C60 47 110
DPP-T2-C60 41 18 1500 37

Fitting the time traces results in only one, overall time constant (τCR) for charge
recombination. From the scheme in figure 7.8 however, it is clear that this time con-
stant is composed of the time constants for two different processes: recombination
into the ground state (with τS

CR) and recombination into a triplet state (with τISC,
provided that ISC is the rate limiting step for charge recombination into the triplet).
A rough estimate of the quantum yield for charge recombination into the triplet state
from the charge separated state can be made, by looking at the residual bleaching of
the oligomer at long times. This bleaching, divided by the maximum bleaching ob-
tained, is approximately equal to the fraction of the charge separated molecules that
recombines into the triplet state. For DPP-T1-C60 in ODCB, approximately 14 % of
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the formed charge separated states recombines into the triplet, meaning that τS
CR is

about 6 times smaller than τISC (i.e. recombination into the ground state is 6 times
faster than ISC), resulting in τISC of about 0.8 ns, using the relation:

1
τCR

=
1

τS
CR

+
1

τISC
(7.1)

For DPP-T2-C60 in toluene, the fraction of charge separated molecules that recom-
bine into the triplet state is about 10 %, meaning that τS

CR is about 9 times smaller
than τISC, resulting in τISC of about 15 ns. For DPP-T2-C60 in ODCB, this analysis
could not be performed, as the fraction recombination into triplet states is too small,
due to the short lifetime of the charge separated state.

The energy of the charge separated state (ECSS) in different solvents can be calcu-
lated with the following equation, based on a continuum model:30

ECSS = e
(
Eox(D)− Ered(A)

)
− e2

4πε0εsRcc
− e2

8πε0

(
1

r+ +
1

r−

)(
1

εre f
− 1

εs

)
(7.2)

In this equation, Eox(D) is the oxidation potential of the oligomer and Ered(A) is
the reduction potential of MP-C60 (–1.2 V vs. Fc/Fc+ in ODCB). Rcc is the center-
to-center distance of the positive and negative charges, which was determined for
the triads using molecular modeling, assuming the positive charge to be located ei-
ther on the center of the oligomer (the DPP-unit) or asymmetrically on the center of
the thiopene/bithiophene unit next to the fullerene, and the negative charge at the
center of the fullerene moiety. r+ and r− are the radii of the positive and negative
ions formed. r− is calculated in literature to be 5.6 Å for C60, based on the density
of C60.13 r+ can be estimated using a similar approach, using a density of 1.5, the
value for unsubstituted terthiophene.31 εre f and εs are the permittivities of the refer-
ence solvent (used to measure oxidation and reduction potentials) and the solvent in
which electron transfer is studied. It is well known that solvents like toluene, with a
low dipole moment and a high quadrupole moment, often show larger stabilization
energies of charge separated states than predicted from their ”bulk” relative per-
mittivity. Because the relative permittivity does not describe the solvent-molecule
interactions in these solvents well, an apparent permittivity can be used, such that
the solvent behaves as a hypothetical solvent of polarity εapp. For toluene, an appar-
ent permittivity of 3.5 was used.32, 33 Values calculated for r+, Rcc, ECSS, and ∆G for
the different charge transfer processes are summarized in table 7.4.

Marcus theory estimates the activation barrier for photoinduced charge separa-
tion based on the free energy for charge separation, ∆GCS, and the reorganization
energy, i.e. the energy needed to deform the excited donor–acceptor system to the
geometry of the charge separated state. Assuming the same parabolic energy curves
for both the initial excited state and the charge separated state, this leads to:34, 35

∆G‡
CS =

(∆GCS + λ)2

4λ
(7.3)

Where λ is the sum of internal (λi) and solvent (λs) contributions. The internal re-
organization energy is set to 0.3 eV in this case, based on the reported value for the
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Table 7.4: Singlet (ES1) and triplet (ET1) energy levels, half-wave oxidation potentials (Eox, vs.
Fc/Fc+ in ODCB), cation radius (r+), distance between positive and negative charges (Rcc),
energy of the charge separated state (ECSS) and free energies (∆G) for the different charge sep-
aration and recombination processes (using the same sub- and superscripts as in figure 7.8).
Energies are calculated for toluene and ODCB when the center of the positive charge is lo-
cated on the center of the oligomer (”DPP”) or on the thiophene/bithiophene unit next to the
fullerene (”T”).

ES1 ET1 Eox r+ Location Rcc Solvent ECSS ∆GDPP
CS ∆GC60

CS ∆GS
CR ∆GT

CR
(eV) (eV) (V) (Å) charge (Å) (eV) (eV) (eV) (eV) (eV)

DPP- 2.15 1.1 0.46 4.3 DPP 9.7 toluene 1.79 –0.36 0.09 –1.79 –0.69
T1-C60 ODCB 1.51 –0.64 –0.19 –1.51 –0.41

T 6.9 toluene 1.62 –0.53 –0.08 –1.62 –0.52
ODCB 1.45 –0.70 –0.25 –1.45 –0.35

DPP- 1.88 0.9 0.29 5.0 DPP 13.1 toluene 1.69 –0.19 –0.01 –1.69 –0.79
T2-C60 ODCB 1.38 –0.50 –0.32 –1.38 –0.48

T 8.5 toluene 1.52 –0.36 –0.18 –1.52 –0.62
ODCB 1.32 –0.56 –0.38 –1.32 –0.72

C60/diethylaniline couple.13 The solvent contribution can be calculated using the
Born-Hush approach:36

λs =
e2

4πε0

[
1
2

(
1

r+ +
1

r−

)
− 1

Rcc

] (
1
n2 −

1
εs

)
(7.4)

In this formula, n is the refractive index of the solvent, and the other parameters are
the same as defined before. Reaction rates can be calculated using the non-adiabatic
electron transfer theory by Jortner et al.:37, 38

k0 =
√

π

h̄2λskBT
V2

∞

∑
n=0

e−S Sn

n!
exp

(
− (∆G0 + λs + nh̄ω)2

4λskBT

)
(7.5)

In this equation, V describes the electronic coupling between donor and acceptor
and S = λi/h̄ω, the effective mode vibrational energy. h̄ω was set to 0.186 eV
(1500 cm−1), a value characteristic for the carbon-carbon double bond stretching fre-
quency. Because the value of V is not known in our case, rates are calculated as k/V2.
Values calculated for λ, ∆G‡, and k/V2 for the different charge transfer processes are
summarized in table 7.5.

From the values in tables 7.4 and 7.5, it is clear that for charge separation from
the initial excited state on the oligomer, λ is close to ∆GDPP

CS . This means that this
charge separation takes place close to the Marcus optimal region, leading to low
activation barriers and very fast charge separation, in line with experimental obser-
vations. Charge separation when the excited state is located on the fullerene unit
is clearly located in the Marcus normal region (−∆GDPP

CS < λ), reflected in higher
activation barriers and lower charge transfer rates. The fact that this charge separa-
tion process takes place in the Marcus normal region also explains the experimental
observation that this process is faster in ODCB (where the charge separated state is
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Table 7.5: Reorganization energy (λ), activation barriers (∆G‡) and calculated rate constants
(k/V2) for the different charge transfer processes (using the same sub- and superscripts as in
figure 7.8), in toluene and ODCB when the center of the positive charge is located on the center
of the oligomer (”DPP”) or on the thiophene/bithiophene unit next to the fullerene (”T”).

Location Solvent λ ∆G‡ DPP
CS ∆G‡ C60

CS ∆G‡ S
CR ∆G‡ T

CR kDPP
CS /V2 kC60

CS /V2 kS
CR/V2 kT

CR/V2

charge (eV) (eV) (eV) (eV) (eV) (s−1 eV2) (s−1 eV2) (s−1 eV2) (s−1 eV2)

DPP- DPP toluene 0.54 0.015 0.18 0.73 0.011 1.0×1016 2.0×1011 1.0×1013 1.1×1016

T1-C60 ODCB 0.77 0.006 0.11 0.18 0.041 1.1×1016 8.0×1013 6.8×1014 2.5×1015

T toluene 0.44 0.005 0.073 0.79 0.003 1.3×1016 2.3×1014 1.6×1013 1.3×1016

ODCB 0.58 0.006 0.047 0.33 0.021 1.2×1016 2.0×1015 2.3×1014 7.2×1015

DPP- DPP toluene 0.56 0.060 0.13 0.56 0.022 9.5×1014 8.9×1012 3.2×1013 8.5×1015

T2-C60 ODCB 0.81 0.031 0.076 0.099 0.034 3.8×1015 4.7×1014 2.0×1015 3.3×1015

T toluene 0.47 0.006 0.043 0.59 0.012 1.5×1016 2.5×1015 5.2×1013 1.1×1016

ODCB 0.63 0.002 0.025 0.19 0.017 1.3×1016 5.8×1015 8.2×1014 8.3×1015

stabilized) than in toluene. Charge recombination to the ground state clearly takes
place in the Marcus inverted region (−∆GS

CR > λ), which is in agreement with the
results described in chapter 6. Because this charge recombination is located in the
inverted region, charge recombination is faster in ODCB than in toluene. In all cases
the calculated ∆G‡ S

CR is larger than ∆G‡ C60
CS , in line with experimental observations.

Energetically, charge recombination to the triplet state again takes place close to the
Marcus normal region, which would lead to very high reaction rates. The exper-
imental observation of slow triplet recombination can however be explained by a
rate-limiting ISC process, instead of a rate-limiting charge transfer process.

For the general trends discussed above, the location of the positive charge is not
of great importance. When calculating rate constants however, using equation 7.5, it
does matter if the charge is located on the center of the DPP-oligomer, or more asym-
metrically, on the center of the thiophene/bithiophene unit next to the fullerene. If
rate constants are estimated using the value of Rcc calculated for the positive charge
being located on the oligomer center, the general trends are not reproduced. Here,
the calculated values for kS

CR/V2 are larger than kC60
CS /V2, in contrast to the experi-

mental observation that charge recombination is slower than charge separation. Fur-
thermore, when calculating V, by comparing the observed 1/τC60

CS and the calculated
kC60

CS /V2, values for V of 11 to 52 meV are obtained. These are unrealistically large,
as values of a few meV are generally obtained for donor-acceptor dyads and tri-
ads.14, 33, 39 Recalculating the values with a smaller Rcc, obtained by placing the pos-
itive charge on the center of the thiophene/bithiophene unit next to the fullerene,
accurately reproduces the experimental trends. The calculation results in very fast
initial charge separation from the excited oligomer, somewhat slower recombina-
tion from the excited fullerene, and even slower charge recombination to the ground
state. Moreover, the obtained value for V is 3.2± 0.1 meV, which is completely in
line with commonly observed values. Therefore, we can conclude that the posi-
tive charge is most probably located on the thiophene/bithiophene unit next to the
fullerene. This conclusion is consistent with the idea that the DPP units are elec-
tron deficient compared to the electron rich thiophene/bithiophenes and that radi-
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cal cations are preferentially formed on the latter units. Furthermore, similar cationic
charge localization on an oligomeric unit (influencing the center-to-center distance)
has been suggested before to occur in perylenemonoimide/oligothiophene donor–
acceptor systems.40

7.3 Conclusions

Triads consisting of DPP-containing oligomers, end capped with fullerenes were pre-
pared and photoinduced energy and electron transfer reactions were investigated by
photoluminescence, near steady-state PIA and fs-PIA techniques. After excitation
of the DPP oligomer, charge transfer takes place via two simultaneously occurring
routes. The first route is direct electron transfer, in the Marcus optimal regime, from
the excited DPP oligomer to the fullerene. The second route is a two-step process
consisting of ultrafast energy transfer from the DPP-oligomer to the fullerene, fol-
lowed by charge separation from the formed excited state. In the latter case, the
charge transfer process occurs in the Marcus normal regime, with time constants in
the range of 18–47 ps. The formed charge separated state subsequently recombines
via two distinct pathways. The first pathway is direct recombination to the ground
state, which occurs in the Marcus inverted region, with time constants in the range of
37 ps to 1.5 ns. Because the charge separated state has a lower energy in the more po-
lar ODCB, this process is much faster in ODCB than in toluene. The other pathway
consists of intersystem crossing in the charge separated state, with time constants of
0.8 to 15 ns, and subsequent recombination into the triplet excited state of the DPP
oligomer. ISC in the charge separated state is the rate-limiting step in this process.
Clear signals for the triplet absorption of the oligomer could be observed by near
steady-state PIA and fs-PIA. As the ISC process is slow compared to direct recombi-
nation to the ground state, triplet recombination was found to be of more importance
in toluene than in ODCB, because of the slower direct recombination process in tolu-
ene. Analysis of the observed rates by Marcus–Jortner theory leads to the conclusion
that the positive charge in the charge separated state is most likely not located on the
center of the DPP oligomer, but rather asymmetrically on the thiophene/bithiophene
unit next to the fullerene.

7.4 Experimental

General methods 1H-NMR and 13C-NMR spectra were recorded on a 400 MHz
NMR (Varian Mercury or Varian 400-MR, 400 MHz for 1H-NMR and 100 MHz for
13C-NMR) or on a 500 MHz NMR (Varian Unity Plus, 500 MHz for 1H-NMR and
125 MHz for 13C-NMR). Spectra were recorded in CDCl3, or in CS2, using a D2O in-
sert for locking and shimming. Chemical shifts are reported in ppm downfield from
tetramethylsilane (TMS). IR spectra were recorded on a Perkin Elmer 1600 FT-IR.
Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spec-
trometry was performed on a PerSeptive Biosystems Voyager–DE PRO spectrometer.
Preparative HPLC was performed using a Cosmosil Buckyprep Waters packed col-
umn (10×250 mm), using toluene as the eluent at a flow rate of 5 mL/min. Analytical
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HPLC analysis was performed on a Hewlett Packard HP LC-Chemstation 3D (Agi-
lent/HP1100 Series) using an analytical Cosmosil Buckyprep column (4.6×250 mm).
Cyclic voltammograms were recorded in an inert atmosphere with 0.1 M tetrabutyl
ammonium hexafluorophosphate (TBAPF6) in ODCB as supporting electrolyte. The
working electrode was a platinum disc (0.2 cm2) and the counter electrode was a sil-
ver electrode. The samples were measured using an Ag/AgCl reference electrode
with Fc/Fc+ as an internal standard using a µAutolab II with a PGSTAT30 potentio-
stat. UV/vis/nearIR absorption spectra were recorded using a PerkinElmer Lambda
900 spectrophotometer. Fluorescence spectra were recorded on an Edinburgh In-
struments FS920 double-monochromator spectrophotometer with a Peltier-cooled
red-sensitive photomultiplier. The emission spectra were corrected for the wave-
length dependence of the sensitivity of the detection system. Time-correlated sin-
gle photon counting fluorescence studies were performed on an Edinburgh Instru-
ments LifeSpec–PS spectrometer by photoexcitation with a 400 nm picosecond laser
(PicoQuant PDL 800B) operated at 2.5 MHz and by detection with a Peltier-cooled
Hamamatsu microchannel plate photomultiplier (R3809U–50). The data were de-
convoluted with the instrument response function of the instrument, recorded using
dispersed light, and fitted to a monoexponential function using the Fluofit package
(PicoQuant, Berlin). Near steady-state PIA spectra were recorded by exciting with
a mechanically modulated cw Ar-ion laser (λ = 351 and 364 nm or 514 nm, 275 Hz)
pump beam and monitoring the resulting change in transmission of a tungsten-
halogen probe light through the sample (∆T) with a phase-sensitive lock-in amplifier
after dispersion by a grating monochromator and detection, using Si, InGaAs, and
cooled InSb detectors. The pump power incident on the sample was typically 25 mW
with a beam diameter of 2 mm. The PIA (∆T/T) was corrected for the photolumi-
nescence, which was recorded in a separate experiment. Photoinduced absorption
spectra and photoluminescence spectra were recorded with the pump beam in a di-
rection almost parallel to the direction of the probe beam. The solutions were stud-
ied in a 1 mm near-IR grade quartz cell at room temperature. Femtosecond photoin-
duced absorption experiments were performed with a Spectra-Physics Hurricane Ti-
tanium:Sapphire regenerative amplifier system. The full spectrum setup was based
on an optical parametric amplifier (Spectra-Physics OPA 800C) as the pump. The
residual fundamental light, from the pump OPA, was used for white/probe light
generation, which was detected with a CCD spectrograph (Ocean Optics) for Vis de-
tection. The polarization of the pump light was controlled by a Berek Polarization
Compensator (New Focus). The Berek-Polarizer was always included in the setup
to provide the Magic-Angle conditions. The probe light was double-passed over a
delay line (Physik Instrumente, M–531DD) that provides an experimental time win-
dow of 3.6 ns with a maximal resolution of 0.6 fs/step. The OPA was used to gen-
erate excitation pulses at 530 nm. The laser output was typically 3.5-5 µJ pulse−1

(130 fs FWHM) with a repetition rate of 1 kHz. The samples were placed into cells of
2 mm path length (Hellma) and were stirred with a downward projected PTFE shaft,
using a direct drive spectro-stir (SPECTROCELL). This stir system was also used for
the white light generation in a 2 mm water cell. The exact optical layout has been
described in literature.41 All photophysical data reported here have a 5 to 10 % error
limit. All experiments were performed at room temperature.
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Materials Solvents were purchased from Biosolve and used without further pu-
rification. THF was purified using a solvent purification system before use. C60
and MP-C60 were obtained from Solenne, other chemicals were purchased from
Acros or Aldrich and used without purification. N-bromosuccinimide (NBS) was
recrystallized from water. Oxygen and moisture-sensitive reactions were per-
formed under an argon atmosphere. 3,6-Bis(thiophen-2-yl)-2,5-bis(2-ethylhexyl)-
pyrrolo[3,4-c]pyrrole-1,4-dione (DPP-T1),23 3,6-bis(5-bromothiophen-2-yl)-2,5-bis-
(2-ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4-dione,42 and tributyl(3-octyl-thiophen-2-yl)-
stannane43 were synthesized following literature procedures.

3,6-di([2,2’-bithiophen]-5-yl)-2,5-bis(2-ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4-
(2H,5H)-dione (DPP-T2) 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)-
pyrrolo[3,4-c]pyrrole-1,4-dione (1.50 g, 2.2 mmol) and tributyl(3-octyl-thiophen-2-
yl)stannane (2.37 g, 4.8 mmol) were dissolved in THF (50 mL). Pd(PPh3)2Cl2 (77 mg)
was added and the mixture was stirred for 22 h at 70°C. The solvent was evaporated
and the crude product was purified by flash chromatography on silica, using
dichloromethane/heptane as the eluent. The product was subsequently recrystal-
lized from ethanol and hexane. Yield: 0.38 g (19 %). 1H-NMR (400 MHz, CDCl3):
δ 9.02 (d, J = 4.1 Hz, 2H, Ar–H), 7.28 (d, J = 4.2 Hz, 2H, Ar–H), 7.26 (d, J = 5.0 Hz,
2H, Ar–H), 6.98 (d, J = 5.2 Hz, 2H, Ar–H), 4.06 (m, 4H, –CH2CH(C4H9)(C2H5)),
2.83 (t, J = 7.8 Hz, 4H, –CH2C7H15), 1.95 (m, 2H, –CH2CH(C4H9)(C2H5)), 1.67 (qu,
J = 7.6 Hz, 4H, –CH2CH2C6H13), 1.45–1.20 (m, 36H, –CH2–), 0.94–0.83 (m, 18H,
–CH3). 13C-NMR (100 MHz, CDCl3): δ 161.70, 142.09, 141.20, 139.70, 136.42, 130.55,
129.73, 128.86, 126.70, 125.21, 108.13, 46.05, 39.28, 31.86, 30.57, 30.25, 29.63, 29.48,
29.27, 28.41, 23.57, 23.13, 22.65, 14.08, 14.05, 10.52. IR: ν̃max (cm−1) 2956, 2923, 2855,
1641, 1548, 1527, 1450, 1432, 1227, 1080, 1023, 836, 802, 718. MALDI-TOF-MS: m/z
912.58 (100 %), 913.58 (75), 914.58 (45), 915.58 (20), 916.58 (5). Melting point: 135°C.

5,5’-(2,5-bis(2-ethylhexyl)-3,6-dioxo-2,3,5,6-tetrahydropyrrolo[3,4-c]pyrrole-
1,4-diyl)bis(thiophene-2-carbaldehyde) (DPP-TA1) Compound DPP-T1 (1.0 g,
1.91 mmol) was dissolved in THF (20 mL). At –78°C, LDA (1 M, 7.6 mL) was added
dropwise. The mixture was stirred at –78°C for 2 h and DMF (0.75 mL, 10 mmol)
was added dropwise at that temperature. The mixture was then stirred at room
temperature for 1 h. Dichloromethane (100 mL) was added and the organic phase
was washed with saturated NaCl (3×50 mL), dried over MgSO4 and the solvent
was evaporated. The crude product was purified by flash chromatography on
silica, using dichloromethane/heptane as the eluent. Yield: 0.26 g (24 %). 1H-
NMR (400 MHz, CDCl3): δ 10.03 (s, 2H, –COH), 9.04 (d, J = 4.3 Hz, 2H, Ar–H),
7.88 (d, J = 4.1 Hz, 2H, Ar–H), 4.05 (m, 4H, –CH2CH(C4H9)(C2H5)), 1.84 (m, 2H,
–CH2CH(C4H9)(C2H5)), 1.43–1.18 (m, 16H, –CH2–), 0.94–0.81 (m, 12H, –CH3).
13C-NMR (100 MHz, CDCl3): δ 182.75, 161.34, 146.51, 140.54, 136.70, 136.10, 135.96,
110.82, 46.13, 39.24, 30.07, 28.23, 23.47, 22.98, 13.96, 10.38. IR: ν̃max (cm−1) 2962, 2929,
2858, 1672, 1647, 1553, 1541, 1451, 1436, 1405, 1379, 1354, 1209, 1095, 835, 734, 713.
MALDI-TOF-MS: m/z 580.18 (100 %), 581.18 (60), 582.18 (25), 583.19 (5). Melting
point: 192°C.
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5’,5”’-(2,5-bis(2-ethylhexyl)-3,6-dioxo-2,3,5,6-tetrahydropyrrolo[3,4-c]pyrrole-
1,4-diyl)bis([2,2’-bithiophene]-5-carbaldehyde) (DPP-TA2) Compound DPP-T2
(250 mg, 0.27 mmol) was dissolved in THF (5 mL). At –78°C, LDA (1 M, 1.1 mL)
was added dropwise. The mixture was stirred at –78°C for 2 h and DMF (0.1 mL,
1.4 mmol) was added dropwise at that temperature. The mixture was stirred
overnight, while warming to room temperature. Dichloromethane (5 mL) was
added and the organic phase was washed with saturated NaCl (3×5 mL), dried
over MgSO4 and the solvent was evaporated. The crude product was purified
by flash chromatography on silica, using dichloromethane/heptane as the eluent.
Yield: 120 mg (45 %). 1H-NMR (400 MHz, CDCl3): δ 9.87 (s, 2H, –COH), 9.03
(d, J = 4.2 Hz, 2H, Ar–H), 7.64 (s, 2H, Ar–H), 7.44 (d, J = 4.2 Hz, 2H, Ar–H), 4.06
(m, 4H, –CH2CH(C4H9)(C2H5)), 2.86 (t, J = 7.8 Hz, 4H, –CH2C7H15), 1.92 (m, 2H,
–CH2CH(C4H9)(C2H5)), 1.72 (qu, J = 7.7 Hz, 4H, –CH2CH2C6H13), 1.45–1.23 (m,
36H, –CH2–), 0.95–0.84 (m, 18H, –CH3). 13C-NMR (100 MHz, CDCl3): δ 182.46,
161.50, 141.81, 141.42, 140.22, 139.57, 139.43, 138.78, 136.42, 130.73, 128.38, 108.93,
46.12, 39.33, 31.81, 30.21, 29.73, 29.52, 29.41, 29.22, 28.36, 23.56, 23.09, 22.63, 14.06,
14.02, 10.49. IR: ν̃max (cm−1) 2955, 2925, 2853, 1655, 1548, 1528, 1419, 1393, 1242, 1152,
1117, 1084, 1024, 807, 731, 711, 671. MALDI-TOF-MS: m/z 968.50 (100 %), 969.50
(85), 970.49 (60), 971.49 (25), 972.49 (10). Melting point: 174°C.

2’,2”’-[[2,5-bis(2-ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione-3,6-diyl]-
bis(4-octyl-5,2-thiophenediyl)]bis[1’,5’-dihydro-1’-methyl-2’H-[5,6]fullereno-
C60-Ih-[1,9-c]pyrrole] (DPP-T1-C60) Compound DPP-TA1 (50 mg, 0.086 mmol),
C60 (0.63 g, 0.87 mmol) and N-methylglycine (77 mg, 0.87 mmol) were dissolved in
ODCB (125 mL). The mixture was stirred at 120°C for 5 h. The reaction mixture
was concentrated in vacuo and purified by column chromatography on silica, using
CS2 as the eluent to remove unreacted C60, the product was subsequently eluted
with toluene. Yield: 42 mg (40 %). 14 mg of the product was further purified by
preparative HPLC. 1H-NMR (500 MHz, CS2): δ 8.92 (s, 2H, Ar–H), 5.32 (s, 2H,
MP–H), 4.97 (d, J = 9.0 Hz, 2H, MP–H), 4.28 (d, J = 10.0 Hz, 2H, MP–H), 3.92 (m, 4H,
–CH2CH(C4H9)(C2H5)), 2.95 (s, 6H, N–CH3). IR: ν̃max (cm−1) 2948, 2923, 2856, 2782,
1668, 1574, 1456, 1091, 746, 736, 706. MALDI-TOF-MS: m/z 2074.39 (50 %), 2075.36
(100), 2076.40 (90), 2077.37 (70), 2078.4 (40), 2079.38 (25). HPLC: 1 peak at 13.7 min.

2’,2”’-[[2,5-bis(2-ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione-3,6-
diyl]bis(3’-octyl-5,5’-[2,2’-bithiophene]diyl)]bis[1’,5’-dihydro-1’-methyl-2’H-
[5,6]fullereno-C60-Ih-[1,9-c]pyrrole] (DPP-T2-C60) Compound DPP-TA2 (59 mg,
0.05 mmol), C60 (0.45 g, 0.62 mmol) and N-methylglycine (58 mg, 0.65 mmol) were
dissolved in ODCB (125 mL). The mixture was stirred at 120°C for 5 h. The reaction
mixture was concentrated in vacuo and purified by column chromatography on sil-
ica, using CS2 as the eluent to remove unreacted C60, the product was subsequently
eluted with toluene/ethyl acetate. Yield: 95 mg (77 %). 20 mg of the product was
further purified by preparative HPLC. 1H-NMR (500 MHz, CS2): δ 8.98 (d, J = 4.1 Hz,
2H, Ar–H), 7.20 (s, 2H, Ar–H), 7.18 (d, J = 4.1 Hz, 2H, Ar–H), 5.14 (s, 2H, MP–H),
4.93 (d, J = 9.5 Hz, 2H, MP–H), 4.23 (d, J = 9.5 Hz, 2H, MP–H), 3.92 (d, J = 7.5 Hz, 4H,
–CH2CH(C4H9)(C2H5)), 2.93 (s, 6H, N–CH3), 2.80 (t, J = 7.3 Hz, 4H, –CH2C7H15),
1.84 (m, 2H, –CH2CH(C4H9)(C2H5)), 1.63 (m, 4H, –CH2CH2C6H13), 1.40–1.16 (m,
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36H, –CH2–), 0.92–0.82 (m, 18H, –CH3). 13C-NMR (125 MHz, CS2): δ 160.61, 155.82,
153.76, 153.01, 152.83, 147.49, 146.85, 146.55, 146.51, 146.41, 146.39, 146.34, 146.29,
146.15, 145.92, 145.88, 145.83, 145.62, 145.57, 145.47, 145.44, 145.38, 144.92, 144.85,
144.57, 144.54, 143.38, 143.24, 142.94, 142.84, 142.47, 142.38, 142.30, 142.28, 142.24,
142.16, 142.14, 142.07, 141.88, 141.82, 141.45, 141.44, 140.47, 140.45, 140.22, 140.20,
139.96, 138.87, 137.31, 136.88, 136.86, 136.11, 135.78, 131.45, 130.74, 129.55, 129.54,
127.76, 126.87, 126.85, 108.73, 104.99, 79.30, 77.17, 70.27, 68.80, 45.83, 40.69, 39.76,
32.62, 30.85, 30.63, 30.38, 30.29, 30.25, 30.07, 28.96, 24.14, 24.11, 23.65, 14.96, 11.10.
IR: ν̃max (cm−1) 2951, 2922, 2851, 2781, 1663, 1543, 1456, 1429, 733. MALDI-TOF-MS:
m/z 2462.50 (40 %), 2463.50 (80), 2464.49 (100), 2465.47 (80), 2466.46 (55), 2467.44
(30), 2468.43 (10). HPLC: 1 peak at 9.0 min.
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Chapter 8

Diketopyrrolopyrroles as acceptor materials
in organic photovoltaics

Abstract In the search for new electron acceptor, n-type materials for organic so-
lar cells that combine a strong absorption over a broad range with good electrical
characteristics we explore the use of diketopyrrolopyrrole (DPP) derivatives with
low reduction potentials. A series of small molecule DPP-derivatives is presented
and the compounds are tested as electron acceptors, in combination with poly(3-
hexylthiophene) (P3HT) as donor material. Working photovoltaic devices are ob-
tained that show a photoresponse in the wavelength region where the DPP mol-
ecules absorb. The best device shows a power conversion efficiency of 0.31 % in
simulated solar light, with a photon to electron conversion efficiency of ∼10 % up to
700 nm. The efficiency seems to be limited by the coarse morphology of the blend.

This work has been published: Karsten, B. P.; Bijleveld, J. C.; Janssen, R. A. J. Macro-
mol. Rapid Commun. 2010, doi: 10.1002/marc.201000133.
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8.1 Introduction

Most polymer solar cells consist of a conjugated polymer that acts under illumination
as an electron donor towards an electron accepting material. After photoexcitation
of the polymer, the formed exciton migrates to the donor–acceptor interface where it
dissociates, generating free charges. Virtually all high-efficiency polymer solar cells
use fullerenes, in particular [6,6]-phenyl-C61-butyric acid methyl ester (PC61BM), as
electron accepting material, mainly because of its favorable high electron mobility.
One drawback of fullerenes is their relatively low light absorption in the visible re-
gion of the spectrum. Although higher fullerenes like PC71BM1 partially solve this
problem, there is use for n-type materials that can contribute to light absorption in
the visible and near-IR region of the solar spectrum.

Very recently, solar cells based on polymers1–4 and oligomers,5–7 containing the
diketopyrrolopyrrole (DPP) core have attracted attention. When used as an electron
donor, p-type, material in combination with fullerenes, device efficiencies close to
5 % have been reported in simulated solar light.2 A common feature of these DPP-
based materials is their low-lying HOMO, leading to relatively high open-circuit
voltages, even for small band gap organic solar cells. Having a small band gap and
a low lying HOMO, however implies that also the LUMO level of the oligomers
and polymers is low. Hence these materials might be suitable as acceptor towards
polymers with higher lying energy levels in organic solar cells. Moreover, DPP-
based polymers possess a relatively high electron mobility in FET devices.2, 8 In this
chapter, we present a series of small DPP-core oligomers (figure 8.1) with different
reduction potentials. When applied in bulk heterojunction solar cells, using poly(3-
hexylthiophene) (P3HT) as the donor material, power conversion efficiencies up to
0.31 % are obtained.
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Figure 8.1: Structure of DPP acceptor materials.

8.2 Results and discussion

8.2.1 Optical and electrochemical properties

The UV/vis/near-IR absorption and steady-state photoluminescence spectra in tol-
uene and of thin films of the acceptor materials are depicted in figure 8.2. A sum-
mary of the absorption and fluorescence data is given in table 8.1. Compared to the
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spectra recorded in toluene solution, the thin films show a marked red-shift in both
absorption and fluorescence, indicative of strong aggregation behavior of the pure
materials.

Table 8.1: UV/vis absorption onsets (λons), maxima (λmax) and optical band gaps (Eg), and
fluorescence maxima (λPL

max) in toluene solution and in thin films. Field-effect electron mobil-
ities (µe) in thin films. Oxidation (Eox) and reduction (Ered) onsets and electrochemical band
gaps (Esol

CV) measured in ODCB solution. Potentials are relative to ferrocene.

Solution Thin film

λons Esol
g λmax λPL

max Eox Ered Esol
CV λons E f ilm

g λmax λPL
max µe

a

(nm) (eV) (nm) (nm) (V) (V) (eV) (nm) (eV) (nm) (nm) (cm2/Vs)

DPP-T1 572 2.17 553 565 0.38 –1.71 2.09 612 2.03 510 691
DPP-TA1 643 1.93 612 636 0.67 –1.15 1.82 686 1.81 580 745 3×10−3

DPP-T2 651 1.90 609 646 0.21 –1.60 1.81 726 1.71 615 724
DPP-TA2 684 1.81 601 677 0.39 –1.38 1.77 776 1.60 636 > 850 2×10−3

P3HT 0.06 –2.34 2.4 650 1.91
a For DPP-T1 and DPP-T2 electron mobilities could not be obtained, due to the high LUMO level of the
compounds.

Cyclic voltammograms of the materials recorded in o-dichlorobenzene (ODCB)
solution are depicted in figure 8.3. All compounds show one or more reversible
oxidation and reduction waves. As can be seen, the aldehydes (DDP-TAn) have a
much lower reduction potential than their parent compounds (DPP-Tn) and at the
same time the oxidation potential is increased. The result is a net lowering of the
electrochemical band gap. Oxidation and reduction onsets are summarized in ta-
ble 8.1. As can be seen from this table, the electrochemical band gap calculated from
the oxidation and reduction potential onsets (Esol

CV = Eox − Ered) is slightly higher

than the optical band gaps (E f ilm
g ) calculated from the onset of the optical absorption

in thin films. Explanations for this can (amongst others) be found in the fact that the
electrochemical experiment takes place in solution, where stacking of the molecules
is absent, resulting in a higher band gap.

8.2.2 Acceptor behavior of the compounds

To verify whether these DPP materials can fulfill the requirements to act as an accep-
tor for P3HT as donor we determined the ”effective” optical HOMO (EOPT

HOMO) and
LUMO (EOPT

LUMO) energies of the separate materials in thin solid films from Eox and

Ered and correcting for the experimental difference between Esol
CV and E f ilm

g , following
a method described recently:9

EOPT
HOMO = −5.23 eV− eEox +

1
2

(
Esol

CV − E f ilm
g

)
(8.1)

EOPT
LUMO = −5.23 eV− eEred −

1
2

(
Esol

CV − E f ilm
g

)
(8.2)
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Figure 8.2: UV/vis/near-IR absorption spectra steady-state photoluminescence spectra in tol-
uene (a and c) and of thin films (b and d) of the acceptor materials, spin cast from chloroform
solution. (e) UV/vis/near-IR absorption spectra of the prepared solar cell devices, measured
in reflection. (f) Photoluminescence spectra of the devices, the PL spectrum of a pure P3HT
film is plotted as a reference.
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Figure 8.3: Cyclic voltammograms of the acceptor materials, recorded in ODCB solution, con-
taining 0.1 M TBAPF6 as the supporting electrolyte. Potentials are relative to ferrocene.

By this definition the |EOPT
HOMO − EOPT

LUMO| value of a single material is equal to its

optical gap E f ilm
g in the film, and hence one could argue that the effective HOMO

and LUMO levels incorporate the intramolecular exciton binding energy in the solid
state. The resulting values are collected in table 8.2. In a next step the energy of the
donor-acceptor charge transfer (CT) state can be estimated from EOPT

HOMO and EOPT
LUMO

energies via the empirical relation:9

ECT = |EOPT
HOMO(D)− EOPT

LUMO(A)|+ 0.29 eV (8.3)

where EOPT
HOMO is the value of P3HT and EOPT

LUMO of the acceptor. This gives values
ranging from 1.25–1.75 eV. As was previously shown,9 the criterion for photoinduced
electron transfer from the locally excited state with energy Eg to the CT state is:

∆ = Eg − ECT > 0.08 (±0.02) eV (8.4)

where Eg corresponds to the lowest optical gap in the donor:acceptor blend. The
values for Eg − ECT are collected in table 8.2 and reveal that photoinduced electron
transfer from P3HT to DPP-T2 is unlikely (∆ = 0.06 eV); that transfer to DPP-T1 and
DPP-TA2 just fulfills the criterion (∆ = 0.16–0.20 eV); and transfer from P3HT to DPP-
TA1 is really favorable (∆ = 0.56 eV).

These predictions correlate rather well with the observed quenching (or absence
thereof) of the photoluminescence as shown in figure 8.2f in the blends. For P3HT:
DPP-T1 and P3HT:DPP-T2, with the lowest ∆ values, photoinduced electron trans-
fer appears not very efficient because either the P3HT luminescence is hardly quen-
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Table 8.2: Effective optical HOMO (EOPT
HOMO) and LUMO (EOPT

LUMO) levels, estimated energy
of the donor–acceptor charge transfer state (ECT), and Eg − ECT . P3HT is used as the donor
material.

EOPT
HOMO (eV) EOPT

LUMO (eV) ECT (eV) Eg − ECT (eV)

DPP-T1 –5.55 –3.59 1.75 0.16
DPP-TA1 –5.90 –4.09 1.25 0.56
DPP-T2 –5.39 –3.68 1.66 0.06
DPP-TA2 –5.54 –3.94 1.40 0.20
P3HT –5.05 –3.14

ched (in P3HT:DPP-T1) or energy transfer occurs leading to predominant DPP-T2
emission (in P3HT:DPP-T2). Only for P3HT:DPP-TA1 and P3HT:DPP-TA2, the
P3HT photoluminescence is significantly quenched, without generating significant
DPP-TAn emission. For these blends electron transfer seems more likely.

8.2.3 Photovoltaic devices

Solar cells were prepared by spin casting a blend of P3HT and the acceptor mol-
ecule from chloroform (P3HT:DPP-T1 and P3HT:DPP-TA1) or chlorobenzene (CB,
for P3HT:DPP-T2 and P3HT:DPP-TA2) solution. All devices were annealed, as this
increased solar cell performance by a factor of about 2 (for P3HT:DPP-T1) to 250
(for P3HT:DPP-TA2). As the morphology of the layers is rather coarse, morphol-
ogy improvements by annealing cannot be the reason for these large improvements
in performance. A possible explanation for the positive effect of annealing might
an improvement in the crystallinity of both P3HT and acceptor phases, improving
the transport properties of the layer. J–V characteristics and external quantum effi-
ciency (EQE) spectra are depicted in figure 8.4. Device parameters of the best cells
are summarized in table 8.3. Devices show efficiencies of 0.15–0.31 %, the main lim-
iting parameters in these cells are the low fill factor and short-circuit current. The
open-circuit voltages of the cells follow the trend with the ECT , but their values are
less than could have been expected.9
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Figure 8.4: J–V characteristics under 100 mW/cm2 illumination (a) and EQE spectra (b) of the
devices.
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Table 8.3: Device parameters of solar cells consisting of P3HT and the acceptor materials.

Acceptor P3HT: Solvent Layer Annealing Device Voc Jsc FF ηacceptor thickness area
ratio (nm) (°C, min) (cm2) (V) (mA/cm2) (%)

DPP-T1 1:1.5 CHCl3 134 80, 5 0.091 0.85 0.79 0.25 0.17
DPP-TA1 1:1 CHCl3 111 80, 5 0.091 0.52 1.93 0.31 0.31
DPP-T2 1:2 CB 66 100, 5 0.091 0.85 0.87 0.32 0.24
DPP-TA2 1:2 CB 67 100, 10 0.162 0.60 0.86 0.29 0.15

In agreement with the above analysis of Eg− ECT , the highest photocurrent is ob-
served for P3HT:DPP-TA1. Figure 8.4b reveals that the contribution of the strongly
absorbing DPP-based acceptor materials (figure 8.2e) to the photocurrent is signif-
icant. As a result of this strong absorption in the acceptor material, the spectral
response of the solar cells is approximately constant over all wavelengths below the
band gaps of the absorbing materials. Low fill factors (i.e. < 0.45) are commonly
observed for solar cells incorporating n-type polymers, even for the most efficient
materials,10–12 and often associated with imbalanced charge transport because the
occurrence of space-charge limited photocurrents is known to reduce the fill factor
to about 42 %.13 This is supported by the obtained electron mobilities (table 8.1) of
10−3 cm2/Vs, which are 1–2 orders of magnitude lower than values reported for
P3HT.14, 15 When the fill factor is lower than 42 %, as observed here, a poor dissoci-
ation efficiency of the initially created electron-hole pairs or poor morphology may
explain the strongly field-dependent photogeneration efficiency and the low fill fac-
tor.16 AFM images of the active layers (figure 8.5) reveal rather smooth films (±10 nm
height differences on a 5 µm× 5 µm area) but do show relatively coarse domains,
with sizes of several hundred nanometers or more. This indicates that further op-
timization of DPP type acceptor materials should primarily focus on improving the
morphology when blended with P3HT, optimizing the degree and characteristic size
of the phase separation. Suitable strategies for this goal may be found in varying the
number, length, branching, or nature of the solubilizing side chains in combination
with exploring a broader range of deposition methods, e.g. by using solvent mixtures
or processing agents, to create optimized morphologies.

8.3 Conclusions

We prepared four DPP-based small molecules and tested these as acceptor materials
in bulk-heterojunction solar cells with P3HT as a donor. Working solar cells based
on n-type DPP materials were obtained and show a clear contribution of the DPP
molecules to the photocurrent. Device efficiencies are in the range of 0.15–0.31 % and
are presently limited by a low fill factor and low photocurrent. The results show, that
DPP based compounds are possibly suitable as acceptor material in future polymer
solar cells but that their performance has to be improved considerably. This may
be expected by designing new molecules or developing deposition procedures that
lead to improved morphologies in the blends.
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Figure 8.5: AFM height images of the active layers of the prepared P3HT:acceptor devices.
(a) P3HT:DPP-T1. (b) P3HT:DPP-TA1. (c) P3HT:DPP-T2. (d) P3HT:DPP-TA2.

8.4 Experimental

General Methods Synthesis of all compounds is described in chapter 7. Cyclic
voltammograms were recorded in an inert atmosphere with 0.1 M tetrabutyl ammo-
nium hexafluorophosphate (TBAPF6) in ODCB as supporting electrolyte. The work-
ing electrode was a platinum disc (0.2 cm2) and the counter electrode was a silver
electrode. The samples were measured using an Ag/AgCl reference electrode with
Fc/Fc+ as an internal standard using a µAutolab II with a PGSTAT30 potentiostat at
a scan speed of 200 mV/s. UV/vis/near-IR absorption spectra were recorded using a
PerkinElmer Lambda 900 spectrophotometer. Fluorescence spectra were recorded on
an Edinburgh Instruments FS920 double-monochromator spectrophotometer with a
Peltier-cooled red-sensitive photomultiplier. The emission spectra were corrected for
the wavelength dependence of the sensitivity of the detection system. Tapping mode
AFM was performed on a MFP-3D atomic force microscope (Asylum research) using
PPP-NCHR probes (Nanosensors).
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Photovoltaic devices Photovoltaic devices were made by spin coating poly(eth-
ylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) (Clevios P, VP Al4083)
onto pre-cleaned, patterned indium tin oxide (ITO) substrates (14 Ω per square)
(Naranjo Substrates). The photoactive layer was deposited by spin coating
at 3000 rpm from a solution of acceptor and 10 mg/ml P3HT in chloroform
(for P3HT:DPP-T1 and P3HT:DPP-TA1) or chlorobenzene (for P3HT:DPP-T2 and
P3HT:DPP-TA2). The counter electrode, consisting of LiF (1 nm) and Al (100 nm),
was deposited by vacuum evaporation at 3×10−7 mbar. The active area of the cells
was 0.091 cm2 or 0.16 cm2. J–V characteristics were measured under ∼100 mW/cm2

white light from a tungsten halogen lamp filtered by a Schott GG385 UV filter and a
Hoya LB120 daylight filter, using a Keithley 2400 source meter. Short-circuit currents
under AM1.5G conditions were estimated from the spectral response and convolu-
tion with the AM1.5G solar spectrum. The spectral response was measured under
simulated 1 sun light intensity operation conditions using bias light from a 532 nm
solid state laser (Edmund Optics). Monochromatic light from a 50 W tungsten halo-
gen lamp (Philips focusline) in combination with monochromator (Oriel, Corner-
stone 130) was modulated with a mechanical chopper. The response was recorded
as the voltage over a 50 Ω resistance, using a lock-in amplifier (Stanford research Sys-
tems SR830). A calibrated Si cell was used as reference. The device was kept behind
a quartz window in a nitrogen filled container. The thickness of the active layers in
the photovoltaic devices was measured on a Veeco Dektak150 profilometer.

Field-effect transistors Field-effect transistors were fabricated using heavily do-
ped silicon wafers as the common gate electrode with a 200 nm thermally oxidized
SiO2 layer as the gate dielectric. Using conventional photolithography, gold source
and drain electrodes were defined in a bottom contact device configuration with
channel width and length of 2500 µm and 10 µm, respectively. A 10 nm layer of tita-
nium was used acting as an adhesion layer for the gold on SiO2. The SiO2 layer was
exposed to the vapor of the primer hexamethyldisilazane for 60 min prior to semi-
conductor deposition in order to passivate the surface of the dielectric. Semiconduc-
tor films were deposited by drop casting. Freshly prepared devices were annealed in
a dynamic vacuum of 10−5 mbar at 80°C for 72 h to remove traces of solvent. All elec-
trical measurements were performed in vacuum using an HP 4155C semiconductor
parameter analyzer.
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Epilogue

The aim of this thesis was to obtain more insight into the properties of small band
gap materials and the processes involved in charge separation and recombination
in solar cells utilizing these materials. This was achieved by detailed studies on
oligomeric model compounds. Although much work has already been done in the
past on extended oligothiophenes, such studies had not yet been performed on small
band gap compounds relevant for the next generation organic photovoltaics. The
thesis focusses on the optical and electrochemical properties of small band gap mate-
rials and the actual charge separation process in combination with fullerenes. Some
of the prepared oligomers are applied as acceptor materials in actual solar cells.

First, the influence of the type of acceptor in small band gap materials based
on the donor–acceptor concept has been studied. Many different acceptor systems
have successfully been used for decreasing the band gap of π-conjugated polymers,
but the reasons for this band gap reduction were not always fully understood. The
acceptors under study fall in two different groups: benzene-based and thiophene-
based, the latter are usually more effective in reducing the band gap. Although the
thiophene-based acceptors are effective, the oxidation potentials are generally low,
and the HOMO does not seem to be localized on the ”donor” unit, but is delocalized
over the entire molecule. This is not consistent with the generally accepted donor–
acceptor view, where the HOMO would be localized on the donor units, and the
LUMO would be localized on the acceptor. Systems with benzene-based acceptors
are more consistent with the donor–acceptor idea, with some more localization of the
HOMO, leading to higher oxidation potentials (lower HOMO levels), which would
be beneficial for the voltage, when applied in solar cells. This difference between the
two groups of acceptors might explain why 2,1,3-benzothiadiazole is often present in
the more successful small band gap polymers, whereas acceptors like thienopyrazine
and thienothiadiazole have only been used with limited success. As triplet recom-
bination might be an important loss mechanism in polymer solar cells, it would be
useful if we were able to predict the triplet energies, or the singlet–triplet splitting
energies, of small band gap materials. Unfortunately, no clear correlation between
the acceptor type and these properties could be observed.

One specific acceptor, thieno[3,4-b]pyrazine, has been studied in great detail. A
number of different mixed oligothiophenes, with varying amounts of thienopyrazine
in the acceptor blocks have been prepared, and their properties were investigated,
both experimentally and theoretically. It was found that for all series the chain length
dependence of the properties is identical to simple oligothiophenes, contrary to the
common donor–acceptor view. The band gap reduction upon chain elongation was
found to be mainly determined by a rise of the HOMO level. Overall, adding thi-
enopyrazine units to the acceptor block led to a much stronger band gap reduction
than simple chain elongation. The commonly accepted explanation for the small
band gaps in polymers like poly(isothianaphthene) or poly(thienopyrazine) is their
quinoid ground state. Here, it was found by theoretical calculations that for co-
oligomers with thiophene, no quinoid ground state is obtained and therefore, this
effect cannot explain the band gap reduction in thiophene–thienopyrazine systems.
Calculating the frontier orbital levels for different dimers of thiophene and thieno-
pyrazine leads to the conclusion that thienopyrazine is not only a good acceptor but
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also a better donor than thiophene. This explains the strong delocalization of the
HOMO and the low oxidation potentials found for the oligomers with thiophene-
based acceptors.

The second main topic of this thesis is the charge separation and recombination
in small band gap oligomer – fullerene triads. These compounds serve as model
systems for the donor–acceptor interface in polymer solar cells. Two different series
of triads have been prepared: systems with an oligomer part based on the previ-
ously described thieno[3,4-b]pyrazine and systems based on the diketopyrrolopyr-
role (DPP) unit. The main difference between the two series is the energy of the
charge separated state in the triads. Due to the higher oxidation potential (lower
HOMO) of the DPP-based compounds the energy of the charge separated state is
higher than in the thienopyrazine-based systems. Charge separation is very fast
(<50 ps) in both systems and takes place in the Marcus normal regime. Charge
recombination takes place in the Marcus inverted regime and, consequently the
lifetime of the charge separated system is much higher in the DPP-based triads
than in the thienopyrazine systems. The very efficient charge recombination in the
thienopyrazine-based systems might be one of the reasons for the low photocurrents
observed in thienopyrazine-based solar cells. In the DPP-based systems, the lifetime
of the charge separated state is long enough to allow for intersystem crossing to the
triplet charge separated state, which is then followed by charge recombination into
the triplet state of the oligomer. This observation leads to the conclusion that triplet
recombination might indeed be an important recombination pathway for high volt-
age, small band gap polymer solar cells.

Due to the limited light absorption by fullerenes, there would be use for alterna-
tive n-type materials for solar cells. So far however, other materials than fullerenes,
either polymers or small molecules, have only been applied with limited succes. As
DPP-based materials do possess some n-type characteristics, they were used in solar
cells, combined with polythiophene as the donor material. Although the efficien-
cies of the obtained devices were low, and mainly limited by morphology issues,
the results do show that DPP-based materials can act as acceptors and might form
a suitable alternative to the omnipresent fullerenes, provided that morphology and
mobility issues can be solved.

Overall, the results described in this thesis shed more light on the effects causing
the small band gaps in donor–acceptor systems based on thiophene and a variety of
acceptors. Moreover, more insight into the processes relevant for charge separation
has been obtained. The results described here, might therefore help in the design of
new materials for more efficient polymer photovoltaics.
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Summary

Solar cells based on polymers are an attractive alternative to silicon-based photo-
voltaics, because of their low cost and processing advantages. To increase the effi-
ciency of polymer solar cells, however polymers are required that absorb light also
in the near infrared part of the solar cells. The research described in this thesis aims
to address some fundamental questions related to these so-called small band gap
polymers. The method followed consists of the synthesis of small molecular model
systems and detailed investigation of their properties by a variety of spectroscopic
and electrochemical methods.

In chapter 2, oligomers consisting of two cyclopentadithiophenes and different
acceptor units are described. These oligomers were synthesized to investigate the in-
fluence of the type of acceptor unit on the band gaps and energy levels of small band
gap polymers. It was found that oligomers having thiophene-based acceptors gener-
ally have lower HOMO and LUMO levels than oligomers having benzene-based ac-
ceptors. This will ultimately lead to lower voltages when these acceptor systems are
applied in solar cells. No clear correlation was found between the acceptor strength
and the singlet–triplet splitting energy.

Chapters 3 to 5 deal with several series of donor–acceptor oligomers consisting
of thiophene and thieno[3,4-b]pyrazine moieties. The series described in chapter 3
consists of oligomers formed by one, two or three thienopyrazines end capped with
thiophene units. The effect of increasing the chain length of the systems with one or
two thienopyrazines in the acceptor block is described in chapters 4 and 5. The op-
tical and electrochemical properties of the series are evaluated both experimentally
and theoretically. It is found that the dependence of these properties on the chain
length is identical in all series.

In literature, a number of possible causes for the small band gaps in this kind of
systems are given, e.g. donor–acceptor effects and induction of a quinoid structure in
the polymer chain. In the work described in this thesis, it is concluded that the main
cause for the small band gaps in these systems is none of the previously mentioned
possibilities. Rather, the strong acceptor and donor character of thienopyrazine (usu-
ally only regarded as a strong acceptor), combined with strong interactions between
the neighboring thienopyrazine units, explains the observed small band gaps.

Besides light absorption, charge separation and recombination processes are of
crucial importance to photovoltaic cells. A detailed study of these processes in small
band gap oligomer – fullerene triads is described in chapters 6 and 7. Triads con-
taining oligomers using the thienopyrazine unit, described in previous chapters, are
presented in chapter 6. In these systems very fast charge separation takes place close
to the Marcus optimal region, followed by fast recombination in the inverted regime.
Because of the short lifetime of the charge separated state, no recombination into
triplet states could be observed.

Systems using the diketopyrrolopyrrole unit in the oligomer part of the triads
are described in chapter 7. Charge separation in these systems takes place in the
Marcus normal regime, followed by recombination in the inverted regime. As the
energy of the charge separated state is higher in these systems than in systems using
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the thienopyrazine unit, the lifetime of this state is long enough to allow intersystem
crossing to the triplet state. Clear evidence for triplet recombination was observed
in these systems.

In the last chapter, the use of diketopyrrolopyrrole containing oligomers as accep-
tor materials in solar cells is explored. Although diketopyrrolopyrrole-containing
polymers are normally used as donor materials, acceptor behavior was also present
and solar cells were prepared consisting of polythiophene as the donor material and
the oligomers as acceptor materials. The best device shows a power conversion ef-
ficiency of 0.31 % in simulated solar light, with a photon to electron conversion ef-
ficiency of ∼10 % up to 700 nm. The efficiency seems to be limited by the coarse
morphology of the blend.
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Samenvatting

Zonnecellen gebaseerd op polymeren vormen, vanwege de geringe kosten en voor-
delen bij het verwerken, een aantrekkelijk alternatief voor de huidige siliciumgebas-
seerde zonnecellen. Om het rendement van deze cellen te verhogen zijn er echter
wel materialen nodig die beter gebruik maken van het beschikbare zonlicht en ook
licht in het nabij-infrarode deel van het zonlicht spectrum gebruiken. Het onder-
zoek dat beschreven is in dit proefschrift tracht een aantal fundamentele vragen te
beantwoorden die verbonden zijn aan deze zogenaamde kleinebandafstandpolyme-
ren. De gevolgde methode bestaat uit de synthese van modelsystemen bestaande uit
kleine moleculen en een gedetailleerde studie van hun eigenschappen met behulp
van een aantal spectroscopische en elektrochemische technieken.

In hoofdstuk 2 worden oligomeren beschreven bestaande uit twee cyclopenta-
dithiofenen en een aantal verschillende acceptorgroepen. Deze oligomeren zijn ge-
synthetiseerd om de invloed van het type acceptor te onderzoeken op de bandaf-
stand en de energieniveaus in kleinebandafstandpolymeren. Uit de resultaten in dit
hoofdstuk blijkt, dat oligomeren met een thiofeengebaseerde acceptor in het alge-
meen lagere HOMO- en LUMO-niveaus hebben dan oligomeren met een benzeen-
gebaseerde acceptor. Als dit soort acceptorsystemen wordt toegepast in zonnecellen
zal dit uiteindelijk leiden tot een lagere spanning. Er kon geen duidelijk verband
worden gevonden tussen de sterkte van de acceptor en afstand tussen de singlet- en
tripletenergieniveaus.

Hoofdstukken 3 tot en met 5 beschrijven verschillende series donor–acceptoroli-
gomeren bestaande uit thiofeen- en thieno[3,4-b]pyrazine-eenheden. In hoofdstuk 3
wordt een serie oligomeren beschreven bestaande één, twee of drie thienopyrazi-
ne-eenheden die aan het uiteinde worden afgeschermd door thiofenen. Het effect
van toename van de ketenlengte in de systemen met één of twee thienopyrazines
in het acceptorblok wordt beschreven in hoofdstukken 4 en 5. De optische en elek-
trochemische eigenschappen van de verschillende series zijn onderzocht met zowel
experimentele als theoretische technieken. Het verband tussen ketenlengte en eigen-
schappen van de systemen blijkt bij alle onderzochte series identiek te zijn.

In de literatuur wordt een aantal mogelijke oorzaken genoemd voor de kleine
bandafstanden in dit type systemen, bijvoorbeeld donor–acceptoreffecten en een
deels quinoı̈de structuur in de polymeerketen. Uit de resultaten in dit proefschrift
kunnen we echter concluderen dat geen van deze mogelijkheden de kleine bandaf-
standen in deze systemen verklaart. In deze systemen blijken de kleine bandafstan-
den verklaard te kunnen worden uit het sterke acceptor- en donorgedrag van thien-
opyrazine (normaal gesproken wordt thienopyrazine uitsluitend gezien als een ster-
ke acceptor), gecombineerd met sterke interacties tussen naburige thienopyrazine-
eenheden.

Behalve lichtabsorptie zijn ook ladingsscheidings- en ladingsrecombinatiepro-
cessen van cruciaal belang voor het functioneren van zonnecellen. Een gedetail-
leerde studie van deze processen in triaden bestaande uit kleinebandafstandoligo-
meren en fullerenen wordt beschreven in hoofdstukken 6 en 7. Triaden op basis van
oligomeren met de thienopyrazine-eenheid, zoals beschreven in voorgaande hoofd-
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stukken, worden beschreven in hoofdstuk 6. In deze systemen treedt zeer snelle
ladingsscheiding op nabij het Marcus-optimale gebied, dit wordt gevolgd door snel-
le recombinatie in het Marcus-omgekeerde gebied. Vanwege de korte levensduur
van de ladingsgescheiden toestand kon geen recombinatie naar een triplettoestand
worden waargenomen.

Systemen met een diketopyrrolopyrroleenheid in het oligomeergedeelte van de
triaden worden beschreven in hoofdstuk 7. In deze systemen vindt de ladingsschei-
ding plaats in het Marcus-normale gebied, gevolgd door recombinatie in het omge-
keerde gebied. Omdat de energie van de ladingsgescheiden toestand in deze sys-
temen hoger ligt dan bij thienopyrazinegebaseerde systemen is de levensduur van
deze toestand lang genoeg voor de vorming van een triplettoestand. Recombinatie
naar een triplettoestand kon in deze systemen duidelijk worden waargenomen.

In het laatste hoofdstuk wordt het gebruik van oligomeren met een diketopyr-
rolopyrroleenheid onderzocht als acceptormateriaal in zonnecellen. Hoewel poly-
meren gebaseerd op diketopyrrolopyrrolen normaal gesproken worden gebruikt als
donormaterialen, kan er ook acceptorgedrag worden waargenomen in deze materia-
len en er zijn zonnecellen gemaakt bestaande uit polythiofeen als donormateriaal en
diketopyrrolopyrrololigomeren als acceptormaterialen. De beste cel heeft een ren-
dement van 0.31 % in gesimuleerd zonlicht, met een foton-naar-elektron omzettings-
rendement van ∼10 % tot een golflengte van 700 nm. Het rendement lijkt met name
beperkt te worden door de grove morfologie van de actieve laag.
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Na vier jaar SMO/M2N/MST ben ik nu toch echt toe aan het laatste en waarschijn-
lijk meest gelezen deel van mijn proefschrift. Hoewel er maar één naam op de kaft
vermeld staat, was dit boekje niet tot stand gekomen zonder de hulp van een groot
aantal mensen, die ik hier zoveel mogelijk zal proberen te benoemen, wetende dat ik
waarschijnlijk heel veel mensen zal vergeten.

De eerste die veel dank verdient is natuurlijk mijn promotor. René, ik weet nog
goed dat ik jou een e-mail stuurde met de vraag of ik eventueel in jou groep zou
mogen promoveren. Ik geloof dat ik al binnen een kwartier antwoord van je had
en we waren er snel uit dat ik in september 2006 zou beginnen. Ik heb er geen mo-
ment spijt van gehad, ik geloof niet dat je als promovendus een betere begeleider zou
kunnen treffen. Ik heb in de afgelopen jaren keer op keer kunnen profiteren van de
grote breedheid van je kennis en je wetenschappelijke inzichten. Ik ben ervan over-
tuigd dat de discussies met jou mij tot een beter en zeker ook kritischer onderzoeker
hebben gemaakt dan zonder jou mogelijk was geweest. Naast je wetenschappelijke
kant heb ik ook altijd bewondering gehad voor de altijd plezierige manier waarop
je met mensen om kunt gaan. Ook als het wetenschappelijk even tegen zat wist jij
altijd de moed er weer in te krijgen. René, hartelijk bedankt voor alle vertrouwen en
begeleiding de afgelopen jaren!

Vijf van de zeven inhoudelijke hoofdstukken van dit proefschrift zijn tot stand
gekomen in samenwerking met groepen van andere universiteiten. Here, I would
like to thank our friends from Mons: Lucas, Johannes and Jérôme. Lucas, it has
been a pleasure for me to work with you, and without all your calculations three
of the chapters in this thesis would have been much less interesting. Moreover, our
collaboration has led to three nice publications. Jérôme, the same holds for you,
and I am very pleased that you were willing to take part in my reading committee.
De twee hoofdstukken over fullereenderivaten zijn tot stand gekomen met hulp van
mensen uit Groningen en Amsterdam. Ricardo Bouwer verdient hier veel dank voor
al zijn hulp met de synthese en vooral zuivering van de verbindingen. Ricardo, ik
heb onze samenwerking altijd zeer plezierig gevonden en ik ben blij dat al het werk
tot twee mooie papers heeft geleid. Kees Hummelen en René Williams verdienen
uiteraard ook veel dank voor hun bijdrage en ik ben zeer verheugd dat zij plaats
wilden nemen in mijn lees- c.q. promotiecommissie.

Naast mensen van buiten de universiteit ben ik natuurlijk ook veel collega’s uit
Eindhoven dank verschuldigd. Ten eerste Johan Bijleveld. Johan, onze samenwer-
king is altijd zeer plezierig geweest en ik heb onze discussies en gezamenlijke syn-
theseroutes altijd zeer op prijs gesteld. Ik ben blij dat jij één van mijn paranimfen
wilde worden. Ook ben ik veel dank verschuldigd aan Dirk Veldman. In de eerste
paar jaar van mijn promotie heb ik hem altijd kunnen benaderen met alle mogelijke
problemen op het gebied van optische spectroscopie. Dirk, zonder jou als kantoor-
genoot was het een stuk lastiger geweest om me al die technieken eigen te maken.
Martijn Wienk wil ik graag bedanken voor al zijn hulp bij het draaiende houden van
de gloveboxen en dergelijke. Simon Mathijssen wordt vriendelijk bedankt voor zijn
hulp met het dropcasten, afpompen en op START duwen (kortom: het meten van
mobiliteiten aan een aantal van mijn verbindingen, beschreven in het laatste hoofd-
stuk).
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Ook de hulp van alle ondersteunende mensen is van grote waarde geweest voor
mijn tijd in de groep. Ralf, Lou en Joost verdienen dank voor hun hulp bij alles
wat met analyse te maken had. Hans verdient grote dank voor al zijn hulp bij het
bestellen van chemicaliën en het draaiende houden van alle apparatuur op het lab.
De dames van het secretariaat verdienen veel lof voor de uitstekende manier waarop
zij de groep al die tijd hebben ondersteund. Verder is een proefschrift natuurlijk niet
af als Henk niet bedankt wordt voor de koffie. . . Henk, de koffie was prima!

Als je op een groot kantoor zit zijn er natuurlijk ook een hoop kantoorgenoten om
te bedanken voor de goede sfeer. Hier komen ze: Dirk, Robert, De Herrik, Rafael,
Christophe, Girish, Wolfie, Stefan, Marie-France, Arantxa, Di Nuzzo, Jan Anton en
Irén. Verder verdienen natuurlijk nog alle mensen van Lab 1 een bedankje. Ik zal ze
niet verder specificeren, behalve dan dat ik even wil zeggen dat met name de con-
tacten met Mindaugas en de Appel altijd zeer goed waren. De rest van de vakgroep
zal ik niet met naam en toenaam vermelden, dan vergeet ik alleen maar heel veel
mensen die in belangrijke mate hebben bijgedragen aan de goede sfeer.

Wat betreft de allerlaatste fase van mijn promotietijd moet ik ook nog de mensen
bedanken die zitting hebben willen nemen in de lees- en promotiecommissie (voor-
zover ze nog niet genoemd zijn): Bert Meijer, Stefan Meskers en Han Zuilhof.

De laatste alinea is uiteraard bestemd voor bijzondere personen. Mark, ik wil je
graag bedanken voor de goede vriendschap in de afgelopen >20 jaar en ik stel het
dan ook zeer op prijs dat je als paranimf wilt optreden. Veel succes met je eigen
promotie! Tot slot verdient mijn familie natuurlijk de grootst mogelijke dank voor
alle steun in de vele jaren voorafgaande aan mijn promotie. Zonder jullie was dit
allemaal niet mogelijk geweest!
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